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ABSTRACT 

The lack of data in many river basins hinders the effective management of water resources. 

This is true in many river basins of Ethiopia. In this study, remote sensing images and the 

hydrological model were used jointly to bridge the gap in understanding of the hydrological 

processes of a watershed with sparse measured data. Understanding of water balance 

components is imperative for proper policy and decision-making. Such assessments are not 

available in many river basin across the globe, specifically in the upper part of the Omo-

Gibe basin (UOGB) Ethiopia. The objective of this study was; (i) to explore the possibility 

of assessing consumption and availability of water using freely available satellite data and 

secondary data, (ii) to test the efficiency of satellite-based actual evapotranspiration in the 

HBV hydrological model to render the catchment water balance using multi-variable 

calibration and (iii) to come up with a strategy to increase cereals production by 2030 using 

available water resources in the upper Omo-Gibe basin. The Surface Energy Balance 

System (SEBS) is used to estimate spatiotemporal variability of actual evapotranspiration 

of the basin, while the Hydrologiska Byran's Vettenbalansavdeling (HBV) rainfall-runoff 

hydrological model is used to simulate streamflow as well as actual evapotranspiration. 

A spatial average of rainfall was computed using the Thiessen polygon approach. Actual 

evapotranspiration (ETa) was estimated through the Surface Energy Balance System 

(SEBS). Temporal MODIS images were used to estimate the spatial distribution of actual 

evapotranspiration covering the crop cycle during the study year. Additionally, Priestly and 

Taylor's approach was used to estimate reference evapotranspiration (ET0). The result of 

estimated precipitation and ETa showed that the UOGB received 41,080Mm3 of 

precipitation for the given study period, while 24,135Mm3 become evapotranspired. The 

assessed outflow from the basin is 17.6% of the precipitation and demonstrated that water 

is a scarce resource in the UOGB.  

Conventional practice of calibration of any hydrological model in any river basin is 

performed using a single hydrological variable, namely streamflow. Spatially distributed 

hydrological modelling provides an opportunity to enhance the use of multi-variable  
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calibration models. Five years (2000-2004), meteorological data, streamflow, and actual 

evapotranspiration (ETa) based on remote sensing were used for calibration and validation 

purposes. The performance of the HBV model and the efficiency of SEBS-ETa were 

evaluated using certain calibration criteria (objective function). The model is first 

calibrated using only streamflow data to test HBV model performance and then calibrated 

using a multi-variable (streamflow and ETa) dataset to evaluate the efficiency of SEBS-

ETa. Both model setups were validated in a multi-variable evaluation using streamflow 

and ETa data. In the first case, the model performed well enough for streamflow and poor 

for ETa, while in the latter case, the performance efficiency of SEBS-ETa and streamflow 

data shows satisfactory to good. This implies that the performance of hydrological models 

is enhanced by employing multi-variable calibration. 

Maize crops production yield in the water-scarce UOGB, can be increased by increasing 

crop water productivity and improving agricultural management. Based on the CWP and 

ETa/ETp analysis, the seasonal average Abelti maize CWP is 0.3 Kg/m3. In addition, the 

ETa of rainfed maize over the main maize growth period is 520 mm per season. Crop 

production function analysis and its planting can be studied as a function of the amount of 

seeds, fertilizers, and water utilized to evaluate the crop yield in the study area for the 

rainfed maize area. A total of 30,287.17 ha of suitable pastoral land has been 

converted/expanded to a rainfed maize area in the three slope classes (namely fairly, 

suitable land sloping classes, the moderately suitable land sloping classes, and the average 

suitable sloping class)of the basin. The two strategies identified to meet the expected 2030 

UOGB rainfed maize production target are assessed based on a one-fourth, two-fourth, and 

three-fourth increase in yield gaps. In the first strategy, the increase in yield gaps by one-

fourth, two-fourth, and three-fourth contributes 23.12%, 46.23 %, and 69.35% of the total 

targeted production in the current rainfed maize area of the basin in the same order. 

Whereas, in the second strategy, the increase in production for additional suitable land 

contributed 0.80, 0.39 and 0.68, 1.61, 0.79 and 1.36, and 2.41, 1.18, and 2.04% of the 

planned target production in the same order. 
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CHAPTER 1: INTRODUCTION 

1.1. Water Resource in General and its Management 

Water is vital for all living organisms on earth. Human beings use water for transportation, 

irrigation, domestic use, recreation, power development, and industrial purposes. For 

centuries, people have been investigating the sources of water and its sinks, why part of it 

is salty, and part is fresh, why sometimes there is scarcity, and sometimes there is 

abundance. Water is also a major factor in food security. The world’s freshwater is less 

than 3% (35 million cubic kilometers) of the total water resource (1386 million cubic 

kilometers), and its withdrawals from groundwater and surface water for agriculture are 

around 70% of the total amount. Owing to increasing water demand for agriculture, 

industries, urbanization, recreation, and environmental flow, more pressure is enforced on 

available freshwater in the world (Biradar et al. 2008). Irrigated agriculture is estimated to 

increase from 100 million ha in the year 1950 to 260 million ha. It accounts for about 17% 

of the world’s arable land, supplying 40% of food and fiber. It also provides hunting areas 

and a source of food for wildlife in addition to local and migratory birds (Evans and Sadler 

2008). 

Agricultural development is one of the key elements for the survival and 

intensification/growth of civilization. At the beginning of the industrial revolution or in the 

year 1970s, the world population was 800 million (SDSN 2013); in the mid of 2015, the 

population reached 7.3 billion. Today the global population is growing more slowly than 

in the last decade. For example, in the past ten years, the world population has grown by 

1.24% per year and recently reduced to 1.18% per year (addition of 83million per year) 

and is projected to be 9.7 billion in the year 2050 (Melorose et al. 2015). These show that 

an additional 2.4 billion population are expected between the year 2015 and 2050; more 

than half of the projected population is contributed from Africa (1.3 billion), Asia (0.9 

billion), Latin America, Northern America, Oceania, and the Caribbean (0.2 billion). The 

majority of these population increase are in developing countries (Wallace 2000). Such an 
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increase in population will need more and more irrigation water to meet increasing 

demands for food. 

Since the 1960s, national and global food supplies have become more extensive through 

the contribution of irrigated agriculture; thus, irrigated agriculture plays a significant role 

in feeding the increasing number of population in the world. However, in the global and 

developing countries, water withdrawal for irrigation is considered 72% and 90%, 

respectively; due to the increase in water use for the non-agricultural sector, water 

availability for irrigation is reduced (Cai and Rosegrant 2003).   

Shiklomanov (2000), Gleick (2003), and FAO (2003) estimated that the world freshwater 

ranges from 42700 to 44540 billion cubic meters. Out of which, 3784 billion cubic meters 

of water are withdrawn for agriculture, domestic, and industry in 2000. This indicates that 

the three sectors are the major water withdrawal sectors. The estimated water withdrawn 

for agriculture is 2675 billion cubic meters. From this, around 50% is consumed as 

evaporation and transpiration. Based on the available agricultural land area between 2010 

and 2050, the irrigated agriculture water consumption would increase from 1563 to 1662 

billion cubic meters, which shows that irrigation water consumption in the year 2050 would 

be 6% higher than in 2010 (Chartres and Sood 2013). Also, in the industrial and municipal 

sectors, water consumption increases from 434 to1807 billion cubic meters and 212 to 1497 

billion cubic meters, respectively. 

Ethiopia is an entirely landlocked country in the world, occupying a significant portion of 

the Horn of Africa, located between 30-150N latitude and 330-480E longitude. It shares the 

North and South boundary with Eritrea and Kenya, in the East and West with Djibouti and 

South Sudan, in the North West with Sudan, and the South East with Somalia. The country 

covers about 1.1million km2 of area (around 1 million km2 land area and 0.1 million km2 

water area). Ethiopia is the second-most populous country in Africa, followed by Nigeria, 

with a total population of 91 million (estimated for 2016 based on the 2007 census of CSA) 

and an annual growth rate of 2.6%. An increasing number of the population is a severe 

problem in the highland areas of crop farming. Only 17% of this population is estimated to 
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live in urban areas of the country (Ethiopia Central Statistical Agency (ECSA) & World 

Food Program (WFP) 2014).  

Ethiopia is a country with different land diversity due to separating tectonic plates; these 

include the highlands of mountains, the Great Rift Valley, and plateaus. There are also 

deserts along with tropical forests in the south and the eastern border though Ethiopia faces 

deforestation problems. The altitude ranges from 126m below sea level in Denakil 

depression in the Northern border to the highest mountain Rasdashen 4620m above mean 

sea level in Gonder North of Lake Tana.   

As National Planning Commission [NPC] (2016) indicates, agriculture contributes to an 

average of 38.5% of the Gross Domestic Product (GDP), and the service sector and 

industry contribute to the remaining 46.3% and 15.1%, respectively in the year 2014/15. 

As the report indicates, agriculture is the major sector in terms of contribution to the overall 

economic growth and development by supplying food for domestic consumption and raw 

materials for the domestic producing industries and first export commodities that earning 

as high as 86% of the total foreign exchange. The country’s economic system, therefore, is 

much related to agricultural sector performance. Moreover, the sector accounts presently 

for 85% of employment and provides 70% of the raw material needs of native industries. 

Ethiopia has ample annual rainfall and other significant water sources that could be 

developed for irrigation and other development needs. In the country, rainfall is available 

in multiple forms that can be used for agriculture and irrigation. These forms include 

surface water (perennial and seasonal rivers), renewable groundwater, wetlands, soil 

moisture, and rainwater (Awulachew et al. 2010). The rainfall is highly variable both 

spatially and temporally, affecting livelihoods and land use.  The unimodal rainfall is 

observed in the western parts of the country, beginning in February/March and ending in 

October/November. The Bimodal rainfall seasons are also found in the eastern parts, with 

one major and one minor season, whereas the bimodal season in the southern parts is more 

evenly distributed (Asana Dawa et al. 2007). 
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There are twelve river basins in the four major drainage systems of Ethiopia (Figure 1.1, 

Table 1.1). Most of the rivers in these basins cross the national boundary (MoWR 2001). 

No additional water resources are entering the country, and therefore, Ethiopia is known to 

be the ' Water Tower of East Africa,' a water tower providing water to neighboring 

countries with an estimated 96,500 million cubic meters of water each year (FAO 2016, 

Sundin 2017). The total annual surface runoff excluding groundwater is estimated to be 

122 billion cubic meters in the twelve river basins. The three largest river basins (Abbay, 

Baro-Akobo, and Omo-Gibe) contribute 76 percent of the total surface runoff from a 

catchment area comprising only 32 percent of the total area of the country. As indicated in 

Table 1.1, those three river basins have much larger specific discharges than the other seven 

river basins (MoWR 2002).  The country has 11 fresh, four crater and nine saline lakes and 

more than 12major wetlands. The majority of the lakes are found in the country’s Rift 

Valley basin and are rich in fish. The total area of the lakes is 7,500 sq. km. The country 

has a lesser amount of groundwater compared to surface water resources and is estimated 

to be 2.6 billion cubic meters (Awulachew et al. 2007). Especially for the agricultural area, 

Ethiopia has merely used its groundwater resource due to hydrogeological complexity and 

cost (Awulachew et al. 2010), which makes an average of 1575 m3 physically available 

water per person per year. Though, due to large spatial and temporal rainfall variation and 

lack of infrastructure for water storage, there is not sufficient water for farmers to crop 

more than a crop annually.  

Sustainable growth of food production can be achieved through the efficient use of water 

resources, land, and human resources development. The agricultural sector can influence 

Ethiopian economic performance. The government of Ethiopia has paid attention since the 

1950s to the reduction of famine and drought through increasing agriculture production. 

These include traditional irrigation and construction of small-scale, medium-scale, and 

large-scale irrigation schemes (Awulachew et al. 2007). Ethiopia has large agricultural 

potential development of about 51.3 million hectares of arable land, whereas currently, the 

cultivated area being only 11.7 million hectares (Chanyalew et al. 2010). 
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Figure 1-1 The 12 River basin and streams of Ethiopia 
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Table 1-1Area and surface water resource by major river basin 

S. 

No 

Major Drainage 

System 

River 

Basins 

Catchment 

area (km2) 

As % of 

the total 

area 

Annual 

surface 

runoff 

(BM3) 

As % 

of 

surface 

runoff  

1 Nile Basin  368612 32.4 84.09 69 

  Abbay 199 812 17.6 52.6 42.9 

  Baro-

Akobo  

74 100 3.5 23.6 19.3 

  Tekeze  89 000 7.8 7.63 6.2 

  Mereb 5 700 0.5 0.26 0.6 

2 Rift Valley  317640 27.6 28.96 23.7 

  Awash  112 700 9.9 4.6 3.7 

  Afar-

Danakil  

74 000 6.5 0.86 0.7 

  Omo-

Gibe  

78 200 6.9 17.90 14.7 

  Rift 

Valley  

52 740 4.6 5.60 4.6 

3 Shebelli-Juba  371264 32.7 8.95 7.3 

  Wabe 

Shebele 

200 214 17.6 3.15 2.6 

  Genale –

Dawa 

171 050 15.1 5.80 4.7 

4 North- East 

coast 

 79300 7.0 0.0 0 

  Ogaden  77 100 6.8 0 0 

  Aysha 2 200 0.2 0 0 

  Total  1 136 816 100.0 122.0 100 

Source: MoWR 2002 Water Sector Development Program Volume II, FAO 2016 
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Water resource management is the movement and control of water resources to reduce 

damage to life, property and to maximize efficient, beneficial use. Sometimes water 

management involves changing practices, such as groundwater withdrawal rates or 

allocation of water for different purposes (USDA 2017). Rockström et al. (2005) stated 

that irrigated and rain-fed agriculture water consumption based on 92 developing countries' 

data is estimated to be 4500 billion cubic meters per year in 2002. An additional 2200 

billion cubic meters per year of fresh water used is needed in 2015 to feed 50% of under-

feeding people in the world. Furthermore, an additional 3000 billion cubic meters per year 

of freshwater is required for irrigation to eradicate hunger in the year 2030. If water is 

managed efficiently in agriculture, there will be enough water and land to fulfill the world's 

food needs for the next 50 years (DeFraiture and Wichelns 2010). Therefore to increase the 

required agricultural production, it is clear that effective management for water is a must. 

1.2 Statement of the Problem 

Ethiopia has surface runoff amounts to 122 billion cubic meters of water from 12 major 

river basins and 2.6 to 6.5 Bm3 of groundwater sources. Still, the distribution of water 

resources in terms of population settlements, seasons, or geographic location does not give 

adequate opportunity for sustainable crop production and water supply. The distribution 

and availability of water are erratic both in space and time. Although the country has an 

abundance of water resources in some parts, the country is highly water-scarce due to a 

lack of water storage structures. Water is not only for domestic use but also plays a crucial 

role in producing food crops. In addition to domestic consumption, water is just an 

instrument for crop production for human beings and animals. In spite of all these 

importance, there is limited analysis on the quantification of water balance components at 

the river basin level. 

Omo-Gibe-basin is one of the areas existing in combination with big rivers called Omo and 

Gibe and has located in the part of the Southern Nations Nationalities and People Regional 

State (SNNPR) and Oromia region. In the area, there are different water uses, i.e., domestic, 

livestock, and irrigation. There is a high shortage of access to domestic water, in which 
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there is a lacking water supply system to the rural areas where the population is highly 

concentrated. There may be several natural reserves of both surface and ground waters that 

demand protection, environmental management, and proper structures for domestic supply 

and irrigation projects. The Omo-Gibe River is flowing to the Lake Turkana. 

The development of the small-scale, medium-scale, and large-scale irrigation scheme in 

the basin for domestic and livestock water supply and population growth requires the 

improvement of the accessibility to water. On top of this, the erratic rainfall and the effect 

of climate change may decrease the available water resources to satisfy these increasing 

demands.  

The government and development agencies have tried to encourage farmers to adopt water 

harvesting techniques and irrigation; however, those technologies did not perform up to the 

expectations.  Much effort had taken to increase food production and sustainable resource 

use. However, population growth had put pressure on limited resources (water, soil, etc.). 

The study area has a high population density, and food production is limited to a small plot 

of land and produce once a year. Due to climate change, the amount, frequency, and timing 

of rainfall are seriously unpredictable. Most of the time, a dry spell is frequent and fails in 

crop production. As a result, agricultural crop production decreases from time to time, the 

population of the area faces a shortage of food, inadequate domestic water supply, and even 

the animals getting highly affected/ starved due to forage's inadequacy.  

1.3 Objectives of the Study 

This study's main objective is to quantify the spatial and temporal distribution of water 

availability for agriculture in the upper Omo-Gibe basin in Ethiopia by an integrated 

approach. This analysis will be further used to determine the potential increase of cereal 

production in the basin within existing water resource constraints. The specific objectives 

of this study are: 

1. To explore the possibility of assessing consumption and availability of water using 

freely available satellite data and secondary data,  
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2. To test the efficiency of satellite-based actual evapotranspiration in the HBV 

hydrological model to render the catchment water balance using multi-variable 

calibration and  

3. To come up with a strategy to increase cereals production by 2030 using available 

water resources in the upper Omo-Gibe basin. 

1.4 Layout of the Thesis 

Chapter 2 Reviews literature relating to water resources and crop production, and its 

management in the Ethiopian context, satellite remote sensing, and hydrological models 

applied in water resource management. This chapter also includes a description of the 

SEBS and HBV hydrological models. 

Chapter 3 presents the salient features of the study area, a description of the different data 

sets used, and the overall research methodology adopted in this study. 

Chapter 4 discusses the assessment of consumption and availability of water in the upper 

Omo-gibe basin. The spatiotemporal distribution of precipitation and actual 

evapotranspiration is estimated through the satellite-based and Thiessen polygon methods. 

Chapter 5 discusses the effectiveness of satellite-based actual evapotranspiration and 

streamflow in a semi-distributed hydrological model in the upper part of the Omo-Gibe 

basin. Results are based on streamflow and actual evapotranspiration in the basin. 

Chapter 6 focuses on the strategies to increase maize crop production in the water-scarce 

of the upper Omo-Gibe basin, Ethiopia 

Chapter 7 is devoted to the presentation of the summary and conclusions of the present 

research. Recommendations based on results are also included. In addition, the scope and 

limitations of the research for possible studies are presented. 

The next chapter reviews the literature relevant to the objectives of this research work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1.Introduction 

This chapter provides a comprehensive set of relevant literature to provide background 

information on remote sensing and hydrological modelling in order to achieve the research 

objectives. The surface energy balance system is used to estimate actual evapotranspiration 

in the basin, while the hydrological model is used to simulate streamflow as well as actual 

evapotranspiration. This chapter is organized into four themes, namely: 

 Water Resource and crop production in general and the Ethiopian scenario in 

particular 

 Water Resource management 

 Remote Sensing and hydrological modelling 

 Hydrological modelling classification and integration with remote sensing and GIS 

2.2.Water Resource and Crop Production        

Though water is more yet a scarcer resource compared to land, it is difficult to understand 

how it can be used in a more productive, efficient, and fair manner. Conventionally, farm 

productivity is a significant measure of the production of irrigated agricultural land, 

expressed as the ratio of grain yield to a harvested unit area (kg/ha) (Bastiaanssen et al. 

1999). In areas of water-scarce overall production is improved by rising crop water 

productivity (CWP). Higher CWP, as reported by Zwart & Bastiaanssen (2004), is either a 

result of the use of fewer water resources for the same production or the use of the same 

water resource for higher production. The amount of crop ET has a direct relation to crop 

yield. To achieve more crop yield to its physical limit, it is possible only if more water is 

provided for crop evapotranspiration. Sometimes increasing crop water productivity (i.e., 

increasing the productivity of water consumed by ET) also suggested one way of 

alternatives to enrich crop yield.  

The productivity of water is expressed as the ratio between the mass of 

production/economic value and crop evapotranspiration or the ratio between the mass of 
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production/economic value and supply/depletion of water, i.e., the productivity of water is 

defined as the tangible value (kg) or economic value ($).On the other side, the amount of 

water quantities can either be consumed or supplied (m3). Proportionally low and high in 

sub-Saharan Africa and developed countries, respectively (Cai & Rosegrant 2003). Several 

studies have shown that there is an improvement in CWP to save water (Cai & Rosegrant 

2003; Zwart & Bastiaanssen 2004). Such improvements can be accomplished by increasing 

the mass of production per hectare of land (grain yield) by enhancing crop varieties and 

practicing greater agronomy (Erkossa 2011; Sadras et al. 2012), as well as by improving 

water management and the development of related materials. For instance, the use of 

fertilizer at the farm level and allocating available world water resources between and 

within irrigated & rain-feed agriculture to make the land use more efficient (Nangia et al. 

2008). Moreover,  Sadras et al. (2012) address the behavior between agronomy and 

breeding, usually apart from over-edged.  

Furthermore, the majority of grain crop water productivity is increased by enhancing long-

term yield potential without any significant change in the absorption of crop water (Sadras 

et al. 2012), raise the fertility of the soil by increasing photosynthesis through increasing 

canopy size, nutrient, and water absorption through the development of root growth 

(Erkossa 2011). Various factors affect the productivity of the water resource compared to 

the land resource. These include water management and availability in the well, canal 

management, soil salinity, farm water management, agronomic practice, water table depth, 

and crop varieties (Bastiaanssen et al. 1999). They argued that CWP is more homogenous 

than land production (kg/ha). Water productivity can also be influenced by other factors, 

such as size, amount, timing, and season of rainfall events, and nitrogen deficit (Sadras et 

al., 2012).  

Both agricultural water and the agricultural land use area will increase rapidly from 301 

million ha in 2009 to 318 million ha in 2050. Depending on the availability of data, the 

agricultural withdrawal will further increase from 2900 km3/yr to 3000 km3/yr by 2050. It 

means that by 2050, the water withdrawal from agriculture will be 10% higher than it is 

now (FAO 2011).  Zwart and Bastiaanssen (2004) depict that, on the global scale, crop 
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water productivity for irrigated maize (Zea mays L.) varies between 1.1 and 2.7 kg m-3. 

They concluded that the achievement of the maximum yield of maize using a wise 

irrigation system in the water-scarce region contributes to the achievement of CWP under 

favorable conditions. This is attributable to the sowing of maize on the bottom (tape) of the 

irrigation of the furrow  (Ibrahim and Atta 2014).    

In the worldwide, only 13-18% of the water is used by irrigated crops in the form of 

transpiration, which is correlated with yield and production. Limited quality and quantity 

of water supply for growing crops, increased social, economic, and environmental costs 

for developing large-scale irrigation schemes would lead to small-scale irrigation 

development. Such development affects the use of rain-fed water for irrigation efficiency 

(Wallace and Gregory 2002). Whereas rain-fed agriculture in the semi-arid regions of 

developing countries produces more irrigation products, accounting for around 90% in 

some countries. The primary option would be to increase crop production in these regions 

by increasing rain-fed agriculture, which ensures that the freshwater supply will not be 

under strain in irrigated agriculture (Wallace 2000). In the initial analysis for water stress, 

Falkenmark (1997) supposed that the annual per capita of freshwater demand from 

irrigated agriculture in the semi-arid area is around 785m3. Of which 50% from the 

estimated total annual per capita of water requirement and the remaining 50% of food is 

found from rain-fed agriculture. In both rain-fed and irrigated agriculture areas, water from 

the given area has been losing through surface runoff; these are due to high rainfall amount, 

less soil infiltration rate, and steeper slope of the land. Fallis (2013) and Shiklomanov 

(1998)  estimated global water withdrawal by their demand in the three major sectors 

agriculture, industries, and municipal (domestic). Irrigated agriculture uses the most 

considerable portion of the world's annual freshwater resource (Shiklomanov 1998; FAO 

2011; SDSN 2013; Fallis 2013). This accounts for 69% of annual water withdrawals 

worldwide(The United Nations 2016). This affects the daily life of human beings in 

different ways, both indirectly and directly.   

Falkenmark (1997) has obtained annually per capita availability of freshwater in 21 

different regions of the world for the current and the year 2050. Using Falkenmark data 
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Wallace (2000) reveals that currently, around 7% of the world’s population lives in areas 

where there is some degree of water stress. When the same annual renewable freshwater 

resources are shared among the world population estimated for 2050, it is expected that 

about one in six of the world's population will have insufficient water to meet their basic 

requirements (> 2,000 m3). Presently, the availability of per capita water in North Africa is 

less than 1,000 cubic meters, which appears to be the countries with the most extreme water 

scarcity in the region; there is also some water scarcity in southern Africa and the Middle 

East. This condition would spread to large regions of Africa and the Middle East. The 

annual availability of water in Ethiopia is also approximately 1,220 m3 per capita, showing 

water-stress circumstances. It has also been distinguished that two of the twelve river 

basins in the country are water surpluses (Abbay and Baro-Akobo), of which eight are 

water deficits at various levels (Tekeze, Mereb, Awash, Afar-Denakil, Omo Gibe, Rift 

Valley, Wabi Shebele and  Genale Dawa) and the remaining two are dry (Ogaden and 

Aysha). There are always issues related to water in dry and deficit basins that have an 

impact on the community's growth and livelihoods activities(Adeba et al. 2016). Most 

regions of the world, with already enough water, would face some degree of water scarcity, 

such as India, the Far East, and parts of China. In order to estimate water stress globally 

and regionally, it is imperative to combine the estimates of the UN population and the 

estimated amount of annual renewable freshwater resources with the amount of water 

needed to grow basic per capita food requirements (Wallace 2000). 

2.2.1 Water resources in Ethiopia 

Ethiopia has a significant amount of available water resources (Berhanu et al. 2014; 

FAO 2016). Even though the potential for water resources in the country is remarkable, 

river basin developments are rarely carried out. The water resource is essential to the 

country’s development. In addition, water-based production is the key to the country's 

growth and transformation. The country’s Growth and Transformation Plan (GTP) also 

recognizes and aims to improve the use of the country's water resources (Berhanu et al. 

2014). The country is estimated to have a total volume of 112 BCM of surface water 

and some 2.6 BCM of groundwater. The western half of the country receives a 
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sufficient amount of precipitation and has many seasonal rivers and streams, while the 

precipitation is negligible in the eastern half of the country. As a result of the rapid land 

loss that is taking place at present, the amount of water entering the land taken away 

from it must have risen more than ever before. The amount of water available on the 

spot was therefore reduced, especially in the eastern half of the country. The country's 

river's primary source is the highlands of Ethiopia, which flow towards the West and 

the Southwest. Such rivers are Abbay, Baro-Akobo, Tekeze, Mereb, Awash, and Omo 

(Paulos 2002). 

2.3. Water Resource Management 

Water balance is the basis for policy-making and management on several critical issues 

related to water resource management, such as flood forecasting, water supply systems 

design, management of water ecosystem, use and allocation of water, virtual water 

management, wastewater and stormwater management in urban areas and water trading 

(Ghandhari and Alavi Moghaddam 2011). In all of these fields, the basin's policymakers 

and managers require excerpt information on demand for water, change in storage, and 

water resource volume in the basin. The definition of water balance has acquired significant 

popularity among hydrologists, geologists, meteorologists, geographers, climatologists, 

and other disciplines primarily concerned with water problems.  Therefore, it is beneficial 

to research the water balance and apply this principle in the study of an agricultural area to 

achieve better and efficient planning, management, and rational conservation of water 

resources in the cropland. Water balance may be defined as the income of water from 

precipitation and other sources and the loss or outflow of water by means of 

evapotranspiration. Moreover, water balance is important in arid and semi-arid regions as 

it can be used to assess the hydrology of the area. It also allows an evaluation of the quality 

of the data and the identification of inconsistencies. The measurement of the water balance 

can be carried out for both small and large areas of the basin. The water balance analysis 

in the catchment can be as short as one second and as long as many years. 
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The state of water resource for quantitative understanding is used for safe water 

management. Properly managing water resources is an essential component of growth, 

equity and poverty reduction, social and economic development, and sustainable 

environmental services (UNESCO 2009). The availability of sufficient and reliable data is 

required for monitoring, sound policy, participation, and research (Awad et al. 2009). 

Compromised validity of information due to an insufficiency of reliable and sufficient data 

is used for subsequent decision making and assessment purposes (UNESCO 2009). 

Economically secure and equitable water resources with integrated water resource 

management (IWRM) in the river basin are considered viable options to safeguard 

environmentally sustainable growth. IWRM is a mechanism that promotes integrated land, 

water, and associated resource management and development. It starts with a 

comprehensive collection of basin data, such as physical and socio-economic data, and the 

development of physical systems models such as hydrology, hydrogeology, and hydraulics 

(Ako et al. 2010). 

Water is considered as a free commodity in the past, i.e., unregulated in quality and 

available as needed. However, a resulting increase in population and urbanization, 

diversification, and a rapid increase in resource demands are becoming limited and lower 

quality water resources. Diversification comprises irrigation water, industrial process, 

municipality, conservation of aquatic ecosystems, generation of hydropower, and fisheries 

(Mensah 2010). For example, various information is required to allocate freshwater for 

agricultural irrigation and other purposes and gain the best possible outcomes. These 

include consumption of water by vegetation and crops, availability of water and 

streamflow, and related crop production (Albek et al. 2004; Young 2006; Awad et al. 

2009). Having said that, locating this information in any area is difficult. Globally, for 

instance, due to unreliable and incomplete data on water quality and quantity, adequate 

management of water resources is given by the water observation network; however, these 

networks are in danger of potential declines (UNESCO 2009). In addition, recorded 

streamflow data are not available globally in different river basins due to the degeneration 

of the gauging station. FAO (2003) reported that, out of a total of 7782 streamflow gauging 
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stations in the Mediterranean region, only 1868 have more than 30 years of time-series 

records. 

2.3.1. Water Resource Management in Ethiopia 

Ethiopia has a generous endowment of water, but this water is distributed unevenly in space 

and time. Unmitigated hydrological variability, compounded by climate change, has been 

estimated to cost the country roughly one-third of its growth potential (World Bank 2006). 

Today, the production of water resources to promote' green growth' and poverty reduction 

is a key plank of government policy as the country aims to achieve middle-income status 

by 2025. Ethiopia's Growth and Transformation Plan (GTP) sets ambitious goals for a six-

fold increase in irrigated land and a quadrupling hydropower generation capacity between 

2015 and 2020 (NPC 2016). 

Water has played a major role in Ethiopian society; it is almost a source of input for all 

forms of output and a force for destruction. There has been a struggle across society to 

increase productivity and reduce the negative effects of productivity in the country. This 

challenge has increased over the last century as the population has grown rapidly. The 

increase in population requires effective management of the country's land and water 

resources. Today, Ethiopia's development is critically constrained by a complicated legacy 

of water resources and a lack of access to and management of these water resources(World 

Bank 2006). 

Ethiopia’s rich natural water resource endowment, its rapidly growing economy, and its 

ambitious government agenda offer significant opportunities. It is essential to understand 

what these opportunities are and capitalize on them. For example, the formulation of the 

second GTP (GTP-2) can provide an entry point to reinforce the links between WRM and 

land resource management and set aside funding to establish stakeholder collaboration and 

data sharing mechanisms’ at all levels. WRM in Ethiopia is hampered by a lack of 

knowledge of resource conditions, patterns of use and drivers of change, and a lack of 

capacity and capacity within organizations to manage the distribution of water, determine 

impacts and trade-offs, and ensure ' climate-smart ' planning. 
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2.4. Role of remote sensing and hydrological modelling in water resources 

management 

2.4.1. Remote sensing  

When precipitation reaches the surface of the earth in the form of rainfall, some parts 

percolate and fill the aquifer; some parts evaporate into the atmosphere, and the remaining 

parts will flow as surface runoff. Depending on this, drought can occur in some areas of 

the basin, while the other region faces challenges related to local floods. Such issues can 

be solved by valuable information on hydrological data; hydrological data is important for 

the planning and management of water resources. The presence of crops in arid and semi-

arid regions means that there is almost a cultivated land in the field that absorbs water, 

from which there is a loss of water due to evaporation, transpiration, and infiltration. 

Conservation of unusable water intake by evaporation from soils and open water sources 

and by transpiration from crops and plants improves agricultural production without 

additional water (Farnsworth et al. 1984). 

Evapotranspiration (ET) is the major part of the water cycle to represent the irrigation water 

demand. It is defined as a combined loss of liquid water vapor from the open water surface, 

bare soil, irrigated land, and vegetative surface called evaporation and from within the 

leaves/canopy of plants called transpiration, which co-occurs (Jia et al. 2017; Peng et al. 

2019; Trajkovic et al. 2019). Evaporation is the major component of the hydrological cycle 

over both regional and global scale (Zhang et al. 2016a; b; Chen et al. 2019; Dinpashoh et 

al. 2019; Parajuli et al. 2019; Zheng et al. 2019). It is also affected by climate change 

(Dinpashoh et al. 2019; Gomis-Cebolla et al. 2019). Therefore, it is essential for water 

resource management to be particularly important in water-scarce regions (Jamshidi et al. 

2019; Trajkovic et al. 2019). It is also a key process of water balance and an important 

energy balance element, especially in arid and semi-arid regions (Zhao et al. 2013; Walker 

et al. 2019). In addition to that, it is the most challenging flux to measure directly on a 

regional as well as global scale and shows spatial heterogeneousness with the availability 

of water resource, vegetation type, the variability of vapor pressure, and temperature 

(Rungee et al. 2019). Globally it is estimated to be 60% of precipitation (Li et al. 2009). 
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The evaporation from a crop growing area was decided by solar radiation division that 

reaches the surface of the earth, especially the crop area. This division decreases the 

growing term of the crop as the stage of crop development; evaporation was the dominant 

factor. When the crop is well established, the soil is covered by the crop canopy (i.e., the 

leaves of the crop are increased and the soil surface is shaded), transpiration was dominant 

(Elhaddad and Garcia 2008). 

Evapotranspiration is a governing factor in the hydrological budget, and measurements are 

needed in the fields of hydrology, ecology, forestry, meteorology, and agriculture (Loheide 

and Gorelick 2005; Trajkovic et al. 2019). Spatially and temporally distributed point 

measurements of ET may not be representative and may be difficult to upscale. Remote 

sensing has been used to measure the spatial and temporal distribution of ET, as it is the 

easiest method by which local and global changes can be accomplished economically 

(Loheide and Gorelick 2005). 

Measurement of water consumption and loss in irrigable areas, especially in water scarcity 

areas, is important for planning, regulating, and managing water resources. Satellite remote 

sensing techniques may have the capability to measure spatial and temporal surface 

characteristics in order to determine the precise distribution of evapotranspiration, crop 

yield and estimate the productivity of water and land in areas where the availability of 

hydrological data is limited (Bastiaanssen et al. 1999). 

Remote sensing is the process of understanding measurements of the upwelling 

electromagnetic radiation (which are reflected and emitted by the land) of surface 

parameters from the earth’s terrestrial and aquatic ecosystems and atmosphere (Schmugge 

et al. 2002). The important contribution of satellite remote sensing research in hydrology 

has been the development of approaches for estimating hydro-meteorological fluxes (e.g., 

evapotranspiration) as a residual of surface energy balance and hydro-meteorological state 

variables (e.g., near-surface soil moisture, land surface temperature, snow cover/water 

equivalent, landscape roughness, water quality, land use, and vegetation cover) (Schmugge 

et al. 2002). The remote sensing of hydro-meteorological state variables are determined 
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through different wavelengths of electromagnetic radiation. These are (i) surface soil 

moisture from passive microwave length, (ii) land surface temperature from a thermal 

infrared length, (iii) snow cover using both visible and microwave length, (iv) landscape 

surface roughness using LIDAR, (v) water quality using visible and near-infrared length 

and (vi) vegetation cover from visible, infrared and microwave length (Schmugge et al. 

1988; Schmugge et al. 2002). 

Quantifying water for agriculture is the key to irrigation water management, water 

regulation, and water resource planning.  Water management is an integral part of a water 

budget. Some components of the water budget, such as inflows into irrigation canals and 

outflows from irrigation canals, can be easily measured. Other components, such as deep 

percolation and seasonal evaporation, are difficult to measure (Elhaddad and Garcia 2014). 

Obtaining accurate measurements of actual crop evapotranspiration is the main input for 

quantifying water management, water allocation, and water resource planning in local and 

regional water balance studies (Bashir et al. 2008; Salama et al. 2015; Al Zayed et al. 2016; 

Ayyad et al. 2019). In so doing, it tells decision-makers about the amount of crops used to 

consume water and allows them to relate better the available water resource to different 

land uses (Bastiaanssen et al. 2005). Lysimeter is one of the conventional ways to measure 

unerring ET. However, conventional techniques for evaluating the daily and seasonal ET 

in an agricultural area are carried out by performing a crop classification in the area covered 

by the different crop types and crop development stages. For each crop, a weather-based 

crop coefficient Kc and reference crop ET are used, finally multiplying them by each’s 

crop area and integrating them as crop water use.  

The remote sensing approach to estimating seasonal ET has more benefits than 

conventional techniques. Many conventional techniques use point measurements by 

limiting their competency to obtain ET in spatial and temporal variation. This cannot be 

applied to a large area based on hydrological intricacy and natural heterogeneity, which is 

only used in a few places. Such techniques include Energy Balance Bowen Ratio (EBBR) 

(Verma 1990), Pan Measurement (Snyder 1992), Weighing Lysimeter (Edwards 1986), 
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eddy covariance (Swinbank 1951), Scintillometer (De Bruin et al. 1995), Sap Flow 

(Cermak and Nadezhdina 1998; Meiresonne et al. 1999), etc. A regional estimate of the 

seasonal ET is given by the satellite remote sensing method.  The model of the remote 

sensing surface energy balance estimates the actual ET that is occurring in the plant region 

( Allen et al. 2007; Elhaddad and Garcia 2008; 2011). Remote sensing (RS) can provide 

survey data from a few cm2 to several km2, including all field data over a short period of 

time (Hatfield 1983). It can also provide spatial distribution and temporal evolution of 

NDVI (Normalized Difference Vegetation Index), LAI (Leaf Area Index), surface 

emissivity, and radiometric surface temperature from mid and thermal infrared bands.  

Additionally, surface albedo from visible and near-infrared bands, most of which are 

indispensable for models that divide the available energy (Mauser and Schädlich 1998; Li 

et al. 2009; Liou and Kar 2014). Moreover, RS recaptures near-surface variables (Liou and 

Kar 2014). The satellite remote sensing approach extends the limited application of energy 

balance equations to homogeneous areas with uniform vegetation, topography, and soil 

moisture (Kustas et al. 1994; Li et al. 2009; Liou and Kar 2014).  

Furthermore, when combining satellite-based remote sensing with critical value 

(Vegetation Indices (VI) and albedo), developed land surface ET based on remote sensing 

varies greatly in degree of model structure complexity and mechanism, model inputs and 

outputs, and their advantage and disadvantage. Consequently, taking into account the 

characteristics and significance of the various ET methods developed over the last decades, 

the measurement of ET over a regional scale based on remote sensing technology has 

become an ultimate question in various ET-related applications and studies. Summaries 

and comparisons of different remote sensing-based ET are necessary to understand better 

the mechanism that occurs amid the earth's atmosphere, biosphere, and hydrosphere. 

A variety of physical, empirical, and semi-empirical models have been developed for the 

estimation of reference evapotranspiration using meteorological data in different land 

cover and environmental conditions (Doorenbos and Pruitt 1977; Allen et al. 1998). Most 

of these are on the basis of point data to evaluate evapotranspiration, which makes them 
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appropriate only on a local scale and does not extend to large areas. At present, various 

remote sensing algorithms using the Surface Energy Balance model in the agricultural area 

of the water budget are used to estimate actual evapotranspiration in large areas. Most of 

these surface energy balance models have been formulated in the last two decades 

(Bastiaanssen et al. 1998a; b; Timmermans et al. 2004; Nagler et al. 2005; Allen et al. 

2005b; Kustas and Norman 2009). The surface energy balance model uses digital image 

data collected from satellite imagery to estimate evapotranspiration (Nishida et al. 2003). 

Such instruments are the Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER), advanced very high-resolution radiometer (AVHRR), moderate 

resolution imaging spectra radiometer (MODIS), and Landsat.  

Surface Energy balance model 

High resolution spatiotemporal remote sensing instrument is helpful for providing 

evapotranspiration information for irrigation management, water allocation, and water 

resource planning and management. Generally, the remote sensing approach to ET 

estimation is recognized to improve this irrigation management, water allocation, and water 

resource planning and management systems (Bastiaanssen et al. 2005; Anderson et al. 

2012). Based on RS data, there are several methods for estimating ETa spatially and 

temporally (Bastiaanssen et al. 1998a; b; Roerink et al. 2000; Su 2002; Loheide and 

Gorelick 2005; Senay et al. 2007). The surface energy balance (SEB) algorithm is the most 

commonly used RS method for estimating ETa in irrigated areas (Liou and Kar 2014). The 

SEB method is a wide-ranging and has a high degree of accuracy for ETa estimation 

(Immerzeel et al. 2006). However, at the field scale, several SEB’s approaches were widely 

verified (Bastiaanssen et al. 2005; Chirouze et al. 2014; Bhattarai et al. 2019), have been 

applied in rare case to map ET in the local scale in data scares region (Bhattarai et al. 2019). 

Additionally, it captures the condition of the actual crop. 

The earth system operates an equal amount of energy that enters and emerges from the 

earth system. Yet there has been a continuation of the earth system in space and time. 

Depending on this change, the surface energy balance system, i.e., the amount of energy 
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transmitted and stored within the earth system, will be affected (Liou and Kar 2014). The 

majority of residual surface energy balance models are used for mapping ET for different 

spatial time scales. The energy balance equation can be written as follows: 

𝝀𝑬 = 𝑅𝑛 − 𝐺0 − 𝐻          2.1 

Where, Rn is the net radiation (sum of all incoming and outgoing shortwave and longwave 

radiation at the surface) (W/m2), G0 is the soil heat flux (W/m2), H is the turbulent sensible 

heat flux (W/m2), and λE is the turbulent latent heat flux (λ is the latent heat of vaporization 

and E is the actual evapotranspiration) (W/m2). The latent heat flux is the latent heat loss 

rate from the surface due to evapotranspiration and is calculated as a residual term in the 

surface energy budget equation. The sign convention of the Eq. (2.1) is that Rn is considered 

positive when radiation is directed towards the surface and is considered negative (or G0, 

H, and λE, are considered positive) when directed away from the surface of the soil. 

Components Rn, G0, and H can be calculated using a combination of remote sensing-based 

parameters and short wave albedo with a number of ground-based meteorological variables 

and other auxiliary surface measurements. 

Net radiation reflects the total radiant energy concentration at the surface, separated into 

G0, H, and λE. The formula to determine net radiation is given by equation (2.2).  

𝑅𝑛 = 𝑅𝑠
↓ + 𝑅𝑠

↑ + 𝑅𝐿
↓ − 𝑅𝐿

↑        2.2 

Where, Rs↓ is the incoming short wave radiation (W/m2), Rs↑ is the outgoing short wave 

radiation (W/m2), RL
↓ is the incoming longwave radiation (W/m2), and RL

↑ is the outgoing 

longwave radiation (W/m2). Equation (2.2) is often referred to as a land surface radiation 

balance equation (Zhou et al. 2018). The net shortwave radiation can be written as: 

∑ 𝑅𝑠 = (1 − 𝛼)𝑅𝑠
↓         2.3 

Where, α is the surface albedo 
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The incoming longwave radiation is the downward thermal radiation flux from the 

atmosphere and written as:  

𝑅𝐿
↓ = 𝜀𝑎. 𝜎. 𝑇0

4          2.4 

Where, εa is the air emissivity, σ is the Stefan-Boltzmann constant (W/m2K4), and T0 is the 

air temperature (K).  

The outgoing longwave radiation is written as: 

𝑅𝐿
↑ = 𝜀0. 𝜎. 𝑇𝑠

4          2.5 

Where, ε0 is the surface emissivity, and Ts is the bulk land surface temperature (K).  

Soil heat flux (G0) is described as the rate of heat storage by conduction in soil and 

vegetation. The soil heat flux is empirically calculated as G0/Rn fraction of which is read 

as: 

𝐺0 = 𝑅𝑛[𝛤𝑐 + (1 − 𝑓𝑐)(𝛤𝑠 − 𝛤𝑐)]       (2.6) 

Where, Γc is the ratio of soil heat flux to net radiation, which is assumed that 0.315 for bare 

soil (Kustas and Daughtry, 1990) and 0.05 for full vegetation canopy (Monteith 1973), fc 

is the fractional vegetation cover, which can be determined from RS data (Choudhury et 

al. 1994). Using this fc value, interpolation is then performed between the case of full 

vegetation and bare soil.  

The value of fc can be computed as: 

𝑓𝑐 = 1 − [
𝑁𝐷𝑉𝐼−𝑁𝐷𝑉𝐼𝑚𝑖𝑛

𝑁𝐷𝑉𝐼−𝑁𝐷𝑉𝐼𝑚𝑎𝑥
]

𝑝

        (2.7) 

Where, p is the ratio of leaf angle distribution and constant, which is 0.625, NDVI is the 

normalized difference vegetation index. NDVImin and NDVImax are the NDVI of bare soil 

and full vegetation cover, respectively. 
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Turbulent sensible heat flux (H) is expressed as the rate of heat loss to air due to a 

temperature gradient. H is mathematically stated as a function of surface roughness and 

temperature gradient. The surface roughness is the function of wind velocity (u). The value 

of H is determined using the aerodynamic function and is read as: 

𝐻 = 𝜌𝑎𝑖𝑟 . 𝐶𝑝
𝑑𝑇

𝑟𝑎ℎ
         (2.8) 

Where, ρair is the air density (kg m-3), Cp is the specific heat of the air (1004 Joules [J] per 

kilogram [kg-1] per degree Kelvin [K-1]), dT is the near-surface and air-temperature 

difference (K) (dT=Ta-Ts), and rah is the aerodynamic resistance to heat transfer (s m-1) 

over the vertical distance. The aerodynamic resistance to heat transfer is affected by the 

combined factors of surface roughness (vegetation height, vegetation structure), wind 

speed and atmospheric stability, etc. 

In general, multiple satellite remote sensing techniques have been developed for estimating 

regional surface flux (e.g., ET). Such methods have shown reliable results over uniform 

hydro-climatic areas. These are the surface energy balance Index (SEBI) (Menenti and 

Choudhury 1993), two source model (TSM) (Norman et al. 1995), the surface energy 

balance algorithm for Land (SEBAL)  (Bastiaanssen et al. 1998a, b) the Simplified surface 

energy balance Index (SSEBI) (Roerink et al. 2000), the surface energy balance system 

(SEBS) (Su 2002), ET Mapping algorithm(ETMA) (Loheide and Gorelick 2005), Mapping 

evapotranspiration at high Resolution with Internalized Calibration (METRIC) which is a 

variation of SEBAL (Allen et al. 2007a), and the simplified surface energy balance (SSEB) 

(Senay et al. 2007). Their comparisons are summarized and indicated in Table 2.1. 
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Table 2-1 Merits, Demerits and input parameters of different remote sensing 

evapotranspiration estimation methods 

Methods Input 

parameter 

Merits Demerit 

SEBI Tpbl, hpbl, v, 

Ts, Rn, G 

The effects of surface temperature (Ts) and 

aerodynamic resistance (ra) are directly related 

to λE 

It requires ground-based 

measurements 

TSM Tair, ha, v, Ts, 

Rn, G, Tc, Fr 

or LAI 

(1) View geometry is included 

(2) For the need of excess resistance, empirical 

corrections are eliminated 

A lot of ground 

measurements and 

components are needed. 

SEBAL ha, v, VI, Ts, 

Rn, G 
(1) Requires minimum ground-based auxiliary 

data; 

(2) There is no need for a strict correction of the 

atmospheric effect on surface temperature; and  

(3) Internal calibration has been performed 

within each of the analyzed images. 

(1) Applied over flat 

terrain; 

(2) in the determination 

of anchor blocks, it 

possesses uncertainty 

S-SEBI Ts, αs, Rn, G Ground-based measurements are not needed. Its extreme 

temperatures are 

specific for the location 

SEBS Tair, ha, v, Ts, 

Rn, G 

(1) Limited uncertainties in meteorological 

variables or surface temperature due to limiting 

case energy balance consideration;  

(2) Instead of using constant values new 

formulation of roughness height is developed for 

heat transfer;  

(3) No need for prior knowledge of actual 

turbulent heat flux; 

(4) Every pixel is independent of each other. 

When data is not readily 

available, too many 

parameters are required, 

and the solution of the 

turbulent heat flux is 

relatively complex. 

METRIC ha, v, VI, Ts, 

Rn, G 
It is similar to SEBAL but considers aspects and 

the slope of the surface 

In the determination of 

anchor blocks, it 

possesses uncertainty. 
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Abbreviations: Tpbl =Average planetary boundary layer temperature, hpbl =height of PBL, 

v =wind speed, Ts =surface temperature, Rn =net radiation, G =soil heat flux, αs =surface 

shortwave albedo, Tair =Air temperature measured at a reference height, ha =measurement 

height of wind speed and air temperature and VI= vegetation index. 

All of the methods mentioned in Table 2.1, except the SEBS method, utilized physical 

models and empirical relationships from meteorological and satellite remotely sensed data 

(Gibson et al. 2011). The later solves the energy balance equation by integrating in-situ 

measured meteorological and satellite-based remote sensing data (McCabe and Wood 

2006). One of the most appropriate algorithms these days used for remote sensing primarily 

based on estimation of daily evapotranspiration is the surface energy balance system 

(SEBS) developed by (Su 2002). The SEBS model has been selected on the basis of: (1) 

Limited uncertainties in meteorological variables or surface temperature due to limiting 

case energy balance consideration; (2) instead of using constant values new formulation of 

roughness height is developed for heat transfer; (3) no need of prior knowledge of actual 

turbulent heat flux; and; (4) each pixel is independent of each other. Such input parameters 

within the SEBS model for accurate estimation of actual evapotranspiration are more 

suitable than other related models (Su et al. 2001; Allen et al. 2007), and globally, it has a 

wide application. This model has shown strong rationality in numerous studies in diverse 

climatic and geographic circumstances (Gokmen et al. 2012; Ma et al. 2013; Ershad et al. 

2013). Additionally, multiple studies have already validated this model, and they showed 

that the evapotranspiration and energy flux estimates by SEBS are comparable with the 

field measurements (Su 2002; Jia et al. 2003; Van Der Kwast 2009). 

Surface Energy Balance System (SEBS) 

Another modification of the SEBI energy balance model, which uses satellite-based remote 

sensing data to estimate land surface energy balance called the Surface Energy Balance 

System (SEBS) proposed by (Su 2002; Su et al. 2003). SEBS uses a combination of proper 

meteorological and remote sensing data to measure both the evaporative fraction and the 

ambient turbulent flux. Su (2002) has shown that SEBS consists of a group of tools that 
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measure surface temperature, surface albedo, vegetation cover and emissivity; 

measurement of the heat transfer of roughness length; and an estimate of the evaporative 

fraction at limiting case founded on energy balance. In SEBS, determining Ta and Ts in 

equation (2.6) in a remote sensing image entails the position of a wet (cold) pixel with a 

low Ts value (in irrigated agricultural settings) and a dry (hot) pixel with a high Ts value 

(in a fallow agricultural field). Once these pixels have been set, the value of wet and dry 

sensible heat flux can be determined from equation (2.1). Under the dry-limit condition, 

evaporation cannot take place due to the limitation of soil moisture; the latent heat becomes 

zero, and the sensible heat flux attains maximum value. Then Hdry can be written as: 

𝜆𝐸𝑑𝑟𝑦 = 𝑅𝑛 − 𝐺0 − 𝐻𝑑𝑟𝑦 = 0 Or  

𝐻𝑑𝑟𝑦 = 𝑅𝑛 − 𝐺0         (2.9) 

Under the wet-limit condition, where the evaporation is limited only by the energy 

available for a specific surface and atmospheric conditions (i.e., the evaporation takes place 

at the potential rate), which can be computed by considering zero internal resistance from 

the Penman-Monteith combination equation, the sensible heat flux (Hwet) takes its 

minimum value. Then Hwet can be written as: 

𝜆𝐸𝑤𝑒𝑡 = 𝑅𝑛 − 𝐺0 − 𝐻𝑤𝑒𝑡 = 0 Or  

𝐻𝑤𝑒𝑡 = 𝑅𝑛 − 𝐺0 − 𝜆𝐸𝑤𝑒𝑡        (2.10) 

The relative evaporation EFr is an expression for the ratio of actual evapotranspiration of 

latent heat flux (λE) to a latent heat flux of wet limit (λEwet). Then EFr is computed as:  

EF𝑟 =
λE

λE𝑤𝑒𝑡
= 1 − [

λE𝑤𝑒𝑡−λE

λE𝑤𝑒𝑡
]       (2.11) 

Substitute Equation (2.1), (2.9) and (2.10) in equation (2.11) and after rearranging it gives: 

EF𝑟 = 1 − [
𝐻−𝐻𝑤𝑒𝑡

𝐻𝑑𝑟𝑦−𝐻𝑤𝑒𝑡
]        (2.12) 
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The net energy available may have different time scales from the time of the satellite 

overpasses to the daily combined values, or for intervals between two consecutive satellite 

imageries. For a time scale of a day, a month, year, or season the equation developed by 

Bastiaanssen et al. (2002) has been used to estimate ETa over the region. In this case, G0 

can be overlooked and net available energy reduced to net radiation. The daily time scale 

actual evapotranspiration is constructed by assuming a constant evaporative fraction over 

the day: 

𝐸𝑇𝑎24 =
8.64∗107

𝜆𝜌𝑤
∗ 𝐸𝐹 ∗ 𝑅𝑛24        (2.13) 

Where ETa24 (mm/day) and Rn24 (W/m2) are the actual evapotranspiration and values of 

mean net radiation for the given time interval, respectively; EF is the evaporative fraction; 

𝛌 is the latent heat of vaporization (J/Kg), and ρw is the density of water (Kg/m3). 

In the SEBS approach to set the Planetary Boundary Layer (PBL) as a reference height of 

potential air temperature, separation is made between PBL and Atmospheric Surface Layer 

(ASL) to analyze the heat flux. SEBS used ground-based meteorological measurement and 

remote sensing land parameters as input. Jia et al. (2003) used ground-based data from 

numerical weather prediction and satellite remote sensing data from Along Track Scanning 

Radiometer (ATSR) for the SEBS algorithm to estimate the sensible heat flux. They 

validated the result with Large Aperture Scintillometers (LAS) located in Spain. In the 

Southern Great Plains (SGP) area of the USA, Wood et al. (2003) applied SEBS to estimate 

latent heat flux and compared the result with the measured latent heat flux from Energy 

Balance Bown Ratio (EBBR) sites. They found that SEBS has a high potential to integrate 

data by estimating surface heat flux from space. Under the regime of all atmospheric 

stability, Su (2002) point out that SEBS can be used for both local and regional scaling to 

estimate daily, monthly, and annual evapotranspiration. Su et al. (2005) used the SEBS 

model to estimate land surface fluxes using available meteorological and remotely sensed 

data. They found that the accuracy of the estimated evaporation gets close to 10 to 15% of 

the in-situ measurement. 
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SEBS has various applications in the river basins in different parts of the world. For 

instance, it is used to estimate ETa over the Helmand and Kabul basins of Afghanistan to 

monitor and assess the performance of irrigated agriculture (Senay et al. 2007); the Heith 

River basin in China for improving water budget predictions (Qin et al. 2008); the Yellow 

River Delta wetland (Jia et al. 2009); the Karkheh River basin in Iran to assess the available 

water balance (Muthuwatta et al. 2010); the Upper Awash basin of Ethiopia to assess the 

available water balance (Kurkura 2011); the Upper Manyama catchment of Zimbabwe 

(Rwasoka et al. 2011); Mbire District of Zimbabwe to assess the available water 

balance(Samboko 2016); the Medjerda river basin in Northern Tunisia (Abid et al. 2019); 

the Nagqu river basin of the Northern Tibetan Plateau (Zhong et al. 2019). In addition to 

that, Jin et al. (2005), Matinfar and Soorghali (2014), and Ncube et al. (2016) applied SEBS 

for estimation of evapotranspiration in the Taiyuan basin of China, Silakhor plain, Lorestan 

province of Iran, and Nyazvidzi Sub-Catchment of Zimbabwe, respectively. It is also 

applied for drought monitoring in North China (Su et al. 2003); 3-hourly and daily energy 

and water fluxes estimation in the Haihe River basin in China (Zhao et al. 2019); and 

sensible heat flux estimation in the Tomelloso area of Spain (Jia et al. 2003) and Arou area 

(Wang and Li 2011), respectively. Furthermore, Wu et al. (2015) used SEBS to estimate 

irrigation water efficiency in the Heihe River in northwestern China. 

The surface energy balance model is in need of a number of remote sensing data as input, 

such as Fractional Vegetation Cover (FVC), Normalized Difference Vegetation Index 

(NDVI), Leaf Area Index (LAI), Land Surface Temperature (LST), and Surface albedo. 

Because the model uses, such mentioned remote sensing data estimation of ETa has 

exposed to several uncertainties (Gibson et al. 2011). Such uncertainties are the selected 

formula of fractional vegetation cover, land surface and air temperature gradient, the spatial 

variability representation of various properties of the study area, and the height at which 

wind speed is measured and the selected displacement height. A number of satellite sensors 

were utilized to validate the SEBS applications. The SEBS method set out in Su (2002) 

provide reliable estimates of sensible heat flux. The variables utilized for sensible heat flux 

estimation are in the range of 50% of their actual values. To evaluate the pixel size effect 
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for the Walnut Creek watershed in Iowa, McCabe and Wood (2006) utilized MODIS and 

ASTER satellite sensor and Landsat-ETM data. The tower-based eddy covariance 

measurements were utilized to compare estimated SEBS-ETa, and the result showed that 

the average deviation of 2, 0.6, and 0.2 mm per day for MODIS, ASTER, and Landsat at 

the pixel scale, respectively was well accepted.  

On the other hand, as compared to ASTER and Landsat, the deviation of ETa based on the 

MODIS sensor are 2.9% and -3.6%, respectively. In the Tibetan Plateau, Ma et al. (2009) 

utilized in-situ measurements of ETa to compare with estimated SEBS-ETa. They found 

that the deviated value of SEBS-ETa was high and 10% relative to the in situ 

measurements. For wet vegetated areas, Jia et al. (2009) compared daily ET estimation 

from meteorological data using the FAO Penman-Monteith equation and SEBS-ETa 

estimation of MODIS imagery. They revealed that the performance of the SEBS model in 

the daily ET simulation was acceptable. Moreover, Jin et al. (2019) compared SEBS-ETa 

with ET based on the water budget in Yinchuan and Weining (YW) Plains, China. They 

found that the yearly ET based on the water budget relatively compared well with the SEBS 

result. Additionally, Losgedaragh and Rahimzadegan (2018) implemented SEBS, 

METRIC, and SEBAL to estimate the amount of evapotranspiration for every pixel of the 

satellite images in Amirkabir dam, Iran. They computed the result with the ground truth 

data on the reservoir bank, which is pan evaporate measurements. Regarding the result, the 

SEBS model shows a relatively good performance. 

2.4.2. Hydrological Modelling and classification 

Generally, Hydrological modelling is an important tool for knowledge grasping on the 

hydrological responses of the catchment area (Kim et al. 2018). These models comprise 

portions of the hydrologic cycle characterized by the set of mathematical equations (Singh 

and Woolhiser 2002) and are primarily founded on a set of mathematical equations that 

govern extraordinarily complicated natural phenomena. This equation abstract 

mathematical forms and attempt to convert the physical laws. The better model provides 

results close to real value using optimal parameters and least model complexity (Devi et 
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al. 2015). Every model has its own unique features.  Nowadays, for applications in 

hydrological modelling and water resources lessons, various types of computer-based 

hydrological models have been developed across the globe (Dhami and Pandey 2013). 

These models are ranging from those that deal with a simple empirical relationship that 

contains various kinds of models that have a certain degree of physicality to stochastic and 

to more recent numerically complex physically-based distributed models (Borah et al. 

2003; Dhami and Pandey 2013). 

With the increase in demand for usage, potential applications, and the models' extensive 

characteristics, it is becoming a challenging task for the probable model users to pick out 

a best-acceptable model for the given problem (Dhami and Pandey 2013). The continuous 

modifications of the current models and new versions of models are also accessible each 

year. Therefore, updated, reliable, and comprehensive evaluations of hydrological models 

are an ongoing need for the practitioners. A model can be evaluated by comparing the 

model outputs to another model or other anticipated/specific responses. In the past, many 

attempts have been initiated to evaluate the inter-comparison of hydrological models 

(World Meteorological Organization 1975; 1992; Borah et al. 2003; Migliaccio and 

Srivastava 2007; Golmohammadi et al. 2014). 

2.4.2.1. Classification of hydrological models 

Moreover, hydrologic models could be very complicated and depend on a physically-based 

flow equation using a distributed model called distributed (Abbott et al. 1986) or semi-

distributed (Reggiani and Rientjes 2005) approach. The two main sets of well-known 

hydrological models are deterministic/ process-based and stochastic models. 

i. The hydrological model can be distinguished as Process-Based/ deterministic models.  

These models represent the observed physical processes. They use physical variables, 

which are functions of both space and time, and are quantifiable (Devi et al. 2015). 

Moreover, for their calibration, they do not require wide-ranging meteorological and 

hydrologic data, but the assessment of the huge quantity of variables depicting the state 
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features of the area is needed (Abbott et al. 1986). If all parameters are considered free 

from random-variation, the model is non-probabilistic distribution; then, the model is 

called a deterministic model. Mostly, these models contain representations of 

evapotranspiration, groundwater flow, and surface run-off, but they can be much more 

complicated. For a single set of input values, these models will give the same result. These 

models characterize a reasonable thought of simple conceptual basics that simulate 

processes happening in the catchment. 

ii. The hydrological model can also contain Stochastic models  

These models rely on data and using statistical and numerical ideas to interrelate a certain 

input value with the model output. Unlike deterministic models, these models generate 

different output values for a single set of inputs (Devi et al. 2015). The aim of this model 

is to symbolize one or more time-series significant properties of statistical data instead of 

probabilistic to emphasize the time dependence of the hydrologic parameters associated 

with the model. Some of the common techniques used are regressions, transfer-functions, 

neural-networks, and system evaluation (Devi et al. 2015). 

Descriptions of some hydrological models 

Soil and Water Assessment Tool (SWAT) model 

It is a complex, physically-based, time-series, conceptual, distributed watershed-scale,  

long-term hydrologic model envisioned to envisage land-use impact trends on sediment, 

hydrology pollutants conveyance in large, complex in ungauged basins (Arnold et al. 1998; 

Dhami and Pandey 2013). It effectively performs long-term simulations to large ungauged 

water-basin in which the water-basin is split into several sub-basins that are further broken 

down into specific land use or soil classes known as the Hydrologic Response Unit (HRU) 

(Islam 2011). The model is a derivative of numerous predecessors (Davie 2004). These 

are: 
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• SWRRB (Simulator for Water Resources in Rural Basins):-which gives the 

principal watershed hydrology of the area of interest. 

• CREAMS (Chemicals, Run-off, and Erosion from Agricultural Management 

Systems):- used in minerals and solute conveyance. 

• GLEAMS (Ground-water Loading Effects on Agricultural Management Systems): 

used to understand subsurface water quality components. 

• EPIC (Erosion Productivity Impact Calculator):- used in understanding the 

relationship between erosion, sediment transportation, and nutrient losses or gains. 

The physical processes taken into account in the SWAT model are evapotranspiration, 

infiltration, interception, percolation, rainfall, subsurface-runoff, and surface-runoff (Islam 

2011). Numerous process descriptions exist for all the basic hydrologic processes that 

could be studied. The SWAT model is known for its complexity and requires vast data; 

however, only limited data could be effectively met (Islam 2011). 

System Hydrologique European (MIKE-SHE) model  

This is a deterministic, spatially-distributed process-based model that has the ability to 

simulate all basic processes in the land levels of the hydrological cycle (DHI 2007; Dhami 

and Pandey 2013; Golmohammadi et al. 2014). These processes can be expressed at a 

multitude of points of spatial dissemination and difficulty based on the accessibility of site 

data, the goal of the modelling, and selections outlined by the modeler (Butts et al. 2004; 

Dhami and Pandey 2013). This system has no limits on the extent of the water-basin; rather, 

it requires sub-dividing the water-basin into adjacent polygons using site information that 

includes land-use, type of soil, and rainfall. The MIKE-SHE system models hydrologic 

elements such as the surface water flow, saturated and unsaturated groundwater flow, 

evapotranspiration, open channel flow, and flows between surface and subsurface water. 

This system simulates sediment, mineral, and chemical transport as variables to water 

quality in the study area. It can also model water uses and handling encompassing irrigation 

systems, pump-wells, and several water-barrier structures (Golmohammadi et al. 2014). 

However, the required quantity of input data that simulates the model is too much, and it 
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is, therefore, hardly to find out a water-basin with full needed data to run the model as a 

well measured and accessible (Dhami and Pandey 2013). 

 Hydrologiska Byråns Vattenbalansavdelning (HBV) model 

It is part of a semi-distributed model which requires less input data and produces better 

simulation results, which means that in addition to a number of sub-basins, the entire basin 

is able to split into different vegetation zones and elevations (Bergstroem 1976; Devi et al. 

2015; Xu et al. 2016). It requires daily and monthly data on air temperature, precipitation, 

and evapotranspiration. Currently, several versions of models are available in different 

countries of the world, and these are used for different climatic situations. To simulate 

snowmelt and snow accumulation, a degree day technique is used. Actual evaporation, 

runoff, and groundwater recharge are modeled as functions of definite storage of water. 

The latest type of HBV model is called HBV-light, which uses a period of comfortable 

temperature, wherein physical variables get suitable values per parameter and 

meteorological data (Devi et al. 2015; Xu et al. 2016). 

Topography based hydrological model (TOPMODEL)  

It is part of the semi-distributed model that utilizes topographic data associated with run-

off generation (Devi et al. 2015). Utilizing gridded elevation data for the entire basin, it 

can also be used in different sub-basins. Additionally, it helps in the estimation of the 

hydrological behavior of the water-basin. The important factors taken into consideration in 

this system are the basin’s physical and soil water transmissivity factor (Islam 2011). This 

model is based on the concept of a topographic index (Beven and Kirkby 1979; Islam 

2011). This model's major goal is to calculate the depth of the groundwater table or local 

storage deficit at any point for every time step. The value of groundwater table depth is a 

function of ln (a/tanβ) (called topographic index), where a, and tanβ respectively are 

drained area per unit-contour length at a point and surface gradient at that point.  The index 

is used as a measure of hydrologic resemblance in the points by assuming all locations with 

identical topographic index values respond in a similar way to the hydrologic processes. 
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The output of the model is only for representative indices values when the index is 

depending on the topography of the basin (Islam 2011). TOPMODEL is based on three 

sets of assumptions that include downward transmissivity, the dynamics, and the hydraulic 

gradient of the saturated zone (Islam 2011). Depending on the infiltration excess technique 

for calculating runoff value, it uses the Beven (1984) method known as the exponential 

Green-Ampt method and is recommended to minimize the number of parameters for the 

input data. The result of the model is in the form of simulated hydrographs or area maps 

(Devi et al. 2015). 

Agricultural Policy Environmental Extender (APEX) model  

It is a flexible, dynamic system that has the ability to model impacts of land-use and 

management for entire ranches and small water basins (Gassman and Williams 2009; 

Golmohammadi et al. 2014). It is a multi-field version but can also be implemented for 

single sites and whole ranch or water-basin that is further split down based on site’s soil 

type, land-scape locations, or sub-watersheds. It can be used for modelling the effects of 

numerous mineral/nutrient management approaches, cultivation processes, soil-water 

conservation skills, alternative farming habits, and other similar action on run-off, sediment 

losses, nutrient, and other contaminant indicators based on short-term to long-term 

continuous simulation (Gassman and Williams 2009). APEX is also a good choice in 

innovative land administration approaches such as buffer-strip effects on pollutant leakages 

from up-slope farms, rigorous grazing situations, vegetated grassed channels, and dung 

application or surface impoundments. Additionally, it is one of the rare current models that 

have the ability to modelling flow and contaminant conveyance routing at the field-scale, 

as stated by (Gassman and Williams 2009). 

Annualized Agricultural Non-point Source (AnnAGNPS) model  

It is a basin-scale, a batch-process model developed to support the assessment of prolonged 

hydrological and water quality data to agronomic activities (Bingner & Theurer 2005; 

Parajuli et al. 2010; Dhami and Pandey 2013; Luo et al. 2015). This model combines the 
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up-to-date developments of data management in Geographic Information Systems (GIS) 

with a physical description of water-basins, creating simulation prospects for un-gauged 

sites with inadequate data, which hinders the role of a model that depends on the input 

parameters calibration (Dhami and Pandey 2013; Luo et al. 2015).  In this model, the 

analyzed water-basin is split into several similar (based on soil types, land-uses, and land-

management scenarios) cells or sub-basins to numerically evaluate run-off and sediments 

well as nutrients and pesticides loadings (Hua et al. 2012; Luo et al. 2015).  

Gridded Surface Subsurface Hydrologic Analysis (GSSHA) model 

It is part of distributed physical-based, water-basin simulation used for modelling of 

hydrological components, hydraulic parameters, sediments/mineral carriage in arid and 

wet regions (Downer and Ogden 2004). It splits the water-basin into cells, and these cells 

are used to routing flows and solutes in a cascading fashion  (Dhami and Pandey 2013). 

GSSHA computes mass-balancing results of partial differential equations (PDEs) and 

carefully links hydrological elements to guarantee an over-all mass-balance and accurate 

response. Spatial heterogeneity is considered by dividing the water-basin into cells 

embracing an even finite-difference grid. The processes are computed for every grid-cell, 

secondly the results from the specific grid-cells are combined to give water-basin response.  

 Distributed Hydrology Vegetation Soil (DHVSM) model 

It is part of a physical-based distributed parameter model that offers a joint re-presentation 

of water-shed processes at the spatial-scale marked by DEM data (Wigmosta et al. 2002). 

It models most elements of the hydrologic cycle, at grid points through the entire water-

basin (Davie 2004). 

Patuxent landscape model (PLM)  

It is an explicit multi-scale, process-based model intended to work as a tool in an organized 

study of interactions between the water basin's biological and physical dynamics, 

conditioned on socio-economic characteristics in the site (Costanza et al. 2002; Davie 
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2004). This model works on a grid-cell network (known as general ecosystem model-

GEM) functioning at each grid-cell. The GEM is analyzing flux-balances in each grid-cell 

and transferring-mass between cells.  The GEM is made of three modules: Hydrology 

(rainfall, evapotranspiration, infiltration, and percolation) ; Nutrients (Nitrogen and 

Phosphorus input and output with cycling) and Plants (biomass-accumulation). Within 

each grid-cell, the hydrologic components, nutrients, and plant conditions are modeled 

within a daily time-step and then a distinct routine analyses the fluxes between cells.   

Hydrological Predictions for the Environment (HYPE) model 

It is a semi-distributed physical-process-based and conceptual hydrologic model developed 

to simulate different multi-basin regions (small-scale and large-scale), encompassing wide 

variations in geomorphology, soil types, land uses and topography (Lindström et al. 2010; 

Dhami and Pandey 2013). HYPE links land-scape components and hydrologic sections 

sideways the flow path with mineral turn-over and conveyance. The parameters of this 

model are associated with soil type, land use (Dhami and Pandey 2013). 

Hydrologic Modelling System (HEC-HMS) 

It is developed for both continuous and event-based hydrological modelling. It provides 

several different options to the users for modelling various components of the hydrologic 

cycle. Initially, it was designed to model the run-off process of dendritic-catchments 

patterns but lately was modified to address wide ranges of problems comprising huge river-

basins and water supply systems flood-hydrographs, and small catchment run-off 

(USACE-HEC 2010; Dhami and Pandey 2013).  

Precipitation Runoff Modelling System (PRMS) model 

It is part of a physical-based, distributed water-basin simulation designed to assess the 

effects of rainfall, several combinations of land-use and climate on basin-hydrology, 

stream-flow, and sediment yield (Markstrom et al. 2008; Dhami and Pandey 2013). Each 

element of the hydrological cycle is described in terms of recognized empirical 
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relationships or physical-laws, which have some physical explanation based on 

quantifiable water-basin features (Dhami and Pandey 2013). 

Water and Energy Transfer between Soil, Plants, and Atmosphere (Wet Spa) model 

It is part of a distributed hydrologic, grid-based model for envisaging the transfer of water 

and energy among plants, atmosphere, and soil in the water basin (Wang et al., 1997; De 

Smedt et al. 2000; Dhami and Pandey 2013). The water-basin is discretized into several 

grid-cells, and each of this grid-cell is further split into different land cover (e.g., vegetation 

cover and bare-soil), for which the equations of energy and water balance are maintained 

(Liu and Smedt 2009; Dhami and Pandey 2013). This model combines daily 

meteorological time series data, land-use and soil maps, and topography to forecast spatial 

dissemination of hydrologic variables and discharge hydrographs in the water-basin 

(Rwetabula et al. 2007; Dhami and Pandey 2013). 

Variable Infiltration Capacity (VIC) model  

It is part of the grid-based semi-distributed hydrologic model, and it utilizes the equations, 

both water balance, and energy. The main input data are rainfall, wind velocity, and daily 

temperature (minimum and maximum values). Within each model grid, it allows lots of 

land cover types. Dunne-flow generates the surface run-off called excess runoff infiltration, 

and Hortonian-flow is called excess runoff saturation (Devi et al. 2015). By considering 

precipitation and heterogeneity of soil, the model simulates excess runoff saturation. 

The above section briefly discusses various models available for the simulation of specific 

processes in the hydrological cycle. The models presented above are classified based on 

distributed, semi-distributed, stochastic, and process-based deterministic approaches. 

These models are employed for research applications in sedimentation analysis, sub-

surface modelling, hydraulic routing, and hydrological prediction. The criteria used for the 

assessment of hydrological models are based on the simulation, governing equation, and 

data availability. The spatial and temporal scale of the models is selected for different 

components of the hydrological processes. These are the basic requirements that must 
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always be addressed before selecting any model for future use. Table 2.2 summarizes the 

comparison of the said hydrological models. 

Table 2-2 Summary of different hydrological models. 

Sl

No 

Types of 

model 

Description 

1 SWAT  Physically-based, distributed watershed-scale, envisioned to envisage land-

use impact trends on sediment, hydrology, and pollutant conveyance in large, 

involved in ungauged basins. 

 It is useful in performing long-term simulations to large ungauged water-basin 

in which the water-basin is sud divided into HRU.  

2 MIKE-SHE  This model is a deterministic, spatially-distributed process-based model which 

have the ability to simulating all basic processes in the land levels of the 

hydrological cycle. 

 This system has no limits on the extent of the water-basin; instead, it requires 

sub-dividing the water-basin into adjacent polygons using site information that 

includes land-use, type of soil, and rainfall. 

 It is also capable of modelling water uses and handling encompassing 

irrigation systems, pump-wells, and several water-barrier structures. 

 It requires too much data. 

3 HBV  The semi-distributed model requires fewer input data and produces better 

simulation results. 

 The latest type of HBV model is called HBV-light, which uses a period of a 

comfortable temperature, wherein physical variables get suitable values per 

parameter and meteorological data. 

4 TOPMODEL  Part of the semi-distributed model which utilizes benefits of topographic data 

associated with run-off generation. 

 Utilizing gridded elevation data for the entire basin, and can also be used in 

different sub-basins. 

 The primary goal of this model is to calculate the depth of the groundwater 

table or local storage deficit at any point for every time step. 
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Table 2-3 Summary of different hydrological models (Cont.) 

Sl 

No 

Types of 

model 

Description 

5 APEX  a flexible, dynamic system has the ability to modelling the impacts of land-

use and management for entire ranches and small water basins. 

 It can also be used for modelling the effects of numerous mineral/nutrient 

managing approaches, cultivation processes, soil-water conservation skills, 

alternative farming habits, and other similar action on run-off, sediment losses, 

nutrient, and other contaminant indicators based on short-term to long-term 

continuous simulation. 

 Have the ability to modelling flow and contaminant conveyance routing at the 

field-scale. 

6 AnnAGNPS  A basin-scale, batch-process model developed to support the assessment of 

prolonged hydrological and water quality data to agronomic activities. 

 Combine GIS with a physical description of water-basins, creating simulation 

prospects for un-gauged sites. 

7 GSSHA  Distributed physical-based, water-basin simulation used for of modelling of 

hydrological components, hydraulic parameters, sediments/mineral carriage 

in arid and wet regions. 

 Spatial heterogeneity is considered by dividing the water-basin into cells 

embracing an even finite-difference grids. 

8 DHVSM  Physical-based distributed parameter model which offers a jointed re-

presentation of water-shed processes at the spatial-scale marked by DEM data. 

 It models most elements of the hydrologic cycle, at grid points through the 

entire water-basin. 

9 PLM  Process-based model intended to work as a tool in an organized study of 

interactions between biological and physical dynamics of the water-basin, 

conditioned on socio-economic characteristics in the sit. 

 This model operates on a grid-cell network. 
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Table 2-4 Summary of different hydrological models (Cont.) 

Sl 

No 

Types of 

model 

Description 

10 HYPE  Semi-distributed physical-process based, conceptual hydrologic model, 

developed to simulate different multi-basin regions (small-scale and large-

scale), encompassing wide variations in geomorphology, soil types, land uses, 

and topography. 

 Links landscape components and hydrologic sections sideways the flow path 

with mineral turn-over and conveyance. 

11 HEC-HMS  Developed for both continuous and event-based hydrological modelling. 

 Provides several different options for modelling various components of the 

hydrologic cycle. 

12 PRMS  Physical-based, distributed water-basin simulation designed to assess the 

effects of rainfall, several combinations of land-use and climate on basin-

hydrology, stream-flow, and sediment yield. 

13 Wet Spa  Distributed hydrologic, grid-based model for envisaging the transfer of water 

and energy among plants, atmosphere, and soil in the water basin. 

 This model combines daily meteorological time series data, land-use and soil 

maps, and topography to forecast spatial dissemination of hydrologic variables 

and discharge hydrographs in the water-basin. 

14 VIC  Grid-based semi-distributed hydrologic model and is utilizes the equations 

both water balance and energy. 

 Dunne-flow generates the surface run-off called excess runoff infiltration, and 

Hortonian-flow called excess runoff saturation. 

For this research work, Hydrologiska Byråns Vattenbalansavdelning (HBV) model is 

selected due to relatively low complexity with low demand for input data and produce 

better simulation result (Bergström and Forsman 1973;Seibert and Vis 2012). 
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2.4.2.2. Application of Hydrological Model 

Hydrological modelling techniques are used in a wide range of applications, such as real-

time flood forecasting, researching the impact of land use and climate change design, 

estimating ungauged catchment flows, and operation of hydraulic systems (Kayastha 

2014).  Additionally, hydrological models try to describe the relationship between rainfall 

and runoff, and these relationships are very complex due to catchment characteristics and 

spatiotemporal variability, and non-linearity of the rainfall process. Furthermore, the 

simulation of hydrological models allows us to understand the basin hydrological behavior, 

making it possible to use them to assess the management strategies of the water resource 

and estimate extreme events (Uliana et al. 2019). 

The HBV model is a water balance-based conceptual model of catchment hydrology that 

has applications in simulating discharge using estimates of potential evaporation, 

temperature, and rainfall (Seibert 1997). Its application is also used for the computation of 

climate change studies. Applications of these approaches are known for a lumped 

conceptual model (Seibert 1997), which includes the catchment scale hydrological process 

and semi-distributed model domains. The HBV model was first developed at the Swedish 

Meteorological and Hydrological Institute (Bergstroem 1976). Also, it is applied all over 

the world (Lindström et al. 1997). The new version of the HBV model called HBV light 

(Seibert 1996) was used for these studies. The model consists of subroutines for snow, the 

soil and evaporation routine, routines for runoff generation, and groundwater and response 

routine. The data required for model input is easy to collect in the HBV hydrological model. 

For model calibration and simulation, observation flow and precipitation data are needed 

in areas of unavailable snow routine. Potential evapotranspiration is calculated on the basis 

of climatological data. In the case of available measurements of actual evapotranspiration, 

it is not necessary to calculate the potential evapotranspiration. 

The snowmelt routine is based on a degree-day relation, with an altitude correction for 

temperature and precipitation: 

Snowmelt = CFMAX (T- TT)       (2.14) 
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Where, CFMAX is the melting factor, T is the altitude-corrected temperature, and TT is 

the threshold temperature. Usually, the threshold temperature is close to 0oC and is used to 

describe the temperature above which snowmelt occurs. The threshold temperature is also 

utilized to determine whether precipitation falls like rain or snow. If the mean air 

temperature is lower than the threshold temperature, precipitation is considered to be in the 

form of snow. It is presumed that the snowpack retains the melted water as long as it does 

not surpass a fraction (given by the WHC parameter) of the snow. When the temperature 

drops below the threshold temperature, this water is refreezing the formula is written as: 

Refreezing meltwater = CFR*CFMAX (TT-T)     (2.15) 

Where, CFR is the refreezing factor. 

Direct and indirect runoff formation is controlled under the soil moisture routine. Under 

this routine, when the simulated amount of soil moisture (SM) exceeds the maximum 

storage capacity, direct runoff (Qd) occurs. The remaining rainfall infiltrates in the 

reservoir of soil moisture and is added to the upper zone store of the flow of water, and it 

is called indirect runoff (Qin) or leaves the reservoir of soil moisture by evapotranspiration. 

The equation of direct and indirect runoff are given by: 

Qd=max (P+SM-FC, 0)        (2.16) 

𝑄𝑖𝑛 = [
𝑆𝑀

𝐹𝐶
]

𝐵𝐸𝑇𝐴

. (𝑃 − 𝑄𝑑)        (2.17) 

Where, Qd=direct runoff (mm/day), Qin=indirect runoff (mm/day), P= precipitation (mm), 

SM=soil moisture depth (mm), FC=maximum water holding capacity of the soil (mm), and 

BETA=a parameter accounting for the non-linearity of indirect runoff from the soil layer 

Equation (2.17) indicates that indirect runoff increases with increasing soil moisture 

storage but reduces to zero when infiltration is completed. Figure 2.1 (a) illustrates that 

when soil moisture is increased, the precipitation contribution to runoff is greater and vice 

versa, and when soil moisture reaches field capacity, all precipitation contributes to runoff. 
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The soil moisture reserve is also used to measure losses in evapotranspiration. Figure 2.1(b) 

shows that when SM exceeds a certain ratio of FC (called potential evapotranspiration limit 

(LP)), the actual evapotranspiration is higher, i.e., the ratio of actual evapotranspiration 

(ETa) to potential evapotranspiration (ET0) is equal to one and remains constant until the 

storage amount of SM reaches the FC. The ETa is estimated by equation 2.18: 

𝐸𝑇𝑎 = {
𝑆𝑀

𝐿𝑃.𝐹𝐶
. 𝐸𝑇0              𝐼𝑓 𝑆𝑀 < (𝐿𝑃. 𝐹𝐶)

𝐸𝑇0                           𝐼𝑓 𝑆𝑀 ≥ (𝐿𝑃. 𝐹𝐶)
     (2.18) 

 
Figure 2-1 HBV model parameters relations (a) Runoff response to the increment of 

rainfall, (b) Relationship between actual and potential evapotranspiration 

When water is available in the upper zone store, percolation occurs in the lower zone store 

and is treated as a constant value throughout the period of simulation. The capillary 

transport, Quick runoff, and baseflow are estimated by equation 2.19, 2.20, and 2.21, 

respectively. 

𝐶𝑓 = 𝐶𝐹𝐿𝑈𝑋. (
𝐹𝐶−𝑆𝑀

𝐹𝐶
)      (2.19) 

𝑄0 = 𝑘𝑓. 𝑈𝑍(1+𝐴𝐿𝐹𝐴)      (2.20) 
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Q1=ks.LZ      (2.21) 

Where, cf is capillary flow (mm/day), CFLUX is the maximum value for capillary flow 

(mm/day), Q0 is quick runoff (mm/day), kf is the recession coefficient for quick runoff 

(1/d), UZ is the actual storage in the upper zone (mm), ALFA is a measure for non-linearity 

of the flow in the upper store zone, ks is recession coefficient for base flow (1/d), and LZ 

is the actual storage in the lower zone store. 

2.4.2.3. Application of Hydrologic Modelling Integrating with Remote Sensing and 

GIS  

Hydrological models are integrated with GIS for preprocessing and post processing 

(Kherde and Sawant 2013). Hydrological processes vary in time and space. Data on 

meteorological, soil type, land use, and topography are sources for such processes. The 

development of a hydraulic model with the ability to use GIS data effectively is widely 

investigated. Advances in computer technology, geographic information systems (GIS), 

and remote sensing applications have provided a more efficient and cost-effective way to 

study hydrological systems. Different classifications of satellite data resulting from the GIS 

framework provide input to hydrological models for various applications (Baumgartner 

and Apfl 1997). In the case of remote sensing, variations in time over large areas are 

estimated to offer input data to different hydrological models. The benefit of remote 

sensing is bringing long-term spatial, temporal, and spectral data sets over relatively large 

areas that can be used to monitor hydrological conditions and changes of objects on the 

surface of the earth. 

Moreover, GIS has made a significant contribution to monitoring and estimating projects 

to applied hydrology. Application of spatial knowledge is becoming a developing approach 

that is capable of collecting, handling, and evaluating the complex problems of river basins. 

GIS has proved to be a good alternative in recent years to serve as a better decision-making 

tool for managing, planning, and implementing water resources and soil. GIS technology 

is a useful computer-based tool that provides input, data storage, retrieval (data 

management), manipulation and analysis, and output to handle georeferenced data (Raju 
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2006). One of the most familiar applications of GIS is the use of a digital elevation model 

(DEM) obtained by ASTER GDEM tiles. This data set is then used for the extraction of 

hydrological catchment properties by performing a series of operations such as watershed 

delineation, elevation, slope, fill, sink, flow accumulation and direction, catchment 

polygon processing (Kherde and Sawant 2013). Interaction between GIS and remote 

sensing has the capability to efficiently model spatial and temporal variations in 

hydrological processes, particularly for semi-distributed and distributed hydrological 

models. 

2.5. Literature Summary 

Conventionally, farm productivity is a significant measure of the production of irrigated 

agricultural land. In areas of water-scarce overall production is improved by rising crop 

water productivity (CWP). Furthermore, the amount of crop evapotranspiration has a direct 

relation to crop yield. To achieve more crop yield to its physical limit, it is possible only if 

more water is provided for crop evapotranspiration. 

From the previous studies conducted around the world for hydrological processes and 

water resource management, river basin studies have been described as the most relevant 

studies for the production and sustainable water resources management for crop 

production. The method of water balance is commonly used to measure the hydrological 

components of a river basin. Due to the availability of measured streamflow data at the 

specified gauging station, the model can be calibrated and validated in terms of space and 

time. 

Measurement of water consumption and loss in irrigable areas, especially in water scarcity 

areas, is important for planning, regulating, and managing water resources. Satellite remote 

sensing techniques may have the capability to measure spatial and temporal surface 

characteristics in order to determine the precise distribution of evapotranspiration, crop 

yield, and estimate the productivity of water and land in areas where the availability of 

hydrological data is limited. 
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The HBV hydrological model has been shown to be familiar in the hydrology simulation 

of catchments of varying sizes in various hydro-climatic regions of the world. However, 

there appears to be further room for a detailed evaluation of the model's performance in a 

watershed of Kolla, Weynadega, Dega, and Wurch climatic zone in the southwest part of 

Ethiopia. 

Since the southwest part of Ethiopia, especially the Omo-Gibe River Basin, is facing water 

scarcity, land degradation problems, and deforestation due to human activities, it is very 

important to assess the consumption and availability of water for proper management. 

Moreover, there needs to be a study for establishing planning and sustainable water 

resources management linkage in a quantitative manner. 

2.6. Literature Gap 

Though the study area has a high population density, yet food production is limited to a 

small land plot, and they produce once a year. Most of the time, a dry spell is frequent and 

fails in crop production. As a result, agricultural crop production decreases from time to 

time, the population of the area faces a shortage of food, inadequate domestic water supply, 

and even the animals getting highly affected/ starved due to forage's inadequacy. Moreover, 

there is lack of strategic studies on the increase in crop production across the Omo-Gibe 

basin of Ethiopia to fulfill the annual household food requirements. 

The need for water for various uses is increasing, and this necessitates water resource 

planning and management. The demand for domestic and agricultural water supply is 

increasing. Besides, the absence of proper management strategies will make the demand 

likely to exceed the available supply.  Also, assessing the watershed's water potential/ 

source is required to plan, manage, and satisfy its future water demands and make wise 

decisions. Due to the deterioration of stream gauging stations, poor policy designs, 

redundancy of information, time-consuming and cost expensiveness of traditional 

methods, information about water resources has become scarce. In many of the river basin 

across the globe, most of water balance components for water resource management are 

not known. It’s very true in the case of semi-arid region in Ethiopia, especially in the 
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UOGB due to data scarcity. When sufficient observed data are lacking to generate 

information for decision making, modeling tools, along with the use of scenario analysis 

of the water source can be used to indicate the water resource management or development 

strategies to be carried out. In this condition, hydrological modeling tools are used to 

simulate streamflow. A few of these models quantify the spatial and temporal availability 

of the resource and predict the impacts of natural and human-made changes on water 

resources. However, in complex situations, streamflow requires simulation, such as 

changing land use in areas with no adequate streamflow data. In such an instance, standard 

hydrological approaches can often be adopted. There is a constraint in field measured data 

for model calibration, uncertainty, and fundamental error in hydrological modeling in many 

areas. Therefore, to get a particular hydrological estimated variable, we should pay 

attention to a better calibration procedure to make the best decision by understanding water 

resource management. Besides, there is lack of studies on the performance of HBV 

hydrological model to simulate major hydrological process in the semiarid region of 

Ethiopia. It’s not been tested on the UOGB also. 

Many researchers have used satellite remote sensing approaches in the field of water 

resource planning and management in areas of insufficient available data or restriction of 

required data. Complementing water management at different scales supplied spatial and 

temporal distributed parameters such as hydrological and biophysical parameters. For 

example, to allocate water for different crop consumption, it requires valuable 

information/data. Measuring actual evapotranspiration is needed for estimating water 

consumption by different crops. Though the estimation of actual evapotranspiration using 

conventional techniques is necessary for water balance studies, direct measurement is 

difficult for extending over large areas because it is a point measurement. So based on the 

difficulties, hydrological complexity, and natural heterogeneity, satellite remote sensing is 

used to estimate water consumption over a large area. 

The next chapter explains the study area, data used, and overall methodology of the 

research work. 
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CHAPTER 3: STUDY AREA AND RESEARCH METHODOLOGY 

3.1. Introduction  

Looking at the Ethiopia’s rainfall variability by river basins, the eastern river basins 

(Genale-Dawa and Wabishebele) receive low to medium rainfall, while the mean annual 

rainfall range is medium to high for those flowing west (Abay, Baro-Akobo, Omo-Gibe, 

and Tekeze) (Berhanu et al. 2014). Omo-Gibe river basin is among those who receive a 

medium to high annual rainfall and one of the third largest river basins in Ethiopia, with 

such a combination of large rivers called Omo and Gibe. It is located in the Southern 

Nationalities and People’s Regional State (SNNPR) and the Oromia Region. Various uses 

of water resources are increasing in the area, i.e., domestic, livestock, and irrigation are 

present in the basin.  In spite of the potential, availability of land resources, and demand 

for water resources and products, the development of the water sector is still in its early 

stage, where the population is quite concentrated (Berhanu et al. 2014).  

In addition to rainfall variation, half of the country’s total area is covered by arable land, 

approximately 55*106 ha of land. Arable land potential includes both rain-fed and irrigable 

land that is agro-ecologically suited to producing various grain crops, vegetables, oilseeds, 

pulses, and tree crops. An estimated 10*106 ha land is suitable for irrigation without taking 

into account the availability of water. Although such large arable land resources are 

available, only 30% of the arable land potential is being cultivated, while the remaining 

70% of the potential land is being used in other ways, such as grazing (MoWR 2002b). In 

the upper Omo-Gibe basin, in addition to arable land, pastoral land covers an area of 

667,039ha.  

In Ethiopia, the agricultural sector contributes 38.5% of the country’s GDP and accounting 

for an estimated 85% of employment, and provides 70% of the raw material needs of native 

industries (NPC 2016). The Omo-Gibe basin is selected for this study owing to the 

suitability of the basin for agricultural production to fulfill the annual household food 

requirements, animal feeds, industrial purposes, as cooking fuel, fencing material, and 

fodder and the basin exhibit average to maximum rainfall variability. 
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3.2.Location of the Study Area 

The Abbay and Awash River basin bound the upper part of the Omo-Gibe basin in the 

North, the Riftvally River basin in the East, and the Baro-Akobo River basin in the west. 

It is located in the South-Western part of Ethiopia, covering a part of the Oromia area and 

some part of Southern Nations Nationalities and People Regional State (SNNPR). It is 

situated between 6051’55.81”-9022’26.05” N latitude and 35031’49.63”-38023’43.85” E 

longitude. It covers an area of 33,276sq km (Figure 3.1). Also, the Omo-Gibe River is the 

major tributary for Lake Turkana (in Kenya), which is located on the border of the country. 

 

Figure 3-1Location of upper Omo-Gibe basin 
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3.3. Topography 

The basin topography, all in all, is characterized by physical variation. 66% of the basin in 

the North has mountainous to hilly terrain cut by deeply incised gorges of the Gojeb, Omo, 

and Gilgel-Gibe rivers. While 33% of the basin in the southern part is a flat alluvial plain 

punctuated by hilly areas. The northern and central half of the basin is located at an altitude 

of more than 1500 masl with a maximum elevation of 3360 m above mean sea level 

(located between the tributaries of Gilgel-Gibe and Gojeb). The northern part of the basin 

has a number of tributaries. Many of the rivers from the upper part of the catchment drain 

are mostly agricultural land. The headwaters of the Great Gibe River are at an altitude of 

around 2200 m above mean sea level. The mean elevation of the basin is 1923 m. DEM of 

the basin is shown in Figure 3.2. 

3.4. Climate  

The climatic conditions of Ethiopia are monitored by both global variability and 

atmospheric circulation as a result of local topography. Whereas its climate trends are 

controlled mainly throughout the year by the Asian Monsoon influence and interchange 

and latitudinal migration of the Inter-tropical Convergence Zone (ITCZ) across the equator 

(Camberlin and Philippon 2002). Because of climatic variabilities from dry to highly humid 

with further differentiation at the local scale, the transition between highlands and lowlands 

are often very sharp. In addition, precipitation varies with altitude, increasing from North 

to the south of the basin. Simultaneously, the weather conditions are often profoundly 

influenced by physiography and elevation, especially regarding the characteristics of the 

anemometric flow meter and distribution of temperature in the country (Fazzini et al. 

2015).  
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Figure 3-2 DEM of the upper Omo-Gibe basin. 

The climatic condition of the study area is moderately diverse, which has been classified 

as from hot and dry climate to cold climate because of considerable relief and altitude 

variations. The country’s annual precipitation patterns are primarily bimodal. They are 

well-known as dry periods (the Bega in the local language) from October to February, 

minor rainy season (Belg in the local language) from March to May (Legesse et al. 2003). 

The main rainy season (Kiremt in the local language) from June to September accounts for 

50-80 percent of the country’s annual precipitation (Korecha and Barnston 2007).  

3.4.1. Rainfall  

Rainfall in the basin occurs in three different seasons, namely (1) Bega called dry season: 

from the month of October to January (2) Belge called short rainy season: from the month 
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of February to May and kiremt called monsoon or rainy season: from the month of June to 

September. In the basin, around 58% of annual average rainfall occurs in the rainy season, 

and 16% is its peak value and occurred in the month of July (Figure 3.3). The average 

annual precipitation within and nearby the basin recorded from 23 rain gauge stations based 

on 34 years of precipitation data is 1335 mm. Rainfall in the basin varies from about 2050 

mm per year in Bonga and Wushwush stations to less than about 400 mm in Indibir. 

Therefore based on its high variability and unpredictability, there is no relation with 

elevation. 

 

Figure 3-3 Average monthly rainfall for the upper Omo-Gibe basin (National 

Meteorological Agency of Ethiopia, 1980-2013) 

3.4.2.Temperature  

Depending on temperature and altitude, classification of climate in Ethiopia falls in three 

different zones, namely: Dega (cool climate with its temperature varies near freezing to 

160C, and at an altitude more than 2400m above mean sea level), Woina Dega (warm zone 

temperatures varies from 160C to 300C and altitude between 1500 to 2400m above mean 

sea level) and Kola (hot and dry form, temperatures varies between 300C to 500C and 

altitude less than 1500m above mean sea level (MoWR 2001). In addition, the mean annual 

temperature in the basin varies from around 16°C in the highlands of the North near the 
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Gedo rain gauge station to 21°C near the Areka station. Whereas the mean monthly 

temperature is also higher during the short rainy season (March through May) and lowers 

during the rainy season (June to mid-September) (Figure 3.4). 

 

Figure 3-4. Average monthly maximum and minimum temperature for UOGB (National 

Meteorological Agency of Ethiopia, 1980-2013). 

3.5. Geology, Soil and Land Use  

In general, the geology of the Omo-Gibe basin is characterized by tertiary and quaternary-

age rhyolite, basalt volcanic with quaternary alluviae above the pre-Cambrian basement 

gneisses and granites in the Omo, Gilgel-Gibe, Gibe, and Gojeb gorges (Woodroofe and 

Associates 1996). The northern mountains around Sako are Pleistocene-Holocene in age 

form part of the basalt plateau. In the East, volcanic tertiary ages occur around Weliso and 

Welkite. Such rocks are trachytes, rhyolites, and basalts, commonly coated with volcanic 

ash. The eastern border of the basin, from the Welkite region to south of Sodo, consists of 

tuffs, rhyolite, unconsolidated ash, and consolidated ash flow (Tertiary Ignimbrites). The 

most recent volcanic regions of similar geology but also containing pumice, pitchstone, 

and obsidian are interspersed among these acidic igneous rocks. Most of the middle of the 

basin consists of the Tertiary (Eocene-Oligocene) volcanic of Jima. Such Jima volcanic are 

divided into upper rhyolites with minor basalts and lower basalts. Rhyolite originates in 
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the North and center of the volcanic region of Jima, occurring primarily to the west of the 

Gibe Gorge and forming a highland north of the line between Sodo and Bonga. They often 

grow abutting the lower Omo alluviae and are often bounded by fault. 

Additionally, the lower basalts are exposed in the gorges of Gojeb and Gibe and also 

originate in the upper Gojeb and are prevalent in the highlands. The basin’s southern 

portion is characterized by a central alluvial plain flanked primarily by pre-Cambrian 

basement rocks in the East and by tertiary volcanic in the west. The central Nyalabong 

Hills, which lie in the middle of the alluvial plain, is made up of Plio-Pleistocene basalts 

of small tufts, clay, silt, and sand. In the East, the hills adjoining the lower Omo alluvial 

plain are composed of siliceous gneisses and pre-Cambrian mafic basement with 

occasional granite outcrops. Such basement rocks are trending NW-SE and have undergone 

a high degree of metamorphism. In the west, the Maji Hills are made up of Jima basalts 

with irregular boulders of basement gneisses and ignimbrites, rhyolites, and Miocene age 

Surma basalts. The lower Omo alluvial plain primarily consists of Pleistocene-Holocene 

age and lacustrine alluviae of Holocene and undistinguishable fluvial tiles. These 

sediments are formed in the East and North of the Omo River. The sediments to the west 

of the Omo are primarily the deposition of clays, silts, and sands with some interstratified 

volcanic ash. 

In an inclusive term, most of the northern catchments of the upper Omo-Gibe basin is under 

extensive cultivation with increased land pressure, meaning the expansion of cultivated 

areas into increasingly marginal lands. Deforested areas are now confined to areas too steep 

and inaccessible to farm. The flatter, poorer drained bottomlands of the northern 

catchments are usually not cultivated but are used for dry season grazing and eucalyptus 

tree plantations.   

The eastern part of the basin has some of the most densely populated and intensively 

farmed areas in the country, let alone the basin. The main gorges of the basin are relatively 

unpopulated and support a cover of silvopastoral and silviculture. The south of the basin is 
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more sparsely populated with a greater population of natural vegetation, though even here, 

the forest is decimated at an alarming rate. 

More detailed soil analyzes in the basin have concentrated on the potential of the Lower 

Omo Valley water system with some research on disintegration and conservation measures. 

During the study of the Omo-Gibe Integrated Development Master Plan, a thorough 

examination of the soil survey was carried out, especially in the upper part of the basin. 

Thus, in the analysis, based on the revised FAO-UNESCO-ISRIC legend, the four major 

soil groups were found in the basin, which are Alisols, Leptosols, Luvisols, and Vertisols 

(Figure 3.5). The dominant soil group in the UOGB is the Nitosols (33.4%), followed by 

Vertisols (22.17%) and Alisols (21.19%) (Table 3.1).  

Table 3-1Area coverage of the major soil types in the UOGB 

Sl. No Soil Types Area (Km2) %age cover 

1 Alisols 7050.359 21.19 

2 Leptosols 4808.751 14.45 

3 Luvisols 2920.934 8.74 

4 Nitosols 11115.319 33.40 

5 Vertisols 7377.319 22.17 

6 Water Body 3.640 0.01 

                             Total 33,276.10 100% 

According to the study of soil surveys in the basin, 25 soil units were determined in terms 

of current erosion and erosivity (depending on the structure, texture, slope, land cover, and 

available water capacity), land use, position in the landscape, morphology, fertility (general 

indication taking into account N%, OC%, pH, and Ppm). 
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Figure 3-5 Major Soil types of the UOGB (FAO, 1998). 

The majority of soils in the basin are reddish-brown, red, and medium to very low clay 

loams over clay (Soil Units 1, 5). The structure is somewhat weakly formed, indicating its 

young age, and the consistency is crumbly. These soils are non-calcareous and well-

drained. They are common in the entire northern basin, which is gently undulating to the 

hilly topography from Sako in the North to Jinka in the south. These occur in conjunction 

with similar weakly developed soils vulnerable to erosion as in the Gurage region (Soil 

Unit 2), with shallower soils (Soil Units 10, 11) in hilly to mountainous areas and with less 

well-drained soils (Soil Units 7, 13, 14, and 16) in low-lying areas. 

Soils formed from volcanic parent products, often with ash or pumice deposits, tend to 

occur on high ground within the basin. These are moderately deep to very deep, well-
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drained, dark brown to dark reddish-brown sandy loams of clay, although most of them are 

typically clay loams. Structures again are low, leading to massive, with very friable topsoils 

over friable subsoil. They’re non-calcareous. They occur on the northern boundary, from 

Gedo via Shenen to Wenchi Caldera, and are so prevalent on the western boundary south 

to Sodo. They also occur in the south of Jima around Chida and Ameya (Soil Units 4, 4a, 

4b). They are well-drained, coarse-grained sandy loams to sandy clays of a large structure, 

yellowish-brown, moderately deep to very deep and crumbly consistency (Soil Units 17, 1 

8). They are sandy loams over the clay, brownish and greyish in color, fairly deep to very 

deep and mottling. The soil structure is formed weakly too firmly, but often massively in 

subsoil with a crumbly to firm consistency (Soil Units 7, 12). They are generally correlated 

with better-drained upland soils (Soil Units 1, 6) while in the upper Basin, Soil Unit 12 is 

dominant in river levees. 

Shallow soils (Soil Units 10, 11) exist across the basin, but they are most common in areas 

with low rainfall and steep slopes. They can be ranging from massive to highly organized 

and any color and texture. They are typically predominate in the southern mountains and 

basin gorges and well-to-excessively drained but often occur in combination with almost 

every other soil unit. 

The presence of gilgai characterizes vertisols (Soil Units 8 and 9), a surface micro-relief 

feature, caused by the swelling and shrinking and slick sides of the soil profile, indicating 

the movement of peed faces against each other. They also occur in association with 

dominant shallow soils throughout the basin and other clay soils (Soil Unit 20) along the 

Omo River near Hana. They are also popular in the lower Omo plains where they occur in 

combination with poorly drained sodic clays (Soil Unit 25) and as minor inclusions in many 

other mapping units where low lying areas are poorly drained. 

Alluvial and Colluvial soils of the lower Omo can be divided into those soils which are 

distinguished by their extremely heterogeneous existence in terms of texture, both 

vertically and laterally (Soil Units 19,21,22,23) and those who are more homogeneous (Soil 

Units 20, 24, 25). 
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The majority of the northern catchments of the basin is under extensive cultivation with 

expanded land pressure. The main gorges of the basin are comparatively unpopulated and 

support a Silvopastoral and Silviculture coverage; the eastern part of the basin has the most 

closely populated and intensively agricultural areas. The southern part of the basin is more 

lightly populated with a larger population of natural vegetation. A large portion of the basin 

is dominated by agricultural and Silvopastoral (Fig. 3.6). 

The land uses of UOGB are agricultural, Silvicultural, Pastoral, water bodies, and urban 

areas where agricultural land is the dominant one, accounting for about 66.71% of the total 

area (Table 3.2). The dominant cereal crops grown in the basin are mainly Maize (Zea 

mays L.), wheat (Triticum aestivum), Teff (Eragrostis tef), barley (Hordeum vulgare), and 

Sorghum (Sorghum bicolor). 

The Omo-Gibe River Basin has a number of tributaries from the NE, the main of which is 

the Wabi River and the Walga River. These rivers drain mostly from cultivated land with 

relatively impaired drainage. In the SW direction of the basin, the rivers Tunjo and Gilgel-

Gibe are another important tributaries, which also drain mainly in agricultural land. Gilgel-

Gibe and Tunjo sub-catchments have a higher proportion of permeable soil compared to 

Wabi and Walga sub-catchments.  
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Figure 3-6 Land use types of the UOGB (MoWIE). 

Table 3-2 Area coverage of the dominant land-use types in the UOGB 

Sl. No Land Use Types Area (Km2) %age cover 

1 Agriculture 22197.32 66.71 

2 Silviculture 8446.27 25.38 

3 Pastoral 1908.92 5.74 

4 Urban Areas 136.68 0.41 

5 Forest 457.36 1.37 

6 Water Body 129.25 0.39 

                             Total 33,276.10 100% 
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3.6. Data used 

In hydrological modelling, the key application of GIS is to define the direction of flow, the 

length of flow, the catchment area, the slope, and the aspect of a catchment and the 

delineation of streams and watersheds (Shrestha et al. 2014). For this research work, GIS 

application is used to investigate the patterns of the stream network and to delineate the 

landscape catchment area from 30 m by 30 m resolution DEM which is obtained from the 

USGS website. DEM defines the topography, which elucidates the altitude of any position 

in a given area at a particular spatial resolution. Additionally, the application is used to 

extract stream network features, the gradient of the slope, and the terrain slope length from 

DEM. The HBV hydrological model requires necessary spatial input datasets, which are 

hydrological data, meteorological data, and potential evaporation data. Whereas, the input 

data required for SEBS include the following: (1) remote sensing data(which all are 

estimated from daily or composite MODIS land products, such as leaf area index, surface 

temperature, surface albedo, land surface emissivity, and fractional vegetation cover; (2) 

measured meteorological data at reference height (Zoh) such as wind speed, air pressure, 

humidity, and air temperature; and (3) downward solar radiation, which can also be 

determined using empirical calculations, measured meteorological data, or remote sensing 

model outputs. The MODIS Level 1B data, which comprised visible and near-infrared 

bands 1–7, Near-Infrared bands 17-19, and thermal bands 31 and 32, were used to retrieve 

the necessary input parameters for the SEBS model. For the 23 meteorological stations for 

the period of 1980 to 2013, the required meteorological data were obtained from the 

National Meteorology Agency, Ethiopia (NMAE). Which encompassed daily records of 

rainfall, temperature (maximum and minimum), wind speed, relative humidity, solar 

radiation, and directions located in and around the Omo-Gibe basin. During this time the 

monthly, and daily discharge for the stream gauging stations for the Omo-Gibe basin have 

been obtained from the Ministry of Water, Irrigation, and Electricity (MoWIE, Ethiopia) 

department of hydrology. Also, 145 cloud-free MODIS imageries covering UOGB were 

acquired from https://ladsweb.modaps.eosdis.nasa.gov/search/. 

https://ladsweb.modaps.eosdis.nasa.gov/search/
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Complete details of the various data used in the present study are provided in relevant 

chapters of this thesis. 

3.7. Research Methodology  

A specific research methodology has been designed to achieve the objectives of this 

research work. This included water consumption and availability and the examination of 

multi-variable calibration in the upper Omo-Gibe basin, the implementation of the SEBS 

model through the incorporation of various input data into the GIS framework, and, finally, 

the simulation of the hydrological study in the basin. Figure 3.7 indicates the flow chart of 

the undertakings carried out in this study.   

The following chapters of this study include a detailed explanation for these undertakings 

and a discussion of the results. 

Next chapter discusses the quantification of consumption and availability of water in the 

basin under investigation. 
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Figure 3-7 Research Methodological Framework of the Study. 
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CHAPTER 4: ASSESSMENT OF CONSUMPTION AND 

AVAILABILITY OF WATER 

4.1.Introduction 

Water resource scarcity is a hindrance to agricultural activities and sustainable 

development in various parts of the world. As discussed by Fraiture et al. (2003) and 

Rijsberman (2006), inadequate water resource causes a severe constraint on agricultural 

production, and this is especially important in arid and semi-arid regions of the earth. The 

scarcity of water is demonstrated by drainage ratio (it is defined as the ratio between the 

volume of water drained from an area to volume of water enter into the area) (Bos 2005). 

If the drainage ratio's value is between 0.0 and 0.1, it is called a very scarce area/region, 

whereas the value between 0.1 and 0.2 indicates water-scarce areas (Bos 2005). In such 

circumstances to gratify the demands for different water uses, effective water management 

is needed, and it requires certain spatiotemporal information on the availability and 

consumption of water. However, careful and sensible water resource management and 

planning are difficult due to lack of field information on the actual availability and water 

resource consumption. Furthermore, knowledge of all terms of water balance components 

is essential for effective water resource management to realize the hydrological system 

behavior. 

 The hydrological system is represented by a river basin, commonly described by natural 

and artificial units. These units are natural vegetation, rivers, municipalities, industrial 

parks, agricultural areas, etc. To realize the hydrological behavior of a river basin, it is 

essential to know the information about the water balance components. However, water 

balance estimation activities for given rivers, streams, agricultural areas, natural 

vegetation, and municipalities are complex tasks due to their physical appearances. The 

availability of water resources is affected by the process of evapotranspiration. Such 

processes are evaporation from open water bodies and bare soils and transpiration from 

crops, forests, native vegetation, weeds, and herbs. Apart from the nature of evaporating 

material, the process of evaporation is affected by spatiotemporal variation due to the 
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complication of physical characteristics and climatic conditions of evaporating material 

and soil water differences (Droogers and Bastiaanssen 2002). The limits set out in the 

above are relevant to the estimation procedures of the water balance components, which, 

in theory, should capture spatiotemporal variations in order to allow measurements of the 

water balance. 

Numerous studies of water resource showed that actual evapotranspiration (ETa) is 

estimated as a residual in most practical water balance computations. The term ‘residual’ 

indicates that the surface parameter is not actually measured, but is derived remainder of 

energy balance (EB). This technique results in the EB toward the surface of land where 

ETa is determined as a residual of the EB approach (Roerink et al. 2000a). The ETa 

estimation is accurate if any shortcomings and weaknesses of the modelling process are 

hidden and are balanced by the estimated ETa. In watershed-scale streamflow model is 

calibrated by modifying the ETa (Domingo et al. 2001; Loukas et al. 2005). To correct the 

water stress, weather-based crop coefficient (Kc) and reference evapotranspiration (ET0) 

are alternative approaches to estimate field specific ETa. The ETa estimation on an 

agricultural area is done by executing a crop classification on the area, which is covered by 

different crop types and crop development stages. Likewise, ET0 is estimated for reference 

grass using measurement data taken from meteorological stations. Then, for each crop type, 

the Kc, water stress coefficient (Ks), and ET0 values are multiplied by corresponding crop 

areas to provide the crop water use of the area.  

More advanced field procedures for ETa estimations are the scintillation method and eddy 

correlation equipment (Hemakumara et al. 2003). However, there is a limitation on those 

two approaches due to point estimates, and the data is acquired only for few spatial 

variations, so ETa estimation is not determined for over large areas such as river basin. In 

such circumstances considering spatiotemporal variation effects of surface characteristics 

cannot be satisfied with the estimation of ETa over large areas (Ahmad et al. 2006). 

Furthermore, Bastiaanssen and Chandrapala (2003), Bandara (2003), Bos (2004), and 

Ahmad et al. (2009) demonstrated a more convenient ETa estimation over large spatial 
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domains by introducing a remote sensing approach which affords more advantages than 

conventional techniques. However, observation through satellite-based (SB) remote 

sensing methodology gives information over large areas. This approach permits a 

combination of hydrological indices in wide spatial coverage for the study period. These 

points of interest required the improvement of methodologies and calculations to estimate 

the spatially distributed ETa. 

For water balance computations, it is significant to evaluate forms of spatiotemporal 

variability of rainfall. Precise evaluations of spatiotemporal variations in rainfall spreading 

require a dense network of rain gauge stations with a minimum period of one-day recording 

precipitation. Since recorded information indicates observations at a point scale, spatial 

interpolation strategies on land at spatial coverage are desired. The precipitation 

information is collected over the selected period, and a typical Thiessen polygon 

interpolation technique is used to measure rainfall coverage in the study area. 

Many researchers applied Surface Energy Balance System (SEBS) for ETa estimation 

(Kurkura 2011; Rwasoka et al. 2011; Matinfar and Soorghali 2014; Samboko 2016; Ncube 

et al. 2016) in different parts of the world. It is also applied for drought monitoring (Su et 

al. 2003) and sensible heat flux estimation (Jia et al. 2003).  To our knowledge of proper 

management of agricultural activities in Ethiopia, there is very little knowledge of water 

availability and consumption. It is not practically feasible to use other conventional 

methods of ETa projection because of the larger area of the basin.   

In the present study, the Thiessen polygon interpolation approach is used to examine the 

spatial rainfall coverage in the upper Omo-Gibe basin at the sub-basin scale. In addition, 

the ETa is estimated using the Surface Energy Balance System (SEBS) adopted from (Su 

2002) to assess the water consumption in the study area. To examine the monthly time 

steps of availability and utilization of water, the spatiotemporal variation of precipitation 

and ETa estimation were employed.   
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4.2. Methodology 

4.2.1 Precipitation 

Daily records of meteorological data were obtained from the National Meteorological 

Agency of Ethiopia (NMAE) for the 23 selected rain gauge stations from 1980-2013 within 

or near the upper Omo-Gibe basin. In this study, daily rainfall, daily temperature, and 

average daily wind speed for the selected station and monthly discharge for the stream 

gauging station were collected. These data were used to estimate the spatial and temporal 

variations of actual evapotranspiration and precipitation. Summaries of the meteorological 

station along with its coordinates, elevations, and measured mean annual basin rainfall for 

34 years are shown in Appendix 1. Fig. 4.1 indicates the location of the selected rain gauge 

station. Most of the northern portion of the study area is in the mountains, and the terrain 

is difficult, so it is impossible to track orographic precipitation. Similarly, the 

meteorological stations are spares and lie at comparatively flat locations. 

4.2.2. Data Quality and Homogeneity Testing   

Precipitation quality assessment is a crucial preliminary step in the use of weather data for 

further hydrological analysis. In this analysis, a particular focus was placed on quality 

control and data set collection. In view of that, a first selection was made across all 

available stations prior to further regulation of data quality and homogeneity in order to 

ensure continuity across the station networks. The daily recorded weather data from the 

twenty-three meteorological stations for the period of 1980 to 2013, is obtained by the 

National Meteorological Agency of Ethiopia, were checked for homogeneity.  

The data were selected from the twenty-three weather stations based on the significant 

combination of standards related to homogeneity, consistency, and length of data and the 

spatial distribution of the series over the upper Omo-Gibe basin. Some weather record 

stations have incomplete records; thus, only stations with less than 3% of missing values 

have been used. Any given month and year was considered to be full if no more than three 

days, and no more than 15 days, respectively, were missing. Basic quality controls have 



68 
 

been applied to all weather stations with the goal of detecting data errors; daily data has 

been checked for outliers (anomaly values).  

The daily precipitation data were organized and sorted in the Excel sheet and tested for 

homogeneity using the standard normal homogeneity test called RAINBOW (which is a 

software package for analyzing hydrologic data) (Raes et al. 2006). The application is 

designed to perform a frequency analysis of rainfall and evaporation data and to check the 

homogeneity of hydrological records. For frequency analysis, data need to be 

homogeneous and independent. The constraint of homogeneity guarantees that the 

measured data are from the same population. RAINBOW provides a homogeneity test that 

is based on average deviations from the mean and also conducts statistical tests to assess if 

the results match a certain distribution. The homogeneity of time series data is checked by 

appraising the average and the distribution of cumulative mean deviations (Raes et al. 

2006). RAINBOW also enables the study of time series of zero or near zero events (the so-

called null values) by separating the null values temporarily from the non-null values. In 

this analysis, the data series from the twenty-three weather stations in the upper Omo-Gibe 

basin were found to be homogeneous. A detailed analysis of the data showed that the total 

missing data for all stations was approximately 0.13% for the period 1980 to 2013. In order 

to fill out the missing precipitation data during this analysis, a well-known technique 

known as the inverse distance weighting method has been used, based on data from a 

variety of neighboring stations. The locations of these neighboring stations are so close to 

and approximately evenly spaced around the site with the missing data. 

Within and around a particular precipitation gage, there can often be major physical 

adjustments at a station. Such adjustment of stations in a given year would start affecting 

rain gauge data being recorded from that particular station. After a number of years, it may 

be felt that the station's data do not provide consistent rainfall values. In order to test any 

such inconsistency, a procedure called a double mass curve approach is widely used to 

correct and adjust the observed precipitation values (Garg 2005; Wang et al. 2013). In this 

method, to construct a double mass curve, a doubtful station with 5 to 10 neighboring 

stations are selected in and around the basin. The annual rainfall values recorded by the 
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doubtful station are serial for each year against these values. Such annual rainfall values of 

the doubtful stations are serially ordered in reverse chronological order. Moreover, the 

average annual rainfall values for the surrounding stations are determined on the basis of 

the annual rainfall values recorded from the serial of this group of stations for each 

consecutive year. The cumulative values for both columns are then worked out. According 

to the result, the three stations, namely Durame, Hosana, and Indibir, showed 

inconsistency. Due to the occurrence of inconsistency, corrections have been made on the 

recorded rainfall data at these three stations. Therefore, all the stations have been used for 

hydrological and simulation purposes. 

Thiessen polygon (TP) approach 

For spatial distribution of precipitation (P) estimation in the basin, the Thiessen polygon 

(TP) approach was used for interpolating the values between points.  TP is chosen because 

it is straightforward and simple. The TP approach assumes that the estimated values of 

precipitation at any point on the basin are the same as those of the observed values at the 

closest station. This approach requires the construction of a TP network. The perpendicular 

bisectors make these polygons of the lines connecting nearby rain gauges stations. Hence, 

every polygon contains only one rain gauge, and areas of their corresponding regions are 

the weights of the corresponding rain gauges. The total rainfall (RT) for each sub-basin is 

calculated by Equation 4.1. 

RT =
R1A1+R2A2+−−−+RnAn

AT
=

1

AT
∑ RiAi

n
i=1       4.1 

where RT is the total precipitation in the sub-catchment; Ri and Ai have measured 

precipitation and associated area of Thiessen polygon for the station i, respectively; and 

AT is the total area of the sub-basin. Details of the selected meteorological station for upper 

Omo-Gibe basin are shown in Appendix 1. 
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Figure 4-1 location of selected rain gauges station for upper Omo-gibe basin 

4.2.3. Actual Evapotranspiration 

In this study, the Surface Energy Balance System (SEBS) proposed by (Su 2002) was used 

to estimate ETa. SEBS was established to resolve the energy balance by combining remote 

sensing data in the near, visible, and thermal infrared bands and meteorological data from 

ground measurements (Chapter 2, section 2.4). The input data required for the surface 

energy balance system includes (1) remote sensing data (which all are estimated, such as 

leaf area index, surface temperature, surface albedo, land surface emissivity and fractional 

vegetation cover, (2) measured meteorological data at reference height (Zoh) such as wind 

speed, air pressure, humidity, and air temperature and (3) downward solar radiation.   In 

the agricultural area, momentum roughness length (Zom) is used to determine Zoh as adapted 

from Allen et al. (2007). Likewise, the downward solar radiation can also be determined 
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using empirical calculations, measured meteorological data, or remote sensing model 

outputs. Figure 3.2 shows the flow chart of the SEBS model. SEBS comprises numerous 

distinct modules to estimate the net radiation, soil heat flux, and the partitioning of 

available energy into sensible and latent heat fluxes. The equation of surface energy 

balance is stated in chapter 2 (Equation 2.1)  

The daily net radiation computation primarily depends on the daily incoming 

extraterrestrial solar radiation, atmospheric transmittance, and surface albedo in the given 

equation. Furthermore, the SEBS model has the benefit of using each of the bulk 

Atmospheric Similarity (BAS) (Brutsaert 1999) and the Monin–Obukhov Atmospheric 

surface Layer (MASL). Both can be utilized for regional and conventional scale estimates 

of the turbulent fluxes. As discussed by Su (2002), SEBS was applied in determining the 

evaporative fraction (EF) at a wet and dry limits conditions using the energy balance (EB) 

equation. Accordingly, EF is defined as the proportion between latent energy and the 

available energy of the region. At the wet limit condition, the ET occurs at the potential 

rate and to compute the sensible heat flux, a parameterization based on Penman-Monteith 

(Monteith 1981) is primarily utilized. At the wet limit, the internal resistance in the 

Penman-Monteith is considered zero (0). Likewise, at the dry limit condition, the latent 

heat flux is set to be zero, and the maximum sensible heat flux value equals the available 

energy because of limitation of soil moisture. 

Daily net radiation is determined mainly on the basis of surface albedo, daily atmospheric 

transmission, and daily incoming extraterrestrial solar radiation. Daily evapotranspiration 

is estimated from the total daily available energy by assuming that the evaporative fraction 

(EF) is constant during the day. Shuttleworth et al. (1989) revealed the constancy of the 

evaporative fraction during the daylight hours. They analyzed records from four clear days 

of the sky over relatively homogeneous grasslands. They also found that the evaporative 

fraction of the noon is almost equal to the regular sunlight hour’s evaporative fraction. 

Nichols and Cuenca (1993) used seventy-two days of records and reported that the noon 

evaporative fraction was significantly associated with the average evaporative fraction of 
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daylight. The assumption of a constant evaporative fraction over a day is also used to 

estimate actual evapotranspiration (Farah et al. 2004; Akbari et al. 2007).    

The equation developed by Bastiaanssen et al. (2002) for over a month, year, or season 

time integration is adopted  (Equation 4.2) for ETa estimation in the upper Omo-Gibe 

basin. 

𝐸𝑇𝑎𝑖𝑛𝑡 =
8.64∗107∗𝑑𝑡

𝜆𝜌𝑤
∗ 𝐸𝐹 ∗ 𝑅𝑛24𝑡        (4.2) 

where, 𝐸𝑇𝑎𝑖𝑛𝑡 (mm/day) and 𝑅𝑛24𝑡 (W/m2) are the actual evapotranspiration and values of 

mean net radiation, respectively for the time interval 𝑑𝑡; 𝐸𝐹 is the evaporative fraction; 𝜆 

is the latent heat of vaporization (J/Kg) and 𝜌𝑤 is the density of water (Kg/m3). 

4.3 Results and Discussion 

4.3.1 Spatial and Temporal Variability of Precipitation 

 Temporal Variability of Precipitation 

To examine the temporal change of hydro-meteorological variables, evaluation has been 

done at decadal intervals for monthly average values. Spatiotemporal variability analyzes 

of hydro-meteorological factors are critical for further understanding of hydrological 

methods and hydro-meteorological modelling. Historically, temporal variability has been 

quantitatively characterized using a coefficient of variation, which is mainly based on 

statistics. The calculated annual coefficient of variation (CV) values of rainfall range from 

0.12 to 0.23. Figure 4.2, shows that the yearly mean variety of rainfall using selected 

meteorological stations within and near the basin. Generally, the CV value is low in the 

upper Omo-Gibe basin. The result indicates that there is an insignificant temporal variation 

in the basin. Based on the calculated CV value of annual rainfall for the given 

meteorological station, an interpolated CV map was formed for the upper Omo-Gibe basin 

(Fig. 4.3). 



73 
 

 

 

Figure 4-2 Mean Annual rainfall and annual coefficient of Variation for the selected meteorological station in the Basin 
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Figure 4-3 Coefficient of Variation for the selected meteorological station in the basin 

From the Fig. 4-3, it can be seen that rainfall is highly variable in the Eastern portion of the 

basin. In contrast, the inter-annual variability of rainfall is less variable in the Western 

portion of the basin, which has the highest values of precipitation in comparison with other 

parts of the basin. Also, moderate variability is noticed in the remaining regions. In general, 

the inter-annual rainfall variability gradually reduces from East to West. 

The seasonal pattern in the basin has somewhere unimodal as well as Bimodal rainfall 

characteristics. The unimodal rainfall is dominant in the basin, with a major peak rainfall 

value of 310.7 mm at Gedo station (from July to August months). The bimodal rainfall was 

also found in the Eastern portion of the basin with one major and one minor season (Fig. 

4.4).   
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Figure 4-4 Seasonal rainfall distribution of upper Omo-gibe basin. 

Spatial Variability of Precipitation 

The spatial yearly rainfall analysis for the period of 1980 to 2013 was conducted using 

precipitation records collected from 23 rain gauge stations in the UOGB with a maximum 

and minimum annual rainfall values of 59,952 and 36,494 Mm3/year, respectively. The 

duration of November 2003 to October 2004 was considered as a study period because of 

the lack of readily available streamflow data in the basin. In order to determine the annual 

rainfall quantity of the study period, four categories were made at an interval of 5000 Mm3 

each starting from 35,000 Mm3 onwards from the collected maximum and the minimum 

rainfall values of the 1980 to 2013 years. Accordingly, nearly a total of 13 years of rainfall 

data, fall within the range of 40,000 to 45,000 Mm3 (Fig. 4.5). Hence, the UOGB has 

received an annual rainfall value of 41,080 Mm3 during the selected study period. 

Moreover, the rain gauge stations have also received a minimum and maximum rainfall 

values ranging from 1019 to 1,439 mm, respectively, during the study period (Fig.4.6). 

 

0

30

60

90

120

150

180

210

240

270

300

330

360

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

R
ai

n
fa

ll
 (

m
m

)

Time (month)

Areka
Assendabo
Bele
Bonga
Butajira
Chekorsa
Cumbi
Dedo
Durame
Gedo
Gessuba
Gibe farm
Hossana
Indibir
Jimma
Limu Genet
Mrto'so
Shebe
Waliso
Welkite
W/sodo
Wushwush



76 
 

 

Figure 4-5 Rainfall volume for the study area from Nov1980- Oct 2013 
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Figure 4-6 Spatial distribution of annual precipitation in the upper Omo-Gibe basin from 

November 2003 to October 2004 

Significant spatial rainfall variation was observed in the upper Omo-Gibe basin for the 

given study period, as shown in Table 4.1. As such, a result of monthly precipitation 

volumes at the sub-catchment scale is presented in Fig. 4.7. These rainfall values were 

converted to volumes to permit for water balance calculation.  Due to considerable climatic 

and topographic changes in the study area, water balance estimations at a monthly time 

step are considered the most important task in determining spatial rainfall variability in 

each sub-catchment. 
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Figure 4-7 Variation of monthly precipitation volumes (mm) in the upper Omo-Gibe sub-catchments for the period of 

November 2003 to October 2004 
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Table 4-1 Variation of monthly precipitation volumes (Mm3) in the upper Omo-Gibe sub-catchments for the study period  

 

Sub-

Catchment 

Area (Km2) Nov Dec Jan Feb Mar Apr May Jun July Aug Sep Oct Sum 

Gibe 9247 325 49 661 152 435 797 634 1055 2141 2564 1328 801 10942 

Amara 353 13 2 21 3 12 16 4 50 105 206 28 17 477 

Alenga 342 12 2 21 3 11 16 4 48 102 200 27 16 462 

Fato 810 29 5 49 7 27 37 10 115 242 472 64 39 1094 

Walga 2461 55 39 172 45 162 191 64 186 617 844 264 146 2784 

Warebesa 372 9 2 23 7 22 23 12 35 98 129 34 24 417 

Rebu 481 11 11 36 8 33 42 10 33 118 173 56 26 556 

Tunjo 2460 109 16 138 54 100 156 239 460 675 551 350 250 3099 

Wabe 1943 30 39 116 29 139 160 58 151 430 568 242 146 2107 

Gilgel 

Gibe 

5152 376 40 403 115 142 456 485 816 1297 1086 958 532 6707 

Gorombo 1221 8 18 49 14 50 76 57 124 294 327 186 118 1321 

Gojeb 6932 606 73 628 177 103 724 994 755 1706 1610 1536 538 9451 

Soke 901 43 8 78 19 34 115 88 51 169 126 142 124 998 

Waybe 600 31 2 46 9 12 47 68 36 128 90 119 76 665 

 Sum 33,276 1,658 306 2,441 642 1,281 2,858 2,729 3,912 8,122 8,945 5,333 2,853 41,080 
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4.3.2 Actual Evapotranspiration 

MODIS Level 1B (MOD021KM) satellite data with their corresponding geo-location files 

(MOD03) and daily temporal and spatial resolution of 1 km2 were collected by the Terra 

(EOS AM) satellite in the MODIS sensor launched in December 1999 (Table 4. 2). These 

data were used to estimate the daily ETa for the study period starting from November 2003 

to October 2004 in UOGB. For the estimation of monthly and annual ETa, the evaporative 

fractions calculated for days of the satellite overpasses have been taken into account as 

being representative for defined time periods. Accordingly, a representative evaporative 

fraction was calculated using the energy balance equation for each day of satellite overpass 

for a selected consecutive duration of 2 to 35 days with a verified and validated cloud-free 

images. Those durations were selected based on a set of NOAA-AVHRR images for 

cumulative time estimates of ETa (Bastiaanssen et al. 2002). Their procedure was validated 

by a set of ETa values as determined by the Bowen ratio method. In the present study, a 

similar satellite image duration (i.e., 2 to the 35-day range) was considered in the upper 

Omo-Gibe basin except for one image (out of range at the 47th day) which is taken in the 

month of August and fall in the rainy season. Following the procedures outlined in the 

methodology part of this paper, the spatial distribution of the yearly ETa map was 

developed. Thus, the soil moisture dynamics and indirect precipitation events control long-

term seasonal fluctuations of the evaporative fraction (Farah et al. 2004). Therefore, the 

assumption of a representative evaporative fraction over this period can be reasonably as 

acceptable due to the fact that major changes in soil moisture are not anticipated at any 

point in the rainy season. Following the procedures outlined in the methodology part of 

this thesis (section 3.5), the spatial distribution of the yearly ETa map was developed (Fig. 

4.8). 

Table 4-2 Acquisition dates of TERRA-MODIS images from November 2003 to October 

2004 for upper Omo-Gibe basin (source: http://ladsweb.modaps.eosdis.nasa.gov/)  

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

2003           01 03 

2004 04 05 08 09, 

25 

11, 

27 

12, 

28 

14 31 16 02, 

18 
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Due to complete cloud cover for 28 days in the MODIS Level 1B data, it was impossible 

to generate a continuous daily ET data set for the period 1st November 2003 to 31st 

December 2004 using SEBS estimates of ETa. In this study for time integration over a 

month, the linear interpolation technique by (Muhammed 2012) is used 

𝐸𝑇2 = (
𝐸𝑇3−𝐸𝑇1

𝑋3−𝑋1
) (𝑋2 − 𝑋1) + 𝐸𝑇1       4.2 

Where, ET2 is the unknown daily ET value (mm/d); ET1 is the first known daily ET value 

(mm/d); ET3 is the next known daily ET value (mm/d); X1 is the Julian day for ET1; X2 is 

the Julian day for ET2 and X3 is the Julian day for ET3. 

 

Figure 4-8 Spatial Distribution of annual ETa in the upper Omo-Gibe basin for the study 

period 
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Figure 4.8 shows that the spatial distribution of the annual ETa values for the study duration 

and is varying between 345 and 830 mm. At the sub-catchment scale, spatiotemporal 

variations of monthly ETa are shown in Fig. 4.9 and Table 4.3. 

In general, the highest monthly ETa values are observed during the months April to 

October, which indicates an overall growing period of rainfed crops like wheat, barley, 

teff, maize, etc. The period between April to June called the Belge period and is the 

cropping period for Maize crops only. The analysis also indicated that ETa is high during 

summer months, called Kiremt, this is mainly due to water supply by a stream, and it is 

also the main growing period for all crops. 

The land use map shown in Figure 3-6 has been used to select various land uses. However, 

due to the spatial resolution of MODIS data (1km2) and the distributed nature of land use 

in some parts of the basin, due to the phenomenon of mixed pixels it was not possible to 

avoid. For this reason, ETa was determined for mixed pixels, as it was not possible to 

extract ETa for each land use present in such pixels (McCabe and Wood 2006). It should 

be remembered that these considerations constrain the estimation of ETa for particular land 

use. However, it is possible to distinguish homogeneous pixels due to the presence of 

agricultural areas and forests. 
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Figure 4-9 Variation of monthly evapotranspiration volumes (mm/d) in the upper Omo-Gibe sub-catchments for the period 

November 2003 to October 2004 
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Table 4-3 Variation of monthly evapotranspiration volumes (Mm3) in the upper Omo-Gibe sub-catchments for the study 

period  

Sub-

catch 

Area 

(km2) 

Nov Dec Jan Feb Mar Apr May Jun July Aug Sep Oct Sum 

Gibe 9247 367 127 531 211 268 605 600 862 1010 1124 765 619 7089 

Amara 353 13 6 18 10 8 18 21 32 69 21 25 19 260 

Alenga 342 13 6 17 9 5 12 14 21 65 22 26 19 229 

Fato 810 30 14 43 24 9 23 43 84 104 40 69 47 530 

Walga 2461 93 43 114 60 46 96 139 132 402 101 205 143 1574 

Warebesa 372 13 6 19 10 4 10 16 19 11 16 28 20 172 

Rebu 481 19 8 26 15 8 18 31 28 13 15 44 31 256 

Tunjo 2460 101 48 132 68 47 95 180 244 445 147 202 141 1850 

Wabe 1943 77 36 101 54 36 100 109 108 210 90 126 98 1145 

Gilgel 

Gibe 

5152 209 100 213 94 115 383 364 603 604 426 408 389 3908 

Gorombo 1221 49 23 56 28 22 38 59 76 132 60 68 53 664 

Gojeb 6932 520 127 253 97 216 568 881 365 898 796 483 317 5521 

Soke 901 34 16 39 16 17 57 84 41 94 51 62 47 558 

Waybe 600 25 12 26 10 9 18 58 34 69 26 58 34 379 

 Sum 33276 1563 572 1588 706 810 2041 2599 2649 4126 2935 2569 1977 24135 
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4.3.3 Comparison of SEBS ETa to Other Methods 

Due to non-availability of instruments (like Bowen ratio or weighing lysimeters and eddy 

covariance) to directly measure ETa, the estimated SEBS daily ETa value were compared 

with a reference evapotranspiration (ET0) value determined by the Penman-Monteith 

method (Allen et al. 1998). The fundamental concept was to confirm the values of the 

estimated SEBS-ETa with Penman-Monteith in order to evaluate the spatial and temporal 

distribution of ETa in the study basin. In addition, the ET0 outcomes were verified by sub-

catchment scale water balance analysis. Numerous studies show that satellite-based ETa 

has been compared to point estimations of ET0 (Koloskov et al. 2007; Muthuwatta et al. 

2010; Esmaeilabadi 2014; Shoko et al. 2015; Samboko 2016). In this study, a pixel ETa 

values close to Assendabo meteorological station in the Gibe sub-catchment is compared 

to the values of ET0 in that station (Fig. 4.10). From the comparison, it has been observed 

that average of the SEBS-ETa values have the same result as the PM-ETa. Whereas there 

is some deviation between SEBS-ETa and PM-ETa in the extreme case value. 

 

Figure 4-10 Comparison of the SEBS-ETa with the Penman-Monteith ETa calculated 

from the meteorological data collected at Assendabo station (37.230N Latitude, 7.770E 

Longitude) in the upper Omo-gibe basin. 
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4.3.4 Water Balance 

The sub-basin water balance was calculated by inserting the estimated spatiotemporal ETa 

and rainfall values and the measured streamflow data in equation 4.3. Then, the computed 

results from the water balance equation are shown in Table 4.5. For each sub-catchment, 

the suggested precipitation values are calculated by the Thiessen polygon method, and the 

ETa values are defined by dividing the sum of the pixel values by the number of pixels. 

These values were changed into volumes by multiplication with the sub-catchment area. 

For detailed analysis, based on the availability of streamflow gauging stations, the upper 

Omo-Gibe basin was divided into four sub-basins.  The four main sub-basins of the upper 

Omo-Gibe basin are shown in Figure 4.11. 

∆𝑆 = 𝑃 + 𝑄𝑖𝑛 + 𝐺𝑖𝑛 − 𝐸𝑇𝑎 − 𝑄𝑜𝑢𝑡 − 𝐺𝑜𝑢𝑡      (4.3) 

Where, ∆𝑆 is changing in storage during the time interval, which includes surface water 

moisture, groundwater storage, and soil moisture. 𝑃,𝑄𝑖𝑛 and 𝐺𝑖𝑛 are precipitation, surface 

water inflow, and groundwater inflow, respectively and𝐸𝑇𝑎, 𝑄𝑜𝑢𝑡 and 𝐺𝑜𝑢𝑡 are the actual 

evapotranspiration, surface water outflow, and groundwater outflow, respectively. For a 

reason that water balance estimations are on the sub-basins scale and calculated for an 

entire water year, it is assumed that groundwater storage changes are negligible (Table 4.4). 

Table 4-4 Water balance for the whole basin and major sub-basins (Mm3) from 

November 2003 to October 2004 

Sub-basin Outflow to the basin Outflow from the 

basin 

Change in 

storage, ΔS 

Closure 

% 

 P Qin ETa Qout   

Abelti 19694.6  13120 6574.6   

Gojeb 7039 734 3600 4173   

Wabe 2066  1295 769.6 1.4 0.07 

   Total 11517.2 Flow in Gibe sub-basin 

Gibe 12281 11517.2 10653 9729 3416.2 14.35 

Entire basin 41080.6  28668 9729 2683 6.54 
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Figure 4-11 the major Sub-basin of the upper Omo-Gibe basin 

From November 2003 to October 2004, the upper Omo-Gibe basin received 41,080 Mm3 

of precipitation and released 9,729 Mm3 and 28,668 Mm3 in the form of surface runoff and 

evapotranspiration, respectively. The difference between the basin inflow and outflow is 

7,216 Mm3. Therefore, the remained uncountable water volume (also called closure term) 

for the UOGB is 6.54% of precipitation, which is 2,683Mm3. The closure term in the basin 

depends on the occurrence of an error due to the accuracy of the observed precipitation, 

the observed discharge, the estimated ETa, and the negligible storage change assumption. 

Also, water storage changes in groundwater, surface water, and soil moisture content. 

Moreover, 0 to 6.54% of water closure values are also enlisted in Table 4.4 for the major 

sub-basins in the study area. A similar study was conducted for water closure estimation 
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by Muthuwatta et al. (2010) for five sub-catchments out of the seven sub-catchments in the 

Karkheh basin, Iran, and have found water closure values ranging from 0.6% to 7.2%. In 

addition, water closure estimation was also performed in three sub-catchments of the Mbire 

District, Zimbabwe, the result varies from 7.4% to 16.5% (Samboko 2016). However, the 

water closure values of the study area showed relatively acceptable values compared to the 

study, by earlier researchers. The main reason for such occurrence of closure term value is 

enlargements of the sub-catchment area in the UOGB. Therefore, the uncountable volume 

of water is the maximum possible discharge for UOGB. Hence, further portioning of the 

large sub-catchments into smaller sub-basin is a must in order to introduce effective water 

management approach in the basin. 

Based on the simplistic assumption, the SEBS algorithm uses various relationships to 

estimate the energy flux (i.e., ETa). It should be noted that these algorithms use some 

empirical equation for the estimation of ETa, which would lead to some error. During this 

analysis, the temperature of the planetary boundary layer, the incoming longwave 

radiation, and the emissivity of the air is calculated as a function of the temperature of the 

surface. Interpolated meteorological data were used for this period to establish the 

temperature of the air. Once more, we tend to assume that this might introduce some errors 

in the quantities described above and in the final estimations of ETa. 

4.4 Summary and Conclusions 

An attempt has been made in the upper Omo-Gibe basin to quantify the inter-annual and 

spatial patterns of consumption through evapotranspiration and availability of water using 

remotely sensed parameters, meteorological data, and streamflow data. In this study, prior 

to the use of observed precipitation data for hydrological analysis, quality and homogeneity 

test of precipitation records were performed via double mass curve analysis and the 

RAINBOW software package. Three of the stations had inconsistency and were set right. 

As a result, the observed precipitation data are homogeneous and consistent. SEBS 

algorithm was employed for the period of November 2003 to October 2004 to estimate the 

ETa value in the study area using meteorological data for 23 rain gauge stations collected 
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from NMEA and 16 cloud-free MODIS-TERRA satellite images collected from 

https://ladsweb.modaps.eosdis.nasa.gov/search/. In the SEBS algorithm, the estimation of 

spatial variation of evapotranspiration is performed on a daily basis, while the analysis of 

the water balance is performed on a monthly basis. So, to change the estimated daily ETa 

to a monthly basis in the study area, add them up and fit a scaling function from daily to 

monthly.  

The Thiessen polygon method was applied for computation of average precipitation. 

Moreover, the analysis of temporal variation shows that the inter-annual rainfall variability, 

which gradually reduces from East to West in the basin. In addition, The Penman-Monteith 

reference evapotranspiration approach was used to compare the ETa values estimated by 

SEBS. From the comparisons, it has been observed that some of the estimated ETa values 

have the same result as the calculated ETa ones. Moreover, based on the availability of 

streamflow gauging stations, the upper Omo-Gibe basin was divided into four sub-basins 

for detailed analysis. For the given study period, the water balance result showed that the 

upper Omo-Gibe basin received 41,080 Mm3 of water in the form of precipitation, while 

28,668 Mm3 was evapotranspired. The uncountable amount of water volume from the basin 

during the study period is 6.54% of the total precipitation, which is 2,683 Mm3, i.e., the 

difference between precipitation, evapotranspiration, and surface outflow from the basin. 

This indicates that the uncountable volume of water is the maximum possible discharge for 

the entire basin. Since these values are lower as groundwater recharge, surface water and 

soil moisture occur. Therefore, it is recommended to further divide the large sub-

catchments into smaller sub-basin and increase the number of streamflow stations for 

effective water management practices, agricultural development, and water productivity in 

the UOGB. 

The next chapters detail the analysis of the hydrological model and its performance 

assessment. 

https://ladsweb.modaps.eosdis.nasa.gov/search/
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CHAPTER 5: MULTI-VARIABLE CALIBRATION OF 

HYDROLOGICAL MODEL IN THE UPPER OMO-GIBE BASIN, 

ETHIOPIA 

5.1.Introduction  

Knowing the reliable information on the components of the water balance equation is 

crucial for water management in a river basin system. Hydrological modelling is an 

important tool for knowledge grasping on the hydrological responses of the catchment area 

(Kim et al. 2018) and is a challenging task (Romanowicz et al. 2013). In a conceptual 

rainfall-runoff model, it is challenging to measure different parameters directly.  It requires 

the optimization of some hydrological variables through calibration to achieve good 

correlation and closely match between simulated and observed variables. Calibration with 

historical data is the most common method for the identification of an optimized model 

parameter set (Wagener et al. 2003;  De Vos et al. 2010). 

In hydrological modelling, an integrated response parameter streamflow with runoff from 

different processes are commonly used for model calibration. However, the use of 

streamflow compels the assessment of model performance. Since the deviation between 

simulated and observed, matching parts come from different possible reasons. Some of the 

causes are errors as a result of lack of complete representations of hydrological data, for 

instance, evapotranspiration and precipitation, the incorrectness of parameter values, 

deficiencies in model structure, and error due to observations of calibration variables. 

Furthermore, sources of error related to the use of boundary fluxes and model initialization 

to permit water to pass through the boundaries of the model are other causes (Carrera and 

Neuman 1986; Boulet et al. 2002). Based on mass conservation principles, hydrological 

model performances are influenced by the occurrence of any model error in the volume of 

water, which means the amount of water entered into the model or out from the model. To 

overcome these errors for the solution of a practical problem, all of the hydrological models 

should be calibrated (Gupta et al. 1998). The process of hydrological model calibration can 

take place either manually or automatically. The former one is done manually using a trial-

and-error parameter correction process for reducing the error of objectives. While in the 
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latter case, according to a specific search scheme for optimization of objective functions 

(certain calibration criteria), parameters that measure the simulation model goodness-of-fit 

are automatically adjusted.  Refsgaard (1997) and Wagener et al. (2001) stated that if the 

automated calibration employed without enough hydrological know-how could result in 

incorrect parameter values, it could lead to an unrealistic model response system is 

uncontrolled by measurements. In addition, however, the models are calibrated well in 

terms of an independent verification data set parameter values that can’t yield good 

performance (Shafii et al. 2014). 

In rainfall-runoff models, problems with the amendment of parameters can be attributed to 

different factors. As stated in Gupta et al. (1998), during the calibration period, the 

combination of all the remaining parameters into a single objective function does not 

demonstrate the insufficiency of the model. For instance, in a single objective function, 

there is difficulty in differentiating between recession and high-flow model behavior. In 

this regard, understanding the limitation of single objective function encourages to adopt 

multi-criteria calibration approaches (Franks and Beven 1997; Gupta et al. 1998; Yapo et 

al. 1998; Legates and McCabe 1999; Madsen 2000; Beven and Freer 2001; Shafii et al. 

2014; Poméon et al. 2018).  Multi-objective calibration methods are designed to identify 

certain parameters that better reproduce multiple outputs from the system. Multi-criteria 

calibration utilizes multi-index to define the features of the error vector resulting from the 

corresponding set of the multi-objective equivalence optimal parameter values and an 

objective-function interchange curve. In addition to that, the process of a characteristic 

multi-criteria calibration model consists of multiple probability functions utilized for 

several sets of measurements, such as sediment, discharge, evapotranspiration, snow, etc. 

Though, to simulate a single output flux, the model assessment could be assumed to be 

inherently many criteria (Gupta et al. 1998).  

Multi-objective calibration of the model varies from a one-objective calibration of the 

model. To reproduce a record of single independent observation based on the abilities of 

the model, a traditional single form of objective calibration attempts to define the model 

parameter sets (Mccabe et al. 2005). By utilizing both groundwater level and runoff 
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observation based on a modelling system called MIKE SHE, Madsen (2003) suggested a 

general multi-objective structure of an integrated and distributed hydrological model for 

automatic calibration. In which case, to optimize the catchment runoff performance index 

in a multi-objective optimization framework, individual groundwater well’s performance 

indices were grouped into a single certain calibration criterion. Meixner et al. (2002) 

employed a multi-criteria algorithm to calibrate the hydro-chemical model. For assessing 

the performance of this model, a total of 21 chemicals and hydrological criteria were 

obtainable. Also, various researchers use a second set of the variable for model output. 

Such variables are soil moisture or groundwater hydraulic heads for assessment of 

determining rainfall-runoff model data (Gupta et al. 2008; Khu et al. 2008); graphs of 

groundwater piezometer (Fenicia et al. 2005; Khu et al. 2008); soil wetness index or simple 

soil moisture storage indicator (Downer and Ogden 2003); and satellite-based soil moisture 

estimates (Campo et al. 2006). In addition to streamflow data for 320 Austrian catchments, 

Parajka et al. (2007a) utilized daily snow cover data for the calibration of a conceptual 

hydrological model. The concept of most hydrological models combination is to combine 

state variables with streamflow. It has been pointed out that the combination has an indirect 

impact on closure of water balance term in the rainfall-runoff model. Since the performance 

evaluation of these procedures is constrained, there is the uncertainty of how best the model 

reproduces the performance of the water balance of the study area.   

Commonly in hydrological modelling, evapotranspiration is assessed through 

meteorological data, which helps to evaluate reference evapotranspiration (ET0) and direct 

measurement data. Since those data may have comparatively insufficient spatial coverage 

for larger areas of the catchment, it is necessary to assess additional or substitute data 

sources, enhancing the spatial coverage of the large area. The hydrological model requires 

large numbers of spatiotemporally distributed data sets to characterize the major catchment 

hydrological processes and its climate. This introduces remote sensing data as a possible 

source for this model (Chen et al. 2005; Montzka et al. 2008). Remote sensing is utilized 

to find hydrological parameters; such parameters are rainfall (Wang et al. 2001; Haile et 

al. 2013; Rientjes et al. 2013a), soil moisture  (Hollenbeck et al. 1996; Kim and Barros 
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2002), and potential evapotranspiration (Stisen et al. 2008). It also distinguishes areal 

phenomena, such as clouds (Ouillon et al. 1997), inundated areas (Islam and Sado 2002), 

and snow cover (Tait et al. 2000). 

Based on observed values of ground temperature, latent heat, sensible heat, and soil 

moisture data, the Biosphere-Atmosphere Transfer Scheme was calibrated (Gupta et al. 

1999). Their study identified that to simulate accurate multi-variant, single output variable 

calibration is not sufficient. Crow et al. (2003) reported that, relative to individual variable 

calibration, multi-variable calibration reduces 20% calibration error in actual 

evapotranspiration (ETa). Also, to calibrate the semi-distributed Variable Infiltration 

Capacity (VIC) hydrological model, they used streamflow and space-borne radiometric 

surface temperature data. In the Krishna basin of southern India, Immerzeel & Droogers 

(2008) incorporated evapotranspiration based on remote sensing into Soil and Water 

Assessment Tool (SWAT) model calibration. Their analysis compares the monthly sub-

basins output of remote sensing derived ETa and ETa simulated by the physically-based 

hydrological model. In the upper Bhima catchment of southern India, Immerzeel et al. 

(2008) combined remote sensing data and output of the SWAT model to assess productivity 

and water use. They found that in the watershed, evapotranspiration is the significant water 

loss term. In the Luangwa river basin in Zambia using remote sensing ETa in a conceptual 

semi-distributed hydrological model, Winsemius et al. (2008) measured the values of the 

land surface-related parameter. To improve the simulation of discharge based on the energy 

balance approach in a controlled water system, Hartanto et al. (2017) integrated remote-

sensing ETa data with a spatially distributed hydrological model low-lying reclamation 

area of the Rijnland area in the Netherlands. They compared integrated modeled and 

remote-sensing based ETa to simulated data without integration between model and 

remote-sensing based ETa. Herman et al. (2018) examined the overall performance 

improvement of the SWAT model by utilizing integrated satellite-based ETa with the 

spatially distributed dataset of the hydrological model. They calibrated the model using 

spatially distributed ETa in Creek Watershed, in Michigan and a particular record of point 

streamflow for the Honeyoey Creek-Pine, USA. To calibrate the model, they employed a 
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multi-variable and genetic algorithm. They found that there is a great improvement in the 

performance of the hydrological model since the integration of satellite-based and spatially 

distributed hydrological data combines with the right calibration method. 

Since actual evapotranspiration is part of water balance terms in hydrological studies, it 

has not paid more attention while performing a multi-variable calibration for water balance 

studies.  For this study, the performance evaluation of hydrological studies was performed 

through a multi-variable calibration technique, which utilizes two water balance terms. 

These water balance terms are satellite-based ETa and streamflow. Within a multi-variable 

calibration formulation, the hydrological process is likely to be satisfactory for an initial 

assessment of more than a single uncertainty based calibration technique. Moreover, this 

study estimate and test the utilization of a second calibration variable called satellite-based 

actual evapotranspiration and give possibility as the water balance with its model 

performance. This study aims to test the efficiency of satellite-based actual 

evapotranspiration in the semi-distributed HBV hydrological model to render the 

catchment water balance by utilizing daily Remote-sensed actual evapotranspiration data 

and daily streamflow. The HBV light hydrological model (Seibert 1996) was applied to the 

Upper Omo-gibe basin, Ethiopia. 

5.2.Sub catchments and Data 

The UOGB is divided into four sub-catchments based on streamflow measuring station to 

set up the HBV light hydrological model (Fig. 4.11). The largest and smallest sub-

catchment is Abelti and Wabe, respectively. At the outlets of each of the four sub-

catchments, the mean daily streamflow varies from 2.89 m3/s to 4.53 m3/s for the year 

2000-2004.  Abelti, Wabe, and Gojeb sub-catchments receive streamflow from the 

upstream of the basin, while the Gibe sub-catchment receives from those three sub-

catchments. Hydrograph separation methods were used to construct the streamflow 

hydrograph for each of the sub-catchments. Due to relatively short travel time (i.e., <1 day) 

and unavailability of data on the Omo-Gibe basin's channel properties, the streamflow 

routing is ignored. Details of these sub-catchments are indicating in Table 5.1. 



95 
 

Table 5-1 Details of the four sub-catchments in UOGB 

S 

No 

Sub-

catchment 

Area (km2) Upstream 

sub-

catchments 

Number of 

meteorological 

stations 

Average Daily 

Flow (m3/s) from 

2000 to 2004 

1 Abelti 15,730 - 9 4.32 

2 Gibe 10,590 Abelti, Gojeb 

and Wabe 

9 3.59 

3 Gojeb 5,091 - 3 4.53 

4 Wabe 1,861 - 2 2.89 

5.3.Methods       

5.3.1. Time-series trends of actual evapotranspiration 

For the present study to estimate daily ETa from the period of January 2000 to October 

2004, 145 cloud-free calibrated radiance MODIS Level 1B (MOD021KM) with their 

corresponding Geo-location files (MOD03), with a daily temporal and spatial resolution of 

1 km2 collected by the MODIS sensor in the Terra (EOS AM) satellite was used (Source: 

https://ladsweb.modaps.eosdis.nasa.gov/search/) (Table 5.2). Due to cloud coverage 

over time, the collected imageries were irregularly distributed. Moreover, for the HBV 

hydrological light model to estimate reference evapotranspiration (ET0), the Penman-

Monteith equation was used. Likewise, to estimate bi-weekly ETa in the spatial and 

temporal variability, the SEBS model developed by Su (2002) has been applied. The 

meteorological data used to estimate ETa in this remote sensing model were recorded at 

3:00 local time, which is near the time of satellite overpass (i.e., Between 2:10 and 2:55 

local time). Due to no cloud-free imageries found during the rainy seasons' evaporation, it 

cannot be estimated for an entire twelve-month period using the SEBS model. Accordingly, 

to calculate ETa for all day without satellite imagery, meteorological data and the Penman-

https://ladsweb.modaps.eosdis.nasa.gov/search/
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Monteith equation were employed (Bastiaanssen and Bandara, 2001; Immerzeel and 

Droogers, 2008). For this purpose, meteorological data for 23 stations on wind speed, 

precipitation, relative humidity, and temperature were used. Then, using surface energy 

balance algorithms and MODIS images, the latent heat flux (𝛌E) is calculated. For days 

when satellite imageries were obtainable, the values of surface resistance (rs) were 

inversely determined by replacing 𝛌E in the Penman-Monteith equation. For days without 

satellite imagery rs value were determined through the preceding imagery of rs value with 

recorded daily weather data to all day within the consecutive imageries. The Penman–

Monteith equation given by: 

𝜆𝐸 =
∆(𝑅𝑛−𝐺0)+𝜌𝑎𝐶𝑝

(𝑒𝑠−𝑒𝑎)

𝑟𝑎

∆+𝛾(1+
𝑟𝑠
𝑟𝑎

)
        (5.1)  

where (es- ea) (kPa) is the vapor pressure deficit of the air, Δ (kPa /K) is the slope of the 

saturated vapor pressure curve, ρa (kg/m3) is the moist air density, ra, and rs (s/m) are 

aerodynamic and surface resistances respectively, and Υ (kPa/K) is the psychometric 

constant, and the remaining parameters are described in equation 2.1 to 2. 4 (Chapter 2). 

To estimate Rn at a daily time, step G0 is assumed to be zero, and sunshine hours can be 

used. The difference between ETa and ET0 is controlled by rs, which means the reference 

evapotranspiration lies above actual evapotranspiration, and rs surpasses a particular 

minimum value (Bastiaanssen and Bandara 2001). Also, rs can be explained concerning 

solar radiation, vapor pressure deficit, soil moisture, and air temperature (Jarvis 1976). For 

estimating all values in Eq.2.1(Chapter 2) except the aerodynamic and surface resistances, 

local daily measurements of wind speed, sunshine hours, minimum and maximum 

temperature, and relative humidity were obtained from the National Meteorological 

Agency of Ethiopia. Hence, for all days without satellite imagery, calculating daily values 

of ra and rs permits for ETa estimation. 
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Table 5-2 Acquisition dates of TERRA-MODIS images in the upper Omo-Gibe basin for 

the study period (source: http://ladsweb.modaps.eosdis.nasa.gov/). 

Month 2000 2001 2002 2003 2004 

Jan  06, 18, 23 17, 23, 28 01, 04 04 

Feb 28 03, 14, 28 02, 11, 27 05, 18, 21 05 

Mar 04, 13,22 07, 09, 16 29, 31 06, 16, 25 08 

Apr 05, 14, 30 08, 17, 26 07, 13, 23 01, 14, 23 09, 25 

May 09, 14, 25 03, 15, 19, 24 15, 25, 31 02, 09, 18 04, 27 

Jun 01, 13, 26 02, 04 03, 05, 23 01, 10, 26 12, 28 

Jul 01, 24, 30 11, 13 02, 12, 23 17, 28 14 

Aug 02, 27 12, 19, 25 13, 22, 29 04, 18 31 

Sep 03, 09, 16 10, 24, 27 5, 14, 30 05, 12, 19, 30 16 

Oct 02, 11, 29 03, 10, 19, 26 16 07, 16, 23 02, 18 

Nov 03, 19, 26 02, 11, 18, 27 01, 05, 14, 26 01  

Dec 05, 22, 31 04, 18, 27 05, 12, 26 03  

From the evaporating surface to the air, the transfer of water vapor and heat can be 

determined by ra and is written as: 

𝑟𝑎 =
𝑙𝑛[

(𝑍𝑚−𝑑)

𝑍𝑜𝑚
−Ψ 𝑚]𝑙𝑛[

(𝑍ℎ−𝑑)

𝑍𝑜ℎ
−Ψ ℎ]

𝑘2𝑢2
       (5.2) 
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where Zm, d, and Zh (m), respectively, are the height measurements of the wind speed, the 

zero displacements, and humidity. Zoh and Zom (m), respectively, are the roughness length 

governing heat and vapor transfer and the momentum transfer, uz the wind speed at height 

z (m/s), k is the Von Karman’s constant (–), and Ψ h and Ψ m (-) respectively are the 

stability correction functions for heat transport and momentum. The roughness for 

momentum can be calculated through an experimental relation suggested by (Su et al. 

2001) and is written as: 

𝑍𝑜𝑚 = 0.005 + 0.5 (
𝑁𝐷𝑉𝐼

𝑁𝐷𝑉𝐼𝑚𝑎𝑥
)

2.5

       (5.3) 

To determine the value of Zoh, the dimensionless quantity kB-1 has been developed through 

the relationship between roughness length for momentum and heat and vapor transfer. 

Brutsaert (1982) assigns a value of 2.3 for kB-1. The equation is presented in (5.4) 

𝑍𝑜ℎ =
𝑍𝑜𝑚

exp (𝑘𝐵−1)
         (5.4) 

5.3.2. Hydrological model 

For the simulation of the streamflow using rainfall, potential evapotranspiration, and 

temperature as input, a modified version of the conceptual semi-distributed hydrological 

model was selected for this study, which is an HBV light model (Seibert 1996). This model 

uses sub-basins as the most fundamental units of hydrology. The distribution of lakes, 

forests, glaciers, open areas, and area elevation is also considered in the HBV model.  The 

sub-basins are considered in the spatial variation of different properties, such as the 

physical properties or meteorological properties of the basin. The HBV model consists of 

six different routines, precipitation accounting routine representing snowmelt, rainfall, and 

snow accumulation; soil moisture routing where surface and overland flow and actual 

evapotranspiration are calculated as a function of actual storage of water; a quick runoff 

routine representing river discharge, the subsurface flow which is represented by the base 

flow routine; a transformation routine for flow attenuation and delay and a routing routine 

(Bergström 1992). 
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The aim of selecting this simplified version of the HBV model is due to comparatively low 

demand with low complexity for input data and produce simulation results on par with 

sophisticated models (Bergström and Forsman 1973). Meanwhile, there have been 

relatively large sub-catchments in the study area; the transformation function that 

smoothens the streamflow is not utilized. Even if there were well-known methods for 

estimation of potential evapotranspiration (Lindström et al. 1997; Merz and Blo¨schl 2004), 

the standard Penman-Monteith equation is employed for evaluation of potential 

evapotranspiration (Allen et al. 1998). The HBV light model was applied in the upper 

Omo-Gibe Basin for each of the given four sub-catchments. Commonly, many years of 

data on flow, temperature, and precipitation for model calibration are needed for the 

application of hydrological modelling, but these data are not sufficiently available for all 

catchments worldwide (Etter et al. 2018). Nowadays, some studies have shown that 

calibration and validation analysis is carried out over a few years of data (Madsen, 2000; 

Wagener et al. 2003; Rientjes et al. 2013b; Ha et al. 2018; Mohaideen and Varija 2018). 

For this study, depending on a separate sample test for the periods from January 1st, 2000 

to December 31st, 2002, the model has been calibrated and verified for the periods from 

January 1st, 2003 to December 31st, 2004.  

5.3.3. Model performance assessment and parameter estimation 

General calibration criteria (objective function) Y has been used to test the overall model 

performance for simulating the behavior of observed streamflow (Akhtar et al. 2009), 

which combines the Relative Volume Error (RVE) and the Nash-Sutcliffe efficiency 

coefficient (NSE) (Nash and Sutcliffe 1970). Compared to the measured data variance NSE 

calculates the relative magnitude of residual difference. NSE refers to the degree to which 

the plot of the simulated against observed data matches the one to one line. One parameter 

set may show good correlation according to the criterion of NSE but may imply a weak 

relationship for RVE and vice versa (Seibert 1999). A combination of values of these 

particular calibration criteria is difficult because various objective functions are not directly 

comparable. The equations of objective functions are written as: 
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𝑌 =
𝑁𝑆𝐸

1+|𝑅𝑉𝐸|
         (5.5) 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑠𝑖−𝑄𝑜𝑖)2𝑛

𝑖=1

∑ (𝑄0𝑖−𝑄0̅̅̅̅ )2𝑛
𝑖=1

         (5.6) 

𝑅𝑉𝐸 =
∑ (𝑄𝑠𝑖−𝑄𝑜𝑖)𝑁

𝑖=1

∑ 𝑄𝑜𝑖
𝑁
𝑖=1

         (5.7) 

In equations 5.5-5.7, Qs and Qo are simulated and observed discharge respectively, i is the 

time step, N is the total number of time steps, and 𝑄0
̅̅ ̅ is the mean of Qo over the calibration 

or verification period. The efficiency value of RVE should be close to zero, and the value 

of Y and NSE should be close to 1 for satisfactory model performance. As stated by 

Bergström (1992), NSE values tend to one, indicating a perfect fit for the simulation and 

observation value. While a values approach, zero indicates that simulations are poor or 

good as the constant value prediction. The values less than zero indicate a very poor fit for 

the simulation and observation value. The value of Y ranges from 0 (meaning the model 

performs poorly) to 1 (meaning the model performs well), with typical values up to 0.6 are 

considered poor to satisfactory and higher values indicating less error variance (Rientjes et 

al. 2013b). 

In this study succeeding (Harlin and Kung 1992; Seibert 1999; Wagener et al. 2003; Choi 

and Beven 2007; Booij and Krol 2010), the Monte Carlo simulation (MCS) procedure is 

employed for parameter optimization to four sub-catchments of the UOGB. In MCS, to 

evaluate the model performance, a multitude of parameter sets is generated and performed 

randomly. In the MCS approach, along with various simulations of the model, preeminent 

objective function values are selected by utilizing randomly generated parameters within 

the predefined space of the model parameter. Essential characteristics of MCS frameworks 

are the choice of the objective function(s), the determination of the number of simulations 

to be performed, the determination of prior parameter spaces, the choice of parameters for 

calibration, and choosing the likelihood distribution for the calibration parameters. 

For calibration of the time series of actual daily evapotranspiration and daily streamflow, 

parameters have been estimated. Meanwhile, both ETa and Q are major water balance 
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terms to the hydrological model matching each other directly affect one another. 

Winsemius et al. (2008) stated that estimated HBV-ETa through employing the lumped 

HBV model are representatives for the sub-catchment scale. To come to the corresponding 

estimates for comparison SEBS-ETa with HBV-ETa over the sub-catchments, all pixel 

estimate values are averaged. To support irrigation from channels of river discharge, 

estimated ETa cover for water abstraction. Hence, for calibration of the streamflow model, 

time series at the catchment outlets has been used. 

Two model calibration case was defined for this study. The first case is the most common 

scenario where optimization and calibration of the model parameter are on streamflow. 

Performance measures are merely applied to evaluate SEBS-ETa with HBV-ETa. In the 

last case, to optimize the parameter values in model calibration, both actual 

evapotranspiration and streamflow are used simultaneously. Preference-based objective 

functions are used for evaluating model performance, which simultaneously reduces the 

deviation between particular variables. 

For HBV hydrological models, the selection of sensitivity parameters was based on studies 

and simple manual sensitivity of Seibert (1997, 1999), Booij (2005), G¨otzinger and 

B´ardossy (2005), Wale et al. (2009), Booij and Krol (2010) and Deckers et al. (2010) for 

the degree day procedure, for threshold temperature, and for melting factor. The parameters 

of the model and their prior ranges utilized in the MCS procedure are shown in Table 5.3. 

For all sets of parameters, a uniform distribution has been assumed, and as defined by the 

values of parameter ranges, the values of parameters are arbitrarily drawn from the space 

of the variable. 
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Table 5-3 Model parameters and their prior ranges used in the MCS procedure  

Parameter Description Prior range Unit 

TT Threshold Temperature -1.5-2.5 ℃ 

FC Maximum soil moisture storage 100-600 mm 

Lp Soil moisture value above which ETa 

reaches ETp 

0.1-1.0 - 

BETA A parameter that determines the relative 

contribution to runoff from rain or snow 

1.0-1.2 - 

PERC Maximal flow from upper to lower box 0.1-1.1 mm/d 

ALFA Nonlinearity coefficient 0.1-0.4 - 

K1 Recession coefficient (upper box) 0.01-0.1 1/d 

K2 Recession coefficient (lower box) 0.001-0.15 1/d 

 

5.4.Results and Discussion 

5.4.1. Time series patterns of actual evapotranspiration 

For the given four major sub-catchments, the daily basis time series of SEBS-ETa are 

shown in Fig 5.1. 

Fig 5.1, shows the lowest values of ETa observed during the wet season, which shows the 

planting and growing period of crops, while the highest values were observed during the 

dry season, which is due to the reduction of soil moisture in the upper part of the saturated 

zone. 
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For the best performing parameter set, the model output of average parameter values for 

the four major sub-catchments for the given two cases are given in Table 5.4. 

Table 5-4 Average parameter values for the four major sub-catchments for the given two 

cases. 

Parameter mm Case 1 Case 2 

TT ℃ 0 0 

FC mm 400 600 

Lp - 1 1 

BETA - 1 1 

PERC mm/d 1 1 

K1 1/d 0.1 0.01 

K2 1/d 0.05 0.15 
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Figure 5-1 Time series of SEBS-ETa for Abelti, Gibe, Gojeb, and Wabe sub-catchments. 
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5.4.2. Case 1-Model Calibration and Validation on Streamflow  

The simulation was initiated with the default parameter values. The streamflow 

hydrographs showed comparatively weak matching between the simulated and observed 

output values. The pairing denotes that, when the HBV model is applied in regions other 

than it was calibrated, it requires a new calibration. Model calibration is to improve the 

accuracy of model predictions, which was carried out in the sensitive flow parameters of 

HBV that are already identified (Table 5.3) and are subjected to minor changes to ensure a 

good correlation between observed and simulated streamflow. First, the most sensitive 

parameters are modified, employing a manual calibration process based on the information 

available in the literature. In this process, the values of the parameters have been iteratively 

changed within the appropriate ranges to increase the value of NSE (Eq. 5.6). Auto-

calibration processes that significantly improved model efficiency were then carried out 

using sensitive parameters that were defined during sensitivity analysis. 

During the calibration step, the first year, i.e., from 01/01/2000 to 31/12/2000, was 

considered a model warm-up period to establish proper initial conditions and stabilize the 

model. Calibration was then performed for the next step. Commonly, the trial and error 

methods were used to calibrate the HBV light hydrological model (Bergström 1992). 

Therefore, when determining the calibration result, the subjectivity problem must be 

addressed. Typically during the calibration process to get good results from the model, the 

user starts from sensitive parameter values that give good results in a similar catchment 

and maintain them within specific ranges. For example, in southern Sweden (Bergström 

1990) found regional differences for the calibrated values of maximum soil moisture 

storage (FC). The results indicated that such regional differences occurred may be partially 

due to what the modeler expects. It begins with one value, and since very different FC 

values can produce good matches, it is possible to keep this value by adjusting certain 

parameters. With poorly defined parameters, depending on the start values and method of 

optimization, automated calibration methods will often point out to different sets of 

parameters, and the user decides to determine what parameter set to use (Kite and Kouwen 
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1992). The value of model performance indices obtained for daily streamflow predictions 

during the calibration and verification periods is summarized in Table 5.5.  

Measured and simulated flows for daily time steps had a favorable comparison during all 

the four sub-basins (Table 5.5, Fig. 5.2). This is evident from the values of NSE varied 

from 0.79 to 0.97, RVE ranging from 0.06 to 0.48, and Y varied from 0.56 to 0.92. Overall, 

we can say the model performance is very good, consistently across calibration and 

validation in daily predictions. Figures 5.2 compare the daily simulated flows with 

observed daily flows for four sub-basins. It is indicated that simulated flows are 

consistently more than the observed flows.  The simulated streamflow values are plotted 

against the observed streamflow values, and their distribution is approximately 1:1. During 

the calibration period for both higher and lower values of observed streamflow, the 

simulated streamflow is distributed uniformly along the 1:1 line. The mathematical 

comparison between the observed streamflow and the best simulation result showed a good 

agreement. 

Table 5-5 HBV Model performance evaluation for daily streamflow prediction for the 

four major sub-basins. 

Model 

performance 

Index 

Calibration (01/01/2000-31/12/2002) Validation (01/01/2003-31/12-2004) 

Sub Basin 

Abelti Gibe Gojeb Wabe Abelti Gibe Gojeb Wabe 

NSE 0.97 0.79 0.85 0.83 0.86 0.87 0.88 0.76 

RVE 0.06 0.40 0.31 0.48 0.43 0.41 0.41 0.56 

Y 0.92 0.57 0.63 0.56 0.60 0.62 0.62 0.49 

After the model is calibrated, validation of the model at the Omo-Gibe River basin was 

performed for an independent dataset, which is different from the calibration periods 

without further modification of the calibrated parameters.  The model has been found to 
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have a good predictive capability with NSE, RVE, and a Y value ranging from 0.76 to 0.88, 

0.41 to 0.56, and 0.49 to 0.62, respectively, for a daily basis. It has been shown that the 

parameters of the model in the catchment area represent the processes taking place to the 

best of their ability. The model validation outcomes for daily streamflow showed a good 

match between the simulated and the measured values. Through statistical model efficiency 

during the calibration process, the model performed well. Fig. 5.2 shows the time series of 

simulated and observed daily streamflow calibration and verification for the four sub-

catchment. Therefore, HBV hydrological model can be used in basins having similar 

characteristics. 

Similarly, the efficiency values for ETa were performed for the major four sub-catchments 

of the upper Omo-Gibe basin. Estimated and simulated ETa values for daily time steps had 

unfavorable comparisons during all of the four sub-basins (Table 5.6). Fig. 5.3 shows the 

time series of observed and simulated daily ETa calibration and verification for the four 

sub-catchments. The result indicates that the values of NSE varied from 0.18 to 0.28, RVE 

ranging from 0.05 to 0.08, and Y varied from 0.17 to 0.27. Likewise, in the verification 

periods, the model is found to have a poor predictive capability with NSE, RVE, and a Y 

value ranging from 0.31 to 0.48, 0.04 to 0.09, and 0.28 to 0.51, respectively, for the daily 

basis. This suggested that the simulated HBV-ETa does not fit SEBS-ETa well. 

Comparatively, some variations between SEBS-ETa and HBV-ETa were observed during 

the dry seasons, while during the rainy season, most of the estimated ETa values have the 

same result of the simulated ETa ones. During the dry season, this variation indicates that 

the HBV-ETa shows lower fluxes. The results also showed that as the HBV rainfall-runoff 

model helps solve the water balance, the only consideration is on suitably balancing the 

streamflow. Furthermore, with relatively weak model performance values, the simulated 

ETa has not represented the estimated ETa well. Therefore, the overall model performance 

did not fulfill the minimum values recommended in the literature during both the wet and 

dry season. 
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Table 5-6 HBV Model performance evaluation for daily ETa prediction for the four 

major sub-basins. 

Model 

performance 

Index 

Calibration (01/01/2000-31/12/2002) Validation (01/01/2003-31/12-2004) 

Sub Basin 

Abelti Gibe Gojeb Wabe Abelti Gibe Gojeb Wabe 

NSE 0.18 0.22 0.28 0.28 0.48 0.48 0.52 0.31 

RVE 0.07 0.08 0.05 0.08 0.05 0.06 0.04 0.09 

Y 0.17 0.20 0.27 0.26 0.46 0.46 0.51 0.28 

5.4.3. Case 2- Evaluating the performance of SEBS-ETa using multi-variable 

In this case, multi-variable model calibration and verification were performed for both 

streamflow and ETa as similar to case 1 to test the effectiveness of SEBS-ETa and within 

that in mind to test the performance of the HBV hydrological model. For both variables, 

the objective functions were optimized simultaneously and presented in Table 5.7. 

It was found that the model has a well analytical capability for streamflow with NSE, value 

ranging from 0.66 to 0.69, and 0.62 to 0.68, respectively, for calibration and verification. 

Additionally, calibration and verification values ranging from 0.04 to 0.45 and 0.38 to 0.54, 

respectively, for the objective function RVE.  Also, for the objective function, Y values 

ranging from 0.47 to 0.67 and 0.42 to 0.47, respectively, for calibration and verification. 

Similarly, from the model, efficiency values for ETa for the major sub-catchments show 

that NSE varied from 0.56 to 0.66, and 0.64 to 0.73, RVE ranging from 0.02 to 0.04, and 

0.01 to 0.0, and Y varied from 0.54 to 0.65 and 0.62 to 0.72, for the calibration and 

verification period respectively. 

The comparison was executed similarly with case 1 for both streamflow and ETa. Figures 

5.4 and 5.5 shows the time series of both simulated and observed daily streamflow and ETa 
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calibration and verification for the four sub-catchment of the upper Omo-Gibe basin. Both 

streamflow and ETa had favorable comparison during all of the four sub-basins. The result 

indicates that multi-variable model calibration is effective for both streamflow and ETa. 

From the result, it is shown that as compared to observed data for both streamflow and 

ETa, the recession and falling limbs were somewhat higher and lower, respectively, in the 

simulated data. This shows both streamflow and ETa were well represented in a reasonable 

match for recession and falling limbs. Also, a good fit for ETa during the wet and dry 

season. Furthermore, as compared to case 1, the results were much better, not only 

streamflow but also for ETa. This shows the effectiveness of multi-variable model 

calibration for SEBS-ETa. Overall the result demonstrated that the parameters of the model 

in the catchment area represent the processes taking place to the best of their ability. 

Additionally, in this case, the hydrological catchment behaviors represented as required, 

and single variable calibration constraints in case 1 was very weak. Moreover, the model 

verification outcomes, both for streamflow and ETa, showed a good match between the 

simulated and measured values. The model performed well, though the statistical model 

efficiency measures are good during the calibration process. Furthermore, the simulations 

were below the observed value; this showed an underestimation of the simulated flow over 

the observed ones. The possibility of underestimating the streamflow may be due to the 

fact that, in such a complex terrain, rainfall is captured through 23 gauges, and the rainfall 

varies across the catchment from a minimum of 1019 mm to a maximum of greater than 

1439 mm. Finally, the result suggested that the use of more than one water balance term in 

a hydrological model calibration was beneficial. 

5.4.4. Parameter estimation and Uncertainty of Model Parameters  

In the HBV rainfall-runoff, model streamflow simulations are directly affected by PERC, 

K1, K2, and ALFA. Also, ETa simulation is directly affected by LP. While the other 

parameters like BETA and FC indirectly affect streamflow and ETa simulation. Generally, 

the spatial variability of the parameters is an indicator of the uncertainty of measurement 

data. For some parameters of the model, if the number of iteration increases as the spatial 
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parameter increases, which means increased from the first iteration to second iteration etc. 

(Parajka et al. 2007b). In the UOGB, the error caused by time series of measured 

precipitation and streamflow and estimated ETa affects the uncertainty of parameters of 

the model. In addition, as compared to rain gauge stations, the availability of streamflow 

gauging stations was small (i.e. Four streamflow gauging stations). This shows that as well 

as streamflow gauging station, the rain gauge station is not spatially distributed well in the 

basin. The study area topography, elevation, and influences of cloud affect the accuracy 

and location of streamflow and rain gauge stations. 

Table 5-7 Model performance evaluation for daily streamflow and ETa prediction for the 

four major sub-catchments. 

variable Sub-

catchment 

Model performance Index  

Calibration period  

(01/01/2000-31/12/2002) 

Validation period  

(01/01/2003 - 31/12-2004) 

NSE RVE Y NSE RVE Y 

S
tr

ea
m

fl
o
w

 (
Q

) 

Abelti 0.69 0.04 0.67 0.68 0.40 0.46 

Gibe 0.68 0.37 0.49 0.66 0.38 0.47 

Gojeb 0.66 0.28 0.52 0.62 0.38 0.45 

Wabe 0.68 0.45 0.47 0.65 0.54 0.42 

A
ct

u
al

 e
v
ap

o
tr

an
sp

ir
at

io
n

 

Abelti 0.56 0.03 0.54 0.70 0.01 0.69 

Gibe 0.60 0.04 0.58 0.72 0.03 0.70 

Gojeb 0.66 0.02 0.65 0.73 0.01 0.72 

Wabe 0.66 0.04 0.64 0.64 0.04 0.62 
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Figure 5-2 Time series of observed and simulated daily streamflow for calibration and validation period for 1st Jan 2000-31st 

Dec 2004 for (a) Abelti, (b) Gibe, (c) Gojeb, and (d) Wabe Sub-catchments for case 1. 
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Figure 5-3 Time series of observed and simulated daily ETa for calibration and validation period for 1st Jan 2000-31st Dec 

2004 for (a) Abelti, (b) Gibe, (c) Gojeb, and (d) Wabe Sub-catchments for case 1. 
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Figure 5-4 Time series of observed and simulated daily streamflow for calibration and validation period for 1st Jan 2000-31st 

Dec 2004 for (a) Abelti, (b) Gibe, (c) Gojeb, and (d) Wabe Sub-catchments for case 2. 
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Figure 5-5 Time series of observed and simulated daily ETa for calibration and validation period for 1st Jan 2000-31st Dec 

2004 for (a) Abelti, (b) Gibe, (c) Gojeb, and (d) Wabe Sub-catchments for case 2. 
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5.5. Conclusions and Recommendations 

In this study, the conceptual semi-distributed HBV light rainfall-runoff hydrological model 

was selected and used for calibration and verification based on multi-variable evaluation 

using streamflow and ETa to test the efficiency of SEBS-ETa in UOGB Ethiopia. Based 

on MCS, the model was calibrated and validated in two different cases using streamflow 

and ETa. The performance and applicability of HBV light were successfully evaluated 

through sensitivity analysis, model calibration, and verification, and reproducing simulated 

streamflow and ETa. Also, the efficiency of SEBS-ETa using the HBV hydrological model 

was assessed. The study showed that surface and subsurface water model parameters are 

sensitive and have physical meaning, especially the FC, LP, BETA, PERC, ALPHA, K1, 

and K2 were the most sensitive parameters with regard to streamflow and ETa prediction 

in the UOGB.   

In the first scenario, the calibration and validation process is carried out for HBV 

hydrological model to verify whether or not the model is applicable in the study area. For 

calibration and validation of the model, the consideration was only in the streamflow, and 

the objective function NSE, RVE, and Y for daily ETa show low-performance values (less 

than satisfactory) for SEBS-ETa. Though the model performance of the HBV for 

simulating streamflow in the UOGB was very good, this shows the model has relatively 

high confidence and gives a very good result for the case of streamflow only. Moreover, 

the simulated streamflow peak was well represented in all of the days. 

In the second scenario, the aim is to test the efficiency of SEBS-ETa in the study area and, 

with that in mind to test the performance of the HBV hydrological model. For calibration 

and validation purposes, the consideration was given to both in streamflow and satellite-

based ETa. The result shows satisfactory to good performance for SEBS-ETa as well as 

streamflow. At the same time, the model was well simulated for both streamflow and ETa 

on the rising and falling limbs of the streamflow and ETa hydrograph during calibration 

and verification periods. Though, the streamflow and ETa peak were represented well and 

slightly underestimated the peaks for some days. Additionally, the objective function's 
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result shows satisfactory to good performance values contrary to a single variable 

calibration for both streamflow and ETa.  

For model calibration and verification, the efficiency of the use of satellite-based ETa was 

confirmed. However, to reproduce the best outcomes from the model for water balance in 

the catchment during model calibration and verification, use of a combination of 

streamflow with estimated ETa should be necessary. Therefore, to provide reasonable 

solutions to reproduce and close the water balance in the catchment, it is required to use 

the preferred multi-variable calibration method. Moreover, the HBV hydrological model 

and SEBS approach can be used in other basins having similar characteristics. 
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CHAPTER 6: STRATEGIES TO INCREASE RAINFED MAIZE 

PRODUCTION IN THE UPPER OMO-GIBE BASIN, ETHIOPIA 

6.1. Introduction 

Water is fledgling as the most crucial and improperly used natural resource in the world. It 

is required for municipal, industrial and domestic activities and an important input for 

agricultural production. The demand for freshwater increases significantly on the basis of 

an increase in population and living standards. Owing to the depletion and contamination 

of freshwater, over-exploitation, and subsequent waste, the rise in population has been 

affected by severe food security. Seckler et al. (1998, 1999) stated that one-third of the 

population of developing countries is living in an entire region of water scarcity and does 

not have adequate water resources to meet their agricultural, environmental, industrial, and 

domestic requirements in 2025. An area is a water-scarce when a large number of 

experience water insecure (Rijsberman 2006). The per capita availability of water in 

Ethiopia is lower than 1000 m3 per year (Asana Dowa et al. 2007). Increasing the 

productivity of existing water resources is often a feasible goal in semi-arid areas where 

prospects for exploiting new water resources are limited, and costs are increasing. 

Improving agricultural water productivity is vital for both social and economic 

development. In order to increase water productivity in agriculture, there is every reason 

to devote more effort to meet the potential food demand of the increasing population 

(Sarwar and Bastiaanssen 2001).  

Ethiopia is part of sub-Saharan Africa and is situated within the tropics and therefore has 

no significant variation in its local temperature. On the basis of altitude and temperature, 

the climate of Ethiopia is divided into five thermal zones. Namely, (i) Bereha (a hot and 

hyper-arid type of climate, the elevation is less than 500 m, and the temperature is greater 

than 27.5oC), (ii) Kola (hot and dry climate, the elevation is between 500- 1500 m and the 

temperature is between 27.5oC-21.0oC), (iii) Woina-Dega (warm altitude climate, the 

elevation is between 1500 and 2500 m, and the temperature is between 21.0oC-16.0oC), 

(iv) Dega (temperate as highland climate, the elevation is between 2,500 and 3,000 m, and 
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the temperature is between 26.0oC-11.0/12.0oC), and (v) Wurch (cold climate, the elevation 

is more than 3000 m and temperature up to 7.5oC)(NMSA 2001). The altitude of the upper 

Omo-Gibe basin is between 718 and 3580 m above mean sea level (masl). 

The rainfall in the basin can be divided into four zones, three of which have a unimodal 

and one bimodal rainfall. The northern part of the basin, including Waliso, Welkite, and 

south to just north of Jimma, has a rainfall of between 1,100 and 1,800 mm per year for 

about seven months from March to September. The little rain is from March to May and 

the largest one from June to September, with a noticeable increase in July and August. The 

southern area of the upper Omo-Gibe basin, including Jimma and Sodo, has a more even 

distribution of rainfall from March to September, with no peaks in July and August. The 

area typically receives more than 1,200 mm, rising to 2,000 mm on the western edges of 

the basin (Woodroofe and Associates 1995). During the rainy season (March–September), 

rainfed agriculture is used to produce the main cereal crop in the country. Generally, there 

is no single primary crop in Ethiopia; instead, five types of cereal productions are 

dominated:  Teff, Barley, Wheat, Maize, and Sorghum, which account for about 75% of 

total cultivated area, and 29% of agricultural GDP (Aguilar et al. 2014). 

Ethiopia is the second-most populous country in Africa with an estimated population of 

100.6 million in 2015, with an average annual growth rate of 2.6 percent between 2010 and 

2015 (FAO 2019), and expected to be 148.6 million in 2030, which is the end of sustainable 

development goal. Its economy is highly dependent on agriculture.  The agriculture of 

Ethiopia is basically own-consumption, small-scale, and heavily dependent on rainfall. 

Approximately 90% of the country’s agricultural production is produced by smallholder 

farmers using farming practices and traditional tools (Omiti et al. 2000). A low level of 

productivity characterizes Ethiopian agriculture. The average yield of grain for different 

crops in the country is less than one MT/ha. Over the last few decades, agriculture of the 

country has been incapable of producing adequate quantities to feed the rapidly growing 

population of the country (Belay and Manig 2004). Due to the lack of agricultural 

production, the country has been a significant recipient of food aid and commercial food 

grain importer. The population growth rate in the country’s growing pressure on different 
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natural resources, land and average holding capacity of land per household is only around 

one ha (Belay and Manig 2004; Alemu 2005). In fact, more than 80% of the Ethiopian 

population lives in the highlands, where population pressure on farmland has always been 

immense. 

The Ethiopian agriculture sector plays a central role in the lives and livelihoods of most 

Ethiopians, with some 12 million smallholder households accounting for an estimated 95% 

of agricultural production and 85% of jobs. Of the total number of farming households, 

25% are women-headed. In addition, 87% of agricultural households work on less than 2 

ha, 64% on less than 1 ha, and 40% on less than 0.5 ha. As with rain-fed agriculture, the 

average family of 6 people needs about 2.5 to 2.8 ha of land to fulfill the annual household 

food requirements (FAO 2014). Grain crops, including cereals, oilseeds, pulses, and other 

crops, are the main crops category to fulfill the annual household food requirements for the 

majority of the country’s population, a source of household income and a foreign currency 

contributor. Cereal crops are the most important type of grain crop, both in terms of the 

planted area and the volume of production. Also, in terms of the diet, the majority of the 

population in the country use cereal crops. Cereals are grown in all regions with varying 

quantities and are produced in greater quantities than other crops since they are the main 

staple crops. The main staple crops in the country are teff, wheat, maize, barley, and 

sorghum.  

Teff (Eragrostis tef) is the preferred staple food in much of the highlands. It is also an 

endemic cereal crop for the country, furnishes flour to make loaves of bread without yeast 

and Enjera, which are consumed in the highlands and the urban area of the country. 

Although commonly grown in the highlands, includes elevations from zero to 2800 meters 

above sea level (masl), Barely is the main livelihood crop in the country, which is mainly 

grown between 2000 and 3300 meters above sea level and is used for the production of 

food, beer and Tella (local beverage). Sorghum accounts for about 19.46% of all 

production and covers approximately 16.05% of the regional planted area with 

cereals(CSA 2018). Relative to other cereals, sorghum is usually tolerant of drought and 

embraces excess water conditions. Compared to other cereal crops, these characteristics 
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give sorghum a wide range of feasible climate regimes and grows best under semi-arid 

conditions. For instance, sorghum may produce cereal grain in areas that are too dry for 

maize (with an average annual rainfall of less than 250 mm). Maize (Zea mays L.) is one 

of the most important crops in the world, ranking third behind rice and wheat (WMO 2012). 

It’s adaptability as a source of food, feed, and fuel to characterize it as a crop that can make 

an enormous contribution to food self-sufficiency and food security, considering its 

economic and social importance. Over the last few decades, maize production has 

increased enormously in the world and is now the most widely grown cereal crop with a 

total estimated production of 1006.18 *106 T (Greaves and Wang 2017). However, many 

developing countries face different challenges in the production of maize, such as 

dependence on rainfall, lack of financial resources, inadequate water for irrigation 

purposes, constraints in production, and limited infrastructure, which often leads to a 

decline in the level of maize crop production (WMO 2012). Maize is the second most 

widely grown cereal and is the most important cereal crop in the country and is sown as 

Meher and Belg for human consumption, animal feed, and industrial purposes. It is 

produced by more farms than any other crop. Besides being food grain, animal feed, and 

industrial purposes, parts of the maize plants are used as cooking fuel, fencing material, 

and fodder. On the basis of the volume of production, maize is the largest crop production 

in the country, producing more than 30% of the crop.  

In the UOGB, cereals are grown in all regions with varying quantities. The UOGB accounts 

for about 8.67, 5.34, 5.97, 10.79, and 4.16 percent of the country’s production for Teff, 

Barley, Wheat, Maize, and Sorghum, respectively (CSA 2018), and it is government policy 

to maintain and improve the amount of production until 2030 in order to stay self-

sustaining. Approximately 538.4*106 Kg of maize were produced in 2011, which means 

that production is expected to increase to about 977.6*106 Kg by 2030.  There are no clear 

strategies for increasing production by 439.2*106 Kg.  The key focus of this research work 

is to propose such a strategic plan. 

In areas with limited water resources, among which is the UOGB, increased agricultural 

production contributes to land-use changes. For instance, deforestation and the 
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transformation of nature into agricultural land. In this case, the overall water consumption 

in the basin cannot be increased; instead, increasing grain production by using substituted 

vegetation on agricultural land because of the evapotranspired water. In addition to land-

use changes, the management of fertilization, pesticide, quality seeds, seed rates, tillage 

and land preparation, protection work for soil erosion, and degradation will increase 

agricultural production. In case if water is not a limiting factor, the management of 

fertilization often has the greatest influence on crop yields as irrigation water is more 

efficient in a field that receives sufficient fertilizer (Wichelns 2003). Various studies have 

shown that fertilizer usage increases the production of grain crops (Kaliba et al. 2000; 

Rahman 2003; Asfaw et al. 2012; Nurudeen et al. 2015). Since 1960, fertilizer usage has 

increased the production rate almost five times in the world, which accounts for about 40% 

increase in per-capita production of food (FAO 2006) While there are regional and local 

differences and varying efficiencies. Applying fertilizers and water to optimum levels is 

the safest way to achieve maximum yields (Wichelns 2003). 

An additional factor influencing crop production is the use of modern technology, such as 

improved seed rates (Yu et al. 2011; Nega et al. 2015; Sime and Aune 2018). Despite any 

additional demand for water resources, crop yields can be increased by managing non-

water inputs, such as the supply of improved technologies. In terms of yield per cubic meter 

of water consumed, the productivity of water usage is enhanced due to an improved seed 

rate in the water-scarce area (Molden et al. 2009), such as the water-scarce upper Omo-

Gibe basin. When water is scarce, understanding the magnitude of water consumption is 

important (Brauman et al. 2013). Irrespective of the opportunities to increase and the need 

for increasing water productivity (WP), the amount of water required for field crops and 

the relationship to yield dominate the need for additional water for food.  In a situation 

where water is scarce relative to other sources involved in the production, it is appropriate 

to increase the productivity of water. Agricultural water production is increased due to (a) 

the contribution to economic development and poverty reduction, (b) ensuring that water 

is available for environmental use and alleviating pressure from re-allocation of water from 

agriculture to cities; and (c) meeting the demand for food from an increasingly urbanized 
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population, prosperous and growing of water scarcity (Molden et al. 2009). The objective 

of this study was, to investigate strategy to attain the 2030 target output of maize crops by 

increasing the production of maize through land alteration and yield enhancement in the 

current production area. Only currently available water resources can be used for these 

strategies, while not constraining all aspects and factors relating to agricultural practices 

and land suitability. 

6.2. Land use, soil and water consumptions of the UOGB 

6.2.1.Land use and soil 

As illustrated in Figure 3.6 of chapter three, shows the major land-use types of UOGB; 

specifically, the area is mainly practiced rainfed agriculture, which encompasses a large 

area. Table 6.1 indicates agricultural area and pastoral lands and other land-use types, 

including urban areas, forests, and water bodies. Of which, the agricultural area covers 

22,441.31 km2, pastoral land 6,670.3 km2, and other land-use types 4,164.39 km2. Also, the 

major soil types of UOGB are described as detailed in section 3.4 of chapter three. 

Table 6-1 the three major categories of land use type with their corresponding area in the 

UOGB 

Sub-catchment Area of land use types (ha) 

Agricultural Pastoral Other 

Abelti 1,213,381.57 199,324.61 160,293.82 

Gibe 677,564.45 352,563.32 28,872.23 

Gojeb 186,867.30 99,262.18 222,870.54 

Wabe 166,220.68 15,876.60 4,402.72 
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6.2.2. Water consumption 

Water consumption in agricultural context refers to the immediate reduction of unusable 

water by means of evaporation from soils and open water bodies and by transpiration from 

crops and plants. The source of agricultural water consumption is estimated to be 22 

percent of blue water, equal to 1570 km3, and 78 percent of green water. When considering 

the availability of water in relation to a broader range of agricultural practices and a variety 

of users, the concepts of green water and blue water are beneficial (CA 2007).  The water 

found in reservoirs, rivers, aquifers, and lakes is considered to be blue water. It is also the 

main source of irrigated agriculture. In addition to agricultural use, blue water is a 

measured and managed freshwater resource intended to meet commercial, domestic, and 

hydroelectric power (UN 2006). At the same time, green water denotes the available soil 

moisture to plants produced by infiltrating rainfall and is the main source of rainfed 

agriculture. Irrigated agriculture uses blue water to supplement soil moisture for 

agricultural land, while rainfed agriculture uses only green water. During the dry season, 

farmers can retain their soil moisture by adding blue water to crops to reach their yield 

potential. Both blue and green water is “consumed” by plants and crops through the process 

of evapotranspiration and are not returned to the system. 

However, as not all the water used for irrigation evaporates, the blue water consumption 

rate is lower than the withdrawal rate. As mentioned in the above paragraph, blue water 

consumed is 1570 km3. In contrast, agricultural irrigation consumed 60% of the water 

withdrawn for agriculture per year, and the remaining 40% goes back to groundwater and 

surface water. The ratio between consumption and withdrawal is a depleted fraction or 

consumptive fraction (Molden 1997). The consumptive fraction appears to be high in the 

area of water scares (where farmers reuse irrigation water and plants use shallow 

groundwater) while the consumption fraction is low in the area of water abundant. 

The Surface Energy Balance System (SEBS) algorithm developed by Su (2002) has been 

used to estimate ETa for the UOGB. The procedure for estimating ETa for the whole 

cropping year (i.e., from November 2010 to October 2011) are described in chapters two 
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and four of this thesis. ETa for maize crops has been estimated for the entire crop year (i.e., 

from November 2010 to October 2011) and the crop growth season. The average annual 

precipitation of the UOGB is approximately 1121 mm, 1133 mm, 1223 mm, and 1223 mm 

in the south, east, north, and west of the basin, respectively. Seasonal ETa from rainfed 

maize is about 152.06 mm, which is equal to 1520.6m3/ha. Since UOGB is a water-scarce 

river basin, there are limited options for developing additional water resources to 

complement rainfed maize areas. 

6.3. Crop water productivity and Relative evapotranspiration 

Two indicators evaluate the production of the agricultural system: crop water productivity 

(CWP) (Molden et al. 2003) and relative evapotranspiration (ETa/ETp) (Boss et al. 2005). 

Water productivity could have various definitions for different people and vary between 

and within groups of water users (Kijne et al. 2003; Tuong et al. 2004; Dugan et al. 2006; 

Playán and Mateos 2006; Wesseling and Feddes 2006; Zoebl 2006). Water productivity 

can be defined as the ratio of the net benefits from crop production, domestic use, forestry, 

fishery, livestock, industrial use, and mixed agricultural systems to the amount of water 

required to produce these benefits. For hydrologists, which is the ratio of the volume of 

water consumed efficiently (i.e., evaporation and transpiration) from the area to the volume 

of potentially available water for that purpose. For an economist, which may be defined as 

the value derived per unit of water used. In fisheries, it might mean the ratio of fish 

produced to the volume of water used. To an irrigation engineer, it might mean the ratio of 

the mass or the value of crops produced in a farm (or catchment) to the amount of water 

used. In livestock-related products, it may be defined as the ratio of livestock products to 

the volume of water consumed in production, including water, to feed those (Peden et al. 

2007).  

Moreover, for crop scientists, water productivity can have various definitions, e.g., water 

productivity for the whole plant is the ratio of above-ground dry matter per unit area to 

water usage, for the leaf is the ratio of photosynthetic leaf per transpiration, and for yield 

is the ratio of crop grain per unit area to water input (Hong-Xing et al. 2007). Additionally, 
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in the crop production system, CWP has been used to define the relationship between crops 

produced (Kg) and the amount of water consumed (m3) in crop production. In agriculture, 

more food production with less water is often encouraged as a strategy to increase CWP 

because water is a limiting factor in many parts of the world (Kijne et al. 2003; Boss et al. 

2005; Sadras and Angus 2006; CA 2007; Amarasinghe et al. 2010), such as UOGB. 

Improving agricultural practice and water management is a useful task for increasing the 

impact of CWP (Breman et al. 2001; Liu et al. 2007; Nangia et al. 2008; Ahmad and 

Giordano 2010).  

The relative evapotranspiration is the ratio of actual evapotranspiration to potential 

evapotranspiration. It is used to indicate that water is adequately available to sustain 

agricultural production during the growing season (Bos et al. 2007). When ETp is the same 

as ETa during the growing season, the crop is not affected by water scarcity, and the crop 

yield can be maximized in terms of weight per hectare (Bos et al. 2007). In terms of water 

consumption, while maintaining maximum crop production, the cumulative value of ETp 

is as high as 1.42 ETa (Bos et al. 2007). Appraisal of increased production on development 

strategies and crop water production requires information on land suitability for 

agricultural expansion, potential and current crop yields, the relationship between 

ETa/ETp, and yield and water consumption patterns via actual evapotranspiration. Due to 

relatively large size and remote areas, lack of field data is a major constraint for UOGB. 

Such field datasets are water used mostly by cropland and land use and land cover. 

Therefore, the use of satellite remote sensing data to observe land use/cover and associated 

properties in a spatially consistent manner is recommended in this study. 

6.4. Methodology 

The methodology adopted deems the assessment on the CWP and ETa/ETp of the current 

maize production area, land suitable for converting particular land cover to maize 

production areas, and strategies to increase maize production through land conversion and 

improved agricultural practice. 
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6.4.1. Assessment of rainfed maize production 

Rainfed maize yields data (Kg/ha) were collected on a pilot scale at 3408 agricultural 

households for the 2003 and 2004 crop years. A household is considered an agricultural 

household when at least one household member is engaged in growing crops and raising 

and breeding livestock in private or collaborating with others. There are four major sub-

catchments in the upper Omo-Gibe basin, which are Abelti, Gibe, Gojeb, and Wabe. 170 

Enumeration Areas (EAs) were selected to represent the distribution of rainfed farming 

systems. The Enumeration Area in rural parts of the country is a locality that is less than 

or equal to a farmer’s association area and usually consists of about 150 and 200 

households. From these enumeration areas, 3408 agricultural households have been 

selected for the four sub-catchments of the upper Omo-Gibe basin.  The selected 

households are 1611, 1085, 521, and 191, respectively, from Abelti, Gibe, Gojeb, and 

Wabe. Agricultural information on crop yield, seed rate, and fertilizer application was 

collected from the annual agricultural sample survey of the Central Statistical Agency of 

Ethiopia. Satellite-based ETa (which is already mentioned in Chapter 4 of this report) has 

been used for the water consumption of maize crops. Crop yields were related to ETa for 

the growing season. For all four sub-catchments, the relationship between yield and 

ETa/ETp, and yield and CWP were developed. The target value of ETa/ETp for rainfed 

maize is identified on the basis of the relationship. The target value is defined as the value 

above, in which the further increase in ETa/ETp does not have a significant effect on crop 

yield and maximized at a lower ETa value. An analysis of the crop production function 

was performed to quantify the effects of seed rate, nitrogen fertilizer, and water on yields 

in rainfed maize areas. By managing seed rates and fertilizers in existing maize crop areas, 

the probable increase in production was estimated based on the result of the analysis. 

6.4.2. Land suitability  

The topographic slope area for maize production has been used to identify land suitability 

analysis. Land suitability denotes the ability of a part of the land to endure crop production 

in a sustainable manner. Its assessment offers information on the opportunities and 
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hindrances for land use and thus informs decisions on the best use of resources, the 

knowledge of which is an important prerequisite for land use development and planning 

(Abdelrahman et al. 2016). Based on the characteristics of the terrain, the properties of the 

soil, and the current land use analysis, the land could be classified into spatially distributed 

agricultural potential zones (Bandyopadhyay et al. 2009). A land cover map based on the 

satellite image classification was used to classify the location with a particular land cover. 

A 30m*30m resolution digital elevation model (DEM) obtained from Shuttle Radar 

Topography Mission (SRTM) has been used to classify the distribution of slopes across 

the UOGB. The slope percentage ranging from 0% to 3% is classified as fair, a slope 

ranging from 3 to 5% is classified as moderately suitable, and a slope ranging from 5% to 

10% is, on average suitable for agricultural land (Bandyopadhyay et al. 2009), which is 

also suitable for the production of rainfed maize. The ETa/ETp assessment of rainfed maize 

water consumption compared to vegetation cover was higher or close to the average value. 

In areas where agriculture is not practiced, it is useful to locate areas where water is 

available to grow maize. 

6.5. Result and Discussion 

6.5.1. Rainfed maize production 

ETa of maize areas in the pixels of the Abelti sub-catchment has been classified from low 

ETa to a high ETa in a variety of ETa groups (Table 6.2). Seed rate, fertilizer indication, 

and highest and average yields were calculated to demonstrate various ETa variation 

classes in yield across agricultural households in the Abelti sub-catchments based on the 

survey data collected by CSAE. All fertilizers used in Ethiopia are imported. Traditionally, 

ammonium sulfate and compound fertilizers have been the main fertilizers, and these 

fertilizers still account for a substantial proportion of imports. In addition to UREA and 

DAP fertilizers, most of the rural population in the country used the combustion of animal 

waste as local fertilizer. Moreover, ETa classes for most optimally water uses are identified 

by calculating CWP and ETa/ETp for each class of ETa. At the same time, the mid-value 

of respected ETa classes divided from yield gives CWP. There is no household located in 
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areas where ETa is less than 170 mm/season from the sample data and land use map of the 

Abelti sub-catchment. The analysis is therefore carried out for the entire household maize 

area. 

Table 6-2 Average and highest rainfed maize crop yield, ETa, seed rate, and fertilizer in 

the Abelti sub-catchment. 

ETa 

(mm) 

ETa/ETp Average yield Highest 

yield 

(Kg/ha) 

Seed 

Rate 

(Kg/ha) 

Fertilizer 

(Kg/ha) 

NO. of 

Holders 
CWP 

(Kg/m3) 

Yield 

(Kg/ha) 

<170 - - 821 1409 - 98 - 

170-310 0.29 0.4 1014 1807 66 127 14,698 

310-450 0.46 0.5 2606 2926 65 84 38,209 

450-590 0.63 0.4 2728 2926 63 76 17,485 

590-730 0.80 0.3 2934 2876 100 98 2,677 

730-870 0.97 0.3 2947 2992 87 105 834 

In Table 6.2 the seasonal average CWP of maize of the Abelti sub-catchment is 0.3 Kg/m3 

with a minimum and a maximum values of 0.3 Kg/m3 and 0.5 Kg/m3, respectively. 

Whereas the highest yield value of the Abelti sub-catchment ranges from 1409 Kg/ha to 

2992 Kg/ha respectively in the respective ETa groups. When ETa/ETp is 0.97 (highest) the 

CWP is 0.3 Kg/m3 (lower) and the average yield is 2947 Kg/ha. For ETa of 310-450 mm, 

the CWP is 0.5 Kg/m3 (highest), the average yield is 2606 Kg/ha, and ETa/ETp is 0.46 

(almost average). The average seed rate ranges between 63 Kg/ha to 100 Kg/ha, and the 

average fertilizer application rates are between 76 Kg/ha to 127 Kg/ha. 
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The average actual evapotranspiration of maize over the main maize growth span of six 

months (i.e., April 20011 to September 20011) is 520 mm (Table 6.2). The ETa of maize 

closely follows the same patterns of yield variability. The highest values were found in the 

“good aspects” of the high yield areas of maize. Other areas display relatively uniform and 

low values. 

6.5.2. Crop production function 

Crop production analysis and its planting can be studied from two different approaches.  

The first approach evaluates the crop yield as a function of the amount of seeds, fertilizers, 

pesticides utilized, weather factors, classic factors of production, and monthly temperature 

and rainfall (or other climate variables such as evaporation and soil moisture).  The second 

approach depends on farmers’ decision making. In this approach, the primary concern of 

the farmers is to decide how much surface area is appropriate for seed plants, which is 

explained in terms of direct crop production costs ( i.e., pesticides, labor, fuels, fertilizers, 

etc.), Consumer Price Index (CPI), Agricultural Producers Price Index (APPI), and crop 

planting area (autoregressive model) (Suchánková and Bezděkovská 2011).  Hussain et al. 

(2003) and Amarasinghe et al. (2010) point out that the function of crop production can 

estimate the impact of different factors on yields. In this study, to an estimation of the crop 

production function of the Abelti sub-catchment, a multiple regression analysis was 

performed, which explains the availability of water, seed rate, and fertilizer effect on maize 

yields (Equation 6.1). A set of linear and non-linear functional forms has been checked, 

from which the function most closely matches the set of data has been chosen on the basis 

of the coefficient of determinants (R2) (Table 6.3). 

𝑌𝑖𝑒𝑙𝑑 = 𝐴0 + 𝐴1𝐸𝑇𝑎 + 𝐴2𝑆𝑅 + 𝐴3𝐹       6.1 

Where, yield is maize yield (Kg/ha), ETa is actual seasonal evapotranspiration (mm), SR 

is the seed rate (Kg/ha), and F is the fertilizer application rate (Kg/ha). 
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Table 6-3 Correlation coefficients between crop yield (maize), ETa, seed rate, and 

fertilizer in the Abelti sub-catchment. 

Sub-catchment A0 A1 A2 A3 R2 No. of 

points 

Rainfed maize of Abelti sub-

catchment 

3657.34 1.1515 2.3229 -

17.6303 

0.794 5 

Form Table 6.3, the value of R2 for the selected three variables for the production functions 

shows 0.794, which means that the selected variables represented approximately 80% of 

the variation in maize yields. In addition, each coefficient shows a change in maize yield 

per unit change in one variable, while the other variables remain unchanged. For example, 

the primary factor affecting yield in maize areas is fertilizer. In addition, the seed rate has 

a high yield impact, and an increase in the seed rate with one Kg/ha raises the yield by 2.32 

Kg/ha. 

6.5.3. Land suitability for rainfed maize 

Based on the DEM-based slope map, areas with a slope between 0 to 3%, 3 to 5%, and 5 

to 10% are categorized as suitable land for rainfed maize. Furthermore, ETa/ETp map, land 

cover map, and slope classification map are combined to classify further the appropriate 

land conversion area for rainfed maize yield. As stated in Table 6.2, ETa/ETp values range 

from 0.29 to 0.97 for rainfed maize in the Abelti sub-catchment area. And hence, pastoral 

land with ETa/ETp greater than 0.46 has been defined as suitable areas for the selected 

three slope classes for the expansion of rainfed maize (Table 6.4). ETa/ETp was chosen on 

the basis of the average rainfed maize yield value of Ethiopia, which is below 2000 Kg/ha 

(Wani et al. 2009) and for which the ETa/ETp values are between 0.29 and 0.46. 
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Table 6-4 Suitable pastoral land area for the three slope classes for the expansion of 

rainfed maize 

Sub-

catchments 

Total Pastoral 

Land (ha) 

Pastoral Land area (ha) for the three slope 

classes (%) 

0%-3% 3%-5% 5%-10% 

Abelti 199,324.61 3,995.89 6,311.99 5,343.51 

Gibe 352,563.32 50,099.47 20,633.95 27,838.63 

Gojeb 99,262.18 15,718.41 9,119.151 30,756.82 

Wabe 15,876.60 8,276.853 2,204.275 2,044.055 

From Table 6.4 on the expansion of rainfed maize in the upper Omo-Gibe basin, it is 

observed that the availability of land in the Wabe sub-catchment is comparatively low 

compared to the other three sub-catchments due to the small size of the sub-catchments. In 

addition to the Wabe sub-catchment, the availability of land for the Abelti sub-catchment 

is increasing due to the increasing size of the field. In contrast, the availability of suitable 

land for the Gojeb sub-catchment is comparatively medium. On the other hand, the 

availability of land for the Gibe sub-catchment is reasonably high due to the large size of 

the sub-catchment and its homogeneous terrain. Out of the total 667,026.71 ha of pastoral 

land, the total additional expansion area suitable for rainfed maize is about 30,287.17 ha, 

of which is Abelti, Gibe, Gojeb, and Wabe sub-catchments have contributed 2,599.70 ha, 

16,372.82 ha, 9,234.23 ha, and 2,080.44 ha of suitable land in the same order. As new 

maize areas use the same amount of water from pastoral land prior to land conversion, the 

addition of rainfed maize to 30,287.17 ha of pastoral land in good to average land suitable 

areas does not affect the sub-catchments water balance. 
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6.5.4. Rainfed maize production strategies 

Strategy I:  Increase yield in the current maize production areas of rainfed maize 

production 

Before it settles around 11 to 12 billion by the end of the 21st century, the world population 

is predicted to hit 8 billion by 2025 (UN 2006). The majority of this population increase is 

expected to occur in low-income countries, where most poor people live, and rain-fed 

agriculture forms the dominant basis for subsistence survival. Both Asia and Africa are the 

leading countries to contribute to this increase in population. Ethiopia is one of the second 

most populous countries in Africa to contribute to this increase in population. More food 

will be required in the future, due to the projected rise in population in the country. Ethiopia 

would need to import more food to fulfill the food needs of the countries in the future. At 

least in the near future, plants, particularly cereals, will continue to supply much of the 

country’s increased food demand, both for human consumption and for livestock feed, in 

order to meet the increasingly rising demand for eggs, milk, and meat in the newly 

developed industrialized countries. For example, for the UOGB, an additional 37.1*106 Kg 

of grain crops is estimated to be needed yearly by 2030, of which 37.1*106 Kg are 

contributed from maize crops. Most of this increase will be allocated from land already in 

use by improved yields (Borlaug and Dowswell 2003). 

Source of growth in irrigated areas, such as increase in population and demand for land 

competing for other sectors of the economy, especially in the UOGB, most of the increase 

in food production would have to come from an increase in productivity per unit of land 

rather than an increase in an agricultural area. Rainfed agriculture must therefore increase 

in order to fill the gap. For example, in order to bridge this yield gap, it is assumed that the 

yield gap of all ETa classes in the upper Omo-Gibe basin can be minimized through seed 

rate and fertilizer management. The average and the maximum stated rainfed maize yield 

of ETa class between 310 and 450 mm per season is about 2606 Kg per hectare and 2926 

Kg per hectare in the same order. Increased yield gaps of rainfed maize production by 

quarter (80 Kg per hectare), half (160 Kg per hectare), and three quarters (240 Kg per 
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hectare) are achieved by increasing fertilizer by about 4 Kg per hectare, increasing the seed 

rate by about 0.5 Kg per hectare and decreasing fertilizer by about 5 Kg per hectare, 

respectively. Table 6.5 shows an increase in rainfed maize production by means of 

improved agricultural practices, where average production rates have improved by quarter, 

half, and three-quarters of the yield gap. 

Table 6-5 increase yield production in existing yield of a maize field 

Sub-

catchment 

Average 

yield 

(Kg/ha) 

Highest 

yield 

(Kg/ha) 

Agricultural 

land (ha) 

Increase in yield production 

(*106 Kg) 

0.25 

yield gap 

0.5 yield 

gap 

0.75 yield 

gap 

Abelti 2728 2926 201,542.68 10.0 20.0 30.0 

Gibe 1520 2876 112,543.45 38.2 76.3 114.5 

Gojeb 1723 2642 31,051.48 7.1 14.3 21.4 

Wabe 2726 2876 27,609.25 1.0 2.1 3.1 

Table 6.5 shows that the Wabe sub-catchment in the rainfed maize area produces a yield 

gap of 4.1*106 Kg, which is lower than the other three sub-catchments. On the other hand, 

the yield gap for the Gibe sub-catchment (152.7*106 Kg) is higher than the other three sub-

catchments. As a result, for the entire UOGB, the increase in rainfed maize production 

results from observation point yields by one-fourth, two-fourth, and three-fourth of the 

yield gap, increasing the maize production by 56.3*106 Kg, 112.7*106 Kg, and 169.0*106 

Kg in the same order. 
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Strategy II: The potentially suitable land area converted into rainfed maize from pastoral 

land to expand the area of rainfed maize  

The potential area suitable for the production of rainfed maize has been converted from 

pastoral land on the basis of the analysis mentioned in section 6.4 for the three slope classes, 

which is discussed in Table 6.4. Table 6.6 shows the outcomes of the increases in maize 

production for the three slope classes. The average and the maximum yields and the 

increase in yield gaps by one-fourth, two-fourth, and three-fourth were used to estimate the 

increases in maize production for each of the slope classes in the UOGB. 

Based on the availability of pastoral lands suitable for expansion to a rainfed maze, the 

lowest (0.31*106 Kg) and the highest (22.2*106 Kg) production increase for the sum of the 

three slope classes were observed in Wabe and Gibe sub-catchments respectively. All in 

all, if the yield of the present average rainfed maize in the UOGB is retained as it is, the 

increase in production in the fair sloping class (0-3 %), the moderate sloping class (3-5 %), 

and the average sloping class (5-10 %) found to be 14.02*106 Kg, 6.30*106 Kg, and 

11.19*106 Kg, respectively. At the observation point of UOGB, the increment in yield 

production by one-fourth, two-fourth, and three-fourth of yield gap shows an increase of 

7.88*106 Kg, 15.76*106 Kg, and 23.64*106 Kg rainfed maize in the same order. These 

yield gaps indicate that the crop yields in these countries can be substantially increased if 

improved practices are adopted. 

In the first strategy, in order to meet the expected 2030 rainfed maize production target for 

the UOGB, the increase in yield gaps by one-fourth, two-fourth and three-fourth 

contributes 23.12 %, 46.23 %, and 69.35 % of the overall targeted production in the existing 

rainfed maize area of the basin in the same order. Whereas, in the second strategy, the 

increase in production for an additional suitable land which are the fair sloping class (0-3 

%), the moderate sloping class (3-5 %), and the average sloping class (5-10 %) contributed 

0.80, 0.39, and 0.68, 1.61, 0.79 and 1.36 and 2.41, 1.18 and 2.04 % of the expected targeted 

production in the same order. Table 6.7 summarizes the two rainfed maize production 

strategies for the 2030 target. 
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Table 6-6 Maize production for the three slope classes 

Sub-

catchment 

Slope 

classes 

(%) 

 

Highest 

yield 

(Kg/ha) 

Additional 

pastoral  

land (ha) 

Increase in yield production (*106 

Kg) 

Average 

yield 

(Kg/ha) 

0.25 of 

the yield 

gap 

0.50 of 

the yield 

gap 

0.75 of 

the yield 

gap 

Abelti 0-3 

2728 2926 

663.72 0.03 0.07 0.10 

 3-5 1048.42 0.05 0.10 0.16 

 5-10 887.56 0.04 0.09 0.13 

Gibe 0-3 

1520 2876 

8,321.52 2.82 5.64 8.46 

 3-5 3,427.30 1.16 2.32 3.49 

 5-10 4,624.00 1.57 3.14 4.70 

Gojeb 0-3 

1723 2642 

2,610.83 0.60 1.20 1.80 

 3-5 1,514.69 0.35 0.70 1.04 

 5-10 5,108.71 1.17 2.35 3.52 

Wabe 0-3 

2726 2876 

1,374.78 0.05 0.10 0.15 

 3-5 366.13 0.01 0.03 0.04 

 5-10 339.51 0.01 0.03 0.04 
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Table 6-7 Overview of the two strategies for producing rainfed maize in the UOGB for 

2030. 

 Expected rainfed maize production for the 2030 target (*106 Kg) 

 0.25 of the yield gap 0.5 of the yield gap 0.75 of the yield gap 

Strategy I 

Total production 101.55 203.11 304.66 

%age cover of the 2030 target 23.12 46.23 69.35 

Strategy II 

 For a slope class of 0-3% 

Total production 3.53 7.07 10.60 

%age cover of the 2030 target 0.80 1.61 2.41 

 For a slope class of 3-5% 

Total production 1.73 3.46 5.20 

%age cover of the 2030 target 0.39 0.79 1.18 

 For a slope class of 5-10% 

Total production 2.99 5.97 8.96 

%age cover of the 2030 target 0.68 1.36 2.04 
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6.6. Conclusions 

This chapter aimed to identify different production strategies to increase maize production 

in the water-scarce UOGB, Ethiopia, by 2030. These strategies are the conversion of 

suitable pastoral land to agricultural land in order to increase the area of rainfed maize and 

increase the yield of existing agricultural land. The strategies identified are achieved by 

assessing rainfed maize production through analysis of crop production function, crop 

water productivity (CWP), and measurement of relative evaporation (ETa/ETp). 

For each class of ETa in the four sub-catchments, ETa classes for most optimally water 

uses are identified by calculating CWP and ETa/ETp. Based on the analysis, the seasonal 

average CWP of maize of the Abelti sub-catchment is 0.3 Kg/m3 with a minimum and a 

maximum values of 0.3 Kg/m3 and 0.5 Kg/m3, respectively. Additionally, it is found that 

the ETa of rainfed maize over the main maize growth span period is 520 mm. 

Crop production function analysis and its planting can be studied as a function of the 

amount of seeds, fertilizers, and water utilized to evaluate the crop yield in the study area 

for rainfed maize area. The result indicates that the selected variables represented 

approximately 80% of the variation in the rainfed maize yields. Moreover, the seed rate 

has a high yield impact, and an increase in the seed rate with one Kg/ha raises the yield by 

2.32 Kg/ha. 

Based on the characteristics of the terrain, the properties of the soil, and the current land 

use analysis, the land could be classified into spatially distributed agricultural potential 

zones. A 30m* 30m resolution DEM has been used to classify the distribution of slope 

across the UOGB. A total of 30,287.17 ha of suitable pastoral land has been 

converted/expanded to rainfed maize area in the three slope classes of the basin. The fairly 

suitable land sloping classes, the moderately suitable land sloping classes, and the average 

suitable sloping classes contributed 12,970.86 ha, 6,356.54 ha, and 10,959.79 ha of suitable 

land for rainfed maize area in the same order. 

The defined two strategies to meet the expected 2030 rainfed maize production target for 

the UOGB are assessed based on the increase in yield gaps by one-fourth, two-fourth, and 
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three-fourth. In the first strategy, the increase in yield gaps by one-fourth, two-fourth, and 

three-fourth contributes 23.12%, 46.23%, and 69.35% of the overall targeted production in 

the existing rainfed maize area of the basin in the same order. Whereas, in the second 

strategy, the increase in production for an additional suitable land contributed to 0.80, 0.39 

and 0.68, 1.61, 0.79, and 1.36 and 2.41, 1.18, and 2.04% of the expected target production 

in the same order. 

 

 

 

The next chapter provides concluding remarks and recommendations and proposes the 

scope of future research work. 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

7.1. Summary 

Water resource scarcity is a hindrance to agricultural activities and sustainable 

development in various parts of the world. Water resource management is often hindered 

by a lack of information on the availability of streamflow data around the world because 

there are limitations on the available gauging stations or failure of the gauging stations. 

Lack of available data often leads to high uncertainty in the assessment of water resources 

management and low confidence in decision-making. The aim is to measure the 

spatiotemporal distribution of availability of water for agriculture, to test the effectiveness 

of ETa and streamflow and evaluate the possible increase in maize production to meet the 

demand by 2030 in the upper Omo-Gibe basin in Ethiopia. Integrating satellite remote 

sensing and hydrological modelling has been used in the basin. The results include the 

estimate of actual evapotranspiration, the statistics on the water balance, the calibration, 

validation, and performance assessment of the hydrological model, and the increase in 

maize production. This section comprises the important findings of this study to advance 

the field of physical hydrological modelling and water balance assessment for water 

resource management in the Upper Omo-Gibe Basin, Ethiopia. It also addresses some of 

the drawbacks of the HBV model and also provides important recommendations and scope 

for further study. 

7.2.Conclusions 

7.2.1. Actual evapotranspiration estimation and water balance analysis 

The Surface Energy Balance System (SEBS) algorithm was used for the period from 

November 2003 to October 2004 to estimate the ETa value in the upper Omo-Gibe basin 

using 16 cloud-free MODIS-TERRA satellite images and meteorological data for 23 rain 

gauge stations. In addition, the Thiessen polygon method was applied to the spatial 

interpolation of precipitation. 
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 The water balance determined using Thiessen polygon-based spatial interpolated 

precipitation and SEBS-based ETa indicates that the water balance of the basin is 

understood clearly. During the study period of the water balance analyses, the UOGB 

received 41,080Mm3 of water in the form of precipitation and released 28,668Mm3 of 

water in the form of evapotranspiration, while the uncountable volume of water remained 

2,683Mm3, which means the difference between precipitation, evapotranspiration and 

surface outflow from the basin. In addition, the water closure term of the basin varies 

from 14.35% to 0.002%. 

 From the analysis of the water balance studies, the highest monthly ETa values are 

observed during the months of April 2003 to October 2004, indicating the overall 

growing season of rainfed crops such as maize, wheat, barley, sorghum, teff, etc. The 

period between April and June is called the Belg period and the growing season for maize 

crops. The analysis also shows that ETa is high during the summer months, called 

Kiremt, which is primarily due to the rainy season and is also the main growing season 

for all types of crops. 

 The standard FAO Penman-Monteith reference evapotranspiration method was used to 

compare SEBS-ETa. From the comparison, it has been observed that average of the 

SEBS-ETa values have the same result as the PM-ETa. Whereas, in the extreme case 

value there is some deviation between SEBS-ETa and PM-ETa.   On the other hand, the 

temporal variation in the basin indicates that the inter-annual rainfall variability gradually 

decreases from east to west. 

 From the water balance measurement analysis, the drainage ratio (which is about 0.1) in 

the basin indicates that the UOGB is a water-scarce area, and, on this basis, there are 

limited opportunities to develop additional water resources. As a result, the expected 

increase in agricultural production is achieved by expanding the rainfed agricultural area 

and by increasing the productivity of crop water in existing areas. 
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7.2.2. Calibration, validation, and performance evaluation of HBV hydrological 

model 

In this analysis, the HBV hydrological model was used to test multi-variable calibration 

using daily streamflow and ETa data. In addition, this hydrological model was calibrated 

on the basis of the Monte Carlo Simulation (MCS) procedure for two different scenarios. 

The performance and applicability of HBV light were successfully evaluated through 

sensitivity analysis, model calibration and validation, and simulated streamflow and ETa 

reproduction. Calibration and validation of the model were performed using five years of 

daily hydrological and meteorological data for each of the four major sub-catchments. In 

addition, the efficiency of SEBS-ETa using the HBV hydrological model has also been 

assessed. 

 The study showed that some parameters of the hydrological model are sensitive and 

have physical meaning; in particular, the FC, LP, BETA, PERC, ALPHA, K1, and K2 

were the most sensitive parameters for streamflow and ETa prediction in the UOGB. 

 In the first scenario, a single variable calibration, such as streamflow, is being used for 

model calibration and validation, and the objective functions NSE, RVE, and Y for 

daily ETa are less than satisfactory for SEBS-ETa. While the model has relatively high 

confidence and provides a very good result for simulating streamflow. The simulated 

streamflow peak has also been well represented in all days. 

 In the second scenario, the calibration and validation results of the HBV hydrological 

model indicate simulated daily flow and ETa were reasonably consistent with the 

measured daily flow value and the estimated SEBS-ETa value. Contrarily to a single 

variable calibration for both streamflow and ETa, the result of the objective function is 

satisfactory to good performance values. The aim of this scenario is, therefore, to test 

the efficiency of SEBS-ETa in the study area and, with that in mind, to test the 

performance of the HBV hydrological model. 

 The model was found to have a good analytical capability for streamflow calibration 

and validation with NSE, RVE, and Y ranging from 0.66 to 0.69 and 0.62 to 0.68, 0.04 

to 0.45 and 0.38 to 0.54, and 0.47 to 0.67 and 0.42 to 0.47 in the same order. Similarly, 
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from the model, the efficiency values for the calibration and validation periods for ETa 

for major sub-catchments indicate that NSE, RVE, and Y range from 0.56 to 0.66, and 

0.64 to 0.73, 0.02 to 0.04, and 0.01 to 0.04, and 0.54 to 0.65, and 0.62 to 0.72 in the 

same order. 

 The efficiency of the use of satellite-based ETa has been verified for model calibration 

and validation. However, it should be appropriate to reproduce the best results from the 

water balance model in the catchment during model calibration and to validate the use 

of a combination of streamflow and estimated ETa. Therefore, in order to have 

reasonable solutions for reproducing and closing the water balance in the catchment 

area, the preferred multi-variable calibration method would be used. This method 

reduces the uncertainty of the model parameters. In addition, the HBV hydrological 

model and the SEBS approach can be used in other basins with similar characteristics. 

7.2.3. Increasing maize production 

Agricultural production, in especially maize crops in the water-scarce UOGB, can be 

increased by increasing crop water productivity and improving agricultural management. 

 Based on the CWP and ETa / ETp analysis, the seasonal average Abelti maize CWP is 

0.3 Kg/m3. In addition, ETa of rainfed maize over the main maize growth period has 

been found to be 520 mm per season. 

 Crop production function analysis and its planting can be studied as a function of the 

amount of seeds, fertilizers, and water utilized to evaluate the crop yield in the study 

area for rainfed maize area. The result indicates that the selected variables represented 

approximately 80% of the variation in the rainfed maize yields. Moreover, the seed rate 

has a high yield impact, and an increase in the seed rate with one Kg/ha raises the yield 

by 2.32 Kg/ha. 

 A total of 30,287.17 ha of suitable pastoral land has been converted/expanded to rainfed 

maize area in the three slope classes (namely fairly, suitable land sloping classes, the 

moderately suitable land sloping classes, and the average suitable sloping class)of the 

basin. 
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 The two strategies identified to meet the expected 2030 UOGB rainfed maize 

production target are assessed on the basis of a one-fourth, two-fourth, and three-fourth 

increase in yield gaps. In the first strategy, the increase in yield gaps by one-fourth, 

two-fourth, and three-fourth contributes 23.12%, 46.23%, and 69.35% of the total 

targeted production in the current rainfed maize area of the basin in the same order. 

Whereas, in the second strategy, the increase in production for additional suitable land 

contributed to 0.80, 0.39 and 0.68, 1.61, 0.79, and 1.36 and 2.41, 1.18, and 2.04% of 

the planned target production the same order. 

7.3.Contribution from this research 

 In addition to spatial precipitation variation, the SEBS-based ETa estimation method 

for cloudy days to complete daily time series of cloud-free satellite images has been 

shown to be effective in the identification of water stress areas. Availability of water 

resources assessment through satellite-based ETa and spatial precipitation variation 

analysis provides a new perspective into the water balance studies in the study area. 

 Without affecting the overall water balance in the basin on the basis of water use, the 

pastoral land classification showed suitable areas for the expansion of rainfed maize 

areas in the basin to meet the expected part of 2030 UOGB rainfed maize production 

target. However, this includes investment in enhanced water management and 

development technology and improvements in land use policy. However, the new 

strategy focuses on higher investment in irrigated agriculture. This study also indicates 

that there are major improvements to be made by enhancing land suitability and crop 

water productivity. It also supports decision-makers, land use and water resource 

planners, and a farmer’s belief to increase maize crop yields in the basin to enhance 

managing fertilizers, seed rate, and water resources. 

7.4.Recommendations and Perspectives for Future Studies 

 To model the upper Omo-Gibe basin missing streamflow records data and an 

inadequate number of gauging stations became the most thoughtful restrictions. If this 

condition continues, it will be more challenging for further studies; hence there need 
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for rapid quality control to predict long-term hydrological and climatic data records in 

government agencies and other stakeholders.  

 Shortages of reliable and continuous hydro-meteorological data worried hydrological 

modelling efforts in the study area.  The study suggests the requirement to increase the 

number of measurements and provide more streamflow measuring gauging stations in 

the outlets of each sub-basin. It is essential to search for more advanced automatic 

recording instruments at gauging stations to reduce unrealistic and unacceptable data. 

 Since the UOGB's crop production areas depend on rain-fed subsistence agriculture 

and natural resources for their livelihoods. This study recommended increasing 

agricultural crop production across the UOGB in dry and wet seasons through the 

allocation of water resources by providing more small-scale irrigation projects as well 

as active management strategies. 

 A number of river basins around the world are considered to be insufficient 

measurements of precipitation, especially in East Africa, including Ethiopia. For 

different hydrological variables, including streamflow, therefore, it is very important 

to predict reliable rainfall data for the river basin. Accordingly, this study suggests that 

the use of spatially distributed precipitation from other sources, such as satellites based 

meteorological data, could contribute to an improvement over data-scarce areas. 

 The major role of each water balance is the long-term sustainable management of water 

resources for a given area; the water balance of the area cannot be taken as final due to 

changes in water needs, human influences, and climate variations and/or changes. The 

process must therefore be continuously controlled, monitored, and updated. 

 In order to compare the impact assessment and catchment characteristics, it is vital to 

observe for the performance of other hydrological models. 

 Water balance equations can be evaluated for any region and for any time period. The 

method of determining an overall water balance for a given area implies an assessment 

of all the inflow, outflow, and water storage components of the flow domain bounded 

by the impermeable base of the underlying groundwater, the land surface, and the 

imaginary vertical boundary of the area are required. 
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 It is understandable that hydrological impacts on changes in land use/land cover and 

climate variability and statistical and trend analysis of hydro-meteorological data could 

not be recognized in the current study. 
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APPENDIX 1 

Table 1 Details of the selected meteorological station for upper Omo-Gibe basin 

S No Name of 

Station  

Longitude Latitude Altitude 

(m) 

Annual Average 

rainfall (mm) 

1 Areka 7.07 37.70 1765 1190.60 

2 Assendabo 7.77 37.23 1760 1403.62 

3 Bele 7.08 37.58 1712 1190.60 

4 Bonga 7.22 36.23 1712 1583.15 

5 Butajira 8.12 38.37 2099 1207.92 

6 Chekorsa 7.62 36.73 1816 1586.21 

7 Cumbi 8.12 37.47 1933 1271.51 

8 Dedo 7.52 36.87 2111 1496.60 

9 Durame 7.24 37.89 2000 1128.76 

10 Gedo 9.05 37.43 2431 1492.74 

11 Gesuba 6.72 37.56 1522 1171.20 

12 Gibe Farm 8.23 37.58 1092 1182.80 

13 Hosana 7.57 38.85 2307 1185.03 

14 Indibir 8.12 37.94 2082 1162.48 

15 Jimma 7.67 36.83 1718 1496.60 

16 Limu Genet 8.10 36.95 1731 1385.18 

17 Meto’so 7.43 36.88 2066 1459.92 

18 Shebe 7.52 36.52 1720 1586.21 

19 Waliso  9.00 37.00 2043 1330.10 

20 Welkite 8.27 37.75 2000 1218.20 

21 Wolaita Sodo 6.83 37.75 1815 1172.18 

22 Wushwush 7.30 36.12 1970 1583.15 

23 Yaya 8.37 37.53 1538 1218.20 
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