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ABSTRACT

The management of surface water resources is hampered in many river basins by a lack of
data. The problem is for several of Ethiopia’s river basins increasing the productivity of
surface irrigation and scientifically understanding the factors that led to integrated surface
water modeling, particularly in Ethiopia's lower Baro is useful. The objectives of this study
were (i) to review the land cover (LC) change implications to hydrological variables soil
erodibility and vyield reduction (ii) to explore statistical and trend analysis of
hydrometeorological data, (iii) to quantify the surface water potential and irrigation water
demand, and (iv) to investigate the satellite-ET based irrigation performance using Water
Productivity Open-access Portal database and to come up with a strategy for quantifying
the spatial and temporal increase water use efficiency (WUE) and system water use
efficiency (SWUE) in the rainfed and irrigated area of lower Baro watershed. GIS-based
multi-criteria evaluation used with the interaction of 8 factoring parameters, to see the low
level of irrigation development. In the eight sub-classes, a total of 20, 325 km? of
appropriate pastoral land has been transformed into rainfed rice, sugarcane, maize, and
vegetable land. This study used GIS, RS, Water Evaluation and Planning (WEAP),
Cropwat8.0, and EasyFit software. The soil moisture rainfall-runoff method was computed
using the WEAP hydrological model for the surface water demand and potential
simultaneously from 2000-2014 and 2020-2030. This work used systematic reviews and a
meta-analysis technique to examine the LC change and its effects on hydrological
variables, soil erodibility, and yield reduction. Record identified through Scopus
Searching, Web of Science Searches, and Google Scholar. Fully articles were assessed for
eligibility and excluded for reasons. In the data search, 85 articles with investigations
published between 2007 to 2022 were examined. Then, for surface water potential and
irrigation productivity, only 2% of the abstracts that were eventually evaluated for
assessment were selected. Four crops were selected to grow in these identified irrigable
areas, and their gross irrigation demand was calculated using Cropwat8.0. In addition to
annual streamflow variability, using graph pad prism 9.4 the monthly streamflow
variability was determined. With the help of the WEAP system's parameter estimation tool

weekly, average streamflow calibration was performed.



As a result, of the review, in the lower Baro, built-up/ settlement, agricultural land, water
body, bare/ outcrop, and commercial farm rose roughly +195, +48, +35, +35, and +1%,
respectively. On the other hand, shrubland, rangeland, forest land, and wetland decreased
by 1, 0.5, 5, and 10%, respectively. But the revised universal soil loss equation looks to be
a good alternative and soil water conservation measures are crucial for minimizing soil
erodibility in lower Baro. As a result, of the water balance obtained the maximum
estimated monthly hydropower potential, irrigation water demand, livestock water
demand, and surface water potential were 60.3 Mm? and the corresponding outflow value
was 52.4 Mm?. The total estimated mean annual surface runoff leaving each station of the
watershed was 462.06 Mm?®. The coefficient of determination (R?) result was 0.88 and the
Nash efficiency coefficient (NSE) was 0.91 highest at the Baro Gambella station. The
anticipated irrigation requirement for the selected crop's driest five months of May,
February, March, January, and April was 1, 0.9, 0.78, 0.78, and 0.34 I/s/h. The Baro
Gambella sub-catchment had maximum critical values test results of ¢ = 12.6, p =11.9,
and y = 0, while the Sor Metu showed the smallest value of 0.80, 1.75, and -0.03. Across
the watershed, the SWUE varies with runoff, with a coefficient of variation of 71%. As a
result, the overall accuracy of the LC change was 81%, the Landsat 8 images of the soil-
adjusted vegetation index showed a maximum value of 0.87 and a minimum of -1.5. The
normalized vegetation index of 0.58 maximum and -1 minimum was observed. By 2050,
the SWUE will be 10% lower temporally, but its spatial variability will be 25% higher.
From 2017-2023 an increase in trees (dense forest), scrub/shrub land, flooded vegetation,
and bare ground, while there had been a decline in water bodies and crops during the same
period. When yield gaps are increased by a factor of 1/3, 2/3, and 3/4, the Baro Gambella
sub-catchment has the biggest yield gaps 443.52, 887.04, and 1008.106 kg respectively,
while the Gumero Gore sub-catchment experiences the smallest yield gaps 0.01, 0.02, and
0.03 kg respectively. As a result, the crop water productivity, ET, crop index, and temporal
fluctuation of the yield gap were investigated. Also, the available dry river flow does not
meet the available potential irrigable land. Moreover, to increase the irrigation crop water
productivity by 2050 in the lower Baro watershed. Therefore, improve soil infiltration and

water storage, which decreases runoff and the water lost by ET and raises SWUE.

Keywords: Surface water potential; soil moisture; irrigation water productivity; yield gap
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CHAPTER 1 INTRODUCTION

1.1 Introduction

The sustainable development and utilization of surface water resources are necessary to
combat poverty and stimulate the economy (Hamza and Getahun, 2022). Irrigated land
yields 40% of total grain output from only 20% of the worldwide arable area; while rainfed
agriculture produces 60% of total grain output (Gebul, 2021). Information about rainfall is
crucial for planning and developing various water resource facilities; floods and landslides
are brought on by excessive rainfall, whereas drought can happen when there is not enough
precipitation (Phawa, 2023). As part of the land-water cycle, surface water resources are
crucial for sustaining and safeguarding the stability of the water and world’s habitats.
Around 62% of the precipitation that falls on the continents is produced through
evapotranspiration (ET) on a global scale; the majority of this occurs through the land
surface, with only 3% coming from open-water evaporation (Wang & Yang, 2014). With
a 1% annual growth rate, worldwide yearly water use is expected to be 4600 Bm?; the
monthly water variability is roughly 3.6 billion people live in potential water-scarce zones,
which will climb to 4.8-5.7 billion by 2050; on the other hand, between 2000 and 2050, it
is anticipated water use will rise by 55% (Salem et al. 2022). Due to the world’s growing
population, there is a need for considerable improvements in food production (Tadesse &
Zewdie, 2022).

1.2 Irrigation water management

Irrigation techniques that save water have the potential for water scarcity exacerbated by
agricultural development useful for land and water management (Abera et al. 2020; Eshete
et al. 2020). The irrigation of the entire nation is shown in a less formal document outlining
the growth of irrigation in Ethiopia (Gebul, 2021; Eshete et al. 2020). According to
statistics, 86.5% of the irrigation systems in the command area are operational, yet only
46.8% of the projected beneficiaries have profited from irrigation (Awulachew & Ayana,
2011). Irrigation now covers 3.07 million ha; however, further irrigation is required (Gebul,
2021). Micro-irrigation systems (drip and sprinklers) are crucial in addressing these issues.

Increased input use efficiency also aids farmers in maximizing farm profits.



Although few water energy food resource planning approaches have been incorporated,;
moreover, the knowledge gaps about incorporating spatiotemporal drivers accessibility of
agricultural sectors (Shannak et al. 2018; Fikadie et al. 2022). In East Africa, there has been
a greater geographical range in precipitation ranging from a 25 to 50% fall and rise (Abebe
et al. 2022; Multsch et al. 2017). The allocation of surface water resources to the
agricultural, hydropower generation, industrial, and domestic sectors is primarily
determined by regional hydrological tendencies (Todmal, 2020). The potential and demand
for water resources and their products in Ethiopia are still in their infancy; factors hindering
the development can be grouped into four main streams: natural, technical, economic, and
institutional (Dessu et al. 2019). The most significant issue is determining when and how
much to irrigate a specific crop using different irrigation systems; gaps in soil suitability
for surface irrigation play a vital role in the nation's effort to manage water resources
(Halefom & Ulsido, 2020; Berhanu et al. 2013; Thiemig et al. 2012).

One of the effective solutions to the problem of food insecurity is irrigation; approximately
66% of the country's land may be used for agriculture (Fikadie et al. 2022). The
government, investors, and farmers are all participating in the irrigation land project
(Seyedmohammadi et al. 2016; Rising, 2020). According to the literature review, social
pressure and a fast-rising population drive and cause the size of irrigable regions (Dau et
al. 2021). Moreover, the cause of the damaged cropland, according to Ethiopia's Productive
Safety Net Program, is unsustainable agriculture methods (Solomon et al. 2016). During
Kiremt (winter season) 2019, floods affected 22,996 people around Gambella, Gambella
town, Dima, Abobo, Gog, and Jor in the Agnuak zone; Itang special Woreda; and
Wanthowa, Jikawo, Akobo, Lare, and Makoy in Nuer zone (GoE, 2015; Batisha, 2015;
Ghoreishi et al. 2022).

1.3 Surface water availability

Water scarcity has evolved in several sections of the country due to uneven rainfall
distribution, rising demand, and the incidence of droughts (Woldegebriel et al. 2022; Hailu
et al.2019). Because the majority of Ethiopia's rivers are transboundary; 97% of the
country's annual streamflow flows out of the country, with only 3% remaining within the
country (Ouda et al. 2013). The number of models employed in water, energy, and food
nexus analysis is quickly expanding; water availability is being utilized for irrigation water

demand to investigate future possibilities (Cetinkaya et al. 2022; Rising, 2020; Ostojski,



2013). However, precipitation patterns are incredibly valuable and have been studied in a
wide range of fields (Varouchakis et al. 2018). In vast River Basins, hydrological modeling
is an essential component of water resource study and management (Johnston and
Smakhtin, 2014). Specifically, integrated surface irrigation water management required
accurate information on the components of the water balance equation (Rajosoa et al. 2021;
Nesru et al. 2020). However, the limited availability of water and continuous up-to-date
ground stream flow data is one of the main constraints for large-scale basin forecasting
models (Ekka et al. 2020; Revilla et al. 2016). Moreover, data on hydrology and water
demand, as well as projecting the effects of various management systems under climate

change, remain a difficulty (Hoéllermann et al. 2010).
1.4 Surface water management

In nations like Ethiopia, a detailed assessment of a River Basin's surface water potential
irrigation water productivity is critical for the future growth of any water-related project
(Kemal and Adeba, 2021). A review of Baro Akobo River, when compared to the values
predicted in the river basin's master plan, the estimated surface water potential has been
reduced by about 3.6 Bm?® (Deneke et al. 2023). Water resources developments are not
short-payable investments, securing finance for projects from either lenders or private
investors is challenging (Shannak et al. 2018). But, hydrological components, such as ET
to water resource research are mainly restricted to the model and less analysis has been
undertaken (Touseef et al. 2021). The enormous variation in crop yields around the world,
however, has recently been brought to light by several articles; which have also identified
mechanisms that can potentially increase crop yields (Brauman et al. 2013). This demand
is kept high by the expanding human population because there is a lack of both land and
water (Ibarrola et al. 2017). Crop Water Productivity (CWP) has become more well-known
as a gauge of agricultural performance in recent years (Gebrehiwot & Gebrewahid, 2016).
Besides, a huge gap between water supply and demand concerning per capita consumption
among different dwellers ( Kemal & Adeba, 2021; Touseef et al. 2021; Town, 2019; Hussen
et al. 2018). The enormous variation in crop yields around the world, however, has recently
been brought to light by several articles; which have also identified mechanisms that can

potentially increase crop yields (Brauman et al. 2013).



1.5 Surface water hydrological modeling

The choice of the models may depend on the availability of data input requirements, climatic
situations land use, topographic nature, soil type, morphological characteristics of a
watershed, and other related factors (Adane et al. 2021). However, hydrologic models can
be lumped, distributed, and semi-distributed; on the other hand, hydrologic models, such as
Hydrologic Engineering Center's (HEC), River Analysis System (HEC RAS), Hydrologiska
Byrans Vattenbalansavdelning (HBV), and Soil and Water Assessment Tool (SWAT) others
are tested and largely approved for use in Ethiopia's numerous River Basins (Dile et al.
2016; Che & Mays, 2015; Creutzfeldt et al. 2010). Considering the water sector holistically,
rapid urbanization, population growth, and ever-increasing demand from the irrigation
sector should be taken into account (Abera et al. 2020; Irfan et al. 2018). Watershed
hydrology is impacted by the land cover (LC) both spatially and temporally across the short-
and long-term (Kafy et al. 2021); including, land productivity, geomorphological,
hydrological, and related water resource systems in watersheds (Kotir and Ogundeji, 2020).
The study demonstrates that the hydrological behavior in close-by catchments is
comparable; nevertheless, while it works well when utilizing a dense network of gauging
stations, it may result in erroneous representations of rainfall-runoff behavior in regions with

different climatic and geomorphological characteristics (Baez et al. 2021).
1.6 Land cover change and soil erodibility

Ethiopia's highlands have lost over 1.5 billion tonnes of topsoil due to erosion, which might
have resulted in a 1.5 million tonne boost in the country's grain production (Jemal, 2021).
Because runoff generation is influenced by rainfall intensity, most study models
concentrate on stormwater episodes and disregard smaller rainfall events (Timm et al.
2018). In Ethiopia, there are few studies on the topic, as well as fewer location-specific LC
studies or soil erodibility assessments. Direct sowing and tillage that is perpendicular to the
gradient slope are two agricultural practices that avoid runoff and limit the ability of the
soil to be eroded by amorphous aluminium and iron (Atougour et al. 2019; Tilahun, 2018).
A new product named LULC 2020 Environmental Systems Research Institute (ESRI) was
released by the ESRI in June 2021. It was created by classifying Sentinel-2 satellite data at
a 10-meter resolution using artificial intelligence; information on land use, such as forestry,
crops, water, and urban areas is crucial and must be updated. Half of all erosion on a

worldwide scale is estimated to be caused by water (Szporak et al. 2022);
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one of the most significant environmental issues in the world, with both local and global
effects, is soil erosion (Panagos et al. 2022). There is a need to understand how the LC
change would affect the major river basins in the nation's flow regime, particularly in
regions with seasonal water supplies (Mohaideen and Varija, 2018). The key factor
contributing to the upper Baro basin's detrimental anthropogenic deterioration is large-scale
agricultural expansion, which induces LC change and maintains the sustainable flow of
water to the lower Baro watershed (Basin, 2021; Wu et al. 2014). The enormous variation
in crop yields around the world, however, has recently been brought to light by several
articles; which have also identified mechanisms that can potentially increase crop yields
(Brauman et al. 2013). This demand is kept high by the expanding human population
because there is a lack of both land and water (Ibarrola et al. 2017). Crop Water Productivity
(CWP) has become more well-known as a gauge of agricultural performance in recent years
(Gebrehiwot & Gebrewahid, 2016). Besides, a huge gap between water supply and demand
concerning per capita consumption among different dwellers ( Kemal & Adeba, 2021;
Touseef et al. 2021; Town, 2019; Hussen et al. 2018).

1.7 Remote sensing water productivity

Currently, remote sensing technology allows for high spatial and temporal resolution
measures of agricultural performance (Ferrant et al. 2014). Remote sensing (RS) makes it
possible to keep track of a wide range of factors that have an impact on agricultural output
(Salem et al. 2022). Water is a limited natural resource that is vital to life and is crucial for
the development of human civilization; it is an essential part of agricultural production
systems that produce fiber and food (Ndeketeya & Dundu, 2022; Safavi et al. 2015).

The Sustainable Development Goals (SDGs) of the United Nations (UN) call for drastically
improving water consumption efficiency and doubling the agricultural productivity of
SDG2.3 and SDG6.4 by 2030 (Moisa et al. 2022; Kotir et al. 2020; Eshete et al.2020). But
lately, the rate of gain from more irrigation has slowed; increased warming will likely make
it difficult to increase yield improvements through irrigation expansion (Zaveri and B.
Lobell, 2019). The Ethiopian irrigation projects will cover 2.05 Mha by gravity (Gebul,
2021); 2.05 Mha by gravity, and 0.04 Mha by pressurised irrigation will be covered by
2050 (Multsch et al. 2017).



The present government has irrigated approximately 190,000 ha, with plans to enhance this
figure (Mesfin et al. 2020). The statistics show that 86.5% of irrigation systems are
functioning, 74.1% of the command area is under cultivation, and only 46.8% of the
expected beneficiaries have benefited from irrigation (Awulachew and Ayana, 2011). To
ensure the sustainability of agriculture in areas with limited surface water resources;
particularly for crops with high water requirements, irrigation performance must be
improved (Mandal et al. 2020; Haj et al. 2018; Teshome et al. 2018). Vegetables and
sugarcane received less attention than cereal crops in the majority of yield gap analysis
research (Van Loon et al. 2018; Chapagain & Hoekstra, 2011).

Food and Agriculture Organization (FAQO) portal to monitor Water Productivity Open-
access Portal Database (WaPOR) performance indicators play a crucial role in improving
water use efficiency, assisting performance-oriented management, identifying constraints,
and comparing system performance with other products (Multsch et al. 2017). Land
productivity is estimated at spatial scales ranging from 100 to 250 m with a 10-day temporal
resolution, depending on the site (Sawadogo et al. 2020). For applications in agriculture,
there are no standardized accuracy standards for remotely sensed information (Karimi et
al. 2019). Although projections for sugarcane for the next ten years indicate a slowdown in
the increase of global sugar consumption. The pace of growth is still anticipated, and
narrow scope and greater detail refer to a study's limited spatial coverage, single-crop
emphasis, and extensive use of detail in determining the root causes of the yield discrepancy
(Van Oort et al. 2017).

In sub-Saharan Africa, where 70% of the small landholder farmers are women, the target
is to increase the yield gaps of crops by a factor of two to four (Giller et al. 2021).
Investigation of the main elements restricting and reducing crop production in farmer's
fields using yield gap analysis at the regional level is helpful (Silva et al. 2021). Global
sugar consumption is expected to continue increasing, albeit at a slower pace, by 2027 (Van
Oort et al. 2017). Water productivity potential (WPP), water productivity actual (WPA),
yield potential (Yp), actual yield (Ya), and water-limited yield (Yw) are affected by
topography and water availability. These measurements are based on benchmark rainfed

crops, but determine the appropriate inference domain for specific WPP, WPA, YP, and



YW yield gap estimates can be challenging and require translating knowledge into action
(Giller et al. 2021). The discrepancy between potential and water-limited production
indicates a yield gap that can be filled with rainfed crops and more irrigation (Van Oort et
al. 2017). Table 1.1 shows the potential irrigable and actual irrigated area of the main
drainage basins, of Ethiopia.

Table 1.1 Potential irrigable and actual irrigated area of the main drainage basins of
Ethiopia (MoWIE)

Basin Potential Irrigable Actual Irrigated Area % Utilised
Area (ha) (ha)
Abay (Blue Nile) 977,915 21,010 2.1
ReftValley 122,300 12,270 10.0
(Lake)
Awash 204,400 69,900 34.2
Omo Ghibe 450,120 27,310 6.1
Genale Dawa 435,300 80 0.02
Wabi Shebelle 237,905 20,290 9.9
Baro Akobo 748,500 350 0.05
Tekeze 312,700 1,800 0.57
Afar 3000 - -
Merebe 37,560 8000 21.3
Total 3,495, 795 161,010 4.0

1.8 Statement of the problem

Currently, there is an increasing demand for irrigation and hydropower development in
Ethiopia. The country is experiencing several problems such as rapid population growth,
limited surface water resources, environmental degradation, and yield reduction in lower
Baro Ethiopia. Surface water resource managers in many large watersheds face three major
challenges. Namely an increase in water demand, the impacts of climate change effect on
water availability, and the land cover change implication to hydrological variables of soil
erodibility. In contrast to other hydrological components in the hydrological cycle, the
percentage of water in soil moisture is lower. Nevertheless, it is essential to many
agricultural and hydrological investigations. Developing ways to improve water application,

yields, and high-quality crops requires an accurate assessment of ETc as a critical first step.



Although trend analyses of hydro-meteorological variables are widespread in Ethiopia,
earlier research solely looked at rainfall and temperature. They haven't given all the details
of the watershed's hydrology (Ketema & Dwarakish, 2020). So, the science question makes
estimating the hydrological extremes by a single method challenging. The combined
hydrological modeling, remote sensing, and observation are the best complete picture.
Understanding the components of water balance and how they affect the system's
ecohydrological conditions and water productivity over the short and long term is crucial.
Because there are fewer instruments available to analyze irrigation systems in such detail,

this is the bottleneck, especially at the regional scale.

Traditionally, field studies are carried out to quantify and assess different approaches to
surface water management to increase water productivity. Researchers have worked hard in
recent years to create physical simulation models that can examine environmental and water
consumption issues. Among the twelve River Basins in Ethiopia, the Baro Akobo Basin has
abundant surface water resources, which up to now are less developed to any significant
level. However, agriculture is affected by several causes, but the most common problems
are pests, uneven rainfall distribution, waterlogging in wetland areas, salt-affected arid,
semi-arid regions, and acidity in high-rainfall areas. As a result, of the over-exploitation of
natural resources a wide range of problems priority has been given to address these

challenges.

The creation of new technology and collection process of spatial data, particularly GIS and
RS, represent a chance to overcome some of these obstacles; by providing fresh approaches
and options for the collection and management of data, particularly on a more accurate
spatial and temporal scale. Thus, the main task is to better understand the dynamics of soil
erodibility on crop water productivity in challenging climatic conditions. Moreover,
understanding the effects of scaling up surface water productivity innovations watershed
levels are useful for catchment tributaries. The severity of the problems needs surface water
hydrological modeling techniques and tools to investigate the surface water potential and
irrigation water demand. Investigations with land use and land cover change on the
hydrologic responses relating to the surface runoff at the watershed. Due to climate change,

rainfall is very unpredictable in terms of timing, frequency, and volume.



However, population growth is the cause of the strain on the limited water resources (water,
soil, and land); a dry spell typically occurs frequently and hinders CWP. As a result, the
area's population occasionally has food shortages and insufficient access to domestic water;
even the animals suffer severe starvation owing to limited pasture. Therefore, there is only
seasonal food production in the study area, which has a high population density. The
enhancement of surface water accessibility is necessary for the creation of small-scale,

medium-scale, and large-scale irrigation systems at the watershed scale.
1.9 Objectives of the study

This study aims to integrate GIS and RS to estimate the surface potential and irrigation
water productivity at the spatial and temporal distribution of water availability, increase
the surface water productivity, water use efficiency (WUE), and system water use
efficiency (SWUE) for agriculture in Ethiopia's lower Baro watershed. The following are

the study's specific objectives:

1. To review the land cover change and its implication for hydrological variables, soil
erodibility, and yield reduction

2. To explore statistical and trend analysis of hydro-meteorological data

3. To quantify the surface water potential and irrigation water demand of lower Baro

watershed tributaries

4. To investigate the satellite ET-based irrigation performance: strategies to increase

rainfed crops production in the lower Baro watershed tributaries
1.10 Organization of the study
The remaining chapters are organised as follows

Chapter Two a systematic literature review is presented, starting from the land cover
change implication to hydrological process and soil erodibility and yield gap closing for
food security and sustainable surface water management. Literature gaps have been
identified to accomplish research objectives. The first objective of the study is discussed

in this chapter.

Chapter Three provides a detailed methodology framed to complete the research work.

It also provides a brief account of surface irrigation and yield gap evaluation techniques.
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The reason behind choosing the study area and a detailed account is also given along with

the data used in this chapter.

Chapter Four discusses the statistical and trend analysis of historical hydro-
meteorological data obtained for the lower Baro catchment tributaries. Monthly and annual
averages of rainfall, air temperature, and streamflow are subjected to trend analysis. Also,
the statistical Easy Fit probability density function relating to rainfall goodness of fit is

discussed and a conclusion is made.

Chapter Five presents the strategy adopted for the application of the WEAP model to
assess and integrate surface water modeling with irrigation productivity in the lower Baro
catchment tributaries. Results concerning catchment responses; especially streamflow, soil
moisture, and evapotranspiration, to changes in LC hydrological process and LC climate
variability, are discussed.

Chapter Six discusses the satellite ET-based irrigation performance: strategies to increase
rainfed crop production in the lower Baro, Ethiopia. The strategy adopted, therefore

Cropwat8.0 modeling for the irrigation schedule to increase the crop yield.

Chapter Seven Lastly summarises, concludes, and recommend the finding of this research

work. Moreover, the limitations of the study and future scope 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 review of literature provides an overview of integrated surface water modeling of the
satellite ET-based irrigation performance indicators as well as the yield gap targets for
rainfed and crop water productivity in the lower Baro catchment tributaries. WEAP
hydrologic model is used to explore the effects of external influences such as soil-water
relationship, rainfall pattern, climate variability, and land use/land cover change in the
lower Baro watershed. The review of the article is categorized into the following themes

Trend Analysis of Hydro-Meteorological Variables in Crop Production;
Selection of Surface Water Hydrological Modeling

Irrigation Potential of Ethiopian River Basins

Challenges of Surface Water Resources Development in Ethiopia
Comparative Studies Using Surface Soil Moisture Models

Surface Water Management at Regional Level (East Africa)

Surface Water Resources at the National Level (Ethiopia)

Surface Water Resources at Local level (Regional States)

Climate Change Impact Studies on Surface Water Resources of Ethiopia

e i e e e 1 e e 1 R

Causes of Variation of Water Productivity
& Remote Sensing satellite real-time water productivity

Irrigating the land and improving the management of existing irrigation infrastructure may
accomplish a lot; water resources should be developed responsibly to aid in the reduction of
poverty and advance economic growth (Hamza & Getahun, 2022). The interactions between
the Earth's atmosphere and land systems can be seen as the primary drivers of climate change
(Kumilachew & Hatiye, 2022; Van der et al., 2018; Dau et al., 2021; Bekele et al., 2019;
Hasanuzzaman, 2019; Asghar et al., 2019). The two variables that regulate ET are soil
moisture and vapor pressure deficit, both of which are impacted by global climate change
(Yao et al., 2023). When water moves from an area with high free energy to one with
reduced free energy, this is known as the water potential (Woldegebriel et al., 2022). The

potential and demand in the water sector development are still very less; with factors
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hindering natural, technical, economic, and institutional (Dessau et al., 2019). The allocation
of water resources is primarily determined by regional hydrological tendencies (Rajosoa et
al., 2021; Todmal, 2020; Al-Faraj et al., 2016). Water scarcity has evolved in several
sections of the country as a result of uneven rainfall distribution, rising demand, and the
incidence of droughts (Ouda et al., 2013). Land-use changes are altering the hydrologic
system and have potentially large impacts on surface water resources (Belay and Mengistu,
2021). Numerous regional studies have been performed worldwide to examine the effects
of past land-use changes on water availability; in particular, in areas with limited water
resources, land-use changes may make water more scarce and worsen living circumstances
(Wagner et al. 2013). Based on the year-by-year correlation between rainfall and discharge
suggests that the changes in land use/cover in the study area may have an impact on surface
water resources (Tilahun et al. 2018). Although it has a huge surface water capacity, it is
still unclear how successfully it will be able to supply the watershed's irrigation needs
(Engdaw, 2016). However, the growth in the population, energy production, and land use
are further contributing variables (Asitatikie & Gebeyehu, 2021). A gap between freshwater
supply and demand will probably exist in many places of the world due to a changing
climate (Salem et al., 2022; Sahukhal & Bajracharya, 2019; Varouchakis et al., 2018;
Aramburu et al., 2015).

2.2 Trend analysis of hydro-meteorological variables and crop production

variability

The primary water user that contributes to water scarcity in many river basins is irrigated
agriculture (Mmbando, 2015). Studies indicated that 40% of the world’s food comes from
17% of the world’s cropland is irrigated which consumes more than two-thirds of the
world’s developed water supplies (Khatri et al. 2013). (Wichelns, (2017) emphasized at
Bonn Conference, many distinguished speakers promoted the water-energy-food nexus as a
novel and meaningful depiction of interactions involving water, energy, and food security
(Dessu et al. 2019). Regional and local hydrological regimes are significantly vulnerable to
global climate change which threaten the water resources and food security of nations
(Bekele et al. 2019).
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2.3  Selection of surface water hydrological modeling

Anctil et al. (2003) clearly explained in various publications, a model is a simplified
representation of a real-world system; consists of a set of logical operations contained within
a computer program. Models are set up for possibilities to include observed rainfall and
streamflow data for different purposes mainly calibration (Kauffeldt et al. 2016). In the
modeling world, with the applicability to basins for different purposes, there exists no
universal hydrological model (Thi Thanh Hang, 2019). The Baro River overflows, along
with a local tributary and the wetland itself, are primarily responsible for creating the
Machar Marshes. The majority of studies focus on stormwater events and neglect smaller
rainfall events; since the generation of runoff depends on rainfall intensities (Timm et al.
2018). Studies should advise a potential effect into account when parameterizing WEAP
modeling for future scenario analysis (Abdi and Ayenew, 2022). The spatial and temporal
pattern of the precipitation estimate resembles accurately gauged data where better temporal
quality and areal extents are also critical for efficient prediction of the water balance
components and hydrologic variability of the watershed tributaries (Shawul & Chakma,
2020).

2.4 Irrigation potential of Ethiopian river basins

In Ethiopia, surface water resource management for agriculture includes both support for
sustainable production in rain-fed and irrigated areas. A total of 500,000 acres in 12 river
basins are cultivated by 5 million farmers in regions with variable rainfall; irrigation water
demand volume of around 6000 m?® per ha and a potential of 6.5 km® (Belachew et al., 2022).
The impact of various rainfall patterns on soil erosion can be estimated; high intensity with
short-duration rainfall events influences soil erosion processes; the FAO reported that 25 to
40 billion tons of topsoil are degraded each year; affecting soil properties and crop yield
(Mauryaetal. 2021; Tigray, 2017). In 2007, the Central Statistics Agency of Ethiopia (CSA)
reported that the LC change increased by +4.15% per year with the average landholding size
per family of 1.4 ha; this is below the standard of FAO of 2 ha.
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2.5 Challenges of surface water resources development in Ethiopia

Countries like Ethiopia must take a sensible approach to address the ecological, social, and
economic problems associated with watershed development (Alemu, 2016). Obtaining
funding for water resources projects from lenders or private investors is difficult because
they are by their very nature non-short-payable investments. Only 40% of the country is
covered by the approximately 470 functioning hydrological gauging stations, which is
extremely few by any measure (Melesse et al. 2013; Lee et al. 2020).

2.6 Comparative studies using surface soil moisture models

Statistical learning theory approaches are used to handle the complicated nature of soil
moisture. The capacity of tools to spatially assess scattered soil moisture at a single farm
has been explored for years (Rai et al. 2019). Also necessary for figuring out hydrological
processes, such as interactions between the land and the atmosphere, rainfall-runoff
responses, and erosion processes (Shein et al. 2021; Adimassu et al. 2018). Buckingham is
the first to present the idea of the soil water's potential dependency of water potential on
water content (Wang & Yang, 2014). The short-term depletion storage due to soil water
moisture is depleted by either evaporation or outflow away from the storage location (Drisya
& Sathish Kumar, 2022; Mohaideen & Varija, 2018). Due to a higher water demand for ETo
from crops and other natural vegetation brought on by a rise in temperature, the amount of
soil moisture will be depleted more quickly (Mohaideen & Varija, 2018). Irrigation water is
crucial to water availability in arid and semiarid areas (Han et al. 2014). A comprehensive
strategy for managing water resources today supports the development and management of
water, land, and related resources (Loukas et al. 2007; Joseph et al. 2020). Moreover,
sufficient temperature to derive ET during the dry season, the saturation point shall not be
satisfied to form precipitation due to lack of moisture. The hydropower reservoir location

and annual ETo across Ethiopia as shown in Figure 2.1.
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Table 2.1 Summary of various hydrological studies

S Types of Hydrological processes simulated
No models
1. SWAT Physically based, distributed watershed-scale models are intended to

predict how changing land use will affect sediment, hydrology, and
pollutant transport in significant, ungauged basins. When simulating
HRU over an extended period, it is helpful.

2. WEAP A generic computer program that works well for modeling water
management. It creates a model to support long-term planning,
supply and demand, yield, dependability, risks, and related expenses.

3. APEX A flexible, dynamic framework is needed to model the consequences
of land use and management for large farms and small water basins.
Additionally, it can mimic the effects of different nutrient
management techniques, cultivation methods, water and soil
conservation measures, alternative farming practices, and more.

4. HEC-HMS Hydrological modeling offers a variety of techniques for simulating
different aspects of the hydrologic cycle, both continuously and
event-based.

5. HBV The most recent version of the HBV model is known as HBV-light,
which makes use of a time when the temperature is pleasant, where
physical factors are given suitable values for each parameter, and
meteorological information.

6. MIKE-SHE  This model is a deterministic, geographically distributed process-
based model that can replicate the fundamental hydrological cycle
processes at the land level.

7. TOPMODEL A portion of the semi-distributed model uses topographic information
related to run-off generation. This model's main objective is to
determine the depth of the groundwater table or the local storage
deficit at each point for each time step.

8. AnnAGNPS A basin-scale, batch-process model was created to enable the
assessment of ongoing hydrological and water quality data for
agronomic activities. It combines GIS with a physical description of
water basins to produce simulation possibilities for ungauged sites.

9. HYPE Information about the DEM, the kind of soil, the use of the land, the
daily precipitation, and the daily air temperature; application
techniques for agricultural and extra nutrient loads (rural homes,
enterprises, wastewater treatment plants, and air deposition).

10. PRMS Runoff on overland and channel for storm mode (Kinematic wave
equation using finite difference approximation), Evapotranspiration,
Channel routing (Reservoir routing method), Reservoir routing
(Linear storage routing (Modified-Plus routing).
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2.7 Surface water resources at the national level (Ethiopia)

Ouda et al. (2013) reported that 99.3% of Ethiopia is covered by land, and the remaining
0.7% is covered by water bodies. When water moves from an area with high free energy
to one with reduced free energy, this is known as the water potential (Woldegebriel and
Garg, 2022). Several studies indicate an increase in the mean rainfall trend, while others
predict a decrease in rainfall in the basin (Gebul, 2021; Varouchakis et al., 2018;
Aramburu et al., 2015). Moreover, data on hydrology and irrigation water demand, as
well as projecting the effects of various management systems under climate change,
remain a difficulty (De Oliveira et al., 2022; Kafy et al., 2021; Walker et al., 2015;
Hollermann et al., 2010; Salem et al., 2022; Sahukhal & Bajracharya, 2019).

2.8 Surface water resources local level (Regional States)

The environment has suffered over the past few decades due to increased demand for
fuelwood, wood for construction, and removing land for expanded agricultural and
irrigation projects (Yohannes et al. 2018). The substantial potential for hydropower
generation along the escarpment would further impact the downstream hydrological
system (Wood et al. 2016). The MoWE twenty-two, large-scale potential irrigation sites
in the Baro-Akobo basin are identified with an irrigable area of 101,9523 ha (Belachew
et al. 2022). The Baro River is thought to enter the marshy bog at a rate of 2.3 to 5.0
km?3/year (Abdelkader et al. 2023). Currently, large-scale private farms are established in
the lower Baro watershed cultivating rice, oilseeds, palm oil, and sugarcane like Saudi
Stars Plc and Karuturi Global Ltd; except for the Alwero dam built in 1992; there is fewer
major water resources development that took place before these new large-scale private

commercial farms (Kebede, 2013; Geremew, 2013).
2.9 Climate change impact studies of surface water resources in Ethiopia

The interactions between the Earth, atmosphere, and land systems can be seen as the
primary drivers of climate change (Kumilachew & Hatiye, 2022; Van der et al., 2018; Dau
et al., 2021; Bekele et al., 2019; Hasanuzzaman, 2019; Asghar et al., 2019). In Ethiopia,
rainfed agriculture yields 30% of our expected production; substantially expanded
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commercial irrigation to mitigate this and paved its way; regional hydrological tendencies
primarily determine water resource allocation (Rajosoa et al., 2021; Todmal, 2020; Al-
Faraj et al., 2016; Dessau et al., 2019). This suggests that some portions of the basin may
experience water stress, while the other areas struggle with issues associated with local
flooding (Mikhak et al. 2022). In Ethiopia, there is currently compelling evidence that
greenhouse gas emissions are causing the Earth's surface to warm up on average, which
may have an impact on the hydrological cycle and water balance (Chaemiso et al. 2016).
However, land use also influences the climate along with temperature; thus, any change in

land use could affect predictions of future climatic conditions (Cooper, 2010).

Climate change increases variability in rainfall and ET patterns; it is estimated that by the
year 2050, all of Ethiopia's watersheds will face water scarcity. A general decrease in the
amount of accessible runoff. However, climate change contributes to an increase in the
frequency, severity, and size of extreme weather events, which give rise to surface water-
related problems. Drought negatively impacts the economy, culture, and environment and
ultimately has a significant impact on people's quality of life (Bryan et al., 2020); by
affecting things like irrigation surface water availability (Woldegebriel & Garg, 2022).
The surface water resources are under a great deal of stress resulting in increased land use
caused by deforestation, industrialization, intensive agricultural methods, and expansion
of agriculture to fulfill the needs of the growing population (Santos et al. 2010).

Freshwater availability for crop water consumption and irrigation in the future is
progressively being called into doubt as the climate is having effects (Siebert et al. 2015).
More emerging nations than wealthy ones will experience an increase in water
consumption. However, the average yearly demand for water across all applications has
increased by 600% in the last 100 years, and by 2050, it will have risen by 20 to 30%
(Boretti & Rosa, 2019). Many uncertain elements impact how climate change affects crop
water use efficiency (WUE). In this regard, edaphic characteristics like lingering soil
moisture are a concern; a more accurate impact of climate change on agricultural
production might limit the influence of these ambiguous and unknown elements. The crop
WUE is determined using the ratio of agricultural production to ET, a more thorough
understanding of the soil surface environmental functioning, and the resilience of the

ecosystem (Giller et al. 2021).
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However, comprehending how climatic and agronomic factors affect crop WUE to design
sustainable water management methods to mitigate and adapt to future climate change
(Tesfaye et al. 2021); increased WUE variability under different management scenarios
can contribute to a more accurate assessment of the impact of climate change on WUE at
the size of regional watersheds. The yield (land productivity) obtained from a certain
amount of water is called water productivity. When crops have higher CWP, they can
produce the same amount of food with fewer resources or more with the same amount of
water (Santos et al. 2010). For smallholder farming systems, agricultural droughts and dry
spells present the biggest hurdle to increase yields. Agricultural droughts last between
three and five weeks during the growing season and, adequately managed, could help the
performance of the final harvest. Water production can be raised even in semi-arid
environments, available water can be directed towards beneficial uses. Therefore,

increasing CWP under the given challenges is useful.
2.10 Causes of variation in water productivity

Generally speaking, the incidence of poverty is higher, the more agriculture contributes to
the gross domestic product. A large watershed level of socioeconomic development
substantially impacts agriculture in addition to biophysical factors. For the lower Baro
watersheds, the water stress is a limiting factor. Due to competition from other industries'
demands, water scarcity has become increasingly severe over time and is predicted to

continue in this manner.
2.11 Remote sensing and hydrological modeling

The current modeling practice recognizes the necessity for high spatial and temporal
resolution, but data availability still has to be enhanced (Salvadore et al. 2015).
Precipitation reaches the surface of the earth in the form of rainfall, some parts will
percolate and recharge the aquifer; some features will be evaporated into the atmosphere,
and the remaining become flow as surface runoff (Kumilachew and Hatiye, 2022).
Thiemig et al. (2012) excessive precipitation has been linked to flooding and droughts and
has the potential to cause a negative economic impact on rain-fed agriculture, in particular.
These problems can be solved through the valuable information from satellite hydrological
data (Wang & Yang, 2014; Andersson et al. 2009); since it is key for water resource
planning and management (Tilahun et al. 2018).
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2.12 Water evaluation and planning (WEAP) model

The scenario approach makes it useful in evaluating the surface water resources in different
climate changes, water pollution, and policy changes (Teklu et al., 2020). WEAP may link
up with other models and Software such as MODFLOW, MODPATH, PEST, Excel, and
WEAP can read and write text files similar to SWAT, SWAP, Mikell, HEC-HMS, HEC-
RAS, and GEO-SFM (Talila et al. 2018; Arnold et al. 2015). Water, energy, and food
nexus analysis are quickly expanding, and water availability is being utilized to research
the surface water potential and irrigation water demand to investigate future possibilities
(Cetinkaya et al., 2022; Johnston & Smakhtin, 2014; Ostojski, 2013; Harma et al., 2012).
Moreover, the model has evolved as a powerful tool for decision support (Salar et al.,
2020).

When considering the water sector holistically, population growth, and ever-increasing
irrigation water demand from the sector, including rainfed agriculture, should all be taken
into account (Naghdyzadegan et al., 2022; Kemal & Adeba, 2021; Nesru et al., 2020; Kotir
& Ogundeji, 2020; Irfan et al., 2018; Shannak et al., 2018; Okada et al., 2018; EI-Gafy,
2017; Rockstrom & Barron, 2007; Wen et al., 2007; Wen et al., 2004). To prepare for
anticipated water shortages, it is crucial to regulate water storage in reservoirs (Karamouz
etal., 2017; Song et al., 2016; Safavi et al., 2015; Venot et al., 2010). The agroecosystems
also provide regulation and maintenance services like water and climate control (Bethwell
et al., 2021; Waldron et al., 2020). Further, to surface irrigation potential and the crop
water demand a greater understanding of water resources as well as novel techniques for
agricultural water management are required (Hadri et al., 2022; Muleta, 2021; Tessema et
al., 2020; Kemal & Adeba, 2021; Karamouz et al., 2017). A summary of the literature is

shown in Table 2.2.
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Table 2.2 Summary of literature review

Work done by

What was studied

What was found

Observations

(Hamed and
Gachon 2009)

The trend of rainfall, temp
streamflow

A significant change
was observed in lower
Baro

Due to climate change
variability

(Awulachew
and Ayana
2011)

Major water resources
development

Surface water
Irrigation
improvement

Dependent on Rainfed
agriculture

(Multsch et al.
2017)

SPARE: WATER irrigation
water demands FAOS56
Crop

irrigation guidelines

Improving the
irrigation efficiency

The challenge in
balancing the increasing
irrigation water demand

(De Niel etal.  Land cover changes at Parsimonious Well-calibrated lumped
2020) hydrological extremes are hydrological modelsto  conceptual hydrological
investigated using a simulate the impact of  model top-down
conceptual model (lumped) land cover changes disaggregation approach
(Kemal and Climate change scenarios Changing surface Lack of integrated
Adeba 2021) water demand & surface water
potential management
(Negewo &
Sarma, 2021) Estimation of water yield Climate variability Future prediction of yield
(Szporak etal.  LC change soil erodibility =~ The spatial and Influencing the land
2022) temporal implication productivity
(Abdelkade et Evaluation of the effects of  Forecast future Reduction in flow
al. 2023) planned water resources development irrigated agriculture and

initiatives on Baro
Akobo

hydropower development

(Getahun et al.
2023)

Surface irrigation potential
assessment Chacha River
upper Blue Nile

GIS tool and
multicriteria analysis

Enhance agricultural
productivity

(Sukma & Indigenous knowledge Ecosystem and Sustainability of natural
Hiroki, 2023) environment resources

(Raghavendra  The hydrological cycle, Annual and seasonal Irrigation and cropland
Prasad et al. significantly affected by trends in actual expansion on actual ET
2023). spatiotemporal variability ~ evapotranspiration trends and precipitation
(Wubneh, Changing climate on water ~ Surface water stress Adoption of water-stress
Worku, &

Chekol, 2023)

resource availability in
watersheds

crops
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2.13 Research gap

The literature review shows that hydro-geomorphological surface water potential and
demand assessment information play an important role. Moreover, extremely useful to
increase the yield gap of water productivity. To understand the problem, an outstanding
and structured development in investigating hydrological models using RS techniques is
critical. Regional surface water planning & development, surface water management, and
many fields use hydrological data extensively. However, studies on integrated surface
water potential and irrigation water demand for increasing water, land, soil, and crop
productivity use modeling are almost very few. The use of compressive water balance-
based model calibration and the validation of hydrological surface water demand and
potential data and tools are required as part of this study.

2.14 Land cover change and its implication to hydrological variables and soil

erodibility in the lower Baro watershed

LC change on surface runoff, river discharges, and low flow revealed a complex interplay
between trees and water in soil erodibility and LC on watershed hydrology (Hassen,
2022). While the human population increased by 2% yearly, forest cover declined by 1%
yearly (Guzha et al. 2018). Due to this, the impact of LC change on hydrological
variables and soil erodibility is critical for assessing and understanding regional changes.
Soils comprise agricultural practices such as direct sowing and tillage oriented
perpendicular to the gradient slope to prevent runoff. In the hydrological process the two
elements especially Amorphous Aluminium and Iron limit soil erodibility (Rafiei et al.,
2020). Hydrological behavior in neighboring catchments is comparable; when utilizing
a dense network of gauging stations; it may result in inaccurate portrayals of rainfall-
runoff behavior in regions with different climates and geomorphological characteristics
(Baez et al. 2021). Geremew's, (2013) empirical evidence, LC changes, and socio-
economic dynamics have a strong relationship; as the population grows, the need for
cultivated land, grazing land, and fuelwood grow; settlement areas grow to meet the
growing demand for food and energy and livestock population. Ethiopia’s cultivable land
area estimates vary between 30 and 70 Mha, but 112 Mha land (Eshete et al. 2020).
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The sector's contribution to the national economy may be easier to manage; it comprises
river basins, Rocky Mountains, and flat-topped plateaus with deep gorges. Erosion,
volcanic eruptions, and tectonic movements have influenced the country's terrain; the
lowest elevation is 120 meters below sea level, while the highest is 4,620 meters above
sea level. Copernicus Global Land Service's 2015 land cover map of Ethiopia is shown

in Figure 2.2.
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Figure 1.2 According to the Copernicus global land service's 2015 land cover map, the
main forms of land cover in Ethiopia (https://land.copernicus. eu/global/)
It is becoming more and more practical to assess catchment water yield and the
consequences of different management practices at watershed levels before suggesting
treatments for watershed degradation (Negewo & Sarma, 2023). Since agriculture is
Ethiopia's primary income source, productivity declines brought on by soil degradation
may complicate efforts to achieve food security (Fenta et al., 2021). Given the limitations
on protecting all places undergoing soil loss, focusing resources on erosion-prone areas
with substantial soil loss is a realistic option. Moreover, soil loss reduction (%) using
agroecology-specific land management techniques in regions with moderate to severe

soil loss rates >10 t/ha/yr as shown in Figure 2.3.
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Figure 2.3 Estimated soil loss reduction (%) as a result of using agroecology-specific
land management techniques in regions with moderate to severe soil loss rates >10
t/halyr

In this study, two percent of the review on LC change soil erodibility and hydrological
variables were screened and ultimately included. Geomorphology plays a key role in the
flow and storage of groundwater as it transforms rainfall into runoff (Mallick, 2016). In the
1960s, Wischmeier and Smith proposed the Universal Soil Loss Equation (USLE) for the
first time. However, soil loss, which lowers soil fertility and promotes topsoil loss, is a
major problem in agricultural output (Adimassu et al. 2018). Agricultural soil loss is the
worst, with 8.5 t/ha, followed by settlement area at 60 t/ha, bare soil at 45 t/ha, and woods
at 6.5 t/ha (Chuma et al. 2022). According to the study done by Gizaw et al. (2017), the
Baro sub-basin is still mostly in its natural state, with forests covering roughly half of the
territory and arable land covering the rest. Planners can use it to extrapolate sparse
information regarding erosion to various locations and circumstances. Erodibility is not a
single quantitative metric since it encompasses all static and dynamic soil parameters that
influence some sub-processes that influence soil erodibility (Panagos et al. 2022). A soll
organic content, primary particle sizes and stability, permeability, water retention forces,
porosity, exchangeable ions, and infiltration rate are all crucial; regarding the direct and
indirect interactions with precipitation, which result in ponding water in surface runoff and
soil surface depressions (Ekka et al. 2020). The soil erodibility is now expressed in USLE

as shown in equations 2.1 and 2.2.
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2.19  Universal soil loss equation (USLE)
A=R*K*L*S*C*P (2.1)

A = s0il loss in t/ha/year; R = rainfall erosivity factor in MJ-mm-ha*-H *-year*; K = soil
erodibility factor in t-h-MJ™>-mm™; L = slope length in m; S = slope steepness in %; C =

vegetation cover factor or land-use factor; and P = erosion control practices factor.

2.20 R-factor is mathematically defined as

R = %2?:1[211[Ek(|30 ) ]l 2.2)
The RUSLE is an erosion model that, like its predecessor, is designed to estimate long-
term average yearly soil loss from specific fields; slopes in specified land-use and
management regimes that is crops, rangeland, and recreational areas.; where E is the total
storm kinetic energy (MJ/ha), 730 mm/h is the maximum Izo min rainfall intensity, j is an
index of the number of years used to produce the average, k is an index of the number of
storms in each year, n is the number of years used to obtain the average R, and m is the
number of storms in each year. Erodibility indicates the soil response to rainfall and runoff
erosivity. Soil erodibility can be classified into two large groups, one corresponding to
soils in warm and cool climates. Based on their soil types and agro-climatic zones, FAO
soil types are categorized into 59 soil-hydrological groups; Ethiopian soils are categorized
as sand, silt, clay, and gravel by the harmonized soil database. In the lower Baro, the
majority of the soil is relatively high in silt content, between 15 and 35%, and in the
developed area is relatively high in clay content, between 30 and 45%; heavy soil or high
clay content soil is usually better suited to paddy rice than lighter sandy soil (Nell and
Africa, 2017).

2.21 K- factors using William's (1995) equation and FAO Soil

All the factors of soil; sand, clay, silt, and organic carbon were represented in the topsoil
cover of the watershed because it is affected directly by the raindrop energy. K- Factors

Using William's (1995) Equation and FAO soil are as shown in equations 2.3-2.7.

KusLe = Tesand-foi—si 'forQC'fhisand (2.3)
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fesand = (0.2 + O.S.exp{— 0.256.m, .(1— ﬁgm (2.4)

0.3
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ol mc + msilt (2'5)

R 0.02560rgC
oroe orgC+exp|3.72—2.95.0rgC] (2.6)

0.7.[1—1’“03
1:hisand =[1- m m
1-— |+exp| —-5.51+22.91-—=
100 100

Where fesand 1S a factor that gives low soil erodibility factors for soil with high coarse sand

(2.7)

contents and high values for soils with little sand, fcisi is a factor that gives low soil erodibility
factors for soils with high clay and silt ratios, forgc is a factor that reduces soil erodibility for
soils with high organic carbon contents, this is the factor that reduces soil erodibility for soils
with highly sand contents, fhisand IS @ factor that reduces soil erodibility for soils with extremely
high sand contents, mssand iS the percentage of clay contents 0.05-2 mm diameter particles, and
mc is the percentage of clay content (< 0.002 mm diameter particles and OrgC is the percentage
of organic carbon contents of the layer percentage. The number of research articles on the
hydrological mechanism, and climate have all changed drastically throughout time, as seen in
Figure 2.4 (a) there was very little variation from 2007-2013, and from 2013-2015, both fell.
Moreover, from 2015 to 2019 both have been on the rise; Figure 2.4 (b) from 2007-2012, there
was little variation. In contrast to the hydrological process, LC increased from 2012-2015 both
have to rise and fluctuating pattern from 2015-2018. The broad range of factors affecting and
notifying the hydrological process is the primary desire of the researcher (Yadete & Amba,
2021). In this study, between 2007-2022 the research articles on hydrological processes in the
lower Baro rivers slowed as climate change accelerated (Deneke et al. 2023). Therefore, the

impact of climate change on the region's hydrological systems is becoming more evident.
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Figure 2.4 Frequency of refereed articles publications on land cover and hydrological
process, and climate change utilized

Correlating LC activities at the appropriate temporal and spatial scales is thus a critical issue
(Degife et al. 2018; Kassawmar et al. 2018). The upper Baro basin is detrimental to
anthropogenic degradation mainly due to the large-scale expansion of agriculture, which
leads to LC change over the lower Baro (Basin, 2021). Studies on the impacts of climate
change on crop production fully address the three major cereal crops rice, wheat, and maize;
other studies concentrate on the response and adaptation of crop cultivation to interactions
between food production and climate change, which is a complex issue that necessitates a
multi-dimensional, temporally and spatially precise analysis (Wu et al. 2014). Erodibility is
the resistance of the soil to both detachment and transportation; the K-factor for Europe is
evaluated using 22,000 soil samples gathered around Europe (Wang et al. 2016). In
Ethiopia, cropland, around 15% of the area covered, is responsible for 2/3 of the overall soil
loss in Baro-Akobo (Fenta et al., 2021).
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They discovered that the USLE of the K-factor has a SI unit mean of 0.04 t hr/MJ/mm and a
range of 0.01 to 0.08 t hr/MJ/mm. Averaging 0.03 in the Sl unit, the K-factor values in China
range between 0.02 and 0.04 t hr/MJ/mm. However, the K-factor for the Tikur Wuha
watershed in Ethiopia is comparable to other results from different sources; studies in
Ethiopia show that the K-factor value is significantly lower (Ketema & Dwarakish, 2020). As
a result, lower Baro, based on William's (1995) equation and FAO soil, the chromic vertisols,
humic cambisols, eutric cambisols, and eutric nitosols of the K factors of each soil type are
0.31, 0.23, 0.14, and 0.07 respectively as shown in Table 2.3.

Table 2.3 K- factors using William's (1995) equation and FAO Soil

Sand  Silt Clay OrgC  fessand feisi forge  fhisand K
(%) (%) (%) (%) factors
Soil types topsoil topsoil topsoil topsoil

Humic Cambisols 55.2 21 23.8 3.86 0.20 080 097 0.15 0.23

Eutric Nitosols 68.4 10.5 21.2 0.60 020 0.72 1.00 052 0.07

Chromic Vertisols 22.4 24.5 53 0.69 020 0.71 100 021 0.31

Eutric Cambisols  36.4 37.2 26.4 1.07 020 085 099 085 0.14

According to several studies, soil physical qualities such as soil depth and compaction have
a negative impact. Nevertheless, soil loss is a subset of land degradation processes that
immediately impact soil. According to the soil texture map, four texture classes, silt loam
30, loam 14, clay 24, and sandy clay 29%, occupy over 97% of the land. In contrast, other
textural classes comprise about 2% of the territory, and water occupies the remaining 1%
(Woldegebriel & Garg, 2022). However, soil erodibility parameters are mainly carried out
by nomograph for the selected samples (Wang et al. 2016). In a scientific study, it is crucial
to evaluate correlations and interactions of soil among variables understandably. The
resilience to weathering and the renewal of soil particles are additional important

sustainability factors. The primary FAO soil types of the Baro River as shown in Figure 2.5.
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Figure 2.5 Major soil types of the Baro watershed (FAO, 2015)

2.22 Soil Erodibility related to surface water resources potential

Cropland soil loss was 2-15 times higher than non-cropland soil loss, meaning that
agriculture covers around 23% of Ethiopia's total land area (Mihretie et al. 2022). This is
due to the traditional crop production strategy exacerbating soil loss from agricultural
regions (Tadesse & Zewdie 2022; Akram et al. 2019). In high land area cropland, humid
sites lose more soil than semi-arid sites (Ebabu et al. 2023). But in low land, Baro is
impacted by rapid soil erosion, soil quality, and agricultural output (Berhe et al. 2022;
Embaye et al. 2020). The watershed is above the maximum allowable level are 36.64%;
while 63.36% of the catchment's average annual rate of soil loss is 33.3 t/ha/yr (Kebede &
Fufa, 2023). Additionally, this suggests that in areas where cropping occurs, careful
consideration must be given to soil erosion conservation planning (Yimere & Assefa, 2022;
Tadesse & Zewdie, 2022; Mandal et al. 2020). Almost all of the country's rivers originate
in the highlands and high-rainfall zones, which have a considerable surface water potential
of 124 x 109 m3, consequently known as East Africa's "Water Tower (Almaw et al. 2021).
Soil erodibility is a valuable index for determining the soil's sensitivity to erosion and a

critical component in understanding the mechanism of soil erosion. Despite the different
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climate change scenarios, there is a variance in the rainfall change among various models
due to a need for future climate change scenario-based data (Muleta, 2021). Surface water
IS generated by either infiltration excess or saturated excess mechanisms and is rooted into
the channels as sheet overland flow (Hatiye et al. 2017). This is related to seasonal
fluctuations in precipitation volume, temperature, and ET rate in the study region. Rainfall
is one of the critical inputs into the runoff process, and river discharge is understood to
reflect an integrated response of the watershed (Chathuranika et al. 2022; Chintalacheruvu
et al. 2022; Chandrashekar & Shetty, 2018). Ethiopia’'s annual wet flow has increased by
39%, while its average dry flow has decreased by 46% (Gashaw et al. 2018). In the region,
large-scale commercial farms are also quickly expanding; there has been a loss in regional
infiltration, tree clearing, flat ground, poorly managed drainage infrastructure, and atypical
floods have become increasingly common; however, to maintain agricultural output, it is

to reduce runoff, soil erosion, and nutrient loss (Rai et al. 2019).
2.23 Land cover change assessment

For decades, LC change has been a helpful parameter that has been the focus of extensive
research in academic circles. LC change is not uniform worldwide; tropical forests are
decreasing by 12 Mha/yr, and biodiversity loss in Ethiopia (Muluneh, 2021). The effects
of LC changes on local hydrology in the lower Baro watershed need to be better understood
due to large-scale agricultural LC dynamism. Additionally, the impact of these changes
and the conversion of LC to irrigation land and dam construction may enhance crop output
during the dry season, hence improving the quality of life for the community living near
the research locations (Basin et al. 2021). Assessing the historical, current, and future
anticipated LC dynamics is helpful (Land et al. 2021). Due to anthropogenic influence, the
LC change on the Baro River from 1984 to 2010 up and dawn was noticed; in addition,
the basin surface runoff potential is boosted from 37-49% (Kasaye, 2015); as we reviewed
articles on Ethiopian river basin, built-up/ settlement, agricultural land, water body, bare/
outcrop, and commercial farm, all increased by around +195, +48, +35, 35, and +1%,
respectively as shown in Figure 2.6. On the other hand, Range land, Shrub, forest and

grazing land, and wetland decreased by 2, 4, 10, and 20%, respectively.
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Figure 2.6 Land cover change percentage of lower Baro from 2007-2022

LC interacts with the climate in addition to temperature, and any change in the LC may
result in alternative estimates of future climatic conditions; primary cereal crop production
has increased at the national level, partly due to increased application of fertilizers and
modern seeds, but significant global climatic events caused droughts and rain failures, as
small changes in such climatic elements negatively affect the food security condition of
both consumers and producers. Furthermore, rainfall-runoff erodibility and LC change

predict soil erosion, while other variables, such as soil type and topography, are constant.
2.24 Soil and water conservation practices

To effectively execute preventive measures in the lower Baro, it is necessary to determine
the soil erodibility potential in agricultural lands (Berteni, 2020). It aids in the protection
of natural resources and watersheds, as well as the restoration of plant and wildlife habitats,
water quality improvement, and soil health improvement. Extremely useful to find the
optimum approach to utilize surface water resources without compromising any other
features of the land's suitability for agricultural productivity. The degree of accuracy loss
varies by category, ranging from minor to slight and moderate to severe.

2.25 Techniques for enhancing water use efficiency
The key strategies for enhancing water use efficiency (WUE) at crop, farm, and watershed

levels are:
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Improving agricultural water productivity through the use of contemporary tools and
methods such as geographic information systems, remote sensing, integrating water
surface water resource planning, and district irrigation plans.

Promotion of rainwater harvesting and artificial recharging of groundwater.
Promotion of water recycling and reuse.

Promotion of multiple uses of water through the integration of water harvesting with
efficient irrigation techniques in different farming systems.

Enhancing crop productivity through integrated watershed management.

Use of weather forecasting and ICTs for efficient use of water.

Promotion of awareness of government schemes about the conservation of surface
water resources.

Development of a user-friendly decision support system (DSS) for irrigation scheduling
on a real-time basis.

Reducing the gap between the irrigation potential created and utilized.

Increasing the marketable yield of the crop per unit of evapotranspiration.

Using efficient water-saving technologies like gravity-fed micro-irrigation systems, a
system of rice intensification (SRI), raised bed planting systems, laser land leveling,
direct-seeded rice (DSR), conservation agriculture, precision irrigation techniques, etc.
Development of an automated irrigation system for enhancing water productivity.
Development of site-specific irrigation and fertigation schedules to enhance water and

nutrient use efficiency simultaneously.
2.26  Summary and conclusion of the LC change review

According to the prediction inquiry, LC is vital for monitoring the water balance. Using
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
technique, the authors analyzed 85 previous studies on LC implications, hydrological
parameters, and soil erodibility in Ethiopia's lower Baro watershed, a Single-article LC
monitoring explained in various ways, with various outcomes. Only 2% of abstracts
considered for review were from 2007-2022. The review study looked at the factors,
features, estimates, and influence of the LC shift on hydrological variables, soil
erodibility, as well as the relationship between the hydrological process with LC,
hydrological process with climate change, potential ET, and rainfall in the lower Baro
watershed.
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The severity of accuracy loss varies by category, ranging from slight to moderate and
moderate to severe. The analysis showed that the FAO soil data for lower Baro K factors
are 0.31, 0.23, 0.14, and 0.07 for chromic vertisols, Humic Cambisols, Eutric Cambisols,
and Eutric Nitosols. As a result, built-up/ settlement, agricultural land, water body, bare/
outcrop, and commercial farm all rose by roughly +195, +48, +35, +35, and +1% in lower
Baro, respectively. Contrarily, Range land, Shrub, forest and grazing land, and wetland
decreased by 2 4, 10, and 20%, respectively. The runoff hydrological process is
influenced by ET, radiation intensity, wind speed, precipitation, soil water content, and
temperature, among other factors. SWC techniques are critical for reducing soil
erodibility in the lower Baro. Direct sowing and tillage procedures perpendicular to the
gradient slope prevent regional runoff. Without adequate surface water resource
management for irrigation expansion activities, urbanization and land clearing radically
transformed the environment. In the future time series, increases in the C-factor, P-factor,
and R-factor all climb rapidly. Soil fertility is an available nutrient representing an
adequate amount and suitable proportion. The nutrients present, nitrogen, phosphate,
potassium, and organic matter, are removed, that the reason for the reduction of soil

fertility.

The gradual depletion in soil fertility and reduction in soil organic matter is highly related
to the soil's physical, chemical, and biological properties of the soil. Soil conserves micro
selectivity increased because of more aeration. Over irrigation and heavy rainfall of
heterogeneous landscapes exhibit the nutrient moved into percolating water, which is
leaching, and this nutrient became unavailable to the plant. Based on the findings of the
review studies, the RUSLE is a promising option for assessing soil erodibility. For
consistent outcomes in lower Baro, it will be essential to agree on regional LC change,
soil erodibility, the possibilities criteria of a river watershed strategy in the future, and

land suitability for irrigation productivity, as shown in Table 2.4.
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Table 2.4 Criteria for major crops and land suitability for surface irrigation

Constraints

Criteria/Attributes Points

Suitability class

Influence (%)

1,554-2,267 1 1% degree
2,267-3,024 2 2" degree
Elevation (m)  3,024-3,215 3 3" degree 50%
3,215-3,468 4 4" degree
3,468-3,660 5 51 degree
Soil-adjusted >0.4 1 1% degree
vegetation  0.4-0.3 2 2" degree
index (SAVI) 0.3-0.2 3 3" degree 25%
0.1-0.2 4 4™ degree
<0.1 5 51 degree
Normalized  0.03-0.26 1 1% degree
Difference  0-0.03 2 2" degree
Index (NDVI) -0.05-0 3 3" degree 25%
0.1-0.2 4 4™ degree
<0.1 5 5t degree

The next chapter presents the study area, the data used, and the overall methodology of the

research work.
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CHAPTER 3 STUDY AREA AND RESEARCH METHODOLOGY

3.1 Introduction

There is a need to scientifically understand the drivers responsible for integrated surface
water modeling and increasing irrigation productivity, particularly in the Ethiopian context
of the lower Baro watershed tributaries. The objective of this chapter was to explain in brief
the various steps that are involved in the execution of the objectives of this research and
also briefly make a mention of the study area taken up for demonstration and the data used.
Accordingly, this chapter is organized under the following headings.

# Salient features of the lower Baro River watershed as shown in Table 3.1
& Study Area

& Model selection and justification

& Data required for input parameters

& Running the modeling

»

Calibration and validation of the model performance

Table 3.1 Salient feature of the lower Baro River watershed

Title Description
Area 20,325 km?
Uniqueness The second-longest bridge in Ethiopia crosses the lower Baro,

connecting two parts of the Gambella Region. This bridge is 305
m long

Biosphere Majang Forest has also been listed as a new UNESCO

Biosphere Reserve located in Gambella

State SSNPR Gambella Regional State Ethiopia

Starting point

From the highest Nile Benishangul Gumuz

Ending point Lower White Nile South Sudan
Length 306 km? joining the Pivot River
Altitude 440 m and 500 m. a.m.s.
Highest peak 2500 m down to Gambella
Rainfall Annual 900 mm to 1500 mm
Temperature Maximum exceeds 38°C

Water Resources

Reaching the stream affording on an open waterway to White
Nile

Soils

Marshy land vertisol with high erodibility
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3.2 Location of the study area

The basin watershed is located in the Southwestern part of the country, between latitudes
8° 28°40" N and longitudes 34° 20"36"" E, and covers an area of about 20,325 km?. South
Sudan borders it in the west. The eastern part of the basin consists of the hilly upland areas
of a plateau. The basin is mountainous in altitude ranges below 500 to 3000 m.a.s.l, with
50% of the area falling below 1000 m.a.s.| and 42% between 1000 and 2000 m.a.s.l. The

lower Baro watershed tributaries, as shown in Figure 3.1.
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Figure 3.1 Main tributaries of the lower Baro watershed (2015-2018)

The eastern 2/3 of the basin area lies between 1000 to 2400 m.a.s.l, and the plain are gently
sloping towards 400 to 500 m.a.s.l in the west. The limited surface water resources and
low organic matter soils helped enhance the selected crop products and improve
development conditions (Naghdyzadegan et al. 2022). However, the hydro-geologically
basin watershed is dominated by mining, and less water resource development has
occurred so far (Halefom & Ulsido, 2020; Worku Ayalew, 2018). Ethiopia is
heterogeneous, so one climatic zone may not represent 100 km. The land use and annual
average rainfall of the catchment were indicated based on Trewartha’s classification using

the data from Ethiopian National Meteorology Agency (ENMA), as shown in Table 3.2.
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Table 3.2 Basic information on the river catchments (1986-2018) and the land use

types of the lower Baro watershed

Catchment Climatic Area  Annual Area of land use types (ha)
Name Zone (km?)  average
(Trewartha’s rainfall Agricultural Pastoral ~ Other
classification) (mm)
Alwero Humid 4696  195.3 14,000 22,000 143,086
Gilo Humid 1716.5 190.8 1,315 460 1000
Fugnido
Birbir Tropical 1563.0 104.4 634,415 8,115,000 14,280
Yibdo
Gog Humid 3,025 82 1,650 25000 29.3
Baro Humid 2978.3 176 280,000 81,000 600,000
Gambella
Baro Itang Humid 325.25 173 1914.09 33.05 1499.22
Gumero Tropical 1,249 208 25 3000 538
Gore
Sor Metu Tropical 1622 213 78 234 120

3.2 Digital elevation model (DEM)

The DEM data were used to create stream networks and delineate the watershed.
Moreover, information on low flow is needed to estimate the amount of water available
for surface water potential and irrigation water demand during the dry season. The DEM

map of the lower Baro watershed tributaries is shown in Figure 3.2.
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Figure 3.2 DEM of the lower Baro watershed tributaries

37



The difference between the water potentials of two liquids is known as the water
potential gradient. The ability of water to move between two locations due to changes
in pressure, dissolved solutes, and other factors is known as water potential (van Oort
et al., 2017). The gradient of the water potential between two solutions directly affects
the pace of osmosis; the more significant the gradient, the faster osmosis proceeds from
higher to lower water potential. Water goes from an area with high water-free energy
to one with low water-free energies; this idea helps rationalize how water can defy
gravity and flow freely. Water potential shows how water moves through the tissues of

plants by osmosis, capillary action, and defying gravity.
3.3 Surface water hydrology

Ethiopia is considered Africa's water tower due to its abundant surface water resources.
Among the 12 river basins, the Nile basin, which produces 70% of the nation's
renewable surface water, primarily through the Abay basin, includes the western Baro-
Akobo, Mereb, Setit-Tekeze/Atbara, and Abay (Blue Nile) basins. These basins supply
86% of the yearly flow of the Nile as a whole. Over 20% of surface water resources in
the central and northeastern Afar-Denakil, Awash, Omo-gibe, and rift valley basins
cover much of East Africa. The southern Omo-gibe and rift valley basins have the
greatest concentration of surface water resources. Moreover, the Awash Basin accounts
for 4% of the country's supply, and the Afar-Denakil Basin in the far north needs water.
The Awash Basin has a small pool, a high demand, and little yearly precipitation on
average; 8% of Ethiopia's surface water is in the eastern Wabi-Shebelle and Genale-

Dawa basins, a portion of the Shebelle-Juba basin.
34 Geology, slope, soils, and land use:

Some work on erosion and conservation measures in the part of the lowland of the
Akobo Basin, an area dominated by flat to hilly grass-covered savannah terrain and soil
studies (GSE, 2016). The slope of infiltrating surface has the most significant effect on
surface runoff production when the soil is closer to field capacity and even saturation.
One of the most critical factors determining soil quality and its appropriateness for
agricultural production is soil texture (Mersha et al. 2018; Khalil, 2017). The geological

map of the lower Baro watershed tributaries is shown in Figure 3.3.
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Figure 3.3 Geological map of lower Baro watershed tributaries

Land usage relates to how the land cover affects the hydrology, including water,
grassland, and forests covering the Earth's surface; including built-up, recreational, and
agricultural areas. Concern for its various environmental effects, or LU/LC change, has
spread worldwide. Since several years ago, land use changes have significantly
impacted global environmental variation (Kabite et al. 2020; Belay & Mengistu, 2021).
Similarly, land use affects the irrigation water demand of crops grown in irrigated and
rainfed systems (Wang & Yang, 2014). According to the literature review, social
pressure and a fast-rising population drive and cause the size of irrigable regions (Dau
et al. 2021). Many developing countries face different challenges in producing rice,
sugarcane, maize, and vegetables, such as dependence on rainfall and inadequate water
for irrigation purposes (Gebul, 2021; Embaye et al.2020). Agricultural productivity
influences land use when water supplies are scarce (Fikadie et al. 2022). Land use Map

of the Baro River watershed as shown in Figure 3.4.
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Figure 3.4 The land use map of the lower Baro watershed; source: own
elaboration based on MoWE data from (2017-2020)

The mean temperature range in the area is about 27.5°C below 500 m on the flood plain
to about 17.5°C at 2,500 m in the highland. The range in mean maximum temperature
is 35 to 24°C and in mean minimum temperature from 20 to 10°C. Temperature peaks
during 9 February and March on the flood plain, but high values extend into April in
the highlands. Below about 700 m elevation, mean maximum temperature values
exceed 38°C for two to three months, as shown in Figure 3.5. Ethiopia's agriculture
sector plays a central role in the lives and livelihoods of most Ethiopians (Getnet &
Dugasa, 2019). The average household needs roughly 2.5-2.8 hectares of land (Dc,
2015). Maize is one of the most widely grown cereals in the world and an important
food crop for many countries worldwide (Hordofa et al. 2008). The climate of Ethiopia
and its dependent territories varies greatly; however, temperate on the plateau and hot
in the lowlands. The weather is usually sunny and dry, but the short (belg) rains occur
from February to April, and the significant (Meher) rains are from mid-June to mid-
September. The climate is very healthy and temperate over the more significant part of
Ethiopia and the Oromia highlands, as shown in Figures 3.5 and 3.6.
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Figure 3.5 Average monthly maximum and minimum temperature over lower
watershed (1986-2018)

(2]
o

mmm Avg Tmax (°C) == Avg Tmin (°C)
— Avg Pcp (mm)

Rainfall (mm)
= N w Y a1
o o o o o

o

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time (Month)

Figure 3.6 Average monthly maximum and minimum temperature and rainfall for
the lower watershed (1986-2018)

The fate of rainfed crops, especially in sub mountain tracts without irrigation systems due
to the hard subsoil surface water, is determined by rainfall, a crucial component of the soil
water balance. As a result, its rapid quantification is crucial for identifying strained areas
and rescheduling irrigation plans to increase the area's water and land output. The estimated
rainfall is then utilized to calculate the rainfall water productivity. The study is expected to
be beneficial to managing the surface water resources sufficient to ensure the long-term
water supply for irrigation. The monthly average rainfall over the lower Baro watershed is
shown in Figure 3.7.
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Figure 3.7 Average monthly rainfall for the lower Baro watershed

(ENMA, 1986 2018)

3.5 Data collection and quality testing

The essential preliminary step in trend detection analysis is data quality assessment. In
this study, particular emphasis to quality control and data set selection. Given that the
strong trend of probability density function analysis needs comparatively long records, a
first selection was made among all available stations before further control of data quality
and homogeneity testing for consistency across the station network. The monthly and
annual data collected from the Ethiopian Meteorological Agency from eight
meteorological stations from 1986-2018 were subject to homogeneity tests. The list of

the rainfall stations' names and their missing data (%) is in Table 3.4.

Table 3.4 Showing the rainfall stations and missing data (%)

Station Name Missing data (%)
Alwero 0.05
Gilo Fugnido 0.02
Birbir Yubdo 0.01
Gog 0.04
Baro Gambella 0.01
Baro Itang 0.06
Gumero Gore 0.07
Sor Metu 0.03
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The streamflow/discharge data and land cover data were acquired from the Ethiopian
Ministry of Water Resources Irrigation and Energy (MoWE) Department of water
resources and Hydrology. The population growth rate percentage of 2.7% was used based
on the Central Statistical Agency of Ethiopia. With this growth rate, in 2049, the total
population of Ethiopia become 200 million. The quality of the rainfall and streamflow
missing data was filled in Excel stat 2019. The annual and monthly streamflow variation
of 45-years data was performed using graph pad prism 9.4. All the climatic data were
arranged asper the model's input requirements. Such as temperature maximum and
minimum in (°C), relative humidity (%), wind speed (km/day), and sunshine hour (hr).
The streamflow data point of eight stations is compared with the recently published work.
In the cropwat8.0 model, the crop water requirement and the daily climatic data were
used. In this study, four crops were selected, namely rice, maize, sugarcane, and
vegetable. Based on the selected criteria, three methods are used in the cropwat8.0 model
to calculate the crop water requirements in the lower Baro watershed. These are fixed
percentage, dependable rain (FAOAGLW), empirical formula, and United States
Department of Agriculture (USDA). Moreover, the study considered pre-pudding
irrigation at 0.5 m of soaking depth in the soil moisture condition to assess
evapotranspiration. The crop ETc in the Cropwat8.0 model is defined in (Eqn. 3.1).

ETc=ETo*Kc (3.1)
Where Kc is based on the various crop types and their developmental stages

3.6 Method for calculating evapotranspiration

There are many indirect methods to estimate ETo, but choosing the best given the data can
take time. In this study, the FAO- 56 Penman Monthieth equation was used in the current
investigation to estimate daily ETo, as shown in (Egn 3.2). The estimation of daily ETo
can be written as (Abera Abdi & Ayenew, 2021; Debnath et al. 2015).

900
0.408A4 | -G)+y ——-W,(es —€
)Y Wil —ey)

ET, = e
A+y(1+0.34W,) (3.2)
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ETo = Reference evapotranspiration (mm/day),

Rn = Net radiation at the crop surface (MJ/m?day),
G = Soil heat flux density (MJ/m?day),

Tavg = Daily air temperature at 2 m height (°C),
Ws = Wind speed at 2 m height (m/s),

es = Saturation vapour pressure (kPa),

ea = Actual vapour pressure (kPa),

es - ea = Saturation vapour pressure deficit (kPa),
A = Slope vapour pressure curve (kPa/°C), and

g = Psychrometric constant (kPa/°C).
3.7 WEAP model approach

WEAP applies to water demand systems, single catchments, and complicated
transboundary river systems as the primary operational basis of a water balance (Arnold
et al., 2015). WEAP may also deal with various topics, including sectorial demand
studies, water conservation, water rights, allocation priorities, streamflow simulations,
reservoir management, and hydropower generation (Dau et al., 2021). In the lower Baro
WEAP model, the hydrological systems are represented as nodes and links. Specific to
hydropower potential, irrigation water demand, livestock water demand, and surface
water potential, since it is generic, the model is best applied to scenario-identifying
demand assessment in irrigation (Mersha et al., 2018). The weighted LC, monthly
observed rainfall, streamflow, and water use rate were all used to run the WEAP model.
The key assumptions are the water use rate and the water consumption in soil moisture
methods for estimating the scenario-based surface irrigation potential and crop water
demand. Moreover, the reference scenarios in this study are rainfall and streamflow from
2000-2014 and 2020-2030. The assessment was carried out in the annual and monthly
irrigable and rainfed areas of eight stations of the lower Baro. Setting the impact of
minimum flow requirements on water demand, the model achieved the desired
downstream outcome for the river basins (De Oliveira et al., 2022). This ensures the
downstream biological integrity of most rivers by protecting streamflow to an average of
80% (Giri et al., 2018).
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3.8 Surface water resource assessment

The WEAP model also helps to provide a system for maintaining supply information
besides the simulation of demand and flows (Abdulwahd et al., 2020; Rousta &
Araghinejad, 2015). They accounted for the soil moisture method on empirical functions
describing ET, surface runoff, and percolation loss within the watershed. Besides, using
the PEST routine from the WEAP system, the manual calibration and validation
performance evaluation of the observed annual and monthly streamflow data were
conducted in eight gauging stations. Namely, Alwero, Gilo Fugnido, Birbir Yibdo, Gog,
Baro Gambella, Baro Itang, Gumero Gore, and Sor Mettu. Moreover, the trend of ET

was related to surface irrigation potential in the study area.

The WEAP hydrological model used long-term average climate data such as rainfall,
high and low temperatures, relative humidity, wind speed, natural recharge, storage
capacity, monthly mean values of stream flow, catchment LULC, and average Kc value
to determine the surface water demand and potential in the watershed (Kahlerras et al.
2018). The model parameters include water circulation between layers and each layer's
water storage capacity (Negasa et al. 2019). By dividing a watershed unit into N
fractional areas reflecting different land uses and soil types, the water balance of each
fractional area j of N may be calculated. Each sub-climate catchment's water balance is

computed assuming it is uniform, as shown in Eqn 3.4.

dz,.j

5z, ;—1.j22%.
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3 J_pe(t)ZEJRFj_fjks.jle.j(l_fj)ks.jzlz.jl (3.4)

Z1, j = [1,0] represents relative storage as a function of total effective root zone storage
(mm) for the fraction of land cover, j. Pe is the effective rainfall. It's taken for granted that
it's zero. PET is potential evapotranspiration, and Kc, j is the crop/plant coefficient for
each fractional LC. The third term refers to surface runoff, with RRFj denoting the land
cover's runoff resistance factor. The storage factor, Ks.j is ignored when an alluvial aquifer
is added to the model and a runoff/infiltration link is created between the watershed unit
and the groundwater node. Each sub-catchment surface and interflow runoff at time t is
written in Eqgn 3.5.

N
RT (1) = D AiPe (02" 4+ K, 22, j (3.5)
=1
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Where,

RT(t) = the total surface and interflow runoff
A = the watershed unit contributing area

3.9 Creating a baseline scenario

In urban and rural locations, water usage and consumption patterns differ in any place
of the region lower Baro. In comparison to rural areas, metropolitan areas use more
water. People in rural areas rely on pools, tube wells, bore wells, and other sources of
water, whereas city dwellers are completely reliant on municipal water supplies. Based
on rainfall and streamflow scenarios for the next few years from December 2014-January
2030 are considered in the WEAP model to assess the surface water demand and supply
side. Moreover, the temperature and precipitation were affected by climate change over
the time frame. However, without considering future natural flows, evaporation, and

groundwater recharge will all shift (Hamza & Getahun, 2022).
3.10 Calculating the soil moisture balance

One crucial area that needs attention is the computation of the soil water balance, and for
aspiring scientists, in particular, a thorough understanding of their hydrometeorology
underpinnings is essential. Additionally, consider how these can increase production
potentials by changing ET water as possible to the transpiration components, giving plants
access to more nutrients. Therefore, the estimation/calculative portion of the various soil

moisture balance components must be distinguished.
3.11 Research methodology adopted

A broad research methodology was formulated to achieve this study's objectives. This
dynamic trend analysis of the probability density function of hydroclimatic variables and the
detailed analysis of the statistical Easy Fit model in lower Baro tributaries. In addition, the
WEAP hydrological model integrates various input data within a GIS and RS framework and
simulates the hydrologic impacts of likely change in LC implication soil edibility and climate
change impact on surface water in the lower Baro watershed. Figure 3.8 depicts the flow of
tasks performed in this study. Subsequent chapters of this thesis provide a detailed description

of each task and a discussion of the results obtained.
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Using satellite ET-based FAO WaPOR irrigation performance for Alwero irrigated area and

the global yield gap atlas for rainfed agriculture was performed, unlike other studies. This

study's subsequent chapters go into great depth about these undertake and a discussion of the

outcomes. The quantification of surface water potential and irrigation demand scenario

assessment in the study watershed is covered in the following chapter.
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Figure 3.8 Research methodological framework of the Study
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Table 3.5 Tools/platform and data used in this study

Tools/Platform Purpose

ESRI, 2020 Land cover change extraction from 2017-2023

Arc GIS 10.3 Using the pixel value of the confusion matrix to visualize and evaluate
geographic data

FAO WaPOR Quantification of water productivity concerning irrigation performance

Easy Fit 3.0 Statistical analysis, the hydrometeorological data GOF tests:1)
Kolmogorov-Smirnov, Anderson-Darling, and Chi-squared

Cropwat8.0 Irrigation Scheduling

CSA No of holder including crop output, seed rate, and fertilizer application

NDVI and Used to drought indicator and minimize soil brightness influences using

SAVI a soil brightness correction factor

Graph pad A statistical tool used in this study for streamflow variability

prism 9.4
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CHAPTER 4 STATISTICAL AND TREND ANALYSIS OF HYDRO

METEOROLOGICAL DATA

4.1 Introduction

This chapter examines the hydro-meteorological trend changes in space and time that have
taken place and whether or not they are significant. Hydro-meteorological time series
almost always exhibit seasonality due to the periodicity of the weather. We need
precipitation, temperatures, and discharge data to see the surface water potential trend
variability and changes. River discharge reflects an integrated response of the basin, while
rainfall is one of the significant inputs into the runoff process. The different reviews
revealed that its potential impacts on the Eco-hydrological systems are an issue in the basin
area using distributed hydrological models. For observed data showing high seasonality,
methods to analyze trends should incorporate the seasonal component. The rainfall
variability since rainwater is the primary source for the agriculture sector reported by
Chandrashekar & Shetty, (2018). On the other hand, in Nepal Kulekhani hydropower
project of 60 MW indicated that the impact of climate change on the hydrology of a basin
and its resultant effects on electricity production is up to 30% (Shrestha et al. 2016;
Gebrehiwot & Gebrewahid, 2016). Recent studies have found broad consensus that global
surface water resource availability and management are impacted by climate change in
both the present and the future (Abebe & Kebede, 2017).

Analyzing rainfall and streamflow trends provides valuable information for influential
hydrological variables, water resource planning, and management systems. The variability
analysis helps in understanding hydrological and climatic variables' performance and
features over time. Given the rate at which the global average temperature has climbed
over the last 36 years, the semi-dry zone of northern Ethiopia just have its highest
temperature in the previous 40 years (Cherinet et al. 2019). The variability of rainfall
brought on by climate change at various geographical and temporal scales has piqued the
interest of the scholarly community. Recently, there has been much concern about how

global warming affects the Earth's climate on different regional and temporal dimensions.
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The continent of Africa's nearby water is experiencing rising air temperatures. However,
The average annual maximum temperature has increased by roughly 0.10 °C every ten
years. In contrast, the average annual lowest temperature has been rising by about 0.25 °C
every ten years across the nation ENMA, 2007. Recently Ethiopia’s temperature dropped
to 23.35 °C in 2021 and from 23.38 °C in 2020. The vegetation ranges from Acacia seyal
to Balanites aegyptiaca savanna forest in the east through grassland to seasonal marshes
and swamps in the west, with rainfall in the highlands exceeding 2000 mm throughout a
rainy season of 10 months, while it is only about 600 mm in the lowlands. Hydrologic
variables such as ET, radiation intensity, wind speed, precipitation, soil water content, and
temperature affect the runoff hydrological process (Malede et al. 2022; Li et al, 2020).
Seasonal variations in the amount of precipitation, temperature, and the ET rate at the study
region significantly impact the lower Baro watershed. Methods incorporating the seasonal
component should be used to analyze trends for observed data exhibiting strong
seasonality. In this chapter, the significance of the changes in hydro-meteorological trends

that have taken place across time and space is examined.
4.2  Methodology

4.2.1 The goodness of fit tests

A preferred distribution information criteria approach measures the relative goodness of
fit. However, they do not evaluate the model's goodness of fit when linking models
together. This study used the Easy Fit program by Math ware technologies to fit the
statistical distribution in the lower Baro watershed. It has several mathematical tools for
the statistical analysis of extreme occurrences. All of the statistical probability
distributions mentioned in these works, as well as a vast number of others, are supported.
According to the movement, strength, and magnitude of the storm, rainfall events in the
arid and semi-arid tropics exhibit spatial and temporal variability, leading to significant
differences at local scales (Vargas et al. 2020). Convective rainfall contributes to rainfall's
spatial and seasonal variability and is a crucial component of tropical and subtropical
weather systems (Tessema et al. 2020). The dynamic behavior of convective rainfall in
terms of volume, intensity, and peaking time affects the reactions of streamflow. The
urgency of predicting rainfall's spatial and temporal variability is increasing due to global

climate change (Mimikou and Baltas, 2013).
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a) Kolmogorov Smirnov test

The maximum discrepancy is called the D-statistics (Dn) which is compared to the
critical D-statistics (Yevjevich 1972), fn (x) = 1/n {number of observations < x}, and Dn
= maximum (Fn (x) — f(x)). The critical -D-statistic depends only on the sample size (n).
Astafurov et al., (2017) provide a detailed table of critical distance values for a range of
sample sizes. Since it was developed to confirm the data distribution, this test is regarded
as a non-parametric test.

b) Anderson Darling test statistics

The test assumes that there are no parameters to be estimated in the distribution being
tested, in which case the test and its set of critical values are distribution-free as shown
in Egn 4.1.

K :_%i(zi 1)l (x, )+ Infi— f(x, , +1)] 1)

where n is the sample size and i is an index of the data set.

c) Chi-squared goodness of fit test
The statistical test establishes whether or not a variable is likely to come from a given
distribution. It is frequently used to assess how well sampling data represents the entire

streamflow data.
4.3 Temperature and precipitation affecting the yield

Crop water productivity, temperature, and precipitation are two climatic elements affecting yield
gaps. Temperature and precipitation show meaningful, moderate-to-strong connections with yield
for each crop. The temperature reaches the limiting factor, and irrigation is longer beneficial
for improving yield (Degife et al., 2021; Sileet et al., 2013).

4.4 Results and discussion

4.4.1 Spatial and temporal analysis of meteorological data

The significance of the statistical probability density function distribution was the results of
the temporal fluctuation of hydrometeorological variables at annual average values in this

study.
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Moreover, the spatiotemporal variability of the analyses of hydrometeorological components
provides a further understanding of the hydrological process and hydrometeorological
modeling. In the past, the lower Baro watershed had relatively higher evapotranspiration than
other watersheds, whereas the spatiotemporal temperature fluctuation was generally minimal.

4.4.2 Pattern and variability of rainfall and temperature

As a result, the Kolmogorov Smirnov test, Anderson Darling test statistics, and Chi-squared
goodness of fit test show significant changes in the rainfall and temperature in the distribution
being tested. The test set of maximum critical values observed in the Baro Gambella sub-
catchment shows that 6 = 12.6, p = 11.9, and y = 0, and the corresponding lowest observed
result found in the Sor Metu sub-catchment 6 = 0.80, u=1.75, and y =-0.03. The lower Baro
watershed is one of the tributaries of the White Nile in South Sudan, shows high spatial and
temporal rainfall variability (annual and seasonal); rainfall tends to increase in the southern
section of the watershed while tending to decrease in the northwest (Malede et al. 2022).
According to Tola & Shetty (2023), extreme rainfall indices have a less than 20% overall
variance over the upper Awash basin; although there is significant regional variability (CV >
30%). This may be the result of topographical elements like climate change and rainfall and
streamflow variability. Similar findings with Gebremicael et al. (2017) also stated that the
monthly rainfall variation in the Tekeze Atbara basin is topographically determined (Malede
et al. 2022). The correlation between rice, sugarcane, and vegetable yields is larger than the
correlation between temperature and maize yields.

Numerous statistical probability distributions, such as those covered in these studies, have
been supported (Mishra et al. 2013). Easy Fit supports the following GOF tests:1)
Kolmogorov-Smirnov, Anderson-Darling, and Chi-squared. The graph presents the
distributions ranked by the GOF statistics, allowing one to choose one or more models that
accurately represent the data. The statistical properties of several distributions, including scale
and shape parameters, mean, variation, standard deviation, kurtosis, and skewness coefficient.
One can quickly determine the chance of rainfall using the scale, shape, and other parameters
(Mandal & Choudhury, 2015). Regional probability dependencies may arise from physical
causes, such as large-scale meteorological occurrences.

In light of this, are previously said, the region should first be described to determine which
statistical distribution best explains the anticipated temperature and rainfall events. The

variability in temperature and rainfall over time in eight stations is shown in Figure 4.1.
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Figure 4.1 Variability in temperature and rainfall over lower Baro tributaries

4.5 Streamflow variability in the kiremt (rainy season) in eight sub-catchments of
Baro River

Streamflow tends to rise towards the downstream region in watersheds with low elevation.
The functional relationship between the yearly average streamflow and elevation explains the
spatial variability of the water availability in the watershed. According to Table 4.1, the lower
Baro Alwero station minimum streamflow coefficient of variation (CV) changes between
0.34 in 2009 and 0.71 in 2019. Streamflow may be better understood because of the surface
water and ocean topography mission, which is launched in December 2022; with three
products, to monitor almost 200,000 rivers with a width of over 100 m, with overpasses
occurring every 21 days (Lodge et al. 2023). However, the year is divided into three seasons
namely Kiremt (the "major rains™ season, June-September), Bega (the dry season, October-
February), and Belg the "little rains" season, March-May (Muleta 2021). Moreover, the
analysis for the Bega (dry season, October to February) and Belg ('little rains' season, March
to May) was not conducted due to various obstructions in the lower stream portion of the Baro
River. Long-term kiremt season streamflow trend variability (June-September) was examined

using the eight streamflow gauging station data.
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Table 4.1 Alwero average annual streamflow station

Date Annual Average Discharge (m3s) Mean STD CV

2009 3 3 1 0.34
2010 3 3 1 0.35
2011 2 3 1 0.37
2012 2 3 1 0.38
2012 2 3 1 0.40
2014 2 3 1 0.42
2015 2 3 1 0.43
2016 3 3 2 0.45
2017 3 3 2 0.50
2018 3 3 2 0.58
2019 3 3 2 0.71

One of the most frequent changes humans make to a flowing water system is a long-term
or permanent change in the amount of water that flows through the river or stream
channel. Streamflow normally increases in the basin's downstream area, where the
elevation is low (Molla & Abdisa, 2018; Muleta, 2021). The annual average streamflow
with elevation is used to explain the spatial variability of streamflow. At the lower Baro
Gilo Fugnido station, the CV of the lowest streamflow varies from 0.7 in 1990 to 0.3
from 1977-1983, as shown in Table 4.2.

Table 4.2 Gilo Fugnido average annual streamflow station

Date Annual Average Discharge (m%/s) Mean STD CVv
1977 102 89 26 0.3
1978 110 88 27 0.3
1979 103 87 26 0.3
1980 95 85 27 0.3
1981 96 84 27 0.3
1982 99 83 28 0.3
1983 85 81 28 0.3
1984 66 80 30 04
1985 77 82 32 04
1986 79 83 35 0.4
1987 80 85 39 0.5
1988 78 86 44 0.5
1989 99 90 53 0.6
1990 81 81 58 0.7

55



During the dry season, the monthly river flow was low, and it began to rise throughout
the rainy season in Birbir Yubdo station. As a result, the CV of minimum streamflow
varies by 0.3 from 1977-1982 and a maximum of 0.7 in the year 1990, as indicated in
Table 4.3. This meant a finite amount of water accessible during the dry season when
irrigation is required and more in the wet season when hardly any irrigation is needed
(Yimere & Assefa, 2022). Air temperature, whether precipitation falls as rain, and the
timing of precipitation are all climate factors that influence streamflow (Kumilachew &
Hatiye, 2022; Bekele et al., 2019). However, human management of land and water
resources during the previous three decades has impacted streamflow variability more
than fluctuation in climate has over the same time (Tilahun et al., 2018; Ibarrola et al.
2017), including population expansion, water scarcity, and climate-related effects like
droughts and extreme weather.

Table 4.3 Birbir Yubdo average annual streamflow station

Date Annual Average Discharge (m?3/s) Mean STD Ccv
1977 36 36 10 0.3
1978 35 36 11 0.3
1979 37 36 11 0.3
1980 37 36 11 0.3
1981 38 36 12 0.3
1982 38 36 12 0.3
1983 39 36 13 0.4
1984 32 35 14 0.4
1985 32 36 15 0.4
1986 31 37 16 0.4
1987 33 38 18 0.5
1988 34 40 21 0.5
1989 37 42 25 0.6
1990 48 48 34 0.7

The results indicated that the highest discharge on annual average value was 0.26 in 1991,
1994, and 1995 at Gog station of the lower Baro watershed. Whereas the lowest value on
the annual average value of 0.15 was found in 2002. The mean maximum was 0.22 in 1990

and a minimum of 0.16 in 2006, Std was 0.11 maximum in 2006 and a minimum of 0.06 in
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1990-1992, and the CV minimum was 0.29 in 1990, the maximum was 0.71 in 2006 as
determined that had the highest river flow variability as shown in Table 4.4. The catchment
Gog station water balance may be seen by the streamflow variability in mean, Std, and CV.
Furthermore, the surface runoff, baseflow, and interflow comprise streamflow (Eshete et al.
2022); while the basin watershed produced is contributing during the monsoon season
(Todmal 2020). Therefore, the soil moisture would present more resistance when the flow

occurs below the earth's surface (Zhang et al. 2021).

Table 4.4 Gog average annual streamflow station

Date  Annual Average Discharge (m3/s)  Mean STD CVv
1990 0.24 0.22 0.06 0.29
1991 0.26 0.21 0.06 0.30
1992 0.23 0.21 0.06 0.30
1993 0.23 0.21 0.07 0.31
1994 0.26 0.21 0.07 0.32
1995 0.26 0.20 0.07 0.33
1996 0.24 0.20 0.07 0.34
1997 0.24 0.19 0.07 0.34
1998 0.24 0.19 0.07 0.36
1999 0.23 0.18 0.07 0.37
2000 0.19 0.18 0.07 0.37
2001 0.17 0.17 0.07 0.40
2002 0.15 0.18 0.08 0.43
2003 0.17 0.18 0.08 0.47
2004 0.22 0.19 0.10 0.52
2005 0.17 0.17 0.10 0.58
2006 0.16 0.16 0.11 0.71

As a result, in this study, the lowland Baro Gambella station had the maximum and
minimum streamflow annual variability in terms of the mean of 1.65 maximum and 0.19
minimum in 1988 to 1992, an STD maximum of 0.6 in 1988-1992, and a minimum of 0.1
in 1988 to 1992, and the CV maximum of 3.16 in 1988 and minimum 0.06 in 2004 as shown
in Table 4.5. Because of the controlled flow pattern, the hydropower scenario increased the
flow arriving at Aswan by an average of 1.3 km®/year; in contrast, the irrigation scenario
decreased the flow by an average of 4.4 km®/year (Abdelkader et al. 2023). With endemic
drought and flood occurrences, Ethiopia has extremely challenging hydrology that

fluctuates over time and area (Gebrehiwot et al. 2014).
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For 57 gauging stations dispersed throughout the Ethiopian highlands, studies have looked
at trends in streamflow parameters between 1975 and 2010 (Degefu et al., 2019). Over 70%
of the 513 test cases showed rising signals, and 32% of the tests were generally field
significant at 0.05 (Degefu et al., 2019).

Table 4.5 Baro Gambella average annual streamflow station

Date Annual Average Discharge (m®/s)  Mean STD CVv
1988 1.6 0.19 0.6 3.16
1989 15 0.36 0.6 1.67
1990 15 0.38 0.6 1.58
1991 14 0.39 0.6 1.54
1992 15 0.41 0.6 1.46
1993 15 0.43 0.5 1.16
1994 3.2 0.46 0.5 1.09
1995 2.8 0.47 0.4 0.85
1996 2.6 0.49 0.4 0.82
1997 2.6 0.52 0.4 0.77
1998 2.5 0.56 0.4 0.71
1999 2.5 0.60 0.4 0.67
2000 2.5 0.67 0.4 0.60
2001 1.7 0.75 0.1 0.13
2002 1.7 0.90 0.1 0.11
2003 1.7 1.15 0.1 0.09
2004 1.8 1.65 0.1 0.06

The maximum and minimum mean annual streamflow were 413.9 & 441.5, the STD were
102.9 and 308.7, and the CV of 0.2 & 0.7. In contrast to streamflow variability in Baro Itang,
the minimum streamflow showed a CV of 0.2 in 1990, 19191, and 1992 a corresponding
maximum of 0.7 in 2008. Deforestation for agricultural expansion, settlement growth, water
extraction, and rain-fed and irrigated farming are among human activities that affect
streamflow availability. Several studies indicated that Ethiopia is one of the emerging
nations that have been harmed by hydrometeorological variability (Asitatikie & Gebeyehu,
2021; Malede et al., 2022). The literature still needs to thoroughly investigate the relative
effects of different climate variabilities on streamflow at the daily, monthly, annual, and
mean annual scales. Streamflow is affected by the temporal variation of precipitation and
potential ET on a daily to long-term period (Yao et al. 2020). The CV of simulated annual

streamflow is another indicator of the influence of climate variability (Malede et al. 2022).
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A decrease in streamflow would impede further socioeconomic development and put
ecosystems in peril because streamflow is highly responsive to human activities (Malede et
al., 2022). More than 65% of the drop in streamflow may be attributed to human activity,
while less than 35% can be attributed to climate change (Zhong et al. 2021). As a result,
huge significant implications for surface water potential and demand of the streamflow

variability in Baro Itang station, as shown in Table 4.6.

Table 4.6 Baro Itang average annual streamflow station

Date Annual Average Discharge (m?3/s) Mean STD CVv
1990 475 434.1 102.9 0.2
1991 483 431.8 104.7 0.2
1992 484 428.8 106.1 0.2
1993 481 425.4 107.5 0.3
1994 476 421.7 108.9 0.3
1995 469 417.8 110.5 0.3
1996 407 413.9 112.4 0.3
1997 385 414.4 116.8 0.3
1998 387 417.2 122.0 0.3
1999 387 420.2 128.0 0.3
2000 397 423.8 134.9 0.3
2001 416 427.2 142.9 0.3
2002 414 428.8 152.1 0.4
2003 426 431.2 163.4 0.4
2004 420 432.3 176.9 0.4
2005 417 435.5 195.1 0.4
2006 451 441.5 220.9 0.5
2007 437 436.6 252.1 0.6
2008 437 436.6 308.7 0.7

As a result, in Ethiopia's tropical Gumero Gore station, the maximum and minimum
variability in the mean STD and CV 500 & 394 in the years 1974 and 1978, 287 & 197 in the
years 1980 and 1978, and 0.7 in the years 1980 & 0.4 from the year 1974-1976 as shown in
Table 4.7. The spatial-temporal changes in surface water and how they related to the climate
and the difference were influenced mainly by temperature and precipitation, with ET having
little effect. One of Malaysia's major tropical rivers, the Selangor River, has experienced long-
term fluctuations in its annual streamflow regime over 50 years, from 1961 to 2010; Using
the Pearson correlation coefficient and Shapiro-Wilk and Pettitt's tests, the results showed
that the annual streamflow and variations in the yearly duration are both high and low (Seyam
and Othman, 2015).
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Table 4.7 Gumero Gore average annual streamflow station

Date Annual Average Discharge (m?3/s) Mean STD Ccv
1974 647 500 201 0.4
1975 561 475 197 0.4
1976 559 458 203 0.4
1977 550 433 205 0.5
1978 385 394 197 05
1979 390 398 230 0.6
1980 406 406 287 0.7

In Sor Metu the streamflow shows that precipitation had a significant impact on streamflow
dynamics, as it accounts for almost 85% of the variation of annual streamflow in the Mean,
maximum and minimum were 53.6, & 41.8, where as the STD were 12.7 & 29.6, and the
CV value of 0.2 & 0.7 as shown in Table 4.8. Both inter & intra annual precipitation and
streamflow are highly erratic (Mandal & Choudhury, 2015; Mishra et al. 2013). As a result,
the response of hydrological variability, ecological, and biophysical variability was due to
the heterogeneity of the land surface at the watershed scale. Stepping back from the land
surface, one of the significant phenomena of societal and scientific interest was the
hydrological extremes, in this study was flood and drought in the summer and winter
seasons. The lower Baro hydrological cycle is greatly influenced by the time of rainfall
(Kedir, 2021). In light of this, there is a strong link between yearly streamflow and total
precipitation. In other words, streamflow decreases as a result of variations in precipitation
(Panagos et al., 2022; Malede et al., 2022). Although they have changed throughout the
study, the relationships between regional precipitation and discharge remain. A
considerable decrease in precipitation, especially during the rainy season, can have a
significant influence on the hydrological cycle and the availability of water for ecosystems
and humanity; in reality, variations in precipitation quantity alter runoff rates, affecting the
local population's access to water (Kedir, 2021). Regarding agricultural demand, a soil
moisture deficit brought on by reduced precipitation may affect both rainfed crops and
irrigated plants (Vargas-Pineda et al., 2020; Rai et al. 2019).
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Table 4.8 Sor Metu average annual streamflow station

Date Annual Average Discharge (m?3/s) Mean STD CVv
2000 55 53.6 12.7 0.2
2001 56 53.5 13.0 0.2
2002 56 53.3 13.3 0.3
2003 55 53.2 13.7 0.3
2004 59 53.1 14.1 0.3
2005 62 52.7 14.4 0.3
2006 49 52.0 14.5 0.3
2007 56 52.3 15.1 0.3
2008 56 52.0 15.6 0.3
2009 53 51.6 16.1 0.3
2010 53 51.4 16.8 0.3
2011 53 51.2 17.7 0.3
2012 53 51.0 18.6 0.4
2013 48 50.6 19.8 0.4
2014 50 51.1 21.5 0.4
2015 51 514 23.7 0.5
2016 58 51.4 26.6 0.5
2017 55 48.2 28.6 0.6
2018 42 41.8 29.6 0.7

As a result, in this study, the gross biomass water productivity of the Alwero sub-catchment
ranges from 1.8-2.8 kg/m?® in the annual time series bases from 01/07/2010 to 01/07/2022 as
shown in Figure 4.2. In a recent study on remote sensing data products as an input, the result
was that WaPOR for wheat ranged from 0.2 to 1.8 kg/m?®of harvestable wheat per cubic meter
of water consumed (Chukalla et al. 2022). Because water has become scarcer and there is
more competition in agriculture and other industries, water productivity in this agricultural
system needs to be significantly improved to satisfy future demands. Comparing fields with
high-performance (bright spots) and low-performance (hotspots) areas reveals differences in
water productivity. Since these stages are the most stressful sensitivity periods for their
respective crops, water stress should occur throughout the most sensitive growth phases
(Steduto et al., 2007). These suggest a need for more effective irrigation planning, more
significant moisture conservation, or more sensible water distribution during the crop growth

phase.
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Figure 4.2 Alwero annual time series vs the gross biomass water productivity in
kg/m?3

As found by this study, the Gilo Fugnido sub-catchments gross biomass water productivity
ranges from 0.7 to 1.3 kg/m® in the yearly time series ranging from 01/07/2010 to
01/07/2022 as indicated in Figure 4.3. The methods implicitly aim for different
formulations of water productivity: the first track focuses on increasing yield per unit of
water used. In contrast, the second track concentrates on increasing water productivity in
terms of surface water productivity to achieve sustainability for future generations.
However, these demonstrate the potential for increased water productivity, regardless of
whether such productivity gains, as measured by greater yields per unit of water consumed

in crops or irrigation systems, would also lead to higher production at the watershed scale.
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The gross biomass water productivity of the Birbir Yubdo sub-catchment, as determined
by this study, varies from 1.7 to 2.6 kg/m? in the annual time series from 01/07/2010 to
01/07/2022 as mentioned in Figure 4.4. The related study applied two types of
interventions; more expensive technologies like a sprinkler, drip, and other micro-irrigation
techniques, and agronomic practices, including field leveling and zero tillage. Numerous
research has found ways to prevent non-beneficial depletion. However, a common theme
is the need to consider scale, hydrology, and the environment when interpreting and
possibly applying the results. For instance, it was common knowledge that biological

techniques would consume less water than surface irrigation.
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Figure 4.4 Birbir Yubdo annual time series versus the gross biomass water
productivity in kg/m?
According to this study, the Gog sub-catchment gross biomass water production ranges
from 0.7 to 1.3 kg/m® annually from 01/07/2010 to 01/07/2022, as shown in Figure 4.5.
Water stress decreased, and more general socioeconomic objectives by shifting water use
from agriculture to other sectors. It was acknowledged as a pillar of water demand
management since it maximizes current resources instead of expanding supplies. By 2050,
developing nations will need 158 kg/person/per year of grain food from Ethiopia (Silva et
al. 2021). However, increasing irrigation efficiency can liberate significant water for

reallocation to other more valuable purposes.
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Gross Biomass Water

The Baro Gambella sub-catchments gross biomass water productivity, as a consequence of
this study, varies from 0.8 to 1.2 kg/m? during an annual time series from January 1, 2010,
to January 1, 2022, as shown in Figure 4.6. Appropriate geographical and temporal scales
and the particular hydrological environment are crucial to ascertain where and how
productivity increases and actual water savings. Developing and applying various

approaches from adjacent domains may lead to new insights and chances for improving

1.4 Gog Station
— 1.2 ° .
S ° ..
510 | o g R -
\x-/ [ ] ° .
>038 .
=
= 0.6
>
2 04
o
0.2
0.0

2010201120122013201420152016201720182019202020212022

Annual time series (year)

Figure 4.5 Gog annual time series versus the gross biomass water productivity

in kg/m?3
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Figure 4.6 Baro Gambella annual time series versus the gross biomass water

productivity in kg/m?3
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The Baro Itang sub-catchment gross biomass water production as a consequence of this
study ranges from 1.6 to 2.6 kg/m? annually from 01/07/2010 to 01/07/2022, mentioned in
Figure 4.7. However, it can take some time before the benefits of farm productivity become

apparent. As a result of this study, on drip and sprinkler irrigation technologies in the

Ethiopia Gambella regional states, irrigations recovered their initial investment in one to

three years.
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Figure 4.7 Baro Itang annual time series versus the gross biomass water

productivity in kg/m3

As a result, in Figure 4.8 of this study, the gross biomass water productivity of the Gumero

Gore sub-catchment ranges from 0.7 to 1.3 kg/m?® throughout an annual time series from
01/07/ 2010 to 01/07/2022. The cost of production at the watershed scale was decreased

while the measured units of applied water and other agricultural inputs increased as a result

of the recovery of the gross biomass water productivity.
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Figure 4.8 Gumero Gore annual time series versus the gross biomass water

productivity in kg/m3
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As a result, of this study stated in Figure 4.9, the gross biomass water productivity of the
Sor Metu sub-catchment ranges from 1.4 to 1.9 kg/m? throughout an annual time series
from 01/07/ 2010- 01/07/2022. Nevertheless, the links between water and agricultural
productivity might be made more evident. While the contributions of water and other
elements to agricultural yields have been identified and quantified with significant
effectiveness, the magnitude of each element's contributions vary greatly depending on
the region, the accompanying hydrologic and climatic environment, and other factors.
The WaPOR offers good sugarcane results; however, the remote sensing-based forecasts
connect the biomass gap (Blatchford et al., 2020). In this study, the HI indicates how
much biomass production contributes to the harvestable fraction of a crop yield. The
management techniques for bettering the timeliness of water supplies utilizing
supplemental or deficit irrigation. In studies on this pathway as a potential intervention.
The crucial issue restricting agricultural productivity is moisture availability in dry

places, especially during vital times.
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Figure 4.9 Sor Metu annual time series versus the gross biomass water
productivity in kg/m3

4.6 Conclusions
The streamflow variability, characterized by the coefficient of variation (CV), and the region
revealed substantial fluctuations in surface water demand and streamflow potential,

followed by modest variability. In addition, Penman Monthieth FAO56 was to analyze the
ETo trend. The highest predicted monthly hydropower potential, irrigation water demand,
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livestock water demand, and surface water potential were 60.3 Mm? inflow due to the water
balance produced from the WEAP hydrological model. The corresponding outflow value
was 52.4 Mm?. The total predicted mean annual surface runoff that departs the basin for
each station, as determined by the model, was 462.06 Mm?>. The FAO gross water
productivity average annual and monthly ET trend changed over time, and the variation in
monthly streamflow of the box plot for each station across 43 years of streamflow data
showed significant variability over the lower Baro watershed. Additionally, using the
mathematical tool EasyFit explored the normal distribution's probability density in the eight
gauging stations. The underlying trend of temperature increase and extreme temperature
variability may aid ET. Finally, the total annual streamflow indicates that the model's
efficiency between the observed and simulated flow utilized to represent the watershed is
quite good. Much effort is required to bring the sustainability challenge to the lower Baro
watershed. The region has enough resources to meet all the demands. However, the gap
increases the strain on water supplies. To limit adverse effects on their livelihoods,
stakeholders should be aware of surface water demand and potentially use it in water
management, water conservation, and irrigation methods. Additionally, it is essential to
develop effective agricultural methods and rainwater collection in the research area. Despite
a substantial record of time series for the basin, the attribution of large-scale surface water
demand and potential to long-term changes in climatic factors still needs to be investigated;

it will bring sustainability in terms of surface water management.

The next chapters discuss the detailed analysis of surface water irrigation potential and crop

water requirement in the lower Baro watershed.
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CHAPTER 5 SURFACE WATER POTENTIAL AND IRRIGATION WATER

DEMAND OF LOWER BARO WATERSHED TRIBUTARIES

5.1 Introduction

As introduced in chapter one of this thesis, it might be possible to be more explicit about
the links between water and agricultural output. The levels of each factor's contributions
vary substantially depending on the region, the accompanying hydrologic and climatic
environment, and other factors, even though it has successfully identified and quantified
the contributions of water and other elements to crop yields (Yidana et al. 2011). The
methods used to comprehend the entire hydrological process in this study was an integrated
approach to surface water potential and irrigation demand in the current chapter. The
WEAP hydrological model explores the critical hydrological processes in the lower Baro
tributaries. Finally, develop possible current and future surface irrigation potential and crop
water requirements within the lower Baro Gambella catchment. Moreover, it devoted me
to thoroughly explaining the WEAP hydrological model, data inputs, application methods,
and findings obtained.

5.2 Selection criteria of the hydrological model

There are several factors to consider when deciding which hydrological model best suits a
particular circumstance. The standards vary on the region of interest because each site has
different requirements. Some criteria are also arbitrary and dependent on the application.
Four universal and crucial selection criteria must always be considered among the several
field-dependent ones.

e The required model output that must be predicted by the model since it is necessary to
the project (Does the model forecast the variables needed by the project, such as the
long-term sequence of flow)?);

e Hydrologic processes that must be represented to accurately estimate the intended
outputs (Can the model simulate a single event of continuous processes?);

e Accessibility of input data (Can the project's time and budget allotments and all the
inputs needed by the model be provided?), and

e Cost (Does the investment appear to be worthwhile given the project's goal?).
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5.3 The reasons for choosing the WEAP hydrological model

The model is free and easily accessible to users, replicates the main hydrological processes
in the catchment, has good literature, a well-organized database, and the GIS interface; in
numerous circumstances and locations around the world, the model was used to analyze
surface water potential and irrigation crop water need. A significant limitation to large-area
hydrologic modeling using WEAP is the spatial detail required to simulate hydrological
processes correctly. Another area for improvement is that data files can be challenging to

manipulate and contain several missing records.
5.4 Surface soil moisture and irrigation productivity

Concerning crop water needs and the potential for surface irrigation in the lower Baro
watershed, this study sought to identify possible scenarios. Soil moisture is critical in
classifying rainfall into infiltration and runoff; it significantly impacts runoff modeling and
flood predictions (Brocca et al. 2017). The hydrological modeling is superior to the original
soil moisture estimation in the downscaled products (Dau et al. 2021; Zhuo & Han, 2016).
Several studies used in situ soil moisture monitoring to improve flood modeling using data
assimilation techniques and the calibration of hydrological models (Zhang et al. 2021).
However, moisture reserves are highly dynamic, and the rainfall dramatically changes the

moisture reserves in the agro soils of the landscape (Shein et al. 2021).

Other research mostly focused on classical calibration, which was ineffectual at accurately
projecting streamflow's seasonal and long-term variability; the soil moisture technique
utilized hydrological modeling in this particular watershed (Ingol-Blanco & McKinney,
2013). They calibrate the watershed rainfall-runoff model in WEAP to replicate its historical
runoff characteristics precisely. However, instead to create a good approximation of the
current streamflow that could be used as a baseline for climate change research (Oti et al.
2020). A study on the Baro watershed showed that the mean annual actual ET is 30.8 Bm?®
and the percolation loss of 2.4 Bm?® (Engdaw, 2016; Tadesse et al. 2018).

5.5 Results and discussion

The average monthly ET fluctuates, the availability of seasonal vegetation cover, and
rainfall availability, ranging from roughly 27.8 mm/month in February to July and August,

a maximum of 66.5 and 64.9 mm/month, as shown in Figure 5.1.
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The wet winter (kiremt) season accounts for around 55% of ET, with the remaining 45%
occurring during the summer (dry) season (Gebrehiwot, 2013). As a result, of this study,
there was little vegetation cover and less rain during the summer (dry) season in lower Baro
watershed. Also, ET shows how quickly the soil is becoming dried out. However, high
temperatures may impact plant productivity and crop yields even if crop water consumption
decreases as harvest seasons (Hadri et al. 2022). According to Abebe & Kebede, (2017), a
study demonstrated that climate change has an impact on how water resources are managed
today and in the future. Because irrigation-induced local changes in ET demand impact crop
and irrigation water requirements. However, various irrigation scenarios should consider
these changes when planning and predicting agricultural water consumption (Zhang et al.
2021).
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Figure 5.1 Temporal variation of average monthly ET of different decades

Many irrigators have discovered that due to these modifications, they have greater control over
the water used on their farms. And could get more use out of irrigation scheduling. The
streamflow gauge stations variability over 45 years as shown in Figure 5.2. The amount of
water that would evaporate if energy were the only limitation (i.e., moisture availability does

not limit the evaporation (Burn & Hesch, 2007).
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Figure 5.2 Lower Baro stream gauging stations

Similarly, ET values in this study were calculated as a principal value at eight stations in
the lower Baro watershed by FAO56 Penman Montieth from the reference ETo as
compared with ET. The ETo necessity of an environment free of crop variety, crop growth,
and management activities is demonstrated by Penman Montieth, which incorporates 4-
5.8 mm having various climatic impacts (Islam & Alam, 2021). In a prior study, the
uncertainty of ETo dropped from April to October, with an average overestimate of 0.11
mm/day throughout the year, in contrast, the average overestimation of ETo is only 0.02
mm/day, and the uncertainty of ETo reached its lowest value in July (Xingming Hao et al.
2018). As a result, in this study, in the Baro Itang, the maximum ETo was 7.01 mm,
whereas the minimum ETo was 5.49 mm was found in the Gilo Fugnido as compared to
the six sub-catchments. This is help Irrigators can utilize information to plan more precise
irrigations to help in producing maximum harvests and increase water productivity (Nesru
et al. 2022). The time of routine sprinkler irrigation treatments can be determined to
maximize water productivity using a method similar to that used for surface irrigation
(Fikadie et al. 2022; Bwambale et al. 2022). The crop needs irrigation water for deep
percolation and transpiration, solar radiation, air temperature, wind speed, and relative

humidity values all have an impact on ET as shown in Table 5.1.

71



Table 5.1 Station-based evapotranspiration estimate using fao56 Penman Montieth average monthly climatic data over Baro river
tributaries (1986-2018)

Stations Tmin  Tmax Tdry Twet Tmean Dewpoint Wind Ra  e°(Tmin) e°(Tmax) e°(Twet) es ea es- Rso Rs Rns  Rnl Rn U2 ETo ET

(OC) Speed ea (FAO56) (mm)
Alwero 279 438 18 237 359 259 2.00 3194 3.76 9.0 2.93 6.38 433 205 2396 2374 1828 216 16.12 150 6.43 6.41
Gilo Fugnido 228 421 13 226 324 208 1.33 3384 277 8.23 2.73 550 4.09 141 2538 2257 1738 2.08 1529 1.00 5.49 7.00
Birbir Yibdo 275 449 21 189 36.2 255 2.09 36.25 3.66 9.53 2.18 6.60 3.26 334 2719 1894 1458 232 1226 157 6.13 7.67
Gog 280 435 22 202 357 260 221 37.73  3.77 8.85 2.36 6.31 351 280 2830 2019 1555 213 1341 165 6.22 7.46
Baro Gambella 287 416 30 236 352 267 3.03 3754 3.95 8.02 2.90 598 421 177 2815 2356 1814 182 16.32 227 6.65 6.68
Baro Itang 291 435 30 229 363 271 3.01 36.67 4.03 8.87 2.79 6.45 4.06 239 2750 2290 17.63 202 1561 225 7.01 7.06
Gumero Gore 289 407 35 237 348 269 3.46 36.43 3.99 7.68 2.92 583 421 162 2732 2365 1821 191 1630 259 6.62 6.19
Sor Metu 298 403 23 232 350 278 2.33 37.02 4.18 7.49 2.84 584 417 167 2776 2319 1786 186 16.00 1.74 6.23 5.96
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5.6 Analysis using precipitation time series

The monthly maximum ET was 125 mm/month in Gumero Gore, whereas the minimum ET
was 75 mm/month in terms of the CV in the catchment of Sor Metu among the eight tributaries.
According to the study, ETo efficiency values are principal in the rainfall trend (Lambe and
Kundapura, 2021); however, hydrologists are interested in time series forecasting; they do not
necessarily follow forecasting principles (Papacharalampous et al. 2018). One key reason for
studying ET in a reservoir and River basin water balance analyses is to bring sustainability to
the water stress area. Nevertheless, changes in LULC on watershed hydrological responses,
especially forest cover, impact ETo (Mohaideen & Varija, 2018; Yan et al. 2013). The monthly

trend of each station varies with the ET value, as indicated in Figure 5.3.
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Figure 5.3 Station-based evapotranspiration estimate over the lower Baro watershed

5.7 Station-based variability of river discharge

As a result, the water balance generated by the model, the most significant estimated total
monthly inflow hydropower potential, the irrigation water demand, livestock water demand,
and surface water potential were 60.3 Mm?, and the corresponding total outflow value of 52.4
Mm?3. Water was accumulated in the ground, which raises river levels, surface runoff, and

discharge. Figures 5.4 (a) and (b) show the water balance inflow and outflow.
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Many agricultural impact studies and future irrigation plans are imposed without taking
variations in irrigation water availability into account (Okada et al. 2018). In this study,
precipitation exceeds ET during wet winter (kiremt) seasons, which results in an excess of
water. The longer the period, the more adaptable the model will be to changing hydrological
conditions; the fundamental assumption, on the other hand, is that the model structure

accurately depicts the catchment's operations (Romanowicz et al. 2013).

30 . = Hydropower potential
(a) inflow YETOPOWET P
O Irrigation water demand
25 | Livestock water demand
20 W Surface water potential
15

10
: H‘HI
0

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

Volume ( Mm?3)

30 = Hydropower potential
— (b) outflow @ Irrigation water demand
ME 25 m Livestock water demand
\E/ 20 W Surface water potential
(5]
g 15
o
> 10
| 0 il 0l
il ol O 0O ot AEE Wk AR 0 AN

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

Figure 5.4 Monthly inflow (a) and outflow (b) over the lower Baro watershed

In this study, the total estimated mean annual surface runoff that leaves the basin for Sor Metu,
Baro Itang, Birbir Yubdo, Baro Gambella, Alwero, Gumero Gore, Gog, and Gilo Fugnido
was 462.06 Mm3as shown in Table 5.2. Higher temperatures, less precipitation, and increased
water demand should be balanced; failing to do so will likely result in a major reduction in

long-term runoff and water availability, especially during the summer (Todmal, 2020).
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Several studies mentioned that the significant additional cropland growth at the watershed
could put water security at risk. However, under climate change and lead to unstable
agricultural output (Fu et al., 2022). The hydro climate and biophysical conditions may be
negatively impacted by the expansion of irrigated agriculture (Karthikeyan et al., 2020).
However, water savings brought on by irrigation technology are sufficient to support the
increase in agriculture (Hadri et al., 2022). Because rainfall intensity and duration vary from
location to location horizontally, the amount of rain at each meteorological station records
should weigh appropriately for the region it represents (Belay & Mengistu, 2021).
Agricultural land increased from 21.8-39.8% and annually increased ET by 12%, surface
runoff decreased by 42%, and land use decreased by 24% (Mengistu et al. 2022). Moreover,
according to a previous study, annual surface runoff in the Baro Akobo River basin is 23.6
Bm? (Degefu et al., 2015).
Table 5.2 Station-based annual average maximum, minimum flow, and surface runoff
(1986-2018)

Station Maximum flow Minimum flow Surface Runoff
(Mm®) (Mm®) (Mm®)
Alwero 5.69 3.48 46.51
Gilo Fugnido 150.56 60.70 25.73
Gog 162.4 74.2 28.79
Birbir Yibdo 55.91 19.18 51.76
Baro Gambella 539.75 300.75 46.54
Baro Itang 838.9 458.47 68.74
Gumero Gore 244 0.91 37.72
Sor Metu 62.90 33.75 76.96

Based on the result of Figure 5.5 illustrates, the supply requirement, including the losses from
2000-2014 was 90-100 Mm?; due to this, a 20% loss rate was observed in the network of the
study region. Due to increased population and water consumption, climate change was
predicted to worsen critical water stress situations before 2025; by the 2020s and 2050s, the
population that has been impacted is predicted to reach between 350 and 600 M respectively
(Wang & Yang, 2014). In the WEAP model, the projected population for the Gambella region

under the high population growth rate scenario of 2.7% per year was about 306 916.
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In this situation, the examined scenarios come into play, activity levels, losses, and
consumption would be necessary to meet the demand (Okungu, 2017). This instance shows
how the water demand and the amount released from the watershed are incompatible due to
expanding irrigation areas and population growth, water shortages, and rising demand in the

future worsened.
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Figure 5.5 Lower Baro watershed supply requirements including loss

This study's surface water potential and the irrigation demand vary from 20 Mm?3 to a
maximum of 140 Mm?; from 2000-2014, the water shortage increased from 50 to 400 Mm?,
as shown in Figure 5.6. Upgrading irrigation and on-farm supply systems have also increased
interest; the irrigation demand sites the surface water potential and forecast scenario from
2014-2030 of the water availability under high population growth would cause much more
insufficient water in some sub-cities of the region Gambella (Degife et al. 2021; Kahlerras et
al. 2018). However, the eastern Nile River basin Baro Akobo is a west-flowing river with an
annual water availability of roughly 3432 m? (Adeba et al. 2016). However, for instance, for
the hydropower construction in the country river Basins, recently, the government of Ethiopia
was looking at Mega projects under the construction of Genale Dawa 3 Dam, Koysha, and
the Great Renaissance Dam. The rest still need more effort to bring the water resource safe
and equitable (Van et al. 2018).
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Figure 5.6 Unmet water demand of lower Baro watershed

The water scarcity during the specified time range, the total irrigation demand was 25.4
thousand m® more than the surface water potential of 16.3 thousand m? for the limited water
resources. The anticipated winter (kiremt) rainy and summer (bega) dry weather alarms the
current water conservation measures more beneficial (Ahn & Kang, 2014). In the Baro Akobo
basin, the water needed more quantity and quality for livestock husbandry (Adeba et al. 2016).
The growth of the population, as well as modifications to energy production and land use, are
further contributing variables (Asitatikie & Gebeyehu, 2021). If the impending dry and rainy

circumstances are not managed well, the selected scenarios could eventually face significant

water shortages as shown in Figure 5.7.

10

Volume

(thousand m?

o N B~ O

(c) Defecit demand

m Hydropower potential
| |rrigation water demand
® Livestock water demand

m Surface water potential

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

Figure 5.7 Water shortage in the lower Baro watershed
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The annual maximum surface water demand from 2020-2030 was 16 .10 Mm?; this showed
that the demand increased with possible deviation from 2020-2030 for the lower Baro
watershed. Previous studies of the surface water potential of Baro River is 21.5%, and the
annual surface runoff is 19 Bm?® (Engdaw, 2016). Since annual rainfall is the region's main
source of water supply due to the lower Baro limited water resources, unmet water demand
must follow the trend (Agarwal et al. 2019). The demand and potential prediction in the eight

tributaries, as shown in Figure 5.8.
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Figure 5.8 Surface water demand versus surface water potential in the lower Baro
watershed

The outcome shows that the summer (Bega) flow decreased by 80% in most years and has
increased by just about 20 m3/s, which was not much. As a result, following regulation, the
summertime peak flow decreased. This finding suggests that the watershed exhibits high
fluctuations during these particular months. According to studies, surface runoff increases due
to a decline in forested, grassland, and rangeland, as well as an increase in slope length, and
steep slopes, which can impact water scheme practices (Leta et al., 2022). There must be more
tremendous surface water potential than there is today to satisfy the present and future
agricultural water needs of various water users (Chintalacheruvu et al., 2022; Ho et al., 2020);
since the existing surface water resource needs to be appropriately managed, there will be an
unmet demand for water both in the current accounting year and in the future (Gebrehiwot &
Gebrewahid, 2016). The surface water suggests that either supply distribution to a particular
demand site or the availability of storage facilities needs to be improved. However, the water
balance of surface irrigation potential with crop water requirements must be achieved to
ameliorate the water security system's supply and demand imbalance (Yimere & Assefa, 2022;
Tsakmakis et al., 2018).
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Average discharge (m?is)

However, watershed management is a successful strategy for boosting soil moisture and water
availability in arid and semiarid regions like Lower Baro. A little shift in the average monthly
streamflow can considerably impact the amount of water available for human and agricultural
usage (Eshete et al., 2022; Traore, 2022); because the timing and volume of streamflow vary
widely within the study region due to changes in land use and climate, as seen in Figure 5.9 (a-
h), Alwero and Gilo Fugnido had a lot more variation than the other stations. However, because
the reservoir helps to restrict the spring flood, the advantage also benefits the downstream
region (Olabiwonnu et al., 2022). A declining streamflow trend leads to less available water,
which impacts the water supply for agriculture and other uses. The lower Baro watershed
station revealed statistically significant variability in the eight gauging stations. All the graphs
indicate the sustainable environmental flow variability in the ecosystem (Papadaki et al., 2020;
Rani & Sreekesh, 2019).
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Figure 5.9 Monthly streamflow variation in lower Baro tributaries

The calibration of the model from the link between observed and simulated streamflow revealed
that high correlation, with a coefficient of determination (R?) of 0.88 for the Baro Gambella
station. Moreover, the Nash efficiency coefficient (NSE) of 0.91, as compared with the
neighboring stations shown in Table 5.3. The length of the data used in this study might be to
fault for the small change. Because of the weather periodicity, hydro-meteorological time series
almost always show seasonality (Anand et al., 2018; Okungu, 2017). The surface runoff result
was 46.54 Mm?, slightly higher than the previous studies' results due to climate change's impact
on the region (Muleta, 2021). The statistical approaches commonly used to analyze the
scenarios-based surface irrigation potential and the crop water demand hydrological models,
such as NSE and sensitivity analysis, must fully capture this subjective viewpoint,
incorporating a wide range of uncertainty causes (Johnston & Smakhtin, 2014). The overall
outcome, however, highlighted that the model's catchment area parameters accurately reflect
the processes occurring to the best of their ability to address supply and demand disparities.
However, water should be added or subtracted; it is a trade-off between higher temperatures
and less precipitation and maximized water demand, which is likely to significantly reduce

long-term runoff and water availability, particularly in summer (Todmal, 2020).
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In general, water stress is expected in near future due to climatic variability. Moreover, become
more severe in most areas of the catchment. The result of this study similar with the findings
of (Isa et al., 2023) water availability in Ethiopia is highly variable and is trending downward
under future climate variability scenarios.

Table 5.3 Calibration and validation of monthly streamflow variability

Stream gauging station Calibration (R?) Validation (NSE)
Alwero 0.78 0.71
Gilo Fugnido 0.70 0.75
Birbir Yibdo 0.71 0.74
Gog 0.81 0.72
Baro Gambella 0.88 0.91
Baro Itang 0.75 0.72
Gumero Gore 0.85 0.92
Sor Metu 0.70 0.72

To increase model accuracy, WEAP outputs historical observations and modifies model
parameters. Computer software called Parameter Estimate Tool (PEST) is used for uncertainty
analysis and model-independent parameter estimation (Hamza & Getahun, 2022; Agarwal et al.,
2019). The variance of the observed and simulated monthly streamflow gauging obtained after
executing the in the WEAP model. As a result, the monthly inflow and outflow changes in
increasing and decreasing trends. The outcomes in terms of hydrological model runoff resistance
factor for inflow (a) and outflow (b) as shown in Figure 5.10.
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Figure 5.10 Monthly Stream gauging comparision and runoff resistance
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The intrication of the systems with multiple sectors in a single catchment or transboundary
river system to assess the water requirements of various watershed (Tena et al. 2019). In this
study the land class inflow and outflow of the surface water monthly ET, can be interpreted as
interms of runoff resistance factor, soil water capacity, preferred flow dirction, root zone
conductivity, deep water water capacity, and deep conductivity. Furthermore, the total amount
of water saved 80-10 million m® decreased for the forecast of water demand until 2030. The
result, showed that more water could be saved than in the reference scenario. This finding
indicates that the savings were proportionate to the demand, meaning that they had a bigger
effect in the scenario with the higher water demand due to faster population expansion as

shown in the Figure 5.11.
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Figure 5.11 Monthly land class Iinflow and outtlow with respect to ET
The result of the time series of the annual average discharge over eight gauging station varies
in mean, and standard deviation as shown in Figure 5.12. Study shows that more than the total
surface water potential is needed to fulfill the current and future crop water requirements
among multiple water users (Chintalacheruvu et al., 2022; Ho et al., 2020). Since the unmet
demand was encountered for a current account year and future water demand if the available
water resource needs to be managed correctly (Gebrehiwot & Gebrewahid, 2016). More
suggests that the problem is not with the watershed supply but instead with the distribution of
the supply to a particular demand point or the availability of storage facilities. Thus, options

for allocating water include: building new hydraulic structures and restoring existing ones,
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sing ponds and tanks, increasing the number of small reservoirs, options on farms, and

improving water transmission networks to address the water scarcity issue (Yimere & Assefa,

2022; Tsakmakis et al., 2018). However, a watershed management strategy for boosting soil

moisture and water availability in arid and semiarid regions of lower Baro increases irrigation

productivity. The standard deviation and coefficient of variance values drop when soil

moisture levels rise and vice versa (Almagbile et al., 2019); this implies that variability

decreases as the soil gets wet (Jha, 2011; Zwart & Bastiaanssen, 2004).

f Alwero station -
Average Momthly Duscharge
4 = \Mean €
o3 —STD
R —_—V
e
<% [6 o
.8 £
Z%2 -4
< (o
l b
0 -0
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Arzal tune series (vear)
Baro Gambellz Station
&0 Anmal Average Discharpe r 3500
50 =3 Jre
09 —Cv -
E’% 200 A 500
%Ewo b g F 2000
- -
g3 LH L 15007
<220 1
s + 1000
100 L 500
¢ 00
g—t‘l"'rlr\ot\wo:o:mwgmo‘:w
a2 OO T OO S oCo
RAADA22NAZI[ITIIICESS
Anewa] time senies (vear)
Baro Gambellz Staton
%0 Anmual Average Discharpe r 3500
500 - Ji
58 —Cv L 93¢
% // t 20002
= 2300 | >
§4 LH 15005
<2200 7
a) + 1000
100 L 500
¢ 00

83

Armual time series (vear)

Birbar Yubdo Statica
2 Aprual Average Discharpe - 40
mm \ean
$¢%
&
5E
<Le N
R
=%
3TN
< a
10
0 L
1977 1978 1579 1580 1981 1982 1983 1984 1985 1986 1587 1988 1989 1950
Anrual time senies (vear)
Gog Statson Station
030 Anmal Average Discharge - 0.80
= Mean
035 —SsD - 0%
o7 [T o
o - 2
52 020 L 030
> & -
&g 2
—5:’.‘,01‘\ —____/ -0.-?0?
£ = o I - 0.30 2
Z% 0100 -
a - 020
o - 0.10
0.00 0.00
Sz 238858283z52238 8
S22 2RD2ARIRIKREIS
Annixal time senies (vear)
Baro ftang Station
\.—'\nmal.-\\‘e:age])ischmge
— =
700 e - 350
—C"
= 600 - 300
%8
L - .
g5 0 - 230
% =
3 g 400 - 200 §
g5 sy 2
2 300 - 150 5
< A &
200 - 100
100 - 50
0 -0
1574 1975 187 1977 1978 1979 1980



_ P Sor Mty Stzhen
Gueero Gore Sizhon

Annual Average

. . o ern .
- : - 0 Armnal Average Distharze 30
32 Arapal Averzge Dischargs Frit -l
SO A
2 | | R L1 0 E,, + 300
. - = /
€13 m W 1 2n
£ —Cv F L0 g v ) FaX
g =z -~
S . Ae A IS g ]
o 21 08 : e | 3 -~ ! -
A & Z%
= 2 <z P <
£ P : :
=13 65 S 3 L1 t1sg v
g ] 4
A a 1
T | 3 04 3 1
03 2 10
00 06
S ADANI D - A & D a5 -
FRIAIFFIFFSF A‘e.\‘-“' .“Q\-.é‘\'-\‘Q .\"?
VORATNTRE AT SQUSESE QU QU R Y

Annzal teme senes (vezr)

Figure 5.12 Eight gauging sites and the entire lower Baro watershed variation in
mean, standard deviation, and coefficient of variation

5.8 Conclusions

This study uses scenarios based hydrological model to predict surface water potential; the
reference scenarios are rainfall and streamflow based on the data from 2000-2014 and 2020-
2030. To assess yearly and monthly scenario-based surface water potential, irrigation water
demand, and future estimates through 2030. The region revealed substantial fluctuations in
surface water potential followed by modest variability. In addition, Penman Montieth FAO56
is used to analyze the ET trend. The highest predicted monthly inflow surface water potential,
irrigation water demand, hydropower potential, and livestock water demand are 60.3 Mm®.
The corresponding outflow value was 52.4 Mm?. Additionally, the total estimated mean annual
surface runoff that leaves the basin for Gog, Sor Metu, Baro Itang, Birbir Yubdo, Baro
Gambella, Alwero, Gumero Gore, and Gilo Fugnido was 462.06 Mm?3. The underlying trend
of temperature increase and extreme temperature variability may aid ET. The ETc, Eff rain,
irrigation requirements, and total agricultural water demand were determined using the
Cropwat8.0 model. The region has enough resources to meet all the demands. However, the
gap increases the strain on water supplies. Given this situation, consider surface irrigation
potential and crop water requirements carefully to close the gap between current needs and
future water availability. To limit negative, stakeholders shall be aware of surface water
potential and water demand use in watershed management, water conservation, and irrigation
methods. Large areas for agriculture, so emphasis should be placed on crops that use little

water.
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The mechanisms ensure funding for upkeep and improvements to the infrastructure supplying
water to farms and other water consumers. Despite a substantial record of time series for the
watershed is required, to increase the attribution of large-scale irrigation water demand in the

basin watershed.

The next chapters discuss the detailed satellite ET-based irrigation performance for rainfed and

irrigated areas.
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CHAPTER 6 SATELLITE ET-BASED IRRIGATION
PERFORMANCE: STRATEGIES TO INCREASE RAINFED CROPS

PRODUCTION IN THE LOWER BARO, ETHIOPIA

6.1 Introduction

The performance indicators of the FAO Water Productivity open-access Portal Database
(WaPOR) are essential for increasing water usage effectiveness, supporting performance-
oriented management, detecting obstacles, and evaluating system performance against that of
other products. The use of agricultural land and water resource methods to give data on these
variables at different spatial and temporal dimensions is also rising (Sawadogo et al. 2020).
In addition, agricultural land and water resource strategies are highly used to provide
information on these variables at multiple spatial and temporal scales (Tang et al. 2020).
Currently, remote sensing (RS) technology allows for high spatial and temporal resolution
measures of agricultural performance (Bwambale et al., 2022; Karimi et al., 2019).

Integrating RS technology with agricultural, water, and energy management still needs to be
improved (Sanders and Masri, 2016). Provide practical information for determining crop
water productivity and is an essential measure for agriculture planning and water resources
management (Sheffield et al. 2018). Based on the movement, strength, and size of the storm,
rainfall events in the arid and semi-arid tropics show extreme temporal variability, producing
maximum significant differences at a local level. Filling in the missing data is a prerequisite
for modeling any hydrological events using various techniques. The absence of an observer
causes the issue of dealing with missing meteorological data, incorrect measurements,
malfunction of instruments, relocation of stations, and loss of records in developing countries
like Ethiopia (Boke, 2017). Therefore, this study collected rainfall, temperature for the
selected area, and discharge for the gauge station. ET will be estimated and analyzed for the
trend based on current and feature of water demand. Water is a scarce natural resource that is
essential for human survival and the advancement of civilization (Abera et al., 2021). The two
main sustainability challenges are global water scarcity and the growing demand for
agricultural water to enable increased food production (YYawson, 2022).
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However, the enormous variation in crop yields worldwide has recently been brought to light
by several articles, which have also identified mechanisms that could potentially increase crop
yields (Brauman et al., 2013). Due to the scarcity of land and water, this demand is kept high
by the growing human population (Kummu et al. 2016). Irrigated crops only need 13-18% of
the world's water for transpiration, which affects productivity and production (Nesru, 2021).
Crop water productivity (CWP) has become more well-known as a gauge of agricultural
performance in recent years (Gebrehiwot & Gebrewahid, 2016). Nevertheless, recently, the
pace of gain from increasing irrigation has reduced; this makes it difficult to improve through
irrigation extension due to increased warmth (Yimere & Assefa, 2022; Mesfin et al., 2020).
One of the most crucial strategies for boosting agricultural productivity in arid regions and
allowing farmers to preserve harvests in the face of drought and rising temperatures is
irrigation (Rogy et al. 2022).

Furthermore, the center pivot system is one of the most used irrigation systems worldwide
(Alves Souza and Neiva Rodrigues, 2022). Most studies on yield gap analysis have focussed
on cereal crops; in addition to this, sugarcane and vegetables received less attention (Van
Loon et al., 2018; Chapagain & Hoekstra, 2011). The foundation of sustainable development
is science; to tackle urgent global and local concerns, the SDGs, and beyond, new scientific
insights paired with cross-cutting technologies innovations (Ho et al., 2020; Montoya et al.,
2016). The sustainability of agriculture in areas with limited surface water resources,
particularly in lower Baro for crops with high water requirements, irrigation performance,
must be improved (Mandal et al., 2020; Haj et al., 2018; Teshome et al., 2018; Santos et al.,
2010). Although projections for sugarcane for the next ten years indicate a slowdown in the
increase of global sugar consumption, the pace of growth is still anticipated (VVan Oort et al.
2017). Investigating the main elements restricting, reducing crop production in farmers' fields

using yield gap analysis at the regional level is helpful (Silva et al., 2021).
6.2 Suitability factors

The duration of the irrigation flow, crop adaptation, erosion control measures, and irrigation
technique are greatly influenced by the land gradient and slope (Berhanu et al. 2013). With
surface irrigation, when the gradient rises, the following negative impacts as occur in increase
in the risk of erosion, difficulty in controlling water, reduction in the usable length of irrigation

runs, and a narrowing of crop options (Moisa et al. 2022).
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The Shuttle Radar Topographic Mission (SRTM) digital elevation model (DEM) data, with a
resolution of 30 m, was used to calculate the slope . Using GIS-based multi-criteria evaluation
(MCE) tools, the future land suitability for the respective station in lower Baro was assessed
based on the pairwise comparison procedure and weight rates as shown in (Eqn 6.1).

Vi = WXij (6.1)

Where Vi is the overall score for alternative i, W; denotes the relative weight for criteria j,
and Xijj is the priority of alternative i concerning criteria j. A surface slope is its incline or
gradient and is frequently stated as a percentage. Due to its impact on runoff, drainage,
erosion, and crop selection, the slope is crucial for the criterion and maintenance of soil.
There are three methods in cropwat8.0 for determining crop water requirements. After
comparing the outcomes of the three ways, determined using the FAO/AGLW formula's
dependable rain method produced the lowest outcome. Table 6.1 below defines the different
slope classes of agricultural appropriateness for the research region based on the FAO

manual.

Table 6.1 Slope class for surface irrigation suitability

Slope class Suitability score
0-2 % 4
2-5% 3
5-8% 2
>8 % 1

6.2.1 Irrigation land suitability

In the land suitability map, the upstream and center portions of the area were found to be very
suited for surface irrigation because of the short Euclidian distance from the water source,
deep soil depth, flat slope, and high accessible surface water storage capacity; on the other

hand, surface irrigation was inappropriate for the watershed's northwest sections.
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The soil-adjusted vegetation index (SAVI) is the soil-adjusted vegetation index, NIR is near-
infrared stands for band 5, and RED is band 4. L is typically equal to 1 in places with no green
vegetation cover, 0.5 in areas with some green vegetation but not much, and 0 in areas with a
lot of vegetation (which is equivalent to the NDVI method). The values produced by this
index range from -1.0to 1.0. The SAVI method is a vegetation index that attempts to minimize
soil brightness influences using a soil brightness correction factor. The NDVI and SAVI

equations as shown in Eqns 6.2 and 6.3.

SAV] = (NIR—RED) (6.2)
(NIR+RED+L)*(1+L)
NDVIZ(NlR—RED) (6.3)
(NIR+RED)

6.3 Land use, slope, and soil

Based on the four slope classes, the study region's suitability for installing surface irrigation
systems and the area covered by the suitability classes are provided. The value of each
parameter was estimated using the pair-wise comparison matrices method. Each of the eight
parameters has a different weight of influence for examining a potential surface irrigation
location. Crop water requirements analysis using cropwat8.0, particularly water depth, is
necessary to fulfill the maximal output potential in the given growing environment (Multsch
et al. 2017). Studies suggested the analysis is acceptable because the difference between the
eight criteria for surface irrigation appropriateness was just 0.03 (Moisa et al. 2022). Based
on the surface irrigation suitability assignments given, the land suitability ranking was shown
in Figure 6.1. When determining whether a piece of land is suitable for surface irrigation, it
helps to have a clear picture of flow conditions undisturbed by anthropogenic causes (Ekka et
al. 2020). However, this was confined by the data availability of rainfall, streamflow, and
LULC. Since several years ago, LC changes have played a significant role in global
environmental variation (Kabite et al. 2020; Belay & Mengistu, 2021); however, the soil
marshy land vertisol with high erodibility (Halefom and Ulsido, 2020). Moreover, the basin's
surface runoff potential is boosted from 37 to 49% (Kasaye, 2015); as we reviewed articles
on the Ethiopian river basin (Basins, 2021).
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Furthermore, the region encompasses most of the lower basin, which is rich in vertisols
(Adeba et al. 2016). The prior study suggests assessing the highland's suitability for surface
irrigation (Worglul et al. 2017).
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Figure 6.1 Weighting the suitability of surface irrigation

6.4 Results and discussion

Geospatial analysis was carried out to identify and classify diverse landscapes based on
comparable hydrologic responses to quantify the geographical and temporal variability of WUE
and sSWUE in the lower Baro watershed tributaries. Ethiopia is a nation whose development is
heavily dependent on agricultural products (Abdulahi et al., 2022). However, the land located
near surface water sources (rivers) was thought more suited for surface irrigation for several
reasons, including access to water and minimal power usage for the pump. The Euclidian
distance from the surface water source, soil depth, and slope were given the most weight in
examining the land suitability. Agricultural production is influenced by soil depth since it
determines the depth to which roots can grow. Deep soil was given less importance than surface
irrigation and vice versa. The qualities of the theme feature and its relationship to irrigation

appropriateness are taken into consideration while determining weights.
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A pairwise comparison of the feature classes and the weights assigned to each feature were
used to obtain the geometric mean and normalized weights. This was often used in an arid
region where vegetation cover was low and it outputs a value between -1 and 1. In this study,
the SAVI was quantified based on the data from USGS earth explorer from 03/30/2023-04-30-
2023. In particular for dryland areas of lower Baro, soil-adjusted vegetation indices have been
created to offer better estimates of aboveground biomass. Because of their brightly reflecting
soils and low vegetation cover, semi-arid rangelands has frequently make it difficult to evaluate
aboveground biomass using RS. The result indicated a maximum value of 0.87 and a minimum
of -1.5 and the NDVI result show (b) 0.58 maximum and -1 minimum. The NDVI and SAVI

map as shown in Figure 6.2.
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Figure 6.2 Soil-adjusted vegetation index and normalized difference vegetation index for
the lower Baro tributaries

The study found that the pair-wise comparison matrix indicates the 8 factoring parameters for
the multi-criteria decision layers (MCD). These were, the mean annual temperature, rainfall, soil
depth, soil texture, soil drainage, LULC, stream, and slope variability, which significantly affect
the irrigation potential of the catchment area. As a result, the pairwise comparison of the
procedure, and weight rates were given in Table 6.2. The result value in this study, 1 indicates
equal importance, moderate importance (2), strong importance (3), and very strong importance
(4), and 1/2, 1/3, and 1/4 were intermediate values as a comparison in the analytical hierarchal

method. Surface irrigation also very well suited to the study area's, but soil drainage is concerned.
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Moreover, the studied area is only partially unsuitable for surface irrigation, according to the
spatial distribution of soil drainage of the selected stations. Only a very little quantity of bare
ground, settlements, and water bodies were presented in the study region, which primarily
consisted of cultivated land, woodlands, and grasslands.

Table 6.2 Pairwise comparison matrix for the selected parameters

Factors Temperature Rainfall  Soil Soil Soil LULC Stream Slope
depth texture drainage

Temperature 1 1 2 3 3 4 4 3
Rainfall 1/2 1/2 1 3 3 4 3 4
Soil depth 12 12 12 2 3 4 4 3
Soil texture 1/2 1/3 1/2 1 3 4 3 3
Soil 1/2 1/2 1/2 1/2 1/2 2 2 2
drainage

LULC 1/3 1/3 1/3 12 1/3 1 2 3
Stream 1/4 1/4 1/4 1/3 1/3 1/3 1 2
Slope 1/4 1/4 1/4 1/4 1/3 1/3 1 1

6.5 Schedule irrigations based on evapotranspiration (ET)

As a result, the cropwat8.0 in the lower Baro River shows that the total crop water demand for
the four crop types rice, sugarcane, maize, and vegetables was 917.2 mm/decade throughout the
entire growing season and required 7.02 I/s/h flows in each one-hectare area. In Ethiopian
highlands in the Blue Nile Basin, the majority of irrigation water demand occurred in all six
irrigation nodes between the drier months of November and June, with little to less IWR
occurring between July and October (Yimere & Assefa, 2022). The low-land Baro watershed
projected values for maize in the chosen driest five months of May, February, March, January,
and April were 1, 0.9, 0.78, 0.78, and 0.34 I/s/h. When there is a lack of water, you must
reconsider habits to maximize what is available (Eshete et al., 2020). Many arguments exist for
less water, even when it is more available (Asitatikie & Gebeyehu, 2021; Johnston & Smakhtin,
2014). Water discharge from excessive water consumption could squander soil and fertilizer
(Gezhagn et al. 2017). Nitrates, nitrites, and other farm pollutants were deeply percolated and

leached as a result of excessive irrigation (Abebe et al. 2021).
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Water demand in lower Baro follows a seasonal pattern that differs depending on the crop
(Kahlerras et al. 2018). To have enough water to produce an economically viable harvest and be
aware of the crops' water usage requirements, the optimal time to irrigate a particular field also
depends on the soil's capacity to store water and the most recent irrigation the crop received
(Rising, 2020). It is possible to increase irrigation efficiency by timely irrigation techniques like
deficit irrigation, conservation tillage, and setting up more effective irrigation systems (Boke,
2017; Ouda et al. 2013; Irfan et al. 2018). The aesthetic impact of too much water was less than
that of too little, but it also wastes soil and fertilizer in addition to water (Woldegebriel et al.
2022). Surface irrigation systems could have been more efficient (Yidana et al. 2011). Study
shows the expected cropwat8.0, each irrigation event always results in 100% of the field's surface
Is wet, and the only actual variations between the scenarios are the altered irrigation dates and
watering rates (Tsakmakis et al., 2018). Maize used less water than rice, sugarcane, and vegetable
production, which required hours of water per acre for production. This was the result of the
number of irrigation systems used and how each irrigation turn was used for the selected crops

as shown in Table 6.3.

Table 6.3 Irrigation scheme supply

Crop Name Jan Feb Mar Ap May Jun Jul Aug Sept Oct No Dec

r Vv
Rice deficitin 0 0 0 0 309 187. 141. 169. 1100 0 0 0
mm 4 5 5 4
Sugarcanein  208. 217. 207. 88. 148. 42 649 148. 136. 141, 99. 191
mm 6 1 7 2 9 7 1 9 7 3
Maizeinmm 0 0 0 0 0 413 105. 171. 97 73 0 0
41
Small O 0 O0 0 0 103 110 145 221 0 0 0
vegetables 8 1 5
Net Irri. Req.
Irigation(mm/d 05 06 05 02 27 22 2 28 16 04 03 04
ay) 167 174 166 7.1 83 66 627 862 466 119 8 153
(mm/month)  “506 007 006 00 031 025 023 032 018 004 00 006
(l/s/h) 3 3
Irrigated Area 8 8 8 8 31 54 54 54 54 15 8 8

(% total Area)

Irrigation 078 09 078 0.3 1 047 043 06 033 03 03 071
requirement for 4 8
the actual area
(I//s/h
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6.6 Irrigation schedule

As a result, cropwat8.0 showed that the total net irrigation, percolation losses, actual water
usage by the crop, and potential water, were 1269.1, 483.2, 641.7, and 641.7 mm. The irrigation
efficiency was 100%, and total rainfall, efficiency, rain, and rain loss were 37.5, 28.4, and
9.1mm. Innovative irrigation methods can improve water efficiency, give farmers a competitive
advantage, and have a positive environmental impact (Levidow et al. 2014). Field efficiency of
70%, the actual irrigated need of 613.3 mm, rain efficiency of 75.7%, and thick soil. Moreover,
the basin watershed surface runoff potential is boosted from 37 to 49% (Kasaye, 2015); as we
reviewed articles on the Ethiopian river basin (Basins, 2021). The first stage lasts from planting

until around 10% of the ground has been covered.

The crop development stage spans from 10% ground to adequate full cover; the mid-season
stage lasts from complete coverage until the beginning of maturity. The sector is predicted to
become a water user with increased agricultural investment in such geographically constrained
places (Dau etal., 2021; Nurhusein, 2020). As a result, the rice, maize, sugarcane, and vegetable
production required hours of water per acre. The ETc of a disease-free crop was defined as the
depth of water (mm) required to satisfy this need; the crop would grow in broad fields with
general soil conditions, including soil water and fertility. The statistics of previous studies on
ETc for the soil water balance approach are not achieved daily throughout the growing season
since soil water content, is only assessed after every five days (Chang et al., 2015). This is due

to decreased surface water variability due to land use (Alemayehu & Nigussie, 2015).

As the water demand grows, water conservation is required for irrigation (Fard & Sarjoughian,
2021; Giri et al., 2018). During the initial stage of the crop, irrigation requirement comes to
around 63.7 mm/dec for nursery and land preparation a maximum of 223.2 mm/decade. The
effective rainfall from nursery operation 5.3 mm/decade (May 1 decade) to the initial stage (Jun
3 decade) was only 65.3 mm/decade. The difference between the irrigation water requirement
amounts and effective rainfall was about (36.5 mm/dec) which was supplied through surface
water. The crop water demand of Alwero irrigation from the development stage of the crop
(May 1 decade) to the final stage (September 1 decade) was 917.8 mm/decade and effective
rainfall from the development stage of the crop (May 1 decade) was 36.5 mm/dec which was
lower than the irrigation requirement at the initial and final stage of the crop. However, more

water resource like stored rainwater in on-farm reservoirs is very much useful (Muleta, 2021).
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In addition to rainfall to meet crop irrigation water demand as well as for land preparation in
this area (Ndeketeya & Dundu, 2022). It is also understood that, if there are no additional water
sources, it is better to go for direct seeding of rice, sugarcane, maize, and vegetable. Where
farmers could avoid agricultural water demand for nursery and land preparation, there would
be less productivity. This is highly related to the winter monthly Kc which showed that from
early to late season (Hasanuzzaman, 2019). As a result of this study, the maximum ETc in the
month of June of the second decade was 7.12 where as the the minimum was 0.6 in the first
nursery of the first decade. Moreover, ETc mm/decade in the months of 2" May was 54.3, but
in the same month of the 3" decade the value was increased to 67.8. This is due to the variation
of growth of the crops. However, the Kc was increasing and decreasing. The overall decadal

monthly crop water requirement and irrigation productivity as shown in Table 6.4.

Table 6.4 Crop water requirement and irrigation production

Month Decade  Stage Coeff (Kc) ETc ETc Eff rain Irr.
mm/day mm/dec mm/decade  Req.

mm/dec
May 1 Nurs 1.2 0.6 5.4 0.1 5.3
May 2 Nurs/LPr 1.08 5.43 54.3 0.0 80.5
May 3 Nurs/LPr 1.06 6.16 67.8 0.0 223.2
Jun 1 Init 1.10 6.76 67.6 3.9 63.7
Jun 2 Init 1.10 7.12 71.2 5.9 65.3
Jun 3 Deve 1.13 6.41 64.1 5.7 58.5
Jul 1 Deve 1.17 5.42 54.2 5.6 48.6
Jul 2 Deve 1.22 4.70 47.0 5.8 41.2
Jul 3 Mid 1.24 5.07 55.7 4.1 51.7
Aug 1 Mid 1.24 5.56 55.6 1.7 53.9
Aug 2 Mid 1.24 5.77 57.7 0.0 57.7
Aug 3 Late 1.24 5.30 58.3 0.4 57.9
Sept 1 Late 1.19 4.54 45.4 1.2 44.2
Sept 2 Late 1.13 3.87 38.7 1.4 37.3
Sept 3 Late 1.07 3.73 29.8 0.8 28.9
772.9 36.5 917.8

As aresult, Alwero, Baro Itang, and Baro Gambella 23.1, 15.99, and 14.65% are highly suitable,
Gilo Fugnido 8.44% moderately suitable, and Sor Metu, Birbir Yubdo, and Gumero Gore 7.98,
7.69, and 6.14% less suitable as shown Table 6.5. The potential of lower Baro for surface
irrigation, which helps to improve community livelihoods, is demonstrated by this study. LULC

affects the water demand of crops grown in irrigated and rainfed systems (Wang & Yang, 2014).
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Since an increase in temperature will trigger a higher water demand for ET by crops and natural

vegetation, leading to more rapid depletion of soil moisture (Mohaideen and Varija, 2018). In

the Eight tributaries, heterogeneous land scape five land suitability zones, and three unsuitable

zones are identified for irrigation investment. The cause of temporal variation is the incoming

solar energy, heating or cooling of the atmosphere, heating or cooling of the ground, and

evaporation or condensation of water (Cherinet et al. 2019; Papacharalampous et al. 2018). The

amount of water that would evaporate if energy were the only limitation (i.e., moisture

availability does not limit the evaporation (Burn and Hesch, 2007). The crop requires irrigation

water for transpiration and deep percolation, and ETo is influenced by critical environmental

factors like solar radiation, air temperature, wind speed, and relative humidity (Tadesse et al.

2018).

Table 6.5 Surface irrigation suitability class and its coverage in km?

S no Station Name Suitability Classes Area (km?) Area (%)

1 Alwero Highly suitable 4696 23.1

2 Gilo Fignido Moderately suitable 1716.5 8.44

3 Birbir Yibdo less suitable 1563.0 7.69

4 Gog Marginally suitable 3,250 15.99

5 Baro Gambella Highly suitable 2978.3 14.65

6 Baro Itang Highly suitable 325.25 15.99

7 Gumero Gore less suitable 1,249 6.14

8 Sor Metu less suitable 1622 7.98
Total 20325 100

6.7 Land suitability for rainfed crops

The total area of Saudi stars under lease in Gambella is 140-500 kha. Still, only ten kha are under

the production of the Alwero Dam, one of the Baro River tributaries. Saudi Star applies water to

the rice crop fields through the diversion structure from the Alwero Dam site. The optimal land

conversion area for rainfed crop yield is further categorized using a combination of the ETa/ETp,

ETa WaPOR, slope classification map, and land use map. In this study, the range of slope is 10 to

15% gradient on moderate slopes, 16-30% gradient slope, slopes that are highly steep 31 to 60%

gradient, and slopes that are too steep are > 60% gradient. As a result, the slope of Baro River
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shows from 0-2, 16-30, 2-8, 30-50, 8-16, and >50%, as shown in Figure 6.3. The sector becomes

a water user with increasing agricultural investment in geographically constrained places (Multsch

et al., 2017). There are many reasons to invest in agriculture, but more needs to be done to satisfy

the future food demand of the expanding population living in emerging countries (Salem et al.

2022).
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Figure 6.3 Slope map of the lower Baro watershed tributaries (2016-2019)

Due to the rising demand for food, it is necessary to anticipate the need for timely mitigation

action (Abdullah et al., 2015). A framework for irrigation performance assessment using WaPOR

data is shown in Figure 6.4.
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Figure 6. 4 The link between biomass as determined by the Estate and obtained from
WaPOR) of furrow (a), sprinkler (b), and center-pivot-irrigated (c)

As a result, of the framework of irrigation performance assessment using WaPOR data,
Ethiopia's agriculture sector plays a central role in the lives and livelihoods of most Ethiopians

(Getnet and Dugasa, 2019). In December, Gambella gets 67.61mm of rain and approximately
three rainy days, and humidity is close to 68% (Degife et al. 2021).
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6.8 Water consumption and agricultural production system

There is usually a drop in return flow to the resource due to limiting water diversions. As a result,
a conservation program may leave the amount of net consumption by an irrigation system
relatively intact. The source of agricultural water consumption is estimated to be 22% of blue
water and 78% of grey water (Giri et al., 2018). According to the end of sustainable development
goal estimate, Ethiopia's population will be 148.6 million in 2030 (Rockstrém et al., 2017).
Studies suggested that enhancing the availability of surface water resources is one of the best
ways to raise the quantity and quality of groundwater resources (Tork et al., 2021). Moreover,
decreases numerous environmental issues, including rising energy usage and a sharp fall in
groundwater levels (Askari et al., 2021). However, soil texture is one of the most crucial elements
defining soil quality and suitability for agricultural production (Khalil, 2017). The reason is to
makes it possible for plants transport water from regions with high water potential to those with
low water potential (Safavi et al., 2015). At the same time, protecting the environment and using
water resources relatively (Sawadogo et al. 2020). Due to this, the country's agricultural
production has been significantly changing to decrease the food aid and commercial grain import
(Fikadie et al. 2022).

6.9 Potential evapotranspiration (PET)

ET is one of the components of water use efficiency and resulting crop productivity (Haile,
2015). Appropriate irrigation scheduling should be extensively valuable for water management
performance, especially at a farm level. However, Periodic information on ET based on remote
sensing data would be essential to minimize uncertainty in the crop parameters and subsequent
accurate water balance estimation (Kamble et al. 2013). The year-long warm temperatures and
irrigation help satisfy the significant water demand for sugarcane for optimum growth and yield
(Drastig et al. 2016). AET returns land-based water to the atmosphere through evaporation and
transpiration from the soil and the plant canopy (Osorio et al. 2014). Due to the seasonal rainfall
variation in the catchment with time and space (Alem et al. 2022). It tracks the system's ability
to provide equitable water distribution, irrigation water adequacy, yield reduction, and water
productivity (Zhang et al. 2021). The methodological study used the following assessments to

carry out the anticipated approach.
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6.10 Irrigation performance assessment

Only by using better farming methods and farm management is possible to meet this expanding
demand. Knowing the potential of irrigation led to the entire gross area of Lower Baro and a plan
proposes to irrigate with various crops over a year. The specific relationship between ET and

crop yield has been established and quantified in terms of crop yield.

6.10.1 Improved agricultural practice

Without considering the three primary elements namely water (W), energy (E), and food (F), it is
difficult to control these circumstances (David et al., 2022; Adebiyi et al., 2021; Meier et al., 2017;
Aivazidou et al., 2016). In these studies, four irrigation performance monitoring criteria were
selected namely Equity, adequacy, reliability, and CWP in lower Baro tributaries. Increasing CWP
is vital regardless of prospects for growth or the demand, according to ET-based WaPOR statistics.

The flowchart of the performance of irrigation is shown in Figure 6.5.

FOA WaPOR
v

Land use Map
v

ETa=E+T
v

Seasonal water consumption and production

v v
Equity Adequacy Reliability Crop water productivity

Figure 6.5 A framework for evaluating the performance of irrigation systems using
WaPOR is shown schematically

6.10.2 Appropriate land area conversion

Based on the analysis of the chosen sub-catchments, possible areas that are appropriate for the
cultivation of the chosen rainfed crops are converted from pastoral land. In the irrigated maize,
where the yield gap is equal to the difference between Yp and Ya, the rainfed crop; the yield gap
is computed as the difference between Yw and Ya (Schils et al., 2018). The coefficient of
determinants is used to select the function from among a set of linear and nonlinear functional

forms that most closely match the set of data (Nesru et al., 2022).
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The average and the maximum vyields and the increase in yield gaps by 1/3, 2/3, and 3/4 were
applied to estimate the increase in rainfed crop production for eight sub-catchments in the lower
Baro tributaries watershed namely Alwero, Gilo Fugnido, Birbir Yubdo, Gog, Baro Gambella,
Baro Itang, Gumero Gore, and Sor Metu represented as A1, Az, Az, As As, As A7, and Asg on the

bases of coefficient of determinants as shown in Eqn 6.4.
Y =A1+AETa+ AxSR + ... + AgF (6.4)

Where Y is cropping 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). The operational range and
acceptable range of relative evapotranspiration were established using the target and critical crop
production. Based on GYGA's data used for different production levels as determined by growth

defining, limiting, and reducing factors shown in Figure 6.6.

A
Yield level Determined by land use,
slope, and radiation,
A
temperature, planting 80% of Yp
date, and supply of water or Yw Exploitable yield gap
for Yw
Yield potential Yp or Yw  Exploitable yield gap Average farm yield (Ya)

Figure 6.6 Global yield gap atlas (GYGA) different production levels as determined by
growth-defining, limiting, and reducing factors

Due to the linear relationship between ETa and yield, irrigation's main goal is to make sure
that ETa can keep up with ETc throughout the growing season (Gibson et al. 2017). In this
study, each performance indicator is indicated in Eqns 6.6-6.8.

Equity =CV(ETa) (6.5)
N ETa
Reliabilit y = CV (—

eiabiity = CV () (6.6)

Adequacy _— W 6 7
Seasonal ETp (6.7)
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Relative water defecit =1— ETa (6.8)

ETp

Reliability is the degree to which water delivery conforms to the prior expectations of users and
is expressed as CV(ETa/ETp) as shown in Table 6.7.

Table 6.7 Summary of all the various clusters employed in lower Baro

Category Cluster Name Command Type of Management Grower
Area
growers on a small <50 ha Run modern business line
scale
Land holding grower on 50 - 1000ha Farmer-managed and commercial
moderate Size
grower on a large >1000 ha Farmer-managed and commercial
scale
Estate managed >1000 ha Run along modern business lines
Management type Farmers
association 50-500 ha Farmer managed communally
Individual growers ~ 3-100 ha per
farm Farmer managed individually
Alwero 4696 Farmer's associations and commercial
Gilo Fignido 1716.5 Run along modern business lines
Location Birbir Yibdo 1563.0 Farmer managed individually
Gog 3,250 Farmer managed individually
Area (km?) Baro Gambella 2078.3 Farmer's associations and commercial
Baro Itang 325.25 Farmer managed communally
Gumero Gore 1.249 Farmer's associations and commercial
Sor Metu 1622 Farmer managed individually
Center Pivot 5% -
Irrigation method Sprinkler 10% -
Furrow 25% -
Drip 20 % -

6.11 Crop water productivity

With an emphasis on the output local-to-global significance, this study calculates yield gaps. The
enhanced productivity was assessed based on an analysis of the agricultural land and average
yield gaps. The area might should to create a lower Baro watershed for rainfed agriculture to
boost the output of rice, sugarcane, maize, and vegetable crops. The previous studies' yield gap
results of lower Baro revealed that irrigation has almost no effect on potential yields (Degife et
al. 2018). Utilizing better drought-tolerant crop varieties were help to conserve water. The most
effective way to decrease water losses and increase water consumption efficiency in the soil-

plant system is to improve irrigation technology, such as water harvesting (El-Gafy, 2017).
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Many academics have turned to mathematical programming models to guide the distribution and
use of irrigation water to enhance productive utilization (Letseku & Grové, 2022). The real-time
satellite ET-based irrigation performance and strategy for the rainfed crop at spatial and temporal
variation were crucial. Equity represents the uniformity in the spatial distribution of water use
among fields by the different growers. The spatial correlations of ET of rice, sugarcane, maize,
and vegetable growers were an indicator to investigate the equity of water use. Moreover, as an
ET indicator increases from 35 to 45 °C the value of ET goes to zero. This shows that high
temperature doesn’t mean higher ET. Previous studies have used a top-down spatial framework

for yield gap analysis (Deng et al. 2019).
6.12 Rainfed crop rice, sugarcane, maize, and vegetable production

The evaluations of the CWP and ETP/ETa of the lower Baro area were for crop cultivation. The
value of R? was a maximum of 0.97 observed at Baro Itang and the minimum value was observed
at Gilo Fugnido as compared to the other sub-catchments. Out of 477 small-scale modern
irrigation systems irrigating 0.052 Mha in 2004 and 2005, 13% are completely inactive and 12%
are serving less land than industrialized countries (Kedir, 2021). The CWP of wheat and maize
is demonstrated against the net irrigation water application in several studies (Zwart &
Bastiaanssen, 2004). In rainfed locations, ETa-WaPOR is overestimated; but at low locations,
ETa-WaPOR is significantly underestimated (Chukalla et al. 2022). The yield gap in terms of
metric tons of the world crop production summary of Ethiopia for a specific region, the yield of
2021/2022 is 3.08, and from Jun 2022/2023 to July projected is 3.23 (Dukhnytskyi, 2019).
Applying fertilizers and water at the correct rates will ensure the most yields in the safest manner
possible (Van der et al. 2018; Cecagno et al. 2016). In light of this, any agricultural water deficit
(more specifically ET deficiency), directly indicates whether the entire system of water supply,
water distribution, and soil moisture increase function following the crop demand (Zaveri & B.
Lobell, 2019). Conventionally, farm productivity was a significant measure of the production of
irrigated agricultural land, expressed as the ratio of grain yield to a harvested unit area (kg/ha).
The highest attained coefficient of determination (R?) value, which indicated the highest level of
equitable distribution of water from the evaluated results was shown in Table 6.8.
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Table 6.8 Crop yield, ETa, seed rate, and fertilizer correlation coefficients for each sub-

catchment
Sub catchment A1 A2 As Ay As As A7 As
Rainfed crops 096 -0.46 -0.30 0.86 0.76 0.97 0.93 -0.99

6.13 Land productivity

In this study, the moisture content ratio (8) allows for converting fresh yield into summer dry
yield by accounting for water content in the harvested product. In rice, the light use efficiency
(LUE) was 1 for C3, and C4 crops, the harvest index (HI) was 0.43, the above-ground biomass
(AoT) was 0.75, and the 6 was 0.15. In sugarcane the LUE was 1.8 for C3 and C4 crops, the HI
was 1, AoT was 1, and the 6 was 0.7. For maize the LUE was 1 for C3 crops and 1.8 for C4
crops, the HI was 0.35, AoT was 0.93, and 6 was 0.26. Global blue water use for agriculture
would need to rise by 760 km3/year to develop and deepen irrigation across these territories.
According to FAOSTAT (2020) data for the period 2008-2018, the average estimated wheat
yield was 3203 kg/ha, and the average estimated potato yield was 31495 kg/ha, which was
comparable to the reported wheat yield of 3000 kg/ha (Safi et al., 2022). For vegetables the LUE
was 1 for C3 and C4 crops, the HI was 1, AoT was 1, and 6 was 0 for the sub-catchment of the
lower Baro. Studies mentioned that in Ethiopia, the irrigated production region, only Teff among
the cereals exhibited a slight 4.3% overall rise. In contrast, Barley, Wheat, Maize, and Sorghum
saw 12.5 to 3.3% decreases, and 11 to 12% increases respectively (Malede et al. 2023). The
regional offices of Oromiya, Amhara, SNNP, Gambella, and Tigray reported 28% of irrigation
systems were typically destroyed and rendered useless, while 32.2% are irrigating less land than
is created (Kedir, 2021).

As a result, micro-irrigated areas grew by 60% while planting areas with furrow irrigation
decreased by 56%; during this time, the per-unit-product WF decreased by 20% (Wang et al.,
2019). The biomass depends on clear images with a lower resolution level of one or two taken
over time in 10 days in WaPOR. Because of this, humid climates are more problematic than dry
ones. Due to the smaller size of the sub-catchments, seen in the spread of rainfed maize in the
upper Baro of Sor River, it was determined that the land availability needed to be improved
compared to the other seven sub-catchments. However, the Baro Gambella sub-catchment was
one of the area where the land is becoming more readily available. Moreover, the Alwero sub-

catchment was also seeing a rise in land availability as a result of the expansion of the field.
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As a result, the Baro Itang sub-catchment had rather a moderate amount of appropriate land
availability. Further more, the Gumero Gore sub-catchment, located in the upper area of Baro
Gambella, had a relatively high land availability rate because of its sizable size and non-uniform
topography. In regard, to Sentinel-2 (10 m visible bands) on less than 2 ha of land should improve
inter-plot irrigation performance interpretation and monitoring (Karimi et al., 2019). Even
though the yield and WP estimate were derived from the WaPOR data. The single HI value and
the field data had high consistency. The HI should be adjusted, either upward or downward,
based on timing, crop phenological stage, degree of various stresses, and crop sensitivity. In the
Awash zone, sugarcane grows for an average of 585 days during 305 to 1037 days, or 0.8 to 2.8
years (Mersha et al., 2018). Expressed as the ratio of the weight of dry grains over the above-

ground dry matter; the AoT ratio was influenced by several factors, including root development.

Studies stated that, according to an estimate made using satellite imagery hotspots, 23% of the
earth's surface has been degraded over the last three decades, costing an estimated 54 billion
dollars (Yigezu Wendimu, 2021). Global blue water use for agriculture would need to rise by
760 km®/year to develop and deepen irrigation across these territories. The study mentioned that
from the period 2008-2018, the average estimated wheat yield was 3203 kg/ha, and the average
estimated potato yield was 31495 kg/ha, which is comparable to the reported wheat yield of 3000
kg/ha (Safi et al., 2022). In this study, 6 allows for converting fresh yield into summer dry yield
by accounting for water content in the harvested product. In rice, LUE was 1 for C3, and C4
crops, the HI was 0.43, AoT was 0.75, and the 6 was 0.15. In sugarcane the LUE was 1.8 for C3
and C4 crops, the HI was 1, AoT was 1, and the 6 was 0.7.

For maize the LUE was 1 for C3 crops and 1.8 for C4 crops, the HI was 0.35, AoT was 0.93,
and 6 was 0.26. For vegetables the LUE was 1 for C3 and C4 crops, the HI was 1, AoT was 1,
and 6 was 0 for the sub-catchment of the lower Baro. According to past calculations, doing so
would increase the world food calorie production by 54% kcal/year (Rockstrom et al., 2017).
This study reported that land productivity was the crop yield per unit of land. A fixed value of
2.7 was applied to cropland in WaPOR and, through this interface, the value was multiplied by
1.8 for C4 crops, which had higher LUE as shown in Table 6.9.
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Table 6.9 Sub-catchment area based on crop types

Sub-catchment Area (ha)

Crop Alwero  Gilo Birbir Gog Baro Baro  Gumero Sor
types Fugnido Yubdo Gambella Itang Gore Metu
Rice 22,000 460 8115000 25000 81000 33 3000 234
Sugarcane 10,000 14 2028754 513438 148610 37161 10040 2568
Maize 6,001.69 23 507194 255158 100942 34526 11141 3427
vegetable 280,000 70000 35000 17500 8750 4375 2188 1093

6.14 Land cover change at the watershed level

As a result of this study, there was a relatively straightforward operation for water, trees (dense
forest), crops, built-up areas, bare ground, and clouds at the 10 m resolution of Sentinel-2. Because
these feature groups frequently occur in agglomerations that are homogeneous. The classes of
scrub/shrub and flooded vegetation turned out to be the most challenging due to their frequent
appearance as mixtures of vegetation kinds and varied forms. In addition to the Sentinel-2 tile,
annotators had access to a comparable high-resolution satellite image through Google Maps and
ground imagery through Google Street View from the image's central point. For each annotation,
we also provided the center point's date and coordinates. Within 20 to 60 minutes, each annotator
had to complete at least 70% of a tile's labelling. A previous study in the upper Baro proved that
from 1986-2017 the flood frequency increased peak flow, soil erosion, base flow, and annual mean
discharge. Specifically, studies mentioned that, Sor and Geba catchment land use maps from 1987,
2001, and 2015, the producer's accuracy score ranged from 60 to 100%, 72.7 to 100%, and 63.6
to 100%, respectively (Hassen, 2022).

However, from 1987, 2001, and 2015, the user's accuracy varies from 75 to 96.7%, 85.7 to 100%,
and 88.9 to 100%, respectively. The lowest values is discovered, because diverse land uses have
comparable spectral characteristics. As a result, of this study, the spatial extent of each land cover
type from 2017-2018, 2018-2019, 2019-2020, 2020-2021, 2021-2022, and 2022-2023 revealed
that there were a decrease in the water body, cropland, and increase scrub/shrub land, trees,

flooded vegetation, and bare ground.
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This situation mainly occurred due to the population growth rate, which increased demand for
agricultural land, fuel wood, and as an economic source. Because LC was dynamic, they altered
the hydrology of the basin watershed, making it crucial to assess their effects on various
hydrological components. The effect of vegetation cover on enhancing basin capacity, preserving
moisture, and increasing water production has been noted by researchers as something that cannot
be ignored (Achugbu et al., 2022; Dufera & Brijesh, 2023). But the places with the greatest
increases in agricultural areas are the ones with losses in wooded and shrubland areas, which are
associated with the greatest increases in surface flow and decreases in groundwater recharge

(Andualem et al., 2023). This, in turn, reduced other land cover types of the study area, as shown
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Figure 6.7 Land cover map of the lower Baro watershed (2017-2023)

6.15 Global map accuracy assessment by impact observatory

Following best practices for accuracy assessment impact observatory adjusted the acreage estimate
for each class using its respective user accuracy as computed from the comparison to the validation
set. This approach also allowed the impact of the observatory to produce a 95% confidence interval
for each acreage estimate. This provides users with a clearer picture of the accuracy and the total
area for each class with the Kappa coefficient calculated as the overall accuracy minus the chance
of agreement divided by one minus of chance of agreement. A result found that the Kappa
coefficient was 0.9 with a chance agreement of -0.55, as shown in Table 6.10. Fighting the

consequences of rainfall, streamflow variability, unreliability in irrigated agriculture, and the use

of water resources allow for extra and year-round irrigation (Hirko et al., 2023).
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Table 6.10 Confusion matrix for classified land cover images from 2017-2023

Land cover Water Trees  Flooded Crops Built Bare Scrub/Shrub  Row User Commission

class (Dense  vegetation area ground total Accuracy error =1-
forest) user

Accuracy

Water 33 2.89 277 2.33 253 205 3.72 49.29 0.67 0.33

Trees 1124 76 2.15 2.19 231 323 3.56 100.68 0.75 0.25

(dense

forest)

Flooded 8.23 2.89 79 2.12 178 212 2.16 98.3 0.80 0.20

vegetation

Crops 3.23 2.78 2.65 76 1.97 318 2.27 92.08 0.83 0.17

Built area 3.69 2.61 2.78 1.98 73 2.48 2.15 88.69 0.82 0.18

Bare ground 2.45 2.23 1.31 1.08 226 672 2.96 79.49 0.85 0.15

Scrub/Shrub  4.32 2.14 2.62 1.05 212 151 92 105.76  0.87 0.13

Column 33.16 88.65 9051 84.42 8344 79.72 105.1 614.29  Overall accuracy

total

Producer 1.00 0.86 0.87 0.90 087 0.84 0.88 Overall 81%

Accuracy sum

Omission 0.00 0.14 0.13 0.10 0.13 0.16 0.12

error = 1-

Prod

Accuracy

However, following best practices for accuracy assessment impact observatory adjusted the
acreage estimate for each class using respective user accuracy as computed from the comparison
to the validation set. The confidence interval quantifies the uncertainty surrounding the sample-
based estimate of the area deforested. However, information on the size of the classification
mistakes by the confusion matrix in the accuracy assessment, allows the area estimator to be
adjusted. According to the findings, tree (dense forest cover) was the primary element preventing
land degradation, and even with little negative changes in a forest structure, canopy cover could
start the process. LC changes accuracy assessment has created an error matrix; estimating the
error-adjusted land change area and the confidence interval is not tricky but produces valuable
information on change that may be very different from the results obtained solely from the map
(Olofsson et al., 2013). This study provided the essential data and calculations required to
compile a thorough and exact report on the correctness of an LC map and area estimation, as
shown in Figure 6.8.
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Figure 6.8 Land cover change (km?/yr) in the lower Baro watershed from 2017-2023

As aresult, the yield response factor in maize was 1.25 high (more sensitive in water deficit areas).
Saudi Star irrigation project was performing better CV of 5% than medium-scale and individual
farmers' CV of 65%. The issues with the insufficiency and dependability of irrigation in some of
the schemes were primarily the result of poor water management, and procedures at the scheme
and farm levels. As a result, the number of growers in the estate, the farmer association, and the
individual was 2.87, 0.87, and 0.35 kg/m?, respectively. When compared to other climate zones,
estimates of crop water productivity and agricultural production based on tropical zones showed
greater variation, with ranges of 1-10 t/ha and 1-12.5 kg/m?, respectively (Mohanasundaram et al.
2023). The average CV for metrics was determined as the performance of the various clusters
(Blatchford et al. 2020). The most significant variable growers had those large scales controlled
by commercial, family associations, and estates (Karimi et al. 2019). For the selected crop types,
the water productivity of WaPOR of the ten years of real-life data result shows that for each sub-
catchment of Baro Gambella, Gog, Gilo Fugnido, Birbir Yubdo, Baro Gambella, Gumero Gore,
Sor Metu, and Baro Itang was 2.54, 1.3, 1.21, 0.96, 0.96, 0.96, and 0.95 kg/m®. The result was
comparable with the standard ranges of the global WP from 0.62-2 kg/m?® to 4-11 kg/m?3 (Safi et
al. 2022). When speaking about a single crop, say the micro level of observing water in the soil
(Zhang et al. 2021). As a result of the water deficit and yield relative to the equation, the yield
response factors depend on the types of crops. The yield response factor in maize was 1.25 high
(more sensitive in water deficit areas). In the lower Baro farmers who produce crops, the average
water adequacy could be impacted by factors other than general water availability, as shown in
Table 6.11.
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Table 6.11 A Summary of seasonal indicator values for all clusters averaged in lower Baro

tributaries
Category ET ETp Equity Adequacy  Water
Name Cluster (mm/ (mm/ CV of CV of Productivity
Name month) month) ET ET kg/m?®
Grower scale  Small Scale 45.3 29.4 0.98 1.54 0.99
Medium Scale 54.3 35.2 1.17 1.54 0.53
Large Scale 64.9 3.25 0.10 19.97 2.52
Management  Estate 66.5 3.32 0.11 20.03 2.87
regime of Managed
grower Farmers 54.3 35.2 1.17 1.54 0.87
Associations
Individual 64.9 42.1 1.40 1.54 0.35
Growers
Alwero 66.5 3.32 0.11 20.03 0.78
Gilo Fignido  3.73 2.42 0.08 1.54 1.21
Birbir Yibdo  3.87 0.19 6.45%10° 20.37 0.96
Location of Gog 4,54 0.22 0.09 20.64 1.30
growers Baro 4.7 0.23 7.8*10°3 20.43 2.54
Gambella
Baro Itang 6.76 0.33 0.01 20.48 0.95
Gumero Gore  6.16 0.30 0.13 20.53 0.96
Sor Metu 7.12 4.62 0.15 1.54 0.96
Center Pivot  3.32 0.16 5.5%10° 20.75 0.96
Irrigation Sprinkler 0.66 0.03 1.1*10° 22.00 0.96
method Furrow 16.62 10.8 0.36 1.54 0.97
Drip 13.3 0.66 0.02 20.15 0.99

ET generates between 1,300 and 1,404 mm of water annually and accounts for up to 80% of the
water discharge from the Machar Marshes. Most of the increase in food production would come
from increased productivity per unit of land. According to the Awash and Koga watershed
evaluations in Ethiopia, the WaPOR is superior to other ET products (Blatchford et al., 2020). In
this study, the analysis shows in the eight sub-catchments of Alwero ETa (less than 28), Gilo
Fugnido (28-43), Birbir Yubdo (43-48), Gog (48-53), Baro Gambella (53-58), Baro Itang (58-60),
Gumero Gore (60-63), and Sor Metu (63-67) mm. As a result, Sor Metu, the ETa/ETp, was 7.12
in the range of 63-67, and the average yield CWP was 120 kg/m? (highest), ETa/ETp was 3.73
(lowest) in the ranges of 28-43 and the average yield CWP was 590 kg/m? of ETa. Based on the
analysis, the maximum seed rate was 985 kg/ha to cover the gap in rainfed agriculture. Fertilizer
applications were 123 kg/ha, with the corresponding maximum number of householders of
70,490.56. The yield gap of ETa in the lower Baro watershed could be increased through seed rate
and fertilizer control for the entire sub-catchments in the chosen crop area. ET measured how
quickly the soil dried out (Santos et al. 2010).
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The study mentioned that in humid, unlimited-water situations, ETa of interception of WaPOR
does not accurately represent ETa on a continental scale (Blatchford et al., 2020). In this study,
when ET was higher, the need to irrigate more in the sub-regional watershed scale. Moreover, the
highest yield was 5600 kg/ha in the sub-catchments. The amount of crop ET had a direct relation
to crop yield, as shown in Table 6.12.

Table 6.12 Average and highest rainfed crops yield, ETa, seed rate, and fertilizer in the
sub-catchment

ETa ETa/ETp Average yield Highest  Seed Fertilizer No of
(mm) yield Rate Rate Holders

CWP yield ts/h to/h wh
(Qts/m®*  Qts/ha (Qtslha)  (Qtsiha)  (Qts/ha)

<28 - 17.3 56 - 0.33 -
28-43 3.73 5.9 245 56 9.85 1.23 155.60
43-48 3.87 5.8 24.3 56 4.32 1.21 14,611.1
48-53 4.54 5.7 14.2 48 3.25 1.23 70,490.56
53-58 4.7 4.1 12.9 48 2.25 1.4 18,333.3
58-60 6.76 3.9 27.1 27 3.45 1.65 28,000
60-63 6.16 1.7 7.3 22 4.12 1.46 2,777.7
63-67 7.12 1.2 6.5 22 3.14 1.2 1,555.6

As a result, in comparison to the other five sub-catchments, the Baro Gambella sub-catchment
had the most significant yield gap of 443.52, 887.04, and 1008.10° kg, while the Gumero Gore
sub-catchment had the lowest yield gap of 0.01, 0.02, and 0.03 kg respectively. Recent studies
supported the water and land for improving the suitability for fertilizer, slope, drainage capacity,
water holding capacity, and cropping systems (G et al. 2016). In December, Gambella gets 67.61
mm of rain and approximately three rainy days, and humidity is close to 68% (Degife et al. 2021;
Hailu et al.2019). The 4-year seasonal average WaPOR-based yield was 89 t/ha (86 t/ha for
regions with furrow irrigation, 88 t/ha for areas with sprinkler irrigation, and 93 t/ha for areas
with center pivot irrigation (Chukalla et al. 2022). Based on the WaPOR biomass product
evaluation of the crop classification, the light use efficiency (LUE) is a coefficient for the
efficiency by which vegetation converts energy into biomass (Blatchford et al. 2020). The land
productivity leads to an increase in rainfed crop output throughout the lower Baro watershed,
increasing the production of the selected crops by 1/3, 2/3, and 3/4 of the yield gap, as stated in
Table 6.13.
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Table 6.13 Increase the current rainfed yield of rice, sugarcane, maize, and vegetable field

Sub Agricult  Averageyield Highest Increase in yield production (.106)
catchment ural land (kg.10® ha?) yield(kg.1 0.330of 0.66 of yield 0.75 of yield

(ha) 0%-hal) yield gap gap

gap

Alwero 14,000 3*10°3 5.6*107 13.86 27.72 315
Gilo 1,315 3.2*10° 5.6*10° 1.38 2.77 3.15
Fugnido
Birbir 634.4 5.6*10° 5.6*107 1.17 2.34 2.66
Yubdo
Gog 1,650 1.7%10°3 4.8*10° 0.92 1.85 2.10
Baro 280,000  4.8*103 4.8*1073 443.52 887.04 1008
Gambella
Baro Itang 1914.09 2.7%10° 2.7%10° 1.70 3.41 3.87
Gumero 25 1.8*10°3 2*2*10°3 0.01 0.02 0.03
Gore
Sor Metu 78 2.2*10° 2.2*10°3 0.05 0.11 0.12

The primary cereal crop production YA in rain-fed agriculture for rice 6, maize 12, sugarcane
9, and vegetable 7 in metric tons/ha. Comparing the YW-YA, the crop production value result
shows a significant difference in rice 1.5, maize 8.5, sugarcane 5.5, and vegetable 3.5 metric
tons/ha. For water productivity, actual rice is 2.5, maize 4.5, sugarcane 3.5, and vegetable 4.5
metric tons/ha. However, using fertilizers and modern seeds became challenging (Abebe &
Kebede, 2017). Additionally, a linear association between sugarcane crop production and ET
is discovered, with a slope of around 10 kg/m? and a corresponding value of 1.3 kg/m? (Poolad
et al. 2019). The results of the equity assessment in this study would be affected by the
uncertainty of the ET product and must be treated cautiously (Azhar et al. 2014). The typical
annual ET for a different producer cluster of crops was 1.5 tonnes, compared to the typical
annual value of 1.3 tonnes for a crop such as wheat or maize (Chukalla et al. 2022). Increasing
crop water productivity sometimes suggested one alternative to enrich crop yield (Akram et al.
2019). The exploitable yield gap explains the unusual convergence of the conditions for
attaining water-limited yield. As a result, feeding the future population that was closing the gap
in lower Baro tributaries to the selected crops in rice, maize, sugarcane, and vegetables showed
significant trend variation observed in terms of metric ton/ha based on FAO (2012) as shown

in Figure 6.9.
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Figure 6.9 Crop-type productivity versus water-limited yield gap (ton/ha)

As a result, the limited water productivity potential was a maximum of WPP 25 metric tons/ha,
but the actual yield from 1999-2017 was very low in the region of the study. This shows the
limited surface water resource utilization was not properly used for the required rainfed crops in
the region in terms of metric ton/ha as shown in Figure 6.10. One of the issues with determining
the dependability of remotely sensed ET products in the lower Baro watershed was the lack of
spatial layer validation of ET as well as the cost and complexity of such analysis ( Karimi &
Bastiaanssen, 2015). The CWP level values were reported in the regional and international
literature (Poolad et al. 2019). FAO stated that ET could range from 1.3 to 2.2 kg/m®. The ETa-
WaPOR value appears continually overestimated in irrigated areas. Some of the identified causes
include the input of quality layers, local advection effects, and the relative soil moisture content
(Sawadogo et al. 2020). However, combining multiple evaluation methods improves how the
quantity of the ETa WaPOR product is assessed (Karimi et al. 2019; Zwart & Bastiaanssen,
2004). The rainfed systems without irrigation demonstrated a small CWP. Because of the
seasonal change in rainfall in the watershed over time and space (Alem et al. 2022). The yield
would only increase if additional water was available for ETc. The study mentioned that it is
challenging to compare our findings with those of other studies on runoff water collection
locally, regionally, and worldwide (Odeh et al. 2023). As a result, improving crop management
at fields and securing. irrigation supplies, especially during summer (dry) years, raised crop
yields and water productivity in the lower Baro watershed. The study's findings show that
implementing irrigation management systems could raise production and bring more land under

irrigation, with increases in yield and irrigated area of 20 and 140%, respectively (Mandal et al.
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2020). Moreover, how atypical years farms among the observations could distort estimates of

potential and water-limited production harvest time (Deng et al. 2019).
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Figure 6.10 Lower Baro tributaries yield gap for Maize crop from 1999-2017

In this case, the result showed that the maximum Yw was 1200 kg/ha with the corresponding
minimum Ya of 1300 Kg/ha. However, analyzing the trend's variation could lead to increasing
and decreasing yield gaps. Maximum of 1.3 ton/ha in terms of YA and the corresponding YW
variation 1.2 ton/ha for water-limited yield gap in the lower Baro watershed as shown in Figure
6.11. The temporal variation in YA reflected current soil and climate conditions, average farmer
skill levels, and average technology usage (Deng et al. 2019). South and Southwest African
regions have disproportionately high yields, whereas the North, Central, and Eastern regions
have lower yields (Andersson et al. 2009). There were temporal scales that could be set to
capture (eliminate) the environment's dynamic aspects (soil, climate, and ecosystem
components). The analysis time frame must be clear and aligned with the standards for critically

evaluating the data (Van Loon et al. 2018).
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Figure 6.11 Temporal variation actual yield gap versus water-limited yield gap

In this study, as a result, the maximum temporal variation was 1.2 ton/ha, YW with a YP of
0.9 ton/ha and a CV value of 0.68. The corresponding minimum value was 0.1 ton/ha YW of
0.3 ton/ha of YP with a CV of 0.68. These patterns collectively may result in widening yield
gaps in the lower Baro watershed, as shown in Figure 6.12. A single prediction of potential
production (water limitation) employed as a reference in gap analysis does not accurately
represent all circumstances within a cropping system and agroecological zone. Most farmers
could not achieve the yield produced by a contest winner in the (highest-yielding fields) that
would not benefit from the same climatic and soil conditions (Van Loon et al. 2018). Studies
mentioned that the variability of CV ranges from 0.1-0.05 based on the observed rainfall data
from 1972-2000 in the upper Baro River (Kebede et al. 2017).
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Figure 6.12 Temporal variation potential yield gap versus water-limited yield gap

115



6.16 Sustainable yield gap closure through irrigation

Effective irrigation management in these areas would lead to better water supply use for
irrigation in lower Baro; moreover, this is made evident by the databases for reporting districts,
comparative yield studies, and particular commercial fields. But the largest problem facing
water managers today is increasing crop production with each drop of water used (Conrad et
al. 2020; Perry, 2011). The productivity is affected by how feasible yield estimates are produced
from the data used, especially from region to the globe (Bwambale et al. 2022). Investments in
irrigation infrastructure, however, could be only justified if they result in a significant increase
in production. Irrigation needs in areas of agriculture that are predominantly rainfed, where
productivity is limited by the availability of water resources, increasing crop yields (Alves et
al. 2022; Karthikeyan et al. 2020); ratios between irrigation water and total water requirements
would express this condition. The paramount importance of spatial and temporal inter-annual
variation in environmental variables on yield is a significant finding of the entire inquiry
(Drastig et al.2016; Hellegers et al. 2010). However, watershed management techniques have

enhanced the water's long-term availability in rain-fed areas (Huchtemann & Frondel, 2010).
6.17 Spatial and temporal variability of the system water use efficiency

Every water condition is unique, and managing the water resources for irrigation production is
highly important. Soil erosion is predicted to affect the environment, including increased land
degradation negatively, decreased agricultural production, and soil losses (Panagos et al. 2022).
Over 1 billion hectares (Bha) of land are subject to water erosion, over 1.6 Bha of land is subject
to wind erosion, and about 13% of the world's continents are subject to erosive degradation
(Wawer et al. 2005). In line with the trends shown above, key informants concurred that there
was increased interest in soil water conservation (SWC) interventions at the watershed scale
required. However, more research has been conducted on the sustainability of SWC techniques
and how individual farmers adopt them, partly because most SWC methods in Ethiopia have
been adopted through various initiatives (Adimassu et al. 2018). Around the world agriculture
currently uses 70% of all freshwater withdrawals worldwide, and by 2050, demand will
increase by 20% (Boretti and Rosa, 2019). Due to the concurrent increase in irrigation,
agriculture systems must use water more efficiently (Mesfin et al. 2020). Existing ecosystems

are under more stress due to increased weather variability, which takes the form of higher
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temperatures, changing rainfall patterns, and longer/more frequent wet-dry cycles (Abera et al.
2021; Hailu et al. 2019; Wang & Yang, 2014). In Ethiopia, 30% of our anticipated production
comes from rainfed agriculture. We have significantly increased commercial irrigation and
paved the way to mitigate this. The term “efficiency” implies that components of a system for
controlling soil, water, and crops can be altered to improve its performance (Eshete et al., 2020).
Only a few studies have looked at SWUE or how it varies based on the kind of soil and
management practices used (Wilson et al. 2022; Hasanuzzaman, 2019); previous research has
looked at temporal changes in WUE for a single crop field due to management modifications
(Wilson et al. 2022). It is easier to comprehend how we farm in terms of crop selection and
associated practices in a changing climate; if we can estimate the soil attributes interact with
management methods using SWUE variability (Ahn & Kang, 2014; Ferrant et al. 2014). The
type of change, the time it takes to implement, and the soil conditions at the time of the
modification affect how effectively water is retained and moved for plant growth. Any
procedure such as conservation tillage, cover crops, and organic amendments enhances the soil
composition or structure of SWUE.

The primary forces are rising temperatures, altered rainfall patterns, and intensifying
precipitation (Prein et al. 2017). Previous studies have looked at temporal changes in WUE for
a single crop or field as a function of management and weather changes. Only a few studies
consider SWUE or how it fluctuates depending on the kind of soil and the management
techniques (Hadri et al. 2022). Over the past 20 years, Ethiopia has made investments in SWC;
a list of procedures to calculate the amount of SWC in various geographical regions (Adimassu
et al. 2018). Therefore, the idea behind this study was that, unlike WUE, the variability in
SWUE throughout the watershed. This can bee indicates the interactions between soil
characteristics, management practices, and climate change. Moreover, how well a soil-water-
crop management system functions. Gambella region is one of the regions subject to this study,
which looks at the spatial and temporal heterogeneity of both WUE and sSWUE. However, the
Alwero (Akobo) station of Saudi star irrigation is considered, to indicate the spatial and

temporal variability as far as the productivity is concerned as shown in Figure 6.13.

117



6.18 Methodological overview

Overview of the methodology to identify and classify diverse landscapes based on comparable
hydrologic responses, a geostatistical analysis was carried out to quantify the geographical and
temporal variability of WUE and sSWUE in the lower Baro watershed. Analysis was performed
using the data from the Ethiopian National Meteorological Agency (ENMA) from 1986 to 2018
provided in this study, such as climatic information rainfall and temperature. In addition, this
study used 45 years of streamflow/discharge data for eight stations namely, Alwero, Gilo
Fugnido, Birbir Yubdo, Gog, Baro Gambella, Baro Itang, Gumero Gore, and Sor Metu with
corresponding years from (2009-2019,1977-1990, 1977-1990, 1990-2006, 1990-2008,1974-
1980, 1988-2004, and 2000-2018) from the Ethiopian Ministry of Water Resources Irrigation
and Energy (MoWE) Department of Water Resources and Hydrology. However, in the study,
the status of the area representative hill slopes was selected. Moreover, the water budgets are
performed by subtracting the runoff, drainage, and ET losses from precipitation totals during
each growing season. WUE is calculated as yield divided by ET, while SWUE defines as yield
multiplied by the total runoff, drainage, and ET.
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irrigation water
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On scheme
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Field In field losses
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Figure 6.13 Flowchart of water use efficiency
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6.19 Focus watershed

Gambella community leaders plan to resettle over 30,000 agro-pastoral people by leasing 42% of
the region's land (Eshete et al. 2020). Due to landscape characteristics and management, WUE
does not consider all water consumed or lost from the system. Aside from ET, runoff and drainage
also affect the amount of water readily available in agricultural systems (Wilson et al. 2022; EI-

Gafy, 2017). The equation of the system of water use efficiency is shown in Eqn 6.9

SWUE — Yield _ 6.9)
ET + Runoff + Drainage

6.20 Irrigation water amount

The most crucial factor in every region's prospective agricultural productivity is irrigation.
However, even though water is already scarce, irrigation often uses much water. Usually, sensors

could measure irrigation water depth of 50 and 75 mm in wheat and rice plots.
6.21 Evaporation (E)

Since the plants absorb nutrients through their roots during transpiration, higher grain yields are
also a result (Agarwal et al. 2019). Because higher transpiration is necessary to have higher plant
output (Ayyad et al. 2022). Every attempt is made to divert a larger portion of the soil ET share of
the moisture to the transpiration component; most of the time, there needs to be more mention of
the calculative aspect of evaporation in various study papers (Asitatikie and Gebeyehu 2021).

6.22 Drainage and seepage in irrigation

The system efficiency indicators, which irrigation designers generally utilize, were also
reevaluated using the framework. When shifting the irrigation need from net to gross and
accounting for system losses. This study produced a new system efficiency and assessed the
Alwero irrigation system. As a result, the flow rate at the entry point of the system components
must be measured and quantified. The water balance of the lower Baro is shown in Table 6.14. In
general, wheat drainage losses are considered insignificant or less than 100 mm, whereas they are
significant >2000 mm during the rice season. The more often measured, the greater the accuracy

and reliability of the data among the parameters; the seepage from the diversion canal was 6.4%
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which exceeded the confidence interval set by the system. It encourages a better understanding of
water management at all levels (Ayyad et al. 2022). The water source entering the system
components must be specified, as this is usually the parameter scrutinized by compiling the water
balance (Rawat et al. 2018).

Table 6.14 Water balance for lower Baro watershed

Destinations Volume Confidence % of Desired Action
(m3) interval (CI)  inflow Required
On-farm irrigation 60.3x10° 3 84 N/A No
system
Evaporation from canal 7679 15 0.2 5 No
Seepage in canal 26,5206 30 6.4 5 Yes
Unlawful abstractions 0 15 0 0 No
Operational losses 9,842 15 0.3
Evaporation from Dam 720 30 0
Seepage from Dam 18,241 30 91.2
Unaccounted water 34,2886 30 8.8
36,1127 30 100

6.23 Comparison of WUE with other studies

In the Gambella region, rainfed maize has WUE values averaging 0.96-6.64 kg/ha/mm due to
relatively high yields averaging 0.4 and 0.3 Mt in 1997-2017, respectively. Currently, increasing by
35%, which is near the maximum yield of 1.8 Mt seen in lower Baro. Irrigated rice has the lowest
higher WUE values from 2 to 3 kg/ha/mm. The results for hillslopes with comparable hydrologic
responses were aggregated; as compared to trends and magnitude changes to evaluate temporal and
spatial variability across the watershed. Moreover, recent meta-analyses from multiple sources have
made it easier to compare WUE results with other published values. Measurements of WUE for
maize range from 2 to 40 kg/ha/mm in 10 different countries with a significant coefficient of
variation, CV of 0.38 (Wilson et al., 2022). Rainfed rice, sugarcane, maize, and small vegetables in
the lower Baro had WUE values ranging from 2 to 3 kg/ha/mm, while irrigated rice had lower WUE
values from 2 to 3 kg/ha/mm due to the higher yields. Additionally, rotating maize with other crops
increased the WUE from 12-14 kg/ha/mm to 3-23 kg/ha/mm. As a result, increasing fertilizer rates
raised the WUE values from 9 to 26 kg/ha/mm across the region Gambella. In the Gambella region,
rainfed maize has WUE values averaging 0.96-6.64 kg/ha/mm due to relatively high yields
averaging 0.4 and 0.3 Mt in 1997-2017, respectively. Currently, increasing by 35%, which is near

the maximum yield of 1.8 Mt seen in the lower Baro watershed.
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6.24 WUE and sWUE compared to one another

When comparing WUE and sSWUE for the different crops, there are greater distances between the
cumulative distribution functions of rice, sugarcane, maize, and vegetables. The further distances
between the lines indicate a more substantial influence from runoff on the crop. Additionally,
maize is more sensitive to spatially variable parameters, like, in this case, runoff. sSWUE values of
yield divided by tend to correlate runoff, followed by precipitation and ET. Further, it can be
illustrated as yield becomes less water-limited as the growing season precipitation increases. WUE
for maize is correlated with yield and temperature, while SWUE is predominantly correlated with
runoff (Wilson et al. 2022). The sWUE values correlated with precipitation and ET for rice,
sugarcane, and vegetables. The WUE and sWUE values for maize appear less affected by
hydrology, highlighting the crop’s low drought sensitivity (Mbava et al., 2020). However, further
increases in growing season precipitation result in continuously more runoff and hence a decrease
in SWUE as the system loses more water, making it difficult to identify its genuine connection
here with WUE/SWUE (Garcia et al., 2010). Nonetheless, the soil types with higher water content
can supply adequate moisture to plants when rainfall does not occur. Moreover, the spatial
variability is higher than the temporal change of SWUE for cereal crops. The temporal change
averaged 20% thus, the average spatial variability was more significant than the average temporal

variability.
6.25 Rice production improved productivity through reduced water use

Over 60% of people eat rice in the world. It urgently needs to increase rice output by 70% to
satisfy the predicted demand by 2050 (Santos et al. 2010). According to an FAO assessment that
examined rice production and population growth over the previous ten years (Deng et al. 2019).
Given the rising demand for rice, there is a pressing need to research rice cultivating methods. In
general, four habitats for rice cultivation: irrigated 50% of the total amount of rice farmed, rainfed
lowland 34%, rainfed upland 9%, and flood-prone 7%. The most fruitful cultivation occurs in the
irrigated rice habitat, which is crucial to supplying the world's food needs (Rising, 2020).
However, water availability, irrigation practices, and the time water remains in the rice field during

the growth phase significantly impact irrigated rice (Okada et al. 2018).
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In the rainfed ecosystem, erratic water supplies include severe drought, flood, and occasionally
both during a single cropping season and infertile soil. Its acidic or saline nature is the most
frequent variable that reduces rice yield (Adhikari et al. 2018). As a result, this compels us to
create novel water management strategies for rice farming that boost output in various
environments. Additionally, water use can be controlled by either producing water-stress-tolerant
cultivars that can produce more when less water is available or by controlling the soil to create
conditions ideal for growing rice in water-scarce environments (Afroz et al. 2021; Wang et al.
2016). Similar to population growth, settlement expansion within the watershed has dramatically
increased from 2017-2023. From 1990 to 2021, the settlement's area increased from 14,586.7 ha
to 18,541 ha; studies across Ethiopia's many areas support this (Teklay et al., 2023).

6.26 Alwero rice cultivation techniques in water-scarce conditions

Farmers follow a traditional method of cultivation and cultivar selection based on their natural
adaptability to environmental changes. However, rice farming has focused on improving rice
cultivation methods, leading to a wealth of technological possibilities for cultivation to increase
yield under water-limited circumstances. The yield penalty was reduced through a cumulative
approach to water management and planting high-yielding varieties that thrived in water-limited
environments. Before determining the consequences of water-limiting conditions, water
management strategies, such as short-term, long-term, and anticipatory phenological adaptation

measures, are therefore necessary, and they often aim to minimize effects.
6.27 Reducing water outflows and unbeneficial water depletions

Early canopy closure reduces evaporation at various growth phases by selecting rice cultivars with
vigorous seedlings or adjusting crop density. These techniques also improve the crop's capacity to
compete by reducing weed transpiration. Other weed-control strategies include the use of
pesticides, human or mechanical weeding, opportune flooding, and land leveling, which can
reduce unproductive water losses brought on by transpiration by weeds. A successful strategy for
increasing rice's water productivity and lowering water inputs is soil mulching, particularly in non-

saturated aerobic soil conditions.
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6.28 System of rice intensification

A climate-smart agroecological approach is needed to boost rice productivity by adjusting water,
soil, plant, and supplement management. The SRI philosophy is based on the following four

fundamental principles, which are interconnected: the establishment of plants quickly, soundly,
and early; the reduction of plant density; the improvement of soil conditions by adding organic
supplements; and the careful management and reduction of water use. Studies indicated that rice
cultivation releases carbon emissions due to water stagnation. Off-season tillage, crop substitution,
and micro-irrigation reduce the quantity of water for agriculture. Adjustments regularly account
for shifting soil properties, climatic patterns, water management, ease of access to the availability

of natural resources, and the decision to practice organic farming exclusively (Adebiyi et al. 2021).

6.29 Sprinkler irrigation

Most rice is grown for human use today in flood-prone areas, where there is a water shortage and
loss by deep percolation, seepage, surface runoff, and evapotranspiration. Mechanized sprinkler
irrigation systems in the lower Baro, one of many methods for water-saving irrigation, are gaining
popularity among farmers in different nations due to their ease of control, higher water use
efficiency, and increased production. Sprinkler irrigation can produce a total depth of 414 mm in
rice instead of 1168 mm in flooded rice, using 20-50% less water. Sprinkler irrigation also allows

farmers to use soil conservation practices like crop rotation and no-till farming.
6.30 Interactions between water and fertilizer at the field and agricultural levels

Usually, non-water elements such as soil fertility and CWP when less than 40-50% of the potential.
Nevertheless, yield gains occur at a nearly proportionate rise in ET when yield levels are over 40-
50% of their potential; when yields increase, incremental increases in water productivity decrease
(Molden et al. 2010). So, before hitting the maximum limit, there is much room for increasing
production relative to ET. The management approaches that create this heterogeneity are
significant because they raise the prospect of potential improvements in the proportion between
ET and marketable yield. Balanced fertilizer use should ensure sustained productivity in the
intensive cropping system for the high-productivity fields. Because an absence of it could result

in a rapid fall in yields and water, use efficiency over time.
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6.31 Water productivity when there is a water shortage

Soil nutrient mining is severe in sub-Saharan Africa; the focus is on little, timely watering and
managing soil nutrients, increasing the WUE by 10-25%. In rain-fed agriculture, soil fertility is
frequently the limiting factor for higher yields; due to inadequate rainfall infiltration and plant
water intake from weak roots, soil degradation through nutrient depletion and loss of organic

matter results in a substantial yield decrease tightly tied to water determinants.
6.32 Conclusions

In the lower Baro watershed, short-term climatic droughts result from a 34 °C increase in growing
season temperature between 2016 and 2050 and a commensurate drop in March precipitation
totals. Due to these modifications, maize and small vegetable yields have significant yield declines
of 20 and 35%, respectively, and rice yields have seen a 5% decline; as a result, SWUE values
drop. The ability of soil types with better water retention capacities to hold rainwater that plants
can use when there is little rainfall makes them usually more suited to high productivity. These
factors, which may influence the unpredictable nature of water use and storage in a watershed,
have yet to be considered at different spatial scales. Minimizing the ET transpiration stream is
very beneficial from the moisture absorption perspective.

Therefore, mulching the soil surface is essential to increase water productivity. The mulch is a
physical barrier to evaporating water, and the soil is moist afterward. To determine which
management measures would mitigate the effects of a more variable climate on SWUE, the timing
of management activities (such as irrigation, planting/harvesting dates, and fertilizer applications)
was the same. Nevertheless, management strategies must consider certain soil-geomorphological
traits to increase agriculture's water use efficiency. These variables, which might affect the
unpredictability of water usage and storage in a watershed, have yet to be considered at various

spatial scales.

The next chapters include a Summary, Conclusions, and Recommendations.
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CHAPTER 7 SUMMARY AND CONCLUSIONS

7.1  Summary

The primary objective study is to explore the surface potential and irrigation productivity at
different landscapes. The land cover change and its implication for hydrological variables
and soil erodibility, as well as climate change, were the causes of yield reduction. The work
was carried out using PRISMA systematic review focused on the soil moisture WEAP
hydrological model at the limited surface water irrigation. The FAO water productivity
satellite ET-based irrigation performance quantifies the yield gap in the lower Baro
watershed tributaries. Moreover, the LC change using remote sensing ESRI 2020 LC
Sentinel-2 data was used to see the LC change from 2017-2023. The research was conducted
in the lower Baro watershed, Gambella region, Ethiopia. Firstly, four crops, rice, sugarcane,
maize, and vegetable, predominantly grown in this region, were selected along with a bare
field. The low yields obtained in arid and semi-arid environments can be improved by at
least 1/3, 2/3, and 3/4 through the repartitioning of current moisture processes at the
watershed scale, despite the difficulties of less-than-ideal rainfall for cropping seasons, the
occurrence of dry spells, rising soil, and nutrient loss. Under such a condition, with
consideration of this study helps for better understanding the spatiotemporal soil moisture
variation within the catchments. Moreover, FAO water productivity increases precipitation
by filling the yield gap, through WUE, sWUE, and policymakers for the betterment of
irrigation water supply. Therefore, improve soil infiltration and water storage, which

decreases runoff and the water lost by ET and raises SWUE.
7.2 Conclusions

Objective 1: To review the land cover change and its implication for hydrological variables,

soil erodibility, and yield reduction

e The prediction inquiry indicates that LC is crucial for keeping track of the water balance.
This study used the PRISMA method to examine 83 prior research on LC implications,
hydrological parameters, and soil erodibility in Ethiopia's lower Baro watershed. Only
2% of abstracts were reviewed from 2007 to 2022, a single-article LC change monitoring
in various methods, with various outcomes. The review study examined the hydrological

variables, soil erodibility, characteristics, estimates, and effects of the LC shift as well as
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the relationships between the hydrological process and the LC, hydrological process and
climate change, potential ET, and rainfall in the lower Baro watershed. Each type of
accuracy loss has a different severity level, ranging from minimal to moderate to severe.

e The availability of surface water for agricultural use is declining due to rising residential
and industrial demand and population pressure. Another consequence of climate change
is uncertainty about water supplies and production. The lower Baro watershed of the
chosen gauging stations exhibits a closed water balance due to the annual surface inflow
total, including rainfall and canal water inflow, nearly equal to the simulated annual ET.
The irrigated cultivation of rice in Alwero does, however, also show signs of long-term
unpredictability.

Objective 2: To explore statistical and trend analysis of hydro-meteorological data

This study examined that, there are substantial changes in mean annual streamflow,
standard devotion, and monthly trends of the probability density function of the rainfall
recorded at 8 stations from 1986-2018 in distributed arid and semi-arid areas of the lower
Baro watershed, South West Ethiopia. In contrast, winter (Kiremt) rainfall variability
directly affecting agricultural production is less variable over eight stations in the study
region. The goodness of fit provides a means for the selection of a preferred distribution.
They do not test how well the model fits better able to link models of the probability density
function of the Easy Fit program by Math ware technologies shows the fitting of the
statistical distribution in lower Baro tributaries. The test and its set of maximum critical
values observed in the Baro Gambella sub-catchment showing that 6 = 12.6, u=11.9, and
v =0, and the corresponding lowest observed result found in the Sor Metu sub-catchment
c=0.80, u=1.75, and y = -0.03.

Objective 3: To quantify the surface water potential and irrigation water demand of lower

Baro watershed tributaries

e Distributed hydrological modeling, which involves running a field scale model for all
possible combinations of weather, crop, soil, and water in the research area, can be used
to examine the effects of spatial heterogeneity on the regional water and CWP. Soil
moisture initial conditions are important in targeting areas for irrigation development.

A combination of distributed WEAP hydrological modeling and regional-level real--
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time satellite data is required to assess the region's peak water requirement.
Comprehensive water productivity analysis of an irrigation system requires a substantial
amount of ecohydrological information at different spatial and temporal scales.

To limit the adverse effects on their livelihoods, stakeholders should be aware of surface
water potential and demand in water management, water conservation, and irrigation
methods. Despite a substantial record of time series for the Basin watershed required;
for the attribution of large-scale surface water potential and demand in the basin to long-
term climatic changes. After correcting all the input data estimates of ET and crop water
requirements for the chosen crop types in the lower Baro tributaries using the
Cropwat8.0, the selected irrigable site was located below the gauging place of the study
area and had a total area of 20,325 km?. As a result, the following are concluded from
the outcomes.

Based on thick soil, pre-pudding irrigation at 0.5 m of soaking depth, field efficiency of
70%, the actual irrigated need of 613.3 mm, and rain efficiency of 75.7%. The statistics
show that irrigation efficiency was 100%, percolation losses were 483.2 mm, and
potential water was 641.7 mm. Total rain loss was 9.1 mm, effective rain was 28.4 mm,
and the total rainfall was 37.5 mm. Besides, the variation in monthly streamflow over
45 years was calculated using graph pad prism 9.4. The pairwise comparison method's
mean annual temperatures, rainfall, soil depth, soil texture, drainage, LULC, stream,
and slope values are 4, 5, 11, 14, 20, and 3%, respectively.

The future land suitability for surface irrigation was assessed in the GIS-based multi-
criteria methods. The result of this study found that Alwero, Baro Itang, and Baro
Gambella sub-catchments were highly suitable 23.1, 15.99, 14.65, and 8.44%, Gilo
Fugnido was moderately suitable was 8.44%, whereas Sor Metu, Birbir Yubdo, and
Gumero Gore were less favorable 7.98, 7.69, and 6.14%. For the selected crops, the
crucial months of January, February, March, April, and May, resulted in a total crop
water need of 917.8 mm/decade. This suggests that the predicted flow amount varies
daily and is available each month. The projected values of maize for the selected driest
five months are 0.78, 0.9, 0.78, 0.34, and 1 I/s/h. Due to the suitable irrigation land and
the available water flows, the study area's irrigation potential varies each month by a
minimum of 8% and a maximum of 54%. Thus, it demonstrates that during low flow
periods, the amount of potentially irrigable land exceeds the capacity of the surface

water supply.
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Objective 4: To investigate the satellite ET-based irrigation performance: strategies to

increase rainfed crops production in the lower Baro watershed tributaries

1. The present study investigated the satellite ET-based irrigation performance of
WaPOR water and land productivity and the global yield gap assessment of rainfed
crops. Additionally, based on the yield gap increase, the land conversion that resulted
in the predicted 2050 in lower Baro rainfed crops output objectives were assessed. The
crop yield gap output was increased by 2050, and lower Baro would have water stress;
thus, this study looked at various water use opportunities there in the lower Baro
watershed. Increasing the area of rainfed crops and irrigation boosts the yield of
current agricultural land. The techniques for rainfed crop production were assessed
using crop production function, crop water productivity (CWP), and relative
evaporation (ETa/ETp) measurements.

2. The link between crop productivity and water use mainly determines the requirement
for more water for food. However, the Baro Gambella sub-catchment had the most
significant yield gap of 443.52, 887.04, and 1008.10° kg, while the Gumero Gore sub-
catchment had the lowest yield gap of 0.01, 0.02, and 0.03 kg among the selected
crops, compared to the other five sub-catchments. Thus, it produces more rainfed
crops, bridging the yield gaps; the crops showed a significant temporal trend variation
of water-limited and potential yield observed in metric ton/ha.

3. Future studies must focus more on how climate change affects water and land
productivity. WUE gives a less realistic picture of how a soil-water-crop management
system functions in agricultural systems than the SWUE index, which considers runoff
and drainage in addition to evapotranspiration. Eight distinct landscape types,
including those with high-clay, high-organic matter soils, moderate slopes, and loess
soils, were identified in the lower Baro watershed. Short-term climatic droughts result
from a 34 ©C increase in growing season temperature between 2016 and 2050 and a
commensurate drop in March precipitation totals. Due to these modifications, maize
and vegetable yields have large yield declines of 20% and 35%, respectively, and rice

yields a 5% decline. As a result, SWUE values drop.
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4. The average geographic variability was higher, though the geographical variability of
SWUE values for rice was 11%, whereas, for vegetables and maize, it was 25 and 16%,
respectively. The ability of soil types with better water retention capacities to hold
rainwater that plants can use when there is little rainfall makes them usually more
suited to high productivity. The timing of management activities such as irrigation,
planting/harvesting dates, and fertilizer treatments was left unchanged to identify
which management strategies would reduce the effects of a more variable climate on
SWUE. These factors, which may influence the unpredictable nature of water use and
storage in a watershed, have yet to be considered at different spatial scales. From the
moisture absorption perspective, minimizing the ET transpiration stream is very
beneficial.

5. To determine which management measures would mitigate the effects of a more
variable climate on sWUE, the timing of management activities (such as irrigation,
planting/harvesting dates, and fertilizer applications) was the same. Nevertheless, to
increase agriculture's water use efficiency, management strategies must consider
certain soil-geomorphological traits. These variables, which might affect the
unpredictability of water usage and storage in a watershed, have yet to be considered
at various spatial scales. The critical suggestion surface water assessment resulted in
alternatives for water management that are related to reducing poverty, ecosystem
services, water productivity, basin watershed, land management, rainfed and irrigated
agriculture, and using water with marginal quality.

6. The condition of natural resources, particularly surface water in the lower Baro
tributaries catchment, South Western Ethiopia, as shown from the study, has been
under tremendous pressure due to rapid population growth, poor agricultural practices,
deforestation, rapid changes in land cover, and climate variability over the last three
decades. This study contributed to narrowing a knowledge gap by making land-use
planning and sustainable surface water resources management relationships
quantitatively. Moreover, it is helpful to contribute landscape change analysis with
hydrological parameters for an enhanced understanding of surface irrigation and the
hydrological implication of soil erodibility. This provides an appropriate solution for
designing a strategy to reduce the adverse effect of soil erodibility and climate
variability of the hydrological process.
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It also supports decision-makers, and surface water resource planners to enhance land
productivity to advocate for sound land productivity while confirming environmental
sustainability. Such improvements are required to address issues relating to

sustainable surface management and maximizing yield in the lower Baro watershed.
7.3 Limitations of the study

The study used limited climatic and streamflow data for assessing the surface water
potential and irrigation demand in lower Baro watershed tributaries. There are not many
published articles in the study region. Especially, LC change and its implication for
hydrological variables and soil erodibility for the landscape, in particular. Due to time
constraints and to keep things better, an optimization of surface water demand and
potential; in the future, more studies should incorporate optimization. The WEAP model
demand and supply assumptions of the catchment water balances will provide sufficient

spatial information in a detailed manner for the proposed application.

The main shortcomings in the region include the lack of long-term hydrology and high-
resolution geospatial data for the design of irrigation accuracy assessment. Other
limitations of the current study include uncertainty analysis of parameter estimation

during surface water demand analysis estimation.

Due to the various factors in the water balance analysis, the demand and potential of the
lower Baro become inequitable. Streamflow, whereas a declining streamflow trend,
leads to less water availability, which impacts the water supply for agriculture and other
uses. lower Baro watershed station revealed a statistically significant rising and a
declining trend in both rising and dropping rates. Rising rates were favorable while
dropping rates were negative at every station. Therefore, modifying the WEAP
hydrological model will necessitate including interaction among the watershed,

provided that landscape position.

The results in this study primarily depend on data from the WaPOR database; thus, they
should be interpreted with care. Additionally, over the ten years, the WaPOR data

source has fluctuated.
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7.4 Future scope of the study

A projected increase in barren land and settlement area could influence the basin's local
rainfall mechanism, while high rainfall could also exacerbate the rate and extent of land
degradation by increasing soil loss. Only a few extensive studies have looked at the effects
of LC on land erosion at basin-wide hydrology, as well a few researches have been aimed
at anticipating future LC trends. The performance of different hydrologic models must
compare catchment characteristics and the effects of LC change related to surface water
potential and irrigation water demand. Very little research has been done in Ethiopia,
especially in the northern highlands, to analyze the impact of distributed hydrologic
modeling and to manage water resources sustainably.

Climate evidence with a higher spatiotemporal resolution is required to create climate
change scenarios for hydrological modeling and applications. By appreciating the value
added by downloading climate information to learn about the downloaded climate change
estimates, additional research on climate impact assessment can help to provide a solution
for such activities. Given that the current study could not prove the relationship between
rainfall and baseflow, it is understandable that more research is required.

Alwero irrigation is a technology that gives the right kind of recommendation for site-
specific and field-specific crops. In this study, the use of remote sensing, hyperlocal
weather forecast, and Kc tables from FOA 56 significantly improved the peak crop water
requirement of the crops at a particular brought station. Collecting the information and
understanding the irrigation method improve surface water utilization. The right amount
of water at the right time and the right place. It helps the farmer to increase the yield
reduction by irrigating the land. A better simulation of the lower Baro watershed can be
achieved with more comprehensive data and extended time series. A reliable, current, and
ongoing database of water levels, discharges, and extreme rainfall indices for the entire
Basin watershed; in this regard, it is essential on a larger scale. Moreover, this work is
needed for the rest of the tributaries out of the eight sub-catchments; the impact of the
development of each watershed alone, and the cumulative effect of development on itself

and downstream.

131



References

Abdelkader, A., Haggag, M., Hamed, K., and Radwan, H. G. (2023). “Journal of
Hydrology : Regional Studies Assessment of the Impacts of Proposed Water Resources
Development Projects in Baro-Akobo-Sobat Basin on Nile Inflows at High Aswan
Dam.” J. Hydrol. Reg. Stud., 46(August 2022), 101335.

Abdi, D. A., and Ayenew, T. (2022). “A scenario-based modeling of climate change
impact on the hydrology of Ketar watershed, Central Rift Valley Basin, Ethiopia.”
Model. Earth Syst. Environ., 8(3), 3473-3486.

Abdullah, A., Bakhashwain, A., Basuhail, A., and Aslam, A. (2015). “An Integrated
Framework for Predicting Long-Term Productivity of Pastures in the Kingdom of Saudi
Arabia.” Arab. J. Sci. Eng., 40(12), 3567-3582.

Abebe, E., and Kebede, A. (2017). “Assessment of Climate Change Impacts on the
Water Resources of Megech River Catchment, Abbay Basin, Ethiopia.” Open J. Mod.
Hydrol., 07(02), 141-152.

Abebe, T., Bekele, L., and Hessebo, M. T. (2022). “Assessment of Future Climate
Change Scenario in Halaba District, Southern Ethiopia.” Atmos. Clim. Sci., 12(02),
283-296.

Abera, A., Verhoest, N. E. C., Tilahun, S., Inyang, H., and Nyssen, J. (2020).
“Assessment of irrigation expansion and implications for water resources by using RS
and GIS techniques in the Lake Tana Basin of Ethiopia.” Env. Monit Assess, 13(193),
17.

Abera, A., Verhoest, N. E. C., Tilahun, S., Inyang, H., and Nyssen, J. (2021).
“Assessment of irrigation expansion and implications for water resources by using RS

and GIS techniques in the Lake Tana Basin of Ethiopia.” Environ. Monit. Assess.,
193(2).

Abera Abdi, D., and Ayenew, T. (2021). “Evaluation of the WEAP model in simulating
subbasin hydrology in the Central Rift Valley basin, Ethiopia.” Ecol. Process., 10(1),
14.

Achugbu, I. C., Olufayo, A. A., Balogun, I. A., Dudhia, J., McAllister, M., Adefisan,
E. A., and Naabil, E. (2022). “Potential effects of Land Use Land Cover Change on
streamflow over the Sokoto Rima River Basin.” Heliyon, 8(e09779), 7.

Adane, G. B., Hirpa, B. A., Gebru, B. M., Song, C., and Lee, W. K. (2021). “Integrating
satellite rainfall estimates with hydrological water balance model: Rainfall-runoff
modeling in Awash river basin, Ethiopia.” Water (Switzerland), 13(6).

Adeba, D., Kansal, M. L., and Sen, S. (2016). “Economic evaluation of the proposed

132



alternatives of inter-basin water transfer from the Baro Akobo to Awash basin in
Ethiopia.” Sustain. Water Resour. Manag., 2(3), 313-330.

Adebiyi, J. A., Olabisi, L. S., Liu, L., and Jordan, D. (2021). “Water—food—energy—
climate nexus and technology productivity: a Nigerian case study of organic leafy
vegetable production.” Environ. Dev. Sustain., 23(4), 6128—6147.

Adhikari, P., Araya, H., Aruna, G., Balamatti, A., Banerjee, S., Baskaran, P., Barah, B.
C., Behera, D., Berhe, T., Boruah, P., Dhar, S., Edwards, S., Fulford, M., Gujja, B.,
Ibrahim, H., Kabir, H., Kassam, A., Khadka, R. B., Koma, Y. S., Natarajan, U. S., Perez,
R., Sen, D., Sharif, A., Singh, G., Styger, E., Thakur, A. K., Tiwari, A., Uphoff, N., and
Verma, A. (2018). “System of crop intensification for more productive, resource-
conserving, climate-resilient, and sustainable agriculture: experience with diverse crops
in varying agroecologies.” Int. J. Agric. Sustain., 16(1), 1-28.

Adimassu, Z., Langan, S., and Barron, J. (2018). Highlights of soil and water
conservation investments in four regions of Ethiopia. IWMI Work. Pap.

Afroz, M. D., Li, R.,, Muhammed, K., Anandhi, A., and Chen, G. (2021). “Best
Management Practices for Sustaining Agricultural Production at Choctawhatchee
Watershed in Alabama, USA, in Response to Climate Change.” Air, Soil Water Res.,
14(1-12), 12.

Agarwal, S., Patil, J. P., Goyal, V. C., and Singh, A. (2019). “Assessment of Water
Supply-Demand Using Water Evaluation and Planning (WEAP) Model for Ur River
Watershed, Madhya Pradesh, India.” J. Inst. Eng. Ser. A, 100(1), 21-32.

Ahn, J., and Kang, D. (2014). “Optimal planning of water supply system for long-term
sustainability.” J. Hydro-Environment Res., 8(4), 410-420.

Aivazidou, E., Tsolakis, N., lakovou, E., and Vlachos, D. (2016). “The emerging role
of water footprint in supply chain management: A critical literature synthesis and a
hierarchical decision-making framework.” J. Clean. Prod., 137(1018-1037), 20.

Akram, S. K. W., Mondal, 1., and Bandyopadhyay, J. (2019). “Crop suitability analysis
in water resource management of Paschim Medinipur District , India : a remote sensing
approach.” Sustain. Water Resour. Manag., 5(2), 797-815.

Al-Faraj, F. A. M., Tigkas, D., and Scholz, M. (2016). “Irrigation Efficiency
Improvement for Sustainable Agriculture in Changing Climate: A Transboundary
Watershed Between Iraq and Iran.” Environ. Process., 3(3), 603-616.

Alem, F., Asfaw, B., Ahmed, A., Degu, M., Goitom, H., and Grum, B. (2022).
“Assessment of water harvesting potential sites using GIS-based MCA and a

hydrological model : case of Werie catchment, northern Ethiopia.” Sustain. Water
Resour. Manag., 8(3), 1-19.

Alemayehu, K., and Nigussie, H. (2015). “Land use/cover change and its implication

133



on soil erosion: A case study of Baro River Basin in South Western Ethiopia.” J.
Environ. Earth Sci., 5(8), 53-58.

Alemu, M. M. (2016). “Integrated Watershed Management and Sedimentation.” J.
Environ. Prot. (Irvine,. Calif)., 07(04), 490-494.

Allen, R. G., Clemmens, A. J., and Willardson, L. S. (2005). “Agro-Hydrology and
Irrigation Efficiency.” ICID Work. Gr. Sustain. Crop. Water Use, White Pape(602), 1—
20.

Almagbile, A., Zeitoun, M., Hazaymeh, K., Sammour, H. A., and Sababha, N. (2019).
“Statistical analysis of estimated and observed soil moisture in sub-humid climate in
north-western Jordan.” Environ. Monit. Assess., 191(2), 21.

Almaw, A., Tsunekawa, A., Haregeweyn, N., and Tsubo, M. (2021). “Agroecology-
based soil erosion assessment for better conservation planning in Ethiopian river
basins.” Environ. Res., 195, 110786.

Alves Souza, S., and Neiva Rodrigues, L. (2022). “Irrigation management zone
strategies impact assessment on potential crop yield, water and energy savings.”
Comput. Electron. Agric., 201(September), 107349.

Anand, J., Gosain, A. K., Khosa, R., and Srinivasan, R. (2018). “Regional scale
hydrologic modeling for prediction of water balance, analysis of trends in streamflow

and variations in streamflow: The case study of the Ganga River basin.” J. Hydrol. Reg.
Stud., 16(September 2017), 32-53.

Anctil, F., Perrin, C., and Andréassian, V. (2003). “Ann output updating of lumped
conceptual rainfall/runoff forecasting models.” J. Am. Water Resour. Assoc., 39(5),
1269-1279.

Andersson, J. C. M., Zehnder, A. J. B, Jewitt, G. P. W., and Yang, H. (2009). “Water
availability, demand and reliability of in situ water harvesting in smallholder rain-fed
agriculture in the Thukela river basin, South Africa.” Hydrol. Earth Syst. Sci., 13(12),
2329-2347.

Andualem, Y., Temesgen, M., & Manderso, M. (2023). Land use/land cover change
impact on streamflow using Arc - SWAT model, in case of Fetam watershed, Abbay
Basin, Ethiopia. Applied Water Science, 13(111), 19. https://doi.org/10.1007/s13201-
023-01914-5

Aramburu Merlos, F., Monzon, J. P., Mercau, J. L., Taboada, M., Andrade, F. H., Hall,
A. J., Jobbagy, E., Cassman, K. G., and Grassini, P. (2015). “Potential for crop

production increase in Argentina through closure of existing yield gaps.” F. Crop. Res.,
184(145-154), 154.

Arnold, J. G., Youssef, M. A., Yen, H., White, M. J., Sheshukov, A. Y., Sadeghi, A.
M., Moriasi, D. N., Steiner, J. L., Amatya, D. M., Skaggs, R. W., Haney, E. B., Jeong,
J., Arabi, M., and Gowda, P. H. (2015). “Hydrological processes and model
representation: Impact of soft data on calibration.” Trans. ASABE, 58(6), 1637-1660.

134



Asghar, A., Igbal, J., Amin, A., and Ribbe, L. (2019). “Integrated hydrological
modeling for assessment of water demand and supply under socio-economic and IPCC
climate change scenarios using WEAP in Central Indus Basin.” J. Water Supply Res.

Technol. - AQUA, 68(2), 136-148.

Asitatikie, A. N., and Gebeyehu, W. Z. (2021). “Assessment of hydrology and optimal
water allocation under changing climate conditions: the case of Megech river sub-basin
reservoir, Upper Blue Nile Basin, Ethiopia.” Model. Earth Syst. Environ., 7(4), 2629—
2642.

Askari Fard, A., Hashemy Shahdany, S. M., and Javadi, S. (2021). “Automatic surface
water distribution systems: A reliable alternative for energy conservation in agricultural
section.” Sustain. Energy Technol. Assessments, 45(March), 101216.

Astafurov, V. G., Kur’yanovich, K. V., & Skorokhodov, A. V. (2017). A statistical
model for describing the texture of cloud cover images from satellite data. Russian
Meteorology and Hydrology, 42(4), 248-257.
https://doi.org/10.3103/S1068373917040057

Awulachew, S. B., and Ayana, M. (2011). “Performance OF irrigation: An assessment
at different scales in Ethiopia.” Exp. Agric., 47(S1), 57-69.

Awulachew, S. B., Yilma, A. D., Loulseged, M., Loiskandl, W., Ayana, M., and
Alamirew, T. (2007). Wp123. Ethiopia.

Ayyad, S., Karimi, P., Langensiepen, M., Ribbe, L., Rebelo, L. M., and Becker, M.
(2022). “Remote sensing assessment of available green water to increase crop
production in seasonal floodplain wetlands of sub-Saharan Africa.” Agric. Water
Manag., 269(May), 107712.

Azhar, A. H., Masood, M., Nabi, G., and Basharat, M. (2014). “Performance Evaluation
of Reference Evapotranspiration Equations Under Semiarid Pakistani Conditions.”
Arab. J. Sci. Eng., 39(7), 5509-5520.

Baez-villanueva, O. M., Zambrano-bigiarini, M., Mendoza, P. A., and Mcnamara, I.
(2021). “On the selection of precipitation products for the regionalization of
hydrological model parameters.” Hydrol. Earth Syst. Sci., 11(5805-5837), 25.

Basin, B., Engida, T. G., Nigussie, T. A., Aneseyee, A. B., and Barnabas, J. (2021).

“Land Use / Land Cover Change Impact on Hydrological Process in the Upper Land
Use / Land Cover Change Impact on Hydrological Process in the Upper Baro Basin,
Ethiopia.” 2021(July), 15.

135


https://doi.org/10.3103/S1068373917040057

Batisha, A. F. (2015). “Sustainability assessment in transboundary context: Grand
Ethiopian Renaissance Dam.” Model. Earth Syst. Environ., 1(4), 1-16.

Bekele, A. A., Pingale, S. M., Hatiye, S. D., and Tilahun, A. K. (2019). “Impact of
climate change on surface water availability and crop water demand for the sub-
watershed of Abbay Basin, Ethiopia.” Sustain. Water Resour. Manag., 5(4), 1859-1875.

Belachew Muche Mekonen, D. B. and M. F. M. (2022). “The current irrigation potential
and irrigated land in Ethiopia: Asian Journal Of Advances In Research The Current

Irrigation Potential And Irrigated Land In Ethiopia: A Review.” Asian J. Adv. Res.,
13(2), 1-8.

Belay, T., and Mengistu, D. A. (2021). “Impacts of land use/land cover and climate
changes on soil erosion in Muga watershed, Upper Blue Nile basin (Abay), Ethiopia.”
Ecol. Process., 10(1), 23.

Berhanu, B., Melesse, A. M., and Seleshi, Y. (2013). “GIS-based hydrological zones
and soil geo-database of Ethiopia.” Catena, 104(January 2018), 21-31.

Berhe, G. T., Baartman, J. E. M., Veldwisch, G. J., Grum, B., and Ritsema, C. J. (2022).
“Irrigation development and management practices in Ethiopia: A systematic review on
existing problems, sustainability issues, and future directions.” Agric. Water Manag.,
274(September), 107959.

Berteni, F. (2020). “Water Soil Erosion Evaluation in a Small Alpine Catchment
Located in geosciences Water Soil Erosion Evaluation in a Small Alpine Catchment
Located in Northern Italy : Potential Effects of Climate Change.” MDPI J. Geosci.,
(September).

Bethwell, C., Burkhard, B., Daedlow, K., Sattler, C., Reckling, M., and Zander, P.
(2021). “Towards an enhanced indication of provisioning ecosystem services in agro-
ecosystems.” Environ. Monit. Assess., 193(269), 37.

Blatchford, M. L., Mannaerts, C. M., Njuki, S. M., Nouri, H., Zeng, Y., Pelgrum, H.,
Wonink, S., and Karimi, P. (2020). “Evaluation of WaPOR V2 evapotranspiration
products across Africa.” Hydrol. Process., 34(15), 3200-3221.

Boke, A. S. (2017). “Comparative Evaluation of Spatial Interpolation Methods for
Estimation of Missing Meteorological Variables over Ethiopia.” J. Water Resour. Prot.,

09(08), 945-959.

Boretti, A., and Rosa, L. (2019). “Reassessing the projections of the World Water
Development Report.” npj Clean Water, 2(1), 6.

Brauman, K. A., Siebert, S., and Foley, J. A. (2013). “Improvements in crop water
productivity increase water sustainability and food security - A global analysis.”
Environ. Res. Lett., 8(2), 7.

Brocca, L., Ciabatta, L., Massari, C., Camici, S., and Tarpanelli, A. (2017). “Soil

136



moisture for hydrological applications: Open questions and new opportunities.” Water
(Switzerland), 9(2), 22.

Burn, D. H., and Hesch, N. M. (2007). “Trends in evaporation for the Canadian
Prairies.” J. Hydrol., 336(1-2), 61-73.

Bryan, K., Ward, S., Roberts, L., White, M. P., Landeg, O., Taylor, T., & McEwen, L.
(2020). The health and well-being effects of drought: assessing multi-stakeholder
perspectives through narratives from the UK. Climatic Change, 163(4), 2073-2095.
https://doi.org/10.1007/s10584-020-02916-x

Bwambale, E., Naangmenyele, Z., Iradukunda, P., Agboka, K. M., Houessou-Dossou,
E. A. Y., Akansake, D. A., Bisa, M. E., Hamadou, A. A. H., Hakizayezu, J., Onofua, O.
E., and Chikabvumbwa, S. R. (2022). “Towards precision irrigation management: A
review of GIS, remote sensing and emerging technologies.” Cogent Eng., 9(1), 22.

Cecagno, D., Andrade Costa, S. E. V. G. de, Anghinoni, I., Kunrath, T. R., Martins, A.
P., Reichert, J. M., Gubiani, P. 1., Balerini, F., Fink, J. R., and Faccio Carvalho, P. C.
de. (2016). “Least limiting water range and soybean yield in a long-term, no-till,

integrated crop-livestock system under different grazing intensities.” Soil Tillage Res.,
156(54-62), 62.

Cetinkaya, 1. D., Yazar, M., Kiling, S., Giiven, B., and Cetinkaya, 1. D. (2022). “Urban
climate resilience and water insecurity : future scenarios of water supply and demand

in Istanbul Urban climate resilience and water insecurity : future scenarios of water
supply and.” Urban Water J., 00(00), 1-12.

Chaemiso, S. E., Abebe, A., and Pingale, S. M. (2016). “Assessment of the impact of
climate change on surface hydrological processes using SWAT: a case study of Omo-
Gibe river basin, Ethiopia.” Model. Earth Syst. Environ., 2(4), 1-15.

Chandrashekar, V. D., and Shetty, A. (2018). “Trends in extreme rainfall over
ecologically sensitive Western Ghats and coastal regions of Karnataka: an observational
assessment.” Arab. J. Geosci., 11(12).

Chang, X., Zhao, W., and Zeng, F. (2015). “Crop evapotranspiration-based irrigation
management during the growing season in the arid region of northwestern China.”
Environ. Monit. Assess., 187(11), 15.

Chapagain, A. K., and Hoekstra, A. Y. (2011). “The blue, green and grey water footprint
of rice from production and consumption perspectives.” Ecol. Econ., 70(4), 749—758.

Chathuranika, I., Khaniya, B., Neupane, K., Rustamjonovich, K. M., and Rathnayake,
U. (2022). “Implementation of water-saving agro-technologies and irrigation methods
in agriculture of Uzbekistan on a large scale as an urgent issue.” Sustain. Water Resour.

Manag., 8(5), 1-16.

Che, D., and Mays, L. W. (2015). “Development of an Optimization/Simulation Model
for Real-Time Flood-Control Operation of River-Reservoirs Systems.” Water Resour.

137



Manag., 29(11), 3987-4005.

Cherinet, A. A., Yan, D., Wang, H., Song, X., Qin, T., Kassa, M. T., Girma, A.,
Dorjsuren, B., Gedefaw, M., Wang, H., and Yadamjav, O. (2019). “Climate Trends of
Temperature, Precipitation and River Discharge in the Abbay River Basin in Ethiopia.”
J. Water Resour. Prot., 11(10), 1292-1311.

Chintalacheruvu, M. R., Bardhan, A., Pingale, S. M., and Patra, J. P. (2022). “Water
footprint analysis for the upper Baitarani River basin, India.” Sustain. Water Resour.
Manag., 8(6), 1-13.

Chukalla, A. D., Mul, M. L., Zaag, P. van der, Halsema, G. van, Mubaya, E., Muchanga,
E., Besten, N. den, and Karimi, P. (2022). “A framework for irrigation performance

assessment using WaPOR data: the case of a sugarcane estate in Mozambique.” Hydrol.
Earth Syst. Sci., 26(10), 2759-2778.

Chuma, G. B., Bora, F. S., Byamungu, A., Yannick, N., Cizungu, N., Jean, C., Mondo,
M., Mukengere, E., and Karume, K. (2022). “Estimation of soil erosion using RUSLE
modeling and geospatial tools in a tea production watershed ( Chisheke in Walungu ),
eastern Democratic Republic of Congo.” Model. Earth Syst. Environ., 8(1), 1273-1289.

Conrad, C., Usman, M., Morper-Busch, L., and Schonbrodt-Stitt, S. (2020). “Remote
sensing-based assessments of land use, soil and vegetation status, crop production and

water use in irrigation systems of the Aral Sea Basin. A review.” Water Security.,
11(100078), 11.

Cooper, M. (2010). “Advanced Bash-Scripting Guide An in-depth exploration of the art
of shell scripting Table of Contents.” Okt 2005 Abrufbar uber httpwww tldp
orgLDPabsabsguide pdf Zugriff 1112 2005, 2274(November 2008), 2267-2274.

Creutzfeldt, B., Giintner, A., Vorogushyn, S., and Merz, B. (2010). “The benefits of
gravimeter observations for modelling water storage changes at the field scale.” Hydrol.
Earth Syst. Sci., 14(9), 1715-1730.

Dau, Q. V., Kuntiyawichai, K., and Adeloye, A. J. (2021). “Future Changes in Water
Availability Due to Climate Change Projections for Huong Basin, Vietnam.” Environ.
Process., 8(1), 77-98.

David, L. O., Nwulu, N. L., Aigbavboa, C. O., and Adepoju, O. O. (2022). “Integrating
fourth industrial revolution (4IR) technologies into the water, energy & food nexus for
sustainable security: A bibliometric analysis.” J. Clean. Prod., 363(October 2021),
132522.

Dc, W. (2015). The Barley Value Chain in Ethiopia March 2015 Shahidur Rashid

Gashaw T . Abate Solomon Lemma James Warner Leulsegged Kasa Nicholas Minot
International Food Policy Research Institute ( IFPRI ).

Debnath, S., Raghuwanshi, N. S., and Adamala, S. (2015). “Sensitivity Analysis of
FAO-56 Penman-Monteith Method for Different Agro-ecological Regions of India.” J.

138



Environ. Process, 2(689-704), 704.

Degefu, D. M., He, W., and Zhao, J. H. (2015). “Hydropower for sustainable water and
energy development in Ethiopia.” Sustain. Water Resour. Manag., 1(4), 305-314.

Degefu, M. A., Alamirew, T., Zeleke, G., and Bewket, W. (2019). “Detection of trends
in hydrological extremes for Ethiopian watersheds, 1975-2010.” Reg. Environ. Chang.,
19(7), 1923-1933.

Degife, A. W., Zabel, F., and Mauser, W. (2018). “Assessing land use and land cover
changes and agricultural farmland expansions in Gambella Region, Ethiopia, using
Landsat 5 and Sentinel 2a multispectral data.” Heliyon, (October), €00919.

Degife, A. W., Zabel, F., and Mauser, W. (2019). “Land use scenarios and their effect
on potential crop production: The case of Gambella region, Ethiopia.” Agric., 9(5).

Degife, A. W., Zabel, F., and Mauser, W. (2021). “Climate change impacts on potential
maize yields in Gambella Region, Ethiopia.” Reg. Environ. Chang., 21(2), 12.

Deneke, F., Shetty, A., & Fufa, F. (2023). Land cover change and its implications to
hydrological variables and soil erodibility in Lower Baro watershed, Ethiopia: a
systematic review. Sustainable Water Resources Management, 0(9-60), 1-13.
https://doi.org/10.1007/s40899-023-00843-0

Deng, N., Grassini, P., Yang, H., Huang, J., Cassman, K. G., and Peng, S. (2019).
“Closing yield gaps for rice self-sufficiency in China.” Nat. Commun., 10(1), 1-9.

Dessu, S. B., Melesse, A. M., Bhat, M. G., Price, R. M., Seid, A. H., Debebe, S. A., and
McClain, M. E. (2019). “Development and application of a priority rated optimization

model (PROM) for multi-sector water resource management systems.” Environ. Model.
Softw., 113(November 2018), 84-97.

Dile, Y. T., Daggupati, P., George, C., Srinivasan, R., and Arnold, J. (2016).
“Introducing a new open source GIS user interface for the SWAT model.” Environ.
Model. Softw., 85, 129-138.

Drastig, K., Libra, J., Kraatz, S., and Koch, H. (2016). “Relationship between irrigation
water demand and yield of selected crops in Germany between 1902 and 2010: a
modeling study.” Environ. Earth Sci., 75(22), 1-14.

Drisya, J., and Sathish Kumar, D. (2022). “Evaluation of the drought management
measures in a semi-arid agricultural watershed.” Environ. Dev. Sustain., (0123456789),
23.

Dufera, T., and Brijesh, T. (2023). “Assessment of land use/land cover change impact

on streamflow : a case study over upper Guder Catchment, Ethiopia.” Sustain. Water
Resour. Manag., 1(9:6), 12.

139



Dukhnytskyi, B. (2019). “World agricultural production.” Ekon. APK, (7), 59-65.

Ebabu, K., Taye, G., Tsunekawa, A., Haregeweyn, N., Adgo, E., Tsubo, M., Fenta, A.
A., Meshesha, D. T., Sultan, D., Aklog, D., Admasu, T., Wesemael, B. van, and Poesen,
J. (2023). “Land use, management and climate effects on runoff and soil loss responses
in the highlands of Ethiopia.” J. Environ. Manage., 326(PA), 116707.

Ekka, A., Pande, S., Jiang, Y., and Zaag, P. van der. (2020). “Anthropogenic
modifications and river ecosystem services: A landscape perspective.” Water
(Switzerland), 12(10), 1-21.

El-Gafy, 1. (2017). “Water—food—energy nexus index: analysis of water—energy—food

nexus of crop’s production system applying the indicators approach.” Appl. Water Sci.,
7(6), 2857-2868.

Embaye, G., Hailu, G., Nigussie, K., Mouze, A., and Kebede, M. (2020). “Evaluation
of water harvesting structures on agricultural productivity : the case of Tigray Region,
Ethiopia.” Sustain. Water Resour. Manag., 6(5), 1-14.

Engdaw, K. (2016). “Assessment and evaluation of surface water potential and demands
in Baro-Akobo river basin, Ethiopia.”

Eshete, D. G., Rigler, G., Shinshaw, B. G., Belete, A. M., and Bayeh, B. A. (2022).
“Evaluation of streamflow response to climate change in the data-scarce region,
Ethiopia.” Sustain. Water Resour. Manag., 8(6), 1-16.

Eshete, D. G., Sinshaw, B. G., and Legese, K. G. (2020). “Critical review on improving
irrigation water use efficiency: Advances, challenges, and opportunities in the Ethiopia
context.” Water-Energy Nexus, 3, 143-154.

Fard, M. D., and Sarjoughian, H. S. (2021). “A RESTful framework design for
componentizing the water evaluation and planning (WEAP) system.” Simul. Model.
Pract. Theory, 106(September 2020), 102199.

Fenta, A. A., Tsunekawa, A., Haregeweyn, N., Tsubo, M., Yasuda, H., Kawai, T., ...
Sultan, D. (2021). Agroecology-based soil erosion assessment for better conservation
planning in Ethiopian river basins. Environmental Research, 195(January), 110786.
https://doi.org/10.1016/j.envres.2021.110786

Ferrant, S., Gascoin, S., Veloso, A., Salmon-Monviola, J., Claverie, M., Rivalland, V.,
Dedieu, G., Demarez, V., Ceschia, E., Probst, J. L., Durand, P., and Bustillo, V. (2014).
“Agro-hydrology and multi-temporal high-resolution remote sensing: Toward an
explicit spatial processes calibration.” Hydrol. Earth Syst. Sci., 18(12), 5219-5237.

Fikadie, F. T., Wubneh, M. A., Kifelew, M. S., and Sinshaw, B. G. (2022). “Assessment

of surface irrigation potential and crop water requirement: the case of Megech
watershed, Upper Blue Nile Basin, Ethiopia.” Sustain. Water Resour. Manag., 8(4), 20.

Fu, J., Wang, W., Zaitchik, B., Nie, W., Fei, E. X., Miller, S. M., and Harman, C. J.

140



(2022). “Critical Role of Irrigation Efficiency for Cropland Expansion in Western China
Arid Agroecosystems.” Earth’s Futur., 10(9), 1-13.

G, O, M., M, H,, R, and C., K. (2016). “Fertilizer use optimization approach: An
innovation to increase agricultural profitability for African farmers.” African J. Agric.
Res., 11(38), 3587-3597.

Gashaw, T., Tulu, T., Argaw, M., and Worqlul, A. W. (2018). “Science of the Total
Environment Modeling the hydrological impacts of land use/land cover changes in the
Andassa watershed, Blue Nile Basin, Ethiopia.” Sci. Total Environ., 619-620(0048-
9697), 1394-1408.

Gebrehiwot, K. A., and Gebrewahid, M. G. (2016). “The Need for Agricultural Water
Management in Sub-Saharan Africa.” J. Water Resour. Prot., 08(09), 835-843.

Gebrehiwot, S. G. (2013). “The long-term hydrology of East Africa s water tower :
statistical change detection in the watersheds of the Abbay Basin.” Reg Env. Chang.

Gebrehiwot, S. G., Gardenas, A. I., Bewket, W., Seibert, J., llstedt, U., and Bishop, K.
(2014). “The long-term hydrology of East Africa’s water tower: Statistical change
detection in the watersheds of the Abbay Basin.” Reg. Environ. Chang., 14(1), 321—
331.

Gebremicael, T. G., Mohamed, Y. A., Zaag, P. V., and Hagos, E. Y. (2017). “Temporal
and spatial changes of rainfall and streamflow in the Upper Tekeze-Atbara river basin,
Ethiopia.” Hydrol. Earth Syst. Sci., 21(4), 2127-2142.

Gebul, M. A. (2021). “Trend, status, and challenges of irrigation development in
Ethiopia—A review.” Sustain., 13(10), 15-16.

Geremew, A. A. (2013). “Assessing The impacts of land use and land cover change on
hydrology of watershed : Assessing The Impacts Of Land Use And Land Cover Change
On Hydrology Of Watershed : A Case study on Gilgel — Abbay Watershed, Lake Tana.”
82.

Getahun, Y. S., Gebremedhn, A. Y., Lemma, E., Tesfay, F., & Tadesse, S. A. (2023).
Surface irrigation potential assessment of Chacha River Watershed, Jemma subbasin of
upper Blue Nile, Ethiopia. Frontiers in Environmental Science, 11(March), 1-22.
https://doi.org/10.3389/fenvs.2023.1129716

Getnet, B. E., and Dugasa, T. (2019). “Response of Maize Yield and Yield Related
Components to Different Levels of Nitrogen and Phosphorus Fertilizers.” ACTA Sci.
Agric. (ISSN 2581-365X), 3(1), 3-8.

Ghoreishi, M., Elshorbagy, A., Razavi, S., and Bloschl, G. (2022). “Cooperation in a
Transboundary River Basin: a Large Scale Socio-hydrological Model of the Eastern
Nile.” Hydrol. Earth Syst. Sci., 4 license,(2022-172), 1-24.

Gibson, J., Franz, T. E., Wang, T., Gates, J., Grassini, P., Yang, H., and Eisenhauer, D.

141



(2017). “A case study of field-scale maize irrigation patterns in western Nebraska:
Implications for water managers and recommendations for hyper-resolution land
surface modeling.” Hydrol. Earth Syst. Sci., 21(2), 1051-1062.

Giller, K. E., Delaune, T., Silva, J. V., Descheemaeker, K., Ven, G. van de, Schut, A.
G. T., Wijk, M. van, Hammond, J., Hochman, Z., Taulya, G., Chikowo, R., Narayanan,
S., Kishore, A., Bresciani, F., Teixeira, H. M., Andersson, J. A., and Ittersum, M. K.
van. (2021). “The future of farming: Who will produce our food?” Food Security.,
13(5), 1073-1099.

Giri, S., Arbab, N. N., and Lathrop, R. G. (2018). “Water security assessment of current
and future scenarios through an integrated modeling framework in the Neshanic River
Watershed.” J. Hydrol., 563(May), 1025-1041.

Gizaw, M. S., Biftu, G. F., Gan, T. Y., Moges, S. A., and Koivusalo, H. (2017).
“Potential impact of climate change on streamflow of major Ethiopian rivers.” Clim.
Change, 143(3-4), 371-383.

GoE. (2015). “Joint Government — Humanitarian Partners National Flood Contingency
Plan for the 2015 bega Season.” (November), 42.

GSE. (2016). Geology of Ethiopia, Geological Survey of Ethiopia.

Guzha, A. C., Rufino, M. C., Okoth, S., Jacobs, S., and Nobrega, R. L. B. (2018).
“Impacts of land use and land cover change on surface runoff, discharge, and low flows:
Evidence from East Africa.” J. Hydrol. Reg. Stud., 15(November 2017), 49-67.

Hadri, A., Saidi, M. E. M., Khalki, E. M. El, Aachrine, B., Saouabe, T., and ElImaki, A.
A. (2022). “Integrated water management under climate change through the application
of the WEAP model in a Mediterranean arid region.” J. Water Clim. Chang., 13(6),
2414-2442.

Haile, G. G. (2015). “Irrigation in Ethiopia, a review.” J. Environ. Earth Sci., 5(2224—
3216), 147.

Hailu, R., Tolossa, D., and Alemu, G. (2019). “Water security : stakeholders ’ arena in
the Awash River Basin of Ethiopia.” Sustain. Water Resour. Manag., 5(2), 513-531.

Haj-Amor, Z., Ritzema, H., Hashemi, H., and Bouri, S. (2018). “Surface irrigation
performance of date palms under water scarcity in arid irrigated lands.” Arab. J. Geosci.,

11(2), 27.

Halefom, A., and Ulsido, M. D. (2020). “Land Suitability Assessment for Surface
Irrigation of Baro Akobo River Basin Land Suitability Assessment for Surface
Irrigation of Baro Akobo River Basin.” 1st International Conf. Eng. Technol., 154-164.

Hamed, K., and Gachon, P. (2009). “Exact distribution of the Mann- Kendall trend test
statistic for persistent data.” J. Hydrol., 365(86-94), 94.

142



Hamza, A. A., and Getahun, B. A. (2022). “Assessment of water resource and
forecasting water demand using WEAP model in Beles river, Abbay river basin,
Ethiopia.” Sustain. Water Resour. Manag., 8(1), 1-14.

Han, S., Xu, D., Wang, S., and Yang, Z. (2014). “Water Requirement with Irrigation
Expansion in Jingtai Irrigation District, Northwest China: The Need to Consider

Irrigation-Induced Local Changes in Evapotranspiration Demand.” J. Irrig. Drain. Eng.,
140(2), 9.

Harma, K. J., Johnson, M. S., and Cohen, S. J. (2012). “Future Water Supply and
Demand in the Okanagan Basin, British Columbia: A Scenario-Based Analysis of
Multiple, Interacting Stressors.” Water Resour. Manag., 26(3), 667-689.

Hasanuzzaman, M. (2019). Agronomic crops. Agron. Crop. Vol. 1 Prod. Technol.

Hassen, J. M. (2022). “Understanding the Impact of Land Use and Land Cover Change
on Local Hydrology: Implications for Long-Term Planning in the Sore and Geba
Watersheds, Southwestern Ethiopia.” OALib, 09(02), 1-16.

Hatiye, S. D., Prasad, K. S. H., and Ojha, C. S. P. (2017). “Water balance and water
productivity of rice paddy in unpuddled sandy loam soil.” Sustain. Water Resour.
Manag., 3(2), 109-128.

Hellegers, P. J. G. J., Soppe, R., Perry, C. J., and Bastiaanssen, W. G. M. (2010).
“Remote Sensing and Economic Indicators for Supporting Water Resources
Management Decisions.” Water Resour. Manag., 24(11), 2419-2436.

Hirko, D. B., Bekele, S., Fufa, F., Ayana, M., and Oli, W. (2023). “Irrigation Land
Suitability Assessment of Sibilu River Catchment using Geographic Information
System.” Irrig. Drain. Syst. Eng. ISSN, 11(January), 0-8.

Ho, L., Alonso, A., Eurie Forio, M. A., Vanclooster, M., and Goethals, P. L. M. (2020).
“Water research in support of the Sustainable Development Goal 6: A case study in
Belgium.” J. Clean. Prod., 277(124082), 14.

Hollermann, B., Giertz, S., and Diekkriiger, B. (2010). “Benin 2025-Balancing Future
Water Availability and Demand Using the WEAP ‘Water Evaluation and Planning’
System.” Water Resour. Manag., 24(13), 3591-3613.

Hordofa, T., Menkir, M., Bekele, S., and Erkossa, T. (2008). “Irrigation and Rain-fed
Crop Production System in Ethiopia.” Impact Irrig. Poverty Environ. Ethiop., 27-36.

Huchtemann, D., and Frondel, M. (2010). “Increasing the Efficiency of Transboundary
Water Management: A Regionalization Approach.” J. Water Resour. Prot., 02(06),
501-506.

Hussen, B., Mekonnen, A., and Pingale, S. M. (2018). “Integrated water resources
management under climate change scenarios in the sub-basin of Abaya-Chamo,
Ethiopia.” Model. Earth Syst. Environ., 4(1), 221-240.

143



Ibarrola-Rivas, M. J., Granados-Ramirez, R., and Nonhebel, S. (2017). “Is the available
cropland and water enough for food demand? A global perspective of the Land-Water-
Food nexus.” Adv. Water Resour., 110(September), 476—483.

Ingol-Blanco, E., and McKinney, D. C. (2013). “Development of a Hydrological Model
for the Rio Conchos Basin.” J. Hydrol. Eng., 18(3), 340-351.

Irfan, M., Kazmi, S. J. H., and Arsalan, M. H. (2018). “Sustainable harnessing of the
surface water resources for Karachi: a geographic review.” Arab. J. Geosci., 11(2), 24.

Ittersum, M. K. Van, Cassman, K. G., Grassini, P., Wolf, J., Tittonell, P., and Hochman,
Z.(2013). “Yield gap analysis with local to global relevance-A review.” F. Crop. Res.,
143, 4-17.

Isa, Z., Abdussalam, A. F., Ajiya, B., Muktar, S., Umar, I., & Isa, A. (2023). Identifying
major climate extreme indices driver of stream flow discharge variability using machine
learning and SHaply Additive Explanation. Sustainable Water Resources Management,
9(119), 15. https://doi.org/10.1007/s40899-023-00897-0

Islam, S., & Alam, A. K. M. R. (2021). Performance evaluation of FAO Penman-
Monteith and best alternative models for estimating reference evapotranspiration in
Bangladesh. Heliyon, 7(7), e07487. https://doi.org/10.1016/j.heliyon.2021.e07487

Jemal, K. (2021). “Review of Soil Erosion Risk For Soil and Water Conservation
Planning Under Ethiopian Condition Agrotechnology.” Agrotechnology, 10(2168—
9881), 11.

Jha, M. K. (2011). “Evaluating Hydrologic Response of an Agricultural Watershed for
Watershed Analysis.” Water, 3(2), 604-617.

Johnston, R., and Smakhtin, V. (2014). “Hydrological Modeling of Large River Basins:
How Much is Enough?” Water Resour. Manag., 28(10), 2695-2730.

Joseph, N., Ryu, D., Malano, H. M., George, B., and Sudheer, K. P. (2020). “A review
of the assessment of sustainable water use at continental-to-global scale.” Sustain.
Water Resour. Manag., 6(2), 1-20.

Kabite, G., Muleta, M. K., and Gessesse, B. (2020). “Spatiotemporal land cover
dynamics and drivers for Dhidhessa River Basin (DRB), Ethiopia.” Model. Earth Syst.
Environ., 6(2), 1089-1103.

Kafy, A. Al, Abdullah-Al-Faisal, Raikwar, V., Rakib, A. Al, Kona, M. A., and Ferdousi,
J. (2021). “Geospatial approach for developing an integrated water resource
management plan in Rajshahi, Bangladesh.” Environ. Challenges, 4(May), 100139.

Kahlerras, M., Meddi, M., Benabdelmalek, M., Toumi, S., Kahlerras, D., and Nouiri, I.
(2018). “Modeling water supply and demand for effective water management allocation

144



in Mazafran basin (north of Algeria).” Arab. J. Geosci., 11(18), 547.

Kamble, B., Irmak, A., Hubbard, K., and Gowda, P. (2013). “Irrigation Scheduling
Using Remote Sensing Data Assimilation Approach.” Adv. Remote Sens., 02(03), 258—
268.

Karamouz, M., Mohammadpour, P., and Mahmoodzadeh, D. (2017). “Assessment of
Sustainability in Water Supply-Demand Considering Uncertainties.” Water Resour.
Manag., 31(12), 3761-3778.

Karimi, P., and Bastiaanssen, W. G. M. (2015). “Spatial evapotranspiration, rainfall and
land use data in water accounting - Part 1: Review of the accuracy of the remote sensing
data.” Hydrol. Earth Syst. Sci., 19(1), 507-532.

Karimi, P., Bongani, B., Blatchford, M., and Fraiture, C. de. (2019). “Global satellite-
based ET products for the local level irrigation management: An application of

irrigation performance assessment in the Sugarbelt of Swaziland.” Remote Sens., 11(6),
22.

Karthikeyan, L., Chawla, 1., and Mishra, A. K. (2020). “A review of remote sensing
applications in agriculture for food security: Crop growth and yield, irrigation, and crop
losses.” J. Hydrol., 586(March), 124905.

Kasaye, A. (2015). “Land Use Land Cover Change and Its Implication on Surface
Runoff: A Case Study of Baro River Basin in South Western Ethiopia Land Use Land
Cover Change and Its Implication on Surface Runoff: A Case Study of Baro River
Basin in South Western Ethiopia.” J. Environ. Earth Sci., S(ISSN 2224-3216), 7.

Kassawmar, T., Zeleke, G., Bantider, A., Gessesse, G. D., and Abraha, L. (2018). “A
synoptic land change assessment of Ethiopia’s Rainfed Agricultural Area for evidence-
based agricultural ecosystem management.” Heliyon, (October), €00914.

Kauffeldt, A., Wetterhall, F., Pappenberger, F., Salamon, P., and Thielen, J. (2016).
“Technical review of large-scale hydrological models for implementation in operational
flood forecasting schemes on continental level.” Environ. Model. Softw., 75, 68—76.

Kebede, A., Diekkriiger, B., and Edossa, D. C. (2017). “Dry spell, onset and cessation
of the wet season rainfall in the Upper Baro-Akobo Basin, Ethiopia.” Theor. Appl.
Climatol., 129(3-4), 849-858.

Kebede, S., & Fufa, F. (2023). Estimation of average annual soil loss rates and its
prioritization at a sub-watershed level using RUSLE : A case of Finca * aa, Oromiya,
Western Ethiopia. Kerman University of Medical Sciences, 10(1), 41-50.
https://doi.org/10.34172/EHEM.2023.05

Kebede Kassa, A. (2013). “Downscaling Climate Model Outputs for Estimating the

Impact of Climate Change on Water Availability over the Baro-Akobo River Basin,
Ethiopia.”

145



Kedir, Y. (2021). “Irrigation and Drainage Systems Engineering The Stumbling
Irrigation Sector of Ethiopia: Critical Review and Analysis.” Irrig. Drain. Syst. Eng.,
10(257), 2021.

Kemal, B., and Adeba, D. (2021). “Surface Water Potential Assessment and Water
Demand Evaluation (A Case of Dabus Watershed, Blue Nile Basin).” Comput. Water,
Energy, Environ. Eng., 10(04), 155-168.

Ketema, A., and Dwarakish, G. S. (2020). “Prioritization of sub-watersheds for
conservation measures based on soil loss rate in Tikur Wuha watershed, Ethiopia.”
Arab. J. Geosci., 13(19), 16.

Khalil, R. (2017). “Determination of Potential Runoff Coefficient Using GIS and
Remote Sensing.” J. Geogr. Inf. Syst., 09(06), 752—762.

Khatri, K. L., Memon, A. A,, Shaikh, Y., Pathan, A. F. H., Shah, S. A., Pinjani, K. K.,
Soomro, R., Smith, R., and Almani, Z. (2013). “Real-Time Modelling and Optimisation
for Water and Energy Efficient Surface Irrigation.” J. Water Resour. Prot., 05(07), 681—
688.

Kotir, Y. S. N. J. H., and Ogundeji, A. J. J. A. A. (2020). “Drivers of change in
sustainable water management and agricultural development in South Africa: a
participatory approach.” Sustain. Water Resour. Manag., 6(4), 1-20.

Kumilachew, Y. W., and Hatiye, S. D. (2022). “The dual impact of climate change on
irrigation water demand and reservoir performance: a case study of Koga irrigation
scheme, Ethiopia.” Sustain. Water Resour. Manag., 8(1), 1-20.

Kummu, M., Guillaume, J. H. A., Moel, H. De, Eisner, S., Florke, M., Porkka, M.,
Siebert, S., Veldkamp, T. I. E., and Ward, P. J. (2016). The world’s road to water
scarcity: Shortage and stress in the 20th century and pathways towards sustainability.
Sci. Rep., Nature Publishing Group.

Lambe, B. T., and Kundapura, S. (2021). “Analysis of meteorological variability and
tendency over Bilate basin of Rift Valley Lakes basins in Ethiopia.” Arab. J. Geosci.,
14(23), 22.

Land, F., Land, U., and Change, C. (2021). “Hydrological Responses of Watershed to
Historical and.” MDPI J. Water, 13(2372), 19 of 20.

Lee, S., McCarty, G. W., Moglen, G. E., Lang, M. W., Nathan Jones, C., Palmer, M.,
Yeo, I. Y., Anderson, M., Sadeghi, A. M., and Rabenhorst, M. C. (2020). “Seasonal
drivers of geographically isolated wetland hydrology in a low-gradient, Coastal Plain
landscape.” J. Hydrol., 583(January), 124608.

Leta, M. K., Demissie, T. A., and Tré, J. (2022). “Evaluation of the Impacts of Land

Use Land Cover Change on Hydrology — A Case Study of the Nashe Watershed .”
Proc. Eval. Impacts L. Use L. Cover Chang. 2 Hydrol. Case Study Nashe Watershed ¥,

146



7.

Letseku, V., and Grové, B. (2022). “Crop Water Productivity, Applied Water
Productivity and Economic Decision Making.” Water (Switzerland), 14(10), 17.

Levidow, L., Zaccaria, D., Maia, R., Vivas, E., Todorovic, M., and Scardigno, A.
(2014). “Improving water-efficient irrigation: Prospects and difficulties of innovative
practices.” Agric. Water Manag., 146(84-94), 11.

Li, Z., Huang, S., Liu, D., Leng, G., Zhou, S., and Huang, Q. (2020). “Assessing the
effects of climate change and human activities on runoff variations from a seasonal
perspective.” 1, 2020.

Lodge, J. W., Dansie, A. P., & Johnson, F. (2023). Earth-Science Reviews A review of
globally available data sources for modelling the Water-Energy-Food Nexus. Earth-
Science Reviews, 243(June), 104485. https://doi.org/10.1016/j.earscirev.2023.104485

Loon, M. P. van, Deng, N., Grassini, P., Rattalino Edreira, J. I., Wolde-meskel, E.,
Baijukya, F., Marrou, H., and Ittersum, M. K. van. (2018). “Prospect for increasing
grain legume crop production in East Africa.” Eur. J. Agron., 101(May), 140-148.

Loukas, A., Mylopoulos, N., and Vasiliades, L. (2007). “A modeling system for the
evaluation of water resources management strategies in Thessaly, Greece.” Water
Resour. Manag., 21(10), 1673-1702.

Malede, D. A., Agumassie, T. A., Kosgei, J. R., Linh, N. T. T., and Andualem, T. G.
(2022). “Analysis of rainfall and streamflow trend and variability over Birr River
watershed, Abbay basin, Ethiopia.” Environ. Challenges, 7(April), 100528.

Malede, D. A., Alamirew, T., and Andualem, T. G. (2023). “Integrated and Individual
Impacts of Land Use Land Cover and Climate Changes on Hydrological Flows over
Birr River.” Water, 15(1), 66.

Mandal, S., and Choudhury, B. U. (2015). “Estimation and prediction of maximum
daily rainfall at Sagar Island using best-fit probability models.” Theor. Appl. Climatol.,
121(1-2), 87-97.

Mandal, S., Vema, V. K., Kurian, C., and Sudheer, K. P. (2020). “Improving the crop
productivity in rainfed areas with water harvesting structures and deficit irrigation
strategies.” J. Hydrol., 586(March), 124818.

Maurya, S., Srivastava, P. K., Yaduvanshi, A., Anand, A., Petropoulos, G. P., Zhuo, L.,
and Mall, R. K. (2021). “Soil erosion in future scenario using CMIP5 models and earth
observation datasets.” J. Hydrol., 594(August 2020), 125851.

Mengistu, A. G., Woldesenbet, T. A., Dile, Y. T., Bayabil, H. K., & Worku, G. (2022).

Modeling Impacts of Projected Land Use and Climate Changes on the Water Balance
in the Baro Basin, Ethiopia. SSRN Electronic Journal, 9(3), e13965.

147



https://doi.org/10.2139/ssrn.4247474

Meier, J., Zabel, F., and Mauser, W. (2017). “Extending global irrigation maps — going
beyond statistics.” Hydrol. Earth Syst. Sci. Discuss., 3(April), 1-16.

Melesse, A. M., Abtew, W., and Setegn, S. G. (2013). “Nile River Basin:
Ecohydrological challenges, climate change, and hydropolitics.” Nile River Basin
Ecohydrol. Challenges, Clim. Chang. Hydropolitics, 6(February), 1-718.

Mersha, A. N., Masih, I., Fraiture, C. de, Wenninger, J., and Alamirew, T. (2018).
“Evaluating the impacts of IWRM policy actions on demand satisfaction and

downstream water availability in the Upper Awash Basin, Ethiopia.” MDPI Water
(Switzerland)PI Water, 10(7), 20.

Mesfin Meja, Matusala Bassa, and Teketel Mirkeno. (2020). “Assessing the Challenges
of Irrigation Development in Ethiopia: A Review.” Int. J. Eng. Res., V9(01), 215-221.

Mihretie, F. A., Tsunekawa, A., Haregeweyn, N., Adgo, E., Tsubo, M., Ebabu, K.,
Masunaga, T., Kebede, B., Meshesha, D. T., Tsuji, W., Bayable, M., and Berihun, M.
L. (2022). “Tillage and crop management impact on soil loss and crop yields in
northwestern Ethiopia.” Int. Soil Water Conserv. Res., 10(1), 75-85.

Mikhak, H., Rahimian, M., and Gholamrezai, S. (2022). “Implications of changing
cropping pattern to low water demand plants due to climate change: evidence from
Iran.” Environ. Dev. Sustain., 24(8), 9833-9850.

Mimikou, M. A., and Baltas, E. A. (2013). “Assessment of Climate Change Impacts in
Greece: A General Overview.” Am. J. Clim. Chang., 02(01), 46-56.

Mishra, P. K., Khare, D., Mondal, A., Kundu, S., and Shukla, R. (2013). “Statistical and
Probability Analysis of Rainfall for Crop Planning in a Canal Command.” Agric.
Sustain. Dev., 1(1), 95-102.

Mohaideen, M. M. D., and Varija, K. (2018). “Improved vegetation parameterization
for hydrological model and assessment of land cover change impacts on flow regime of
the Upper Bhima basin, India.” Acta Geophys., 66(4), 697-715.

Mohanasundaram, S., Kasiviswanathan, K. S., Purnanjali, C., Santikayasa, I. P., &
Singh, S. (2023). Downscaling Global Gridded Crop Yield Data Products and Crop
Water Productivity Mapping Using Remote Sensing Derived Variables in the South
Asia. International Journal of Plant Production, 17(1), 1-16.
https://doi.org/10.1007/s42106-022-00223-2

Moisa, M. B., Merga, B. B., and Gemeda, D. O. (2022). “Land suitability evaluation
for surface irrigation using geographic information system: a case study in Didessa
River Sub-Basin, Western Ethiopia.” Sustain. Water Resour. Manag., 8(3), 1-12.

148



Molden, D., Oweis, T., Steduto, P., Bindraban, P., Hanjra, M. A., and Kijne, J. (2010).
“Improving agricultural water productivity: Between optimism and caution.” Agric.
Water Manag., 97(4), 528-535.

Molla, S., and Abdisa, T. (2018). “Investigating Climate Change Impact on Stream
Flow of Baro-Akobo River Basin Case Study of Baro Catchment .” Glob. Sci. J., 6(5).

Montoya, F. G., Bafios, R., Merofio, J. E., and Manzano-Agugliaro, F. (2016). “The
research of water use in Spain.” J. Clean. Prod., 112(4719-4732), 14.

Muleta, T. N. (2021). “Climate change scenario analysis for Baro - Akobo river basin ,
Southwestern Ethiopia.” Environ. Syst. Res., (10:24), 15/15.

Multsch, S., Elshamy, M. E., Batarseh, S., Seid, A. H., Frede, H., and Breuer, L. (2017).
“Journal of Hydrology: Regional Studies Improving irrigation efficiency will be
insufficient to meet future water demand in the Nile Basin.” J. Hydrol. Reg. Stud.,
12(June), 315-330.

Muluneh, M. G. (2021). “Impact of climate change on biodiversity and food security: a
global perspective—a review article.” Agric. Food Security., 10(1), 1-25.

Mmbando, G. (2015). “Hydrological Sensitivity of the Mkomazi River Basin
(Tanzania) to Climate Change.” der Carl von Ossietzky Universitit Oldenburg.

Naghdyzadegan, M., Fatemeh, J., and Parsa, S. Z. (2022). “Strategies to increase barley
production and water use efficiency by combining deficit irrigation and nitrogen
fertilizer.” Irrig. Sci., 40(3), 15.

Negasa Jaleta, T., Yesuf, M. B., and Hirko, D. B. (2019). “Modeling Surface Water
Resources for Effective Water Allocation Using Water Evaluation and Planning
(WEAP) Model, A Case Study on Finchaa Sub-basin, Ethiopia.” / Appl. J. Envir. Eng.
Sci, 5(402-419), 18.

Negewo, T. F., & Sarma, A. K. (2021). Estimation of Water Yield under Baseline and
Future Climate Change Scenarios in Genale Watershed, Genale Dawa River Basin,
Ethiopia, Using SWAT Model. Journal of Hydrologic Engineering, 26(3), 1-13.
https://doi.org/10.1061/(asce)he.1943-5584.0002047

Negewo, T. F., & Sarma, A. K. (2023). Sustainable and Cost-Effective Management of
Degraded Sub-Watersheds using Ecological Management Practices (EMPs) for Genale
Basin, Ethiopia. Journal of Hydrology, 619(December 2022), 129289.
https://doi.org/10.1016/j.jhydrol.2023.129289

Nell, J. P., and Africa, S. (2017). Soil and Water evaluation : Gambella Alwero Rice
Project Soil And Water Evaluation : Gambela Alwero Rice Project By J . P . Nell.

Nesru, M. (2021). “Water Resource Management and Crop Production in General and
in Ethiopian Scenario.” Civ. Environ. Res., 13(7), 12-16.

149



Nesru, M., Shetty, A., and Nagaraj, M. K. (2020). “Multi-variable calibration of
hydrological model in the upper Omo-Gibe basin, Ethiopia.” Acta Geophys., 68(2),
537-551.

Nesru, M., Shetty, A., and Nagaraj, M. K. (2022). “Strategies to Increase Rainfed Maize
Production in the Upper Omo-Gibe Basin, Ethiopia.” Proc. Natl. Acad. Sci. India Sect.
B - Biol. Sci.

Niel, J. De, Vermeir, A., Tran, Q. Q., Moustakas, S., and Willems, P. (2020). “Efficient
approach for impact analysis of land cover changes on hydrological extremes by means
of a lumped conceptual model.” J. Hydrol. Reg. Stud., 28(January), 100666.

Nurhusein, M. M. (2020). “Water Consumption by Hydropower, Does It Worth
Allocation under Ethiopian Context.” J. Water Resour. Prot., 12(03), 183—-202.

Odeh, T., Sawaged, R., Abu, E., Alsharifa, M., & Mohammad, H. (2023). GIS - based
analytical analysis for selecting potential runoff harvesting sites : the case study of
Amman - Zarqga Basin. Sustainable Water Resources Management, 9(97), 15.
https://doi.org/10.1007/s40899-023-00879-2

Okada, M., lizumi, T., Sakamoto, T., Kotoku, M., Sakurai, G., Hijioka, Y., and
Nishimori, M. (2018). “Varying Benefits of Irrigation Expansion for Crop Production

Under a Changing Climate and Competitive Water Use Among Crops.” Earth’s Futur.,
6(9), 1207-1220.

Okungu, J. O. (2017). “Scenario Analysis of Water Supply and Demand using WEAP
Model: A Case of Yala Catchment, Kenya.” Am. J. Water Resour., 5(4), 125-131.

Olabiwonnu, F. O., Bakken, T. H., and Anthony, B. (2022). “Achieving sustainable low
flow using hydropower reservoir for ecological water management in Glomma River
Norway.” Sustain. Water Resour. Manag., 8(2), 1-12.

Oliveira, M. V. G. de, Moreira, C. A, Netto, L. G., Feitoza do Nascimento, M. M. P.,
and Sampaio, B. V. (2022). “Geophysical and geological surveys to understand the
hydrogeological behavior in an outcrop area of the Guarani Aquifer System, in Brazil.”
Environ. Challenges, 6(August 2021), 1-12.

Olofsson, P., Foody, G. M., Stehman, S. V., and Woodcock, C. E. (2013). “Making
better use of accuracy data in land change studies: Estimating accuracy and area and
quantifying uncertainty using stratified estimation.” Remote Sens. Environ., 129(122—

131), 10.

Oort, P. A. J. van, Saito, K., Dieng, 1., Grassini, P., Cassman, K. G., and Ittersum, M.
K. van. (2017). “Can yield gap analysis be used to inform R&D prioritisation?”” Glob.
Food Sec., 12(July), 109-118.

Osorio, J., Jeong, J., Bieger, K., and Arnold, J. (2014). “Influence of Potential

150



Evapotranspiration on the Water Balance of Sugarcane Fields in Maui, Hawaii.” J.
Water Resour. Prot., 06(09), 852-868.

Ostojski, M. (2013). “Application of hydrological and hydraulic models for
hydrological data transfer.” Acta Geophys., 61(3), 690—705.

Oti, J. O., Kabo-bah, A. T., and Ofosu, E. (2020). “Hydrologic response to climate
change in the Densu River Basin in Ghana.” Heliyon, 6(8), e04722.

Ouda, O. K. M., Shawesh, A., Al-Olabi, T., Younes, F., and Al-Waked, R. (2013).
“Review of domestic water conservation practices in Saudi Arabia.” Appl. Water Sci.,

3(4), 689-699.

Panagos, P., Borrelli, P., Matthews, F., Liakos, L., Bezak, N., Diodato, N., and Ballabio,
C. (2022). “Global rainfall erosivity projections for 2050 and 2070.” J. Hydrol.,
610(April), 127865.

Papacharalampous, G., Tyralis, H., and Koutsoyiannis, D. (2018). “Predictability of
monthly temperature and precipitation using automatic time series forecasting
methods.” Acta Geophys., 66(4), 807-831.

Papadaki, C., Soulis, K., Bellos, V., Ntoanidis, L., and Dimitriou, E. (2020).
“Estimation of a Suitable Range of Discharges for the Development of Instream Flow
Recommendations.” Environ. Process., 7(3), 703—721.

Perry, C. (2011). “Accounting for water use: Terminology and implications for saving
water and increasing production.” Agric. Water Manag., 98(12), 1840-1846.

Prein, A. F., Rasmussen, R. M., lkeda, K., Liu, C., Clark, M. P., and Holland, G. J.
(2017). “The future intensification of hourly precipitation extremes.” Nat. Clim.
Chang., 7(1), 48-52.

Phawa, B. C. K. R. (2023). Evaluation of gridded and satellite precipitation product
over hilly terrain of Meghalaya ( India ) for water management. Sustainable Water
Resources Management, 1(9-62), 15. https://doi.org/10.1007/s40899-023-00834-1
Rafiei, V., Ghahramani, A., An-Vo, D. A., & Mushtag, S. (2020). Modelling
hydrological processes and identifying soil erosion sources in a tropical catchment of
the great barrier reef using SWAT. Water (Switzerland), 12(8), 26.
https://doi.org/10.3390/W12082179

Rai, D., Kusre, B. C., Bora, P. K., and Gajmer, L. (2019). “A study on soil moisture
model for agricultural water management under soil moisture stress conditions in
Sikkim (India).” Sustain. Water Resour. Manag., 5(3), 1243-1257.

Raghavendra Prasad, K., Bhimala, K. R., Patra, G. K., Himesh, S., & Goroshi, S. (2023).
Annual and seasonal trends in actual evapotranspiration over different meteorological
sub-divisions in India using satellite-based data. Theoretical and Applied Climatology,
2(0123456789), 19. https://doi.org/10.1007/s00704-023-04436-x

151



Rajosoa, A. S., Abdelbaki, C., and Mourad, K. A. (2021). “Water assessment in
transboundary river basins: the case of the Medjerda River Basin.” Sustain. Water
Resour. Manag., 7(6), 1-13.

Rani, S., and Sreekesh, S. (2019). “Evaluating the Responses of Streamflow under
Future Climate Change Scenarios in a Western Indian Himalaya Watershed.” Environ.
Process., 6(1), 155-174.

Rawat, S. S., Lahari, S., and Gosain, A. K. (2018). “Integrated Water Resource
Assessment of Irrigation System of Haryana.” Agric. Sci., 09(04), 489-510.

Revilla-Romero, B., Wanders, N., Burek, P., Salamon, P., and Roo, A. de. (2016).
“Integrating remotely sensed surface water extent into continental-scale hydrology.” J.
Hydrol., 543, 659-670.

Rising, J. (2020). “Decision-making and integrated assessment models of the water-
energy-food nexus.” Water Secur., 9(June 2019), 100056.

Rockstrom, J., and Barron, J. (2007). “Water productivity in rainfed systems: Overview
of challenges and analysis of opportunities in water scarcity prone savannahs.” Irrig.
Sci., 25(3), 299-311.

Rockstrom, J., Williams, J., Daily, G., Noble, A., Matthews, N., Gordon, L.,
Wetterstrand, H., DeClerck, F., Shah, M., Steduto, P., Fraiture, C. de, Hatibu, N., Unver,
O., Bird, J., Sibanda, L., and Smith, J. (2017a). “Sustainable intensification of
agriculture for human prosperity and global sustainability.” Ambio, 46(1), 4-17.

Rogy, N., Roux, P., Salou, T., Pradinaud, C., Sferratore, A., Géhéniau, N., Helias, A.,
and Loiseau, E. (2022). “Water supply scenarios of agricultural areas: Environmental

performance through Territorial Life Cycle Assessment.” J. Clean. Prod., 366(January),
12.

Romanowicz, R. J., Osuch, M., and Grabowiecka, M. (2013). “On the choice of
calibration periods and objective functions: A practical guide to model parameter
identification.” Acta Geophys., 61(6), 1477-1503.

Rousta, B. A., and Araghinejad, S. (2015). “Development of a Multi-Criteria Decision

Making Tool for a Water Resources Decision Support System.” Water Resour. Manag.,
29(5713-5727), 5726.

Safavi, H. R., Golmohammadi, M. H., and Sandoval-Solis, S. (2015). “Expert
knowledge-based modeling for integrated water resources planning and management in
the Zayandehrud River Basin.” J. Hydrol., 528(2015), 773—-789.

Safi, A. R., Karimi, P., Mul, M., Chukalla, A., and Fraiture, C. de. (2022). “Translating
open-source remote sensing data to crop water productivity improvement actions.”

Agric. Water Manag., 261, 107373.

152



Sahukhal, R., and Bajracharya, T. R. (2019). “Modeling water resources under
competing demands for sustainable development: A case study of Kaligandaki Gorge
Hydropower Project in Nepal.” Water Sci. Eng., 12(1), 19-26.

Salar-Ashayeri, M., Khaledian, M., Kavoosi-Kalashami, M., and Rezaei, M. (2020).
“Simulation of water allocation in Sefidroud irrigation and drainage network for
sustainability of rice production.” Paddy Water Environ., 18(4), 607-621.

Salem, H. S., Pudza, M. Y., and Yihdego, Y. (2022). Water strategies and water—food
Nexus: challenges and opportunities towards sustainable development in various
regions of the World. Sustain. Water Resour. Manag., Springer International
Publishing.

Salvadore, E., Bronders, J., and Batelaan, O. (2015). “Hydrological modelling of
urbanized catchments: A review and future directions.” J. Hydrol., 529(P1), 62—81.

Sanders, K. T., and Masri, S. F. (2016). “The energy-water agriculture nexus: The past,

present and future of holistic resource management via remote sensing technologies.”
J. Clean. Prod., 117(73-88), 16.

Santos, C., Lorite, I. J., Tasumi, M., Allen, R. G., and Fereres, E. (2010). “Performance
assessment of an irrigation scheme using indicators determined with remote sensing
techniques.” Irrig. Sci., 28(6), 461-477.

Sawadogo, A., Kouadio, L., Traoré, F., Zwart, S. J., Hessels, T., and Giindogdu, K. S.
(2020). “Spatiotemporal assessment of irrigation performance of the kou valley
irrigation scheme in burkina faso using satellite remote sensing-derived indicators.”
ISPRS Int. J. Geo-Information, 9(8), 23.

Seyam, M., and Othman, F. (2015). “Long-term variation analysis of a tropical river’s
annual streamflow regime over a 50-year period.” Theor. Appl. Climatol., 121(1-2),
71-85.

Seyedmohammadi, J., Esmaeelnejad, L., and Ramezanpour, H. (2016). “Land
suitability assessment for optimum management of water consumption in precise
agriculture.” Model. Earth Syst. Environ., 2(3), 1-11.

Siebert, S., Kummu, M., Porkka, M., Déll, P., Ramankutty, N., and Scanlon, B. R.
(2015). “A global data set of the extent of irrigated land from 1900 to 2005.” Hydrol.
Earth Syst. Sci., 19(3), 1521-1545.

Sileet, T. M., Shamy, M. El, Abdel Aty, M., and Sharaky, A. M. (2013). “The
Development of the Baro-Akobo-Sobat Sub-basin and its Impact on Downstream Nile
Basin Countries.” Nile Water Sci. Eng. J., 6(2), 51-52.

Silva, J. V., Reidsma, P., Baudron, F., Jaleta, M., Tesfaye, K., and Ittersum, M. K. van.
(2021). “Wheat yield gaps across smallholder farming systems in Ethiopia.” Agron.

153



Sustain. Dev., 41(1), 16-16.

Solomon, D., Woolf, D., Jirka, S., Degloria, S., Belay, B., and Getahun, K. (n.d.).
“Productive Safety Soil carbon and fertility impact assessment.” 108.

Song, J.-H., Kang, M. S., Song, L., and Jun, S. M. (2016). “Water Balance in Irrigation
Reservoirs Considering Flood Control and Irrigation Efficiency Variation.” J. Irrig.
Drain. Eng., 142(4), 1-14.

Sukma, A., & Hiroki, U. (2023). Traditional value and its function in managing modern
irrigation system in West Sumatra Indonesia. Sustainable Water Resources
Management, 5(9-54), 54. https://doi.org/10.1007/s40899-023-00830-5

Shannak, S., Mabrey, D., and Vittorio, M. (2018). “Moving from theory to practice in
the water—energy—food nexus: An evaluation of existing models and frameworks.”
Water-Energy Nexus, 1(1), 17-25.

Shawul, A. A., and Chakma, S. (2020). “Suitability of global precipitation estimates for

hydrologic prediction in the main watersheds of Upper Awash basin.” Environ. Earth
Sci., 79(2), 1-18.

Sheffield, J., Wood, E. F., Pan, M., Beck, H., Coccia, G., Serrat-Capdevila, A., and
Verbist, K. (2018). “Satellite Remote Sensing for Water Resources Management:
Potential for Supporting Sustainable Development in Data-Poor Regions.” Water
Resour. Res., 54(12), 9724-9758.

Shein, Y. V., Bolotov, A. G., and Dembovetskii, A. V. (2021). “Soil Hydrology of
Agricultural Landscapes: Quantitative Description, Research Methods, and Availability
of Soil Water.” Eurasian Soil Sci., 54(9), 1367-1374.

Shrestha, S., Bajracharya, A. R., and Babel, M. S. (2016). “Climate Risk Management
Assessment of risks due to climate change for the Upper Tamakoshi Hydropower
Project in Nepal.” Clim. Risk Manag., 15.

Steduto, P., Hsiao, T. C., & Fereres, E. (2007). On the conservative behavior of biomass
water productivity. Irrigation Science, 25(3), 189-207. https://doi.org/10.1007/s00271-
007-0064-1Szporak-wasilewska, S., and Kardel, I. (2022). “Assessment of soil erosion
under long-term projections of climate change in Poland.” J. Hydrol., 607(September
2021), 20.

Tadesse, H. K., Moriasi, D. N., Gowda, P. H., Marek, G., Steiner, J. L., Brauer, D.,
Talebizadeh, M., Nelson, A., and Starks, P. (2018). “Evaluating evapotranspiration
estimation methods in APEX model for dryland cropping systems in a semi-arid
region.” Agric. Water Manag., 206(March), 217-228.

Tadesse, T., and Zewdie, M. (2022). “Assessment of suitable land for surface irrigation
using spatial information systems : Case of Bilate River Basin in the Rift Valley Lakes

154



Basin , Ethiopia.” Comput. Electron. Agric., 202(September 2021), 107402.

Talila, F. C., Reddy, N. S., and Nora, M. B. (2018). “Assessment of Surface Water
Potential Based On Watershed Modeling : A Case of Sor Watershed, Ethiopia.” 7(3),
102-114.

Tang, Y., Zhang, F., Engel, B. A., Liu, X., Yue, Q., and Guo, P. (2020). “Grid-scale
agricultural land and water management: A remote-sensing-based multiobjective
approach.” J. Clean. Prod., 265(121792), 15.

Teklay, M., Solomon, A., Demissie, T., Asfaw, S., Sitotaw, B., & Erena, H. (2023).
Land Cover Change Detection and Prediction in the Fafan Catchment of Ethiopia.
Journal  of  Geovisualization  and  Spatial ~ Analysis, 7(9), 1-11.
https://doi.org/10.1007/s41651-023-00148-y

Teklu, S., Soliman, A. H., and El-zawahry, A. (2020). “Testing the WEAP Hydrologic
Model for Awash Basin, Ethiopia ‘Soil Moisture Module with Watershed Demand
Approach.’” Civ. Environ. Res., 12(3), 59-74.

Teshome, Y., Biazin, B., Wolka, K., and Burka, A. (2018). “Evaluating performance of
traditional surface irrigation techniques in Cheleleka watershed in Central Rift Valley,
Ethiopia.” Appl. Water Sci., 8(8), 1-14.

Tesfaye, S., Taye, G., Birhane, E., & van der Zee, S. E. A. T. M. (2021). Spatiotemporal
variability of ecosystem water use efficiency in northern Ethiopia during 1982—-2014.
Journal of Hydrology, 603(October 2020), 24.

https://doi.org/10.1016/j.jhydrol.2021.126863

Tessema, K. B., Haile, A. T., Amncho, N. W., and Habib, E. (2020). “Effect of rainfall
variability and gauge representativeness on satellite rainfall accuracy in a small upland
watershed in southern Ethiopia.” Hydrol. Sci. J., 00(00), 1-15.

Thi Thanh Hang, P. (2019). “Applying the Distributed Hydrological Model for Tropical
Monsoon Basins by Using Earth Observation Data (Case Studies: Kone and Ba River
Basins).” J. Geosci. Environ. Prot., 07(01), 23-37.

Tena, T. M., Mwaanga, P., and Nguvulu, A. (2019). “Hydrological modelling and water
resources assessment of Chongwe River Catchment using WEAP model.” Water
(Switzerland), 11(4), 17.

Thiemig, V., Rojas, R., Zambrano-Bigiarini, M., Levizzani, V., and Roo, A. De. (2012).
“Validation of satellite-based precipitation products over sparsely Gauged African
River basins.” J. Hydrometeorol., 13(6), 1760-1783.

Tigray, N. (2017). “Tradeoffs of Small Scale Irrigation and Its Contribution to Land
Use and Land Cover Change in Mai-Dimu , Tahtay Koraro Wereda ,.” 9(2151-1969),
207-220.

Tilahun, A. K., Haregeweyn, N., and Pingale, S. M. (2018). “Landscape changes and

155



its consequences on soil erosion in Baro river basin, Ethiopia.” Model. Earth Syst.
Environ., 4(2), 793-803.

Timm, A., Kluge, B., and Wessolek, G. (2018). “Hydrological balance of paved
surfaces in moist mid-latitude climate — A review.” Landsc. Urban Plan., 175(April
2017), 80-91.

Todmal, R. S. (2020). “Understanding the hydrometeorological characteristics and
relationships in the semiarid region of Maharashtra (western India): implications for
water management.” Acta Geophys., 68(1), 189-206.

Tola, S. Y., & Shetty, A. (2023). Extreme hydroclimatic variability and impact of local
and global climate system anomalies on extreme flow in the Upper Awash River basin.
Theoretical and Applied Climatology, 152(3-4), 21. https://doi.org/10.1007/s00704-
023-04510-4

Tork, H., Javadi, S., and Hashemy Shahdany, S. M. (2021). “A new framework of a
multi-criteria decision making for agriculture water distribution system.” J. Clean.
Prod., 306(127178), 14.

Touseef, M., Chen, L., and Yang, W. (2021). “Assessment of surface water availability
under climate change using coupled SWAT-WEAP in hongshui river basin, China.”
ISPRS Int. J. Geo-Information, 10(5).

Town, Y. (2019). “Analysis of Current and Future Water Demand Scenario in.” J.
Environ. Earth Sci., 6(2), 1291-1304.

Traore, 1. (2022). “Forcing effects of climate variables on seasonal water consumption
in Nouna, Burkina Faso.” Sustain. Water Resour. Manag., 8(6), 1-9.

Tsakmakis, 1. D., Zoidou, M., Gikas, G. D., and Sylaios, G. K. (2018). “Impact of
Irrigation Technologies and Strategies on Cotton Water Footprint Using AquaCrop and
CROPWAT Models.” Environ. Process., 5(181-199), 199.

Vargas-Pineda, O. I., Trujillo-Gonzélez, J. M., and Torres-Mora, M. A. (2020).
“Supply—Demand of Water Resource of a Basin With High Anthropic Pressure: Case
Study Quenane-Quenanito Basin in Colombia.” Air, Soil Water Res., 13(1-10), 10.

Varouchakis, E. A., Corzo, G. A., Karatzas, G. P., and Kotsopoulou, A. (2018). “Spatio-
temporal analysis of annual rainfall in Crete, Greece.” Acta Geophys., 66(3), 319-328.

Venot, J.-P., Jella, K., Bharati, L., George, B., Biggs, T., Rao, P. G., Gumma, M. K,
and Acharya, S. (2010). “Farmers’ Adaptation and Regional Land-Use Changes in

Irrigation Systems under Fluctuating Water Supply, South India.” J. Irrig. Drain. Eng.,
136(9), 595-609.

Wagner, P. D., Kumar, S., and Schneider, K. (2013). “An assessment of land use change

impacts on the water resources of the Mula and Mutha Rivers catchment upstream of
Pune, India.” Hydrol. Earth Syst. Sci. Discuss., 10(2), 1943—-1985.

156



Waldron, B., Gui, D., Liu, Y., Feng, L., and Dai, H. (2020). “Assessing water
distribution and agricultural expansion in the Cele Oasis, China.” Environ. Monit.
Assess., 192(5), 19.

Walker, W. E., Loucks, D. P., and Carr, G. (2015). “Social Responses to Water
Management Decisions.” Environ. Process, 2, 485-509.

Wang, B., Zheng, F., and Guan, Y. (2016). “Improved USLE-K factor prediction: A
case study on water erosion areas in China.” Int. Soil Water Conserv. Res., 4(3), 168—
176.

Wang, L. K., & Yang, C. T. (2014). Modern water resources engineering. In Modern
Water Resources Engineering. https://doi.org/10.1007/978-1-62703-595-8

Wang, W., Zhuo, L., Li, M., Liu, Y., and Wu, P. (2019). “The effect of development in
water-saving irrigation techniques on spatial-temporal variations in crop water footprint
and benchmarking.” J. Hydrol., 577(June), 123916.

Wawer, R., Nowocien, E., and Podolski, B. (2005). “Real and calculated KUSLE
erodibility factor for selected Polish soils.” Polish J. Environ. Stud., 14(5), 655—658.

Wen, T.-H., Lin, C.-H., Chen, C.-T., and Su, M.-D. (2007). “Analysis of Spatial
Scenarios Aiding Decision Making for Regional Irrigation Water-Demand Planning.”
J. Irrig. Drain. Eng., 133(5), 455-467.

Wen, T.-H., Su, M.-D., and Yeh, Y.-L. (2004). “A GIS-based framework of regional
irrigation water demand assessment.” Paddy Water Environ., 2(1), 33-39.

Wichelns, D. (2017). “The water-energy-food nexus: Is the increasing attention
warranted, from either a research or policy perspective?” Environ. Sci. Policy, 69, 113—
123.

Wilson, C. G., Papanicolaou, A. N., Abban, B. K. B., Freudenberg, V. B., Ghaneeizad,
S. M., Giannopoulos, C. P., and Hilafu, H. T. (2022). “Comparing spatial and temporal
variability of the system Water Use Efficiency in a Lower Mississippi River
watershed.” J. Hydrol. Reg. Stud., 42(November 2021), 101141.

Woldegebriel, T., Garg, V., Gupta, P. K., Srivastav, S. K., and Ranjan, R. (2022).
“Ethiopia’s Water Resources: An Assessment Based on Geospatial Data-Driven
Distributed Hydrological Modeling Approach.” J. Indian Soc. Remote Sens., 50(6),
1031-1049.

Wood, A., Sutcliffe, J. P., and Dixon, A. (2016). “The Wetland Book.” Wetl. B.,
Business School, University of Huddersfield, Huddersfield, UK: Independent
Consultant, University of Huddersfield, Huddersfield, UK A, 8.

Worku Ayalew, D. (2018). “Theoretical and Empirical Review of Ethiopian Water
Resource Potentials, Challenges and Future Development Opportunities.” Int. J. Waste

157



Resour., 08(04).

Worglul, A. W., Jeong, J., Dile, Y. T., Osorio, J., Schmitter, P., Gerik, T., Srinivasan,
R., and Clark, N. (2017). “Assessing potential land suitable for surface irrigation using
groundwater in Ethiopia.” Appl. Geogr., 85(August), 1-13.

Wubneh, M. A., Worku, T. A., & Chekol, B. Z. (2023). Climate change impact on water
resources availability in the Kiltie watershed, Lake Tana sub-basin, Ethiopia. Heliyon,
9(3), €13941. https://doi.org/10.1016/j.heliyon.2023.e13941

Wu, W., Verburg, P. H., and Tang, H. (2014). “Climate change and the food production
system : impacts and adaptation in China.” 1-5.

Xingming Atmosphere - 2018 - Hao - The Uncertainty of Penman-Monteith Method
and the Energy Balance Closure Problem.pdf. (2018). AGU 100, 123(7433-7443), 11.

Yadete, S., and Amba, T. (2021). “Land cover change and its implication to
hydrological regimes and soil erosion in Awash River basin, Ethiopia : a systematic
review.” Environ. Monit. Assess., 1-19.

Yan, B., Fang, N. F., Zhang, P. C., and Shi, Z. H. (2013). “Impacts of land use change
on watershed streamflow and sediment yield: An assessment using hydrologic modeling
and partial least squares regression.” J. Hydrol., 484(26-37), 37.

Yao, L., Libera, D. A., Kheimi, M., Sankarasubramanian, A., and Wang, D. (2020).
“The Roles of Climate Forcing and Its Variability on Streamflow at Daily, Monthly,
Annual, and Long-Term Scales.” Water Resour. Res., 56(7), 1-23.

Yao, Y., Liao, X., Xiao, J., He, Q., and Shi, W. (2023). “The sensitivity of maize
evapotranspiration to vapor pressure deficit and soil moisture with lagged effects under
extreme drought in Southwest China.” Agric. Water Manag., 277(December 2022),
108101.

Yawson, D. O. (2022). “Balancing water scarcity, food production, and trade
imperatives in the Caribbean: Could virtual water analysis help?” J. Clean. Prod.,
376(April), 134285.

Yevjevich, V. (1972). Structural Analysis of Hydrologic Time Series. In Colo State
Univ (Fort Collins), Hydrol Papers.

Yidana, S. M., Sakyi, P. A., and Stamp, G. (2011). “Analysis of the Suitability of
Surface Water for Irrigation Purposes: The Southwestern and Coastal River Systems in
Ghana.” J. Water Resour. Prot., 03(10), 695-710.

Yigezu Wendimu, G. (2021). “The challenges and prospects of Ethiopian agriculture.”
Cogent Food Agric., 7(1), 27.

Yimere, A., and Assefa, E. (2022). “Current and Future Irrigation Water Requirement
and Potential in the Abbay River Basin, Ethiopia.” Air, Soil Water Res., 15(1-15), 14.

158



Yohannes, A. W., Cotter, M., Kelboro, G., and Dessalegn, W. (2018). “Land use and
land cover changes and their effects on the landscape of Abaya-Chamo basin, Southern
Ethiopia.” Land, 7(1).

Zaveri, E., and B. Lobell, D. (2019). “The role of irrigation in changing wheat yields
and heat sensitivity in India.” Nat. Commun., 10(1), 7.

Zhang, J., Guan, K., Peng, B., Pan, M., Zhou, W., Jiang, C., Kimm, H., Franz, T. E.,
Grant, R. F., Yang, Y., Rudnick, D. R., Heeren, D. M., Suyker, A. E., Bauerle, W. L.,
and Miner, G. L. (2021). “Sustainable irrigation based on co-regulation of soil water
supply and atmospheric evaporative demand.” Nat. Commun., 12(1), 1-10.

Zhong, D., Dong, Z., Fu, G., Bian, J., Kong, F., Wang, W., and Zhao, Y. (2021). “Trend
and change points of streamflow in the yellow river and their attributions.” J. Water
Clim. Chang., 12(1), 136-151.

Zhuo, L., and Han, D. (2016). “The Relevance of Soil Moisture by Remote Sensing and
Hydrological Modelling.” Procedia Eng., 154(1368-1375), 8.

Zwaan, B. van der, Boccalon, A., and Dalla Longa, F. (2018). “Prospects for
hydropower in Ethiopia: An energy-water nexus analysis.” Energy Strateg. Rev.,
19(19-30), 30.

Zwart, S. J., and Bastiaanssen, W. G. M. (2004). “Review of measured crop water
productivity values for irrigated wheat, rice, cotton, and maize.” Agric. Water Manag.,
69(2), 115-133.

159



PUBLICATIONS

7.5 International Journal Papers

1. Land Cover Change and Its Implication to Hydrological Variables and Soil Erodibility
in Lower Baro Watershed, Ethiopia: A Systematic Review (Journal of Sustainable
Water Resource Management)

2. Satellite ET-Based Irrigation Performance: Strategies to Increase Rainfed Crops
Production in the Lower Baro, Ethiopia (Journal of Water and Land Development)

3. Integrated Spatial and Temporal Variability of the System Water Use Efficiency in a

Lower Baro River Watershed, Ethiopia (Journal of Water and Climate Change)

160



RESUME

Name: Fiseha Befikadu Deneke

Date of Birth: 24/08/1989

Address: Mizan Tepi University, College of Engineering and Technology
Department of Hydraulic and Water Resources Engineering

Mizan Tepi University, P.O. Box 260, Mizan Tepi, Ethiopia

Contact Details

E-mail: fishbefikadu@gmail.com
Alternative email: fishmannovel@gmail.com
Professional education

Thesis Title: Integrated Surface Water Resource Modeling and Irrigation Productivity

in Lower Baro, Ethiopia

Master of Science in Environmental Engineering
Jimma Institute of Technology, Ethiopia, December 11, 2015 G.C.

Bachelor of Science in Water Resources and Irrigation Engineering

Arbaminch Institute of Technology, Ethiopia, July 11, 2013 G.C.

161


mailto:fishbefikadu@gmail.com
mailto:fishmannovel@gmail.com

