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Abstract: Land use/land cover (LULC) and climate change are the two major environmental factors
that affect water resource planning and management at different scales. This study aims to investigate
the effects of LULC and climate change patterns for a better understanding of the hydrological
processes of the Birr River watershed. To examine the effects of LULC and climate change patterns
on hydrology, three periods of climate data (1986–1996, 1997–2007 and 2008–2018) and three sets of
LULC maps (1986, 2001 and 2018) were established. The changes in hydrological flow caused by
climate and LULC changes were estimated using the soil and water assessment tool (SWAT) and
indicator of hydrological alteration (IHA) method. Results showed that the SWAT model performed
well during the calibration and validation period at monthly timestep, with R2 and NSE values of
(0.83 and 0.81) and (0.80 and 0.71), respectively. The LULC change increased surface runoff while
decreasing baseflow, water yield, and evapotranspiration. This was due to increased agriculture and
settlements, and a reduction in bushland, forest, and grassland. Climate change increased surface
runoff and water yield while decreasing baseflow and evapotranspiration during 1996–2006. The
combined effect of LULC and climate reveals increased surface runoff and a decreased trend of
evapotranspiration, whereas baseflow and water yield showed inconsistency. In addition, the IHA
found no statistically significant increasing trend for one-day, three-days, seven-day, and thirty-day
minimum and maximum daily streamflow in the Birr River watershed. These findings will be useful
to authorities, water engineers, and managers concerned with hydrology, LULC, and climate.

Keywords: Birr River watershed; climate change; land use/land cover; streamflow; SWAT

1. Introduction

Lan use/land cover (LULC) and climate change are the two major environmental
components that had a significant effect on the hydrological process and socioeconomic
activities, which directly affects water resource management and development [1–5]. The
patterns of LULC and climate change are dynamic, with the effects of natural phenomena
and anthropogenic activities primarily governing their prevalent processes [6,7]. Various an-
thropogenic activities of LULC changes, such as rapid urbanization, agricultural expansion,
deforestation, industrialization, and other human activities can have a significant effect on
streamflow, surface runoff, groundwater flow, water yield, and evapotranspiration of a
watershed [8–10]. Climate change also has a wide range of effects on the hydrological cycle
in a variety of ways, including changes in peak flow and volume [11–14]. Moreover, both
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the quantity and quality of water are constantly deteriorating as a result of mining activities
and the conversion of forests into agricultural areas. Mining increases land degradation
and soil erosion, whereas deforestation increases surface runoff and decreases baseflow
on agricultural and urbanization fields [15] As a result, LULC and climate change had
a detrimental effect on long-term water resource management, and development [16,17].
Hence, to effectively manage the available water resource for various uses, the watershed’s
water should be adequately quantified and estimated.

Analyzing and quantifying the impact of LULC and climate change on the hydro-
logical flows of a watershed is a challenge because of the complex relationship between
landscape, LULC, climate, and hydrology [6]. Thus, understanding these impacts at a
watershed scale is essential for land use planners, policymakers, stakeholders, and water
planners and managers. Studies of LULC and climate change patterns, and implications
can also pave the way for the development and implementation of appropriate land man-
agement strategies [18,19]. Local and regional knowledge is especially important in the
Birr watershed, which contains many small rivers and streams that supply water to the Birr
River [20]. Several studies have been conducted to better understand the separate impact
of LULC or climate change on hydrological flow in a watershed [19,21–23]. However, it is
critical to recognize the cumulative effect of these LULC and climate change factors. [24–26].
The integrated and individual effects of climate and land cover change influence the hy-
drological processes of a watershed [27–29]. Although, the magnitude of the change varies
among watersheds depending on the watershed’s characteristics such as vegetation cover,
climate condition, land cover, and topography. Therefore, studying the effects of changes
in climate and land cover drivers on hydrological response has become a major research
topic in recent decades [30]. Many scholars studied LULC and climate change effects on
hydrological processes all over the world [24,31–36], however, it is complicated to quantify
the hydrological process [37]. Some researchers recently also concluded that the effects of
LULC and climate change on streamflow varied over several regions as a result of the dif-
ference in soil type, terrain, human activities, and climate conditions [1,38–40]. For instance,
Kuma et al. and Chen et al. [28,29] reported that climate change has a greater impact on
hydrologic response than land cover change. On the other hand, land cover changes are
more sensitive to hydrologic responses than climate change [5,7,41]. Patel and Verma [42]
stated that changes in LULC contribute to an increase in streamflow and a decrease in
evapotranspiration, primarily as a result of increased urbanization and decreased water
bodies and forest cover. Thus, it is important to consider the effect of both climate and
land cover changes on hydrological processes. This study used soil and water assessment
tools (SWAT) and indicators of hydrological alteration (IHA) to investigate how changes
in hydrological processes within the Birr River watershed. Because of the limited data,
there are fewer studies in which SWAT has been applied in the Birr River watershed. IHA
is used to estimate the magnitude of changes in hydrological flow fluctuation caused by
climate and anthropogenic changes Additionally, this study raised concerns about resource
degradation, particularly the loss of vegetation and its transformation in other land LULC
types. The transformation of land use is the result of human-induced systems, which are
primarily disrupting watershed streamflow regimes.

Many types of research have been conducted to investigate the effect of climate and
LULC change on hydrological flows using a hydrological model due to the enormous
economic and social importance of these climate and LULC changes [25,43–48]. Regional
and local studies have been conducted using the SWAT model to investigate the response
of hydrological variables to LULC and climate change in a watershed [49–55]. The SWAT
model is a physically-based semi-distributed hydrological model that is used worldwide.
It is user-friendly and freely available, and it estimates surface runoff using a modified Soil
Conservation Service Curve Number (SCS–CN) technique. The model has been used to
monitor and control, changes in LULC and climate changes in the Birr River watershed.

The Birr River watershed mainly experienced rapid LULC and climate change, high
population growth, and decreased surface water availability, due to high agricultural
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water demand [56]. Most local people in the watershed depend on rainfed agriculture and
small-scale irrigation schemes for their livelihoods, which have been severely impacted
by LULC and climate change. Land degradation from soil erosion, deforestation, and
uncontrolled hillside farming is a serious problem in the watershed [20]. The study area has
high deforestation and steep slopes employed by farmland for crop production, resulting
in severe land degradation. Vegetations are becoming scarce as a result of increased
cultivation, settlements, and land degradation. Thus, quantifying the individual and
integrated effects of land use and climate change on various hydrological processes on
a local scale (watershed level) and identifying the relative contribution of these changes
is the novelty of the study. The study provides more information on the integrated and
individual effects of land use and climate change drivers for a better understanding of
the hydrological processes in the Birr River watershed. Furthermore, the study would
have the highest impact and be useful in developing policies and strategies for sustainable
land and water resource management practices in the study area. Therefore, the main goal
of this study was (i) to determine the impact of integrated climate and LULC change on
hydrological processes (surface runoff, baseflow, water yield, and evapotranspiration) over
32 years (1986–2018) (ii) to analyze the relative contribution of individual climate and LULC
cover change on hydrological processes (iii) to model and understand the availability of
streamflow in the Birr River watershed for the effect of climate and land use changes using
the IHA.

2. Materials and Method
2.1. Study Area

Birr River watershed is situated in the northwestern highlands of Ethiopia. Geographi-
cally, the watershed is located between the longitude of 37◦10′ and 38◦50′ E and the latitude
of 10◦30′ and 11◦10′ N (Figure 1). The watershed is characterized by rough topography
and a wide range of elevations ranging from 1691 to 4084 m above sea level. The total
drainage area of the watershed is 3062 km2. Many small tributary streams contribute to
high discharge to the Birr River watershed during the summer season and are distinguished
by substantial spatial and seasonal variability in rainfall. Based on the rainfall patterns,
there are three distinct seasons: the main rainy season, which runs from June to September,
the minor rainy season, which runs from February to Ma, and the dry season, which runs
from October to February [57,58]. The estimated mean annual rainfall for the watershed
is 1389 mm based on 32 years of recorded data (1986–2018) obtained from nearby repre-
sentative meteorological stations, (Figure 2). The northwestern region of the watershed
has an estimated annual rainfall was 1391 mm, while the southwestern tip near the mouth
of the basin was 1026 mm. The estimated maximum temperature also ranges between
23 and 30 ◦C, while the lowest temperature varied between 8 to 12 ◦C, with an average
temperature of 18 ◦C (Figure 2). Figure 2 depicts the average maximum and minimum
temperatures, as well as rainfall, in the Birr River watershed. The estimated gauged area
of the Birr River watershed covers 1500 km2 (Figure 1). The watershed is significant on
local and national magnitude. It includes a high irrigation potential, a high value of cash
crops, livestock production as well as tourism, because of the existence of an impressive
landscape, and a unique source of biological diversity [20,57].

2.2. Data Collection and Quality Control
2.2.1. Spatial Data

A spatial dataset of digital elevation model (DEM), soil, and LULC was employed to
simulate the SWAT hydrological model. DEM data is required to define watershed and
sub-watershed boundaries, as well as the delineation of the hydrological response unit, and
slope reclassification. DEM data with the 30-m spatial resolution was obtained from the
Shuttle Radar Topographic Mission (SRTM) USGS website http://earthexplorer.usgs.gov/
(accessed on 1 August 2022) [59]. The soil and LULC map along with the watershed and sub-
watersheds delineated from DEM was used to determine the hydrological parameters and

http://earthexplorer.usgs.gov/
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the Hydrological Response Units (HRUs). The soil map was collected from the Ethiopian
Ministry of Water, Irrigation, and Energy (MoWIE). There are six major soil types found in
the Birr River watershed, which include Haplic Alisols, Eutric Fluvisols, Haplic Luvisols,
Eutrc Leptosols, Haplic Nitisols, and Eutric Vertisols (Figure 3). Among all soil types
Haplic Alisols is most dominated soil types, which covers about 816 km2 (59.78%) followed
by Eutric Fluvisols 236 km2 (17.29%), Eutrc Leptosols 125km2 (9.16%), Haplic Luvisols
96km2 (7.03%), Haplic Nitisols 65km2 (4.76%), and Eutric Vertisols 5km2 (0.37%). The
Birr River watershed’s detailed soil physical and chemical property parameters, such as
soil texture, bulk density, available water content, hydraulic conductivity, soil depth, and
organic carbon content, were derived from the world’s digital soil map [60].
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Landsat imagery from the years 1986, 2001, and 2018 was employed to determine how
LULC was changing over time. These satellite images were downloaded from the USGS
website https://earthexplorer.usgs.gov/ (accessed on 1 August 2022). Table 1 summarizes
the sensors, path/raw, spatial resolution, and acquisition dates that were used in the study
area. Each Landsat image was georeferenced to World Geodetic System 1984 (WGS84)
Universal Transverse Mercator (UTM) zone 37 N. Image preprocessing such as band
composite, layer stacking, mosaic, sub-setting, noise, and haze correction was performed.
Then based on the prevalent land covers, the spectral responses of features on Landsat
images, extensive field observation, and a literature review, the Birr River watershed was
divided into five LULC classes or types that were generated namely; agricultural, bushland,
forest, grassland, and settlement (Table 2). The maximum likelihood classification method
was used to process the image classification using the ERDAS imagine 2015 software
(version 15.0). Then, the SWAT model includes these five LULC classes (agricultural, forest,
grassland, shrub/bushland, and settlements), with the LULC maps beginning in 1986, 2001,
and 2018.

Table 1. Satellite data acquisition in the study area.

Source Sensors Path/Row Spatial Resolution Acquisition Date

Earthexplorer.usgs.gov
(accessed on 1 August 2022)

Landsat TM 169/053 30 m × 30 m January 1986
Landsat TM 169/053 30 m × 30 m January 2001
Landsat OLI/TIRS 169/053 30 m × 30 m February 2018

https://earthexplorer.usgs.gov/
Earthexplorer.usgs.gov
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Table 2. General description of LULC classes.

LULC Classes Description of LULC Classes

Agricultural land Enclosed with permanent crops, following land, and irrigated cultivation
Bushlands Covered with small to medium-sized perennial woody or natural vegetation
Forest land Trees taller than 5 m and covering more than 0.5 hectares of land
Grasslands Terrestrial vegetation dominated by grass, suitable for grazing by livestock
Settlements Built-up areas and roads, the establishment of a person in a new region

Accuracy Assessment of the Classified LULC Types

Accuracy assessment is an important step for LULC classification. It compares the
classified image to another data source that is considered to be accurate or ground truth
data. The ground truth should be chosen in such a way that it appears in both the Landsat
image and the google earth map. The overall accuracy demonstrates the ability of the
classifier to preview the classes. It was calculated by dividing the total number of correctly
classified pixels (diagonal) by the total number of reference pixels. The recommended one
should be between 85–95% [61]. For accuracy evaluations, the Kappa coefficient (K), which
represents the agreement between the classified image and the reference or ground truth,
was used. The Kappa coefficient is calculated using Equation (1).

Kappa Coe f f icient (K) =
(Total sample× Total corectely classi f ied sample)−∑(Column total ∗ Row total)

(Total sample)2 −∑(Column total − Row total)
∗ 100 (1)

Kappa coefficient statistics criteria agreements are as follows: poor when Kappa < 0.4,
good when 0.4 < kappa < 0.7, and excellent when k > 0.75 [62].

2.2.2. Temporal Data

Climatological data is the main requirement of the SWAT hydrological model. Daily
climate data (rainfall, maximum and minimum temperature data, relative humidity, sun-
shine hours, and wind speed) were obtained from the Ethiopian National Meteorological
Agency (NMA). These climate data were used between 1986 and 2018 at eight meteo-
rological stations (Adet, Dembecha, Dengayber, Feresebet, Finoteselam, Qaurit, Sekela,
and Yechereka). SWAT weather generator was used to simulate relative humidity, solar
radiation, and wind speed data from the Adet station [63]. The weather generator was
also used to fill the missing rainfall, and temperature data. The double mass curve method
was also used to assess the consistency of data elements [64]. The daily evapotranspiration
was estimated using the Penman-Monteith method, which is the only accepted method
of calculating evaporation [65,66]. The consistent hydrological streamflow data were also
collected from MoWIE. The missing and its homogeneity test were investigated using
indicators of hydrological alterations (IHA), which employed long-term daily streamflow
data [67].

2.3. The SWAT Model

SWAT predicts the effect of human activities on the quality and quantity of hydrolog-
ical processes at different scales [26,43,68–70]. It is a physically-based, semi-distributed,
computationally efficient, robust, process-based hydrological model, that was created to esti-
mate the long-term effect of land use management practices on water, sediment, and agricul-
tural chemical yields [65,68,71]. SWAT also simulates the water balance components of sur-
face runoff, groundwater flow, lateral flow, total water yield, and evapotranspiration [68,72].
The water balance equation is given (Equation (2)).

SWt = SWO + ∑
(

Rday − SURQ− Ea −Wseep − GWQ
)

(2)
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where SWt is the final soil water content (mm), SWO is the initial soil water content (mm), t
is time in days, Rday is the amount of precipitation (mm), SURQ is the amount of surface
runoff (mm), Ea is the amount of evapotranspiration (mm), Wseep is the amount of water en-
tering the vadose zone from the soil profile (mm), and GWQ is the amount of groundwater
flow (mm).

ArcSWAT 2012.10.4.21 was used with ArcGIS 10.4.1 to delineate watershed bound-
aries and stream networks. The model simulates a watershed by separating it into sub-
watersheds, which are then subdivided into hydrologic response units (HRUs), which have
smaller units and specific land use, soil, and slope combinations [69,71].

2.4. Calbiration and Validation

A two-year warm-up period was used to simulate the Birr River watershed [73].
The sequential uncertainty fitting version 2 (SUFI-2) algorithm was used to achieve an
acceptable satisfactory agreement between simulated and observed streamflow data. SWAT
model parameters were calibrated using monthly observed streamflow data from the Birr
River gauging stations between 1994–2001. The validation process of a model was used to
examine simulation consistency and validated using monthly streamflow data from 2002
to 2005 period.

2.5. Model Performance Evaluation

SWAT model simulation was evaluated using monthly timescale streamflow data from
the Birr River gauging station because daily timescale simulations may not clearly show the
effects of LULC and climate change. Various statistics can be used to calculate the degree
of agreement between observed and simulated data [74–77]. The model was evaluated
using the coefficient of determination (R2), Nash Sutcliffe Efficiency (NSE), and percent of
bias (PBIAS) as described (Equations (3)–(5)). R2 is the correlation between observed and
simulated streamflow data, and it ranges from 0 to 1. R2 > 0.5 is regarded as acceptable,
as is the model’s ability to predict observed values reliability [78,79]. NSE calculates the
relative magnitude of the residual variance in comparison to the measured data variance,
and how well the observed versus simulated data plot fits [80]. NSE value ranges from −∞
to 1. As the NSE is closer to 1, the more accurate the model is. NSE = 1, a perfect match
between the observed and simulated streamflow data. NSE = 0, showed that the model
predictions are as accurate as the mean of the observed data. −∞ < NSE < 0, indicates that
the observed mean is a better predictor than the model. The PBIAS compares the average
tendency of the simulated to the observed data [81]. The best value of BPIAS is 0. The
positive value of PBIAS indicates an underestimation and the negative value indicates an
overestimation of the model [81]. The statistical indices were estimated using the equations
listed below.

R2 =

 ∑n
i=1
(
Oi −O

)(
Si − S

)√
∑n

i=1
(
Oi −O

)2
√

∑n
i=1
(
Si − S

)2

 (3)

NSE =
∑n

i=1
(
Oi −O

)2 −∑n
i=1(Si −Oi)

2

∑n
i=1
(
Oi −O

)2 (4)

PBIAS =

[
(Oi − Si) ∗ 100

∑n
i=1(Oi)

]
(5)

where the total number of observations, Oi is the ith observed value, O is the mean observed
value, Si is the ith model simulated value, and S is the mean model simulated value.

2.6. Simulation of LULC and Climate Change Impacts

A fixing-changing method was used to assess the effect of LULC and climate change
on the hydrological process [7,25,82–84]. Climate data from 1986 to 2018 were divided
into three time periods (1986–2000, 2001–2010, and 2011–2018) for the LULC map of 1986,
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2001, and 2018. Based on these climate data and a set of LULC maps, nine scenarios were
established (Table 3). If the LULC map and climate data are from the same period, it is
referred to as a baseline scenario, and if they are from different periods, it is referred to as
an assumed scenario [6]. For instance, in scenario 1, the LULC map from 1986 and climate
data from 1986–2000 was used, and this is known as the baseline scenario. The LULC map
from 2001 and climate data from 1986–2000 were used in scenario 2, which is also known
as an assumed scenario. These scenarios would provide more detailed information about
the effects of LULC and climate change on the Birr River watershed.

Table 3. Different simulation scenarios for evaluating the effect of LULC and climate change on
hydrological processes from 1986 to 2018.

Scenarios Considered LULC map Climate Data Remarks

S1 1986 1986–1996 Bassline
S2 2001 1986–1996 Assumed
S3 2018 1986–1996 Assumed
S4 1986 1997–2007 Assumed
S5 2001 1997–2007 Baseline
S6 2018 1997–2007 Assumed
S7 1986 2008–2018 Assumed
S8 2001 2008–2018 Assumed
S9 2018 2008–2018 Baseline

The difference in the hydrological process obtained from scenarios S2 and S1 represents
the separated effect of LULC from 1986 to 2001. The main goal of this evaluation is to
determine whether LULC change is a driver for changes in hydrological processes in the
Birr River watershed or not while keeping the DEM and soil data constant [6,25,83,84].
The difference between S4 and S1, on the other hand, would indicate the effect of climate
change between 1986–2010. Furthermore, the difference between S5 and S1 (baseline
scenarios) represents the combined effect of LULC and climate change between 1986 and
2010. Equations (6)–(8) provided the percentage changes resulting from the contributions
of LULC, climate, and combined LULC and climate change on the hydrological flows [6].

∆HLULC =( S2−S1
S1 )×100 (6)

∆HClimate =( S4−S1
S1 )×100 (7)

∆HCombined =( S5−S1
S1 )×100 (8)

where ∆H is a change in percentages for the effect of LULC, climate, and combined on
hydrological processes, and S1, S2, S4, and S5 are scenarios considered. For other periods,
between 1986 to 2018 and 2010 to 2018 a similar analogy is used to analyze the effect of
LULC and climate changes.

2.7. Indicator of Hydrological Alteration Method

The indicator of hydrological alteration (IHA) method is used to estimate the mag-
nitude of changes in hydrological flow fluctuation caused by climate and anthropogenic
changes. The IHA is a software program that was created in the 1990s by the US Nature
Conservancy to process hydrological records [85]. The IHA parameters of one day, three
days, seven days, thirty days, and ninety days were investigated for the minimum and
maximum magnitudes and durations of streamflow conditions. The parameters were
evaluated and compared using a p-value of 5% significance. Modeling water resources
with IHA provides useful information and identification of hydrological regimes in the
watershed that is influenced by climate and anthropogenic factors in the watershed [86].
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3. Results
3.1. Land Use Land Cover Change Detections

There are five major land use classes identified in the study area: agricultural land,
bushland, forest, grassland, and settlements. Agriculture covered the largest area in the
watershed than the other LULC types in all three years (1986, 2001, and 2018), whereas
forests and settlements covered less area [87]. This indicates agriculture is critical to the
socioeconomic development of the study watershed. Table 4 depicts the LULC classifica-
tion in the watershed over 32 years (1986, 2001, and 2018). Agricultural land increased
from 56.39–70.19% between (1986–2018) because increased population density leads to
an increase in cultivated area and settlements. This finding is in agreement with another
finding [30,88].

Table 4. The proportional area coverage in kilometer squares (km2) and percentage (%) of LULC
classes in the Birr River watershed.

LULC Classes
LULC Area in Kilometer Squares (km2) and Percentage (%)

1986 2001 2018
km2 % km2 % km2 %

Agriculture 773.04 56.39 849.90 61.99 962.34 70.19
Bushland 358.91 26.18 326.35 23.80 264.64 19.30

Forest 67.69 4.94 24.23 1.77 26.39 1.92
Grassland 161.38 11.77 154.26 11.25 98.22 7.16

Settlements 9.96 0.73 16.25 1.19 19.40 1.42

Accuracy Assessment of Classified LULC

According to the results of three classified LULCs, the overall accuracy of the maps
from 1986, 2001, and 2018 was 90.69%, 91.01%, and 92.22%, respectively. The classification
performed in this study produces an overall accuracy that meets the minimum accuracy
level of 85 defined by Anderson et al. [61]. The Kappa coefficients for the 1986, 2001, and
2018 maps were also 0.84, 0.86, and 0.89, respectively. Therefore, the classification used in
this study has an almost perfect agreement for the years 1986, 2001, and 2018 (Tables 5–7).

Table 5. Accuracy assessment of LULC map classification, 1986.

Land Use Classes Agriculture Bushland Forest Grassland Settlement Row Total Users Accuracy

Agriculture 27 0 0 0 0 27 100%
Bushland 1 22 0 2 0 25 88%
Forest 1 0 9 0 0 10 85%
Grassland 2 1 0 17 0 20 90%
Settlement 1 0 0 0 3 4 75%
Column total 32 23 9 20 3 86
Producers accuracy 84% 95% 100% 90% 100%
Overall classification accuracy = 90.69% Kappa Coefficient = 0.87

Table 6. Accuracy assessment of LULC map classification, 2001.

Land Use Classes Agriculture Bushland Forest Grassland Settlement Row Total Users Accuracy

Agriculture 25 3 1 1 0 30 83.33%
Bushland 1 23 0 1 0 25 92%
Forest 0 0 10 0 0 10 100%
Grassland 1 0 0 19 0 20 95%
Settlement 0 0 0 0 4 4 100%
Column total 27 26 11 21 4 89
Producers accuracy 92% 88% 90% 90% 100%
Overall classification accuracy = 91.01% Kappa Coefficient = 0.88
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Table 7. Accuracy assessment of LULC map classification, 2018.

Land Use Classes Agriculture Bushland Forest Grassland Settlement Row Total Users Accuracy

Agriculture 28 1 0 1 0 30 93%
Bushland 2 22 1 0 0 25 88%
Forest 0 0 10 0 0 10 100%
Grassland 1 1 0 18 0 20 90%
Settlement 0 0 0 0 5 5 100%
Column total 31 26 12 19 5 90
Producers accuracy 90% 85% 83% 95% 100%
Overall classification accuracy = 92.22% Kappa Coefficient = 0.89

The extent and rate of LULC change patterns from 1986 to 2018 are also presented in
(Table 8). The result showed that agricultural land and settlements increased by 24.49%,
and 54.78%, respectively, whereas bushland, forest, and grasslands had a decreasing trend.
The rate of change in agricultural land and settlements was also raised by 0.77% and 2.96%,
respectively. Bushland, forest, and grasslands had also dropped by −0.82%), −1.91%, and
−1.22% respectively. Similarly, Ewunetu et al. [89] showed the highest gain in agricultural
land was obtained from grassland and bushland in the North Gojjam sub-basin from 1986
to 2017.

Table 8. Rate of LULC changes between 1986 and 2018.

LULC Classes
1986 2018 Change in 1986 and 2018 Rate of Changes

km2 km2 km2 % km2/year %

Agricultural land 773.04 962.34 189.3 24.49 5.92 0.77
Bushland 358.91 264.64 −94.27 −26.27 −2.95 −0.82

Forest 67.69 26.39 −41.30 −61.01 −1.29 −1.91
Grassland 161.38 98.22 −63.16 −39.14 −1.97 −1.22

Settlements 9.96 19.40 9.44 54.78 0.31 2.96

3.2. SWAT Model Calibration and Validation

The SWAT model had been calibrated using the monthly observed streamflow covering
from 1994 to 2001 over the Birr River watershed. Streamflow data from the previous years
was used for the warm-up period from 1992 to 1993. SWAT-CUP automatic calibration with
the sequential uncertainty fitting version 2 (SUFI-2) algorithm at the Birr River gauging
station from 1994 to 2001 was used. Before beginning to calibrate and validate the SWAT
model, the model’s developer and users provided detailed readings and observations,
which aided in determining the calibration and validation parameters that needed to be
adjusted. The parameters such as SCS runoff curve number for moisture conditions II (CN2),
soil evaporation compensation factor (ESCO), The threshold water level shallow aquifer
baseflow (GWQMN), maximum canopy index (Canmx), an available water capacity of the
soil layer (SOL_AWS), and soil depth (SOL_Z) were employed for the model calibration.
The model was calibrated by varying the parameter range values between the lower
and upper limits. These SWAT parameters, range values, fitted values, and parameter
descriptions used in the SWAT model simulation are shown in (Table 9).

Figures 4 and 5 depict the comparison and relationship between the simulated and
observed monthly streamflow at the Jiga gauging station. To calibrate the SWAT model,
climate data from 1997 to 2007 were used, as well as the 2001 LULC map. The peak value
of the simulated streamflow closely matches those of the observed one, but at different
magnitudes (Figure 4). According to the simulation results, the SWAT model demonstrated
that monthly streamflow has a better agreement in the Birr River watershed. The SWAT
model calibration and validation confirmed that it could be used to assess the effects of
LULC and climate change on water balance components. Figure 5 shows that for the lower
values of observed streamflow, the simulated streamflow values are distributed uniformly
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along a one-to-one line. However, at higher discharge values, the model simulation values
showed slight underestimation.

Table 9. The parameter values used to simulate the SWAT model.

Parameters Range Value Fitted Value Parameter Description

CN2 −50 to 50 23.33 SCS curve number for moisture conditions II
ESCO 0 to 1 0.23 Soil evaporation compensation factor

GWQMN 0 to 5000 166.66 The threshold depth of water in the shallow aquifer required for
return flow occurs (mm)

Canmax 0 to 10 7.66 Maximum canopy index
SOL_AWS −50 to 50 13.33 Available water capacity of the soil layer (mm mm−1)
SOL_Z −50 to 50 9.99 Depth from the soil surface to the bottom of the layer (mm)
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For further investigation of the calibrated SWAT model, the simulated and observed
monthly streamflow at Jiga gauging stations validation period was also compared as shown
in (Figures 6 and 7). The Birr River watershed gauging site has a good agreement between
simulated and observed monthly streamflow.
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Figure 7. Scatter plot between observed and simulated streamflow for model validation period
(2002–2005).

The statistical parameters of R2, NSE, and PBIAS all indicate a satisfactory relationship
between observed and simulated streamflow (Table 10). It has been observed that for the
period 1994–2001, the model performed well in terms of R2 and NSE, which were found to
be 0.83 and 0.80, respectively during calibration. For the model validation period the R2

and NSE were also found to be 0.81 and 0.71, respectively. The model performed better
during the calibration period than during the validation period, which could be attributed
to the poor quality of streamflow data recorded during the validation period. Furthermore,
a lack of consistent hydroclimate and spatial data (LULC and soil data), may result in a
slight discrepancy in the model simulation, however, the graphical interpretation of the
simulated and observed monthly streamflow hydrographs, as well as the performance of
the statistical indices, meet the criteria suggested by Moriasi et al. [90]. As a result, the
SWAT model results showed that the overall prediction of monthly streamflow during the
calibration and validation period was satisfactory and acceptable for further investigation.
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Table 10. Statistical analysis of the observed and simulated monthly streamflow during calibration
(1997–2007) and validation (2008–2013).

Period Statistical Parameters Value

Calibrations
R2 0.83

NSE 0.80
PBIAS −15.23

Validations
R2 0.81

NSE 0.71
PBIAS −14.45

3.3. The Effects of LULC and Climate Change on Hydrological Flows

To assess the effect of LULC and climate change on hydrological flows, different land
use scenarios are compared with various climatic settings. The SWAT model simulated
various hydrological water balance components, namely, streamflow, surface runoff, base-
flow, water yield, and evapotranspiration under various LULC and climatic conditions
(Tables 11–13).

Table 11. Average monthly hydrological components for the effect of various land use types with
fixed climate data.

Scenarios LULC Climate Surface Runoff (mm) Baseflow (mm) Water Yield (mm) Evapotranspiration (mm)

S1 1986 1986–1996 8.26 32.76 50.33 48.83
S2 2001 1986–1996 8.65 31.01 50.30 48.78
S3 2018 1986–1996 9.14 30.55 49.45 48.75

Table 12. Average monthly hydrological components for the effect of various land use types with
fixed climate data.

Scenarios LULC Climate Surface Runoff (mm) Baseflow (mm) Water Yield (mm) Evapotranspiration (mm)

S4 1986 1997–2007 15.15 39.02 65.03 44.27
S5 2001 1997–2007 15.70 37.55 64.54 43.12
S6 2018 1997–2007 16.09 35.85 63.07 42.14

Table 13. Average monthly hydrological components for the effect of various land use types with
fixed climate data.

Scenarios LULC Climate Surface Runoff (mm) Baseflow (mm) Water Yield (mm) Evapotranspiration (mm)

S7 1986 2008–2018 16.89 37.96 65.62 44.98
S8 2001 2008–2018 17.00 36.63 64.23 43.62
S9 2018 2008–2018 17.80 34.54 63.36 42.30

3.3.1. Effects of LULC Change on Hydrological Flows

Table 11 depicts the three land use scenarios evaluated (S1, S2, and S3) from 1986
to 1996, illustrating the predominant influence of LULC changes with constant climatic
circumstances. Similarly, Table 12 shows the different scenarios considered in (S4, S5, and
S6), which is the sole effect of land use change with constant climatic settings between
1997–2007, as well as Table 13 depicts the various scenarios considered in (S7, S8, and
S9), which is the sole effect of land uses change with constant climatic settings between
2008–2018. Surface runoff increased by 0.39 mm (4.72%), and 0.88 mm (10.65%) in 2001
and 2018, respectively, when compared to the baseline scenario in S1 with S2 and S3,
whereas baseflow decreased by −1.75 mm (−5.34%), and −2.21 mm (−6.75%). In different
assumed scenarios considered from S4 to S9, similar results of increased surface runoff and
decreased baseflow patterns were observed. However, the magnitudes of surface runoff
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and baseflow have differed (Tables 12 and 13). The changes in LULC play a significant role
in runoff variations, particularly in tropical areas [1]. Baker and Miller [91] reported that
the dramatic changes in LULC have resulted in increased surface runoff and decreased
groundwater recharge. Similarly, water yield and evapotranspiration decreased in all
considered assumed scenarios between S1–S9 during the study period (1986–2018).

Agricultural land increased from 56.39% in 1986 to 70.19% in 2018, while settlements
increased from 0.73% in 1986 to 1.42% in 2018, in the study watershed. On the other
hand, bushland, forest, and grassland decreased from 26.18%, 4.94%, and 11.77% in 1986
to 19.30%, 1.92%, and 7.16% in 2018 respectively. The reduction of baseflow increases
surface runoff and results in more frequent and severe flooding [92,93]. As a result, changes
in LULC may be the reason for increasing surface runoff and decreasing baseflow and
evapotranspiration. These findings imply the separate effect of LULC change in the Birr
River watershed between the assumed scenarios.

3.3.2. Effects of Climate Change on Hydrological Flows

The SWAT model was used to assess and address the effects of climate change
(i.e., precipitation and temperature) on hydrological flows in the Birr River watershed. The
comparisons were carried out using scenarios S1, S4, and S7, in which the constant LULC
map of 1986 was compared to the various climatic settings from 1986–1996, 1997–2007,
and 2008–2018 (Tables 11–13). The results reveal that surface runoff increased by 6.89 mm
from S1 to S4, whereas in S4 to S7 surface runoff also increased by 0.9 mm although the
magnitude is different. Furthermore, baseflow increased by 6.26 mm from S1 to S4, but
decreased by −1.06 mm from S4 to S7. The variation between S1, S4, and S7 scenarios
noticeably indicates separate climate variability has a distinct effect on the study River
watershed. Repeated trials on (S2, S5, S8), and (S3, S6, S9) scenarios revealed an increase
and decrease in the magnitude of surface runoff and baseflow patterns. These study find-
ings revealed that the impact of climate change is much greater than the impact of LULC
change on surface runoff in the Birr River watershed. This study was in agreement with
the previous finding [1,7,25,94]. Furthermore, water yield increased from S1–S7, whereas
evapotranspiration decreased from S1 to S4 and increased from S4 to S7 for the individual
effect of climate change. Evapotranspiration is more sensitive to LULC than to climate
change [5].

3.3.3. Integrated Effects of LULC and Climate Change on Hydrological Flows

To better understand the hydrological flow of the Birr River watershed, baseline
scenarios with the combined effect of LULC and climate change were presented. To
determine the relative contribution of the combined effect for climate and LULC, climate
data from 1986–1996 were selected with the LULC map of 1986 (S1), climate data from
1997–2007 were selected with the LULC map of 2001 (S5), and climate data from 2008–2018
were selected with LULC map of 2018 (S9) (Tables 11–13). The results show that surface
runoff increased by 9.54 mm from S1 to S9, baseflow increased by 1.78 mm, water yield
increased by 13.03 mm, and evapotranspiration decreased by 3.85 mm. It has been also
observed that from S5 to S9, surface runoff increased by 2.65 mm, baseflow decreased by
4.48 mm, water yield decreased by 1.67 mm, and evapotranspiration increased by 2.84 mm.
This indicates that the combined effects of LULC and climate change have a significant
impact on the changing pattern of hydrological components in the Birr River watershed.
The combined effect of climate and LULC, however, did not clearly show a one-dimensional
pattern from S1–S9. Overall, the combined effect of LULC and climate change increases
surface runoff in the Birr River watershed, but the magnitude of baseflow, water yield, and
evapotranspiration varies from 1986 to 2018. The relative contribution of the combined
effects of climate and LULC changes to the hydrological flow is not consistent in the study
area. Previous studies have also reported similar findings [88,95,96].
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3.4. Indicator of Hydrological Alteration

The IHA findings for one-day, three-day, seven-day, and thirty-day minimum and
maximum daily streamflow in the Birr River watershed revealed no statistically significant
increasing trend (Table 14). To assess the trend results, the Z value and computed two tailed
probability (P) were compared at 5% confidence level. A small amount of positive increasing
patterns were shown in both minimum and maximum daily streamflow, however, after
ninety days the minimum and maximum streamflow showed a statistically significant
positive increasing pattern. Streamflow regimes in the watershed were also investigated
using rise and fall rate parameters. The result showed that there was no statistically
significant trend. The rising rate was positive, while the falling rates showed negative
streamflow patterns in the Birr River watershed.

Table 14. Results in Indicators of hydrological alteration parameters.

IHA
Parameters

1-Day
min

3-Day
min

7-Day
min

30-Day
min

90-Day
min

1-Day
max

3-Day
max

7-Day
max

30-Day
max

90-Day
max

Rise
Rate

Fall
Rate

p value 0.35 0.31 0.07 0.01 0.00 0.48 0.35 0.14 0.29 0.03 0.01 0.00
Z value 0.93 1.02 1.79 0.82 2.21 0.70 0.94 1.48 1.06 2.20 0.78 −1.78

Note: min = minimum, and max = maximum.

4. Discussion

The SWAT model was found to be suitable for investigating the impact of climate
and LULC change on hydrologic processes in the Birr River watershed. Overall, the
SWAT model performance classification for the watershed was very good [90]. As the
SWAT model results revealed that LULC and climate changes had effect on the hydrologic
process (i.e., streamflow, surface runoff, baseflow, water yield, and ET) of the Birr River
watershed. The observed changes in hydrological processes were attributed to LULC
and climate change for this study. Substantial changes in LULC have been observed in
the Birr River watershed over the last 32 years. Agriculture and settlement, for example,
increased between 1986–2018, while bushland, forest, and grassland decreased (Table 8).
The changes in LULC were mainly driven by anthropogenic activities (population pressure).
For example, the population size of Quarit district (including urbanization), which is
entirely within the Birr watershed is 114,771 in 2007, and this population number increased
to 142,675 in 2022 with a 1.4% annual population change [97]. Natural vegetation is
being converted into agricultural areas in the watershed. This could increase surface
runoff and reduce baseflow, resulting increase in land degradation, soil erosion, and
shortage of water resources. These findings were in line with previous scholars [30,88,95,98]
For example, Wedajo et al. [30] indicated the transformation of natural vegetation into
agricultural land in the Dhidhessa River basin. These could be increased surface runoff
and decreased baseflow. Similarly, Gashaw et al. [88] reported that during 1985–2015,
there was a continuous expansion of cultivated land and settlements, and a withdrawal of
forest, shrubland, and grassland. Similarly, malede et al. [87], Demeke and Andualem [99],
and Andualem et al. [100] indicated there is a significant land use change in the highlands
of Ethiopia.

Individual LULC changes in the Birr River watershed also showed a positive increase
in surface runoff while decreasing baseflow, however, the amount of increment is small
(Tables 11–13). From 1997–2007 and 2008–2018, surface runoff increased by 3.63% and
4.71%, while baseflow changes by −3.77% and −9.34%, respectively (Figure 8a,b). The
primary cause of the growth in surface runoff and decline in baseflow is agricultural
land and small-extent settlement expansion, which reduces the water infiltration rate in
the watershed. Thus, surface runoff increases and reduces baseflow characteristics in
the study Birr River watershed. Between 1986 and 2018, the area of agricultural land
and settlements increased by 24.49% and 54.78%, respectively, resulting in more surface
runoff and reduced baseflow (Table 8). Agriculture and settlement areas increased to
9.4% and 43.15%, respectively, during 1986–2001, resulting in increased surface runoff.
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Agriculture and settlement areas also further increased to 13.23% and 19.38%, respectively,
during 2001–2018, which showed increased surface runoff and reduced baseflow. This
result is consistent with previous studies by [6,7,75,91,101]. Agricultural and settlement
areas increase impervious areas, which reduces soil infiltrations. Flooding becomes more
frequent and severe as baseflow decreases and surface runoff increases [92,93,102]. The
increase in surface runoff and decrease in baseflow is also attributed to due to a reduction
in water bodies, forests, and bushlands.
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Water yield and evapotranspiration (ET) revealed a decreased trend due to the ef-
fect of LULC change. During 19,997–2007 and 2008–2018, ET decreased by −2.61% and
−3.03%, whereas water yield decreased by −0.75% and −1.35%, respectively (Figure 8d).
The decrease in evapotranspiration and water yield is primarily caused by a reduction
in bushland, forest cover, and shrublands. Between 1986–2018, bushland, forest cover,
and grasslands decreased by −26.27%, −61.01%. and −3914%, respectively (Table 8).
Liu et al. [103] reported that for all cover types, forest area contributes the greatest propor-
tion of total evapotranspiration.

The spatiotemporal change in rainfall and temperature (climate change) was observed
in the last three decades over the Birr River watershed [17,87]. This climate change in-
creased surface runoff by 83.41% and 10.63% during 1997–2007, and 2008–2018, respectively,
whereas baseflow increased by 19.11% from 1997–2007 and decrease by −3.65% during
the 2008–2018 period (Figure 8). Climate change also resulted in a decrease in ET during
1997–2007, and it increases in 2008–2018. Individual climate change has a greater impact on
surface runoff than individual LULC change over the Birr River watershed. The rising trend
of rainfall and temperature causes more surface runoff [17,104]. Furthermore, increased
rainfall in the Didessa River basin during the analysis study period have been contributed
to increasing surface runoff [30].

Surface runoff was found to be more sensitive to the integrated effects of LULC and
climate change than to the individual effects of LULC and climate change. Surface runoff
increased by 90.07% from 1997–2007, and 13.38% from 2008–2018 (Figure 8a). Surface runoff
increased significantly from 1997 to 2007, compared to 2008–2018. The decrease in surface
runoff from 2008–2018 could be attributed to the Ethiopian government’s planned afforesta-
tion and reforestation package program, which began in 2010 [105]. The cumulative impact
of climate and LULC change on baseflow also showed a 14.62% increase from 1997–2007 but
it decreased by −8.02 from 2008–2018. The combined effect of LULC and climate change
on ET indicated a small decrease in ET in the period between 2008–2018 as compared



Water 2023, 15, 166 17 of 22

to a decrease from 1997–2007, ET decreased by −1.9%. In general, proper implementa-
tion of integrated watershed management such as soil and water conversion practices,
afforestation, and reforestation could play important roles in mitigating the impact of
the hydrological process in the Birr River watershed [30]. According to Wedajo et al. [30]
integrated watershed management reduced surface runoff by reducing peak runoff and
increasing infiltration. Conservation measures also improve soil fertility, healthy vegetation
growth, improved agricultural yield, increased water resource availability and combating
climate change and watershed degradation in the Birr River watershed.

In addition to the SWAT model, the IHA is appropriate for evaluating the variations
of daily streamflow due to climate and anthropogenic effects. The IHA model found
to be there is no statistically significant increasing trend in the Birr River watershed for
one-day, three-days, seven-day, and thirty-day minimum and maximum daily streamflow.
However, all showed a positive small increment pattern in both minimum and maximum
streamflow. In contrast, after ninety days, the minimum and maximum streamflow showed
a statistically significant positive increasing pattern. Moreover, the streamflow regimes in
the watershed were also investigated using the rise and fall rate parameters. There was no
statistically significant trend observed in either the rise or fall rates; however, the rising rate
was positive, whereas the falling rate was negative streamflow patterns in the Birr River
watershed. These findings were consistent with those previously studied by [86,106]. For
example, Gebremicael et al. [86], stated that the daily streamflow rising rate has remained
constant, while the falling rate has significantly increased. Moreover, the one-day and
seven-day maximum flows remain unchanged at Embamadre station. The one day and
seven-day maximum flows did not change significantly could be the attributed to the
homogenization of the low flow and peak flow hydrographs following the construction of
the hydropower dam.

According to the integrated SWAT and IHA modeling, the Birr River watershed
revealed a small amount of streamflow. However, the demand for water resources is
increasing for different purposes such as irrigation, and water supply. Therefore, studying
the important hydrological processes (streamflow, surface runoff, baseflow, water yield,
and evapotranspiration) is serious for precise water resource planning, management, and
development of this scarce water resource in the watershed.

5. Conclusions

An integrated study that quantifies the combined and separate effects of climate and
land use change on the hydrological flow is ideal and necessary for effective water resource
planning and management. Most previous studies concentrated on the separate effects of
LULC and climate change on hydrological responses. This study analyzed the separate and
combined effects of LULC and climate change over the Birr River watershed during the last
32 years using the SWAT hydrological model. In the Birr River watershed, it is important
to investigate and identify the combined and separate effects of LULC and climate change
on the hydrology at the watershed level (local) as well as the relative contribution of their
changes. The SWAT model, which is GIS-enabled, was used to investigate the impact
of LULC and climate change on hydrological flows in the Birr River watershed. The
calibration results for the SWAT model indicate that it is a reliable and effective model for
analyzing the hydrological process in the Birr River watershed with the effects of LULC
and climate change.

The study results indicate that the sole effect of LULC change on surface runoff
increased by 3.64% and 4.71%, during 1997–2007, and 2008–2018, respectively, whereas
baseflow, water yield, and evapotranspiration decreased by −3.77%, and −9.34%; −0.75%
and −1.35%; −2.61%, and −3.03% during the same period. Increased agricultural and
settlement expansion was attributed to the increase in surface runoff. The decreasing
trend in evapotranspiration can also be attributed to the reduction of bushland, forest, and
grassland, while increasing agriculture and settlements. A decrease in baseflow and water
yield, on the other hand, could be due to decreased groundwater recharge as a result of
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the transformations of vegetation cover to agricultural land. Streamflow increases during
the wet season but declines during the dry season, affecting agricultural activities and
water availability in the watershed. Individual climate change has a much greater relative
contribution to surface runoff in the Birr River watershed than LULC change. Surface
runoff and water yield showed positive values for the effect of climate change, whereas
baseflow and evapotranspiration were revealed as uneven patterns. Surface runoff, base-
flow, and water yield were more affected by climate change than LULC changes. In the Birr
River watershed, the cumulative effect of climate and LULC change on hydrological flow
is greater than the individual effect of climate and LULC change. The magnitude of surface
runoff showed much-increased while decreasing evapotranspiration. Moreover, climate
and LULC change caused an increase in baseflow and water yield between 1997–2007, and
a decrease between 2008–2018. Overall, the results of the hydrological response to the
effect of LULC and climate change showed a negative effect on the availability of water
resources for agricultural production and others. Therefore, to reduce the impact of envi-
ronmental changes on the hydrological processes of the Birr River watershed, appropriate
integrated watershed management strategies, such as soil and water conservation practices,
afforestation, and climate change strategies, must be implemented.
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