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Abstract

:

The availability of sufficient water resources is critical for sustainable social and economic development globally. However, recurrent drought has been a precursor to inadequate water supply in the case of Borkena Catchment, Awash River Basin, Ethiopia. To support the conjunctive use and management of surface water and groundwater in Borkena Catchment, an integrated model was developed using the SWAT–MODFLOW model. The model was designed to operate on a monthly time scale. The change in the water balance obtained from the SWAT–MODFLOW model provides a quantitative means to assess the effect of the climate variability and changes, as well as the impact of human activities, on water resources. To advance the understanding at the regional and local scales, surface water–groundwater interactions in the Borkena Catchment geochemical information and piezometer maps were integrated. The results show that the groundwater recharge in the study area is approximately 122 mm/a. The surface water–groundwater interaction results show that the areas around Harbu and Dessie are characterized as losing rivers, while the areas around Kemisse-Chefa and the highlands of Kutaber, where the Borkena River originates, are characterized as gaining rivers. A geochemical analysis indicated that there is an inter-basin groundwater transfer from the Abbay to the Awash basin. The integrated model generated key temporal and spatial information that is useful for the sustainable conjunctive management of surface and groundwater in Borkena Catchment for climate resilience in the face of climate variability and increasing demand.
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1. Introduction


Groundwater and surface water are in continuous hydraulic interactions [1,2]. This interaction has practical consequences in the quantity and quality of water in either system [3]. The depletion and/or contamination of one of the systems will eventually affect the other.



Therefore, understanding groundwater and surface water interactions, hydrological processes, and hydrogeological systems of catchments and their vulnerability to natural stressors are very essential for proper water resource utilization and management [4]. Particularly, the interaction between groundwater and surface water is crucial in hydrological systems that rely on limited freshwater resources, such as the Borkena River Catchment [5]. Recently, the integrated management of groundwater (GW) and surface water (SW) resources is growing to meet the social and ecological flow requirements of both water resources. Such integrated GW and SW management requires information concerning the effects of groundwater on surface water systems and vice versa [6]. GW and SW interactions are often studied using models, which help to establish locations, characterize aquifer boundaries, and assess the amount of water within the systems, including recharge to the groundwater aquifer and flow to surface water [7]. These models are used to calculate the rate and direction of the movement of groundwater through aquifers and confining units in the subsurface, the exchange of surface and groundwater between aquifers, sources, and sinks, including other groundwater infusion and removal from an aquifer.



Modeling approaches that account for surface and groundwater modeling as one complex system are often known as integrated models. Integrated models are useful for solving complex water resources problems and contribute substantially to our understanding of the hydrology of watersheds, rivers, and aquifers. However, GW and SW modeling is not without a challenge. One of the challenges, for example, is the significant time scale differences between GW and SW processes [8]. Groundwater flow is in the order of magnitude slower than SW flow, as the groundwater response to natural and artificial drivers, such as climate variability, land use change, and groundwater extraction, can be damped [9,10,11,12]. Hence, such dynamics should be well captured in the GW and SW interactions modeling.



Few studies have assessed GW and SW interactions in catchments in Ethiopia [13,14,15]. The groundwater abstraction is considerably increasing without consistent quantification of surface water components and the extent available for extraction [16]. Therefore, the main objective of this study was to develop an integrated model to support conjunctive use and management of the surface and groundwater Borkena Catchment. The primary focus is to improve the understanding of the GW–SW interactions and their dynamics, as well as to provide the scientific information needed for water resources management.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Borkena Catchment, which is located in the Awash River Basin in Ethiopia (Figure 1). The catchment covers a total area of ~1606 km2. It is geographically bounded between 39.3° and 39.7° longitude and 10.2° and 11.3° latitude.



The hydrogeological map of the study area is shown in Figure 2. The western volcanic escarpments and the eastern ridge that bound the alluvial valley aquifers are highly dissected by stream networks, often with the rugged topography of the study area. The valley plain alluvial aquifers often gently roll to the south with isolated hills as observed in the southern extreme part of the area. The elevation reaches 3500 m above sea level (m.a.s.l.) on the escarpment, whereas the wide Borkena graben lies at an average elevation of 1400 m.a.s.l.



A large area of the Borkena Catchment is under cultivation, dominantly covered by agricultural land (49.6%). Brush land and range land cover 20% and 15% of the watershed, respectively. The remaining part of the watershed is covered by barren land, wetlands, plantations, and forests (Table 1). The major soil types in the Borkena Catchment are lithic Leptosols and Eutric Vertisols (Table 2). The soil and land use/land cover maps of the study area were collected from the Ethiopian Ministry of Water and Energy (MoWE).




2.2. SWAT–MODFLOW Model Setup


2.2.1. SWAT Model Setup and Input Data


The SWAT model requires spatial and temporal data to simulate various hydrological processes. The required spatial data include the digital elevation model (DEM), land use, and soil. The DEM data had a resolution of 30 m, and it was used to discretize watershed characteristics. The DEM data were obtained from the Shuttle Radar Topographic Mission (SRTM) (https://earthexplorer.usgs.gov) (accessed on 15 September 2021). The land use and soil data were necessary to define the hydrological response units (HRUs), which are the smallest units in the SWAT model. The watershed delineation resulted in 12 sub-basins and 187 hydrological response units (HRUs). The multiple HRU option was selected to represent the different land use, soil, and slope classes in the catchment.



The daily rainfall, maximum/minimum temperatures, solar radiation, relative humidity, and wind speed data for the period 1979–2017 were obtained from the Ethiopian National Meteorological Services Agency (NMSA) for Combolcha and Kemisse stations. The stream flow data used for the SWAT model calibration and validation were obtained from the Ministry of Water and Energy (MoWE). The potential evapotranspiration was estimated using the Penman–Monteith method.




2.2.2. SWAT Model Calibration and Validation


The SWAT model was calibrated and validated using monthly observed stream flow for the period 2000–2007 and 2008–2014, respectively. The observed stream flow data for the period 1979–1981 were used for the model warm-up, which is important for balancing the different stocks in the catchment [17,18,19]. Initially, the parameters were manually calibrated, and thereafter automatic calibration with the SWAT–CUP was employed. The automatic calibration was conducted using the sequential uncertainty fitting (SUFI-2) algorithm. The SUFI-2 algorithm provides satisfactory model [20] performance while converging in a relatively smaller number of iterations. The SWAT model calibration and validation performances were assessed using three statistical parameters. These are coefficient of determination (R2), Nash–Sutcliff efficiency (NSE), and percent bias. The NSE is a normalized statistic that determines the relative magnitude of the residual variance compared to the observed data variance [21]. According to [22], the NSE can range from −∞ to 1. The PBIAS compares the volumetric difference between simulated and observed data. This study considered a simulation with a calibrated model satisfactory when an R2 > 0.6, NSE > 0.5, and PBIAS < ±15%.



The model performance before the model calibration was poor, with a coefficient of determination (R2) of 0.33, Nash–Sutcliffe efficiency (NSE) of 0.33, and PBIAS of −3.9%. This necessitated the need for model calibration, which provided a coefficient of determination (R2) of 0.68, Nash–Sutcliffe efficiency (NSE) of 0.66, and PBIAS of −2.7%. The validation of the model using independent monthly observed stream flow data for the period 2008–2014 showed an acceptable performance with an R2, NSE, and PBIAS of 0.64, 0.61, and 2.48%, respectively (Table 3). According to model evaluation guidelines [22], the model calibration provided an acceptable performance. The fitted values of the parameters for the calibration are presented in Table 4. The hydrograph results of the calibrated and validation periods of the observed and simulated flow in monthly estimation indicates similar trends in different seasons with acceptable ranges (Figure 3).




2.2.3. MODFLOW Model Setup


Conceptual Model


A hydrogeological map and cross-section were prepared to conceptualize the Borkena Catchment alluvial aquifer and tertiary volcanic aquifers. The groundwater flow in the alluvial aquifer is governed by the configuration of low to moderate permeable tertiary volcanic rocks that surround the alluvial formation from all directions, the high hydraulic conductivity of the aquifer material, the areal extent and thickness of the aquifer, and the groundwater recharge and groundwater discharge. Such information was used to construct the conceptual model (developed cross-sections and groundwater flow map) that describes the internal and external boundaries of the groundwater flow system, the inflow and outflow of water at these boundaries, and the overall effect of these boundaries on the groundwater flow in the aquifer. The Borkena Catchment alluvial aquifer is a natural subsurface reservoir filled by the runoff infiltration of large numbers of rivers mainly at the western and northern periphery of the alluvial aquifer and dammed by the low to moderate permeable tertiary volcanic formation in all directions.



Such a geological formation causes distributed discharge along the central and lower parts of the Borkena River through the confining thin (10 m) layer of clay [23]. Based on the KCVTW-02-19 and KCVTW-03-19 well completion reports [23,24,25,26], three boreholes were drilled 500, 600, and 512 m deep, and the alluvial aquifer thickness was found from 230 to 250 m. As of the data from the KCVTW-01-19 and KCVTW-02-19 well completion reports, the hydraulic conductivities of the volcanic aquifers in the two boreholes were calculated and were nearly similar and large enough to transfer water from one region to another region [23,24,25,26]. These unpublished report data were used for this study to process the existing borehole data for the calculation of the aquifer properties and the physicochemical analysis using aquifer test and aquacheme software, analyzed and discussed in the Section 3. The borehole data were collected from the Ethiopian Construction Design and Supervision Works Corporation, Water and Energy Design and Supervision Works Sector [23,24,25,26], and via field monitoring. Moreover, this study measured the additional water level of the boreholes using a deep meter to develop the hydrogeological, cross-section, and groundwater contour and flow maps.



The hydrogeological cross-section maps were developed to show the regional and local groundwater flows in the system and from out of the system. The borehole data observations indicated that the aquifers, especially at the middle, center, and southern center (along the Borkena River), appeared to be artesian (overflowing), providing a distributed groundwater discharge to the river. Some of the evidence that supports the aquifers in the Borkena Catchment being artesian and the groundwater contributing to the river flow include:




	
The base flow of the Borkena River increases after passing through the alluvial aquifers as it flows through the volcanic rock channel.



	
The boreholes drilled along the lowest elevation areas were artesian.



	
A large swamp developed at the southern part of the Borkena Catchment









Model Discretization


The model domain was divided into 47 rows and 23 columns, with a uniform grid size of 2000 × 2000 m. This resulted in 1081 grid cells. In designing the grid, the length-to-width ratio (aspect ratio) of the cells was kept close to one as much as possible to avoid numerical instabilities or errors. The model was discretized vertically into one layer. Since MODFLOW needs the ground surface elevation for the grid cell, the DEM that was used to set-up the SWAT model was used to define the top layer of the aquifer. The aquifer thickness of the Borkena Catchment was determined from the pumping test result of the existing boreholes’ static water level and the elevation difference with the borehole depth. The aquifer thickness, which includes both the alluvial and tertiary volcanic aquifers, was estimated to be ~280 m.




Aquifer Hydraulic Properties


The magnitude and spatial distribution of the aquifer properties, such as hydraulic conductivity and storage coefficient (specific storage and specific yield), are required for the MODFLOW model. Hydraulic conductivity is one of the highly variable parameters in space. Most of the studied drilled wells are located in the central part of the alluvial aquifers. Boreholes from 80 to 600 m in depth were found drilled mainly in Kutaber, Dessie, Combolcha, Harbu, Kemisse, and Chefa towns, and some of the boreholes fully penetrated the alluvial aquifer, which has a depth of 248 m, while the rest did not.



Hydraulic conductivity, which indicates the flow of water in an aquifer system, is one of the inputs to the MODFLOW model. The hydraulic conductivity of the area is highly variable due to the presence of different geologic structures. Pumping test data showed that acidic rocks, such as those in the Dessie area, have a hydraulic conductivity of 0.01 m/day, which increases to 36.6 m/day in the tertiary fractured volcanic aquifers and in the alluvial areas of Kombolcha, Kemisse, and Chefa. This study used an average hydraulic conductivity value of 3.38 m/day for the model. From the existing boreholes data, the transmissivity of the Borkena aquifer systems was calculated and ranged between 4.3 and 1895.6 m2/day. An average transmissivity value of 255.36 m2/day was used as input to the MODFLOW model.



The vertical-to-horizontal hydraulic conductivity anisotropy ratio is given by Kx/Kz in which Kz is the vertical hydraulic conductivity and Kx is the radial (horizontal) hydraulic conductivity [27]. The authors also reported that the values of Kx/Kz range between 0.1 and 10 for alluvial and volcanic aquifers, possibly as low as 0.01 when clay layers are present and from 0.01 to 1.5 for volcanic material, even if it is determined by the strata and fracture conditions of the geologic material. Therefore, this study used a Kx/Kz of 0.1 as input for MODFLOW.



The porosity of alluvial aquifers is reported in the range of 40–70% for clays, 35–50% for silts, 25–50% for sands, and 25–40% for gravels [27]. The porosity of fractured basalt rock is reported as 5–50% [28]. Since the alluvial aquifer in the Borkena Catchment is dominantly sand and gravel, a saturated average porosity of 30% or 0.3 was used in the MODFLOW model.



The specific yield determines the ratio of the volume of water that drains an aquifer because of gravity to the total volume of the saturated aquifer AA [29]. The specific yield of alluvial aquifers varies from 0.15 to 0.2. The alluvial aquifer for the Borkena Catchment was estimated to be ~0.15.



The specific storage of a saturated aquifer is the volume of water that a unit volume of aquifer releases from storage under a unit decline in hydraulic head. The specific storage of unconsolidated aquifers ranges from 0.00005 to 0.00168 [28,29]. This study used an average specific storage of 0.00015 for the MODFLOW model.




River–Aquifer Interactions


The flow between a river and an aquifer depends on the difference between the water level in the river and the groundwater head. The River Package of MODFLOW simulates stream–aquifer interactions based on three parameters: (i) river stage, (ii) river bed elevation, and (iii) conductance of the riverbed material. The river stages were determined using the median river elevation within the cell based on the observed river elevation and DEM data. The streambed conductance (Criv) controls the rate of water movement to or from a stream in response to the head gradient. Direct measurements of streambed conductance were not available, and it was fine-tuned during model calibration. Approximately 49 river cells were assigned using the river package after calculating the river conductance using Equation (1) (Table S2). The determination of the vertical hydraulic conductivity (Kv) of the entire riverbed has significant importance for the study of groundwater recharge [30]. Depending on the riverbed material, the hydraulic conductivity of the riverbed varies from 1 to 3 m/day. Therefore, an hydraulic conductivity of 1 m/d was used to represent the hydraulic conductivity of the riverbed material.



When the aquifer head is above the bottom of the streambed, the model assumes that the specific discharge through the streambed is proportional to the difference in the hydraulic head between the stream and the aquifer (Equation (2)), whereas when the groundwater level drops below the riverbed level, the head difference is calculated as the elevation of the riverbed minus the stage of the river (Equation (3)).
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(3)




where Qriv is the rate of leakage between the river and the aquifer, hriv is the head in the river, h is the head in the aquifer directly below the river, Briv is the bottom of the streambed, Criv is the streambed conductance, which accounts for the length (L) and width (Wriv) of the river channel within the cell, Mriv is the thickness of the riverbed sediments and Kriv is the vertical hydraulic conductivity of the streambed material.




Groundwater Pumping


The abstraction of groundwater from boreholes was represented using the Well Package of MODFLOW. Most of the boreholes were drilled for domestic water supply to the residents in the Borkena Catchment. The abstraction from 34 boreholes was determined based on the yield of the boreholes and average pumping hours, which was 8 h. The pumping rate of a well is independent of both the cell area and the hydraulic head cell, and 16 observation wells were assigned (Table S3).





2.2.4. SWAT–MODFLOW Modeling


The SWAT–MODFLOW model developed in [31,32] was used in the present study. The calibrated SWAT model was coupled with the MODFLOW model following Bailey and Park’s [31,32] approach. A finite difference grid for a MODFLOW model was linked with the HRUs and sub-basins of the SWAT model to exchange inputs and outputs between the two models. Coupling between the SWAT and MODFLOW models was achieved by mapping variables from the SWAT model to the MODFLOW model and vice versa, including recharge to the groundwater (SWAT HRUs–MODFLOW grid cells), water table elevation (from MODFLOW grid cells to SWAT HRUs), sub-basin channel/stream stage (SWAT sub-basin channels–MODFLOW river cells), groundwater–stream exchange rates (MODFLOW river cells to SWAT sub-basin).



Since SWAT HRUs do not have a designated geographic location, HRUs are disaggregated in preprocessing GIS routines. The disaggregation splits apart an HRU into individual polygons that have a specific geographic location. These disaggregated HRUs (DHRUs) are then intersected with the MODFLOW grid cells to pass variables between SWAT and MODFLOW. Although MODFLOW river cells, for which the volumetric flow exchange rates between the aquifer and the stream are estimated, are intersected with SWAT sub-basins for transferring groundwater return flow rates to the correct sub-basin streams.



The already produced DHRUs are then intersected with the MODFLOW grid, with the resulting weighted areas used to pass information between SWAT and MODFLOW. The number of DHRUs produced for the current project was 38,431.






3. Result and Discussion


3.1. SWAT–MODFLOW


3.1.1. Water Balance Analysis


The simulation results showed that the stream flow in the Borkena Catchment was dominated by surface runoff (~240 mm), which contributed 62% of the total flow, while the groundwater recharge contribution (~122.1 mm) was 12% of the annual rainfall. The average long-term (1979–2017) annual rainfall over the catchment was approximately 1018 mm. The long-term average annual actual evapotranspiration in the catchment was 595 mm (Table 5). The average long-term monthly water balance is also shown in Table 6.




3.1.2. Recharge Estimation


The estimated annual recharge was 12% of the annual rainfall (Table 3). Other studies also reported that the average annual recharge of alluvial aquifers can range between 10% to 22% of the annual total rainfall [33,34]. According to [33], the average groundwater recharge at the Borkena Catchment is between 50 and 150 mm/year. Reference [34] also estimated the total annual groundwater recharge for the entirety of Ethiopia to be 36 billion m3. Based on this study, the average annual groundwater recharge for the Awash basin, where the Borkena Catchment is located, was 4074 mm3/year. Therefore, [34] estimated that the average annual groundwater recharge for Borkena catchment is 370 mm, which is higher than the estimates in this study. Unlike [34], we used a processed-based hydrological model, which provides a reliable estimate for groundwater recharge. Moreover, the groundwater recharge estimates are consistent with literature reports in other alluvial aquifers [35,36].




3.1.3. Surface Water–Groundwater Interactions


On the basis of the observed borehole data analysis (Table S1) and SWAT–MODFLOW model result (Table S4), approximately 42% of the river networks were gaining and 36% were losing, and the remaining 22% of the river networks showed equal piezometric levels to the nearby boreholes and were found either gaining or losing rivers.



The coupling simulation reinforced results were obtained from the borehole and river network data analysis. The model provided positive, negative, and zero groundwater flows (in m3/day) for the gaining, losing, and either gaining or losing rivers, respectively (Table S4).



Surface water–groundwater fluxes exchange can be estimated by applying Darcy’s law based on the point measurement of the water level in the boreholes and the river. This involves multiplying the hydraulic gradient by the hydraulic conductivity of the streambed material. However, owing to the variations in the hydraulic gradient and hydraulic conductivity (caused by heterogeneity), quantifying the flow exchange between groundwater and surface water is often complex.



The depth of the groundwater is highly variable in the study area. It ranges from zero (0) in the alluvial sediments, for example, in Combolcha, to 42.6 m below ground level in the tertiary volcanic aquifers (e.g., around the Dessie area). The surface elevations are highest in the northern part of the catchment, which is approximately 2720 m above sea level. The lowest surface elevation is located around the southern part of the catchment at 1440 m.a.s.l. In the alluvial sediments, around Chefa, the water level gradient is flat, and the groundwater level is close to the surface or even above the surface in some places. The piezometric map indicated that the river upstream of the catchment is gaining, and in the middle around the Combolcha area, it is either gaining or losing river and downstream near the outlet area is losing river.



The results from the borehole data (such as static water level, hydraulic conductivity, and transmissivity) showed that there is a west-to-east gradient, from Gerado to Combolcha, which also supports the existence of deep regional groundwater flow from the Grado/Abbay basin to Combolcha/Awash basin (Figure 4). Moreover, the hydraulic conductivity and transmissivity values (Table 7) of the boreholes at Kutaber, Combolcha, and Kemisse showed that the groundwater flows locally from the north (Kutaber) (where the Borkena River originates) to the south (Kemisse-Chefa) through Combolcha (Figure 5).



The positive values of the elevation differences in each river cell and the nearby borehole to the river indicated that there is river water seepage to aquifers, and negative values indicated groundwater flows from aquifer to river; when the elevation differences of each river cell and the nearby borehole are found to be zero, then the river is considered as either groundwater flows to rivers or river seepage to the aquifer. The correlations between the groundwater elevations (from selected boreholes that were 2 to 150 m from the Borkena River and its tributaries) and river elevation (to a nearby borehole) showed strong surface water–groundwater interactions (Table S1). If the difference in elevation between a borehole and a nearby surface water (river) elevation is negative, the river is considered as gaining river and losing river if vice versa. For example, the river at Kutaber was gaining, since the elevation difference was negative, as the static water level of the Kutaber borehole (3.2 m below ground level (m.b.g.l)) was 2666.8 m.a.s.l and the surface elevation of the closest river was 2680 m.a.s.l. Similarly, the river close to Boru Silasse is also gaining, since the groundwater elevation of the static water level for the borehole at Boru Silasse Kebele 02 (41.5 m.b.g.l) was 2568 m.a.s.l, and the surface elevation of the nearby river was 2602 m.a.s.l. The analysis of 34 borehole static water levels and the nearby Borkena River (and tributaries) surface water elevation analysis showed that the river in the highland parts of the Borkena watershed was found to be gaining river, while it was losing in the lowlands of the study area, such as Combolcha, Harbu, and Chefa (Table S1).





3.2. Aquifer Connectivity


This study explored the groundwater flow system of the Borkena Catchment locally and regionally, combining the capabilities of the hypothesis using existing deep borehole data and developing hydrogeological cross-section maps to meet the second objective. One of the hypotheses for the recharge mechanism of the deep alluvial and volcanic aquifers in Combolcha, Harbu, Kemisse, and Chefa is the inter-basin transfer of groundwater flow from the Abbay basin into the Awash basin, as well as local recharge from the Kutaber, Borumeda, and Dessie escarpments. This hypothesis was, therefore, studied based on data from three deep boreholes more than 500 m deep and with discharges of up to 80 l/s, which were drilled at Gerado/Abbay basin (KCTVW-01-19), Combolcha/Awash basin (KCTVW-02-19), and Kemisse/Awash basin (KCTVW-03-19). The alluvial aquifers were sealed or grouted up to 230 m in depth at Gerado (Abbay basin) and up to 251 m in depth at Combolcha (Awash basin) to assess the alluvial and volcanic aquifers in separate systems. whereas both the alluvial and tertiary volcanic aquifers at Kemisse (Awash basin) were screened together to see the two aquifers’ discharge results. However, the hydraulic conductivity, transmissivity, and discharges of the three boreholes were calculated as Gerado (KCVTW-01-19) = 9.09 m/d, 955 m2/d, and 80 liters per second; Combolcha (KCVTW-02-19) = 9.32 m/d, 978 m2/d, and 75.5 l/s; and Kemisse (KCVTW-03-19) = 9.41 m/d, 1030 m2/d, and 75 l/s, respectively (Table 5). The results suggest that the two basin aquifers (the alluvial and tertiary volcanic aquifers), as well as the tertiary volcanic aquifers in the Abbay and Awash basins, are hydrologically interconnected.




3.3. The Spatial Distribution of the Groundwater Head


The groundwater level and flow maps of the study area were produced using AutoCAD and ArcGIS software from existing borehole data. The groundwater level and contour maps showed that, generally, the groundwater flows from the tertiary volcanic aquifer at Kutaber toward the alluvial aquifer at Combolcha and Kemisse and then to Chefa Swamp (Figure 6). The groundwater movement is influenced by the elevation, geological structures, and faults in the study area. For example, the groundwater level was higher in the tertiary volcanic aquifer at Kutaber, Boru Sillasse, and Dessie relative to the alluvial aquifers at Combolcha and Chefa, as indicated in the hydrogeological map of the study area (Figure 2).




3.4. Inter-Basin Groundwater Transfer


Although the Gerado Catchment (Abbay basin) is located at a higher elevation and the Combolcha and Kemisse (Awash) aquifers are located at lower elevations, it was assumed that there was no inter-basin groundwater flow between the two basins due to the very low hydraulic conductivity of the tertiary volcanic rocks, but this study suggests that there is an inter-basin transfer of groundwater from the Abbay to the Awash basins. This was also confirmed by the results from the physicochemical analysis, which showed an HCO3 compound in all of the three deep boreholes, except for changes in chemical composition, which likely occur due to the evolution during the inter-basin transfer process. A piper diagram was used to identify the chemical relationships among the water samples from the different boreholes. The water type at Gerado/Abbay basin (KCVTW-01-19), Combolcha/Awash basin (KCVTW-02-19), and Kemisse/Awash basin were Na-HCO3, Mg-Ca-Na-HCO3, and Na-Ca-HCO3-SO4, respectively (Figure 7). Due to the geochemical process in the groundwater flow, the Na-HCO3 water type in the Gerado catchment was likely changed to the Mg-Ca-Na-HCO3 type when it reached the Combolcha Catchment and, subsequently, to Na-Ca-HCO3-SO4 as it reached the Kemisse Catchment.





4. Conclusions


This study applied the SWAT–MODFLOW modeling successfully to understand the hydrological processes and groundwater movement in the case study of the Borkena Catchment. The calibration and validation of the SWAT model provided satisfactory performance with a coefficient of determination (R2) and Nash–Sutcliffe efficiency (NSE) of more than 0.5. The groundwater data from the borehole and river topographic analysis helped to identify parts of the Borkena River that were gaining, losing, and both gaining and losing, which is useful for implementing sustainable water management and use practices. Furthermore, the outputs of the SWAT–MODFLOW helped to further understand the surface and groundwater interactions. Based on the deep borehole analysis and geochemical analysis (water type analysis), the results suggest that there could be an inter-basin groundwater flow from the Abbay basin (Gerado) to the Awash basin (Combolcha–Kemisse). However, an isotope analysis is recommended for future research to make a more conclusive statement. The presence of such regional groundwater flow into the inner tertiary volcanic aquifer in the semi-arid area is beneficial to the communities living in the downstream areas, since they may use the groundwater for domestic, municipal, and irrigation activities. Such a type of study helps to devise proper water management planning that ensures sustainable groundwater and surface water use. Therefore, these surface water–groundwater interaction investigation results are essential for adapting the climate variability in an arid region. Although the study is focused on a case study site of the Borkena Catchment, the methods used in this study can be applied to similar catchments to address the growing challenges of groundwater and surface water over extractions.
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Figure 1. Location map of Borkena Catchment. 
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Figure 2. A hydrogeological map of the study area produced (data source: ECDSWC-WEDSWS). 
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Figure 3. Monthly observed and simulated stream flow: (a) Calibration period, (b) validation period. 
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Figure 4. Gerado–Combolcha cross-section showing the regional and local groundwater flow produced. 
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Figure 5. Kutaber–Combolcha to Kemisse cross-section showing the local groundwater flow. 
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Figure 6. Groundwater contour and flow map of the study area. 
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Figure 7. Piper plot diagram showing the water types of the existing three boreholes, produced using acquacheme software (data source: ECDSWC-WEDSWS). 
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Table 1. Land use/land cover classes in the study catchment (source: Ministry of Water and Energy (MoWE)).
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	Land Use/Cover
	Area (km2)
	Area (%)





	Agricultural
	796.04
	49.57



	Rangeland
	237.34
	14.78



	Brushland
	297
	18.49



	Plantation Forest
	19.9
	1.24



	Bare Land/Barren
	160.31
	9.98



	Natural Forest
	0.17
	0.01



	Deciduous Forest/Wood
	0.01
	0



	Wetlands
	95.23
	5.93



	Total
	1606
	100
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Table 2. Major soil types in Borkena Catchment (source: Ministry of Water and Energy (MoWE)).
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Value

	
SOIL_ID

	
Area (km2)

	
Area (%)






	
1

	
Lithic Leptosols

	
886.67

	
55.21




	
2

	
Eutric Vertisols

	
302.09

	
18.81




	
3

	
Eutric Leptosols

	
262.26

	
16.33




	
4

	
Vertic Vertisol

	
154.98

	
9.65




	
Total

	
1606

	
100
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Table 3. Fitted values of calibrated flow parameters with absolute t-stat and p-value for the SWAT model.
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	Parameter Name
	Description
	Range
	Fitted Values
	t-Stat
	p-Value





	SOL_AWC
	Soil available water capacity (mm H2O)
	±25%
	0.07
	0.02
	0.98



	CN2
	Curve number for moisture condition II
	±25%
	33.82
	0.54
	0.61



	GWQMN
	Threshold depth of water in the shallow aquifer (mm H2O)
	0–5000
	−29.24
	−0.55
	0.61



	GW_DELAY
	Groundwater delay (days)
	0–500
	28.85
	−0.65
	0.55



	ESCO
	Soil evaporation compensation factor
	0.5–0.1
	13.56
	0.88
	0.42



	ALPHA_BF
	Baseflow alpha factor (1/days)
	0–1
	0.60
	−1.24
	0.27



	REVAPMN
	Threshold depth of water in the shallow aquifer for “revap” or “percolation” to the deep aquifer to occur (mm H2O)
	0–500
	62.29
	1.65
	0.16



	GW_REVAP
	Groundwater “revap” coefficient
	0.02–0.2
	−0.057
	−1.82
	0.13



	RCHRG_DP
	Deep aquifer percolation fraction
	0–500
	0.206
	−2.35
	0.07
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Table 4. Table showing the default values before calibration and the calibration and validation statistics for the monthly observed and simulated stream flow.
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	Parameter
	Default Value
	Calibrated (2000–2007)
	Validated (2008–2014)





	R2
	0.33
	0.68
	0.64



	NSE
	0.33
	0.66
	0.63



	PBIAS
	−3.90%
	−2.70%
	2.48%
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Table 5. Average long-term annual water balance of the calibrated SWAT model in the study catchment.






Table 5. Average long-term annual water balance of the calibrated SWAT model in the study catchment.





	
Parameter

	
Values (mm)

	
% of Annual Rainfall






	
Precipitation

	
1017.5

	




	
Surface Runoff Discharge out of the Total Flow

	
241.54

	
23




	
Lateral flow Soil Discharge out of the Total Flow

	
67.31

	
6.6




	
Groundwater (Shallow Aquifer) Contribution to Stream Flow

	
79.42

	
7.8




	
Groundwater (Deep Aquifer) Flow

	
5.71

	
0.56




	
REVAP (Shallow Aquifer = Soil/Plants)

	
29.99

	




	
Deep Aquifer Recharge

	
5.74

	
12




	
Total Aquifer Recharge

	
114.75




	
Total Water Yield

	
393.99

	
38.7




	
Percolation out of Soil

	
114.76

	
11.2




	
Actual Evapotranspiration

	
594.5

	
58.4




	
Potential Evapotranspiration

	
1621
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Table 6. Average long-term (1979–2017) monthly water balance estimates of the SWAT–MODFLOW model in the study area.
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	MONTH
	PREC (mm)
	SURQ (mm)
	LATQ (mm)
	GWQ (mm)
	PERCOLATE (mm)
	SW (mm)
	ET (mm)
	PET (mm)
	WATER YIELD (mm)





	Jan.
	14.00
	0.37
	0.77
	0.00
	0.00
	29.25
	14.77
	174.82
	2.00



	Feb.
	0.30
	0.00
	0.09
	0.00
	0.00
	27.56
	10.99
	105.07
	0.67



	Mar.
	5.40
	0.00
	0.06
	0.00
	0.00
	24.43
	20.98
	160.87
	0.55



	Apr.
	149.80
	10.02
	6.75
	0.00
	2.18
	77.87
	73.72
	141.26
	16.91



	May
	4.40
	0.00
	3.58
	0.04
	0.49
	55.05
	26.59
	107.84
	4.12



	Jun.
	111.70
	18.35
	6.81
	0.64
	4.90
	82.59
	52.97
	139.37
	26.02



	Jul.
	236.15
	89.76
	13.31
	4.36
	47.93
	123.79
	109.86
	161.39
	106.94



	Aug.
	287.00
	92.29
	16.73
	17.85
	79.41
	123.12
	95.17
	125.16
	116.23



	Sept.
	103.40
	13.77
	11.53
	38.59
	29.97
	106.11
	68.79
	118.37
	54.62



	Oct.
	54.40
	8.00
	3.88
	35.72
	1.07
	97.20
	51.20
	123.07
	34.03



	Nov.
	51.20
	8.98
	3.03
	16.35
	0.38
	92.95
	44.28
	134.00
	28.67



	Dec.
	0.00
	0.00
	0.77
	1.44
	0.00
	67.76
	25.18
	129.78
	3.23
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Table 7. Aquifer parameter values calculated using Aquifer Test software, from existing boreholes’ raw data (Source ECDSWC-WEDSWS).
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No.

	
Parameter

	
Well ID




	
KCTVW-01-19 (GERADO)

	
KCTVW-02-19 (COMBOLCHA)

	
KCTVW-03-19 (KEMISSE)






	
1

	
Hydraulic Conductivity (Hk, m/d)

	
9.09

	
9.32

	
9.41




	
2

	
Transmissivity (T, m2/d)

	
955

	
978

	
1030




	
3

	
Static Water Level (m)

	
0 (artesian)

	
10.24

	
0 (artesian)




	
4

	
Discharge (Q, l/s)

	
80

	
75.5

	
75




	
5

	
Depth (m)

	
500

	
600

	
512




	
6

	
Surface Elevation (m)

	
2282

	
1850

	
1444




	
7

	
Aquifers

	
Alluvial Deposit; Weathered and Fractured Basalt and Rhyolite

	
Alluvial Deposit; Moderately Weathered and Fractured Basalt

	
Alluvial Deposit with Highly fractured Basalt




	
8

	
Casing Designed

	
0–230 m cased with blind steel casing and grouted with cement to isolate alluvial aquifer from the basaltic aquifer

	
0–251 m cased with blind and grouted with cement to isolate the alluvial aquifer from the basaltic aquifer

	
Cased with screen and blind casing from top to bottom both the alluvial and basaltic aquifers
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