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the effect of land-use changes and long-term climate variability on the Anger watershed’s annual
groundwater recharge, which covers a total drainage area of 7717 km?. The WetSpass (Water and
Energy Transfer between Soil, Plants, and Atmosphere under quasi-Steady State) model was used
to investigate the impact of land cover and climate variability on groundwater. The Man-
n-Kendall (MK) test was used to analyze the spatial variations and temporal trends of the climate
variables in the watershed. Input data for the model, such as land use, hydro-meteorological data,
soil texture, topography, and groundwater elevation parameters, were prepared in the form of
gridded maps with a 30 m resolution. The model results indicate that land-use change and climate
variability considerably impact distributed groundwater recharges. Groundwater recharge
decreased with land use in 2000 and 2019, respectively, as compared to baseline land usage
(1985). The study also demonstrates how the anticipated future combination of less precipitation
and higher temperatures has a detrimental effect on the watershed’s annual average groundwater
recharge. Future rising temperatures and reduced precipitation are projected to result in an
average annual groundwater recharge showing significant decreases in 2050, 2080, and 2110,
respectively, according to scenario-based models. The result has provided valuable information
on the management and response of groundwater recharge to climate and land-use changes,
particularly for the Anger watershed and for the total country as well.

1. Introduction

Groundwater is a finite and exposed resource that should be used efficiently and adequately for present and future generations [1].
Groundwater availability is directly dependent on precipitation recharge to the ground. Groundwater recharge links atmospheric,
surface, and subsurface water components, and it’s sensitive to climatic and land use/cover factors [2-4]. Besides, the spatial variation
in groundwater recharge due to distributed land use, topography, soil type, slope, groundwater level, and meteorological conditions
can be significant and accounted for [5,6]. Due to its significant change in temperature, precipitation, and potential evapotranspi-
ration, climate affects the hydrological function and processes [7]. The significant changes in temperature and precipitation that occur
nowadays are not only because of natural phenomena but also due to anthropogenic activities [8].

Groundwater recharging is significantly impacted by land use dynamics and climate changes [9]. According to Ref. [10], land use
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changes are substantially higher now than it was in earlier decades. According to Ref. [11], between 2000 and 2020, agriculture
expansion increased by 15% as a result of human activity, and by 2040, it was expected to have increased by 30%. According to
Ref. [12], decreased groundwater recharge may be impacted by growing anthropogenic alteration and climate changes.

It has changed repeatedly throughout history, is changing now, and is probably going to change in the future. A significant effect of
climate change is alterations in the evaporation, temperature, and precipitation characteristics that can affect runoff, frequency, and
intensity of recharge and affect the availability of groundwater [13]. Climate change and human activity can have a significant impact
on groundwater recharge [14]. The impact of land use and climate change on hydrological processes has been assessed over the past
several decades, using (i) field-based data-driven statistical methods based on single catchments or paired catchments [15,16] and (ii)
hydrological modeling [17-22]. Hydrological modeling using physically-based tools is widely used by water resource engineers and
hydrologists in the investigation of hydrological systems [23].

As a result, it deteriorates natural resources, including water and resource aid related to water, which can negatively affect the
environment and socio-economic well-being of the local community. Knowing the rate of land-use changes and their impacts on the
hydrologic cycle is needed for the optimal management of natural resources and mitigation of resource degradation. To effectively
manage groundwater resources in a watershed, land-use changes’ historical and present impacts need to be assessed [24]. Under-
standing the time-series variation of the water resources, especially runoff, evapotranspiration, and recharge, is essential in the Anger
watershed. Such time-series information will be critical for researchers, hydrologists, and policymakers to plan and make the right
decisions timely.

An increase or decrease in certain land use classes, like agriculture intensification and decline of forest area, can alter groundwater
recharge and other water balance components by affecting interception and infiltration processes [25,26]. The impacts of land-use
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Fig. 1. Location map of Anger watershed.
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change on the sustainability of ecosystems are becoming increasingly fundamental issues in global and local research. Ethiopia is part
of a highly dynamic land-use change where more than 90% of the country’s highlands were once forested in the past, and currently, the
percentage of forest cover is less than 4% [27]. Deforestation, agricultural intensification, and urbanization are the prime causes of
global and regional land-use changes.

However, the effect of land use and climate change on study watersheds in recent years on groundwater recharge is still not studied
but is thought to be important for ensuring the sustainable management of the overexploited natural resource. Additionally, assess-
ment by considering spatial, and long-term temporal land use and climate changes are vital for groundwater recharges to immediate
intervention and future planning for the study area and the entire country as well.

Therefore, this study aims to assess the impact of land use and climate variability on groundwater recharge in the Anger Watershed
using the WetSpass model. The specific objectives of this study are (i) to assess land-use changes; (ii) to analyze the trend of climate
variability; and (iii) to simulate the impact of land dynamics and climate variability on distributed groundwater recharge in the Anger
watershed.

2. Materials and methods
2.1. Study area

The study area is located in the Abay basin. Geographically, it is bounded between 9° 10’ 0" to 10°0’ 0" N Latitude and 36° 18' 0" to
37° 0' 0" E Longitude, and it has an elevation range from 873 m to 3211 m a.s.. It covers a total drainage area of 7717 km? (Fig. 1).
Natural resources such as forests and water in watersheds provide significant goods and services on which living organisms depend,
such as provisioning, regulating, and supporting functions and services [28]. Land-use change can trigger resource degradation,
affecting watershed properties and procedures that may affect groundwater resource availability [29].

36°17'30"E 36°32'0"E 36°46'30"E 37°1'0"E
2342

Legend
®  Spot Height (m)
® Towns
:Z — Roads
&
: ~—— River
3
: Lok Sheer zone

-~~~ Foliation
Strike and Dip
= Fault
Lineament
Phononolite pulgs
%/// Trachytic pulgs

Graphite Muscovite

9°34'0"N

. Biotite gneiss

" Mesozoic sandstone

Quaternary sediments

”, Paleozoic sandstone

Undifferenciated gneisses
Meta-gabbro
Quartzo_feldspathic gneiss

9°19'30"N

. Loko granite

2 ~ Upper basat
% Upper trachyte flow

Gutin granite

Lower pyroclastic rocks

9°5'0"N

'rH\amus Gebeya—

40
e mw = km

Fig. 2. Simplified Geologic map of the Anger watershed (adopted from GSE, 2000).
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Deforestation, loss of biodiversity, habitat destruction, and a reduced ability of the watershed to sustain natural resources and
ecosystem services are the consequences of land-use change [30,31]. In the watershed, the local community and investors engaged in
extensive agricultural activities, resulting in lower infiltration rates and increased formation of surface runoff. These studies reflect
efficient land use and climate change planning, which is a prerequisite for the effective management of groundwater resources in study
watersheds.

2.2. Geological settings

According to [32], the central geologic units found in the study area include quaternary sediments, tertiary volcanic, Paleozoic and
Mesozoic sedimentary rocks, and Precambrian metamorphic rocks. Quaternary sediments (black cotton soil, reddish, sandy soil, and
alluvial soils) mainly cover the central part of the study area. Tertiary volcanics (upper basalt, lower basalt, upper trachyte flow,
pyroclastic rocks, and lower pyroclastic rocks) mainly cover the southern and northern parts of the area. Paleozoic and Mesozoic
sedimentary rocks include Mesozoic siltstone, Mesozoic sandstone, and Paleozoic sandstone. Precambrian intrusive and metamorphic
rocks consist of mainly quartzo-feldspathic and undifferentiated gneisses, granite, and schists as shown in Fig. 2.

2.3. Data sources

The climate data used for driving the water balance were obtained from the Ethiopian National Meteorological Agency (NMA) for
weather stations located within the watershed. In contrast, the potential evapotranspiration (PET) was calculated using the Hargreaves
formula [33]. Minimum and maximum air-temperature data were used to compute potential evapotranspiration (PET). Landsat TM
(1985, 2000) and OLI, 2020 were downloaded from USGS Earth Explorer to analyze land-use changes. A high-resolution (2020) Digital
Elevation Model (DEM) (12.5 m x 12.5 m) data were downloaded from the Alaska Satellite Facility (ASF) (https://asf.alaska.edu/) to
generate slope and topography data. The soil and streamflow data used for the study were obtained from the Ministry of Water and
Energy of Ethiopia. The groundwater depth data was collected from the East Wollega zone Water, energy, and Mineral office.

2.4. Climatic characteristics

The study area is generally humid to sub-humid, with a mean annual rainfall of 1219-2090 mm y~*. The maximum total annual
rainfall in the watershed is 2090 mm at the Nekemte gauging station & the minimum full annual is 1219.1 mm at Ehud Gebeya station
in the watershed (Fig. 3).

2.5. Climate trend analysis

Previous time-series studies of temperature and rainfall patterns in Ethiopia have been conducted at various spatial and temporal
scales [34]. This study focused on the watershed-level analysis of precipitation, temperature, and PET to assess its impacts on
groundwater recharge.

The long-term annual temperature and precipitation data (1985-2020) were analyzed to evaluate the temperature and precipi-
tation change in the Anger watershed (Fig. 4). The Mann-Kendall trend test [35,36] and Sen’s slope estimator were used to deter-
mining the trend in time series climatic variables data. The tests were carried out on annual rainfall, annual maximum and minimum
temperature, annual average temperature, and potential evapotranspiration at 95% confidence levels. The Mann-Kendall trend test is
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Fig. 3. Long-term average annual rainfall and long-term monthly mean temperature.
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the most widely used method for trend detection in hydro-climatic time series analysis [37-40], assumes a null hypothesis (Ho) that no
trend is tested against the alternative hypothesis (H1) of the presence of a trend [41]. The mathematical equations (Equations (1)-(4))
for calculating Mann- Kendall Statistics S, VAR(S) and standardized test statistics Z are as follows:

For the time series x1,.., x,, the MK test statistic, S, is then computed as the sum of the number of positive differences minus the
number of negative differences, or given by:

S= sgn(Xj — Xi) <)

where Xi and Xj are sequential environmental data, climate data, or hydrological data values for the time series data of length n, such
that (j > i) and where the sgn function is given as;

+1if Xj > Xi
sgn(Xj—Xi)=4¢ 0 if Xj =Xi 2)
“1ifXj < Xi

The variance of statistics is estimated as,

N(N = 1)(2n+5) = Y1 Ui(i)(i = 1)(2i +5)
18

(3)

VAR(S) =
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where N is the length of the data set, Ui denotes the number of ties to an extent (sample) i.

s—1

VAR (S)

zs={ 0 ¥S=0 4
S+1

VAR (S)

ifS>0

if §<0

The standard normal test statistic Zs (Equation (4)) indicates a trend in the data series with a positive or negative value, revealing
increasing or decreasing trends, respectively. The R version 4.0.3 software was used to perform the statistical MK test analysis.

The Global Climate Models (GCMs; also known as General Circulation Models) projection and the hypothetical approach are two
primary methods to generate future climate change scenarios for climate change impact assessment [42]. Global climate models
(GCMs) are developed to simulate past climate and generate future modeled data on temperature, and precipitation, partially on the
atmospheric concentration of greenhouse gases (GHGs) and other pollutants, derived from future scenarios and on the model simu-
lation [43]. The hypothetical systems are purposively designed to represent changes in climate variables such as precipitation and
temperature and, generally, consist of two steps [42,44].

Firstly, the average annual changes in precipitation and temperature for a fixed time slice are estimated (typically, let AT denote
absolute change (°C) and AP relative change (%). Then, the historical temperature and precipitation series with the same length as the
fixed time slice are perturbed by adding AT and multiplying (1 + AP), respectively [42,45].

Hypothetical climate change scenarios were formulated for three different times at a gap of 30-year intervals from a baseline
starting from 2050, 2080, and 2110 to simulate the climate change scenario’s impact on groundwater recharge. The model was
computed by perturbing the meteorological input parameters (precipitation, temperature, and potential evapotranspiration) of the
baseline WetSpass model. First, to select a reasonable range for the climate change scenarios, the variations of temperature and
precipitation time series were analyzed using the MK trend test, as shown in Tables 4 and 5.

This was done by assigning percentage or value changes of climatic variables on an annual basis. Then, based on these scenarios and
the present situation, annual recharge was simulated with the WetSpass model.

2.6. WetSpass Model set-up.

WetSpass (Water and Energy Transfer between Soil, Plants, and Atmosphere under a quasi-Steady State) was built upon the
foundations of the time-dependent spatially distributed hydrological balance model “WetSpa” [5,46-48]. It is a physically-based,
spatially distributed hydrologic model that considers the spatial variability of basin parameters, such as land cover, soil texture,
topography, groundwater depth, and hydro-meteorological parameters for estimating groundwater recharge. The model calculates the
long-term average, spatially varying, water-balance components: surface runoff, actual evapotranspiration, and groundwater
recharge. The WetSpass model treats a basin or region as a regular pattern of raster cells. The total water balance for a raster cell is split
into independent water balances for each cell’s vegetated, bare-soil, open-water, and impervious parts. This subdivision allows one to
account for the non-uniformity of the land use per cell, which depends on the raster cell’s resolution [5]. The total water balance per
raster cell is given as a summation of evaporation from bare soil and open water bodies, vegetation transpiration, and evaporation of
precipitation intercepted by the vegetation (Equations (5- 7)).

ETraster = avETvV + asEs + aoEo + aiEi 5)
Sraster = avSv + asSs + aoSo + aiSi 6)
Rraster = avRv + asRs + aoRo + aiRi 7

ETraster, Sraster, and Rraster represent the total evapotranspiration, surface runoff, and groundwater recharge of a raster cell. Each
has a vegetated, bare-soil, open-water impervious area component denoted by a,, as, a,, and a;, respectively.

Geographic Information Systems software (ArcGIS) was used to prepare WetSpass input data for the model, with a cell size of 30 m
and 30 m. The spatial input data necessary for running the model include grids of land use, soil, topography (m), Slope (%),
Groundwater depth (m), precipitation (mm y’l), potential evapotranspiration (mm y’l), air temperature (°C), Wind speed (m s7h.
The land use and soil parameters are linked to the model by attribute tables [49]. Attribute tables contain the soil parameter, runoff
coefficient, and land-use parameter. The time series of PET data was calculated using the Hargreaves equation [50] (Equation (8)).

PET = 0.0023(Tmean +17.8)(Tmax —Tmin) X 0.5Ra ®)

where PET is the potential evapotranspiration (mm/day); Tmean, Tmax, and Tmin are average, maximum, and minimum temperature
(°C) values, respectively; Ra is extra-terrestrial radiation (mm day~!). The model was run using the three different years’ land-use
maps (1985, 2000, and 2020) to simulate the impact of land-use change on groundwater recharge of the catchments while keeping
the meteorological data and other parameters constant.



FE.W. Chuko and A.G. Abdissa Heliyon 9 (2023) e18467
2.6. Base flow separation

Simulated groundwater recharge was compared against the estimated base flow. Numerous analytical methods have been devel-
oped for baseflow separation from total stream flow [51-53] In this study, WHAT (Web-based Hydrograph Analysis Tool) [52] was
used for baseflow separation, providing three techniques for baseflow separation; Local Minimum Method, One Parameter Digital
Filter, and Recursive Digital Filter. The digital filter method has been used in base flow separation to identify the high-frequency signal
from the low-frequency signal [54] because high-frequency waves correspond to direct runoff, and low-frequency waves can be
associated with the base flow [55].

The general form of the Eckhardt Recursive Digital Filter method (Equation (9)) considering a digital filter parameter [55] is:

1 — BFImax) * @ + bt — 1 + (1 — a) * BFImax * Q¢

_(
br= 1 — a * BFImax

©)]

where bt is the filtered base flow at the t (m/s), bt-1 is the filtered base flow at the t—1 time step (m/s), BFImax is the maximum value of
the base flow index (BFI), which is the maximum values of the long-term ratio of base flow to total streamflow; « is the filter constant,
and Qt is the total streamflow at the t time step (m3 s’l).

Representative BFImax values were estimated for different hydrological and hydrogeological situations by comparing the results
from conventional separation techniques with the digital filter method to reduce the subjective influence of using BFImax on baseflow
separation [55]. Therefore, [55] gives estimates for the use of BFImax values based on the type of streamflow and aquifer: 0.80 for
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perennial streams with porous aquifers; 0.50 for ephemeral streams with porous aquifers; and 0.25 for perennial streams with hard
rock.

3. Result

Verification of the accuracy of the results for the classed maps was done by accuracy evaluation. Each class provided about 20
observations, which were used to evaluate the correctness of the results. Data from 1985 had an overall accuracy of 79%, 86% in 2000,
and 90% in 2020 respectively. The kappa coefficient was 0.78 in 1985, 0.87 in 2017, and 0.91 in 2020. Finally, a post-classification
approach was used to display the findings of the change detection, and the dynamic land-use change detection matrix between three
land-use states was computed (Fig. 5 and Table 1).

3.1. Land use and land cover change analysis

The change detection matrix was computed for each phase and change for the entire 35-year period and identified what was
changed. The statistical change detection matrix report tables for each class were calculated using ERDAS 2015. Tables 2 and 3 show
the land-use change from one class to another in a hectare from 1985 to 2000 and 2000 to 2020, respectively.

Between 1985 and 2000, 22% of the Grassland land-use types remained as grassland, where 23% was converted to agriculture, 32%
to shrubland, and 16% to forest. On the other hand, 32% of classes of agriculture were unchanged, where 33% were to shrubland, 9%
to the forest, and 20% to grassland. For forest, 47% stayed the forest, where 1% to buildup, 8.8% shrubland, and 11.5% agriculture.
From the shrubland class, 24.7% converted to agriculture, 19.7% to the forest, and 40% remained the same (Table 2).

Between 2000 and 2020, one class areas were partially converted to other classes and vice versa. Accordingly, Shrubland’s 57%
class was unchanged in 2020 where 3.7% to buildup, 23.5% to agriculture, 11% to the forest, and 3% to grassland. The agriculture 36%
unconverted class in 2020 where 3% converted to buildup, 45% to shrubland, and 9% to forest. The forest class of 28% remains the
same in 2020 where 1.6% to buildup, 51.5% shrubland, 14% agriculture, and 3% grassland. From the grassland class, 8% converted to
buildup, 38% to shrubland, 36% to agriculture, and 7% to the forest, where 6% ha remain the same (Table 3).

3.2. Climate change and trend analysis

The obtained statistical results from Mann-Kendall trend tests and Sen’s Slope are presented in Table 4. The tests were carried out
on annual rainfall, annual maximum and minimum temperature, annual average temperature, and potential evapotranspiration.

3.3. Recharge under different land use/land cover

The long-term average annual recharge obtained from the WetSpass model for the whole Anger Watershed under land use of 1985,
2000, and 2020 is 233.86 mm (14.74%), 224.40 mm (14.17%), 208.26 mm (13.12%) respectively. The result shows that land use
significantly affects the groundwater recharge of the study watershed (Fig. 6).

3.4. Groundwater recharge under different climate scenarios

Since the twentieth century, climate change has become the world’s most concerning environmental issue. The consequences of
global climate pose a critical threat to ecological, biophysical, and socio-economic aspects and have reached an alarming state [56].

According to the Intergovernmental Panel on Climate Change [57], the global temperature has increased by 0.6 + 0.2 °C since
1861 and is expected to increase by 2-4 °C over the next 100 years. Recharge responds strongly to the temporal pattern of precipitation
as well as soil cover and soil properties [58]. Temperature changes also affect the hydrologic processes by directly changing the
evaporation of available surface water and vegetation transpiration. In addition, these changes can influence the amounts of rainfall,
duration, and intensity and thus indirectly affect surface and subsurface water storage and flux [59].

Only two of the nine precipitation stations in and around the study area show an increasing trend, while the other seven show a
decreasing trend. Similarly, the temperature data analysis of four stations indicates that three (Nekemte, Shambu, and Gida) show a

Table 1

Land use changes from 1985 to 2020.
Land use/cover Class 1985 2000 2020

Km? % Km? % Km? %

Agriculture area 1915.57 24.8 3310.5 42.85 3915 50.68
Build up area 90 1.16 178.5 2.3 254 3.28
Shrub land 2834.88 36.7 2400 31.07 2086 27
Grassland 1049 13.58 615 7.96 388 5.02
Bare land 266.84 3.45 39 0.50 29 0.37
Forest 1567.77 20.29 1180.8 15.28 1052 13.61
Total 7724 99.98 7724 99.97 7724 99.97
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Change detection matrix from 1985 to 2000.
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the year 1985

the year 2000 Grassland agriculture Build up Bare land shrubland Forest Class Total
Grassland 6166.5 6577 654.7 1365 9072 4507 28342.3
agriculture 42307 68105 3065 7591 70385.8 19172.6 210626.4
Build up 5909 6045.7 701 660 9119.7 1236 23671.4
Bare land 1030 2075 234 897 2210 1122 7568
shrubland 40910 96033 3945.9 15491 155583 76410 388372.9
Forest 8801 13112 1098.7 1608.8 35272 53969 113861.5
Total 105123.5 191947.7 9699.3 27612.8 281642.5 156416.6 772442.3
Table 3
Change detection matrix from 2000 to 2020.
The year 2000
the year 2020 shrubland Bareland grassland buildup Forest agriculture Class Total
shrubland 119288 2482 6774.7 7629 23240 49030.7 208444.4
Bare land 1745 51.9 48 101.9 269 712.9 2928.67
Grassland 7551.5 200.9 1043 1714.5 1378 6932 18819.8
Build up 7248 147 470 726.7 1516.9 5358 15466.6
Forest 100459 1294.9 7243 3104 55495.8 27464 195060.7
agriculture 151974 3390 12752 10388 31929.7 121057 331490.7
Class Total 388265.5 7566.7 28330.7 23663 113829 210554.6 772210.9

Table 4

MK and Sen’s slope results for the annual time series (rainfall, maximum temperature, minimum temperature, average temperature, and PET).
Stations S VAR(S) Z Sen’s Slope p-value Signific. tau
Rainfall
Anger 2.000 2842.000 0.019 0.105 0.985 0.005
Gida —31.000 2058.330 —0.661 —4.181 0.509 —0.095
Nekemte 50.000 2842.000 0.919 5.754 0.358 0.123
Shambu —106.000 2842.000 —-1.970 —10.220 0.049 * —0.261
Ehud Gebeya —2.000 950.000 —0.032 —0.026 0.974 —0.011
Jarnet —21.000 1433.670 —0.528 -3.927 0.597 —0.083
Haro —37.000 817.000 —1.260 —8.429 0.208 —0.216
Kiramu —7.000 697.000 -0.227 —5.600 0.820 —0.046
Maximum temperature
Anger 68.000 950.000 —2.174 —0.080 0.030 * —0.358
Gida 113.000 1257.660 3.158 0.062 0.002 i 0.489
Nekemte 177.000 3141.660 3.140 0.030 0.002 o 0.407
Shambu 159.000 2058.330 3.483 0.060 0.0004 o 0.489
Minimum temperature
Anger —26.000 950.000 —0.811 —0.021 0.417 —0.137
Gida 114.000 1096.660 3.412 0.065 0.0006 0.543
Nekemte 206.000 2842.000 3.845 0.035 0.0001 ok 0.507
Shambu 134.000 1833.330 3.106 0.070 0.002 i 0.447
Average temperature
Anger 56.000 950.000 —1.784 —0.040 0.074 —0.295
Gida 110.000 1096.660 3.292 0.064 0.0009 i 0.524
Nekemte 232.000 2842.000 4.333 0.041 0.00001 ik 0.571
Shambu 176.000 1833.330 4.087 0.083 0.00004 HrE 0.587
PET
Anger —56.000 950.000 -1.784 —5.454 0.074 —0.295
Gida 16.000 1096.67 0.453 0.646 0.651 0.076
Nekemte 85.000 3141.670 1.499 1.038 0.134 0.195
Shambu —20.000 1833.330 —0.444 —2.068 0.657 —0.067

*, ** and *, **, and *** represent variables of significance (* <0.05, ** <0.01, *** <0.001). A positive (+) value represents an increasing (upward)
trend and a negative (—) represents a decreasing (downward) trend over time. The trends in the annual mean at six stations (Shambu, Gida, Ehud
Gebeya, Jarnet, Kiramu, and Haro) revealed that precipitation is decreasing. Except for Shambu station, annual precipitation shows a non-
significantly decreasing trend. On the other side, Anger and Nekemte stations show a non-significant (p > 0.05) increasing trend. The annual
average temperature of three stations (Nekemte, Gida, and Shambu) indicates statistically significant increasing trends (p < 0.05), while the Anger
station shows a non-significant (p > 0.05) increasing trend. The time series potential evapotranspiration was estimated for four stations (i.e., Arger,
Gida, Nekemte, and Shambu). Only these stations have time-series temperature data to calculate potential evapotranspiration. There was no sta-
tistically significant increasing or decreasing trend in the average annual potential evapotranspiration for all stations (Anger, Gida, Nekemte, and

Shambu) during the study period.
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Table 5
Formulated hypothetical climate scenarios.
station X Y baseline Rate (change/year) 2050 2080 2110
rainfall (long-term average)

Nekemte 36.46 9.08 2089.97 5.75 2262.47 2434.97 2607.47
Shambu 37.12 9.57 1587.50 —10.22 1280.90 974.30 667.70
Gida 36.62 9.87 1719.75 —4.2 1593.75 1467.75 1341.75
Ehud Gebeya 36.43 9.22 1219.07 —0.03 1218.17 1217.27 1216.37
Anger 36.33 9.27 1615.81 0.11 1619.11 1622.41 1625.71
Haro 36.45 9.90 1722.82 —8.43 1469.92 1217.02 964.12
Jarnet 37.02 9.80 1474.88 —-3.93 1356.98 1239.08 1121.18
Kiramu 36.80 9.92 1917.11 —-5.6 1749.11 1581.11 1413.10
Station X Y baseline temperature (°C) Rate (change/year) 2050 2080 2110
Nekemte 36.46 9.08 18.57 0.041 19.80 21.03 22.26
Shambu 37.12 9.57 16.51 0.083 19.00 21.49 23.98
Gida 36.62 9.87 18.97 0.064 20.89 22.81 24.73
Anger 36.33 9.27 22.34 —0.04 21.14 19.94 18.74
Stations X Y baseline PET Rate (change/year) 2050 2080 2110
Gida 36.62 9.87 1439.77 0.65 1459.27 1478.76 1498.26
Nekemte 36.46 9.083 1494.30 1.04 1525.50 1556.70 1587.90
Shambu 37.12 9.57 1432.38 —2.07 1370.28 1308.18 1246.08
Anger 36.64 9.57 1800.13 —5.45 1636.63 1473.13 1309.63

Legend
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Fig. 6. Spatial variation of simulated long-term average annual recharge under different land-use scenarios (1985, 2000, and 2020). The classi-

fication is based on Natural Breaks (Jenks).
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significant increasing trend, and the Anger station shows an insignificant decreasing trend. Sen’s slope determined the magnitude of
change per year (Table 4). We prepared hypothetical climate change scenarios and assessed their impact on groundwater recharge
based on the change. This is done by assigning percentage or value changes of climatic variables on an annual basis, as shown in
Table 5. Based on these scenarios, annual recharge was simulated by the WetSpass model (Fig. 7).

Based on the formulated hypothetical climate scenarios (Table 5), the average groundwater recharges of 2050, 2080, and 2110 will
be 213.18 mm, 202.11 mm, and 198.36 mm, respectively. The modeling presented here demonstrates that the annual groundwater
recharges are predicted to decrease compared to the baseline.

3.5. Model comparison

The simulated groundwater recharge values, by using WetSpass, were compared against observations of river flow at the Anger
River gauge station, which accounts for about 60% of the study area (4515 km?). Simulated groundwater recharges are compared
against the estimated base flow as given in Table 4.

The study area is characterized by different geologic units: quaternary sediments, tertiary volcanic, Paleozoic and Mesozoic
sedimentary rocks, and Precambrian metamorphic rocks including the gauged catchment. Hence, the aquifer is both a porous and hard
rock aquifer with perennial streams. Therefore, the average base flow of porous and hard rock aquifers was considered the mean
annual base flow during flow separation.

The difference between the simulated and observed groundwater recharge from the base flow is 68.7 mm. The mean annual
simulated recharge is 244.33 mm (15.51%), and the mean observed yearly recharge from the base flow is 306.2 mm (19.31%).

4. Discussion
4.1. Impact of land-use change on groundwater recharge

Land-use change detection indicated that the agricultural area increased by 25.88%, while the shrubland and forest decreased by
9.7% and 7%, respectively. The results showed a significant land-use change in agricultural land during the study period. This is due to
the rapid population increase; agriculture-based economies and a lack of institutional and policy-based land use management are the
major driving forces for the study of watershed changes in land use.

The catchment’s estimated annual recharge rates vary widely among and within land-use/land-cover settings (Fig. 6). In general,
compared to the baseline conditions (1985), simulations under land use of 2000 and 2020 indicated a decrease in the mean annual
groundwater recharge by 4.05% and 10.95% respectively. Therefore, converting natural land cover (forest, shrubland, and grasslands)
to agricultural land increases surface runoff and decreases groundwater recharge of the catchment.

Other similar studies in Ethiopia found that increasing agricultural land and diminishing natural land cover increased runoff,
decreasing recharge [29,60-64] and, [65]. Consequently, intensive agricultural activities that remove vegetation cover expose dense
soils to erosion, reducing groundwater recharge. Groundwater recharge is impacted by changes in land use by altering the composition
of the water balance [66,67]. Changes in land use caused by humans during the past few decades have impacted hydrological elements
including recharging and runoff [68]. The development of phenomena like agricultural expansion, urbanization, desertification, and
the disappearance of forests, is the main cause of the groundwater recharge changes [69].

4.2. Impact of climate change on groundwater recharge

Regarding temperature (minimum, maximum, and mean monthly temperature) during study periods, three stations (Gida,
Nekemte, and Shambu) showed an increasing trend, and the Anger station showed a decreasing trend. Similarly, the previous study
conducted by Ref. [70] reported future minimum and maximum increases over the Didessa basin, in which our study catchment is
included. The study reported that the average monthly maximum temperature increase ranges from +0.40 °C to +1.86 °C by 2030s.
There is consistency with our study, as most stations show an increasing trend. The annual potential evapotranspiration of the study
area indicates an increasing trend. The increase in temperature will be followed by a likely increase in the annual evapotranspiration of
the study area. A study by Ref. [71] reported that the Upper Blue Nile annual rainfall amount will change by —2.8 to 2.7%, with a likely
increase in annual potential evapotranspiration (in 2041-2070). Our result, despite study area coverage, is more consistent with the
report of the study.

Climate change represents long-term changes in meteorological parameters, such as temperature and precipitations and changes in
these parameters affect groundwater recharge, storage, and levels, [72]. On the other hand, a considerable decrease in groundwater
storage may likely lead to changes in other hydrological variables, such as baseflow reduction [73]. According to the findings of this
study, climate change has a significant impact on groundwater recharge in the studied watershed. The predicted decline in recharge
rates will be linked to lower mean annual rainfall and a rise in air temperature and evapotranspiration. Consequently, other hydro-
logical elements of the watershed may be considerably impacted by a decline in groundwater recharge. For instance, according to
Ref. [74] the future stream flow of the Anger River showed a decrease in the 2080s (2080-2100). It can therefore be assumed that the
decline in stream flow of the Anger River might arise from a decrease in groundwater discharge to the stream and precipitation. As a
result, total water yields in the watershed may be decreased in the future.
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Fig. 7. Hypothetical scenarios of future groundwater recharge (2050, 2080, and 2110).

4.3. Study limitation and uncertainty

Despite these promising results, the study is limited to current and historical land use and land cover. This study would not take into
account future land use and land cover. On the other hand, there are many possible sources of uncertainty in climate and hydrological
models. The sources of model uncertainties could be input variables (e.g., hydroclimatic data, soil, land use) and model parameters. As
a result, the study’s findings should be carefully evaluated and can be considered representative of the likely future rather than ac-
curate predictions.

5. Conclusion

In this study, the distribution of groundwater recharge in the Anger watershed is characterized by land use dynamics and climatic
changes. There have been significant alterations in land use and climate over the past 34 years, according to an analysis of long-term
changes in the study watershed. Runoff volume and percolation rate increased as a result of agricultural intensification and forest
degradation, respectively. Parallel, to this, the study found that rising temperatures and a decline in rainfall rates were responsible for
the study watershed’s declining recharge. Land use dynamics and climate changes within a watershed preen the groundwater
recharge. This study demonstrated how the natural resources of the Anger watershed are being significantly altered. Thus, to prevent
future resource depletion, it is important to monitor the extent of resource alteration in the study watershed and its effects on water and
other resources. This could provide information for smart resource management based on a sense of responsibility for future land use
planning. Accordingly, for the study watershed and other similar watersheds, comprehensive watershed management is necessary to
mitigate the detrimental effects of these changes on the ecosystem and groundwater recharge. For the study of watersheds, integrated
natural resource management is needed to address human needs and optimize ecological function through upstream and downstream,
wide-ranging, multi-stakeholder-driven activities. The findings of this study are convenient to other watersheds that share related
biophysical and socio-economic appearances with the Anger watershed.
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