
water

Article

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

Megersa Kebede Leta 1,2,* , Tamene Adugna Demissie 2 and Jens Tränckner 1

����������
�������

Citation: Leta, M.K.; Demissie, T.A.;

Tränckner, J. Hydrological Responses

of Watershed to Historical and Future

Land Use Land Cover Change

Dynamics of Nashe Watershed,

Ethiopia. Water 2021, 13, 2372.

https://doi.org/10.3390/w13172372

Academic Editors: Kazimierz Banasik,

Rabin Bhattarai and Johanne Deelstra

Received: 2 August 2021

Accepted: 27 August 2021

Published: 29 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Agriculture and Environmental Sciences, University of Rostock, Satower Str. 48,
18051 Rostock, Germany; jens.traenckner@uni-rostock.de

2 Faculty of Civil and Environmental Engineering, Jimma Institute of Technology, Jimma University,
Jimma 378, Ethiopia; tamene.adugna@ju.edu.et

* Correspondence: megersa.kebede@uni-rostock.de

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 are
investigated. For this, historical and future LULC change scenarios in the Nashe watershed are
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 ground
water 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

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 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.
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To manage 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
modelling 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 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 modelling 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, [20] conducted in East African
watershed using SWAT model for assessment of water resources under land use impact
and demonstrated an increment in surface runoff and decline in ground water recharge.

Accordingly, SWAT was implemented for this study based on the criteria speci-
fied 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, ground water, 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 water-
shed that corresponds to the expansion of agricultural land and urban area at the decline of
forest cover [2,29,30]. Authors [31] in Lake Tana and Beles watershed, [32] in Finchaa water-
shed, [33] in Hangar watershed, Ethiopia, and [34] in Rwanda have described the surface
runoff increase because of the agricultural land expansion and decrease of forest covers.

Likewise, ground water 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 [35] in northeast Portugal, increases of
lateral flow, evapotranspiration and decreases of surface runoff, and flow of ground water
due to LULC change and afforestation scenario. In another study conducted by [36] in
Ethiopia, Finchaa watershed, it was shown 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 plenti-
ful water resource potential is not being properly realized and translated into development
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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]. 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]. Addi-
tionally, 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, determining the impacts of different time periods of LULC on the hydro-
logical processes of the watershed and prioritization of the sub-basins will contribute
to identifying strategies of hydrological response of the watershed. 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 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.

2. Materials and Methods
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 1). The watershed has an area of
945,78 km2 and administratively the area belongs to two woreda’s, 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
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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 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 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 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 2. Monthly average rainfall and temperature features of the stations in the Nashe watershed.

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 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.

Table 1. Input data description used in the SWAT model.

Data Types Research Data Resolution/Period Sources

Spatial data

Digital Elevation Model
(DEM) 30 m

The shuttle radar topographic mapping
obtained from the Ministry of Water,
Irrigation, and Energy, Ethiopia

Land Use Land cover 30 m/(1990, 2005, 2019,
2035, and 2050)

Derived from Landsat images (Landsat-5,
Landsat-7, and Landsat-8) and Predicted by
Land change modeler model [8]

Soil 1:50,000 Ministry of Water, Irrigation, and Energy
(MoWIE), Ethiopia

Meteorological data Daily observed weather data 1985–2019 National Meteorological Agency, Ethiopia

Hydrological data Daily stream flow 1985–2008 Ministry of Water, Irrigation, and 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)
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and the two time periods (2035 and 2050) predicting LULC were conducted in detail
by [8] and utilized in this study (Figure 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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The necessary soil properties (physical and chemical parameters of the soils) required
by SWAT were obtained from the Oromia Water Works Design and Supervision 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 5).
The dominant soil type of the watershed is Haplic Alisols (47.01%) following Rhodic
Nitosols (31.77%).
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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 five 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. 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.

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 (1)). In the SWAT model, the
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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 out-
let. 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 are 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.

SWt = SWo +
n

∑
i=1

(Rday−QSur f − Ea−Wseep−Qgw) (1)

where: SWo, SWt: initial and final soil water content respectively, Rday: precipitation,
QSurf : surface runoff, Ea: evapotranspiration, Wseep: water entering the vadose zone from
the soil profile, Qgw: return flow, t: time (days).

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) algo-
rithm, which is the interface of SWAT-CUP (Soil and Water Assessment Tool- Calibration
Uncertainty Program), was used to accomplish sensitivity analysis [18]. The flow parame-
ters were tested and the influential sensitive parameters were selected and used for further
analysis (Table 2). 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 2. Performance evaluation measurements for stream flow simulation.

Performance Rating NSE PBIAS R2

Unsatisfactory NSE ≤ 0.5 PBIAS ≥ ±25 R2 < 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

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 re-
duced, 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 program using the SUFI-2
algorithm. The uncertainty is 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
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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.

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 (R2)—a measure of the consistency of simulated and observed data, as
depicted in Equations (2)–(4). 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 2).

NSE = 1−
[

∑n
i=1 (Qoi−Qsi)2

∑n
i=1 (Qoi−Qo)2

]
(2)

PBIAS = 100 ∗
[

∑n
i=1(Qoi−Qsi)

∑n
i=1 Qoi

]
(3)

R2 =

[
∑n

i=1
(
Qsi−Qs

)
(Qoi−Qo)

]2
∑n

i=1 (Qsi−Qs)2
∑n

i=1 (Qoi−Qo)2 (4)

where; Qsi, Qoi: the simulated and observed stream flow values, Qo, Qs the mean of the
observed and simulated values.

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 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
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(Figure 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. Results and Discussions
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 4 and 6 respectively. The assessment of 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 [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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3.2. Hydrological Model Performance Evaluation
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). 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 and surface hydrological
processes and stream routing.

Table 3. Sensitive flow parameters and their rank.

Parameters Name Description
Sensitivity Parameter Value

t-Stat p-Value Rank Min Max Fitted

r__RCHRG_DP.gw Deep aquifer percolation fraction −0.54 0.04 9 0 1 0.837
r__SLSUBBSN.hru Average slope length (m) −0.83 0.03 8 0 150 76.98
r__SOL_AWC (..).sol Soil available water capacity (mm H2O/mm soil) −0.96 0.03 7 −25 25 −12.1
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Table 3. Cont.

Parameters Name Description
Sensitivity Parameter Value

t-Stat p-Value Rank Min Max Fitted

v__GWQMN.gw Threshold depth of water in shallow aquifer
required for return flow (mm) −1.17 0.01 6 0 5000 1921

v__CH_N2.rte Manning’s roughness coefficient for the
main channel 1.96 0.00 5 0 1 0.524

v__ALPHA_BF.gw Base flow alpha factor for bank storage 2.68 0.00 4 0 1 0.367
r__SOL_K (..).sol Saturated hydraulic conductivity (mm/hour) 7.23 0.00 3 −25 25 17.15
v__GW_DELAY.gw Ground water Delay from soil to channels (days) −8.21 0.00 2 0 500 19.02
r__CN2.mgt SCS runoff curve number 13.13 0.00 1 −25 25 −16.31

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 done 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. Ref. [55] Proposed calibration and validation of the model to assess the effects
of LULC change.

Figure 7a,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 wa-
tershed through the calibration and validation periods. Reference [45] depicted that
graphical comparison and statistical indices can assess the efficiency of the calibrated
and validated parameters. During the calibration and validation period, the simulated
flow values are marginally less than the observed value at at peak flow months. But the
simulated flow is slightly greater than the observed value at low flow months. Gener-
ally, the model underestimates mean monthly stream flow (Figure 7). The simulated
and observed graphical comparison shows a good agreement both in calibration and
validation results.

3.2.3. Model Efficiency

The evaluation of simulated and observed stream flow computed through the sta-
tistical values of objective functions are in the acceptable range (Table 4) based on the
performance assessment criteria (Table 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 under-
estimation 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 4. Stream flow calibration and validation model performance values of Nashe watershed.

Index R2 NSE PBIAS p-Factor r-Factor Index

Calibration 0.80 0.76 3.03 0.83 0.74 Calibration
Validation 0.85 0.80 1.28 0.80 0.69 Validation
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3.3. Hydrological Responses to Land Use Land Cover Change
3.3.1. Seasonal Hydrology of the Watershed

The LULC change effect on the hydrological components of the watershed was mainly
analyzed on annual, seasonal, 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 Ethiopia are cate-
gorized 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, ground water, 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 ground water occurs
during the wet season for all LULC time periods, while less than 10% of the surface runoff
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occurs during the dry and short rainy seasons (Figure 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.
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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 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 agri-
cultural land has less evapotranspiration than forest land [51,59]. Ref. [60] found that
alteration of forest to agriculture and grassland 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. Ac-
cording to studies conducted by [24,25,34,61,62], the rise in surface runoff and decline of
ground water and evapotranspiration was attributed to the increase of agricultural area
and urban areas at the expense of forest cover using the SWAT model.
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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 5). The future scenario
(LULC 2035) yields higher surface runoff and lower ground water flow in comparison to
the other scenarios.

Table 5. Average annual hydrological components (mm) and percentage changes in the Nashe watershed.

Hydrologic Components
LULC Scenarios Changes (%)

1990 2005 2019 2035 2050 1990–2005 2005–2019 2019–2035 2035–2050

Surface runoff 288.15 292.04 311.02 318.26 314.56 1.35 6.50 2.33 −1.16
Lateral flow 69.24 67.88 67.67 65.40 60.61 −1.96 -0.31 −3.35 −7.32

Ground water 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 0.21 −0.02

Evapotranspiration 284.11 283.06 279.26 277.11 275.81 −0.37 −1.34 −0.77 −0.47

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 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.
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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 10 (a) 1990–2019, (b) 2019–2035,
and (c) 2035–2050. Ref. [4] indicated the impact of changes of LULC 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
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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 6).
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Similarly, surface runoff increased more in sub-basins characterized by higher urban
development and increment of irrigation projects downstream of the watershed. Ref. [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
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factor of 0.97 was found between surface runoff and agricultural land (Table 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 6. Pair-wise Pearson correlation coefficients for land use, land cover classes, and hydrological components between
1990 and 2050 time periods.

SurfQ 1 LatQ GWQ WYLD ET AGRL FRST GRSL RNGL UrbL WatB

SurfQ 1 1.00
LatQ −0.60 1.00
GWQ −0.97 0.41 1.00
WYLD −0.38 0.86 0.24 1.00

ET −0.96 0.79 0.88 0.57 1.00
AGRL 0.97 −0.74 −0.89 −0.52 −0.99 1.00
FRST −0.96 0.79 0.89 0.60 1.00 −0.98 1.00
GRSL −0.89 0.78 0.78 0.51 0.95 -0.97 0.93 1.00
RNGL −0.92 0.57 0.87 0.27 0.90 −0.95 0.88 0.96 1.00
UrbL 0.71 −0.99 −0.53 −0.82 −0.87 0.84 −0.86 −0.87 −0.69 1.00
WatB 0.99 −0.70 −0.94 −0.48 −0.98 0.97 −0.99 −0.89 −0.88 0.79 1.00

1 SUR Q: surface runoff, LAT Q: lateral flow, GWQ: groundwater flow, WYLD: water yield, ET: evapotranspiration, AGRL: agricultural
land, FRST: forest land, GRSL: grassland, RNGL: range land, UrbL: Urban land, WatB: water body.

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 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 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 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 land use land cover 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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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 ground water 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.

• Forest land coverage increase is important for decreasing surface runoff and wet
season flow, and increasing lateral flow, ground water, 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 hy-
dropower 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 re-
sponse 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 a result, 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
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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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