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Foreword

Water and land are precious and limited resources and highly interdependent.
Worldwide, there is an alarming trend of land use land cover change from natural and
near natural systems to agricultural, urban industrial or traffic usages. This has
dramatic ecological, social and economic consequences.

With regard to water, there is a direct link to hydrology and water pollution. Although
the interdependencies are well understood from the conceptual point of view, they are
rarely quantified in prognostic assessment in terms of What-If-Scenarios. This applies
even more for emerging economies where land use planning is often vague and/or has
low binding force. The future development of land use and land cover (LULC) is in
those case mainly driven by land use specific demands and according availabilities
(e.g. slope, distance to water courses and agglomerations etc.). Forecasting in those
conditions becomes more a stochastic problem based on experience from the past
rather than the targeted development of probable scenarios.

If probable land use land cover changes (LULCC) overlap with hydrologic
consequences and — like in this study — operation of large reservoirs for energy
production (including international implications due to the conflict with Egypt on Nile
flow), forecasting and derivation of measures is much more than a scientific challenge.

Mr. Leta addressed this issue by developing a methodological concept that combines
the forecast of LULCC with a hydrologic model and a consecutive reservoir control
model. The clever combination of different open-access modelling tools and their
parametrization based on monitoring data provides not only an insight in the probable
future development of land use, water balance, flow and even energy production
potential. It enables also the targeted development of desired future conditions. In our
increasingly complex interaction of natural, social, economic and even political
systems, the availability of those holistic and deterministic assessment tools is
mandatory for rational and sustainable management.

Prof. Dr.-Ing. habil. Jens Tranckner
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Abstract

The availability and distribution of water resources for economic development in the
watershed have been affected by land use land cover (LULC) changes. The LULC
changes have significant effects on hydrology and reservoir operations by altering the
hydrological components of the watershed. The Nashe watershed is the upstream part
of the Blue Nile River basin and one of the most significant potential areas for various
socio-economic developments. The purpose of the study was to analyze the impacts of
historical and future LULC change on hydrological components and optimal reservoir
operations for managing water resources in relation to hydropower generation. The
historical and future LULC scenarios were developed using the ERDAS Imagine model
and Land Change Modeler respectively. In this study, agricultural land was the largest
LULC occupying an area of 44% in 1990, 50.4% in 2005, and 61.2% in 2019 over the past
thirty years and predicted to occupy an area of 73% in 2035 and 73.2% in 2050 over the
coming thirty years. Therefore, according to the transition probability matrix, the largest
LULC change in the Nashe watershed was the conversion of forest land, range land,

and grass land to agricultural land and urban area.

The Soil and Water Assessment Tool (SWAT) model was applied to assess the impacts
of LULC change on the hydrological processes under varying LULC changes. The
tindings of the study demonstrated that the SWAT model performance indicators were
within an acceptable range, and the model performed well in simulating the
hydrological processes of the watershed. In the Nashe watershed, the development of
agricultural land and the reduction of forest cover were the major contributors to the
increase in surface runoff and decline in groundwater flow. Compared to the baseline,
the wet and dry season surface runoff have increased by 6.96% and 11.17%, respectively,
under the current LULC. The potential future LULC change scenarios were predicted
to result in moderate increases in surface runoff while decreasing groundwater flow,

lateral flow, and evapotranspiration in comparison to the baseline scenario.

To model and optimize the operation of the Nashe hydropower reservoir, a modeling
framework that integrates the SWAT model and the HEC-ResPRM optimization model
was used. The HEC-ResPRM reservoir operation optimization model was utilized to
reproduce the optimal hydropower reservoir storage, release, water level, and
hydropower generation. In comparison to the status of the Nashe actual hydropower

reservoir operation, the current optimized operation demonstrated a significant




increase in power storage, pool level, release, and power generation. Similar results
indicate that under the 2035 and 2050 LULC scenarios, the optimized hydropower
reservoir operation policy shows an increasing trend compared to the current actual
and optimized reservoir operations. In general, the findings demonstrated the
importance of using an integrated simulation-optimization approach to investigate the
effects of LULC changes on hydrological processes and consequently available water
resources in the optimal operation of hydropower reservoirs. Therefore, decision-
makers and land use planners should pay close attention to LULC change as one of the

major drivers of change in the watershed's hydrology and reservoir operation.
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Zusammenfassung

Die Verfiigbarkeit und Verteilung von Wasserressourcen fiir die wirtschaftliche
Entwicklung in der Wasserscheide wurde durch Anderungen der Landnutzung
Landbedeckung (LULC) beeinflusst. Die LULC-Anderungen haben erhebliche
Auswirkungen auf die Hydrologie und den Reservoirbetrieb, indem sie die
hydrologischen Komponenten der Wasserscheide verandern. Die NasheWasserscheide
ist der stromaufwarts gelegene Teil des Einzugsgebiets des Blauen Nils und eines der
bedeutendsten  potenziellen  Gebiete fiir  verschiedene soziodkonomische
Entwicklungen. Der Zweck der Studie bestand darin, die Auswirkungen historischer
und zukiinftiger LULC-Anderungen auf hydrologische Komponenten und den
optimalen Reservoirbetrieb fiir die Bewirtschaftung von Wasserressourcen in Bezug auf
die Wasserkrafterzeugung zu analysieren. Die historischen und zukiinftigen LULC-
Szenarien wurden mit dem ERDAS Imagine-Modell bzw. dem Land Change Modeler
entwickelt. In dieser Studie war landwirtschaftliches Land die grofite LULC, die in den
letzten dreifSig Jahren eine Flache von 44 % im Jahr 1990, 50,4 % im Jahr 2005 und 61,2
% im Jahr 2019 einnahm und voraussichtlich eine Flache von 73 % im Jahr 2035 und 73,2
% im Jahr 2050 einnehmen wird in den kommenden dreiflig Jahren. Daher war gemaf
der Ubergangswahrscheinlichkeitsmatrix die grofte LULC-Anderung in der Nashe-
Wasserscheide die Umwandlung von Waldland, Weideland und Grasland in
landwirtschaftliche Flachen und stadtische Gebiete.

Das Modell des Soil and Water Assessment Tool (SWAT) wurde angewendet, um die
Auswirkungen von LULC-Anderungen auf die hydrologischen Prozesse bei
unterschiedlichen LULC-Anderungen zu bewerten. Die Ergebnisse der Studie zeigten,
dass die Leistungsindikatoren des SWAT-Modells in einem akzeptablen Bereich lagen
und das Modell bei der Simulation der hydrologischen Prozesse der Wasserscheide
gute Leistungen erbrachte. In der Nashe-Wasserscheide trugen die Ausweitung der
landwirtschaftlichen Flachen und die Verringerung der Waldbedeckung am starksten
zum Anstieg des Oberflachenabflusses und zum Riickgang des Grundwasserflusses bei.
Im Vergleich zum Ausgangswert ist der Oberflaichenabfluss in der Regen- und
Trockenzeit fiir den aktuellen LULC um 6,96 % bzw. 11,17 % gestiegen. Es wurde
vorhergesagt, dass die potenziellen zukiinftigen LULC-Anderungsszenarien zu einer
moderaten  Zunahme des  Oberflachenabflusses  fithren, wahrend  die
Grundwasserstromung, die seitliche Stromung und die Evapotranspiration im
Vergleich zum Basisszenario abnehmen.

Um den Betrieb des Wasserkraftreservoirs Nashe zu modellieren und zu optimieren,
wurde ein Modellierungsrahmen verwendet, der das SWAT-Modell und das HEC-
ResPRM-Optimierungsmodell integriert. Das HEC-ResPRM-Reservoir-
Betriebsoptimierungsmodell wurde verwendet, um die optimale Speicherung,
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Freisetzung, @ den  Wasserstand und die  Wasserkrafterzeugung  des
Wasserkraftreservoirs zu reproduzieren. Im Vergleich zum Status des tatsdchlichen
Betriebs des Nashe-Wasserkraftreservoirs zeigte der aktuelle optimierte Betrieb eine
signifikante Steigerung der Energiespeicherung, des Beckenpegels, der Freisetzung und
der Stromerzeugung. Ahnliche Ergebnisse weisen darauf hin, dass unter den LULC-
Szenarien 2035 und 2050 die Betriebsstrategie fiir optimierte Wasserkraftreservoirs
einen zunehmenden Trend im Vergleich zum aktuellen tatsachlichen und optimierten
Reservoirbetrieb zeigt. Im Allgemeinen zeigten die Ergebnisse, wie wichtig es ist, einen
integrierten Simulations-Optimierungs-Ansatz zu verwenden, um die Auswirkungen
von LULC-Anderungen auf hydrologische Prozesse und folglich verfiigbare
Wasserressourcen beim optimalen Betrieb von Wasserkraftreservoirs zu untersuchen.
Daher sollten Entscheidungstridger und Landnutzungsplaner der LULC-Anderung als
einer der Hauptursachen fiir Anderungen in der Hydrologie und dem Reservoirbetrieb
der Wasserscheide grofse Aufmerksamkeit schenken.
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Introduction

1. Introduction
1.1. Background

Water is the most important and valuable natural resources for sustaining life,
development, and the environment in order to achieve long-term economic,
environmental, and social growth. Land is another natural resource that peoples use for
a variety of purposes. As a result, water availability along with sustainable land use is
the basis for long-term socio-economic development and environmental conservation,
particularly in the areas that experience water challenges [1]. Land use land cover
(LULC) change is closely connected to water demand and hydrology. The LULC
changes are increasingly being recognized and have adverse influences at the global,
regional, and local levels of spatial and temporal environmental change in catchments
[2-5]. Changes in the LULC are inevitable worldwide and prevalent in developing
countries, which are characterized by agriculture-dependent economies and rapidly

growing populations [4,6].

In Africa, the rapid changes of LULC are mainly due to population growth, expansion
of agricultural land, and other human and nature-induced factors. The agriculture in
East Africa is predominantly rain-fed, making rural livelihoods and food security
particularly vulnerable to changes in water availability [7]. Furthermore, Ethiopia,
where agriculture has been the mainstay of the economy and ensures people's well-
being, has perceived significant LULC changes towards the rapid expansion of
agricultural land at the expense of forests and other LULC types [8]. Agriculture has
gradually expanded in various regions of the highlands of Ethiopia from gently sloping
areas to the steeper slopes of the adjacent mountains. This is due to the high population
density (about 88% of the Ethiopians live in highland areas) and their dependency on
subsistence agriculture. The Ethiopian highlands, which account for 45% of the
country's total area, are plagued by significant LULC change and land degradation
issues [4].

Human drivers are the primary drivers of LULC changes in Ethiopia mainly population
growth, which is manifested mostly through the expansion of agricultural lands, even
in areas where cultivation is almost impossible, and urban expansions [4,6]. Therefore,
understanding the types, drivers, and implications of LULC change is an important

indicator for resource base analysis to develop effective and sustainable strategies and
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to have informed planning decisions. The LULC change drivers having direct
environmental repercussions and predicting future LULC status in the watershed is
expected to be significant for land use planning, management, and sustainable water
resources [9]. However, the stochastic change in nature, as well as the dynamics of
natural and socio-economic variables, make analyzing and predicting future LULC

change a challenge.

The historical and current LULC used in this study predicts the future LULC condition
based on a Business-as-Usual (BAU) scenario and driver variables [10,11]. The drivers
of LULC change selection play a key role in the modeling of LULC changes. In the
current study, topographic factors (slope and elevation), socio-economic data
(population density), and human-geographic or proximity data (distance from roads,
distance from urban areas, and distance from streams) were the main driver variables
of LULC change. Therefore, detecting past LULC change and scenario-based LULC
predictions at different time scales (i.e., short and long-term) will help policymakers,
land use planners, environmentalists, conservation planners, practitioners, and other

stakeholders in examining the past, current, and future effects of LULC change [9,10].

In Ethiopia, the conversion of LULC from natural vegetation to farmlands, grazing
lands, human settlements, and urban centers is common [4,6,8,11,12]. Correspondingly,
in order to effectively manage LULC and water resources in a watershed, the historical
and current impacts of LULC change dynamics as well as the possible future

consequences need to be evaluated [10].

Land use land cover models can be used to identify the location and magnitude of
change, predict LULC change based on past changes, and examine explanatory
variables. To simulate and predict the future LULC change, a variety of land use models
have been developed, mainly through the integration of remote sensing (RS) data and
geographic information system (GIS) data including, but not limited to, Cellular
Automata (CA), Markov Chain model (MC), Cellular Automata-Markov chain (CA-
MC), Multi-Layer Perception Markov Chain (MLP-MC), Artificial Neural Network,
Land Change Modeler (LCM), Binary Logistic Regression Algorithm, System dynamic
simulation, system dynamic modeling, CLUE, cellular and agent-based models or a
hybrid of the two are some of the models developed to analyze and predict LULC
change dynamics [2,13,14].
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The Land Change Modeler (LCM) model incorporates a cellular automata-markov
chain (CA-MC) based multi-layer perceptron-neural network (MLP-NN) to predict
future LULC maps. The model forecasts future LULC maps based on relative transition
potential maps, which anticipate a cell's transition from one LULC to another based on
presence of a driving forces and suitability of the transition area[15]. The transition
probability matrices between LULC classes were determined using a MC, based on the
transition results of MLP-NN, and the LULC map was predicted using CA [10,11]. CA-
MC is used to model both temporal change and spatial distribution of land uses by
combining a stochastic model (CA) (an open configuration that can easily be integrated
with knowledge-driven models) and a technique (MC) (modeling spatio-temporal
dynamics with better accuracy results) [2,16,17]. The MLP-NN uses artificial intelligence
to provide a better understanding of the land transformation process [16]. MLP-NN is
an efficient approach that uses a supervised backpropagation algorithm to simulate and
predict LULC change and has good performance to generalize the transition potential
[17].

The MLP-NN-CA-MC model is an effective hybrid model that has been tested by a
number of researchers to simulate future LULC and predict its effects on the
environment, natural resources, and landscape formation [18]. Many studies have
applied the LCM to analyze and predict LULC change around the world, such as the
Upper Siem Reap River in Cambodia [18], Neka Watershed in Iran [19], and the Des
Plaines River watershed in the United States [20]. In Ethiopia, only a few studies have
attempted to model the future trends of LULC changes [10,11,21,22].

The relationship between LULC change and hydrological components has been
investigated all over the world, and the results have been utilized to forecast future
LULC implications on water resources [23]. It has been clearly demonstrated that LULC
has a significant impact on water availability by changing the magnitudes of the
hydrological components. The hydrological response is more sensitive to LULC
dynamics [4,6]. Hydrological responses to LULC changes depend on the scale of the
changes, the land use type, and the location of the changes within a watershed [24]. At
the watershed scale, the hydrological components distribution spatially is smaller than
at the sub-watershed scale. The uneven spatial distribution of watershed management
interventions in sub-watersheds was mainly responsible for this typical scale effect. In

three different basins in South Africa, Warburton et al. [24] found that land use changes
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have a strong influence on stream flows at the sub-catchment scale than at the catchment
scale and that different land use patterns influence rainfall partitioning into base flows

in different ways.

In addition, to estimate the future implications of LULC changes on hydrological
responses, it is also necessary to understand the impact of historical LULC changes on
the hydrological regime. Predicting and assessing future watershed hydrology
throughout time is important for achieving long-term water resource sustainability [1].
Therefore, thorough evaluations of the effects of LULC changes on hydrological
responses are vital for water resource planning and management in particular, as well
as the entire watershed in general [25]. Nowadays, due to the competing demands of
various stakeholders, rapid population growth, industrialization, hydropower
development, irrigation, urbanization, and land degradation, effective water resources
planning and management are increasingly recognized as critical for sustainable

economic growth and poverty reduction in developing countries [26].

The previous studies in different parts of the country, particularly the Blue Nile River
basin, have revealed remarkable LULC dynamics caused by human activities that affect
the water resources of the basin. In East Africa, Guzha et al. [7] found that forest cover
loss increased annual flows and surface runoff. Similarly, most studies in Ethiopia
indicate that increasing agricultural areas resulted in increased annual and seasonal
stream flow. A study by Welde and Gebremariam [25] in the Tekeze watershed
(Northern Ethiopia) presented the impact of LULC dynamics change increased the
stream flow. According to Gebremicael et al. [27], the increase in water bodies was
basically due to the construction of different dams throughout the basin. According to
the findings, changes in LULC have decreased groundwater flow while increasing
surface runoff. Similarly, Shawul et al. [28] found that LULC changes in the watershed
were responsible for increasing surface runoff and groundwater decrease in the upper

awash basin.

Hydrological modeling has the capability of representing a complex LULC system
efficiently and used to analyze the dynamic water balance of a catchment that takes into
account the spatio-temporal properties of watersheds [29]. Hydrological models are
especially useful tools for assessing water resources since they can simulate historical
watershed management strategies and predict the possible implications of LULC

changes on hydrological circumstances [3]. Many models for watershed hydrology have
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been developed for a variety of purposes, and as a result, they have a variety of forms
[30], but the major challenge to their adoption, particularly in developing countries, has

been the availability of temporal and spatial data [31].

Hydrologists frequently employ fully distributed and semi-distributed hydrological
models to analyze complicated hydrological processes. Fully distributed models are
capable of capturing the spatial distribution of input variables. The fully distributed
hydrological models are data-intensive, require high-quality data, are difficult to
configure, and require more simulation and calibration time. In areas where data is
scarce (hydrologically remote areas), the performance of these models is quite low
[30,32]. Semi-distributed hydrological models aggregate meteorological variables and
physical parameters into sub-basins, are easy to set up, require less time, and are often

used in watersheds with limited data [33].

In various studies [4,6,9,34-36], the SWAT model applications have been widely used
to simulate and predict the influence of LULC changes on the hydrology of catchment
areas across the world in large and complex watersheds (https://www.card. iastate.edu/
swat articles/) and in Ethiopia to large and small river basins. Similarly, in the Nile basin
countries, the SWAT hydrological model has been applied to large and small river
basins [37].

The Soil and Water Assessment Tool (SWAT) model is a physically based, semi-
distributed simulation model that can analyze the impact of LULC change on
hydrological regimes in watersheds with varying topography, climate, soils, land use,
and management over long time periods [38]. The SWAT model uses spatially non-
explicit hydrological response units (HRUs) as the smallest spatial unit to discretize a
watershed, making them less data-intensive in comparison to raster based models [30].
It is a comprehensive model for simulating hydrology in watersheds of almost any size

and complexity over a long-term and continuous process[39].

The purpose of water resource planning and management is to ensure that water supply
is distributed according to the temporal and spatial distribution of supply and demand
through water regulation and distribution systems. However, the distribution of water
resources varies through time and space, which has an impact on the development of
water infrastructure [40]. Reservoir systems are commonly used to manage water

resources in river basins through reducing high flows and increasing low flows for
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smoothing out the hydrological fluctuation and making water accessible when and
where it is required to meet the temporal and spatial variability of water demand
[41,42]. Due to social, economic, environmental concerns, public services, reservoir
operations with consideration has attracted global attention in order to extend their

useful life and benefits.

The operation of a reservoir is one of the most challenging issues facing water resource
planners and managers, involving numerous decision variables, multiple objectives, as
well as considerable risks and uncertainties [43—45]. In an ideal world, water resource
management would assess all competing water demands and attempt an equitable
allocation of water to meet all uses and demands. However, in practice, this is rarely
attainable. Additionally, the significant challenge is that hydropower reservoir
operation depends on the amount and timing of stream flow, which is in turn influenced
by LULC patterns in the watershed [26,39,41]. Hydrological conditions are the primary
drivers of reservoir management and have a direct impact on operational decisions due

to their variable and uncertain structure.

The LULC change and hydropower generation have a long-term relationship and
interact with one another [46]. The fluctuations in spatio-temporal stream flow will
affect reservoir inflow, which would affect reservoir operation and hydropower
generation. Future changes in LULC will almost certainly continue to influence stream
flow patterns, which may pose significant challenges for reservoir management. As a
result, it is imperative to predict stream flow and hydropower generation in the face of
changing LULC [46,47]. The effects of LULC variations on hydropower reliability are
particularly detrimental to developing countries [48]. Therefore, the evaluation of
hydropower generation and reservoir operation under LULC change can play a
significant role by providing baseline and future hydropower production evidences in

the particular hydropower plant.

In reservoir operation, the way in which releases are controlled is called the operating
rules. A rule curve, also known as a rule level, specifies how much storage should be
maintained in a reservoir at different times of the year and the reservoir state (current
reservoir capacity and inflow to the reservoir) in order to meet various demands. It is
impossible to develop a single objective satisfying all interests, all adversaries, and all
political and social viewpoints [43]. Therefore, the relative priority of multiple uses may

be incorporated into the release decision, and in the event of a shortage, the higher
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priority needs are met first [26,42,49]. Despite the fact that reservoirs are built to serve a
wide range of functions, the majority of the country's reservoirs lack a pre-determined,
up-to-date, and real-time reservoir operation policy that benefits all basin users [50]. In
general, most reservoirs around the world are managed by established operating rules
that are often derived during the design stage through modeling approaches.
Generating reservoir rule curves based on current and future inflow, which is predicted
to be influenced by LULC change, results in the creation of new optimum rule curves

for planning future events.

As a result, effective reservoir management necessitates the development of optimal
policies for managing storage and discharges while maximizing benefits [51]. The
optimal rule curves developed by the model under the future inflow situations may
demonstrate a significantly better performance compared to the current rule curves as
conducted by Prasanchum and Kangrang [52] in Lampao Dam in northeast Thailand
for optimal reservoir rule curves under land use changes. The study by Guo et al. [46]
on the responses of hydropower generation and sustainability to changes in reservoir
policy, climate, and land use under uncertainty of the Xinanjiang reservoir in China
shows that increasing reservoir inflows will increase hydropower generation in the
future under land use change scenario. Labadie [53] comprehensively reviewed the
state-of-the-art in reservoir system optimization and suggested guidelines for future
study, as well as suggesting that the focus should be changed from the single reservoir

optimization to multiple reservoir optimizations.

The Nile basin is the world's longest river and a vital resource for the economies of
eastern and northeastern Africa. The water resource of the Blue Nile River basin is the
source of water for many people living in the basin and further downstream [50]. In
developing countries like Ethiopia, there are enormous surface and subsurface water
resources, however, only a limited portion of them are developed throughout the year
to meet national economic and social development goals. Ethiopia has a significant
water resource potential, with twelve major river basins, with 80 to 90% of the total
surface water resources found locally in the four river basins: the Blue Nile, Baro Akobo,
Tekeze, and Omo Gibe (Table 1.1) [54]. The country's entire surface water resource is
estimated to be over 123 BCM, and its groundwater resource is expected to be around

2.6 BCM. Even though the country has reasonably good water and land resources, they
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have yet not been developed or managed effectively due to significant problems and a

variety of factors with water resources [40].

The Blue Nile River basin countries are characterized by rapid population growth,
extensive poverty, and political instability. Additionally, Sub-Saharan Africa is home to
over 2.4 billion people and is the region with the most spatially and temporally
unevenly distributed water resources. On the other hand, Ethiopia is Africa's second
most populated country in the region [55]. Although the Blue Nile River basin is
Ethiopia's largest river in terms of volume of discharge, has vast hydropower
development potential, and suitable topography for power generation, hydropower
development has been low. The total hydroelectric power generation potential of the
country is about 45,000 MW. The Blue Nile River basin has the potential to generate
17,000 MW out of the aforementioned hydroelectric potential, which accounts for 38%
of the country’s total hydropower generation potential. Ethiopia has one of the lowest
levels of per capita electricity consumption in the world. As of May 2010, there were
only three small hydroelectric dams in the Blue Nile River basin in Ethiopia. In addition,
the Beles and Nashe hydropower projects have recently started operations with
different power generation capacities [54] as indicated in figure 1.1. This increases the

basin's total contribution of electric power.

As a result of the hydroelectric power plants currently under development, including
the Grand Ethiopian Renaissance Dam (GERD) on the Blue Nile River near the Ethiopia-
Sudan border in western Ethiopia, hydroelectric generation in the country is likely to
increase in the near future [56]. This hydropower dam will be Africa's largest
hydropower project and expected to produce a maximum of 6000 MW of hydroelectric
power when completed [56]. This would be a significant improvement over Ethiopia's
existing hydroelectric power and for exporting to neighboring countries. However,
transboundary rivers might bring cooperation or conflict [50]. Water resources system
analysis, which focuses on management approaches for the sustainable and optimal use
of water resources, can help with conflict resolution by allowing for a better

understanding of the conflicts and cooperation options [50,57].

Digna et al. [44] investigated the optimal operation of the Eastern Nile system using a
Genetic Algorithm, as well as the benefits of water resource development distribution.
The findings of the study support the argument that GERD development has a good
influence on the Eastern Nile riparian countries of Ethiopia, Sudan, and Egypt, as long




Introduction

as the three countries agree to manage the system cooperatively. Various studies,
however, have contested the GERD's long-term economic, sectoral, resource, and social
consequences [58-60]. To assist sustainable land and water development, scientific
study on LULC and hydrological processes is required to meet increasing water

demands and tensions in shared water resources such as the Nile basin [29].

Table 1.1. The surface water resource potential of Ethiopia.

Annual  Gross Hydropower

No. Basin Name iizcah(rl?;r;; Runoff Production Potential Terminus
(BM3) (GWh/year)

1 Blue Nile (R) 199,812 54.5 78820 Mediterranean

2 Wabi-Shebele (R) 202,220 34 5440 Indian Ocean

3 Genale-Dawa (R) 172,259 6 9270 Indian Ocean

4 Awash (R) 110,000 49 4470 Within the country

5 Tekeze (R) 82,350 8.2 5980 Mediterranean

6 Baro-Akobo (R) 75,912 23.23 13765 Mediterranean

7 Omo-gibe (R) 79,000 16.6 36560 Lake Turkana

8 Ogaden (D) 77,120 0 - -

9 Denkele (D) 64,380 0.86 - Within the country

10 Rift Valley Lakes (L) 52,000 5.3 800 Chew Bahir

11 Mereb (R) 5,900 0.72 - Sudanese wetland

12 Ayisha (D) 2,223 0 - -

R-River, D-Dry, L- Lake

Different reservoir operation models have been developed and employed for planning
studies, the formulation and evaluation of alternative strategies for managing water
management challenges, feasibility studies of proposed construction projects, and re-
operation of existing reservoir systems. The two basic modeling applications in system
analysis of reservoir operations, including hydropower generation problems are
optimization and simulation [50,53]. Optimization models are extensively utilized for
hydropower reservoir operations over a variety of time scales, from seasonal planning
to daily, hourly, and real-time operations. The ability to search for the optimum policy
from an infinite number of possible operation policies defined by decision variables is
one of the advantages of employing optimization models [42]. Simulation models use
pre-established logical rules to simulate reservoir operation decisions for successful

reservoir operations [61].

Simulation models can assess alternatives to reflect a realistic scenario system, whereas

optimization models can limit the range of viable alternative scenarios. By minimizing
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overall penalty functions in designated areas throughout the water resource network,
optimization algorithms have been utilized to address water resource management
problems and find the optimal rule curves, optimize storage, and release [41]. The
traditional optimization algorithms that are used to optimize reservoir operations
include Linear Programming, Non-Linear Programming, Dynamic Programming,
Quadratic Programming, and simulation models [42,53]. However, these optimization
approaches have limitations when dealing with complex reservoir systems. Linear
optimization approaches are effective for large-scale systems with many variables, but
they demand that all relations between variables in constraints and objectives be linear
[62].

Non-linear programming is useful in dealing with non-linearity, but it requires that all
relationships be differentiable, which may not always be the case for complex problems
involving non-concave, non-convex, discontinuous, and non-differentiable functions.
The Non-linear programming has a slow rate of convergence, resulting in high
computational time and cost, as well as the tendency of convergence to local optima
[50,63]. Dynamic programming can deal with non-linear objective functions,
constraints, and the continuity of the function. However, one of the dynamic
programming difficulties is dimensionality, or the processing of multiple state variables
is one of its limitations. Recently, reservoir operation has been investigated using a

combination of simulation and optimization models to perform optimal decisions [41].

As a result, the Hydrologic Engineering Centre Reservoir Evaluation System
Perspective Reservoir Model (HEC-ResPRM), a combination of simulation and
optimization model was being used in the study. In reservoir system analysis, the HEC-
ResPRM addresses the constraints of conventional optimization techniques by dealing
with non-linear, discontinuous, non-convex, and multi-functions [63]. HEC-ResPRM is
an optimization or operating purpose-driven model for reservoir system operations.
The model offers some degree of flexibility in illustrating operational strategies because
it allows users to specify the penalty functions and their weights [44,64]. The HEC-
ResPRM is compatible with Arc-GIS shapefiles, which can be used as a background
layer to facilitate better representation of the physical system. This assists in the proper
layout of the stream alignment following the background map, as well as the addition
of project elements such as stream reaches, reservoirs, and computation points to the

proper locations on the stream alignment.

10



Introduction

Therefore, the HEC-ResPRM reservoir optimization model has been used to formulate
the effects of LULC change on the operation of the reservoir [64]. Although only a few
researchers have investigated the impact of LULC change on stream flow and the
application of various optimal reservoir operating techniques, the majority of them have
conducted it separately. SWAT and HEC-ResPRM were combined to evaluate the
optimal operation of the Tekeze reservoirs in the Eastern Nile [64]. Climate change
scenarios were simulated in that study, however, changes in LULC were ignored in
future socio-economic development scenarios. Similarly, Anand et al. [1] combined the
SWAT with a genetic optimization algorithm to optimize reservoir operation in the
Ganga River basin. G/Mariam [45] developed a simulation model for the Tekeze dam
reservoir in Ethiopia, intending to determine the optimal operation policy for producing

hydroelectric power and to meet the requirements of downstream users of the dam.

The Nashe watershed is the tributary of the Blue Nile River basin and has enormous
potential for hydropower, irrigation, and other development activities, however, there
is inadequate information about the impact of LULC change on the hydrological
process. Furthermore, the primary concern in the Nashe watershed is the increase of
agricultural lands at the expense of forest, range land, and grass land [10]. In general,
LULC change is a fundamental problem in the country [8]. As a result, to establish the
framework for sustainable land management throughout spatio-temporal scales, it is
vital to study LULC changes as well as the driving causes behind these changes.
However, as far as the author’s understanding, no study has assessed in the study area
with respect to long-term spatial and temporal variability, as well as the potential

impacts of LULC dynamics for both historical and future periods on hydrology.

Similarly, the spatio-temporal variation of the LULC is expected in the future, yet no
study has attempted to simulate the future LULC dynamics effect on the operation of
the Nashe reservoir. Likewise, there is no substitute for studying the impact of LULC
change on hydropower generation in Ethiopia, where hydropower provides more than
90% of the country's electricity. There was a clear general lack of modeling on the
integrated impact of LULC and reservoir operation of the watershed. Hence, it is
essential to study the LULC change effects on past (historical) and future water
resources under different LULC change periods and their effects on the optimization of
reservoir operation. Therefore, understanding and determining the impacts of different

time periods of individual LULC on the hydrological processes and reservoir operation

11
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in the watershed and prioritization of the sub-basins will contribute to identifying

strategies for the hydrological water balance components of the watershed.
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Figure 1.1. Hydropower projects in the Blue Nile River basin (Ethiopia)

1.2.  Objectives of the research

The main purpose of this study was to investigate and predict the long-term spatial and
temporal potential impacts of historical and future LULC changes on hydrological
processes and hydropower reservoir operation in the Nashe watershed of the Blue Nile
River basin in Ethiopia, East Africa. Towards the main objective, the following specific

objectives were pursued:

e Toinvestigate the extent and change of LULC dynamics of the past from Landsat
imagery using ERDAS Imagine and predicting the future LULC change in the
Nashe watershed using Land Change Modeler in TerrSet.

e To identify and assess the major driving factors and explore the implications on
the land use land cover changes in the Nashe watershed.

e To analyze the spatial and temporal hydrological impacts attributed to different
historical and potential future LULC changes at watershed and sub-watershed
levels.

e To develop LULC scenarios in order to better understand the contribution of
individual changes in the water balance dynamics of the watershed within the

basin at various spatial and temporal scales.

12
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e To assess the impacts of LULC changes on the existing and future hydropower
generation of the Nashe reservoir operation.

e To derive the optimal hydropower reservoir operation level, storage, and
operation guide curve for optimal power production under LULC change by

applying the optimization model.

1.3.  Structure of the thesis

The thesis was organized into six chapters and based on three papers (Figure 1.2). From
the introduction and main body of the thesis to the conclusions and proposed directions,

the overall flow follows the research process.

Chapter 1: presents a general introduction in which the research background, the state

of the art, the research objectives, and the structure of the dissertation were elaborated.

Chapter 2: is based on paper 1 and describes the concepts of land use land cover
changes, data types and sources, methods for LULC data acquisition, land use land
cover classification, accuracy assessment, driver variables of land use land cover
changes, quantification of the areal extent of LULC changes, and analysis made at
watershed and sub-watershed levels. A detailed transitions probability matrix, rate of
change, validation of the model, and change detection analysis was conducted and the
future land use land cover prediction was described in this chapter. The mapping of
historical and current LULC images obtained from Landsat imagery and classified
using the ERDAS imagine model and identifying the potential drivers of LULC changes
were elaborated. The future LULC prediction based on the classified historical satellite
imagery using LCM integrated into TerrSet with MLP-NN and CA-Markov chain was
described (Figure 1.2).

Chapter 3: is based on paper 2 and presents the assessment of the long-term effects of
historical and future land use land cover changes on hydrological parameters. This
chapter also addresses the description of the hydrological, meteorological, and spatial
data used for this study and the methodology that has been employed for historical and
future LULC change scenarios in the Nashe watershed. It further discusses the
processing and preliminary analysis of the input data for the models. Describes
hydrological modeling in the context of LULC change. It highlights water resources
management, discusses guidelines for model selection, and describes the selected

13
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hydrological models for this research. Watershed hydrological modeling, including
sensitivity analysis, calibration, and validation in the context of sustainable water
resources was described. This chapter also focuses on the setup and calibration of the
SWAT hydrological model at the Nashe watershed, mainly to investigate the effects of
historical and future LULC change on Nashe hydropower reservoir inflows. The
performance of the selected hydrological models was assessed through sensitivity
analysis, calibration, validation, and uncertainty analysis. It also presents the spatial and
temporal simulations of hydrological responses to LULC changes at watershed and sub-
watershed scales and the contribution of individual LULC classes to water balance

components (Figure 1.2).

Chapter 4: This chapter is based on paper 3 and presents the research methodology
combining GIS, statistical, hydrological models, and reservoir simulation-optimization
models. This section describes the details of the selected hydrological and reservoir
optimization models. The reservoir inflow-outflow under land use land cover change
and reservoir optimization operations were presented in this chapter. The main results
from the combined watershed and LULC change model to estimate flow and the
combined reservoir simulation-optimization model to generate optimal rule curves of
reservoir systems in the study area were outlined. The chapter discusses the results of
current and future hydropower reservoir optimal operations on reservoir storage,
release, pool level, and hydropower generation. Generally, this chapter describes
hydropower reservoir optimal operation using the HEC-ResPRM optimization network

flow monthly model (Figure 1.2).

Chapter 5: This chapter presents the discussions about the combined results of the three

consecutive papers with regard to the initially formulated research objectives.

Chapter 6: Finally, this chapter describes the conclusions from the thesis,
recommendations, and perspectives on possible future research developments in the

watershed.
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2. Modeling and Prediction of Land Use Land Cover Change Dynamics Based on
Land Change Modeler (LCM) in Nashe Watershed, Blue Nile River Basin,
Ethiopia

This chapter was published in:
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Abstract: Change of land use land cover (LULC) has been known globally as an essential
driver of environmental change. Assessment of LULC change is the most precise
method to comprehend the past land use, types of changes to be estimated, the forces
and developments behind the changes. The aim of the study was to assess the temporal
and spatial LULC dynamics of the past and to predict the future using Landsat images
and LCM (Land Change Modeler) by considering the drivers of LULC dynamics. The
research was conducted in Nashe watershed (Ethiopia) which is the main tributary of
the Blue Nile River basin. The total watershed area is 94,578 ha. The Landsat imagery
from 2019, 2005, and 1990 was used for evaluating and predicting the spatio-temporal
distributions of LULC changes. The future LULC image prediction has been generated
depending on the historical trends of LULC changes for the years 2035 and 2050. LCM
integrated in TerrSet Geospatial Monitoring and Modeling System assimilated with
MLP and CA-Markov chain have been used for monitoring, assessment of change, and
tuture projections. Markov chain was used to generate transition probability matrices
between LULC classes and cellular automata were used to predict the LULC map.
Validation of the predicted LULC map of 2019 was conducted successfully with the
actual LULC map. The validation accuracy was determined using the Kappa statistics
and agreement/disagreement marks. The results of the historical LULC depicted that
forest land, grass land, and range land were the most affected types of land use. The
agricultural land in 1990 was 41,587.21 ha which increased to 57,868.95 ha in 2019 with
an average growth rate of 39.15%. The forest land, range land, and grass land declined
annually with rates of 48.38%, 19.58%, and 26.23%, respectively. The predicted LULC
map shows that the forest cover will further degrade from 16.94% in 2019 to 8.07% in
2050, while agricultural land would be expanded to 69,021.20 ha and 69,264.44 ha in 2035
and 2050 from 57,868.95 ha in 2019. The findings of this investigation indicate an
expected rapid change in LULC for the coming years. Converting the forest area, range

land, and grass land to other land uses, especially to agricultural land, is the main LULC
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change in the future. Measures should be implemented to achieve rational use of

agricultural land and the forest conversion needs to be well managed.

Keywords: land change modeler; Landsat images; modeling LULC change; multilayer

perceptron; TerrSet
21. Introduction

Land use land cover (LULC) change occurs under a variety of pressure and it is the
result of changes or modifications in the intensity of an existing LULC type to determine
the location and nature of the land use change. The changes of LULC have been
perceived as worldwide environmental change drivers in the watershed that are very
sensitive to LULC dynamics [1]. A dynamic LULC offers an inclusive sympathetic of
the interactions and relations that are crucial for sustainable land resource management
[2]. At global and local levels, the changes of LULC are driven by anthropogenic and
natural processes at different spatio-temporal levels. The LULC changes are dynamic,
non-linear human-nature interactions that are significant land surface conversions and
involve complex processes. The LULC change trajectory worldwide for the past 300
years has been categorized by gains in agriculture and losses in forests [3,4]. According
to the FAO [5], LULC changes are associated with the change of forest land to

agricultural expansion, urbanization, and deforestation.

The LULC changes were broadly assessed in various areas of the world, for instance,
Europe and USA [6], South America [7], Asia, and Africa [8], Ethiopia [9,10]. In Africa,
the expansion of agricultural land influenced by rapid population growth has been
recognized as a primary driver of LULC. Many developed countries including Europe
and the United States practiced massive deforestation because of agricultural expansion
and industrialization until the early 19th century [11]. Urbanization dynamics and
urban growth are usually linked to demographic factors mostly in developing countries
[12]. The landscape has been intensely changed due to socio-economic and political
changes that occurred in the first half of the 19th century in Europe [11]. The decrease
in agricultural land at the expenditure of increased urban areas and water bodies in

Europe is another strong trend [13].

The dynamics of LULC intensities and rates are changing because they are highly
associated with the overexploitation of natural resources. The natural variability issues

like climate change, soil conditions, and terrain characteristics have also accounted for
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land use changes [14]. Therefore, the integration of natural and human factors in LULC
dynamics have become a significant issue throughout the world in efficient land use.
The assessment of LULC change and the drivers that have direct consequences on the
natural environment and human societies are the focus of the current scientific
examination of scientists [15]. In order to develop sustainable strategies and to have
informed planning decisions, understanding the drivers and dynamics of LULC change
is crucial. The LULC change driving forces can be direct or indirect for change over time

and space; this was incorporated to provide an estimate of future scenarios [16].

The drivers” assessment and predicting their future LULC status in the watershed is
expected to have an essential contribution for land use planning management and
sustainable water resources. The use of historical satellite imageries are used to
effectively monitor and analyze LULC change [17]. Future LULC change analysis and
prediction are often complicated for the change of nature and the dynamic of natural
and socio-economic variables. The prediction of forthcoming LULC dynamics in areas
where the economic condition depends upon agriculture has a profound impact. The
LULC model developed in this study predicts a future LULC state based on a business-
as-usual scenario. Therefore, understanding the earlier and current LULC changes and
simulating for the future is vital for the management of land and water resources of the
basin [18,19].

Models of land change are useful tools for environmental and other types of research
concerning LULC change [20]. The magnitude and location are the two important issues
of LULC that have been considered in the modeling. LULC change assessment models
are either dynamic or static, non-spatial or spatial, deductive or inductive, pattern-based
or agent-based [21,22]. Modeling the LULC process is to properly calibrate and validate
the model for predicting future changes [23]. The LCM embedded in the TerrSet model
has been utilized to inspect the historical and to predict the future changes of LULC of
the watershed. The model is strong due to its dynamic projection proficiency, suitable
calibration, and capability to simulate several types of land cover [24,25]. LCM evaluates
changes of the land use of two different periods, determines the changes, visualizes

changes, and presents the results with various maps and graphs.

The model predicts future LULC images based upon MLPNN (Multi-Layer Perceptron
neural networks) and CA-Markov Chain (CA-MC) [26]. The transition potential of pixel
to change into another class determination is through MLP drivers of change [27]. The
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MC model is stochastic, which requires pairs of LULC images to derive the transition
potential into the future predictions based on the amount of historical change [28,29].
The blend of CA-MC can simulate the spatio-temporal dynamics of LULC change. The
model predicts transitions of a cell from one LULC to another depending on physical and
socio-economic data [30,31]. The model validation process is the accuracy assessment of
prediction and contrast made between the predicted and observed land cover maps.
Therefore, to assess the change drivers of the past and to simulate for the future, the

validated data have been used.

Remote sensing data particularly Landsat images provide suitable possibility for LULC
change monitoring, particularly for developing countries where geospatial technologies
are not well developed [32]. In Africa, around 40% of the population were living in
urban centers as of 2014. Between 2013 and 2050 the African population is projected to
increase by 115% and the urban residents” percentage has been projected to reach 56%
by 2050 [33]. In Europe, between 1990 and 2006 the population grew up by 146% [34] as
per the study was conducted in 24 European countries. Currently, in Europe around
73% of the population lives in urban areas and it is estimated to be over 80% by 2050 [33].
The availability of resources as well as their dynamics and management varies
considerably from area to area, especially in Ethiopia. Ethiopia is highly vulnerable to

environmental changes induced by natural and anthropogenic activities [35].

Due to changes of LULC, Ethiopia experienced serious environmental problems
including soil erosion, land degradation, loss of soil fertility, and deforestation [36]. The
Blue Nile River basin (BNRB) is the most varied and a highly important river basin in
Ethiopia [37,38]. Nashe watershed is the tributary of the Basin that faced LULC change
driven by population growth, urbanization, agricultural land expansion, deforestation,
overgrazing, expansion of industrial activities, and political dynamics. The analysis of
LULC change in the Nashe watershed, its drivers, and prediction of future land use
change are vital for understanding the dynamics of human environment interactions
and environmental management interventions. Therefore, it is very important to assess
and predict the LULC changes based on the historical data using Landsat images and
Land Change Modeler. The following research questions were addressed: (i) what was
the trend of LULC change within the study area in the past (1990-2019) and which LULC
classes were mostly affected? (ii) What growth and change patterns can be expected in

the future? (iii) What are the major driving factors of LULC change in the watershed?
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The above research questions are so significant and addressed in this study watershed
since a dramatic socio-economic change with expected enormous effect on the land use
is undergoing and this will influence various hydrological processes. Thus, especially
in the BNRB, those changes need to be predicted in time for environmental management
in this area in an effective and sustainable manner. The study findings are utilized to
provide empirical evidence on patterns and rates and identify major driving forces of
LULC dynamics at watershed level and improve policies in land use within the
framework of sustainable land use planning in relation to future changes or

development.

2.2. Materials and Methods
2.2.1. Study Area

The Blue Nile River Basin (BNRB) is the main stream of the Nile basin and is located
within the western and central part of Ethiopia between latitudes 7° 45" and 12° 45’ N
and longitudes 34° 05" and 39° 45’ E. The BNRB consists of the major part of Ethiopia
and covers an area of 157,000 km?2. The basin is located within the region of Oromia,
Ambhara, and Benishangul-Gumuz of Ethiopia. The basin has three main seasons: a main
rainy season which occurs between June and September, a dry season from October to
January, and a short rainy season between February and May. The basin mean yearly
rainfall ranges within 800-2000 mm and increases with altitude. The Nashe watershed
is the major tributary from the left bank within the BNRB of Ethiopia which is situated
at about 300 km from Addis Ababa. The sub-basin lies in between 9° 35" and 9° 52' N
latitudes and 37° 00" and 37° 20" E longitudes (Figure 2.1).
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Figure 2.1. Map of the study area.

The watershed area varies in elevation from 1600 m in the lower plateau under the
escarpment to the hills and ridges of the highland climbing to over 2500 m. The annual
average rainfall of the Nashe watershed ranges from 1200 mm to 1600 mm (depending
on data from five weather stations); June, July, August, and September are the main
rainy season of the catchment. The observed average temperature of the catchment is 22
°C. The watershed area is categorized by intensive irrigable lands at the downstream,
large water potential sites at the upstream, and also with high head of hydropower
potential. Agriculture is the leading financial activity in the watershed and the main

source of livelihood for the local population.

2.2.2. Data Types and Sources

The important spatial data required for the study were Digital Elevation Model, Landsat
Images, and field data. The three Landsat images used were downloaded from the
USGS (http://glovis.usgs.gov/, accessed on 2 January 2017) (Table 2.1) and DEM was
obtained from the Ethiopian Ministry of Water, Irrigation and Energy (MoWIE). The
collected 30 m spatial resolution of DEM was used to delineate the watershed, to

develop elevation, and to generate the slope of the watershed. The analysis was
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performed using the TM Landsat-5 from 1990, ETM+ Landsat-7 from 2005, and
OLI_TIRS Landsat-8 from 2019. The images were acquired in January, which
corresponds to the dry season in Ethiopia when a clear sky period occurs to obtain
images with Zero clouds and avoid extreme differences in the land cover reflectance
dataset. The global positioning system (GPS) measurements were taken during
tieldwork to verify and confirm the information gathered through remote sensing at
each ground control point (GCP). The LULC types were noted and for reference

purposes, photographs were also taken.

Table 2.1. Details of Landsat images data used for the analysis of land use and land
cover (LULC) in the study area.

Satellite Sensor Path/Row Acquisition Date User Bands Ressi?:’?on Year
Landsat 5 TM 123;82:; January, 1990 1-5,7 30 m 1990
Landsat 7 ETM+ 123;82:; January, 2005 1-5,7,and 8 30m,15m 2005
Landsat 8 OIL 1?3;82:; January, 2019 1-7,9,and 8 30m,15m 2019

The coordinates of each location selected were marked with GPS, and these points were
verified in Google Earth. During the field survey and data collection, socio-economic
survey methods such as interviews with key informants, discussions with focus groups,
and participatory field observation were conducted. The socio-economic data collected
were utilized to get information on historical land use change, socio-economic status,
and the driving factors that change the land use in the watershed. For key informant
interview and focus group discussion three representative sub-watersheds (upper,
middle, and lower) were selected depending on the agro-ecological conditions and
proximity of the locations to reservoirs in the catchment. The key informants were
selected purposely based on their experience, position, and responsibilities from various
social groups including elders, community leaders, and local natural resource experts.
A total of six focus group discussions were conducted in different Kebeles selected from
two in each of the upper, middle, and lower parts of the watershed. Each focus group
discussion comprises six members drawn from the members of the community. They
include elderly farmers, vulnerable groups, youth, local community leaders, and

natural resource experts.
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2.2.3. Land Use Land Cover Change Assessment

223.1. Image Classification

The classification of images is to categorize automatically all pixels from the Landsat
images into LULC classes to extract useful thematic information [39]. For image
classification, the data of ground truth were gathered on the field and satellite image
verification. After pre-processing the satellite images, the supervised classification was
implemented using maximum likelihood classification (MLC) technique to produce
image classification. The MLC method is the widely used algorithm for supervised
satellite image classification [40]. The method has a strong theoretical foundation and
the ability to accommodate varying data, LULC types, and satellite systems [28]. The
approach of supervised classification is adopted as it preserves the basic land cover
characteristics through statistical classification techniques [41]. In classifying the 1990,
2005, and 2019 images, reference data were gathered from images of Google Earth and
through interviews from concerning body of the corresponding time periods. In this

study, six separable LULC were considered (Table 2.2).

Table 2.2. Major land use land cover types used and their descriptions.

LULC Types Description
. Includes areas used for perennial and annual crops, irrigated areas,
Agricultural ,
Land scattered rural settlements, and commercial farms (sesame
an .. .

cultivations and sugarcane plantations).

Areas covered with dense trees (deciduous forests, evergreen
Forest Land .

forests, mixed forests).

Includes areas covered with small trees, less dense forests, bushes,
Range Land

and shrubs. These areas are less dense than forests.

Areas covered by grasses are usually used for grazing and those
Grass Land ] Y8 ) y & &

remain for some months in a year.

Areas of commercial areas, urban and rural settlements, and
Urban Area i )

industrial areas.
Water Body Areas covered by rivers, streams, and reservoirs

To accomplish classification of image in multi-temporal approach and for mapping
purposes, the ERDAS Imagine 2015 and ArcGIS 10.3 software were used, respectively.
For each LULC, as many as possible training samples were selected throughout the

entire image, based on the composite images, as well as Google Earth images. For
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classification, verification, and validation of the classified images, the training data were

used.

2.23.2.  Accuracy Assessment

Accuracy assessment tells us to what extent the ground truth is represented on the
equivalent classified image. Since land use maps derived from image classification
usually contain some errors, the accuracy of classification results obtained must be
assessed. Assessing the classification accuracy provides the degree of confidence in the
results and the subsequent change detection [40]. For accuracy assessment, the classified
map was compared with ground truth data. For 1990 and 2005, the reference points
were collected from Google Earth, original Landsat images, interviews, group
discussions, previous reports, and maps. For the 2019 image, Google Earth, field
observation, original Landsat images, interviews, and group discussions of random
reference points in different LULC types were recorded from the field survey conducted
by using GPS.

The common and most effective method used to measure the accuracy of the classified
image from remotely sensed imagery is an error/confusion matrix [42]. The confusion
matrix provides overall accuracy, user accuracy, producer accuracy, and kappa
statistics. Kappa coefficient was determined by using Equation (1) [43]. According to
Mishra and Rai [21], a kappa coefficient value below 0.4 shows poor agreement, a value
between 0.4 and 0.8 depicts a moderate agreement, and a value greater than 0.8 shows

a strong agreement.

NI Xii — X (Xi4) * (X +1)

K N2 — ¥ Xi+) * (X+1) @

_ (Total * sum of correct) — sum of all the (row total * column total)

()

Total squared — sum of all the (row total * column total)

Where r-rows number in the matrix, Xii-number of observations in row i and column i
(the diagonal elements), X + i and Xi+ -the marginal totals of row i and column i,

respectively, and N -observations number.
2.23.3. Land Use Land Cover Change Drivers

Driving factors influence LULC changes. LULC changes are driven by natural and

human activities [10]. The regionally differing main drivers have great impact on many
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environmental aspects [44]. Provided that drivers of past changes are sustained, they
can be expected to be influential forces in the future. LULC change simulation studies
have used topographic, socio-economic data, and distance driver variables [45,46].
Elevation, slope, population density, distance from roads, distance from streams,
distance from urban areas, and evidence likelihood rasters were considered as the
potential driver variables. Distance from roads, distance from streams, population
density, and distance from urban areas were set as dynamic variables to express the

varying as they change over time.

The evidence likelihood is an empirical probability of change in the LULC categories
between an earlier and a later map [47]. It is used to transform categorical variables,
such as change from one land cover class to another into numerical values. The
significance of driver variables was tested using Cramer’s V and P values which
measure strength of the correlation between two variable classes. Cramer’s V value is a
coarse statistic measure of the association strength or dependency between variables,
and it ranges from 0.0 to 1.0 in value. Generally, variables with a total Cramer’s V value
greater than 0.15 are considered useful and those with a score over 0.4 are considered
good [48,49]. The Cramer’s V does not assure a strong performance of the variables,
since it cannot represent the scientific pre-requisites and the multifaceted nature of the
relationships. It simply helps to determine whether or not to include the particular

variable as a driving factor of LULC change [50].

2.2.4. LULC Change Prediction and Validation
224.1. LULC Prediction

The LCM (Land Change Modeler) embedded in the TerrSet Geospatial Monitoring and
Modeling System (TGMMS) software was used for prediction of future LULC for a
specified year based on the classified historical satellite images. The LCM determines
how the factors influence future LULC change, how much land cover change took place
between earlier and later LULC, and then calculates a relative amount of transitions
[51]. It was widely tested and used to predict change for the analysis and modeling of
impacts on biodiversity using multiple land cover categories [46]. The module provides
changes of the LULC assessment as losses and gains to each LULC category. LCM
produces two simulated maps, ie. soft projection and hard projection. In hard

predictions, a simulated map is developed for the prediction year, in which each pixel
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is allocated to a specific land use category [52]. Whereas, the soft prediction is a
projected map created to show the vulnerability in which each pixel is allocated a value
from 0 to 1. The smaller value indicates less vulnerability to change and the high value
shows high susceptibility to change [52]. Similarly, the model is used for analyzing,
predicting, and validating the predicted LULC change [53].

The trend variations of LULC changes for the years 1990, 2005, and 2019 were analyzed
to predict future years of the watershed. The future land use scenarios were based on
recent trends, historical land use information, and anticipated future changes. The LCM
uses the change analysis tab, the transition potentials tab, and the change prediction tab.
The change rates were determined through the change analysis tab, along with the
transition potential maps to simulate the future scenario. The LCM module allows three
different approaches to produce maps of transition potential based on the individual
sub-models and associated explanatory variables: multi-layer perceptron (MLP) neural
network, logistic regression, and a similarity-weighted instance-based machine learning
tool (SimWeight) [47]. The MLP estimates accurately the land that would be estimated
to change from the image of later date to the specified simulation date based on the
projection. From the approaches, the performance of MLP is stronger when modeling
the relationship between non-linear land change and the explanatory variables. It is
more flexible and dynamic compared to the others when multiple transition types are
modeled [47].

The TerrSet model uses CA-MC which is a stochastic modeling process to simulate the
future changing over time from past changes [54]. It predicts the spatial structure of
various LULC categories and scenarios based on the TPM [31,55]. To predict LULC
change, the Markov matrix model depends on the Bayes equation (Equation (3) that
evaluates the change by comparing the initial (T1) and the second land cover (T2) [47].

St = Pi* S 3)
P11 P12 .. Pln
Pij = P21 P22 .. P2n @)
Pnl Pn2....Pnn
Where 0 < Pij <1 and)j=; Pij =1, (i, j = 1, 2... n). The cellular automata model can be

expressed by the following equation:
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Stee1) = [S(t),N] (5)

where Sp and S+ are the system status at times t and t + 1, respectively, N-cellular field,
t and t+1 are the different times, f-transformation rule of cellular states in local space, S-
the set of limited and discrete cellular states, Pij-the transition probability matrix in a

state.

The CA-Markov considers constraints and factors to prepare a single map of suitability
[28,51,56]. The model prepares the probability transition matrix and transition
probability areas. The probability transitional matrix contains the changing probability
of an individual LULC class to other classes. The transitional area matrix contains the

pixel number that is expected to change from each LULC class over the specified time
frame [48].

22.42. Model Validation

Validation is simply a procedure to assess the quality of the predicted LULC map
against a reference map [57]. The images of Landsat for 1990 and 2005 were utilized to
simulate the 2019 LULC image. The comparison of simulated LULC image with the
actual map was developed. The LULC of the 1990 and 2005 years were provided to
calibrate LCM, and the model was validated by simulating the recent LULC map of
2019. The validation process in LCM involves a cross-tabulation in a three-way
comparison between the later land cover map (2005), the predicted land cover map
(2019), and the actual map (2019). The module validation in the LCM model was used
to assess statistically the quality of the predicted 2019 LULC image against the 2019

reference image [57].

The map shows areas where the model correctly predicted called hits, areas where the
model predicted change but it actually did not occur called false alarms, and occasions
where the model was unable to predict it, but areas are changed in reality, called misses.
After the model prediction capacity was verified between the 1990 and 2005 time
periods for 2019, the simulation process was repeated to project the 2035 and 2050 maps
using 2005 and 2019 classified maps. The other method is the kappa coefficient
calculation between the predicted map and actual land use map [58]. However, the
original kappa coefficient does not distinguish between the quantification and location

error, delimiting its expressiveness. This can be resolved by calculating cause dependent
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K-indices, Kno (kappa for no information), Klocation (kappa for location), Kstandard

(kappa for standard), and KlocationStrata (kappa for stratum-level location) [58].

The overall agreement of the projected and reference map indicates the Kappa for no
information (Kno). The location kappa (Klocation) is used to compute the spatial
accuracy in the overall landscape, because of the correct assignment values in each
category between the simulated and reference map [59]. The ratio of inaccurately
allocations by chance to the correct assignments is kappa for standard (Kstandard) [53].
The kappa for stratum level location (KlocationStrata) is a quantification of the spatial
accuracy within pre-identified strata, and it indicates how well the grid cells are situated
within the strata [47]. The blend of Kstandard, Kno, Klocation, and Klocation strata
scores is considered for a comprehensive evaluation of the overall accuracy both in
terms of location and quantity. Additionally, the statistics considered are
AgreementQuantity, AgreementChance, AgreementGridCell, DisagreementGridCell,
and DisagreementQuantity to know exactly how strong the agreement is between the
simulated map and the base map (Table 2.3).

Table 2.3. Possible ranges of map comparison and level of agreement of kappa values.

No. Values Strength of Agreement
1 <0 Poor
2 0.01-0.40 Slight
3 0.41-0.60 Moderate
4 0.61-0.80 Substantial
5 0.81-1.00 Almost Perfect

The DisagreementQuantity and DisagreementGridCell constituents are crucial to
understand the simulated model [57]. This sort of validation method gives the idea
about the level of agreement or disagreement between projected and actual LULC maps
[49]. The two most important differences between the two categorical maps are in terms
of quantity (changes or persistence) and allocation. Disagreement by quantity is the
variation between two images because of an imperfect combination in the overall
proportions of LULC categories. The allocation disagreement is the distinction between
two images caused by an imperfect combination among the spatial allocations of all

land cover map categories [53].
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2.2.5. Analysis of Land Use Land Cover Change

The change of LULC assessment was computed using the LCM model. Different LULC
categories of quantitative assessment, net change of LULC categories, and the
contributors to the net change experienced by each LULC class are the three sections of
results identified in the LCM. Change analysis was performed by using the classified
maps (1990, 2005, and 2019) and the predicted LULC (2035 and 2050) to demonstrate the
pattern of changes [58]. The LULC dynamics in each study period were assessed using
the numerical values extracted from the classified images. To acquire the change
pattern, the images classified from consecutive periods were cross-tabulated and
compared to each other. The probability matrix was done between 1990 and 2005, 2005
and 2019, 2019 and 2035, 2035, and 2050 using LCM. The change percentage [35] and the
rate of change were determined [41] for LULC categories by using Equations (6) and (7),
respectively, to determine the amount of the changes experienced between the periods
of the different LULC categories.

Percent of change = Ay;XAX * 100 (6)
Rate of change (ha/year) = 4y — 4x )
T

Where Ax is the area of LULC (ha) of an earlier land cover image, Ay is the area of LULC
(ha) of a later land cover image, T is the time interval between Ax and Ay in years.

2.3.  Results and Discussions
2.3.1. Accuracy Assessment of the Classified Images

The assessment of accuracy was performed for LULC change analysis by generating
confusion/error matrix in each LULC category of 1990, 2005, and 2019 classified maps.
The overall accuracy, kappa statistics, producer’s and user’s accuracy have been used
for assessment. The kappa statistics and overall accuracy of classified images show
91.43%, 87.59%, 85.71%, and 0.93, 0.90, and 0.88 for the years 2019, 2005, and 1990,
respectively (Table 2.4). The more recent LULC map accuracy results were higher and

these may be related to a higher spatial resolution of satellite images.

The accuracy assessment of LULC is required in any study using remote sensing
Landsat data for the historical LULC. According to Sitthi et al. [61], LULC map accuracy

is quantified by creating an error matrix or a confusion matrix, which compares the
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classified map with a reference classification map. The results of the study is consistent

with some other studies conducted by Temesgen et al. [41] in Dera District, Abate [36]
in Borena Woreda, Gashaw et al. [10] in Blue Nile basin, Wubie et al. [9] in Gumera,
Araya and Cabral [62] in Portugal, Wnek et al. [11] in Poland, Slovakia, and Czechia,
and Rimal et al. [63] in India. The accuracy of this study shows that the result is within
the range of accuracies, in which Land Change Modeler and Landsat images were used
[55,63].

Table 2.4. Accuracy assessment of classified LULC maps for 1990, 2005, and 2019.

LULC Types AL FL RL GL UL WB  UA (%)
Agricultural Land (AL) 86 0 3 5 1 90.53
Forest Land (FL) 0 78 6 0 1 0 91.76
Range Land (RL) 1 4 67 3 0 89.33
1990 Grass Land (GL) 4 3 0 56 5 2 80.00
Urban Land (UL) 0 4 4 2 50 0 83.33
Water Body (WB) 0 0 0 4 0 51 92.73
PA (%) 94.51 87.64 83.75 80.00 89.29 94.44
K=85.71%; OA =0.88
LULC Types AL FL RL GL UL WB UA (%)
Agricultural Land 89 2 4 4 1 0 89.00
Forest Land 0 81 4 3 0 90.00
Range Land 3 4 72 0 1 0 90.00
2005 Grass Land 5 0 1 54 1 4 83.08
Urban Land 0 1 0 2 52 0 94.55
Water Body 1 0 0 2 0 47 94.00
PA (%) 90.82 92.05 88.89 83.08 9123 92.16
K'=87.59%; OA =0.90
LULC types AL FL RL GL UL WB UA (%)
Agricultural Land 100 0 1 3 1 0 95.24
Forest Land 2 84 4 0 0 93.33
Range Land 1 4 63 2 0 0 90.00
2019 Grass Land 2 1 57 0 1 87.69
Urban Land 0 0 1 2 57 0 95.00
Water Body 0 0 2 0 48 96.00
PA (%) 95.24 9438 8630 86.36 98.28  97.96

K'=91.43%; OA =0.93
UA: User’s Accuracy, PA: Producer’s Accuracy, K: Kappa Statistics, OA: Overall Accuracy.
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2.3.2. LULC Change Analysis

The change of the LULC analysis was through evaluation of gains, net change, and
losses experienced by different categories using change analysis in LCM. The evaluation
of spatial and temporal changes between various classes during the period 1990, 2005,
and 2019 was analyzed (Figure 2.2 and Table 2.5). The from-to transformations were
summarized as loss, gain, and net change of LULC in Figure 2.3 and Figure 2.4. The gain
of LULC for each class was determined from the result of persistence and the total

column value, whereas the loss is from total row and the persistence.

b Legend
1990
2005 [ ] Agricultural Land N

0 4 8 16 o4 1 - Forest Land
=_=_ | Kilometers | Grass Land
l:| Range Land
- Urban Land
- Water Body

Figure 2.2. The LULC of the Nashe watershed in 1990, 2005, and 2019.
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Table 2.5. The area coverage of LULC, percent, and rate of changes in the Nashe watershed between 1990, 2005, and

2019.
Area Change
LULC 1990 2005 2019 1990-2005 2005-2019 1990-2019
Rate of Rate of Rate of
Types

Ha % Ha % Ha % Ha %  Change  Ha % Change  Ha %  Change

(ha/Year) (ha/Year) (ha/Year)
44.0 47,658.5 504 57,869.0 61.2 6071.3 14.6 404.8 10,2105 21.4  680.7

Agricultural 41,587.2
Land

Forest Land 31,0339 32.8 26,579.3 28.1 16,019.1 16.9 -4454.6 -144 -297.0

16,281.7 39.2 5614

-10,560.2 -39.7 -704.0 -15,014.8 -48.4 -517.8

Grass Land 94434 100 79647 84 6966.0 7.4 -1478.8 -157 -98.6 -998.6 -125 -66.6 24774 -262 -85.4

Range Land 10,637.8 11.3 98355 10.4 85550 9.1 -8024 -75 535 -1280.5 -13.0 -854  -20829 -19.6 -71.8

Urban Land 471.1 05 8826 09 1084.0 12 4115 873 27.4 2014 228 13.4 6129 130.1 21.1

Water Body 14046 1.5 1657.6 1.8 40850 43 2530 18.0 16.9 24274 1464 161.8 2680.4 190.8 924

Total 94578 100 94578 100 94578 100

The percentage and rate of change were calculated using Equations (6) and (7), respectively.
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Figure 2.3. Gain and loss area of the land use land cover class in 1990-2005 and
2005-2019
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Figure 2.4. Net change and net persistence area of LULC class of the study

periods

The agricultural land is the dominant LULC type of the watershed which covered
44.00% of the study area in 1990, 50.40% in 2005, and 61.19% in 2019 (Table 2.5). The
changes in LULC have influenced forest distribution in the study area. The forest land
area, which is also the largest part of land use class, has significantly decreased.
Similarly, according to the least prevalent types of land use, the urban areas and water
body increased from 1990 to 2019. The significant increase of agricultural land, water

body, urban land, and the sharp decline of forest land in the watershed were the major
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transformations observed. Although forest land, range land, and grass land experienced
reduction in coverage throughout the study periods, the greatest reduction rate was
observed in forest land. To mitigate the rapid rates of LULC conversions at watershed,
the application of integrated watershed management strategies, managing the rapid
population growth, afforestation of degraded or deforested areas, and reducing the
dependency of locals on forest products is critically important. The findings of the study
are consistent with other studies conducted in Ethiopia by Solomon et al. [64] in Birr
and Upper Didesa watersheds of the Blue Nile basin, and as outlined Temesgen et al.
[41] for Dera district of northwestern Ethiopia, where the agricultural land increased

significantly and the forest land was shrinking.

2.3.3. Driver Variables of LULC Change

The driver variables influencing changes are based on spatial analysis and added to the
model either as static or dynamic components [47]. The LULC prediction in the
watershed was based on change in a driver’s impact. In this study, socio-economic data,
topography, and proximity factors were selected to analyze the LULC change. Before
the drivers are added to the model, the selected driver variables were tested for their
explanatory value using Cramer’s V and P values (Table 2.6). The Cramer’s V value does
not give decisive proof that a particular variable explains the change in land use. It is
rather a more intuitive tool that can be utilized to understand the significance that a

particular variable has in influencing change.

Table 2.6. Cramer’s V and p-value for each of the explanatory variables.

Driver Variables Cramer’s V p-Value
Elevation 0.2967 0.0000
Slope 0.0094 0.0000
Population density 0.3261 0.0000
Distance_from_Urban 0.1547 0.0000
Distance_from_stream 0.2158 0.0000
Distance_from_road 0.1391 0.0000
Evidence Likelihood 0.4472 0.0000

Evidence likelihood is used for the determination of the relative frequency of pixels of
different LULC types within the areas of change. It is recommended in cases where there

are low Cramer’s V values. The obtained result for evidence likelihood is considered as
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a good. In this study, it is a quantitative measure of the frequency of change between

agricultural land and all other land classes (also called disturbance).

From Table 2.6, it was observed that the variable such as elevation, population density,
distance from urban areas, distance from stream, and distance from road are considered
as useful variables of transitions. Variables such as slope have low Cramer’s V values,
and it shows that the effect of slope on LULC change in the study area is not critical. The
variables with good Cramer’s V value show that they are the most explanatory variables
for LULC change. All driver variables were used to model the transitions in this study.
The elevation and slope are recognized as the imperative topographic factors affecting
LULC change. Topography has effects on the spread and extent of urban distribution,
forest, and range land conversion to agricultural land. Khoi and Murayama [65] found
that deforestation decreases with the increase of the slope gradient. The other driver
variables such as distance from stream, distance from urban areas, population density,
and distance from roads also play an important role in land use change, as each provides

convenience to residents to access resources.

2.3.4. Transition Probability Matrix (TPM)

Transition potential modeling is assessing the likelihood of LULC change from one class
to another depending on the suitability transition of area and the presence of driving
forces [66]. The TPM records the probability of each land use class to change into the
other class. The LULC changes of the future predictions are utilized through the
probability of the transition matrix [67]. The transition probability matrices produced
by the model between LULC types during the periods 1990-2005 and 2005-2019 were
depicted in Table 2.7. The spatio-temporal LULC change assessment between the earlier
and later land cover maps were cross-tabulated. The cross-tabulation is used to
determine the amounts of change and conversions between different land cover maps.
In the table of cross-tabulation shown in Table 2.7, the bolded frequencies along the
transition probability matrix of the diagonal confirm the probability of LULC class
remaining unchanged (persistence) from the earlier to the later land cover map.
Whereas, the off-diagonal frequencies express the possibility of a given LULC
experiences changes from one to another. The change analysis is depends on the
changes in LULC between time 1 and time 2 [28].
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Table 2.7. Transition area matrix (ha) of LULC between 1990-2005 and 2005-2019.

LULC 2005

Types AL FL GL RL UL WB Total
Agricultural Land 39,662.13  302.16 17991 1121.71 32125 0.06 41,587.21

Forest Land 5214.82  18,856.81 292.80 6429.98 59.35 180.12 31,033.88

Grass Land 2001.18 617.60 6419.75 37233 3242 0.12 9443.40

1990  Range Land 77837 678315 1072.00 191117 074 9239 10,637.83
Urban Land 1.98 013 018 000 46879 001 47110
Water Body 0.01 1944 000 028 000 1384.91 1404.64
Total 4765849 26579.30 7964.65 983547 882.55 1657.60 94,578.05
2019
LULCT
ypes AL FL GL RL UL WB Total

Agricultural Land 35,763.83  4299.68 1181.79 4196.23 349.90 1867.06 47,658.48
Forest Land 12,051.96 10,869.35 1360.03 1708.26 167.12 422.57 26,579.30

Grass Land 4673.21 913.15 802.00 131794 20.25 238.11 7964.65

2005 Range Land 5021.16  3101.81 212.67 1314.36 51.83 133.64 9835.47

Urban Land 337.82 14.09 9.28 1525 494.75 11.37 882.55
Water Body 20.97 221.04 0.26 292 0.13 1412.28 1657.60
Total 57,868.95 16,019.13 6966.01 8554.95 1083.98 4085.03 94,578.05

The agricultural land which is the highest class has 39,662.13 ha with the probability of
remaining as agricultural land in 1990-2005. The conversion of forest land, range land,
and grass land was the major contributing land use for the agricultural land. The
minimum loss of LULC category was observed from water body to grass land and urban
land. Although in urban land there was minimum or no conversion to range land and
water body. In 2005-2019 the highest class loss was the change of forest land to
agricultural land by 12,051.96 ha.

In 2005-2019, especially since 2012, a dam on Nashe River was built for irrigation and
hydropower purposes. The water body has increased. The displacement of communities
occurred from their land during the expansion of hydropower projects and the
displacement caused land scarcity. The lowland areas of the watershed was covered
with forests, range lands, and grass lands before 1990 even before 2005. Currently,
however, a great decline of forest cover is occurring because of urbanization and
agricultural land expansion. In recent times, the expansion of urban areas has been

continuously increasing at the highest rate.
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The findings of the study show that urban area increase was consistent with other
research findings in Africa [8] and Ethiopia [9,10]. The studies in some parts of Europe,
for example, [13] in Slovakia, [62] in Portugal, and [11] in Poland, Slovakia, and Czechia,
reported an increase in urban areas at the expense of agricultural land. Similarly, a study
in China reported that the urban built-up land expansion from conversion of cultivated
land [68]. Riad et al. [12] revealed that effective urban planning is needed to address the
multiple challenges and competing interests of urban environments for the rapid

increase in urban built-up area with scarce land and water resources on the urban edge.

2.3.5. Validation of the Model

The agreement of the two categorical maps was measured by using validation module.
In order to assess the accuracy, validation of the model is necessary. Validation is
significant as it allows to determine the quality of the predicted land cover map with
actual map. A comparison was made between the actual and simulated LULC map of
2019 so as to validate the predicted map. The less effective simulated LULC class is
water body as the projected map was from the maps before construction of the dam and
the actual LULC map is from after the construction. The validation results between the

simulated and actual LULC test summary of the model are presented in Table 2.8.

Table 2.8. LULC change prediction validation based on the actual and projected 2019
LULC.

Projected Actual
LULC Category
Area (Ha) Area (%) Area (Ha) Area (%)
Agricultural Land  54,161.90 57.27 57,868.95 61.19
Forest Land 20,384.75 21.55 16,019.13 16.94
Range Land 9388.67 9.93 6966.01 7.37
Grass Land 8288.78 8.76 8554.95 9.05
Urban Land 608.90 0.64 1083.98 1.15
Water Body 1745.06 1.85 4085.03 4.32
Total 94,578.05 100.00 94,578.05 100.00

The achieved k-indices were compiled in Table 2.9. The model is regarded to be
validated if the Kstandard (overall kappa) score exceeds 70% [22]. The values of k-index

greater than 80% show good agreement between the projected and actual LULC map

43



Modeling and Prediction of Land Use Land Cover Change Dynamics Based on Land
Change Modeler (LCM) in Nashe Watershed, Blue Nile River Basin, Ethiopia

that exceeds the minimum acceptable standard [47]. Here, all indices are greater than

80%, showing a good overall agreement and projection ability of the model.

Table 2.9. The k-index values of the simulated LULC map of 2019.

Index. Value
Kno 0.9026
Klocation 0.9213
KlocationStrata 0.8836
Kstandard 0.8743

The values of AgreementChance, AgreementQuantity, AgreementGridCell,
Disagreement Grid Cell, and Disagreement Quantity in Table 2.10 provide statistical
agreement information between the simulated map and the reference map. Namely,
Disagreement GridCell and DisagreementQuantity constituents are crucial to recognize

the model simulated outputs [57].

Table 2.10. The validation result analysis (agreement/disagreement component

values).
Agreement/Disagreement Value Value (%)
Agreement Chance 0.1629 16.29
Agreement Quantity 0.3335 33.35
Agreement GridCell 0.4254 42.54
Disagreement GridCell 0.0269 2.69
Disagreement Quantity 0.0513 5.13

The disagreement between the two maps is generally low and this is mainly due to
quantity errors (0.0513) rather than allocation errors (0.0269). The agreement measures
show overall good agreement between the actual and simulated map (92.81%). The
result shows that in the study area the model has higher ability to predict the LULC
changes in location than in quantity. This indicates the good capacity of the model in

simulating future LULC states and an accurate specification of location.

According to the Wang et al.[55], the model was validated by comparing the map of
observed LULC of 2019 with the predicted LULC map of 2019 using the statistics of

kappa index. For accuracy assessment measurement in a number of studies, kappa
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coefficient is still considered as a vital tool [61]. The LULC change model performance

is different for different study areas because of varied environmental features and

situations of the individual study area [62,63].

2.3.6. Future LULC Prediction

The LULC change of the future has been predicted for the years 2035 and 2050. The
future probable percentages of changes in LULC for the periods of 2019-2035 and 2035—
2050 were analyzed by transition probabilities matrix. The quantity of change and the
spatial distribution are the two aspects of LULC prediction in LCM that are provided
by Markov chain and MLP neural network, respectively [69]. The simulated future
LULC images of the watershed obtained from the LCM were shown in Figure 2.5.
Similarly, the area coverage, percentage, and rate of change were provided in Table 2.11.

Generally, the LULC change increase or decrease was provided in Figure 2.6.

Legend
Agricultural Land
- Forest Land
[ Grass Land
| Range Land
I urban Land
I water body

13 19.5 26
]

Figure 2.5. The predicted 2035 and 2050 LULC of the watershed.
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Table 2.11. The area coverage of LULC, percent, and rate of changes in the Nashe

watershed between 2019, 2035, and 2050.

Area Change
LULC
T 2019 2035 2050 2019-2035 2035-2050 2019-2050
es
yp 0/0 Ha o/o Ha 0/0 Ha 0/0 Ha % Ha %
Agricultural
L 57,869.0 61.2 69,021.273.0 69,264.4 73.2 11,152.3 193 2432 0.4 11,395.5 20.0
an
Forest Land 16,019.1 16.911,759.0 12.4 7636.1 8.1 -4260.1 -26.6 —-4123.0-35.1 -8383.1 -52.3
Grass Land 6966.0 7.4 2336.8 25 23927 25 -4629.2 -66.5 559 24 -45734 -65.7
Range Land 8555.0 9.1 49293 52 67498 7.1 -3625.7 -42.4 1820.5 36.9 -1805.2 -21.1
Urban Land 1084.0 1.2 18935 2.0 36129 3.8 809.6 74.7 1719.3 90.8 2528.9 233.3
Water Body 4085.0 4.3 4638.2 49 49223 52 553.2 135 2841 6.1 8373 20.5
Total 94,578 100 94,578 100 94,578 100
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Figure 2.6. Land use land cover change in 1990-2050.

Significant changes were observed from the change analysis result in LULC change
between 1990 and 2050. Agricultural land will be the predominant LULC type. It was

seen from the result as the area of agricultural land increment from 61.19% in 2019 to
72.98% in 2035 and 73.24% in 2050. Agricultural land increased significantly from 1990
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to 2035 and then slowly from 2035 to 2050 (Figure 2.7 and Table 2.11). Similarly, a
continuous increment was also observed in urban areas and water bodies from the 2019
to 2050 periods. The development of infrastructure, industry, and housing have taken
place and are expected to take place around the watershed, therefore, the urban land
will increase. The urban coverage around watershed totaled 1.15% in 2019, which is
predicted to reach 2.00% and 3.82% by 2035 and 2050, respectively. The graphical
demonstration of the area covered by six LULC classes for past years (1990, 2005, and
2019) and for the future years (2035 and 2050) are shown in Figure 2.8.

Gain, Loss and Net change of projected area

25,000 -
@2019-2035 Gain E2019-2035 Loss

20,000 B 2019-2035 Net change B2035-2050 Gain
15,000 1 [ 2035-2050 Loss m 2035-2050 Net change
)
110,000
$5,000
-
< 0

-5,000
-10,000
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-15,000 - Land LULC types

Figure 2.7. The gain, loss, and net change of the projected LULC area (2019,
2035, and 2050).
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Figure 2.8. Historical and predicted land use land cover change area

coverage.
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The forest land and range land show a decreasing trend from 2019 to 2035.
Unfortunately, the grass land, range land, and agricultural land will slightly increase
from 2035 to 2050. This might be due to the limited area of land for different purposes.
The major contributing factors to LULC change were the expansion of hydropower and
irrigation projects, mostly at the downstream, for expansion of a sugar factory. The
scarcity of jobs and urban expansions in the catchment amplified the socio-economic
activities for LULC changes. In the watershed, the downstream and partly at the
upstream areas, which were previously covered by forests and range lands, have been

converted to agricultural land and commercial crop farms.

Forest reduction also occurred as a result of using charcoal and firewood as the energy
source for most of the people living around the watershed, who depend on fuel wood.
Additionally, most of the evacuated population during the construction of Nashe and
Amerti projects were involved in converting the forest land to agriculture and
settlement. Illegal and unplanned settlements by the local people to expand agriculture
and settlement also contributed to destruction of forest land, range land, and grass land.
Thus, the forest conversion needs to be controlled and well-managed, and a reasonable
land use plan should be developed in an organized way. The expansion of one LULC
type occurs at the detriment of other LULC classes [70]. Currently, the government has
given more emphasis to the plantation trees program. Hence, in the country, many of
the areas that were deforested might become covered by plants again. In the future
prediction of LULC scenarios, the change of the area in the transition matrix was

determined as indicated in Table 2.12.

Table 2.12. Transition area matrix (ha) of LULC between 2019-2035 and 2035-2050.

2035
LULC Types
AL FL GL RL UL WB Total
Agricultural
Land 44,533.17 6988.39 77.18 373199 385.73 215250 57,868.95
an

Forest Land  11,991.32 2864.52 508.76 337.33 12217 195.03 16,019.13
2019 Grass Land 1897.14 650.99 3593.18 648.95 26.04 149.71  6966.01
Range Land  3745.42 4286.30 60.93 371.37 13.30 77.64 8554.95
Urban Land 319.97 27.64 231 21.40  702.63 10.04 1083.98
Water Body 86.07 166.48 0.25 0.11 0.00 3832.13  4085.03

Total 69,021.20 11,759.00 2336.80 4929.30 1893.53 4638.21 94,578.05
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2050

LULC Types
AL FL GL RL UL WL Total

Agricultural
Land 60,912.11 436593 27.74 51543 3200.00 0.00 69,021.20

an

Forest Land 8798.27  2959.71  0.00 1.03 0.00 0.00 11,759.00
2035 Grass Land 0.57 1.07 233516  0.00 0.00 0.00  2336.80

Range Land 245.57 309.40 0.00 3774.33 0.00  600.00 4929.30

Urban Land 1200.00 0.00 0.00 0.00 693.53  0.00 1893.53

Water Body 0.00 0.00 0.00 0.00 0.00 4638.21 4638.21
Total 69,264.44 7636.05 2392.65 6749.77 3612.85 4922.29 94,578.05

The study shows that agricultural land experienced the largest increase from the
historical analysis to the projections. The conversion of other land uses to agricultural
land might be mainly associated with the land demand for crop production to satisfy
the food demand of the increasing human population, deforestation for household
energy consumption, construction of materials, and loss of land productivity. This may
cause serious environmental impacts unless proper environmental management
strategies are planned and implemented. As per the analysis in the entire watershed,
the urban area was increased. This increase was assumed to be closely associated with
the rise of infrastructure to accommodate the increasing population. To minimize land
degradation, it is necessary to apply management measures such as soil and water
conservation technologies, family planning, and promotion of agricultural land use
intensification in the study watershed. The future land use land cover change plan for

the study area should be made in advance and needs to be incorporated at policy level.

A Multilayer Perceptron neural network and CA-Markov modeling in LCM-based
analysis was combined with GIS, and remote sensing technologies was used to perform
the analysis of the LULC change. The performance of the MLPNN-CA-MC in LCM for
the LULC pattern was not assessed previously over this study watershed as far as the
authors are aware. Additionally, analyses regarding the dynamics of LULC changes and
their drivers are not conducted in the study area. Therefore, in this study, the LULC
dynamics of the historical and future LULC were assessed using Landsat images and
LCM by using the drivers of LULC dynamics. Consequently, this study will also help
to assess the performance of the MLPNN-CA-MC approach over the watershed area.
The future LULC is somewhat known in some parts of Ethiopia but not in the study
area. The LCM embedded in the TGMMS model was successfully used by different
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researchers in other areas and it confirmed that LCM, based on MLPNN-CA-MC(, is a
capable model for the assessment and prediction of LULC change, urban growth, and
the validation of results [9,21,57,63,71,72].

Generally, the patterns of LULC change in the past almost three decades shows forest
land decreased at an average rate of 48.38%. The results showed that the agricultural
land gained the most area compared to the other LULC types. However, at the expense
of forest LULC categories, agricultural land is expanding at an average rate of 39.15%
(1990-2019). From the temporal patterns of the changes between 1990 and 2019, forest
land decreased at a higher rate. The other affected LULC types were range land and
grass land. The urban land and water body LULC classes gained trends in the study.

Simulation analysis was conducted for the years of 2035 and 2050 based on historical
LULC change data from 1990-2005, 2005-2019, and 1990-2019, which were used as a
baseline. Similar to the historical analysis of LULC change, the predicted results of
forest, grass, and range land classes were registered net loss in the area from 1990 to
2035. Whereas, the range land and grass land smoothly gained from 2035-2050. The
predicted results of the year 2035 and 2050 show an increase in agriculture, water body,
and urban land. Therefore, future land use activities ought to be based on proper land
use development and land regulation to reduce the enduring adverse impact of LULC
changes. Riad et al. [12] confirmed that effective urban planning is needed to address
the multiple challenges and competing interests of urban environments for rapid

increase in urban built up area on scarce land.

Lennert et al. [72] indicated that agricultural land expansion, both for commercial and
crop production is the main driver of LULC change. The rate of crop land expansion is
increasing whereas forests, grass land, shrub land, and other lands are decreasing in the
world. This study finding is in agreement with results from previous studies that
confirm the major driver of LULC change [9,10,21,57,62,63,72]. OFWE [73] reported that
weak law enforcement and growth of population are fundamental drivers of
deforestation. The other driving force for agricultural land expansion is probably
government policy [72]. On the other hand, the major underlying driving forces are
Demographic, Economic, Technological, Institution, policy, and biophysical factors
were identified by the key informant and FGDs of the study. Agricultural expansion,
firewood extraction, settlement expansion, land tenure policy, and infrastructure

development were also the top LULC change drivers revealed from key informant
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interviews and FGDs. Similarly, Focus group discussants noted that farmers have been
practicing subsistence farming with inappropriate land management practices and very

low additional farm inputs.

24. Conclusions

The present study was carried out to understand the changes in the historical and
predicted land use land cover patterns from the year 1990 to 2050. The integrated
approach including remote sensing, GIS, and a MLPNN-based CA-MC model was used
to understand the spatio-temporal dynamics of LULC and prediction of future LULC
change in Nashe watershed, Ethiopia. The conclusions drawn from the research

findings were the following.

The multitemporal satellite imagery data were used for informed decision-making in
LULC change, providing the potential information required for monitoring and
evaluating of LULC changes. The precision of the data from the remotely sensed
imagery classified based on the maximum likelihood classification method with high
resolution image of Landsat was checked through an error matrix and it yielded an

acceptable result that was further processed for analysis.

To validate the model, the projected 2019 LULC map was compared with 2019 actual
LULC map. After successful model validation, the LULC map for the years 2035 and
2050 were simulated by considering the business-as-usual scenario and driver variables.
In this procedure, we used 1990-2005 and 2005-2019 LULC data as a baseline and
current scenario for comparison. Its validation showed a strong correlation between the
simulated LULC map and satellite-derived map, which proved the simulation model’s
reliability.

The rapid and massive changes of LULC in the watershed may have serious
environmental impacts. The analysis of LULC change shows that forest cover has been
decreasing, as well as the high increasing rate of urban area and agricultural land. The
predicted LULC situation show that this cover would continue in the future. This will
increase vulnerability of the watershed to landslides, soil loss, gully erosion, worsened
air pollution, and impact the hydrology of the studied watershed in particular and the

Blue Nile River basin in general.
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Therefore, suitable and timely management measures must be taken by policy decision
makers to enable sustainable development and to protect the watershed in order to
reduce the severity of the changes. Settlement expansion, agricultural expansion,
firewood extraction, land tenure policy, and infrastructure development were the top
LULC change drivers. Moreover, to ensure a better environmental condition, this kind
of study revealed a significant prospective to contribute towards the sustainable
environmental planning and management system of an area at the local and global

levels.

Finally, it can be concluded that the projected conditions may be reversed, which is very
important to reduce the enduring adverse impact of LULC changes on the watershed
hydrological components through the announced nationwide tree planting,
implementing the strategy of climate resilient green economy, and formulating the local
and regional scale policies required for sustainable development. However, the tree
plantation alone does not guarantee increasing vegetation cover, continuous monitoring
and managing the planted trees are equally important for the effectiveness of
afforestation programs. Future studies incorporating the assessment of land use land
cover change impacts on the hydrological parameters of the watershed would be helpful

for better management of the watershed.
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Abstract: Land use land cover (LULC) change is the crucial driving force that affects the
hydrological processes of a watershed. The changes of LULC have an important
influence and are the main factor for monitoring the water balances. The assessment of
LULC change is indispensable for sustainable development of land and water resources.
Understanding the watershed responses to environmental changes and impacts of
LULC classes on hydrological components is vigorous for planning water resources,
land resource utilization, and hydrological balance sustaining. In this study, LULC
effects on hydrological parameters of the Nashe watershed, Blue Nile River basin were
investigated. For this, historical and future LULC change scenarios in the Nashe
watershed were implemented into a calibrated Soil and Water Assessment Tool (SWAT)
model. Five LULC scenarios have been developed that represent baseline, current, and
future periods corresponding to the map of 1990, 2005, 2019, 2035, and 2050. The
predicted increase of agricultural and urban land by decreasing mainly forest land will
lead till 2035 to an increase of 2.33% in surface runoff and a decline in groundwater flow,
lateral flow, and evapotranspiration. Between 2035 and 2050, a gradual increase of grass
land and range land could mitigate the undesired tendency. The applied combination
of LULC prognosis with process-based hydrologic modeling provide valuable data
about the current and future understanding of variation in hydrological parameters and
assist concerned bodies to improve land and water management in formulating

approaches to minimize the conceivable increment of surface runoff.

Keywords: hydrologic response; LULC change; surface runoff; SWAT model; water

balance
3.1. Introduction

Land use land cover (LULC) change influences different fundamental features and
processes such as hydrological, geomorphological, land productivity, and associated
water resource systems in watersheds [1]. Changes of LULC have both long-term and

short-term temporal and spatial impacts on watershed hydrology [2-4]. Topography

60



Hydrological Responses of Watershed to Historical and Future Land Use Land Cover
Change Dynamics of Nashe Watershed, Ethiopia

and soil properties are more likely to result in short-term hydrologic variations.
However, long-term changes like urbanization and deforestation, on the other hand,
cause reductions in evapotranspiration and water recycling, which may result in
reduced rainfall. Rainfall to runoff conversion is a complex, non-linear, time and space
variable process. Runoff estimation in a watershed based on rainfall distribution is one
of the most frequent analyses in hydrology [5]. LULC change may have an effect on the
quality, quantity, distribution, and timing of water changes, which could affect a variety
of water resource operations and managements, such as hydropower generation,
irrigation, flood risk reduction, navigation, and a combination of these future water
resource developments [6,7]. Therefore, it is important to investigate the impacts of
LULC change on the hydrology of the catchment in order to address water resource

operation and management issues.

Tomanage LULC and water resources effectively in a watershed, it is necessary to assess
the historical, present, and potential future LULC dynamics [8]. The relations between
LULC change and hydrological components have been conducted around the world
and used to predict the impacts of future LULC on water resources [9,10]. Prediction
and assessment of future watershed hydrology through advanced tools over a long
period are very important to attain sustainable water resources at the catchment scale
[11,12]. Modeling LULC change is used to identify where the change has, or will
potentially occur [13]. Different hydrological simulation models are currently being
utilized to simulate and project the impacts of LULC change on hydrological processes
including Soil and Water Assessment Tool (SWAT), MIKE-system Hydrologic
European (MIKE-SHE), Hydrologic Simulation Program-FORTRAN (HSPF), Dynamic
Watershed Simulation Model (DWSM), Soil and Water Integrated Model (SWIM), and
Distributed Hydrology Soil Vegetation Model (DHSVM) [14,15].

The simulation of various hydrological components and long-term temporal scales, at
watershed and sub-watershed levels, from small to large watershed sizes, and also the
modeling of openness, readily and freely available data, minimum data input
requirements from watersheds with poor data, and availability of graphical user
interface are some of the significant factors considered in selecting the appropriate
model to achieve the objectives of the study in the Nashe watershed [16]. Different
model reviews conclude that SWAT can model the desired hydrological processes in

more detail than many other watershed models [15] and simulates stream flow better
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than other hydrological models [17]. It is comprehensively used in Europe [18], North
America [16], Australia [19], and Africa [20]. By testing it in different environments [14],
the dynamic character of surface hydrological parameters in response to change of
LULC can be indicated.

In several studies, SWAT is distinctively utilized for investigating the impacts of LULC
change on hydrological processes in small and large watersheds [21-23]. It is also
commonly used for modeling and analyzing hydrological processes in the context of
changing LULC and land management, with high efficiency [24]. One study in the
Wami River Basin, Tanzania [25] has been successfully performed in East Africa. In this
region, factors such as soil type, seasonal rainfall, topography, social, political,
demographic as well as economic issues together lead to great fluctuations in LULC,
and these patterns are estimated to continue in the future [26]. Similarly, Baker and
Miller [20] conducted in East African watershed using the SWAT model for assessment
of water resources under land use impact and demonstrated an increment in surface

runoff and decline in groundwater recharge.

Accordingly, SWAT was implemented for this study based on the criteria specified for
the Nashe watershed. Generally, SWAT is physically based, a spatially semi-distributed,
daily time step parameter model designed to simulate all relevant parameters of a
watershed, such as surface runoff, groundwater, soil water, and lateral flow [27,28]. The
studies conducted on the hydrological processes of watershed based on LULC change
shows marked increase in rainy season flow and surface runoff potential in a given
watershed that corresponds to the expansion of agricultural land and urban area at the
decline of forest cover [2,29,30]. Tekalegn et al. [31] in Lake Tana and Beles watershed,
Dibaba et al. [32] in Finchaa watershed, Galata et al. [33] in Hangar watershed, Ethiopia,
and Karamage et al. [34] in Rwanda have described the surface runoff increase because

of the agricultural land expansion and decrease of forest covers.

Likewise, groundwater flow decrease and surface runoff increase were also presented
in Olifants basin South Africa, due to agricultural land and urban area expansion at the
expenditure of range lands [24]. It is also reported by Santos et al. [35] in northeast
Portugal, increases of lateral flow, evapotranspiration and decreases of surface runoff,
and flow of groundwater due to LULC change and afforestation scenario. In another

study conducted by Megersa et al. [36] in Ethiopia, Finchaa watershed, it was shown
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that surface runoff increment due to agricultural expansion and afforestation reduced

surface runoff generation.

From African sub-Saharan countries, in Ethiopia, water resources are abundant for
domestic use, production of agriculture, and hydropower generation. The available
plentiful water resource potential is not being properly realized and translated into
development because the country has significant problems related to water resources,
such as flooding, deforestation, drought, land degradation, financial resources, and
extreme hydrological variability [29]. The Blue Nile River basin is one of the utmost
diverse and significant river basins in Ethiopia. The Basin is serving as the largest
tributary to the Nile River basin, which is the basic water resource for the region and
continent. It also contributes more than 60-70% of water to the Nile River, flowing
through Sudan and Egypt [30]. The lower riparian areas of Sudan and Egypt contribute
insignificant amount to the Nile flow. Water from Ethiopian plateaus, particularly the
Blue Nile River basin has historically benefited downstream consumers in Egypt and
Sudan in a variety of ways. Such benefits are now threatened due to dramatic changes

in upstream land, water, and livestock management practices [37].

The Nashe watershed is the most productive area and contributes a large amount of
water to the Blue Nile River basin. Human-induced land degradation has occurred in
the watershed, primarily as a result of agricultural expansion and urbanization [38].
Additionally, the fundamental problem in the Nashe watershed is the expansion of
agricultural areas and urbanization at the expense of range land, forest land, and grass
land and this will also be expected to continue in the future [8]. Many people have been
displaced and moved to available land areas within the watershed since the
construction of the Nashe dam and have started agricultural activities on steep and
marginal areas within and around the Nashe watershed which may have caused LULC
changes. Some of these people relocated to urban areas and caused rapid urban

expansion in the watershed [8].

As far as the author’s understanding, this is the first study focusing on watershed
hydrology depending on historical and future LULC change effects on hydrological
responses in the Nashe watershed, Ethiopia. Therefore, the study aimed to explore the
historical and potential future LULC change impacts on the hydrological processes in
the Nashe watershed, Blue Nile River basin, Ethiopia. The following specific objectives
were pursued to achieve the main objective: (i) to quantify and analyze the different
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characteristics of LULC change impacts on hydrological parameters at various Spatio-
temporal scales; (ii) To develop LULC scenarios to explore the LULC change effect on

hydrological parameters of the watershed.

To overcome this objective, LULC scenarios were developed depending on historical
and potential future data to analyze the impacts of LULC change on water resources of
the watershed. The findings obtained contribute useful information towards the
enhancement of the current comprehension of hydrological parameter variation.
Similarly, the findings are instructive for water resource planning and management
measures aimed at reducing the negative effects of LULC change in the Nashe

watershed.

The structure of this paper is as follows: The introduction of the study including the
objective is described in the first section. The second section presents the study area
including the data sets, hydrological modeling, sensitivity analysis, model calibration
and validation, and model performance evaluation. In Section 3, a discussion of the
most relevant results for land use land cover change, hydrological model performance
evaluation, and hydrological responses to land use land cover change are provided.

Finally, the conclusions of the study are described in Section 4.

3.2. Materials and Methods
3.2.1. Description of the Study Watershed

The Nashe catchment is the sub-basin of the Blue Nile River basin, which is located in
Oromia Regional state, Ethiopia. Geographically, the watershed is found between 9° 35’
and 9° 52" N latitudes and 37° 00" to 37° 20" E longitudes (Figure 3.1). The watershed has
an area of 94578 km? and administratively the area belongs to two woredas, Abay
Chomen Woreda and Horo Woreda. The Nashe River valley starts on the highland
plateau North-East of Shambu town and runs from west to east and then in the Northern
direction. The valley elevation is above 2200 m, with the encompassing edges extending
to over 2500 m. The watershed area varies in elevation from 1600 m in the lower plateau
under the escarpment to hills and ridges of the highland, climbing to over 2500 m. The
major sources of the Nashe River are the streams of Himane, Lege Ferso, and Abuna
that drain swampy areas in the region of Bone Muleta. These streams form the Aseti

River flow north and then south into the Nashe Valley.
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Figure 3.1. Location map of the study area.

In the Nashe Swamp, the Aseti River meets the Babo Stream, which flows from the west.
From this point downstream, the water is referred to as the Nashe River. The Nashe
watershed rainfall varies from the maximum of 1600 mm per annum in the southern
and western areas to 1200 mm per annum in the northern lowland areas, with June to
September being the main rainy season. The average maximum and minimum
temperature of the watershed ranges between 20.18-27.38°C and 8.92-12.63°C
respectively. The average monthly rainfall and temperature features of the stations in
the study watershed are depicted in Figure 3.2. The LULC categories of the watershed
include forest land, range land, agricultural land, grass land, urban area, and water
body. The soil types of the watershed include Haplic Alisols, Rhodic Nitosols, Haplic
Arenosols, and Chromic Luvisols. A thick series of Mesozoic sedimentary layers
covering the Precambrian foundation complex, largely overlain by Tertiary and

Quaternary volcanic deposits dominates the geology of the area. Agriculture is the
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utmost significant economic activity and the major source of livelihood for the

population and crop production is particularly concentrated in the main rainy season.
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Figure 3.2. Monthly average rainfall and temperature features of the stations in the
Nashe watershed.

3.2.2. Model Input Data

The required input data for the SWAT model incorporates a Digital Elevation Model
(DEM), LULC maps, soil data and map, weather data, and hydrological data. Generally,
the input data used in this study are summarized in Table 3.1. The DEM was the first
input data in the SWAT model. It was utilized to compute the hydrological parameters
of the catchment such as the direction of flow, flow accumulation, stream network
generation, watershed delineation, sub-basin definition, and hydrologic response units
(HRUs) setup. The DEM was also utilized to derive the slope gradient, slope length of
terrain, and the network of the stream attributes such as channel length, slope, and
width of sub-basin parameters. The DEM (Elevation), slope, and classified sub-basins

of the watershed are depicted in Figure 3.3.
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Table 3.1. Input data description used in the SWAT model.

Research Resolution/
Data Types i Sources
Data Period

The shuttle radar topographic

Digital Elevation mapping obtained from the

30m
Model (DEM) Ministry of Water, Irrigation, and
Energy, Ethiopia
. Derived from Landsat images
Spatial data 30 m/ (1990, 2005,
Land Use Land (Landsat-5, Landsat-7, and
2019, 2035, and )
cover 2050) Landsat-8) and Predicted by
Land change modeler model [8]
) Ministry of Water, Irrigation, and
Soil 1:50,000 L
Energy (MoWIE), Ethiopia
Meteorological Daily observed P National Meteorological Agency,
data weather data Ethiopia
Hydrological Daily stream Ministry of Water, Irrigation, and
1985-2008 o
data flow Energy (MoWIE), Ethiopia

Land use land cover is also an indispensable input data influencing the hydrological
responses of the watershed. The historical LULC images were obtained from Landsat
images and classified using supervised classification in Earth Resource Data Analysis
System (ERDAS) imagine model. The future LULC was predicted based on the classified
historical satellite images using Land Change Modeler (LCM) integrated TerrSet model.
Therefore, the classified historical LULC data for three time periods (1990, 2005, and
2019) and the two time periods (2035 and 2050) predicting LULC were conducted in
detail by Leta et al. [8] and utilized in this study (Figure 3.4). The maps were utilized
independently in the assessment of hydrological parameters in the watershed. The
LULC classes of the watershed are agricultural land, forest land, grass land, range land,

urban area, and water body [8].
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Figure 3.3. The DEM (Elevation) (m) (a), Slope (%) (b), and Sub-basins (c) of the

Nashe watershed.
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Figure 3.4. The Land use land cover of the study watershed.

The necessary soil properties (physical and chemical parameters of the soils) required
by SWAT were obtained from the Oromia Water Works Design and Supervision
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Enterprise (OWWDSE), literature, and from the design and feasibility study document
of Finchaa Amarti Nashe Hydropower project. Therefore, using the collected
parameters, the classified soil is adapted in the way the SWAT model requires. There
are nine types of soil in the study watershed. Eutric Cambisols, Haplic Alisols, Haplic
Arenosols, Rhodic Nitosols, Chromic Luvisols, Eutric Vertisols, Water, Eutric Leptosols,
and Dystric Vertisols (Figure 3.5). The dominant soil type of the watershed is Haplic
Alisols (47.01%) following Rhodic Nitosols (31.77%).

N
Legend
B Chromic Luvisols Haplic Alisols A
Dystric Vertisols Haplic Arenosols

__Eutnc Cambisols Il Rhodic Nitisols
Eutric Leptosols [ Water
Eutnc Vertisols

5 zZ5 0 [ ] Ll 0
™ i Kilomaters

Figure 3.5. The soil types of the Nashe watershed.

Historically, long-term daily weather data is required for the hydrological SWAT
model. Therefore, the weather data were collected for five stations (Alibo, Finchaa,
Homi, Nashe, and Shambu) within and nearby stations of the watershed. SWAT uses
tive types of daily weather data as input: precipitation, temperature (minimum and
maximum), solar radiation, wind speed, and humidity. The missing data values of the
weather were filled with the use of Xlstat (a Micro soft excel extension complete and
user-friendly data analysis and statistical solution). The consistency of data and
homogeneity were also checked utilizing the double mass curve. The daily recorded
hydrological (stream flow) data measured at the gauging station was utilized for the
SWAT model calibration and validation.
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3.2.3. Hydrological Modeling

The Hydrological SWAT model was developed to analyze the effect of land use land
cover, management on water, and sediment at a watershed level at daily, monthly, and
annual time increments. The SWAT model with spatially and temporally dispersed
parameters was used to compute the LULC change effect on hydrological responses
with changing soils, LULC, and slope [39]. There are two major hydrologic cycle phases
in the SWAT simulation; the land and routing (channel-based) phase. The land phase
simulates the quantity of water, nutrients, sediment, and pesticides delivered by surface

runoff from each sub-basin to the corresponding main channel [40,41].

The hydrologic cycle of the land phase is simulated depending on the equation of water
balance in each hydrological response unit (Equation (8). In the SWAT model, the water
balance is the foundation and driving force for all hydrological processes [13]. The
routing phase controls stream processes such as movement of water, transport of
sediment, and nutrient loading through the channel network until they reach the
watershed’s outlet. SWAT calculates runoff volumes using the Soil Conservation
Service Curve number method, lateral flow and percolation using the kinematic storage
routine method, potential evapotranspiration using the Penman-Monteith equation,

and peak runoff rate using the modified rational method.

Depending on the extent of the watershed and the detail of available geographical input
data, the SWAT model splits a watershed into several sub-basins, which are further
divided into smaller areas denoted as HRUs. HRUs are a composition of homogeneous
land use, soil, slope, and management characteristics [16,17,42]. The SWAT model
forecasts the effects of LULC changes on different hydrological parameters in the
watershed at the HRUs and sub-watershed levels [42,43]. The SWAT divides the Nashe
watershed depending on topographical data information into 23 sub-watersheds that
were in turn divided into a total of 321 HRUs based on their soil type, land use land
cover, and slope. The hydrologic response unit (HRU) was defined using the multiple
land use/soil/slope technique, with a land use of 5%, a soil of 10%, and a slope of 10%
threshold. By using these thresholds, land uses, soils, and slopes with smaller areas than
their respective thresholds were integrated into larger land use, soil, and slope

respectively by an area-weighted scheme.
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n
SWt = SWo + Z(Rday — QSurf — Ea — Wseep — Qgw) (8)
i=1
where SWt: final soil water content (mm H20); SWo: initial water content (mm H:0);
Rday: precipitation on day i (mm H:0); Qsurf: surface runoff on day i (mm H:0); Ea:
evapotranspiration on day i (mm H20); Wseep: water entering the vadose zone from

the soil profile on day i (mm H:0); Qgw: return flow on day i (mm H:0); and t: time
(days).
3.2.4. Sensitivity Analysis

The method of identifying the most significant parameters for the model is known as
sensitivity analysis [16]. A model’s performance is only truly acceptable after a
sensitivity analysis has been conducted. In this study, SUFI-2 (Sequential Uncertainty
Fitting-2) algorithm, which is the interface of SWAT-CUP (Soil and Water Assessment
Tool- Calibration Uncertainty Program), was used to accomplish sensitivity analysis
[18]. The flow parameters were tested and the influential sensitive parameters were
selected and used for further analysis. The t-stat and p-value statistics from the model
provided the measure and significance of sensitivity respectively. Therefore, a lesser p-

value and a larger t-stat in absolute value indicate the sensitive parameters [18,44,45].

Table 3.2. Performance evaluation measurements for stream flow simulation.

Performance
) NSE PBIAS R?
Rating
Unsatisfactory NSE<0.5 PBIAS = +25 R?<0.50
Satisfactory 0.5<NSE <0.65 +15 < PBIAS < +25 0.50 <R2<0.70
Good 0.65 <NSE <0.75 +10 < PBIAS < +15 0.70 <R2<0.80
Very good 0.75<NSE<1 PBIAS < £10 >0.80

3.2.5. Model Calibration and Validation

The method of adjusting input model parameters to ensure that simulations match with
observations, within the recommended ranges, so that prediction uncertainty is
reduced, is known as model calibration. Whereas, the progression of affirming the
calibrated parameters by evaluating them with an independent set of data without
making any further modifications to the model parameters, is validation [16,46]. The

model calibration and uncertainty analysis were also conducted in the SWAT-CUP
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program using the SUFI-2 algorithm. The uncertainty was determined by the 95PPU
(95% prediction Uncertainty) band computed at the 97.5% and 2.5% levels of the
variable output [18]. The 95PPU was computed through the method of Latin Hypercube

sampling, which restricts 5% of the bad simulations.

The two measurements used to analyze the quality of uncertainty analysis are the p-
factor and the r-factor. The p-factor is a proportion of measured data bracketed by the
95PPU that ranges from 0 to 1, with 1 being the optimal result. The r-factor ranges
between 0 to infinity, and it is the average thickness of the 95PPU band to the standard
deviation of the corresponding measured data [44,47-49]. Twenty-four years (1985-
2008) of flow data were used for the calibration and validation. The first two years
(1985-1986) were considered the model’s warm-up period. The period between 1987
and 1999 was utilized for calibration, whereas the period between 2000 and 2008 was

used for model validation.

3.2.6. Model Performance Evaluation

The model performance evaluation was conducted to determine the consistency of
simulated data compared to the measured data during the calibration and validation
periods [45,50]. When simulating stream flow, the model’s performance was evaluated
graphically and with different objective function values. The various indicators used to
assess the performance of the SWAT model and to test the goodness of fit between
monthly simulated and observed values are: Nash-Sutcliffe Efficiency (NSE); designates
the degree of fitness of observed and simulated data, Percent Bias (PBIAS): a measure
of how much the observed variable is either underestimated or overestimated,
coefficient of determination (R?): a measure of the consistency of simulated and
observed data, as depicted in Equations (9-11). The objective functions for the calibrated
and validated model were compared to the performance statistics ratings for monthly

time steps to determine the performance of the model (Table 3.2).
_[ZR,(Qoi — Qsi)?

iz1(Qoi — Qo)?
it1(Qoi — Qsi)l

L, Qoi

NSE=1

©)

PBIAS = 100 x lz (10)
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[XiL1(Qsi — Qs)(Qoi — Qo)]?

R? = — =
ic1(Qsi —Qs)% XL, (Qoi — Qo)?

(11)

Where; Qsi is the simulated stream flow, Qoi is the observed stream flow, Qo is the mean

observed stream flow, Qs is the mean simulated stream flow.
3.2.7. Model Application for Scenario Simulation

Assessing the LULC change impact in the watershed on hydrological processes is
substantial for the management of water resources [24,51]. Therefore, the calibrated and
validated model with 1990, 2005, 2019, 2035, and 2050 LULC maps were utilized to
reveal the effects of LULC variations on watershed hydrology. The simulated results
were used to assess the effects of LULC change at the watershed level and to determine
the involvement of individual changes at the sub-basin scale. A fixing—changing method
was used in this study to explore the impacts of LULC change [21]. The model was run
with a change in the LULC maps, while the remaining model parameters from
calibrated model and other SWAT inputs were constant. The method has been
conducted by many researchers in different parts of the world [2,20,24,31,51,52].

The trend and future LULC change influences on watershed hydrological responses for
the period 1990-2050 were evaluated using scenario-based simulation. Five kinds of
LULC scenarios were established in this study, representing three periods, i.e., baseline,
current, and future LULC conditions. The first two scenarios considered as a baseline
were the LULC map corresponding to the years 1990 and 2005. The third scenario
represents the current LULC, which corresponds to 2019. The fourth and fifth scenarios
represent potential future LULC change that is projected for 2035 and 2050 under
Business as Usual Scenario (Figure 3.4). The variations in LULC classes and hydrological
components were assessed using the pair-wise Pearson’s correlation method [51]. In this
study, the pair-wise Pearson correlation matrix was applied to develop linear
correlations between dependent variables (hydrological components) and independent

variables (land use land cover classes).

3.3. Results and Discussions
3.3.1. Land Use Land Cover Change

The classified, predicted, and analyzed LULC change of the Nashe watershed for the
period of 1990 to 2050 is shown in Figures 3.4 and 3.6 respectively. The assessment of
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LULC change shows that forest cover, range land, and grass land has been decreasing.
However, high increasing rate of urban areas and agricultural land is also
demonstrated. Similarly, an increase in grass land and range land occurred from 2035
to 2050. From the result, it is evident that changes occurred in all LULC classes [8].
According to Leta et al. [8], details about the historical and future LULC change analysis

and the main drivers of the change of LULC in the Nashe watershed were conducted.
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Figure 3.6. Historical and predicted land use land cover dynamics in the Nashe

watershed.
3.3.2. Hydrological Model Performance Evaluation
3.3.2.1.  Sensitivity Analysis

In this research, the nine most influential sensitive parameters selected (p-value < 0.05)
[53] were identified for the watershed and ranked according to their sensitivity based
on the t-stat and p-value (Table 3.3). The sensitivity analysis indicated the overall
importance of the nine parameters in determining the stream flow at the study area. The
top three most sensitive parameters in the order of sensitivity are CN2.mgt,
GW_DELAY.gw, and SOL_K (...).Sol. The parameters include those governing sub-

surface, surface hydrological processes, soil, and stream routing.
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Table 3.3. Sensitive flow parameters and their rank.

Sensitivity Parameter Value
t-Stat p-Value Rank Min Max Fitted

Parameters Name Description

Deep aquifer percolation

r_ RCHRG_DP.gw -0.54 0.04 9 0 1 0.837

fraction
r_ SLSUBBSN.hru Average slope length (m) -0.83 0.03 8 0 150 76.98
r_ SOL_AWC Soil available water capacity
, -0.96 0.03 7 25 25 -121
(...).sol (mm H20/ mm soil)
Threshold depth of water in
v_GWQMN.gw shallow aquifer required for -1.17 0.01 6 0 5000 1921

return flow(mm)

Manning’s roughness

v__CH_N2.rte . . 1.96 0.00 5 0 1 0524
coefficient for the main channel
Base flow alpha factor for bank

v__ALPHA_BF.gw 2.68 0.00 4 0 1 0367
storage
Saturated hydraulic

r_ SOL_K...).sol . 7.23 0.00 3 25 25 1715
conductivity (mm/hour)
Groundwater Delay from soil to

v__ GW_DELAY.gw -8.21 0.00 2 0 500 19.02
channels(days)

r_ CN2.mgt SCS runoff curve number 13.13 0.00 1 25 25 -16.31

3.3.2.2. Calibration and Validation

After finding the sensitive parameters on stream flow simulation it is important to
identify key parameters and the parameter precision required for calibration [54]. To
simulate the hydrological components of the watershed, the model validation
proficiency was conducted using the calibrated parameters. The calibration of the model
was implemented for the time period of 1987-1999 and validated for the period 2000—-
2008; the period from 1985-1986 was considered as the spin-up period. The data of
stream flow has been calibrated and validated with the observed weather data and
LULC scenarios of various time periods. Niraula et al. [55]proposed calibration and
validation of the model to assess the effects of LULC change.

Figure 3.7a and b demonstrate the visual contrast of time series observed and simulated
stream flow on a monthly basis to investigate the similarity of stream flows in the
watershed through the calibration and validation periods. Moriasi et al. [45] depicted

that graphical comparison and statistical indices can assess the efficiency of the
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calibrated and validated parameters. During the calibration and validation period, the
simulated flow values are marginally less than the observed value at peak flow months.
But the simulated flow is slightly greater than the observed value at low flow months.
Generally, the model underestimates mean monthly stream flow (Figure 3.7). The
simulated and observed graphical comparison shows a good agreement both in

calibration and validation results.

3.3.2.3. Model Efficiency

The evaluation of simulated and observed stream flow computed through the statistical
values of objective functions are in the acceptable range (Table 3.4) based on the
performance assessment criteria (Table 3.2). Therefore, the performance indices
obtained indicated a good performance rate of the model in simulating the impacts of
LULC changes [36]. Thus, depending on the model performance indicator results, it can
be justified that the model is applicable specifically for the Nashe watershed and in
general for Blue Nile River basin. The PBIAS of the study shows a small bias towards
underestimation in both calibration and validation. However, depending on the result,
no significant model over or underestimation was found, since the obtained values are

in the recommended range.

Table 3.4. Stream flow calibration and validation model performance values of Nashe

watershed.
Index R? NSE PBIAS p-Factor r-Factor
Calibration 0.80 0.76 3.03 0.83 0.74
Validation 0.85 0.80 1.28 0.80 0.69
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Figure 3.7. Average monthly stream flow (a) Calibration and (b) Validation of
the SWAT model for the Nashe watershed.

3.3.3. Hydrological Responses to Land Use Land Cover Change
3.3.3.1.  Seasonal Hydrology of the Watershed

The LULC change effect on the hydrological components of the watershed was mainly
analyzed annually, seasonally, and monthly basis. LULC classes from different time
periods were utilized independently to analyze the change of LULC effect on the

hydrological parameters of the Nashe watershed. For seasonal analysis, seasons in
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Ethiopia are categorized into three seasons in the year based on the rainfall magnitudes.
The season of short rain (February to May), followed by the wet season lasts from June
to September. The other season is the dry season, which lasts from October to January
and can be generally characterized over the majority of the country. The hydrological
components variability due to LULC change was assessed based on these three rainfall
seasons. Similarly, the hydrological parameters to the LULC dynamics were also
reflected in the peak flow and base flow in the Nashe watershed.

The well-known components of water balance are surface runoff, groundwater, lateral
flow, water yield, and evapotranspiration [43,56,57]. According to the findings, it was
observed that more than 80% and 40% of the surface runoff and groundwater occurs
during the wet season for all LULC time periods, while less than 10% of the surface
runoff occurs during the dry and short rainy seasons (Figure 3.8). Over Ethiopia, heavy
rainfall (June to September) creates high seasonal flows and surface runoff. The reason
might be that the surface runoff was more susceptible in summer than in other seasons.
The LULC change from 2019 to 2035 increases the surface runoff in the wet season by
2.15% (5.48 mm). Similarly, when the LULC changed from 2035 to 2050 the surface

runoff decreased by 1.41% (3.67 mm) in the same season.

199012005 {2019 |2035(2050| 1990|2005 | 2019|2035 [ 2050 | 1990 | 2005|2019 | 2035 | 2050
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Hydrological components (%)

Wet Season Short rainy Season Dry Season
M Surface runoff M Lateral Flow ™ Ground Water M Evapotranspiration

Figure 3.8. Seasonal hydrological components of the Nashe watershed.

In the season of short rain, the surface runoff increased by 1.17 mm (4.23%), and in the
dry season by 0.57 mm (2.0%) for the period of 2019-2050. The change in the hydrologic
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components due to LULC change decreased in the dry period, which mostly comes from
base flow and increases runoff during the wet seasons, which is supplied from surface
runoff [1]. The surface runoff decline can be accredited to increased infiltration [58]. The
observed and simulated mean monthly stream flow shows that there was not much

difference between them according to hydrological data.

The agricultural coverage and urban area expansion and extraction of forest land, range
land, and grass land strongly influences surface runoff, peak flow, and base flow
following rainfall events [8]. This causes alteration in soil moisture conditions and the
water amount that percolates into the groundwater storage. Because infiltration
diminishes with an increase in impervious surface, urban area growth normally
increases high stream flow and decreases low stream flow. Similarly, a reduction in
forest land reduces infiltration and evapotranspiration rates, resulting in a reduction in
base flow and an increase in impervious surface covers [2,24]. Evapotranspiration was
highest in the period from February to May and reached minimum values from the

months of October to January.

Therefore, the result of this research is generally in agreement with the fact that
agricultural land has less evapotranspiration than forest land [51,59]. Mango and
Melesse [60] found that alteration of forest to agriculture and grass land increased peak
flows and declined dry season flows in the Upper Mara watershed, affecting water
scarcity during low flows. In general, the annual and seasonal watershed hydrology
show an increasing or decreasing trend throughout the study period based on the trend
of LULC change categories. According to studies conducted by [24,25,34,61,62], the rise
in surface runoff and decline of groundwater and evapotranspiration was attributed to

the increase of agricultural area and urban areas at the expense of forest cover using the
SWAT model.

3.3.3.2. Hydrological Responses to Land Use Land Cover Scenarios

The LULC scenarios were conducted using constant weather data and the variations of
hydrological components were exclusively attributable to LULC change. The simulated
surface runoff for the potential future LULC scenarios was higher than those of the
baseline and current land uses because of further LULC changes (Table 3.5). The future
scenario (LULC 2035) yields higher surface runoff and lower groundwater flow in

comparison to the other scenarios.
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Table 3.5. Average annual hydrological components (mm) and percentage

changes in the Nashe watershed.

LULC Scenarios Changes (%)

1990- 2005- 2019- 2035-

2005 2019 2035 2050

Surface runoff  288.15 292.04 311.02 318.26 314.56 1.35 650 233 -1.16
Lateral flow 69.24 6788 6767 6540 60.61 -19 -031 -335 -7.32
Groundwater  171.59 166.99 147.20 143.72 152.89 -2.68 -11.85 -2.36 6.38
Water Yield 528.98 526.02 526.86 527.96 528.06 -0.56 0.16 021 -0.02
Evapotranspiration 284.11 283.06 279.26 277.11 27581 -037 -1.34 -0.77 -0.47

Hydrologic
Components 1990 2005 2019 2035 2050

The average surface runoff of the catchment was increased by 7.94%, 10.45%, and 9.17%
in 2019, 2035, and 2050 respectively, compared to the baseline scenario (1990). In
contrast, the average annual lateral flow of the watershed declined by 2.27%, 5.55%, and
18.24% in 2019, 2035, and 2050 in relation to the baseline scenario (1990) (Figure 3.9).
The continued increase of agricultural land and urban areas and extraction of forest
cover, range land, and grass land will further increase the annual surface runoff in 2035.
Unfortunately, the surface runoff will decrease from 2035 to 2050 due to the gradual
increase of grass land and range land starting from the year 2035. The finding of the
study is consistent with [24], from the three hydrologic parameters studied (surface
runoff, groundwater, and base flow), surface runoff was the utmost affected by LULC

changes.

50.00

1990 2005 ®2019 ®2035 ®E2050

40.00

Hydrological Components (%)

Surface runoff Lateral flow Ground water Water Yield Evapotranspiration

Figure 3.9. Average annual hydrological components under land use land cover

scenarios.
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3.3.3.3.  Spatial Analysis of Watershed Hydrology to LULC Changes

The change of hydrological response amount and direction in each of the sub-basins
were assessed from 1990-2050 LULC data as shown in Figure 3.10 (a) 1990-2019, (b)
2019-2035, and (c) 2035-2050. Warburton et al. [4] indicated the impact of LULC changes
on hydrological parameters at different spatio-temporal scales. Investigating the spatial
LULC change impact on the hydrology of the watershed at the sub-basins level allows
to define the degree of vulnerability of local water resources [63]. The spatial
distribution expansion in agricultural land and urban areas is proved by the positive
correlation with surface runoff. The correlations among LULC categories, the water
balance components, and between the groups of variables have been shown by the

correlation matrix (Table 3.6).
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Figure 3.10. Spatial distribution of hydrological components at the sub-basin level
(a) 1990-2019, (b) 2019-2035, (c) 2035-2050.

Similarly, surface runoff increased more in sub-basins characterized by higher urban
development and increment of irrigation projects downstream of the watershed. Aduah
et al. [64] found that surface runoff is very highly susceptible to urbanization and LULC
changes have significant effects on hydrological processes. A very strong positive
Pearson correlation factor of 0.97 was found between surface runoff and agricultural
land (Table 3.6). A strong negative correlation was also found between surface runoff
and forest land. Changes in rainfall are the dominant factor that induces changes in

water balance components.

Table 3.6. Pair-wise Pearson correlation coefficients for land use, land cover classes,

and hydrological components between 1990 and 2050 time periods.

SurfQ! LatQ GWQ WYLD ET AGRL FRST GRSL RNGL UrbL WatB
SurfQ! 1.00
LatQ -0.60 1.00
GWQ -097 041 1.00
WYLD -038 0.86 0.24 1.00
ET -096 0.79 0.88 057 1.00
AGRL 097 -0.74 -0.89 -0.52 -0.99 1.00
FRST -096 0.79 0.89 0.60 1.00 -0.98 1.00
GRSL 089 0.78 0.78 051 095 -097 093 1.00
RNGL -092 057 0.87 027 090 -095 088 096 1.00
UrbL 071 -099 -053 -0.82 -0.87 084 -0.86 -0.87 -0.69 1.00
WatB 099 -0.70 -0.94 -048 -098 097 -0.99 -0.89 -0.88 0.79 1.00

1 SurfQ: surface runoff, LatQ: lateral flow, GWQ: groundwater flow, WYLD: water yield, ET:
evapotranspiration, AGRL: agricultural land, FRST: forest land, GRSL: grass land, RNGL: range
land, UrbL: Urban land, WatB: water body.
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The evapotranspiration spatial distribution increment matches with the areas detected
to be covered by forest land. This agreement was approved by the maximum correlation
coefficient of 1.00. Similarly, evapotranspiration is the main water availability
determinant in the watershed since it negatively influences surface runoff. The surface
runoff for the 1990-2019 time period decreased only in sub-basin 15 (Figure 3.10a)
among all other sub-basins. From 1990 to 2035, surface runoff is the most significant
increase in hydrological components occurring mainly in the downstream and central
parts of the watershed. For the period of 2035-2050, the minimum surface runoff and
water yield happened at downstream of the watershed. The maximum surface runoff
occurred in sub-basin 13 and the surrounding areas. Whereas, sub-basin 7 has the least

amount of surface runoff (Figure 3.10c).

Previous studies reported that the LULC change impact on water balance components,
such as evapotranspiration reduced from plant transpiration due to the decline of forest
areas, simultaneously increasing surface runoff, particularly during the rainy season
[65,66]. The slopes of the watershed in some parts of the downstream and northeastern
part of the catchment are very high and steep. An increase in slope length and steep
slopes combined with a decrease in forest cover, grass land, and range land increased
surface runoff. Furthermore, the rainy season’s peak flow mostly occurs in July and
August, resulting in significant surface runoff volumes due to saturated soils. The
watershed’s maximum monthly discharges occurred in 2050, while the minimum flow
occurred in 1990 (Figure 3.11) and most monthly peak flows happened in July and
August. This causes flooding in some areas of the watershed, particularly downstream
of the watershed. The scenarios generated a moderate increase in average annual stream

flow for all future time periods due to projected increased surface runoff.

Generally, the increase of surface runoff in wet seasons may result in flooding and a
decline in the dry season may affect water scheme practices. Additionally, water
resource planners and managers should consider LULC change scenarios while
planning and designing hydropower and irrigation projects. The impact of historical
and future LULC change on hydrological components based on scenario analysis was
not conducted in the Nashe watershed. Therefore, the outcomes found in this study
offer concerned bodies a way to improve the LULC changes towards increasing forest
land to modify surface runoff that contributes to wet season flow, and infiltration that

supplies groundwater from which base flow contributed will be increased.
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Figure 3.11. The stream flow of the watershed for different LULC time periods.
3.4. Conclusions

The investigation was conducted to analyze the effect of LULC changes on different
hydrological processes of the Nashe watershed, Blue Nile River basin, Ethiopia. For
different LULC time periods, the SWAT was utilized to simulate historical and future

continuous fluctuations in stream flow through time.

The findings lead to the following conclusions:

+ Stream flow, which is the key hydrological parameter for water resources
planning and management in the basin, changed due to LULC change. Droughts
and floods which influence hydropower and irrigation production, may increase
more frequently and last longer as a consequence of LULC change.

+ For all time periods, LULC scenarios resulted in a modest increment in average
annual stream flow which can be utilized as an input for reservoir operation in
hydropower and irrigation projects.

+ The relation of LULC categories and hydrological components revealed that the
surface runoff was highly attributed to change in the agricultural land area with
a higher correlation coefficient.

+ The increase of surface runoff and decrease of groundwater simulated during the
wet season in the Nashe watershed of the Blue Nile River basin may lead to
increasing extreme weather events, sedimentation, runoff, siltation, and water
shortages may occur during the dry season and obstruct socio-economic

development in Ethiopia.
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+ Forest land coverage increase is important for decreasing surface runoff and wet
season flow, and increasing lateral flow, groundwater, and dry season flow. The
appropriate management strategy should be prepared based on the commonly
LULC change including afforestation in high-risk areas, such as downstream
areas in the Northeastern regions of the watershed.

+ The study showed that LULC change will affect the operation of the Nashe
hydropower reservoir. Additionally, the predicted LULC changes might affect the
land use projects within and outside the Nashe watershed and Blue Nile River
basin, including the GERD (Grand Ethiopian Renaissance Dam). Therefore, it is
substantial to reduce the enduring adverse impact of LULC changes on the
hydrological response of the Blue Nile River basin tributaries by formulating and
implementing land use management interventions that are essential for
sustainable land use resources in Ethiopia.

+ The decline of groundwater and surface runoff increase could pose a significant
problem for agriculture and may increase the need for irrigation in the dry season.
As aresult, water storage in reservoirs, in addition to beside natural solutions may
become more relevant.

+ Understanding the impacts of potential LULC dynamics and how they influence
watershed hydrology will allow planners and concerned bodies to formulate
strategies to reduce adverse impacts of future LULC dynamics. The findings of
the study may aid stakeholders and policy makers to make better decisions about
water resources and land management in the future.

+ Suitable management systems should be implemented, and it is necessary to have
long-term water resource plans to minimize the flooding, soil erosion, and
sedimentation caused by the change of LULC. Furthermore, proper conservation
measures of water and soil are highly necessary and should be flexible and
adaptable to changing insights on the impacts.
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Abstract: Changes in LULC (land use land cover), which significantly influence the
spatial and temporal distribution of hydrological processes and water resources in
general, have a substantial impact on hydropower generation. The utilization of an
optimization approach in order to analyze the operation of reservoirs is an important
concern in the planning and management of water resources. The SWAT (Soil and
Water Assessment Tool) and the HEC-ResPRM (Hydrologic Engineering Center
reservoir evaluation system Prescriptive Reservoir Model) were combined to model and
optimize the Nashe hydropower reservoir operation in the Blue Nile River basin
(BNRB). The stream flow into the reservoir was determined using the SWAT model,
considering the current and future impacts of LULC changes. The HEC-ResPRM model
has been utilized in order to generate the optimal hydropower reservoir operation by
using the results of the SWAT calibrated and validated stream flow as input data. This
study proposes a method for integrating the HEC-ResPRM and SWAT models to
examine the effects of historical and future land use land cover change on the
watershed’s hydrological processes and reservoir operation. Therefore, the study aimed
to investigate the current and future optimal reservoir operation scenarios for water
resources management concerning hydropower generation under the effect of LULC
changes. The results reveal that both the 2035 and 2050 LULC change scenarios show
the increased operation of hydropower reservoirs with increasing reservoir inflows,
releases, storage, and reservoir elevation in the future. The effects of LULC change on
the study area’s hydrological components reveal an increase in surface runoff until 2035,
and its decrease from 2035 to 2050. The average annual reservoir storage and elevation
in the 2050 LULC scenario increased by 7.25% and 2.27%, respectively, when compared
to the current optimized scenario. Therefore, changes in LULC have a significant effect
on hydropower development by changing the total annual and monthly reservoir
inflow volumes and their seasonal distribution. Reservoir operating rule curves have
been commonly implemented in the operation of hydropower reservoirs, since they
help operators to make essential, optimal decisions with available stream flow.

Moreover, the generated future reservoir rule curves can be utilized as a reference for
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the long-term prediction of hydropower generation capacity, and assist concerned
authorities in the successful operation of the reservoir under the impact of LULC

changes.

Keywords: HEC-ResPRM; hydropower; LULC change; optimization; reservoir

operation; storage
41. Introduction

Reservoirs are the most critical infrastructure components for integrating management
and development of water resources through impounding water and controlling stream
flow [1,2]. The management of water resources has become a primary issue in today’s
fast developing world, and the global economy’s development is hampered by the
continuous increase in water demand and the limited supply of water resources [3]. The
most common reservoir purposes that regulate water resources through changing
natural stream flow include flood control, hydropower production, irrigation, water
supply, recreation, navigation, and fisheries [4-7]. Due to a lack of optimal operation
policies, the majority of reservoirs are unable to serve their intended purposes, even
though they are designed to serve a variety of purposes [8]. Furthermore, reservoir
development aims to alleviate regional problems of water scarcity via re-distribution of

water resources with temporal variability and spatial heterogeneity [9].

The operation of a reservoir is very challenging for water resource planners and
managers; it involves numerous, intricately linked variables, such as storage, power
production, hydrological, environmental, institutional, political, as well as the
uncertainty of reservoir inflow and stochastic fluctuation of water demands [10-13].
Historical and future LULC changes will alter the pattern, intensity, and frequency of
rainfall events, influencing regional and global stream flows and water resource
reliability, which may cause significant challenges for reservoir management [14-17].
Therefore, changes in LULC have a significant impact on the distribution and timing of
water changes, which affect a variety of water resource operations and managements,
including the operation rule curves in addition to the capacity of basins to generate
hydropower [14,18,19]. The uncertainties of land use changes have directly impacted
the inflows and water resource management in reservoirs.

Land Change Modeler (LCM) has been used to predict future LULC, and estimate
historical and future LULC changes. As a result, in a given watershed, estimating and

predicting stream flow and hydropower generation in the face of changing LULC is
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crucial for effective water management and decision-making. Consequently, the effects
of LULC changes on hydrological processes must be considered in the management and
planning of water resources so that measures can be made to adapt future LULC
scenarios [20,21]. Various hydrological simulation models are currently being used to
simulate and predict the effects of LULC change on hydrological processes, such as the
following: Hydrologic Simulation Program-FORTRAN (HSPF), MIKE-system
Hydrologic European (MIKE-SHE), Soil and Water Integrated Model (SWIM),
Distributed Hydrology Soil Vegetation Model (DHSVM), Soil and Water Assessment
Tool (SWAT), Dynamic Watershed Simulation Model (DWSM), and Hydrologic
Engineering Center Hydrologic Modeling System (HEC-HMS) [14,15,22,23]. For any
hydrological response evaluation and stream flow predictions, it is essential to select

the proper model.

The significant factors considered in selecting the appropriate model to achieve the
objectives of the study are the following: the ability to simulate hydrological
components, efficiency, long-term temporal scaling, flexibility, continuous-time
modeling, ease of utility, performance demonstrated through numerous validation
studies using readily available data, model complexity, ability to simulate for small to
large scale watersheds, freely available, and widely used modeling for assessing the
impacts of LULC changes on water resources [23-26]. Based on the criteria outlined here
and after a thorough literature review, the SWAT model was selected for analyzing and
predicting the stream flow. The hydrological SWAT model is widely used to model and
analyze the stream flow simulations that were affected by the uncertainties of LULC
changes into the reservoir [24,27-29]. Similarly, various model reviews found that the
SWAT can model the desired hydrological processes in more detail than many other
watershed models, and can better replicate stream flow than other hydrological models
[22].

In reservoir system analysis, the basic modeling approaches utilized to provide
quantitative information that can improve operational water management are
descriptive simulation, prescriptive optimization, and hybrid models [30]. Optimization
algorithms have been used to solve water resource management problems, and to find
the best rule curves, optimize the storage and release by minimizing total penalty
functions at designated locations throughout the water resource network [31,32]. The

descriptive simulation models describe reservoir system performance under a given set
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of control actions [30,33]. Simulation models simulate decisions of reservoir operations
in predefined logical rules, resulting in good reservoir operation but with an inability
to optimize the solution [34]. Therefore, recently, a combination of optimization and
simulation models (hybrid models) has been applied to reservoir operation in order to
address these problems [35,36].

According to Fayaed et al. [12], a review of optimization and simulation models used in
resolving essential concerns in reservoir systems emphasized that reservoir
optimization is the most crucial element. Reservoir operation rule curves are the utmost
popular tool used to determine the rate of water release and storage, by considering the
interests of the reservoir stakeholders, inflows, stored water volume, release capacity,
current reservoir level, water demands, and downstream constraints [20]. Therefore,
developing a rule curve is one type of proper management system frequently used for
reservoir operation [37]. In order to achieve the best potential system performance in
reservoir operation, decisions on releases and storage must be made over, time while

taking into account the variations [7,35,38].

A combination of simulation and optimization models, the Hydrologic Engineering
Centre Reservoir evaluation system Perspective Reservoir Model (HEC-ResPRM) of the
US Army Corps of Engineers, was utilized in this study for reservoir optimization. The
HEC-ResPRM prescriptive reservoir model is a network flow, monthly based
optimization model that determines the optimal releases and storage for multi-reservoir
systems over time by minimizing the total penalties in the system [39,40]. In this study,
the HEC-ResPRM model was selected above the other optimization models, since it
integrates simulation and optimization modeling, and overcomes the limitations of
traditional optimization techniques. According to Faber and Harou [41], the HEC-
ResPRM was applied to optimize multi-objective reservoir systems in the Mississippi
Headwaters. Prasanchum and Kangrang [16] investigated the effect of land use change
in the future using the Soil and Water Assessment Tool (SWAT) hydrologic model to
assess the future inflow, and the GA optimization algorithm, as one of the popular
algorithms due to its random search capability and near-global optimal values, to

optimize the reservoir operation rules.

There are a few studies in East Africa that look at the impact of land use land cover
change on hydropower production [42]. However, the studies conducted are primarily

focused on the effects of the LULC change on past and predicted hydropower
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generation. The findings suggest that yearly hydropower generation capacity will
increase significantly [42,43]. In developing countries, rapid economic development can
result in LULC changes within a watershed reservoir [44]. Ethiopia, like many other
developing countries, has been grappling with fundamental environmental problems
such as LULC change, soil erosion, and water resource degradation, and these are very
serious in the highland parts of the country [14]. The main source of renewable energy
in developing countries, particularly in Sub-Saharan countries, is affected by LULC
changes and their associated impacts. Hydropower is the most widely used renewable
energy source in many African power systems [45]. The African population and energy
demands are increasing rapidly; the hydropower plants and their share of electricity
production are developing gradually. Ethiopia has a potential energy source in the
country, with plenty of water and a suitable topographical aspect for the establishment

of hydropower projects.

The Blue Nile River basin is one of Ethiopia’s twelve major river basins. The Nashe
watershed is a tributary of the Blue Nile River Basin and the upper watershed of the
Grand Ethiopian Renaissance Dam (GERD), Africa’s largest dam. It began operation
since February 2022. The goal of the Ethiopian government with the construction of the
GERD is to increase the power generation capacity of the country without affecting its
downstream users. Similarly, the GERD was expected to help with meeting the
increasing domestic electricity demand, exporting electricity to neighboring countries

for regional integration, in addition to economic benefits and fisheries growth.

The Blue Nile River basin is politically significant, important for regional economic
development, and environmental sustainability, since it is a transboundary basin shared
by Ethiopia, Sudan, and Egypt. The Blue Nile River basin is one of the international river
basins with the potential for water conflicts between riparian countries [46]. In order to
address the growing demand for energy and economic growth, each of the basin
countries is developing water resource projects unilaterally [47,48]. McCartney and
Menker Girma [49] argue that unilateral management restricts the potential benefits
from transboundary water resources, which can be expanded beyond shared water
system management. Consequently, one feature of the conflicts in the Blue Nile River
basin is that downstream countries have a high dependency on the water generated

from upstream countries.
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The effects of the GERD on downstream users have been investigated in different
studies. For example, Arjoon et al. [50] developed a hydro-economic model based on
the Stochastic Dual Dynamic Programming (SDDP) model in order to examine the
positive and negative effects of the GERD on Sudan and Egypt. The findings revealed
that the GERD would provide significant irrigation and hydropower benefits for Egypt,
Sudan, and Ethiopia under cooperative management. Similarly, according to the
findings, the GERD would also have a key role in decreasing hydrological uncertainty
during low flow periods. However, according to research by Jeuland et al. [48], non-
cooperative management reduces Egypt’s total flow compared to cooperative
management. Furthermore, the study by Mulat and Moges [51] estimates a 12% and 7%
decline in electricity generation from the High Aswan Dam (HAD) during filling and
after the GERD is operational, respectively.

A high level of cooperation, especially during reservoir filling, may help Sudan and
Egypt to minimize negative consequences. In general, a basin-wide cooperative
agreement can help to manage the risks to downstream users. The Blue Nile River basin
has a tremendous hydropower production potential that can be fully realized through
cooperative water resource development and management. Effective management
strategies are becoming more critical as Ethiopia’s River Basins become increasingly
stressed. Therefore, it is crucial to assess the reservoir operation of the Nashe

hydropower reservoir based on historical and predicted LULC changes.

The performance of the HEC-ResPRM in combination with the SWAT model for the
LULC pattern was not assessed previously over this watershed study nor in Ethiopia,
as far as the authors are aware. Similarly, no study has been conducted on this
watershed in order to determine the extent of historical and future land use land cover
change effects on the watershed’s hydrological processes and reservoir operation. In
fact, one of the previous studies investigated the performance of optimization
algorithms (HEC-ResPRM) on the Tekeze Reservoir in the Eastern Nile, taking into
consideration climate change scenarios [39,40]. Thus, this research presents a novel
method for combining the HEC-ResPRM model with the SWAT model in order to assess
the effects of historical and future land use land cover change on the watershed
hydrological processes and reservoir operation. As a result, a hybrid methodology is
provided in this study as a simulation-optimization framework to investigate the Nashe

reservoir operation under various LULC change scenarios.
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Therefore, this study was carried out to investigate the impact of individual LULC
changes on reservoir operation, as LULC changes in the study watershed are now
increasing at an astonishing rate [52]. Furthermore, assessing the perspectives of
individual land use land cover changes in hydrological components is critical for long-
term water and land resource management. The aims of the study were as follows: (1)
to assess the impact of historical and future LULC change on reservoir inflow using Soil
and Water Assessment Tool (SWAT); (2) to assess the hydropower generation of Nashe
reservoir operation considering the LULC change; and (3), to develop new reservoir
operation guide curves for the Nashe hydropower reservoir system in order to increase
yearly energy production under the LULC change, using the optimization-simulation

model.

4.2. Materials and Methods
4.2.1. Description of the Study Watershed

The Nashe River originates from a long and wide river valley in the high mountainous
area of Ethiopia. The land relief is up-down, with a low ridge separating the Nashe River
from the adjacent river basins. The Nashe dam site is located in the central Ethiopian
highlands, about 300 km northwest of the capital of Ethiopia, Addis Ababa, on the
Nashe River (Figure 4.1). The Nashe River basin is located on the plateau, with an
average altitude of 2200 m. The watershed plateau is characterized by a hilly
topography interspersed with high mountain ranges, volcanic cones, and deep gorges.
The Nashe River has a sharp drop of about 600 m at the Nashe cliff, forming a fall and
torrents. The river basin has a sub-tropical climate with distinct dry and wet seasons.
The Nashe hydropower plant, which has a reservoir located on the left side bank of the
Blue Nile River basin, is the principal tributary, and is mainly utilized for electricity
generation for the country. The Nashe dam was developed by building a homogeneous
earth-fill dam across the Nashe River, with a height of 38 m, crest length of 1000 m, and
a crest elevation of 2235 m. The total water storage capacity of the reservoir is 448 million
cubic meters (MCM), of which 85 MCM is dead storage and 363 MCM is live storage.
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The watershed is geographically found between 9° 35" and 9° 52" N latitudes and 37° 00’
and 37° 20" E longitudes. The purpose of the Nashe reservoir is primarily for
hydropower production, with a total installed capacity of 97 MW in two 48.5 MW Pelton
turbines installed at an elevation of 1614 masl (meters above sea level) at the surface

powerhouse. The project is aimed to irrigate 6000 ha of land area downstream of the

watershed for sugar cane cultivation. The annual mean temperature and rainfall of the
watershed are 22 °C and range from 1200 mm to 1600 mm, respectively. Agricultural
land and Haplic Alisols are the dominant LULC and soil types of the watershed,

respectively.
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4.2.2. Input Data Sets
4221. Hydrological and Meteorological Data

In order to achieve the research goal, it is critical to have relevant and appropriate data
before the simulation and optimization of any model [53]. The historical, current, and
future hydrological data corresponding to LULC change scenarios have been
investigated. The observed stream flow data of the watershed was used for comparison
with the simulation results. The SWAT2012 hydrological model was used to examine
the historical and future stream flow of the watershed, considering LULC changes. The
necessary input data used for the SWAT model to simulate the stream flow of the
watershed were DEM (Digital Elevation Model), weather data (rainfall, temperature,
wind speed, relative humidity, and solar radiation), land use land cover data, soil data,

and observed stream flow data.

The results of these hydrological simulations are instead used as input into an
optimization model that determines the optimal reservoir operations given a time series
of reservoir inflows. The reservoir’s stream flow prediction has been carried out by
changing LULC maps, while the remaining model parameters from the calibrated
model and other SWAT inputs remain constant. The observed historical stream flow
data, soil, and DEM of the Nashe watershed were collected from the Ministry of Water,
Irrigation, and Energy, Ethiopia. The weather data were obtained from the

Meteorological Service Agency, Ethiopia.

4.2.272. Reservoir Data

The following data is typically required when using the HEC-ResPRM model to
perform the reservoir operation: elevation-area-storage curve, historical reservoir
storage and water surface level, reservoir outlet capacities, outflow-energy generation
relationship, power production, background map of the watershed, and flow time
series. The calibrated and validated SWAT model was used to estimate reservoir inflow
data for the Nashe watershed [24]. The background map is helpful for setting up the
model and visualizing its spatial layout, whereas the physical data is utilized to develop

model constraints and allow the model to calculate penalties.

Therefore, the inflow data were first configured in the HEC-DSS (Hydrologic

Engineering Center- Data Storage System) for efficient storage and retrieval of scientific
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input and output time series data. The historical flow time series data was collected
from the Ministry of Water, Irrigation, and Energy of Ethiopia. The background map of
the study area was extracted by importing the geo-referenced GIS data map of the
watershed area using ArcGIS. The other required reservoir data were collected from the

Ethiopian Electric Power.

4.2.3. Land Use Land Cover Change Scenarios

Changes in land use land cover affect a catchment’s hydrological cycle through altering
rainfall, evaporation, and runoff. The impact of LUCC on surface runoff has been related
to land use types. The LULC types are one of the input parameters of the SWAT model.
One of the most important factors influencing surface runoff generation is LULC change
within a watershed [24,29,54]. In order to investigate the spatio-temporal dynamics of
LULC and to predict future LULC change in the Nashe watershed, an integrated
method that includes remote sensing, GIS, and a Multi-Layer Perceptron Neural
Network-based Cellular Automata-Markov Chain model was employed by Leta et al.
[14]. The historical LULC maps developed from Landsat images for the years 1990, 2005,
and 2019 (Figure 4.2) were utilized as the base map and imported into the TerrSet
model’s Land Change Modeler (LCM) interface to develop the future LULC maps and
change scenarios for the years 2035 and 2050 [14] (Figure 4.3).

The potential LULC change in the watershed was examined using the LCM TerrSet
software [14,55]. According to Leta et al. [14], the accuracy of the classified map was
compared to ground truth data, and the model was validated for the predicted LULC
by simulating the recent LULC map of 2019. The percentage changes of the historical
and future LULC change were conducted by Leta et al. [14] and adopted in this study.
Based on available land use maps, LCM is extensively used to simulate the projection
of LULC changes between two periods. The comprehensive framework of the study is

depicted in Figure 4.4.
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Figure 4.3. Predicted land use land cover of the Nashe watershed.

The LULC results between 1990 and 2050 revealed a significant change. From 2035 to
2050, agricultural lands, urban areas, and water bodies were predicted to increase
continuously. However, compared to the result of the previous change, the rate of
agricultural land expansion is lower. This might be due to the limited area of land
available for the agricultural land expansion. Furthermore, the distances from urban

areas and water bodies could also be another possible reason.
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The LULC types of the study watershed include agricultural land, forest land, grass
land, range land, water body, and urban areas. Essentially, transition potential maps
were developed and processed, after which the data were linked from the current time
LULC map to the predicted time. The SWAT model was used to examine the existing

and future stream flow of the reservoir using current and future LULC maps as inputs.
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Figure 4.4. Framework of simulation-optimization model for reservoir operation.
4.2.4. Model Development
4241. SWAT Hydrological Model

The Soil and Water Assessment Tool is a hydrological model that has been used for
investigations of hydrological processes, reservoir operation, assessing the impact of
LULC change, climate change on water resources, and for evaluating the effects of land
management practices at the level of a watershed that operates over a daily period of
time [24,54,56,57]. Precipitation, evapotranspiration, surface runoff, peak runoff,
percolation, lateral flows, transmission losses, and groundwater flows are the primary
components required in the surface and groundwater hydrology assessed by the SWAT.

In order to simulate the future inflow projections and analyze the LULC change impact
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on the stream flow utilized as an input for reservoir operation, this study applied the
SWAT hydrological model.

It is crucial to consider the impact of different parameters on how much the model
simulates the hydrological processes in a watershed. The method of identifying the most
substantial parameters for the model is by using sensitivity analysis. The sensitive
parameters should be identified in order to improve the hydrological model’s
calibration. The most sensitive parameters identified by Leta et al. [24] were adopted in
this study. The SWAT splits the watershed into hydrologic response units (HRUs) based
on topography, each of which has homogeneous land use, soil properties, slope, and
estimates the relative effects of soil and LULC changes within each hydrologic response
unit (HRU) [24,54].

The flow in each HRU is further simulated according to the hydrologic cycle equation
(Equation (8). The watershed of the Nashe has been divided into 23 sub-basins and 321
hydrological response units. The sensitivity analysis, model calibration, and validation
were conducted to adjust and confirm the parameters in order to optimize the
agreement between the observed and simulated stream flow of the Nashe watershed.
In order to assess the goodness of the SWAT hydrological model in the Nashe
watershed, the coefficients of determination (R?), Nash—-Sutcliffe efficiency (NSE), and
percent bias (PBIAS) were implemented. Detailed information about model input,
sensitivity analysis, calibration, validation, and model performance assessment has

been given by Leta et al. [24].

424.2. HEC-ResPRM Model Description and Setup

The HEC-ResPRM, a hybrid reservoir system optimization operation developed by
Hydrologic US Army Corps of Engineering Centers, has been implemented to support
planners, operators, and managers with reservoir operation planning and decision
making. The HEC-ResPRM modeling platform was developed to facilitate the joint
development and use of simulation and optimization models in reservoir system
planning and management, by coupling the HEC-PRM (Hydrologic Engineering
Center-Prescriptive Reservoir Model) in graphical user interfaces (GUIs) shared with
HEC-Res (common interface to both HEC-ResSIM and HEC-ResPRM) [58].
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The HEC-ResPRM model stores and retrieves input and output time series data using
HEC-DSS. The system is characterized as a network of nodes (reservoirs and junctions)
and conveyance links with gain/loss coefficients characterize the system. The
optimization problem represented by a network flow system implemented in the HEC-

ResPRM model with costs associated with the flow can be described as follows:

Minimize: . C.O, (12)
Subject to: ZQk - Zaka =0  (For all nodes) (13)
L <0 <U, (For all arcs) (14)

where n is the total number of network arcs; Ck is unit cost, weighting factor for flow
along arc k; Qk is flow along arc k; ak is multiplier (gain) for arc k; Lk is lower bound

on flow along the arc k; and Uk is upper bound on flow along the arc k.

The arcs represent the outflow and inflow links in the reservoir system, whereas the
node represents a river and reservoir, or channel junctions in this case. Equation (12)
depicts the objective function of the flow network optimization model, which minimizes
the cost of the flow network. Equation (13) represents model constraints and the
continuity equation at each node of the flow network. Equation (14) represents the

model constraint, and the maximum and minimum flow constraints at each arc.

The reservoir simulation model is based on the water balance for tracking the movement
of water through a reservoir-stream system [59], which fluctuates from time to time. The
HEC-ResPRM model allows modelers to create penalty functions that reflect system
objectives by relating storage or flow with cost or benefit that derive the solution to the
optimization problem. Penalty functions combine a penalty (cost) or reward (negative
penalty) with the designated levels of storage or flow. The penalty functions
characterize the relative economic, social, environmental, and political penalties linked
to the failure to achieve operational goals (storage, pool level, and power production).
As a result of unavailable cost data, making penalty functions that reflect costs is a
complex economic activity in this study. Therefore, the two categories of penalty

functions expressed in the Nashe watershed were storage and flow.

In this study, the constraint values for reservoirs are the lower and upper bounds of

reservoir storage. Penalty functions for hydropower releases and storage were
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established when the inflow time series was specified and reservoir constraints were
added. Consequently, as long as the volume of the reservoirs is between the MFL
(maximum flood level) and the MOL (minimum operating level), the cost of storage will
be zero; if these values are exceeded or not reached, then penalties are applied in the
Nashe watershed. The penalties applied in this study were done by changing the shape
or magnitude of penalty curves, and by changing the initial and ending reservoir

storage volumes.

4.2.5. Reservoir Optimization Operation

An effective reservoir operation requires policies that optimize releases from the
reservoir or storage volume in order to achieve the desired objectives, such as
maximizing power generation or minimizing operation costs. The reservoir’s water
yield is determined by the stream flow flowing into the reservoir in each time period,
since the model’s principle is predicated on water balance [59]. Mostly, throughout the
process of water balance determination, the storage capacity must be determined first,
then the water release can be computed using the standard operating rule curves. The
rule curves consist of lower and upper limits to guide the release to different water
demand target levels. Decisions about reservoir operation would be more challenging
due to the uncertainty of inflow caused by the impacts of LULC change.

The power generation requirement can be expressed in various hydropower rules as a
relationship between storage and seasons; it can also be directly expressed as an external
time series in some circumstances. If the available water is greater than the upper rule
curve level, water is discharged from the reservoir into the downstream river; if it is
below the lower rule curve, a reduction in supply is required to maintain the water level
at the conservation zone. The management of the reservoir for maximum efficiency
using basic tools to release water following reservoir rule curves for which LULC
change relationships have been studied [60], including improved reservoir rule curves

that are appropriate for the dynamics of the hydrological environment in the future [61].

Therefore, the available water in the reservoir should be managed between the upper
and lower rule curve levels. The Nashe hydropower reservoir has three major water
management zones, which are the inactive (dead storage) zone, the conservation zone,
and the flood control zone. In this study, the two boundary rule curves (upper and
lower) are used to define the operational zones of the Nashe reservoir that yield greater

energy generation. Basically, three types of rule curves, the lower rule curve, upper rule
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curve, and operating rule curve, were developed and used in operating a reservoir. The
operation of the Nashe hydropower reservoir was investigated in this study under three
LULC scenarios (2019, 2035, and 2050). Optimization was attempted using alternative
options for the three scenarios in order to establish the dynamic features of the reservoir

and to determine the optimal solution that could generate maximum energy.

4.3. Results and Discussion
4.3.1. Reservoir Inflow under Land Use Land Cover Change

Land use land cover change has an impact on stream flow, which is a critical
hydrological response used in water resource management planning and
environmental assessments [62]. The influences of LULC change on annual, seasonal,
and monthly stream flow were investigated with regard to the baseline period of 1990,
and 2005 for the current (2019) and future (2035 and 2050) LULC changes. Multiple land
use transitions in the watershed were projected using the Land Change Modeler
integrated TerrSet model [14]. The stream flow corresponding to the individual LULC
variations was simulated using the SWAT hydrological model. The SWAT model was
calibrated and validated from 1987 to 1999, and from 2000 to 2008, respectively, on a

monthly basis.

The model result shows a strong correlation between the simulated and observed
stream flows for the calibration and validation periods, as depicted in Figure 4.5. A
detailed investigation of SWAT model performance utilizing graphical and statistical
evaluation was presented by Leta et al. [24]. The study conducted by Leta et al. [24] on
the hydrological responses of the watershed to historical and future LULC changes of
the Nashe watershed, proved the efficacy of the SWAT model to simulate stream flow
under varying time periods of LULC changes. The calibrated and validated SWAT
model was simulated using inputs of the soil data, DEM, weather data, and projected
LULC data, in order to simulate future reservoir inflow. The results of the hydrological
SWAT model make it possible to recognize future trends in the inflow into the reservoir,
which has the effect of improving the reservoir rule curves in the future. As a result, the
future reservoir inflow variation as a function of LULC change was projected using the
calibrated SWAT model.
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Figure 4.5. Observed and simulated average monthly stream flow of the Nashe

watershed.

The average annual changes of stream flow show 1.15%, 1.36%, and 1.62% in 2019, 2035,
and 2050, respectively, with respect to the historical (2005) simulated stream flow.
Consequently, the results indicate that the average annual future stream flow into the
reservoir shows an increasing trend for all time periods. The trend of increment and
decline depend upon the rate of LULC changes. Mostly, the stream flow slightly
decreased in the short rainy season and showed an increasing trend for the other
seasons in the watershed. In particular, during the high rainfall season between June
and September, the stream flow accounts for more than 70% of the total, whereas it is

below 10% in the short rainfall season.

Figure 4.6 depicts the average monthly percentage change of current and predicted
hydropower reservoir inflow patterns under LULC change impacts. The results are in
agreement with the results of the study conducted by Sajikumar and Remya [63] on the
impact of land use land cover change on inflow characteristics. The average monthly
stream flow change shows a maximum increase of 2.43% in 2050 and a maximum
decrease of 1.74% in 2019. The trend of monthly stream flow shows that, individually,
there was an increasing trend from August to February and a decreasing tendency from
March to July.
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Figure 4.6. Average monthly stream flow change under land use land cover

scenarios.
4.3.2. Reservoir Operation

In this study, the operation of the hydropower reservoir of the Nashe was performed
under current and future trends. The foremost purpose of the Nashe hydropower
reservoir construction on the Nashe River was to generate hydropower energy, which
will help to substantially meet the energy requirements of the country. Furthermore, the
dam produces a managed flow throughout the year, in contrast to the fluctuating
seasonal flows that existed prior to dam construction. This has resulted in significant
potential for downstream irrigation operations, which would improve the performance
of downstream activities that were not investigated in this study as a result of
unavailable diversion structure data. Operational decisions have to be made in order to
reasonably balance the effects on the storage capacity and water releases between

reservoirs and users throughout the time periods that further affect power generation.

The HEC-ResPRM optimization operation model used the SWAT model simulated
stream flow to determine the storage, elevation (pool level), and hydropower generation
of the reservoir system. The optimization model was employed under current
conditions (2012-2019) after the Nashe hydropower reservoir was constructed to assess
the performance of the reservoir operating model in the future. The comparison
between the current optimized and actual values of the Nashe hydropower reservoir
operation is presented with respect to the dynamics of current flows, elevation, storage,

and power production. According to the results, the optimized hydropower reservoir
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operation (storage and pool level) values exhibited an increase when compared to the

current actual reservoir operation status (Figures 4.7 and 4.8).
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Figure 4.7. Average monthly current observed and optimized power storage of
the Nashe reservoir.

The aim of performance measures is to provide a mechanism to compare the
effectiveness of the reservoir system in accomplishing specific objectives quantitatively
for different operating plans. In addition to the current reservoir operation,
optimization strategies for the sole purpose of hydropower generation are frequently
used in the area of water resources management [18]. The average annual optimized
reservoir power storage and reservoir pool level increased by 10.58 MCM and 3.12 m,
respectively. Figure 4.9 shows the associated optimal hydropower generation compared
to the actual hydropower output. As can be seen, optimized operation performs better.
Since the total volume passing the turbines is generally the same in both operation
scenarios, the add-on for power supply is mainly generated by an increased storage
level, and with that, an increased water head.
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4.3.3. Hydropower Generation under Land Use Land Cover Changes
43.3.1.  Reservoir Inflow and Outflow

The average simulated total inflows to the study hydropower reservoir show an
increasing trend, as per the inflow prediction model under all LULC change scenarios.
Inflows are also a limiting factor for mean hydropower. Releases (outflows) are used for
the watershed optimization model to determine reservoir storage, water levels, and
power generation. Similarly, the releases from the reservoir are utilized to assess the
objective function for reservoir optimization, and depend on the water availability in
the reservoir, prevailing users, and projected reservoir inflow. The surplus water release
and water shortage, as well as the average annual shortage, were determined using the

released water from the reservoir.

The optimization model was applied for the Nashe hydropower reservoir in order to
generate the monthly optimal releases to meet the target demand of the watershed
under LULC scenarios for the time periods of 2019, 2035, and 2050. In order to avoid the
significant penalties associated with high releases, the model optimizes hydropower
release using pre-release before high inflows. Thus, the reservoir release decisions are
based on specified storage zones defined by elevation, and on a set of rules that specify
the aims and constraints governing releases when the storage level falls within each
zone. Therefore, the increased inflow in the development scenarios resulted in an

accordingly adapted water release.

Correspondingly, the increased reservoir inflow also increases the reservoir outflow in
all future periods, producing more energy from hydropower. According to Kangrang
et al. [28], excess water release while increasing stream flow to produce more energy
was demonstrated on active future rule curves for multipurpose reservoir operation
under the effect of LULC changes. As depicted in Figure 4.10, the results of optimal
reservoir operation, including inflows and reservoir release, were compared to those of
the current period. The volume of reservoir inflow begins to increase in May and reaches
its maximum in July, but afterward begins to decrease significantly from October,
following the decline of rainfall. In addition to variations in mean monthly inflows and
outflows, seasonal and annual distributions of inflows and outflows have also been

investigated.
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Figure 4.10. Average monthly reservoir inflow and optimized outflow under
LULC changes.

The increased outflow in the Nashe watershed will increase the inflow to the Grand
Ethiopian Renaissance Dam. Thus, the downstream users also benefited from the
increased stream flow in the future. Zhang et al. [64] found similar results following
analysis of the inter-annual and decades scale stream flow variations of the GERD.
Reservoir development, according to Soleimani et al. [9], intends to relieve regional
water scarcity problems through the redistribution of water resources with temporal
variability and spatial heterogeneity. Besides greater net benefits with increasing
storage in Ethiopia, floods and droughts will be reduced, and the hydrological

uncertainties will be nullified, particularly during low flow periods.

During the season of rain, the water volume flowing into the reservoir is typically at its
maximum, making it difficult to control the excessive outflow. Similarly, as depicted in
Figure 4.10, average outflow values were also highest during the wet season, mostly in
June, July, and August, while decreasing in the other seasons. The high runoff season of
the study area begins mostly in June and ends in September. From November to April,
it is the only base flow that flows into the reservoir. Similarly, during this time period,
the outflow exceeds the inflow. From the results, it was observed that the average
maximum monthly reservoir inflow ranges between 320 m3/s and 350 m?/s in 2019, 2035,
and 2050.
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The average monthly optimal reservoir inflow and releases (outflow) in the 2050 LULC
change scenario are greater than the other scenarios in all time periods. Generally,
plentiful rainfall in the wet season increased both the Nashe reservoir inflow and
outflow. During the short rainy season, the difference between the inflows and outflows
was minimal, especially in April and May. According to Guo et al. [15], future land use
land cover changes will almost definitely continue to alter stream flow patterns, posing

considerable reservoir management challenges.

4.3.3.2. Reservoir Storage and Elevation

The desired storage, which was determined by applying the HEC-ResPRM model for
hydropower generation, is a variable in the reservoir operation optimization model. The
storage capacity of a reservoir varies, depending on inflow and outflow variations.
However, the increment of reservoir inflow is the main factor for increasing reservoir
storage. Therefore, the specified reservoir storage for the various operating strategies
was achieved using the three time period (2019, 2035, and 2050) optimization scenarios.
The reservoir optimization model results revealed a significant increase in predicted
mean annual hydropower reservoir storage under the 2035 and 2050 LULC change
scenarios of the Nashe watershed. The maximum average monthly optimum reservoir
storage shows 289 million cubic meter (Mm?) in 2019, 307 Mm? in 2035, and 313 Mm? in
2050 (Figure 4.11).
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Figure 4.11. Average monthly current optimized and future reservoir storage of

Nashe reservoir.
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The optimum reservoir storage occurred between September to December, with peak
storage in October. The optimized future storage volumes for the reservoir within
scenarios are greater than the current actual and optimized reservoir operations.
However, most of the average storage volumes are close to the optimized current
reservoir storage operation, especially during dry and short rainy seasons. Likewise, the
storage volumes for the 2035 LULC scenario maximum volume are more comparable to
the 2050 future scenario operation. According to [65,66] investigations, the optimum
reservoir storage obtained by using the optimization algorithm for the reservoir should
be better than the currently used operational storage for optimizing annual hydropower
production. Figure 4.11 illustrates the average monthly reservoir storage results derived
by the HEC-ResPRM optimization model for operations in 2019, 2035, and 2050.

In order to generate more head and hence more energy, the first scenario requires
greater amounts of water storage within the reservoir relative to the second scenario.
Furthermore, the findings depicted that the reservoir storage declined from the middle
of February, and reached a minimum storage level in June. During this month, it helps
to release more water volume in order to prepare for the next main rainy season.
However, the simulation process determines the reservoir at each time step and the
resulting downstream flows by considering the reservoir storage balance equation
while keeping the system in balance. In conclusion, based on the results of the
optimization approach, power storage generation could be optimized, and should not

result in significant water shortages in most of the years (Figures 4.11 and 4.12).
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Figure 4.12. Average monthly current optimized and future reservoir elevation

of the Nashe reservoir.
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Nevertheless, it is recommended to further decrease the spill of water during the wet
season to avoid shortages of water in the following year. Therefore, the results show
that the maximum reservoir storage in scenarios is more than the historical projected
operations. This finding is in agreement with Lu et al. [1], Azizipour et al. [4], and He et
al. [67] in their indications for the optimal levels of release and optimal volumes of
storage in different parts of the world. The impacts of the change in LULC on the Nashe
hydropower reservoir operation through the use of optimization models reveal a
positive impact on the reservoir storage and its pool level. The major features of the

reservoir pool define the volume of storage and the surface area at each level.

The Nashe hydropower reservoir pool level contains the relationship of the elevation-
storage-area curve. The average monthly maximum and minimum reservoir levels for
the future vary between 2226.76 m and 2227.01 m, and 2218.34 m and 2218.40 m,
respectively, for the 2035 and 2050 LULC change scenarios, respectively. The results of
reservoir elevation between operations in 2019, 2035, and 2050 were compared and are
illustrated in Figure 4.12. From the results, it was observed that the optimized pool level

is greater than the current optimal reservoir levels of the Nashe hydropower reservoir.

Similar to reservoir storage, the reservoir pool level remains at a high level every year
from September to December. However, the reservoir reaches a maximum level in
October, near the end of the rainy season. In general, the findings show that the reservoir
system has appropriate storage distributions and water allocations for the entire period.
Hydropower generation is a priority when available water is above average and
increased hydropower generation is required [6]. The reservoir authority and
policymakers could use the various possible operational storage and elevation rules to
assist them in developing efficient and long-term guidelines for several competing

issues.

4.3.3.3. Reservoir Power Generation

The change in the hydropower generation caused by the LULC changes in the future
scenarios (2035 and 2050) was explored by utilizing the current LULC scenario (2019) as
a point of comparison. The optimization operation model employed the future stream
flow data simulated by the SWAT hydrological model, and observed power production
as input to develop the Nashe reservoir’s future power generation. The average annual

power generation from the Nashe reservoir under different LULC time period scenarios
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(currently optimized and future), including the actual operation of the reservoir, is
depicted in Figure 4.13. Therefore, Figure 4.13 shows that 2050 reservoir operation leads
to improved power generation compared to the observed, optimized, 2035, and 2050

scenarios.
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Figure 4.13. Boxplots of monthly hydropower generation of the Nashe

watershed under different scenarios.

The findings propose that the outcomes of the future scenario optimization model are
the most promising for increasing energy development. However, the fluctuations in
power generation over time suggest that LULC changes have an impact on reservoir
performance for energy production. Furthermore, the average annual energy
production utilizing the HEC-ResPRM model for the 2035 and 2050 time periods is
higher than that of the current actual and optimized energy generation of the reservoir.
In comparison to the reservoir’s optimal operation in 2019; the average hydropower
generation increased by 4.83%, and 8.32% for 2035 and 2050, respectively. As a result,
when compared to earlier periods, this indicates a gradually increasing trend.
Generally, there are no significant variations between the scenarios in terms of

hydropower potential generation.

The results of the hydropower generation are consistent with the results of the stream
tlow simulation. The trend of average annual stream flow and hydropower generation
shows an increment in each of the future LULC time period scenarios due to the close

relationship between hydropower generation and stream flow. Optimal hydropower
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occurs mostly during the rainy season under all scenarios, as a result of the increased
inflow and water release. Between October and April, reservoir inflow decreases,
resulting in a significant reduction in hydropower generation. In contrast, the increment

of inflow from May to September contributes to a high pre-water level.

In all scenarios, the months of October to January, considered as dry months for the
watershed, are projected to have a considerable increase in hydropower generation.
Additionally, the peak value of hydropower generation is detected mostly in the wet
season, especially in July, with minimum power generation happening in January.
Similarly, the reason for a significant increment in inflow during the rainy period is that
it encourages water impoundment, resulting in higher power output. Consequently,
when the reservoir accumulates a high amount of water during the wet season, a high
water level can be reached in the dry season, providing a larger water head for
hydropower generation. Generally, reservoir management is expected to be affected by

changes in the spatial and temporal availability of water at reservoir locations [68].

4.3.4. Optimal Operating Rule Curves

The operating rules for the reservoir system under this investigation were derived from
the time series for reservoir storage and pool level generated by the optimization model
during the entire period. It is necessary to obtain an appropriate guideline for effective
reservoir storage and release balance, taking into consideration the objectives of the
project for reservoir operation. Rule curves could be expressed in a number of ways,
including water surface elevation or storage volume with respect to time of the year.
The HEC-ResPRM optimization model was utilized to operate the current and future
reservoir rule curves of the Nashe hydropower reservoir. Reservoir operation rule
curves are the most frequent techniques used to determine the pace at which water is
released and stored depending on currently existing information, such as the current
status of storage volume and forecasted inflow [20]. Future optimal rule curves are
required for operating reservoir under uncertainty situation. The optimization results
for the storage volume (Figure 4.14a) and pool level (Figure 4.14b) indicate that the 2035
and 2050 future scenarios rule curves are slightly higher than the current curves.
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Figure 4.14. Nashe reservoir mean monthly power storage (a) and pool level (b)

rule curves for current and future time periods.

Figure 4.14 shows the optimal rule curves for the 2035 and 2050 scenarios in comparison
to the existing rule curves. The rule curve features are based on the quantity of the
inflow, which is ascribed to rainfall patterns and reservoir operation in proportion to
monthly energy requirements. The power rule curves of the future scenarios also follow
similar tendencies, but are higher compared to current optimized and efficient rule
curves, with uneven power distribution from month to month. The 2050 LULC scenario
rule curve shows the highest average power storage, reservoir level, power production,
and total energy. According to [65,66], the optimal operating rules for reservoirs should
be better than the current random operational rules using an optimization algorithm for

annual hydropower production.

The reservoir operation focuses on the upper rule curves throughout the rainy season,
since the volume of water flowing into the reservoir is very high, and is necessary to
control the excess release reservoir operation focuses on the lower rule curves in the
event of lower-than-average rainfall, resulting in low flow. The reservoir always wants
to release more water than that entering the pool when the reservoir’s pool elevation is
above the guide curve in flood control, and releases less water than that entering the
pool when below the guide curve in conservation. In addition, the reservoir will be able
to withstand the excessive volume of water that might finally lead to a flood, since it has

more space to reserve excess amounts of water without an overflow situation.

Therefore, rule curves are crucial in order to control the effects of flash floods through

dams. As a result, these curves can be suggested to be guidelines for reservoir operation,
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ensuring that all water demands are satisfied on a monthly basis. In general, all
demands are satisfied as long as the reservoir’s current water levels and storage fall
between the upper and lower rule curves. The water level in the Nashe reservoir is
generally in the conservation zone, which is a safe zone for power generation, and
reduces risks to dam safety and other structures. Therefore, the curves show the desired
storage levels in the reservoir during the operation of reservoirs to satisty the demands

of hydropower production, environmental release, and flood protection.

The optimized model rule curve indicates that the maximum reservoir water level is
about 2227.01 masl (Figure 4.14b), while the full reservoir level is 2230 masl. The study
by Prasanchum and Kangrang [16] proved that the new rule curves can be helpful when
connected to the simulation model, and this could prevent water shortages in the future.
The long-term average elevation, storage, and hydropower capacity obtained in this
study can be used as a rule curve under the uncertainty due to land use land cover
change. Generally, in the Nashe watershed, decisions based on reservoir operating rule
curves are critical to achieving seasonally and annually balanced water release, as well
as protecting reservoir downstream areas from flooding.

44. Conclusions

In this study, the LULC changes from the Land Change Modeler, which represent the
current and future prediction scenarios, were assessed in order to determine the base
and future inflows into the Nashe hydropower reservoir. As a result, the calibrated and
validated SWAT model was utilized to generate LULC change-driven stream flow,
which was then used as an input for modeling optimal reservoir operation. The
reservoir optimization model has been utilized to develop optimal hydropower
reservoir operation policies (storage and releases) for the Nashe hydropower reservoir,
using a combination of the SWAT and the HEC-ResPRM optimization algorithm; this
was implemented in order to meet the target storage and maximize reservoir capacity
to generate hydropower under current and future LULC conditions. The following

conclusions were reached as a result of the study’s key contribution:

* The estimated optimal reservoir operations for all scenarios have distinct values
but follow similar tendencies. This indicates that the seasonal hydropower
generation is affected by stream flow and that the future inflow from the
reservoir area is substantially more susceptible to future LULC changes. The

optimal rule curves that were developed perform significantly better under
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future inflow scenarios compared to current rule curves, which allow the
reservoir to be more effective and appropriate in terms of water release and

storage for future scenarios to generate more energy.

The optimal solution could maintain a higher level of water in the reservoir, and
the optimized policy may increase hydropower generation during the wet
season, while also increasing the possibility of water accessibility during the

following dry season.

The possibility of improved water resource utilization in the future, particularly
with vigorous operating rules that consider optimization and uncertainty, can be
utilized as a guide for the future operation of hydropower planning. The
development of appropriate reservoir operating rules is critical for planning and

management, particularly from the perspective of LULC change.

The findings are intended to provide information to policymakers, water
resource managers, and other interested stakeholders so that future development

in the Nashe watershed of the Blue Nile River basin can be more effective.

Furthermore, the findings suggest that the methodology utilized in this research
can be used to evaluate and optimize current systems, as well as emphasize the
importance of using predicted land use land cover change as an assessment tool

for reservoir management in the future.

Generally, changes in LULC have an impact on the quantity of water available
for energy generation in hydropower reservoirs. Land use land cover changes
can cause soil deterioration (silting), which can affect both the watershed and the
reservoir level as a result of sediment transport, and thus exacerbate the negative

effects of climate change.

As a result, it is essential to perform studies that take into account a variety of
variables in order to produce accurate scenarios for the future availability of
water resources for hydropower generation and to define regulations for flexible

reservoir operation.
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Discussions

5. Discussions
5.1. Land use land cover changes detection

The LULC change of the Nashe watershed was investigated over 60 years (1990-2050),
including historical and future LULC scenarios. The historical LULC (1990, 2005, and
2019) was determined using a synergy of Landsat imageries, geographic information
system (GIS), focus group discussions, an interview with key informants, and intensive
land use mapping (ground truth) with GPS and processed with the ERDAS Imagine
software utilizing supervised classification with the maximum likelihood classifier
technique. To determine the correctness of the classified image, the accuracy assessment
was carried out. The overall classification accuracies and Kappa coefficients acquired
were significantly higher than the substantial range (= 80%), ensuring a high degree of

acceptance [1,2].

Change in LULC is important and essential for economic development and social
advancement, but it frequently comes at a high environmental cost [3]. The patterns of
LULC vary dramatically around the world, depending on culture, traditions, and
purposes. The findings indicate that there have been significant changes and
conversions of LULC in the Nashe watershed, with periodic variations. Over the past
thirty years (1990-2019), the study watershed has undergone significant landscape
changes with a variety of modifications. The changes observed in the Nashe watershed
included a significant increase in agricultural land, water bodies, and urban areas, as
well as a substantial loss of forest cover, range land, and grass lands. Throughout the
studied time periods, agricultural land was the largest LULC type in the watershed,
followed by forest land.

The agricultural land expanded by 14.6% and 21.4% during the first period (1990-2005)
and the second period (2005-2019) respectively. In the first period, urban land exhibited
the highest increase of 87.3% followed by water body (18%). The increase in water
bodies dominated the second period (146.4%) due to the construction of a dam on the
Nashe River during this time period. The main land use types that have experienced the
greatest detrimental change and are being transformed into agricultural land are forest
land, range land, and grass land. In general, the patterns of LULC change over the last
nearly three decades demonstrate that forest land has been reduced at a pace of 48.38%

on average.
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Identifying the main driver variables is quite helpful in understanding the root causes
of LULC change patterns in any watershed. The LULC change drivers in the Nashe
watershed are due to topography, proximity (human-geographic), and socio-economic
development of the area. The extent and scale of urbanization, and the conversion of
forest and range land to agricultural land are all primarily influenced by topography
and proximity. In general, the fast-growing population has a direct impact on LULC
patterns with an average annual rate of about 2.61% according to (the World Population
Review 2021) has a direct impact on LULC patterns [2,4].

To identify systematic transitions among the LULC categories, a change detection
methodology based on the transitional probability matrix has been used. In general, the
watershed's LULC experienced considerable alterations from one category to another
[5]. The LULC change models are crucial tools to determine and comprehend the
phenomenon of LULC [6]. The LCM model was used to predict the future LULC and
validated by comparing the observed and predicted LULC maps using the kappa
statistics index. The future LULC for the years 2035 and 2050 was predicted after a
successful simulation of LULC changes in 2019 based on Business-as-Usual (BAU)
scenarios. The LCM change analysis module was used to perform the LULC change
analysis by evaluating gains, losses, net change, and swap (simultaneous gain and loss

of a specific LULC over a given time) for the respective study period.

The forecasted LULC results for 2035 and 2050 show a significant increase in
agricultural land, water bodies, range land, and urban areas with a simultaneous
decrease in forest land. Generally, from the change analysis result, significant dynamics
of the LULC were observed between 1990 and 2050 in the Nashe watershed. The
findings on agricultural land , urban land expansion, and forest area reduction are
comparable with earlier studies conducted in Ethiopia by Gashaw et al. [7] in the Upper
Blue Nile basin, Gebresilassie [8] in the Lake Tana basin, and Girma et al. [9] in the
Gidabo River basin.

However, the rate of agricultural land expansion has been reduced between 2035 and
2050 as most of the cultivable land is already in use and the expansion limit in the
highlands has practically been reached. Similarly, this is owing to the rugged terrain,
steep slopes, water bodies, and urban areas that are unsuitable for farming.
Understanding the most important current causes and assessing the future impact of

LULC change is critical for proper watershed planning and sustainable land resource
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management [5,10]. Therefore, developing and implementing a reasonable land use
policy can assist to reduce the threat of natural resource degradation while also

promoting sustainable development.

5.2. Impacts of land use land cover change on hydrological responses

The most essential factor influencing a watershed's hydrological process and
determining its characteristics is the LULC change [11,12]. Evaluating the effects of
LULC changes on hydrological variability at the watershed and sub-watershed levels
reveals the extent of vulnerable sub-basins, which is critical for the development of
effective watershed management measures. However, the impacts of changing LULC
on the hydrological response have not been uniform across space and time [13]. The
study found that, the spatial variability in hydrological components rate changes was
lower at the watershed scale than at the sub-watershed scale. Similarly, the analysis
identified sub-watersheds in the catchment that are highly susceptible to surface runoff
and other hydrological components. The historical, current, and future LULC scenarios
were used independently to investigate the effects of LULC changes on the hydrological

responses in the watershed [14].

The Soil and Water Assessment Tool model was calibrated and validated using stream
flow data from the Nashe watershed. Before using the simulations for scenario analysis,
the flow parameters were adjusted based on the sensitivity analysis, keeping the model
parameters within reasonable ranges and minimizing uncertainties. Any model used to
generate stream flows will unavoidably have certain uncertainties since hydrological
models are approximate representations of real-world hydrological processes.
Uncertainty prevails in every aspect of optimizing water resource management. The
randomness of hydrological processes, the uncertainty of input data and model
parameters, and errors in the model structure all contribute to uncertainty in
hydrological models. Data processing techniques such as appropriate image processing
and ground truth were applied to reduce uncertainty in input data such as LULC.
However, sensitivity analysis can help to reduce the uncertainty in the parameter space.
It can be concluded that there is a good agreement between the measured and the

simulated monthly stream flow for both the calibration and validation periods.

The impacts of LULC change on the hydrological regime were analyzed under the

LULC scenario following calibration, validation, and uncertainty analysis using the
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SWAT model. As a result, it is recognized that changes to the LULC would have a
significant impact on a number of hydrological processes. In an uncertain future, a
scenario-based LULC change simulation can assist in assessing the potential
implications of LULC change on water resources [15]. The results of the SWAT model
on mean annual and seasonal hydrological components of the watershed areas were
associated with changes in LULC patterns [16]. The consequences of LULC change
analysis revealed that the development of agricultural land and urban areas, as well as
the decline of vegetation cover, have resulted in an increase of surface runoff over the
Nashe watershed.

In comparison to the baseline, the watershed mean annual lateral flow and groundwater
flow decreased in the current period and were predicted to decrease in the future as
well. Throughout the study period, surface runoff was the most significant increase in
hydrological components, mainly in the watershed's downstream and central areas.
However, range lands and grass lands, will start to recover beginning from 2035 to
reduce the undesirable trend, and groundwater flow increased, whilst surface runoff
and lateral flow decreased. Even though the hydrology has changed significantly
between the baseline, current, and future LULC scenarios, the seasonal patterns of high
and low flows have remained consistent. The increasing surface runoff and decreasing
groundwater and evapotranspiration would result in increased stream flow, mostly

during the wet season.

Although increasing wet season stream flow may increase downstream water
availability, it may also increase flooding, erosion, sedimentation, and a decrease in the
dry season may influence water system practices. As a result, it is suggested that various
best management practices (e.g., filter strips, stone/soil bunds, contouring, terracing,
reforestation, or a combination of two or more scenarios) be implemented that are
specific to the site topography, land use, soil, and climate conditions and should reflect
the reality of the study area. Additionally, management practices should always be
adopted from the Ethiopian community-based participatory watershed development
guideline [17] and the Ethiopian guidelines for development agents on soil water
conservation [18]. To be agro-ecologically appropriate, all of the selected scenarios
should make use of resources that are readily available in the area. The findings of this
study were consistent with previous studies [7,11,19-21], which found significant

variation in the hydrological components of the watershed as a result of LULC change.
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The pair-wise Pearson correlation approach was used to study the relationship between
individual LULC types (agricultural land, grass land, range land, forests, water bodies,
and urban areas) and hydrological components (surface runoff, groundwater flow,
evapotranspiration, and lateral flow). Using the hydrological model and pair-wise
Pearson correlation to examine the influence and contribution of each LULC variation
on the hydrological responses of the watershed could be a promising method [12,22,23].
According to the analysis, all hydrological components were strongly associated with
the majority of LULC types. Surface runoff has been positively correlated with changes
in agricultural land, whereas groundwater, evapotranspiration, and lateral flow have
been negatively correlated. However, surface runoff has a significant negative
association with forest cover, while lateral flow, groundwater flow, and
evapotranspiration show positive correlations. Because of its negative impact on surface
runoff, evapotranspiration is the main determinant of water availability in the
watershed. The variations of hydrological responses (surface runoff, groundwater, and
evapotranspiration) were directly proportional to the magnitude of land-use change.
The increased surface runoff was due to increased agricultural land and urban areas at
the expense of forest land with respect to the base line time period.

Above all, the considerable correlation between hydrological components supports the
general relationships between various hydrological components, such that increasing
one hydrological component increases the quantity of others while decreasing the
quantity of others. The estimated results were in agreement with those reported in
studies by Woldesenbet et al. [12] in Ethiopia's Upper Blue Nile basin and Bossa et al.
[24] in West Africa, which indicated a substantial positive association between
agricultural areas and mean annual surface runoff. Quantifying the impact of LULC
changes on stream flow is critical for transboundary water management at the river
basin scale. The results of the study provided significant information on the relative
contribution of certain LULC to improving a specific water balance component, which

is critical for implementing sustainable water resource management strategies.

Generally, according to the analysis, water bodies, urban areas, and agricultural land
have expanded while forest land has decreased in the watershed, which could place
turther pressure on water availability by increasing water extraction for a variety of
purposes. The method utilized in this study correlated changes in LULCs to
hydrological components, providing tangible information that would help stakeholders

and decision-makers to make important choices regarding land and water resource
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planning and management. Therefore, since forest cover has a negative impact on
surface runoff, reforestation management scenarios should be investigated by
converting croplands and range lands in steep slope areas to plantation forests.
Similarly, applying appropriate management practices on degraded areas and sloppy
lands could enhance groundwater recharge and surface runoff, which washes the
topsoil into the reservoirs. In the long run, this contributes to maintaining land, water,

and the lifespan of the reservoir.

5.3. Optimal operation of hydropower reservoir under LULC change

Optimization models are used to determine the optimal approach to satisfy various
reservoir system management goals for planning and real-time operation. However,
determining the optimal operating strategy for a reservoir to ensure that water is used
more effectively is a typical challenge when modeling the water resources system.
Sustainable management of water resources depends on optimizing reservoir
operations. The HEC-ResPRM is a reservoir operation optimization model that
minimizes penalty functions at defined locations in the water resource network to
prescribe optimal flow and storage values over time [25]. Based on a given priority of
the system objectives and provided inflow time series, the HEC-ResPRM model uses
network flow optimization to suggest an estimate of the best possible outcome for the

system [26].

The SWAT and HEC-ResPRM optimization models were used in this study to generate
the optimal reservoir operation of the watershed under current and future LULC
scenarios for the Nashe hydropower reservoir. As a result, to assess hydropower
reservoir operation, the SWAT model was simulated with inputs from projected LULC
maps to generate future reservoir water inflows at the watershed. Consequently, the
average annual future stream flow to the hydropower reservoir under the 2035 and 2050
LULC scenarios demonstrates that the result has been increased compared to the
baseline and the current period. In the future, the increased reservoir inflow would also
result in increased reservoir outflow. However, the rate of LULC changes determines

the trend of stream flow increment and decline.

Hydropower generation is dependent on available water resources, which are
influenced by patterns of LULC in the watershed. As a result, due to the close

relationship between hydropower generation and stream flow, the trajectory of
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hydropower generation indicates an increment in each of the future LULC time period
scenarios. According to Welde and Gebremariam [11], LULC changes in Ethiopia's
Tekeze dam catchment increased the mean annual stream flow. Similarly, the study by
Obahoundje et al. [27] revealed that the increasing conversion of vegetative land to
agricultural land and urban areas had increased stream flow and benefited Bui
hydropower generation in Ghana. In general, the Nashe hydropower reservoir inflow
and outflow increased throughout the wet season, but the disparity between inflows
and outflows was minor during the short rainy season. The increased outflow from the
Nashe watershed will improve the Blue Nile River basin's water resources, which will

benefit the country and downstream water users in general.

The operating rules for the system under consideration were derived using the time
series for the inflow, elevation, and storage generated by the HEC-ResPRM for the entire
period. Reservoir operation rules are intended to get appropriate guidelines and
manage the reservoir system so that the release is in the best interests of the system
objectives while remaining consistent with specific inflow and existing storage levels.
The HEC-ResPRM optimization technique associated with the reservoir simulation
model was used to define the adaptive optimal rule curves, making reservoir rule
curves an appropriate strategy for long-term reservoir operation [26]. When compared
to the current rule curves, the optimal rule curves developed by the model perform

significantly better under future inflow scenarios.

The current optimized and future optimal rule curves considered the impact of LULC
change. Since the stream flow into the reservoir is affected by LULC changes, the stream
flow data from the past does not correspond to the future situation. Normally, the
existing reservoir rule curves were generated from observed historical stream flow data,
which is appropriate only for stream flow situations in the past to present. Creating
reservoir rule curves using the future stream flow, which is expected to be impacted by
LULC changes, makes the new rule curves optimal for dealing with events that will

occur in the future.

In general, reservoir operating rule curve-based decisions about the operation of the
reservoir in the Nashe watershed are crucial to ensure seasonally and annually balanced
water release while also safeguarding the downstream areas of the reservoir from
flooding. Even though hydropower production has a non-linear relationship with

storage and water level, optimum reservoir operation significantly increases power

137



Discussions

production by storing the higher inflow volume to inflow deficiency periods. The
elevation difference allows more water to be conserved during the rainy season for

energy production during the dry season [28].

Therefore, if operators and water managers adopt proper reservoir operation
techniques to store and utilize the wet season flow for the dry seasons, the potential for
hydropower generation in the Nashe hydropower reservoir was predictable to increase.
In comparison to existing reservoir operations, the reservoir optimization model
demonstrated a considerable increase in expected hydropower reservoir storage
volumes and elevation under the 2035 and 2050 LULC change scenarios of the Nashe
watershed. According to [29,30] investigations, the optimum reservoir storage
determined by utilizing the optimization algorithm for the reservoir could be better than
the currently employed operational storage for optimizing annual hydropower

generation.

The rainy season, particularly July, shows the highest levels of hydropower generation,
with January indicating the lowest levels. In general, the optimal storage, pool level, and
power generation of the Nashe hydropower reservoir change as a result of LULC
change impacts. The study by Wu and Chen [29] examined the optimal reservoir
operating rules using an optimization model and advocated that the optimal reservoir
operating rules derived through the use of the optimization model were better than the
currently used operational policy for optimizing annual hydropower production. The
use of an optimization model to assess the effects of the LULC change reveals a positive
impact on the Nashe hydropower reservoir operation. As a result, the optimal reservoir
operation established in this study may provide decision-makers and reservoir
operators with useful and instructive information for the efficient operation of the

Nashe reservoir.

5.4. Management of Nashe and other similar watersheds in Ethiopia

Water resource issues are inherently complicated. The world's water challenges are not
homogeneous, continuous, or steady across time. The complexity of water management,
combined with increased uncertainty caused by socio-economic developments and
LULC change, restricts the efficiency of integrated planning and management
approaches to water resource systems. The principal element that directly affects
watershed hydrology is LULC and understanding its effects is critical for land use
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planning and water resource management. Since the LULC change is related to the
hydrological cycle and hydropower production, rapid changes in LULC have been
identified as one of the most important factors affecting water availability and resulting
in both positive and negative consequences for society [31]. The effects have already
been assessed in Europe [32], Africa [33], and China [2].

The design, planning, and operation of reservoirs are important part of water resource
development initiatives. Water resource management, based on water availability and
hydropower production, is a major concern for the future of countries that are heavily
reliant on hydropower. Hydropower is the world's most abundant renewable energy
source, accounting for up to 65% of all renewable sources and about 16.5% of electric
generation sources [34]. As a result of the dynamics of land use land cover changes in

hydrological processes make these countries extremely vulnerable.

The upstream countries of the Nile basin possess hydropower potential, while the
downstream countries have abundant irrigable fertile soil. Although hydropower does
not directly consume water, its generation frequently conflicts with other uses, because
its release schedule does not always correspond to the timing of water use by other
activities. Due to the problem of water resources management, cooperation among
riparian countries is required for the development of water resources for hydropower
generation and irrigation. Ethiopia's hydropower development, which is located
upstream of the Nile basin and contributes a larger percentage of the Nile flow, is not
well received by most downstream countries, which rely entirely on the Nile basin.
Therefore, water resources system analysis, which focuses on management techniques
for the sustainable and optimal use of water resources, can contribute to conflict
resolution by better understanding conflicts and opportunities for cooperation.
Nowadays, water resource system planning and management are strongly reliant on
the use of systems approach and system analysis methodologies to develop and solve

water resource management problems.

In this study, increased stream flows in the current and future LULC scenarios
compared to the baseline scenario hydrological regime, as well as a decrease in
vegetation cover in the future scenarios, indicating that management interventions in
the watershed are required. To manage the hydrology and environment of the Nashe
and similar watersheds in Ethiopia and in the world in general, it is suggested that an

integrated and adaptive management strategy should be used [35]. As a result, efficient
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management of a watershed's water resources necessitates an understanding of the
amount of water that can be abstracted and supplied under various conditions. Forest
rehabilitation should also be prioritized in agriculturally dominated areas. Generally, to
maximize water production and quality, proper watershed management strategies

should be applied.
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6. Conclusions and Perspectives
6.1. Conclusions

To achieve sustainable watershed management, this research was conducted in the
Nashe watershed with the goal of understanding the LULC (historical and future)
change with their driving forces and thoroughly investigating the long-term dynamics
of LULC change impacts on hydrological responses and operation of hydropower
reservoir. The following main conclusions can be inferred based on the results of the

study.

* The Nashe watershed encompasses land and water resources that have the
potential to provide many regional and national socio-economic benefits. Water
resources in the watershed area are becoming increasingly important due to
increasing agricultural, hydropower, industrial, domestic, and environmental
needs. Therefore, understanding the LULC change as well as the associated
hydrological processes at various spatial and temporal dimensions is

indispensable for improved water resources management in the watershed.

* Analyzing LULC change dynamics requires the mapping of multi-temporal
satellite imagery, which provides data for estimating potential future LULC

changes and assessing potential repercussions.

* The fundamental drivers of LULC change in the study watershed were identified
as being rapid population growth, topographic features, and proximity variables.
Expansion of urban land, agricultural expansion, firewood extraction, climate
variability, land tenure policies, use of trees for construction, and infrastructure
development were the main drivers of LULC change observed during the field

observation.

* The integrated use of land change modeler, hydrological model, reservoir
optimization model, and statistical tools was considered as it ensured that
multiple LULC classes were spatially simulated to provide up-to-date
information on the impact of LULC change on hydrological processes and
hydropower reservoir operation. The modeling methodology developed in this
study contributes to a scientific understanding of the impact of LULC change on

hydrological responses and hydropower reservoir operation reliability.
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Modeling historical and future LULC is crucial for effective land use planning

and natural resources management.

In this study, the majority of systematic transitions, gains, losses, and persistence
were analyzed using a transition matrix and multi-temporal LULC changes in
the study watershed. According to the LULC analysis, a significant expansion of
agricultural land and urban area happened in the watershed. The trend of
increasing agricultural land and urban areas while forest cover decreasing is
expected to continue in the future time periods unless effective management

measures are implemented.

The model parameter sensitivity analysis identified nine most sensitive
parameters affecting the surface, sub-surface, soil, and stream routing processes
of the watershed. The parameters were adjusted based on the sensitivity analysis
to maintain the model parameters within reasonable ranges and reduce the
uncertainty in the simulations before being further used for the scenario analysis.
On the other hand, model calibration and validation have shown that the

observed stream flow was simulated quite satisfactorily at gauging stations.

The effects of LULC changes on surface runoff, groundwater flow, lateral flow,
and water yield are very noteworthy in the annual, seasonal, and monthly
average values. The LULC changes had increased the annual, wet season flow,
and surface runoff while decreasing the dry season flow, groundwater flow,
lateral flow, and evapotranspiration. A combined technique of hydrological
modeling and pair-wise Pearson’s correlation analysis was used to study the
influence and contribution of individual LULC variations on hydrological

processes.

The relationship between hydrological components and LULC classes revealed
that surface runoff was strongly related to changes in agricultural land, as
evidenced by a higher correlation coefficient. Similarly, forest land had a positive
correlation with groundwater flow, evapotranspiration, and lateral flow,
whereas, it had a severe negative correlation with surface runoff. The positive
effects indicate that the forest land increases the groundwater flow,
evapotranspiration, and lateral flow. Whereas the negative effects show that the
forest land decreases the surface runoff. However, in the long term, the negative

and positive effects offset each other in the watershed, particularly at the sub-
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watershed level. In general, understanding the individual effects of LULC
change and their consequent impacts on hydrological components could help
concerned bodies to develop more effective and sustainable land use planning

and water resource management strategies in the study watershed.

The stream flow, which is the fundamental hydrological parameter for water
resources planning and management in the watershed has been changed due to
the LULC change. The study has shown that the current LULC scenario has
significantly increased the stream flows in the Nashe watershed as compared to
the baseline scenario. The future period LULC scenarios had significantly more
total reservoir inflows compared to the historical and current simulations, which
has several implications for future hydropower reservoir planning and
operations. Generally, the increase in the area of agricultural land and urban area

was mainly responsible for the substantial increase in stream flow.

The reservoir optimization model was used to generate optimal hydropower
reservoir operation policies for the Nashe hydropower reservoir to maximize
reservoir capacity to generate hydropower under current and future LULC
circumstances. As a result, the future scenarios result in optimum reservoir
operation policies that significantly exceed those observed currently. In addition,
the optimized policy may amplify the generation of hydropower during the flood
season, as well as increase the likelihood of accessibility of water for the

subsequent dry season.

The reservoir optimization modeling approach would provide a better
understanding of current and future conditions of optimal hydropower reservoir
operation by incorporating water storage, water surface elevation, release, and
power generation. The generated optimal rule curves outperform current rule
curves under future inflow scenarios, allowing the reservoir to be more effective
and appropriate in terms of water release and storage for future scenarios that

generate more energy.

In general, it has been shown that, the historical, current, and also the future
LULC change scenarios have significant effects on hydropower generation.
Furthermore, the importance of LULC distribution in land use planning and
management should be emphasized as it has a significant impact on reservoir

performance indicators. Changes in the LULC and their hydrological
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consequences are considered as a hotspot and key issues in hydrological
research. In order to ensure the sustainability of water resources, the LULC

condition of the area needs to be managed effectively.

e The approach used in this study can be applied to any watershed as a decision-
support tool to make better planning and management decisions for land, water
resource, and reservoir in the future to optimize power generation. The findings are
envisioned to update policymakers, water resource managers, and other concerned
stakeholders so that future development in the Blue Nile River basin can be more

effective.

6.2. Perspectives

This study assessed the trends, drivers, future LULC dynamics, and the impacts of
LULC changes on hydrological processes and hydropower reservoir operation in the
Nashe watershed. The modeling study was used in operating the Nashe hydropower
reservoir under the effect of hydrological processes and LULC change. As a result,
depending on the findings of the study, the following recommendations and directions
for future research have been outlined to improve the outcome for future perspectives

of Nashe water resource management.

The availabilities of LULC data (historical and predicted), hydrological data (stream
flow), weather data, and reservoir data (historical reservoir storage and water surface
level, outflow-energy generation relationship) are essential for the development of
water resource management in the watershed. Data accessibility and quality should be
prioritized significantly more when using hydrological and reservoir optimization
models. Similarly, the lack of pertinent and adequate observed data revealed some of
the difficulties that the Nashe watershed confronts. However, an improved
understanding of LULC change dynamics allows for more reliable information for
hydrological processes and reservoir operations in the watershed. Therefore, it is
strongly recommended to improve the hydrological and hydropower monitoring

system in the watershed.

The SWAT model was used to simulate the hydrological regime of the Nashe
watershed, according to statistical analysis and hydrographs of the simulated and

observed stream flow obtained through calibration and validation. However, in this
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study, the model was calibrated and validated using only stream flow data at a single
gauging station outlet of the watershed. Therefore, it is suggested that future studies
evaluate the value of employing multisite stream flow gauges to validate hydrological
modeling; hence, more stream flow gauges are necessary in the interior part of

catchments.

Nowadays, climate change and its consequences are becoming a hot issue in different
anthropogenic and natural systems in a variety of ways. This study has not considered
the climate change effects. Throughout the simulation period, a fixing-changing
approach was considered in this study, such an assumption can influence hydrological
processes and hydropower generation projections in the watershed. Hence, further
refinement is recommended in the Nashe watershed to couple LULC change with
climate change scenarios in order to evaluate changes in hydrological responses as well
as their implication on hydropower generation. In addition, multiple hydrologic
models, climatic models, and reservoir optimization models should be used in future
studies to provide more precise results in the Nashe watershed hydropower reservoir

operation.

In the study watershed, the expansion of agricultural land and urban area has increased
surface runoff while decreasing the groundwater flow. The increase in surface runoff
could further increase erosion and sedimentation. It is important to take measures
against further expansion of agricultural land at the expense of forest land and range
land which avert undesirable LULC changes and thereby reduce its negative impact on

hydrological processes.

Land use land cover changes, including the predicted LULC changes associated with
the effects of soil erosion and sediment yield, which are required to evaluate the Nashe
hydropower reservoir operation were not investigated in this study. Sediment
modeling, which was left out from this study due to lack of data, is very important in
the Nashe watershed. The installation of sediment gauges inside catchments will also
enable the accurate determination of the spatial and temporal variability of water
resources and sediment yield. Further studies were recommended to attempt watershed
reservoir systems with different LULC to analyze the potential sources of soil erosion
for prioritization, sediment yield, and evaluation of best management practices in the
watershed and their impacts on the reservoir indicators. In addition, to minimize the

predicted future impact of LULC changes on the hydrology of the catchment,
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appropriate and integrated approaches for land use planning and management need to

be developed and implemented.

In general, the study showed that the LULC changes could affect the land use projects
within and outside the Nashe watershed and the Blue Nile River basin, including the
GERD (Grand Ethiopian Renaissance Dam) and the downstream countries of the users
of the Blue Nile River basin. As a result, it is essential to reduce the long-term
detrimental effect of LULC changes on the hydrological response of the tributaries of
the Blue Nile River basin in particular, and the country as a whole, by formulating and

implementing appropriate land use management interventions.

Planning professionals, practitioners, researchers, and farmers can better formulate and
implement sound measures to reduce adverse future potential impacts and develop
management approaches by understanding how changes in LULC influence stream
flow and subsequently optimization of water resources. Similarly, the recently
introduced nationwide green legacy of planting trees in Ethiopia may also help in
reducing the surface runoff, wet season flow, and increasing groundwater, and dry
season flow if properly implemented and monitored. They have positive effects on
riparian buffer zones in order to fight against sediments and nutrient emissions from
entering river basins. Furthermore, the implementation of a climate-resilient green
economy strategy and the formulation of local and regional scale plans for sustainable

development could essentially curb the negative impact of LULC changes.
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