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A B S T R A C T   

Study region: Robit-Bata watershed, Upper Blue Nile basin, Ethiopia. 
Study focus: Stable isotopes of water (Oxygen-18 and Deuterium) were used as tracers to estimate 
the contribution of groundwater in shallow hillslope aquifers to streamflow in the Robit-Bata 
watershed. To assess the spatiotemporal variability of shallow groundwater and develop a 
hydrograph separation technique, we collected rainfall, shallow groundwater, and streamflow 
samples and analyzed their δ18O and δ2H isotopic compositions. The local meteoric water line 
(LMWL) and local evaporative line (LEL) of the study area were determined and compared with 
the global meteoric water line (GMWL). A standard unweighted two-component isotope-based 
hydrograph separation model was used to determine the percentage contribution of shallow 
groundwater to streamflow. 
New hydrological insights for the region: The LMWL (δ2H = 8.63⋅δ18O + 18.2) mostly showed heavy 
isotopic enrichment relative to GMWL, and the LEL (δ2H = 5.45⋅δ18O + 6.96) indicated isotopic 
enrichment compared to Ethiopian lakes. Shallow groundwater responded rapidly to rainfall, 
with good spatial correlation depending on topographic positions of wells. Pre-event water 
contributed <50% to peak discharge in July, but >90% when the watershed reached maximum 
storage. This finding gives insight towards the predominant runoff generation process and has 
significant implications for sustainable dry season irrigation expansion in the area as the sub- 
surface flow drains out of the watershed from October onwards reducing water tables in the 
shallow wells.   
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1. Introduction 

Baseflow is the portion of previously stored subsurface water in groundwater aquifers that enters the streamflow regardless of 
rainfall events (Hewlett and Hibbert, 1967). It is also the slowly responding component of streamflow with long-lasting effect on the 
flow (Duncan, 2019). Baseflow in streams is termed pre-event water; it can significantly contribute to streamflow, depending on 
climate, watershed hydrogeology, and the main rainfall-runoff mechanisms (Sklash and Farvolden, 1979; Moore, 1989; Ogunkoya and 
Jenkins, 1991; Gonzales et al., 2009; Camacho Suarez et al., 2015). Estimating available baseflow from shallow groundwater resources 
is of paramount importance for supporting adaptive integrated water resource management in agriculture-led economies. However, 
estimating the baseflow contribution remains difficult, especially in mountainous areas with hillslope aquifers. 

Conventional techniques for baseflow separation include graphical and empirical approaches (Linsley and Kohler, 1958) and the 
use of geochemical tracers (Pinder and Jones, 1969). Most engineering practices still use various empirically based straight-line 
graphical techniques (e.g. Te et al., 1988; McCuen, 2005; Subramanya, 2013) to separate baseflow from the storm hydrograph. The 
numerous proposed baseflow separation models and algorithms use different assumptions (e.g. Sloto and Crouse, 1996; Rutledge, 
1998; Arnold and Allen, 1999; Eckhardt, 2005; Lim et al., 2005; Piggott et al., 2005; Tongal and Booij, 2018), but they all rely on the 
availability of continuous streamflow measurements and hydrologic datasets, which is a major problem in the Global South, where 
networks of hydro-meteorological stations are sparse and may be poorly maintained. In data-scarce and complex landscapes, isotopic 
techniques are proven alternatives for determining hydrological processes and the contribution of baseflow to a storm hydrograph 
(Kebede, 2012). 

The first isotope-based hydrograph separation (IHS) techniques, developed in the early 1970s, used tritium, which is naturally 
abundant and is not adsorbed by soil particles (Crouzet et al., 1970; Dincer et al., 1970; Martinec et al., 1974). Subsequent studies used 
the naturally abundant stable isotopes oxygen-18 (δ18O) (Dincer et al., 1970; Sklash et al., 1976) and deuterium (δ2H) (Herrmann and 
Stichler, 1980). During the past 50 years, the use of naturally abundant stable isotopes has greatly advanced the field of watershed 
hydrology (Klaus and McDonnell, 2013). IHS methods have been widely used in humid temperate regions, and they have also been 
successfully applied in other climatic regions and in watersheds with complex hydrogeology (Kebede, 2012; Camacho Suarez et al., 
2015). Hydrograph separation techniques based on the δ18O and δ2H isotopic compositions of water have advantages over graphical 
and geochemical techniques because they do not depend on the pressure response in the channel (Klaus and McDonnell, 2013). 

Fig. 1. Map of the study area showing the location of the Robit-Bata watershed in the Upper Blue Nile basin of Ethiopia. The location of Bahir Dar 
City, which contains the nearest meteorological station, is shown in the top right corner. 
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Instead, δ18O and δ2H are stable and occur naturally in water, making them ideal conservative tracers. They occur naturally in rainfall, 
and their fractionation is influenced by evaporation and condensation (Bonell et al., 1990; Buttle, 1994); they can thus be used to trace 
rainwater as it follows the hydrological pathways in a watershed and mixes with groundwater and stream water (Beven, 2011). 

Although studies with relatively coarse spatial and temporal sampling resolutions have been conducted in medium and large 
basins, only a few attempts have been made to use isotopic approaches to characterize shallow groundwater behavior in the Upper Blue 
Nile (UBN) basin and estimate its contribution to streamflow (e.g. Kebede et al., 2006, 2011; Tekleab et al., 2014). Furthermore, these 
studies did not address the spatial and temporal heterogeneity of isotopic signatures in local rainfall, shallow groundwater, and 
streamflow in small-scale watersheds (Blume et al., 2008; Camacho Suarez et al., 2015). The mid-term and long-term future climate 
change predictions of the 21st century for the UBN basin projected a decline in rainfall and a rise in temperature which will result in a 
decrease in the total water yield and an increase in evapotranspiration (Mengistu et al., 2021; Worku et al., 2021). In addition, climate 
change is projected to impact groundwater resources by decreasing the contribution of groundwater to streamflow (Tigabu et al., 
2020) or declining the contribution of baseflow to total water yield (Mengistu et al., 2021). Therefore, estimating the available 
groundwater resource is vital for future groundwater utilization in support of food and nutrition security in the region especially for 
drought-prone areas. 

The aim of this study, therefore, was to characterize the contribution of shallow groundwater to streamflow in a small-scale 
watershed with a hillslope aquifer in the sub-humid Ethiopian highlands. The specific objectives were (1) to characterize the 
watershed according to the local isotopic signatures of rainfall, shallow groundwater, and streamflow by sampling them at high 
spatiotemporal resolution, and (2) to develop a model using the isotopic values of the endmembers to quantify the shallow ground-
water contribution (pre-event water) to streamflow. By providing important input to stakeholders and decision makers, the findings of 
this study will promote the sustainable intensification of agriculture through small-scale irrigation as part of an integrated watershed 
management approach and contribute to national efforts to build climate resilience in smallholder farming systems in areas of Ethiopia 
with similar hydrogeology. 

2. Materials and methods 

2.1. Description of the study area 

The study area, the Robit-Bata watershed (37◦26’49’’–37◦29’57’’E, 11◦38’30’’–11◦40’59’’N) is an experimental watershed in the 
UBN basin southeast of Lake Tana that drains into the lake (Fig. 1). The watershed area is about 1,034 ha, measured using the Shuttle 
Radar Topographic Mission (SRTM) 30-m Digital Elevation Model (DEM) (https://earthexplorer.usgs.gov/). It ranges in elevation 
from 1,800 to 2,029 m.a.s.l, with an average elevation of 1,913 m.a.s.l. Slope gradients range from 0 to 37%, and in more than 50% of 
the area, the slope gradient exceeds 7%. The spatial analyses were carried out in the ArcGIS environment. 

The watershed is located in a region of the Ethiopian highlands with a wet weyna dega (sub-humid) agro-ecological climate (Hurni 
et al., 2016), where most 75% of rain falls from June to September during the Kiremt (summer rainy season), and the remaining 25% 
from March to May during the Belg (spring rainy season) (NMSA, 1996; Kebede and Travi, 2012). Seasonal moisture sources in the 
Ethiopian highlands are strongly influenced by the migration of the Inter-Tropical Convergence Zone (ITCZ). The moisture for summer 
rains in northwestern Ethiopia is derived mainly from the Atlantic Ocean, whereas the northern Indian Ocean is the source for spring 

Fig. 2. Monthly average rainfall and minimum, maximum, and mean temperatures (Tmin, Tmax, and Tmean, respectively) measured in 2017 at the 
Bahir Dar meteorological station (data from the Ethiopian National Meteorological Agency). The numbers at the top of the monthly rainfall bars 
indicate the total number of samples collected for isotopic measurements each month between July 2016 and October 2017. 
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Table 1 
Sampling details for data collection in the Robit-Bata watershed.  

Source Season Sampling frequency Number of samples (352 in 
total) 

Remarks Methodology 

Rainfall 

Nov.–May Five discrete samples 5 One sample per selected event 

Nyssen et al. (2005) Jun.–Oct. 
Twelve discrete samples 12 One sample per selected event 
Twelve samples during each of three rainfall 
events 36 

Every 5–30 minutes during each event (i.e. time 
proportional) 

Shallow 
groundwater 

Jul. 2016 to Oct. 
2017 

Monthly 
92 All (42) wells in the watershed 

Tilahun et al. (2020) 76 Ten wells (1.1, 3.1, 3.8, 4.4, 7.2, 8.1, 9.5, 9.9, 11.2, and 
11.4) 

Weekly 57 Two wells (3.1 and 11.4) 

Streamflow 

Nov.–May. Monthly 31 One sample per selected event 
Camacho Suarez et al. 
(2015) Jun.–Oct. 

Monthly 7 One sample per selected event 
Twelve samples during each of the three rainfall 
events 36 

Every 5–30 minutes during each event (i.e. time 
proportional) 

The well codes of the hand-dug wells were assigned according to their clustered distribution in the watershed. 
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rains. In the study area, the mean daily temperature is about 20 ◦C, and the average annual rainfall exceeds 1,400 mm, based on 
long-term records of the Bahir Dar meteorological station since 1961 (Fig. 2). 

In the watershed, massive basalt bedrock crops out in riverbeds and occasionally on steeper slopes and in quarries. On broad 
hillslopes, a weathered basalt regolith overlies the bedrock, and red soils with a limited tillage depth (30 cm) have developed in the 
upper part of the regolith. Floodplains in the watershed are composed of thick clayey alluvial sediments. Chromic Vertisols are pre-
dominant in the lower part of the watershed, and Eutric Nitosols are predominant in the upper part (Abidela Hussein et al., 2019). Land 
use in >85% of the watershed consists of crop-livestock systems, and 13% of the agricultural land is irrigated using shallow 
groundwater during the dry season. Land cover in the rest of the watershed is bush land or eucalyptus tree forest. The main annual 
crops are finger millet and maize, which are grown during the Kiremt or monsoon (June–October). Vegetables are grown in the dry 
season (October–March), and fruits and khat are perennial crops that are grown with supplemental irrigation during the dry season. 

The watershed was first established in 2015 as an experimental watershed through a collaboration between Bahir Dar University 
and the International Water Management Institute. The collaboratoin aims to improve rural livelihoods through the development of 
sustainable shallow groundwater irrigation. Hence, to estimate the potential of shallow groundwater for irrigation, instruments were 
installed in the watershed for investigating the interaction of surface and subsurface waters. This instrumentation included rain gauges 
and rain samplers, depth to water monitoring equipment in hand-dug wells, and gauges at the watershed outlet and at outlets of sub- 
watersheds. 

2.2. Measurements, sampling, and laboratory analyses 

Spatial and temporal variations in the δ2H and δ18O isotopic compositions of water were used to characterize the watershed. Water 
samples were collected from three different sources: rainfall, shallow groundwater, and streamflow. The measurement and sampling 
frequencies depended on the water source, the time of the year, and the purpose of the analysis. 

A total of 352 samples were collected for isotopic measurements between July 2016 and October 2017: 53 from rainfall, 225 from 
shallow groundwater, and the remaining 74 samples from streamflow (Table 1). About 280 discrete samples (from rainfall, shallow 
groundwater, and streamflow) were used to characterize the watershed, whereas samples collected during three rainfall events, 
occurring near the beginning (7 July), middle (23 August), and end (12 October) of the 2017 rainy season, were used for pre-event 
water estimation. During each event, 24 samples were collected: 12 from rainfall and 12 from streamflow. 

Discrete rainfall samples were collected during the dry season in March, and both discrete and continuous samples were collected 
during the rainy season, from July to October. The sampling interval during the rainy season was based on rainfall intensity, but the 
maximum time interval between consecutive samplings did not exceed 30 minutes because a longer interval was considered to indicate 
the beginning of another rainfall event (Nyssen et al., 2005). The samples were collected by using standard Palmex RS1 rain sampler 
equipment (http://www.rainsampler.com/portfolio-page/rain-sampler-rs1/). Rainwater enters the collecting bottle mounted in the 
rain sampler after passing through a funnel and a spiral intake tube designed to prevent isotopic fractionation. Wire spikes attached to 
the rim of the funnel keep birds away, and a stainless-steel mesh inside the funnel prevents dirt from entering the bottle. 

Among the more than 40 actively monitored hand-dug wells, 10 were selected for detailed assessments (Table 2 and Fig. 1). These 
10 wells were selected to represent spatial differences in well-cover status, well depth, and topography. The topographic positions of 
the wells were classified as downslope, mid-slope, or upslope (Tilahun et al., 2020). Depth to water fluctuations in all wells were 
monitored weekly, and samples were collected monthly. Furthermore, depth to water in two wells (Well 3.1, the most upstream well, 
and Well 11.4, the most downstream well) were monitored and sampled weekly to assess spatial and temporal variations of the shallow 
groundwater. 

During periods of low or no flow, the water level (depth) at the watershed outlet was measured with a graduated staff gauge twice a 
day, in the morning and evening (at 08:00 and 18:00 local time). Streamflow samples were collected monthly from July 2016 until the 
stream dried up. During the rainy season, from June until October, event-based streamflow samples were also collected. The stage 
(depth)–discharge rating curve determined by fitting a power relationship developed by Tilahun et al. (2020) to the available depth 
and discharge measurements (Supplementary Fig. A.1) was used to estimate the stream flow rate at a given flow stage. 

Standard protocols of the International Atomic Energy Agency (IAEA) were followed for sample collection and δ18O and δ2H 
analyses (Mook and Rozanski, 2000; Moges et al., 2016). Samples were collected in standard high-density polyethylene bottles to 

Table 2 
Information on shallow wells in the Robit-Bata watershed.  

Well code Well depth (m) Topographic position Well-cover status 

1.1 9.2 Downslope Covered 
3.1 10.8 Upslope Covered 
3.8 10.3 Downslope Covered 
4.4 16.5 Upslope Open 
7.2 8.2 Downslope Covered 
8.1 7.4 Mid-slope Open 
9.5 4.2 Mid-slope Open 
9.9 5.4 Mid-slope Open 
11.2 5.1 Upslope Open 
11.4 5.6 Downslope Open  
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reduce the effect of sunlight on isotopic fractionation. Samples were bottled, capped, and immediately sealed with Parafilm sealing 
film to prevent isotopic fractionation due to leakage, contamination, condensation, or evaporation. The δ18O and δ2H isotopic com-
positions of the samples were determined at the Isotope Hydrology Laboratory of the School of Earth Sciences at Addis Ababa Uni-
versity by using an LGR DLT-100 liquid-water isotope analyzer (precision 2‰ for δ2H and 0.2‰ for δ18O). The 18O and 2H isotopic 
compositions are denoted as δ18O and δ2H, respectively, and reported as per mil (‰) deviations relative to Vienna Standard Mean 
Ocean Water (VSMOW) as shown in Eq. (1) and Eq. (2): 

δ18O (‰) =

(
18O
16O

)

sample
−

(
18O
16O

)

VSMOW
(

18O
16O

)

VSMOW

× 1, 000 (1)  

δ2H (‰) =

(
2H
1H

)

sample
−

(
2H
1H

)

VSMOW
(

2H
1H

)

VSMOW

× 1, 000 (2) 

Positive (negative) δ18O or δ2H values indicate that a given water sample is enriched (depleted) in 18O or 2H, respectively, relative 
to VSMOW standards. 

2.3. Establishment of the local meteoric water line 

The δ18O and δ2H values of the rainfall samples were used to construct the local meteoric water line (LMWL) for the dry and rainy 
seasons as well as the annual LMWL by fitting a straight line to the δ18O–δ2H relationship (Kebede and Travi, 2012; Lemma et al., 
2020). The variations in the isotopic compositions of shallow groundwater in the study area were used to assess seasonal and spatial 
differences. Similarly, the δ18O and δ2H values of the streamflow samples were used to construct the local evaporative line (LEL) of the 
watershed. The source of the streamflow can even be identified by intersecting the LMWL of the study area with the LEL (Kebede et al., 
2009; Liu et al., 2016). 

2.4. Determining the baseflow contribution of the hillslope aquifer to streamflow 

A two-component IHS model was used to isolate the rapid- and slow-flow components of the streamflow hydrograph, which 
correspond to direct runoff and baseflow, respectively. The flow components are assumed to be mixed before the flow reaches the 
watershed outlet. The runoff, represented by the fast-response flow following a rainfall event, usually lasts for only a short time, 
whereas the baseflow is a slowly responding flow of subsurface origin that continues for an extended period following a rainfall event 
(Te et al., 1988; McCuen, 2005). The baseflow hydrograph of the watershed can be calculated by using Eqs. (3–5) and the rating curve 
of the watershed (Supplementary Fig. A.1). 

The pre-event water fraction, which is the contribution of the baseflow to streamflow, was derived by the simple mass balance 
approach (McDonnell et al., 1990; Tekleab et al., 2014): 

Qt = Qp + Qe (3)  

CtQt = CpQp + CeQe (4)  

where Qt is streamflow, Qp and Qe are the pre-event (baseflow) and event water (direct runoff) contributions, respectively, and Ct, Cp, 
and Ce are the isotopic compositions of the streamflow, pre-event, and event waters, respectively. 

Therefore, the baseflow (pre-event water) contribution was estimated by combining Eqs. (3) and (4): 

Fp =
Qp

Qt
=

(Ct − Ce)

(Cp − Ce)
(5)  

where Fp is the baseflow (pre-event water) contribution to streamflow. 
Thus, the baseflow was calculated as: 

BF = Fp∙SF (6)  

where Fp is the estimated baseflow (pre-event water) contribution expressed as a percentage, and BF and SF are the baseflow and 
streamflow magnitudes, respectively. 

After the percentage contribution of baseflow (pre-event water) over the storm duration was determined, the predominant runoff 
generation mechanism of the three selected events, i.e. at the beginning, middle, and end of the summer rainy season of 2017, was 
evaluated. 
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3. Results and discussion 

3.1. Wet and dry season local meteoric water lines for the Robit-Bata watershed 

The isotopic compositions of rainfall in the watershed varied from − 8.19‰ to +0.32‰ for δ18O and from − 56.50‰ to +21.96‰ for 
δ2H (Fig. 3). Tekleab et al. (2014), Lemma et al. (2020) and Bedaso et al. (2020) reported a similar large spatial and temporal variation 
in the isotopic composition of Ethiopian rainfall. 

The majority of the rainfall samples during the rainy season were enriched in heavy isotopes compared to the global meteoric water 
line (GMWL; δ2H = 8⋅δ18O + 10; Craig, 1961; Craig and Gordon, 1965). The constructed annual LMWL (δ2H = 8.63⋅δ18O + 18.2, n =
17, R2 = 0.91) agrees with those reported by Dansgaard (1964), Kebede et al. (2011), and Tekleab et al. (2014). Tekleab et al. (2014) 
and Kebede et al. (2011) obtained LMWLs of δ2H = 7.58⋅δ18O + 17.6 and δ2H = 8⋅δ18O + 15 for the UBN basin and the Lake Tana 
sub-basin, respectively. Dansgaard (1964) also reported that the slope of the LMWL for Ethiopian rainfall is exceptionally high (be-
tween 8 and 10), and Levin et al. (2009) reported unusually higher isotopic values compared to those in similar environmental settings 
in Africa and other parts of the world. The LMWL of the Robit-Bata watershed generally showed enrichment in heavy isotopes relative 
to the meteoric waters in the Lake Tana sub-basin and Addis Ababa, and it showed depletion relative to the LMWL of the UBN basin 
(Fig. 4a). This isotopic enrichment of the UBN basin might result from greater interaction between the land surface and the atmosphere 
leading to a contribution from transpired moisture (Levin et al., 2009; Tekleab et al., 2014). Recently, Lemma et al. (2020) and Bedaso 
et al. (2020) have even reported enriched rainfall signatures in the Ethiopian Highlands comparable to the LMWL of the study area. 

Furthermore, the isotopic compositions of rainfall samples collected during the summer rainy season varied over a larger range 
than those of samples collected in March during the dry season, and the LMWLs also differed between the rainy (δ2H = 9.54⋅δ18O +
24.07; n = 12, R2 = 0.97) and dry (δ2H = 3.81⋅δ18O + 3.86; n = 5, R2 = 0.97) seasons (Fig. 4b and 4c). Although the mean isotopic 
compositions of rainfall in the rainy and dry seasons differed between Addis Ababa and the Robit-Bata watershed, the rainy season 
LMWLs of both showed heavy isotopic enrichment compared to the GMWL (Kebede and Travi, 2012). The average isotopic compo-
sitions of spring (March) rainfall (δ18O = − 1.5‰ and δ2H = − 1.86‰) in the Robit-Bata watershed were less depleted in heavy isotopes 
than those of summer rainfall (δ18O = − 3.49‰ and δ2H = − 9.26‰) (Supplementary Table A.1). 

The observed isotopic compositional variations during the dry and rainy seasons are likely related to seasonal differences in the 
sources of atmospheric moisture (Dansgaard, 1964; Levin et al., 2009; Costa et al., 2014; Lemma et al., 2020). Kebede and Travi (2012) 
reported that the relative depletion of δ18O and the higher than global average d-excess value (= δ2H − 8⋅δ18O) of summer rains at 
Addis Ababa are typical characteristics of Sahel rains. Similarly, the higher d-excess values of summer rains (18.69‰) compared to 
spring rains (10.14‰) in the Robit-Bata watershed (Supplementary Table A.1) are mainly attributable to the moisture source and 
hydrological processes rather than to local evaporative enrichment (Kebede and Travi, 2012; Bedaso et al., 2020). In addition to the 
local moisture sources and air-mass trajectories, seasonal changes in ambient temperature and rainfall amount also affect the isotopic 
variations in rainfall, especially spring rainfall (Rozanski et al., 1993; Kebede and Travi, 2012; Jeelani et al., 2013). Another 
consideration is that the study area received less than the normal rainfall amount in June 2017 (only about 50 mm compared to the 
long-term average of more than 160 mm; Fig. 2), which might have altered the isotopic composition of rainfall in the watershed. 

Fig. 3. Relation between the δ18O and δ2H values of rainfall, streamflow, and shallow groundwater in the Robit-Bata watershed. GMWL, global 
meteoric water line (Craig, 1961). 
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3.2. Local evaporative line for the Robit-Bata watershed 

The isotopic compositions of the streamflow ranged from − 4.72‰ to +1.29‰ for δ18O and from − 24.80‰ to +8.90‰ for δ2H. 
Furthermore, the slope of the LEL (δ2H = 5.46⋅δ18O + 6.96; n = 38, R2 = 0.56) (see Fig. 5) is in agreement with the slope of 5.6 reported 
by Kebede et al. (2011) for the Lake Tana sub-basin and other Ethiopian lakes (Kebede et al., 2009). The higher intercept value ob-
tained herein can be attributed to excessive evaporation, due to the shallow depth of the streams in the watershed (Craig and Gordon, 
1965), which eventually leads rivers and lakes to have different isotopic compositions (Yin et al., 2011). 

3.3. Spatiotemporal variations in shallow groundwater recharge and depth to water 

The shallow groundwater of the Robit-Bata watershed showed isotopic variations in both space and time (Supplementary 
Table A.2; Table A.3 and Fig. A.2). The isotopic compositions of shallow groundwater in the watershed varied between +4.68‰ and 
+0.93‰ for δ18O and between − 19.20‰ and +9.50‰ for δ2H. These narrow ranges of isotopic variation compared with those of the 
local rainfall (see Fig. 3) together with most points falling below the LMWL indicate that the shallow groundwater is being recharged 
by infiltration of local rainfall (Kebede, 2012; Yin et al., 2011; Tan et al., 2016; Nigate et al., 2016). 

The isotopic signature of the shallow groundwater in the study area mostly showed heavy isotopic enrichment and was comparable 
to the local rainfall signature (Fig. 3). This finding further confirms the contribution of rainfall to shallow groundwater levels (Kebede 
et al., 2001; Tan et al., 2016, 2017), which was supported by high specific yield (Tilahun et al., 2020) and transmissivity values 
attributable to the highly porous fractured basalt formation and the resulting short residence time (Nigate et al., 2016). However, 
because most of the monitored wells were open (Table 2) and shallow (Yin et al., 2011), the observed enrichment might partly reflect 
evaporation (Kebede, 2012), related to higher surface water temperatures in the wells and correspondingly increased evaporation 
(Rozanski et al., 1993). 

The weekly recorded depth to water in the monitored wells fluctuated more than those recorded monthly. For example, a depth to 
water rise of 9.8 m was measured within just one week, between 16 and 23 July 2017, in Well 4.4 (Supplementary Table A.4). 
Similarly, the depth to water in the upstream and downstream wells (Wells 3.1 and 11.2, respectively) rose by 4.15 and 4.1 m, 
respectively, during the same period. Tilahun et al. (2020) reported that groundwater levels in wells are elevated in September, near 
the end of the rainy season, and remain elevated in October. These rapid rises in the depth to water confirm that the response of the 
shallow groundwater to rainfall is rapid (Kebede et al., 2001; Gonzales et al., 2009; Tilahun et al., 2020). Nevertheless, there is no clear 
pattern observed between the depth to water measurements and the isotopic composition in shallow wells (Fig. 6). The δ18O isotopic 
compositions are found to be less affected by water depth fluctuations than δ2H. Overall, δ2H showed a depletion in heavy isotopes as 
water tables rose during the summer season. The wider range of isotopic variation in the most downstream well (Well 11.4) compared 
to the most upstream well (Well 3.1) (supplementary Fig. A.2) may reflect a combination of atmospheric exposure and hydrological 

Fig. 4. Relation between δ18O and δ2H values of rainfall in the Robit-Bata watershed and the corresponding local meteoric water lines (LWMLs): (a) 
annual, (b) dry season (spring), and (c) rainy season (summer). For comparison, the GMWL of Craig (1961) and reported LMWLs for Addis Ababa 
(Kebede and Travi, 2012), the Upper Blue Nile basin (Tekleab et al., 2014), and the Lake Tana sub-basin (Kebede et al., 2011) in Ethiopia are 
also shown. 

Fig. 5. Relation between δ18O and δ2H values of streamflow water and the corresponding local evaporative line (LEL) for the Robit-Bata watershed 
compared with the LELs of various Ethiopian lakes (Kebede et al., 2009). 
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interactions occurring downslope in the aquifer. 
A stronger correlation between δ18O and δ2H was found for the water samples taken in the downslope wells compared to the mid- 

slope and upslope locations (Fig. 7). However, the isotopic composition of wells showed significant temporal differences but no 
considerable spatial variation across the watershed. 

3.4. Determining the shallow groundwater contribution of rainfall events 

The isotopic values of the most downstream well (Well 11.4) prior to a rainfall event were used to calculate the shallow 
groundwater contribution to streamflow (Blume et al., 2008). Well 11.4 was assumed to be most representative to pre-event water 
signature of the streamflow given its proximity to the watershed outlet and the fast rainfall-runoff response of the watershed. A 
summary of descriptive statistical analyzes were made between endmembers before hydrograph separation (Supplementary 
Table A.5). The isotopic compositions of rainfall and streamflow samples from the three selected events (Supplementary Table A.6) 
were used to calculate the percentage of pre-event water fractions. In this study, the BF magnitude was obtained by multiplying the SF 
magnitude by the pre-event fraction at the time of the streamflow measurement (Eq. 6). Differences in pre-event water estimations 

Fig. 6. Fluctuations in water depth (m) and isotopic composition in the most downstream shallow groundwater well (Well 11.4) in Robit- 
Bata watershed. 

Fig. 7. Correlation between δ18O and δ2H values of shallow groundwater measured in wells located at the downslope, mid slope and upslope 
positions in Robit Bata watershed. 
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were found depending on whether 18O or 2H was used, because the latter is more sensitive to fractionation because of its light atomic 
weight (Mook and Rozanski, 2000). 

The durations of the selected streamflow events in July, August, and October, were about 3 h 10 min, 2 h 50 min, and 3 h 25 min, 
respectively, and the associated peak discharges were 6.3, 12.0, and 17.8 m3/s, respectively (Fig. 8, Table 3). The peak flow of the pre- 
event water occurred about the same time as the peak flow observed in the stream. On average, pre-event water accounted for about 
57% of streamflow in July and about 81% in August and October. Considered together with the spatiotemporal variations in the 
shallow water table, these findings suggest that runoff occurred by two different mechanisms at different times and locations in the 
watershed. 

In July, the pre-event water accounted for up to 47% (δ18O) on the rising limb and up to, 88% to 97% (δ2H) after the peak discharge 
was reached (Table 3). Overall, the watershed showed a relatively high infiltration capacity as rainfall intensity exceeded the infil-
tration rate by only 2–2.5% at upslope and mid-slope locations and by about 20% at downslope locations (Tilahun et al., 2020). Hence, 
at the onset of the rainy season, when storage space is maximal, most of the generated runoff is likely related to low infiltration (i.e., 
infiltration excess overland flow) when rainfall coincides with land preparation (Abidela Hussein et al., 2019), because the topsoil is 
shielded. 

Pre-event water started to dominate the streamflow in August and October (see Table 3 and Fig. 8). As the rainy season progressed 
and pore spaces filled up, the pre-event water contribution increased to an average of 79% (δ2H) or 83% (δ18O) in August (Table 3). 
Similarly, pre-event water in October was estimated to account for from 68% to 95% (δ18O) or from 45% to 97% (δ2H) of streamflow 
(Table 3). Despite the differences in event duration and peak discharge, the pre-event water contribution to streamflow was the same 
(about 81%) for the events in August and October. This result suggests that rainfall events contributed less to shallow groundwater as 
the maximum groundwater storage had been reached (Tilahun et al., 2020). Depth to water in the downstream area (Well 11.4) 
increased by 1.85 m (i.e. from 2.45 m to 0.6 m depth) between July and August, but by only 0.1 m (i.e. from 0.6 m to 0.5 m depth) 
between August and October (Supplementary Table A.4). These results indicate that the runoff mechanism around the middle to the 
end of the rainy season was dominated by saturation excess overland flow as valley bottoms become saturated. This was also confirmed 
by Tilahun et al. (2020), who identified that the maximum storage in the watershed was reached at the end of the rainy phase in 
September. Similar temporal shifts from infiltration to saturation excess runoff generation processes were reported by Camacho Suarez 
et al. (2015). Tekleab et al. (2014) and Tilahun et al. (2016) in different studies in the UBN basin related responses to the different 
levels of watershed saturation. In addition to the subsurface geologic conditions, land use, land cover, and/or associated management 
conditions can also affect the preferential flow path of water in watersheds (Wenjie et al., 2011; Orlowski et al., 2016). 

3.5. Limitations to determining shallow groundwater contributions of hillslope aquifers with irrigation practices 

In principle, the percentage baseflow (pre-event water) contribution to total streamflow should vary between 0% when streamflow 
consists entirely of event water and 100% when it consists entirely of pre-event water (Dewalle et al., 1988; McDonnell et al., 1991; 
Blume et al., 2008; Klaus and McDonnell, 2013). However, some results in this study were as low as –740% and as high as 681% in July 
(see Table 3). Although it is difficult to pinpoint the exact cause of this variability, it may be related to contributions to the hillslope 
aquifer from isotopically different sources, such as water in fractures in the basalt bedrock, irrigation water in the soil pores that 
experienced fractionation during several evapotranspiration cycles, and/or high levels of evaporation from the wells, because most of 
the wells are shallow and open. 

By using the two-component IHS method, negative pre-event fractions were found when the isotopic composition of either the 
streamflow or pre-event water was enriched or depleted in heavy isotopes compared to the event water. In contrast, unrealistic positive 
pre-event water fractions were found when both the streamflow and pre-event water compositions were either enriched or depleted 
compared to the event water. 

4. Conclusion and recommendations 

This study characterized the local rainfall, shallow groundwater, and streamflow sources with their isotopic compositions to un-
derstand the spatiotemporal variation of shallow groundwater and its contribution to streamflow in Robit-Bata watershed. The results 
indicated that the local rainfall was the main source of water to the hillslope aquifer, and responsible for the rapid fluctuations of 
shallow groundwater levels. The contribution of pre-event water gradually increased throughout the rainy season as storage increased. 
Hence, the highest pre-event water contribution corresponded to the maximum storage being reached in October. This corresponded to 
earlier studies in the same watershed and confirmed that the dominant runoff generation mechanism changes as watershed storage 
progresses in the rainy season. 

Our results also indicated that the shallow groundwater moves rapidly downslope, so in the absence of additional sub-surface 
storage, it leaves the watershed and flows into Lake Tana. Hence, sustainable expansion of irrigation would require a combination 
of conjunctive and integrated watershed management practices to increase the managed aquifer recharge in the downstream area 
(saturated valley bottoms), supporting shallow groundwater use during the dry season, and the determination of the ecological flows 

Fig. 8. Hydrographs for selected streamflow events on (a) 7 July 2017, (b) 23 August 2017, and (c) 12 October 2017. The hydrographs in blue and 
orange show the contribution of baseflow (pre-event water) estimated by using δ18O and δ2H, respectively. The discontinuities in the baseflow 
hydrographs are due to exclusion of unrealistic fractions of baseflow computed with Eq. (6). 
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necessary to preserve ecosystems downstream of Robit-Bata watershed given the current significant pre-event water contributions. 
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Table 3 
The contribution of baseflow (pre-event water) to streamflow during the three selected rainfall events.   

July August October 

Samples Using δ18O Using δ2H Discharge (m3/s) Using δ18O Using δ2H Discharge (m3/s) Using δ18O Using δ2H Discharge (m3/s) 

*1st − 1.57 6.81 0.01 1.54 1.78 0.58 0.69 0.87 0.88 
2nd − 0.53 1.28 0.45 1.62 2.11 1.50 0.68 0.87 2.03 
3rd 0.02 1.94 1.50 1.89 2.18 5.21 0.79 0.88 4.25 
4th − 0.84 − 2.35 3.40 0.88 0.46 8.88 0.95 0.97 8.88 
5th 0.00 − 7.40 5.21 0.78 0.84 12.00 0.90 0.89 17.82 
6th 0.34 − 4.76 6.30 0.80 0.71 12.00 0.74 0.84 17.82 
7th 0.47 − 0.53 6.30 0.61 0.85 8.88 0.85 0.90 8.88 
8th 1.03 − 0.17 5.21 0.83 1.05 5.21 0.72 0.93 4.25 
9th 1.18 0.88 3.40 0.93 0.91 1.50 1.04 0.69 2.03 
10th 1.17 0.94 1.50 1.02 0.74 0.58 0.94 0.55 0.88 
11th 1.11 0.92 0.45 0.98 0.86 - 0.81 0.69 - 
**12th 2.38 0.97 0.01 1.06 0.96 - 0.95 0.45 - 

*Indicates samples collected at the onset of the events, and ** indicates those collected at the end of the events. Values between 0 and 1 in boldface 
correspond to likely fractional contributions of pre-event water to streamflow (between 0 and 1). Values less than 0 or greater than 1 are unlikely and 
hence were not used for pre-event water estimation. For the last two streamflow measurements in August and October, discharge measurements were 
stopped around the end of streamflow events because the streamflow depth had returned to initial readings. 
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pour le calcul de l’écoulement de base. Hydrological Sciences Journal 50 (5). https://doi.org/10.1623/hysj.2005.50.5.911. 

Pinder, G.F., Jones, J.F., 1969. Determination of the ground-water component of peak discharge from the chemistry of total runoff. Water Resources Research 5 (2), 
438–445. https://doi.org/10.1029/WR005i002p00438. 

Rozanski, K., Araguás-Araguás, L., Gonfiantini, R., 1993. Isotopic patterns in modern global precipitation, 78. Geophysical Monograph-American Geophysical Union, 
p. 1. 

Rutledge, A.T., 1998. Computer programs for describing the recession of ground-water discharge and for estimating mean ground-water recharge and discharge from 
streamflow records: Update. US Department of the Interior, US Geological Survey. 

Sklash, M., Farvolden, R., Fritz, P., 1976. A conceptual model of watershed response to rainfall, developed through the use of oxygen-18 as a natural tracer. Canadian 
Journal of Earth Sciences 13 (2), 271–283. https://doi.org/10.1139/e76-029. 

Sklash, M.G., Farvolden, R.N., 1979. The role of groundwater in storm runoff. Journal of Hydrology 43 (1-4), 45–65. https://doi.org/10.1016/0022-1694(79)90164- 
1. 

Sloto, R.A., Crouse, M.Y., 1996. HYSEP: A computer program for streamflow hydrograph separation and analysis. Water-resources investigations report 96, 4040. 
Subramanya, K., 2013. Engineering hydrology, 4e. Tata McGraw-Hill Education. 
Tan, H., Liu, Z., Rao, W., Wei, H., Zhang, Y., Jin, B., 2017. Stable isotopes of soil water: Implications for soil water and shallow groundwater recharge in hill and gully 

regions of the Loess Plateau, China. Agriculture, Ecosystems & Environment 243, 1–9. https://doi.org/10.1016/j.agee.2017.04.001. 
Tan, H., Wen, X., Rao, W., Bradd, J., Huang, J., 2016. Temporal variation of stable isotopes in a precipitation–groundwater system: implications for determining the 

mechanism of groundwater recharge in high mountain–hills of the Loess Plateau, China. Hydrological Processes 30 (10), 1491–1505. https://doi.org/10.1002/ 
hyp.10729. 

Te, C.V., Maidment, D.R., Mays, L.W., 1988. Applied hydrology. Water Resources Handbook. 
Tekleab, S., Wenninger, J., Uhlenbrook, S., 2014. Characterisation of stable isotopes to identify residence times and runoff components in two meso-scale catchments 

in the Abay/Upper Blue Nile basin, Ethiopia. Hydrology and Earth System Sciences 18 (6), 2415–2431. https://doi.org/10.5194/hess-18-2415-2014. 
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