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Study region: Central Rift Valley Lakes sub-basin, Ethiopia.

Study focus: The competition for water is rapidly increasing in Central Rift Valley lakes sub-basin
due to the combined effect of various water resources developments. However, the impacts of
recent and future water resources development pathways on the water balance of the three
interconnected lakes (i.e. Lake Ziway, Langano and Abiyata) are unknown. The Water Evaluation
And Planning (WEAP) model was used to assess the development impacts on the lakes’ water
resources. We considered three development pathways that are, recent (2009-2018), short-term
(2019-2028) and long-term development (2029-2038). Lake Ziway water inflows from six
catchments were estimated using the Hydrologiska Byréns Vattenbalansavdelning (HBV) rainfall-
runoff model. Crop water requirements for irrigation schemes were estimated by the CROPWAT
model.

New hydrological insights for the region: WEAP simulations show a total water demand of 102.3
Mm? under the recent development pathway that increases by 46% and 118% for short-term and
long-term development pathways, respectively. This will notably affect the water balance of the
interconnected lakes and cause an unmet water demand of 47.9 Mm?® for the long-term
(2028-2038)" For Lake Ziway and Abiyata, water levels will decrease substantially to cause
water scarcity in the long-term, and developments in Lake Ziway will significantly affect water
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storages in Lake Abiyata. Overall, future developments will threaten the water resource of the
interconnected lake system.

1. Introduction

Competition for water among various water sectors threatens the sustainability of the water resources of many basins worldwide
(Alemayehu et al., 2010; Mehta et al., 2013; Adeba et al., 2015; Chinnasamy et al., 2015; Gedefaw et al., 2019). Such also applies to the
Central Rift Valley lakes (CRV) sub-basin in Ethiopia that is of interest to this study. The sub-basin is a preferred location for irrigation
due to the short distance from major cities including the capital city of Addis Ababa, Ethiopia. Over recent years, CRV has become the
focus area for large and small-scale irrigation developments and other human activities that withdraw considerable amount of water
from the lakes and their tributary rivers. The water resources of the sub-basin are used for irrigation, for soda ash production, fish
farming and recreation, and provide water to eco-systems with a wide variety of endemic birds and wild animals (Ayenew, 1998, 2004;
Jansen et al., 2007). Past studies presented environmental problems of the rapidly growing use of water resources in each of the
sub-basin’s lakes separately (Zinabu et al., 2002; Ayenew, 2004; Desta and Lemma, 2017). In the near future, the impacts can be
exacerbated by the future developments (Awulachew et al., 2007; Jansen et al., 2007; MoWiE, 2012) including uncontrolled irrigation
developments by individual farmers, absence of water allocation plans, and mismatch between hydrological and administrative
boundaries that complicates tracking of water withdrawals.

Over the past decades, changes have been observed on the behavior of the Rift Valley lakes and their environments. Lake areas for
Lake Abiyata and Lake Ziway have reduced as a consequence of excessive water abstractions (Zinabu et al., 2002; Seyoum et al., 2015;
Goshime et al., 2020), but lake areas of Lake Beseka and Lake Awassa increased (Ayenew and Legesse, 2007; Ayenew and Gebreeg-
ziabher, 2006), possibly due to increased surface runoff inflows from percolated irrigation water and land use changes, respectively. In
the interconnected lakes of Ziway, Abiyata and Langano, the average level of Lake Ziway decreased by approximately 0.5 m between
2002 and 2007 (Jansen et al., 2007) that caused a reduction in the discharge of Bulbula River that subsequently resulted in 40%
reduction in the size of Lake Abiyata. Asfaw et al. (2020) indicates 4 cm water level decline per annum and 20.4 Mm? reduction of
water storage of Lake Ziway between 2009 and 2018. Downstream connected Lake Abiyata and Lake Langano experienced smallest
change as compared to other lakes in the sub-basin.

Findings of previous studies reported that the climate and land use changes (conversion of the woodlands into agricultural lands
and settlements areas) will affect the water balance of the interconnected Ziway, Abiyata and Langano lakes (Legesse et al., 2004;
Seyoum et al., 2015; Desta and Lemma, 2017; Desta et al., 2017). The reductions in the lake sizes can be related to use of water from the
inflowing rivers and lake catchments, and lake water abstractions, that is aggravated intermittently by climatic and land use changes
(Ayenew and Legesse, 2007; Ayenew and Tilahun, 2008; Desta et al., 2017; Abrhama et al., 2018). Seyoum et al. (2015) argues that
reductions in lake size can be attributed more too human activities than climate change. Water supply to irrigation and industrial
processing purposes from these lakes is threated by future uncontrolled abstraction of water that will inevitably alter the hydrologic
balance of the lakes. If the human interventions are not managed, then Lake Abiyata water level may continue to decline that
potentially leads to ecological collapse, likewise to what has occurred in Lake Alemaya (Lemma, 2003; Alemayehu et al., 2007;
Alemayehu and Furi, 2007).

Several studies have investigated the hydrology of the CRV sub-basin (Vallet-Coulomb et al., 2001; Legesse et al., 2003, 2004;
Ayenew, 2007). Most of the studies focused on the likely impact of socio-economic influences on land and water resources at
catchment level (Hengsdijk and Jansen, 2006; Legesse and Ayenew, 2006; Jansen et al., 2007). Only few studies are available on lake
water balance simulation and assessment under natural conditions (Vallet-Coulomb., 2001; Legesse et al., 2003, 2004; Belete et al.,
2016), but studies ignored water abstractions that serve agricultural production. Goshime et al. (2019a, 2020) performed water level
simulation of Lake Ziway by water balance assessment using satellite rainfall estimates. These studies did not assess the impacts of
present and future water demands by planned developments (MoWiE, 2012) and how impacts propagate in the interconnected lakes
system. The effect of a barrage that, since 2016, regulates the outflow of Lake Ziway also was not investigated by past studies.

Simulation of lake water levels of the interconnected Ziway, Abiyata and Langano sub-basin requires a model that can simulate
both water supply and demand in an integrated manner. For such purpose, the Water Evaluation And Planning (WEAP) model (https://
www.weap21.org/) has been applied in various lake basins in Ethiopia and Kenya. For instance, WEAP was used to evaluate the likely
impact of planned water resources development (irrigation and water supply) on Lake Tana water level (Alemayehu et al., 2010). It
was also used to simulate the surface water resources allocation of Didessa sub-basin in the Abbay River basin considering future
developments (Adgolign et al., 2015). Gedefaw et al. (2019) applied the WEAP model to assess the potential impact of irrigation
expansion and climate change scenario on the water resources in Awash River Basin of Ethiopia. Alfarra (2010) conducted a study
using the WEAP model to better understand alignment of water resources, to identify problems on water resources, and to suggest
solutions for Lake Naivasha, Kenya. Hence, the WEAP model was selected in this study as it allows for scenario-based analyses of water
demands and supplies by considering various water resources and hydrological components. The model also allows simulation of
domestic, irrigation, and ecological water consumption in time and space which is required for integrated water resources assessment.
Reference is made to https://www.weap21.org for wide range of applications of WEAP in water resources management.

The main objective of the present study is to quantify the present and future water demands and to evaluate the impact of recent
and future water resources development pathways on the water balance of three interconnected lakes (i.e. Ziway, Langano, Abiyata)
and the effect of the constructed barrage in 2016. The study will help to quantify the spatio-temporalunmet demand for irrigation
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water and other users in the sub-basin. The assessment was by integration of in-situ, satellite and survey datasets for state-of-the-art
modeling based on the combined rainfall-runoff, crop water requirement model (CROPWAT) and a water resources planning model
(WEAP). Findings of this study provide information that may serve to improve the water resources management at local and basin scale
and contribute to scientific literature on hydrological impacts of human intervention.

2. Study area

The Central Rift Valley (CRV) Lakes sub-basin is located in the central section of the main Ethiopian Rift. The sub-basin, which
constitutes the interconnected Ziway, Langano and Abiyata lakes, is situated between 7°10°-8°30" N and 38°10°-39°30" E. The total
drainage area of Ziway, Langano and Abiyata is 10,769 km?. Elevation of the study area ranges from 4200 m.a.s.l. at the western and
eastern escarpments, to 1580 m.a.s.l. at the central rift valley floor (Fig. 1).

Table 1 shows the key characteristics of Lake Ziway, Langano, Abiyata and Shala. Ziway is the largest surface area whereas Lake
Abiyata has the smallest surface area. Lake Abiyata is a terminal lake and is upstream connected to Lake Langano and Lake Ziway
through the Horakela and Bulbula Rivers. Lake Shala is the deepest lake and is separated from Abiyata by a volcanic caldera rim. Lake
Shala is a closed lake and is highly alkaline that makes irrigation water abstraction from the lake impossible. Hence, this study only
considered a chain of three interconnected CRV lakes (Lake Ziway, Langano and Abiyata).

Lake Ziway receives most of its surface runoff inflows from Meki and Katar rivers that drain the western and eastern plateaus,
respectively. Meki’s catchment area is 2824 km? including both gauged and ungauged areas. Rivers in the catchment originate in the
highlands of Gurage and travel about 100 km from the highlands (3600 m altitude) to the lake (about 1600 m altitude). The Meki river
is supplemented by Rinzaf and Wijo minor tributaries before draining into Lake Ziway. The Katar River has a catchment area of
3750 km?. It drains the Arsi highlands (4200 m altitude) towards the western part to supply Lake Ziway (1636 m altitude). The major
tributaries that are contributing to the Katar River include Chuifa, Sagure, Ashebeka, Timala, and Wolkesa. The catchments of Meki
and Katar rivers cover a total of 6574 km?. The altitude of Lake Ziway is higher than that of Abiyata by 56 m hence it supplies water to
Abiyata. Lake Ziway has an outflow through Bulbula River that in turn flows to the downstream Lake Abiyata, being a terminal lake.

The tributaries of Lake Langano are Gedemso, Huluka, Lepis and Boku Rivers that cover a total drainage area of 2006 km?2. Since
Lake Langano is 4 m higher in altitude than Lake Abiyata, it feeds Lake Abiyata via the Horakelo River. Lake Ziway and Langano are
open lakes with overflow (i.e. drainage) to Lake Abiyata whereas Lake Abiyata and Shala are closed lakes without any surface water
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Fig. 1. Location map of the study area showing terrain elevation, hydro-meteorological stations, and stations that monitor water level of rivers
and lakes.
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Table 1

Basic physical characteristics of the selected CRV lakes from 1986 to 2000 (Source: This study and Ayenew and Legesse, 2007).
Lake Lake Area (km?) Catchment area (km?) Elevation (m.a.s.l) Mean Depth (m) Maximum Depth (m) Volume

(Mm?)

Ziway 435 7022 1636 3.0 8 1148
Langano 233 2006 1584 12.2 44.1 5565
Abiyata 148 1528 1580 7.3 13 1276
Shala 310 2300 1550 8.6 256 37,000

outflow.

The climate of the study area is characterized by semi-arid to sub-humid climatic condition. We analysed the climate of the sub-
basin of the interconnected Ziway, Langano, and Abiyata lakes using data collected from the National Meteorology Agency (NMA) for
the period from 1986 to 2018. The inter-annual and seasonal variability of temperature over the study are relatively constant with
mean annual maximum temperature ranging from 23.6 °C to 26.3 °C and minimum temperature ranging from 9.3 °C to 11.9 °C, with
long-term annual average of 17.5 °C. The mean annual rainfall over the sub-basin varies from 514.6 to 1086.5 mm, with long-term
average of 882.6 mm as estimated for the period 1986-2018. The highest rainfall mostly occurs during the rainy season (July
-September). The potential evapotranspiration (based on Penman-Monteith) varies between approximately 1330-1502 mm, with
long-term average of 1480 mm. The inter-annual variation of the potential evapotranspiration is much less than the inter-annual
variation in rainfall.

The water system of Central Rift Valley lakes is preferred by various water sectors for irrigation, domestic and industrial activities.
The major land uses in the basin include intensive and moderately cultivated lands with onion, tomato, maize, cabbage, green beans
and pepper as the dominant irrigated crops grown in the study area.

3. Data availability

In this study, hydro-meteorological time series, water demand and water supply data were used. The hydro-meteorological dataset
includes streamflow, satellite and gauge rainfall, and climate data required for estimation of evaporation and evapotranspiration. Daily
satellite and gauge rainfall datasets were obtained from Climate Hazard Group (CHG) and National Meteorology Agency (NMA),
respectively.

Daily rainfall data (1984-2018) were obtained from 20 stations in Lake Ziway catchment and 6 stations in Abiyata and Langano
catchments. After data screening, 20 stations out of 26 were used in this study for further use. Six (6) stations were excluded because of
too short observation period and/or substantial missing data records. The rain gauge observations were used to serve bias correction of
the Climate Hazard InfraRed Precipitation (CHIRP) satellite rainfall estimates that are available at daily time step and 5.5 km x 5.5 km
spatial resolution for the period 1984-2018 (See Goshime et al., 2019a).

Streamflow and lake water level data were obtained from the Ethiopian Ministry of Water, Irrigation and Energy (MoWIE).
Streamflow data was collected for stations in major rivers (Meki, Katar, Bulbula, Horakelo and Gedemso) and minor tributaries (Rinzaf,
Chuifa, Sagure Timala, Huluka, Lepis and Boku). The collected data was available for the period 1984-2010. Lake water level data
(Ziway, Langano and Abiyata) were obtained from MoWIE for the period 1986-2014. Streamflow and lake water level data were used
as a reference to calibrate and evaluate the hydrological and lake water balance models, respectively.

Data on irrigation sites were collected by a field survey and consultation of governmental organizations. A field survey was un-
dertaken from 16 to 21 September 2019 for Lake Ziway contributing catchments (i.e. Meki and Katar), Bulbula River, Langano and
Abiyata lakes. The survey includes identification of the location of demand sites, type of scheme, water sources, potential irrigated
area, crop type, cropping pattern and intensity. The survey data was used to estimate site-specific crop water requirements in the study
area (Section 4.2.1). Additionally, irrigation data was obtained from water and agricultural offices, from the basin master plan, and
extracted from water planning documents of the study area. For Lake Ziway, the water abstraction survey data of Goshime et al.
(2019b, 2021) were used in this study to estimate water demand from the lake. Data was collected during the period 20th of October to
5th of November 2018.

Base data on population sizes, domestic and industrial water demands were extracted for the year 2007 from the provided by the
Central Statistical Agency of Ethiopia (CSA) and water supply from the water supply authorities. By absence of a more recent report,
respective data for the base year 2007 was adopted.

The Digital Elevation Model (DEM) of ASTER GDEM V2 with a spatial resolution of 30 m x 30 m was used to delineate the sub-
basin and to extract its drainage network. The land use land cover (LULC) map was obtained from MoWIE of Ethiopia for the year
1996. We note that LULC of the sub-basin is characterized by intensive cultivation land, water bodies and wetlands and shrub lands.
The lake bathymetric maps that were prepared by MoWIE for the three lakes were used in this study. For all the three lakes, a
bathymetric survey was conducted in 1984. However, an additional survey was conducted for Lake Ziway in 2013 and hence was used
in this study.

4. Methods

In this study, the impacts of recent and future water development pathways were evaluated using the WEAP model (Yates et al.,
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2005; Arranz and McCartney, 2007; Mounir et al., 2011; McCartney and Girma, 2012; Hassan et al., 2019). Inputs to the WEAP model
were obtained from multiple sources including simulated streamflow, simulated crop water requirements, satellite products, a field
survey, the basin master plan and design documents. The HBV rainfall-runoff model was used to simulate lake water inflow by
streamflow to Lake Ziway. Simulations (1984-2018) were for 6 river gauge stations at major and minor tributaries. The irrigation
water demand was estimated using a water abstraction survey, CROPWAT model simulations and a literature survey. This study as-
sumes that the climate of the recent development pathway will not change so to isolate aspects that, potentially, could relate to climate
change impacts for future pathways. Finally, we evaluated the impacts of the development pathways on water availability in the rivers
and on volume, water level, and surface areas of the three interconnected lakes (i.e. Lakes Ziway, Lake Langano and Lake Abiyata).

4.1. Model calibration and simulation

The available streamflow datasets covered a short observation period with substantial missing records. To overcome this limitation,
the Hydrologiska Byrans Vattenbalansavdelning (HBV) rainfall-runoff model (Bergstrom,1997) was used to fill observation gaps and to
prepare long streamflow time series. For application, the model was calibrated and validated for respective gauges. The main inputs to
the model include rainfall, potential evapotranspiration (PET), land use land cover and Digital Elevation model (DEM). Meteorological
observations at 12 stations (Fig. 1) were used to estimate PET using the Penman-Monteith equation (Allen et al., 1998) that were
subsequently used as input to the HBV model. The 1996 land cover map that was obtained from MoWIE also served as HBV input. In
this study, eight parameters (Alfa, BETA, CFLUX, FC, LP, K4, Khq and PERC) were selected for calibration following previous studies in
the study area (Goshime et al. 2019a; Goshime et al. 2020). For detailed descriptions about the HBV model reference is made to
(Lindstrom et al. 1997; Rientjes et al., 2011; Johansson, 2013).

To warm, calibrate and validate the model, time periods 1984-1985, 1986-1991 and 1996-2000 were selected, respectively at 6
(six) gauge stations in Lake Ziway sub-basin. Long-term streamflow time series (1986-2018) were prepared using the bias-corrected
CHIRP rainfall data as input. For bias correction, a non-linear power method was selected and rain gauge data were served as a
reference at daily time-step with the parameters varying for each of the 12 months of a year. For a detailed description on bias
correction for this study area reference is made to Goshime et al. (2019a). The bias-corrected CHIRP satellite rainfall estimates were
used to estimate lake area rainfall, and to simulate Lake Ziway inflow by means of a rainfall-runoff model. The streamflow from the
ungauged part of the study area was estimated using a simple regionalization method based on the area-ratio method where
streamflow from the gauged area is rescaled for the ungauged part of the catchment.

The performance of the HBV model for available streamflow time series was first evaluated by visual inspection of the match
between the simulated and observed hydrographs. Next, the Nash-Sutcliffe efficiency (NSE), relative volumetric error (RVE) and
coefficient of determination (R?) were used for evaluation of the model performance. NSE is a popular performance indicator that
measures the relative magnitude of the residual variance of the simulated flow compared to the observed flow. It indicates how well
the pattern of the simulated hydrograph fits that of the observed hydrograph (Nash and Sutcliffe, 1970). RVE measures the average
tendency of the simulated streamflow volume to be larger or smaller than the observed counterparts (Gupta et al., 1999). The coef-
ficient of determination (R?) is the measure of the fraction of the variation in the observed streamflow data that is replicated in the
simulated streamflow data (Moriasi et al., 2007). Table 2 provides the equations for the three objective functions with additional
descriptions.

4.2. Water demand assessment

4.2.1. Irrigation demand

In this study, irrigation water demand was estimated using a combination of water abstraction survey and the crop water
requirement model CROPWAT 8.0 (FAO, 2018) of Food and Agricultural Organization of the United Nations (FAO). CROPWAT es-
timates the water requirements of the crop (CWR) using climate, soil and crop phenological data. Its inputs include reference

Table 2
The objective functions used to evaluate the performance of the HBV model.
S.no Performance Measures Equations Value range Best fit value and rating
! NSE NSE =1 — T (Quimi — Quimi)” —ootol e 1 shows perfect fit
S (Qobs i — Qubs)” e 0.75-1 is very good
e > 0.5 satisfactory
2 RVE RVE — {Z?ﬂ(Qobs,i - Qsim.i)] — 0 t0 oo o + 5% =+ 5% is best fit
Doii1 Qobsi + 10% + 10% is good

+ 25% =+ 25% is satisfactory
1 is for best fit0.7-0.9 is very good
>0.5 satisfactory

[ s (@~ Qo) (s~ Q) r

. |1 (Quni -~ Q) ] [ £ (s - ) ]

where: Qsim and Qops represent simulated and observed streamflow, respectively (m®s™1) and the over-bar symbol denotes the mean of the observed
and simulated streamflow values; i is the time step; n is the number of sample size.
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evapotranspiration, rainfall, soil, crop type and crop pattern. Twelve (12) meteorological stations that are located close to the demand
sites were used to estimate reference evapotranspiration using Penman-Monteith equation which is considered a standard method
(Allen et al., 1998), and to specify daily rainfall at each demand site.

During the field survey it appeared that the main irrigated crops of the study area include onion, tomato, maize, cabbage, green
beans, pepper, alfalfa and grapes. Crop planting and harvesting dates, irrigation scheduling and irrigated area of each crop were also
obtained from the survey. Managers and irrigators were interviewed to collect the basic information, as well as information on their
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respective development pathways. Crop characteristics, growth stage, and soil characteristic data on soil moisture storage and
depletion were obtained from FAO 56 (Irrigation and Drainage paper), the basin master plan and irrigation project design documents.

4.2.2. Domestic water demand

The latest population and housing census of Ethiopia was conducted in 2007. Therefore, 2007 was defined as the base year for the
WEAP simulation. The 2007 population size and housing census of Ethiopia showed that the population of Ziway and Bulbula towns
was 43,660 and 5000, respectively (Central Statistical Agency of Ethiopia, CSA). In 2007, the water supply authorities of the two towns
were distributing 3450 and 430 m® d~! of water for Ziway and Bulbula towns, respectively and hence this was used in the WEAP model
simulations for the current account or base year. For future developments, the domestic water demand was extrapolated using pop-
ulation size, geometric population growth rate (2.9%) and water use (liter per capita per day) data. To estimate the domestic water
demand, the water use rates were multiplied by the population size.

4.2.3. Industrial water demand

Demands for industrial uses only apply to Lake Abiyata whereas a Soda Ash factory abstracts water from the lake since 1985. In
2007, it was reported that 15,000 ton of soda ash was produced that was used for the current account in WEAP simulations. According
to the Rift Valley Lakes basin master plan, the factory produces 25,000 tons of soda ash per year (2009-2018) with a water requirement
of 150 m? per ton of production for the recent development pathway. An increment of 25,000 ton for future development pathways
from reference was used to construct the future production capacity as per the Rift valley lake basin master plan report (MoWiE, 2012)
and design documents.

4.2.4. Environmental flow requirement

The environmental flow is the water that serves the river ecosystem to maintain the downstream ecological balance. In this study,
requirements on environmental flows were not available and thus allowance only made for main rivers. Requirements were simply
expressed as a percentage of the mean annual flow, following Tennant (1976) who reported to use approximate 15-20% of mean
annual flow as downstream water requirement. Hence, the environmental flow is specified as 20% of the mean annual flow. In this
study, environmental flow requirement was specified downstream of Bulbula River to regulate Lake Ziway and to attribute to
downstream flow to Lake Abiyata (see also Shumet and Mengistu, 2016).

4.3. Water evaluation and planning (WEAP) model

The WEAP model was developed by Stockholm Environment Institute at Boston, USA to evaluate water demands, associated
priorities and water supply for current and future periods. The model allows specifying alternative scenarios (i.e., plausible futures
based on “what if” questions) to assess the impact of different development and management options. It optimizes water use in the
catchment with the objective to maximize the water delivered to demand sites, according to a set of user-defined priorities (Yates et al.,
2005). The demand sites are assigned a priority between 1 and 99, where 1 is assigned for the highest priority and 99 is for the lowest
priority.

Some of the input data of WEAP are water supply, river head streamflow, water use (demand), water levels, elevation-storage-area
relationship, and the spatial location of the water system. For a more detailed description about WEAP model reference is made to
(Yates et al., 2005; SEI, 2015).

Fig. 2 shows the schematization of the CRV lakes sub-basin based on existing and planned water demand and supply sources. In the
schematization, the type of scheme, the supply sources and the location of the demand sites were considered. The demand priority was
assigned considering the recent pathway in which the upstream demand sites receive priority. Hence, the first priority was assigned to
the most upstream demand sites; the next priority was assigned to the next downstream demand sites and so on (i.e., priority was
varied from upstream to downstream). Accordingly, highest priority 1 was assigned for demand sites that receive water from Timala,
Chuifa, Dugda, Rinzaf, Boku, Huluka, Gedemso and Lepis rivers. Priority 2 was assigned to demand sites that receive water from Meki,
Sagure, Bulbula and Horekelo rivers. The demand sites along the Katar River were assigned priority 3. Demand sites withdrawing
water from Lake Ziway and Langano were assigned equal priority of 98, lowest priority 99 was assigned for Lake Abiyata but with
priority 1 for environmental flow demands.

4.4. Effect of barrage regulation

The barrage regulator at the outlet of Lake Ziway at Bulbula river may reduce Lake Ziway outflow affecting the storage of the
downstream Lake Abiyata. Hence, the barrage should be operated not only to regulate the lake storage but also to fulfill the irrigation
water demand along the Bulbula river, as well as environmental flow requirements (EFR).

Lake Ziway receives water from river streamflows and from lake rainfall, and loses water through abstraction, evaporation and
outflow. To simulate changes in the lake level, two regression relationships between observed water level and outflow time series were
developed. The first relation was developed for the period January 2009-May 2016 and the second relation was developed for the
period June 2016-2019 which covers the period the barrage is in operation. The outflow discharge time series that were simulated for
respective periods were subsequently used in WEAP model for recent development pathway. For the future development pathways, the
second relationship between observed water level and river outflow discharge was specified in WEAP in the form of mathematical
equation. Similarly, the recent and future outflow from Langano was specified using the observed Langano water level and Horakelo
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outflow discharge.

4.5. Water resources development pathway

In this study, three development pathways are considered. These pathways include recent development (2009-2018), short-term
development (2019-2028) and long-term development (2029-2038). The development pathways were constructed based on the in-
formation from Rift Valley Lakes basin master plan (MoWiE, 2012), feasibility studies, design documents and consultation of stake-
holders during the field survey. The data or information source that reflects the current stage of the development pathways was
selected to extract the information for WEAP modeling.

For this study, as a reference to change assessments by respective pathways, a base year 2007 was specified using the water
abstraction in 2007 (Jansen et al., 2007) for which detailed water abstraction survey data was prepared for the CRV basin master plan
and the national population and housing census was conducted. Table 3 shows the summary and descriptions for base year and for each
water resources development pathway.

4.6. Impact of water resources development

After determining the water demand for all development pathways, WEAP was used to simulate the water level of the lakes. For
this, the monthly water balance of the three lakes was estimated for a base line period of 15 years (1986-2000). The period served as a
baseline for comparison of changes by each development pathway. This period was selected because it best represents the undisturbed
water level regime with minimum water withdrawal from the lakes and tributaries. Furthermore, it represents the period before
construction of outflow regulator at Bulbula River. Also, Goshime et al. (2020) indicated significant water abstraction from Lake Ziway
for the period 2001-2014. For the 2016-2018 of the recent development, and the entire period of the short-term and long-term
development pathways, the regulatory barrage was set to provide flows to the Bulbula River so that environmental flow re-
quirements (EFR) are met at downstream Lake Abiyata. Then, the impact of the three development pathways was evaluated by
comparing the WEAP simulations for these pathways against the simulations for the baseline period 1986-2000. Furthermore, water
scarcity threshold levels for all three lakes were established based on a basin master plan document (MoWiE, 2012). The water scarcity
level represents a minimum water level to sustain the fish habitat and their food chain. Hence, irrigation water abstraction should be
ceased before the water level drops below this level.

5. Results and discussion
5.1. Streamflow simulation

Fig. 3 shows a comparison of the simulated and observed streamflow hydrographs for the calibration period (1986-1991) at Meki
and Rinzaf gauging stations that indicate river flows to the lake from the western side. The model fairly captured the pattern of the
observed hydrograph (including recession and rising limbs) of both catchments. However, it did not satisfactorily capture most of the
observed peak flows especially for Rinzaf gauge station. The agreement between the simulated and observed streamflow was better for
Meki than Rinzaf river catchment. The latter has relatively small size that resulted in high streamflow variability, and relatively high
peaks. Streamflow was observed two times per day and thus limits to provide representative data on streamflow volume for the small
catchments. Another cause of mismatch could be the stage-discharge relations that often are inaccurate to convert high water level
measurements into representative discharges.

Fig. 4 shows the simulated and observed streamflow for the calibration period (1986-1991) at Katar, Chuifa, Sagure and Timala
gauge stations that drain into Lake Ziway from the eastern plateaus. HBV well captured the overall pattern of the observed hydrograph
for most of the gauge stations. However, the rising limb and related peaks of the observed hydrograph were not satisfactorily captured.
The model better captured the observed flow for the Katar catchment that has highest streamflow discharges. However, some observed
peaks were not satisfactorily simulated for smaller tributaries, for instance at Sagure and Chuifa river gauge stations.

Table 4 presents the calibrated values of the model parameters and objectives functions. The calibrated values of Alfa, K4 and

Table 3
Summary of the water resources development pathway for this study.
Development Time Frame  Descriptions
Pathways
Base year 2007 The 2007 water use rate withdrawing water for 5534 ha of irrigated lands and 15,000 ton of Abiyata soda ash production

Recent Development 2009-2018 The 2007 water use rate plus additional irrigation expansion up to 3150.5 ha (total irrigated area = 8684.5 ha) and
25,000 ton of Abiyata soda ash industrial expansion

Short-term 2019-2028 Recent development plus additional expansion of up to 4195.5 ha of irrigated lands (total irrigated area = 12,880 ha) and
Development 50,000 ton soda ash production

Long-term 2029-2038 Short-term development plus all potential scheme developments to be operational in the study area with an additional
Development expansion of 6391 ha of irrigated area (total irrigated area = 18,920 ha) and 75,000 ton soda ash production

Note: Domestic water demand for Ziway and Bulbula town, and environmental flow at Bulbula River for downstream Abiyata were also considered in
each development pathway.
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CFLUX do not significantly vary across the catchments. The recession parameter K4 influences the recession part of the base flow of the
hydrographs. Alfa is used to simulate rapid responses of the shallow subsurface and affects the peak discharges. The parameters FC,
BETA Khq and LP show differences across the catchments (Table 4). This typically suggests hydrologic variability between catchments
in terms of rapid streamflow responses but also evapotranspiration fluxes. A higher Khq results in higher peaks and more dynamic
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responses in the hydrograph. PERC values were calibrated so that dry season flows of the catchments are well represented by the
model.

The HBV model performed satisfactory for most of the catchments during the calibration period. Performance measures indicate
that the model performed better for Meki and Katar catchments (NSE > 0.7, RVE < 5% and R? > 0.7) than for smaller catchments. For
the minor tributary of Rinzaf, the NSE is lower than 0.5 for both calibration and validation period. Considering poor data quality, the
model performance is acceptable for studying streamflow volume although caution should be exercised when the interest is in
capturing the hydrograph shape.

When evaluated for the validation period, the model performance deteriorated for most catchments but with noticeable magnitude
especially for small catchments such as Rinzaf and Timala. For instance, the negative value of the RVE (—14.3%) indicates that the
mean simulated streamflow discharge is smaller than the mean observed discharge. However, these RVE values can also indicate
deterioration of the quality of observed streamflow data for these two stations. The calibration was targeted more on RVE than NSE
since the main target of this study related to inflow and outflow water volumes to respective lakes.

5.2. Water demand and development pathways

There is an on-going and planned water abstraction across all catchments of the CRV sub-basin (Fig. 5) although the abstraction
sites are mostly concentrated around Lake Ziway. Irrigation demands were from both smallholder and large irrigation schemes. Water
abstraction is commonly through pumping directly from Lake Ziway in the three districts (Adami Tulu, Dugda and Ziway Dugda) and
along the Bulbula River. However, there are some diversions that pump water from Meki, Katar and Bulbula Rivers. The canal di-
versions are situated mostly at Katar, Meki and Langano tributary rivers. Particularly, the canal diversions are very dense along the
most downstream stretch of Meki River.

For the base year (2007), the surface water system of CRV sub-basin supplied water to a total irrigated area of 5534 ha. Katar, Meki
and Bulbula rivers provided water for large irrigated lands in the sub-basin (Table 5). A large irrigated area with intensive smallholder
irrigated farmers, flower farms and modern irrigation schemes rely on abstractions from Lake Ziway. Compared to the base year 2007,
the irrigated areas increased by 36%, 57% and 71% for the recent, short-term and long-term development pathways, respectively.
Irrigation is the largest water user in the study area. In addition, water is used for soda ash, domestic and environmental flow at Bulbula
River for downstream Lake Abiyata. The domestic water demand and environmental flow remains almost nearly the same for the three
development pathways.

Fig. 6 shows the summary of annual water abstraction from the main water sources in the entire CRV sub-basin for the base year
(2007). The figure indicates that Lake Ziway has largest water abstraction accounting for 39% of water withdrawal from the main
surface water sources. Water withdrawal was the second largest for Katar and Bulbula Rivers whereas the withdrawal from Lake
Langano is the smallest.

The summary of total annual water demand, supply and unmet demand for the three development pathways is presented in Table 6.
Findings indicate that the annual water demand for the short-term development pathway (2019-2028) is 149.4 Mm? that corresponds
to 46% increase as compared to the demand under recent development (102.3 Mm?®). If all the planned long-term water resources
developments will be fully implemented, the annual water demand will amount to 223 Mm?, and signifies an increase by a factor of
2.2, as compared to the recent development. This is mainly because of the increase in the projected irrigated area during this period.
The annual water supply does not match the demand for all the development pathways. Table 6 also indicates that unmet demand will
increase to 47.9Mm? in the long-term development.

Table 7 presents the water demand, supply delivered and unmet demand across the watersheds for the three development path-
ways. The water demand of water users from the lakes (Lake Ziway, Langano and Abiyata) was fully met for all development pathways
as expected since there is no limit to water abstraction from the lakes. This indicates that water abstraction from the lake system is

Table 4
Calibrated model parameter values for respective catchments and objective functions.
Parameter Meki Rinzaf Katar Chuifa Sagure Timala
FC 860 840 820 860 830 870
BETA 1.96 1.2 3.05 2.2 2.8 3.15
Lp 0.5 0.6 0.7 0.9 0.52 0.4
K4 0.1 0.1 0.1 0.05 0.08 0.1
Khq 0.1 0.08 0.12 0.04 0.20 0.15
Alfa 0.8 0.5 1.1 1.0 1.2 1.05
CFLUX 0.01 0.02 0.005 0.002 0.002 0.002
PERC 1.15 5.8 2.75 5.5 3.2 5.5
Calibration
NSE 0.71 0.35 0.80 0.52 0.57 0.50
RVE -1.47 1.51 -1.28 -2.08 -0.13 -1.04
R? 0.73 0.38 0.82 0.53 0.58 0.58
Validation
NSE 0.64 0.30 0.74 0.48 0.50 0.35
RVE 3.84 -14.3 3.04 -12.2 -14.8 -2.47
R? 0.65 0.32 0.75 0.50 0.54 0.38
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Fig. 5. Water resources abstraction sites in the Central Rift valley lakes basin (letter Z, L, A and S represents Lake Ziway, Langano, Abiyata and
Shala, respectively).

Table 5
Summary of water resources development pathways in CRV lakes basin. Irrigation water demand is shown in ha whereas other demands are Mm®.

Development Pathways

S. Water resources development Water source Base year (2007) Recent (2009-2018) Short-term (2019-2028) Long-term (2029-2038)

No

I Size of Irrigated area (ha)

1 Meki Irrigation Meki 458 708 856 1482

2 Dugda Irrigation Dugda 187 288 474 724

3 Rinzaf Irrigation Rinzaf 80 152 302 372

4 Katar Irrigation Katar 781 1490 1965 3110

5 Chuifa Irrigation Chuifa 65 123 223 423

6 Sagure Irrigation Sagure 212 750 1000 1500

7 Timala Irrigation Timala 335 850 1865 2200

8 Ziway flower farm Ziway 500 640 944 1292

9 Lake Ziway Irrigation Ziway 863 1144.5 1756 2958

10 Meki-Ziway Pump Irrigation Ziway 128 216 400 750

11 Bulbula pumped Irrigation Bulbula 1095 1235 1683 2000

12 Langano Tributary Irrigation Gedemso 800 1040 1352 2028

13 Lepis Irrigation Lepis 149 194 257 380

14 Boku Irrigation Boku 96 125 167 244

15 Huluka Irrigation Huluka 57 74 101 145

16 Lake Langano Irrigation Langano 30 48 60 80

I Domestic water demand (Mm®>)

1 Ziway town WS Ziway 1.26 1.41 1.45 1.49

2 Bulbula town WS Bulbula 0.15 0.16 0.17 0.18

juig Industrial water demand (Mm?®)

1 Lake Abiyata Soda Ash Abiyata 3.63 7.06 7.5 10.5

v Environmental Flow (Mm®)

1 Abiyata minimum flow Bulbula 3.62 3.62 3.62 3.62
uncontrolled.

The unmet demand was larger for long-term development for all demand sites. The largest unmet demand was estimated for
demand sites in Katar, and catchments draining to Langano and Meki catchment. Even though, the highest priority was assigned to the

11
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Fig. 6. Annual water demand for the base year (2007) from the main water sources in the sub-basin.

Table 6

Annual water demand and supply delivered for three development pathways (Mm?>).
Pathways Water Demand Supply Delivered Unmet Demand
Recent Development 102.3 86.5 15.8
Short-term Development 149.4 120.2 29.2
Long-term Development 2229 175.0 47.9

most upstream demand sites, larger unmet demands were estimated at upstream demand sites than downstream. The largest unmet
water demand (28 Mm?® per annum) for long-term development (Table 7) is in Katar watershed that is mainly due to large irrigated
areas in Katar watersheds.

The percentage of unmet demand was also higher for demand sites with largest water demand. For long-term development, a
highest unmet demand of 50% was obtained for Katar irrigation schemes, 45% for Langano tributary and 32% for Meki irrigation
schemes (Table 7). Overall, this study indicates that there is unmet demand across all lake catchments. However, the unmet demand
along Bulbula river is not large considering the extent of irrigation abstraction from this river. This may alter subject to the regulation
of the barrage.

Fig. 7 presents the summary of monthly unmet demands for the three development pathways. The result indicates that the demand
for all development pathways will be fully met for three months of the rainy season (July-September). The unmet demand for
November to February is noticeable, mainly since this period is the driest season. The unmet demand in the small rainy season (March-

Table 7
Summary of spatial annual unmet demands across watersheds for the three developments.

Volume (Mm®)

S.no Catchment Pathways Demand Supply Delivered Unmet Demand % of unmet demand
Recent 11.75 8.86 2.54 22

1 Meki Short-term 16.15 11.36 4.18 26
Long-term 25.47 16.64 8.12 32
Recent 25.66 16.99 8.67 34

2 Katar Short-term 38.45 21.44 17.02 44
Long-term 55.94 28.72 27.72 50
Recent 37.13 37.13 0.00 0

3 Lake Ziway Short-term 56.13 56.13 0.00 0
Long-term 89.74 89.74 0.00 0
Recent 13.01 12.50 0.5 4

4 Bulbula Short-term 17.32 15.26 2.06 12
Long-term 20.38 17.79 2.58 13
Recent 11.12 7.41 3.71 33

5 Langano Short-term 14.22 8.87 5.34 38
Long-term 20.87 11.58 9.30 45
Recent 3.63 3.63 0.00 0.0

6 Lake Abiyata Short-term 7.06 7.06 0.00 0.0
Long-term 10.5 10.5 0.00 0.0

12
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May) is relatively small compared to the dry season. The total annual unmet demand under the recent development was about
15.8 Mm?, which accounts for 15% of the total water demand. This amount increases by a factor of 1.85 (i.e., 29.2 Mm?) for the short-
term development. At the end of the long-term development pathway, the annual unmet water demand will increase by a factor of
3.0-47.9 Mm? as compared to the recent development.

5.3. Impact of water resources development

For accurate estimation of water resources development it is crucial to determine respective water balance components. Estimates
of annual water balance components for the recent development pathway (1986-2000) for the three interconnected lakes are shown in
Table 8. Estimates are comparable to estimates shown in the various studies (Vallet-Coulomb et al., 2001; Ayenew, 2004; Legesse and
Ayenew, 2006; Desta et al., 2017). Findings indicate that lake evaporation is the largest component of the water balance for all lakes
whereas surface outflow is the smallest component. Note that the amount of water abstraction was estimated from the recent (2018)
water abstraction survey being field survey period. The amount of water abstraction from Lake Ziway was significantly larger than the
abstraction from Lake Langano and Abiyata. In Table 8, the net volume change (AV) is estimated as the difference of lake inflows
(rainfall and streamflow) and outflows (streamflow, evaporation and abstraction). For the baseline period (1986-2000), the net
volume change and water abstraction for Lake Ziway is comparable to Lake Langano and Abiyata. This will result in minimum closure
term for Lake Ziway when water abstraction is considered and the vice-versa for other two lakes.

Fig. 8 shows observed water levels of the three CRV lakes for the period 1986-2014 with reference to the mean lake bottom depth.
The overall pattern with seasonal variations of water levels of Lake Langano and Lake Ziway appears to be similar, but the pattern of
Lake Abiyata shows some deviation. In particular, a noticeable reduction in water level is observed from 2002 to 2006 which is a dry
period of the study area (Fig. 8). That may be attributed to the cumulative effect of reduced water level of Lake Abiyata by reduced lake
rainfall, but also by the propagated effect of the reduced water level of Lake Ziway and Lake Langano. Also, Lake Abiyata is relatively
small (148 kmz) and nearly three times smaller than Lake Ziway (435 kmz) with surface outflow that does not exhibit a large seasonal
variation (Ayenew and Becht, 2008).

Lake Langano showed relatively small seasonal and inter-annual water level variations as compared to the other lakes (Ayenew,
2001; Vilalta, 2010). This phenomenon mainly can be attributed to relatively smaller irrigation water abstraction around the lake and
its tributaries. Overall, for all interconnected lakes a notable decrease of the water level after 2000 is observed. Very low water levels
were recorded from 2002 to 2005, which coincides with climatic drought years. Since June 2016, the outflow of upstream Lake Ziway
is regulated by a barrage constructed at Bulbula River near Lake Ziway.

Fig. 9 shows result of lake level simulation for baseline period and the three development pathways. Findings indicate that the
simulated lake levels for the three development pathways were lower than the water levels that apply to the baseline period. Lake
Ziway shows a water level reduction because of water resources development in feeding rivers as well as direct pumping from the lake.
We note that for respective years a maximum of up to 3 m water level reduction will occur during long-term development pathway.
Results of water level simulation of Lake Ziway indicate that the level will drop below the water scarcity level in most years of the
short-term and long-term development pathways.

In contrast, the water level of Lake Langano is unlikely to decrease below the water scarcity level for all pathways but for extended
period in the long-term pathway, but with a possible exception for drought periods that in the assessments were not considered. This
indicates that irrigation water abstraction from Langano Lake and its tributary rivers do not directly affect water availability by lake
storage. The projected water level fluctuations in Lake Abiyata follow the same pattern as simulated for Lake Ziway. Findings show that
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Table 8
Estimated mean annual water balance of CRV lakes from 1986 to 2000 (all unit in Mm? per year).
Water Inflow Water Outflow Net volume
Lake R; Qin Qun Evap Qout Abstraction AV
Ziway 338 614 81 832 171 37 30
Langano 196 232 67 467 53 12 -25
Abiyata 115 225 - 362 - 11 -23

Note: R;, rainfall on the lake surface; Qjy,, river inflow; Quy, inflow from ungauged catchment; Evap, evaporation from the lake surfaces, Qoyt, lake
outflow in the river outlet, and AV, net volume change.
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Fig. 8. Observed water level fluctuation of the three interconnected lakes (1986-2014).

the lake level notably reduces below the water scarcity level for all development pathways including the recent development pathway.
For instance up to a maximum of 4.2 m water level reduction in Lake Abiyata as attributed to long- term water resources development.

There is significant difference between the patterns of the natural simulated water level and that for short-term and long-term
development pathways of the three interconnected lakes. Hence, the results of this study show that the influence of water re-
sources development on the lake water levels and thus lake water balance is substantial. There is large difference between the water
level under the recent development and base line period. The shift from recent to short-term development will aggravate the reduction
of the water level. However, simulation on the lake water level indicates the largest reduction applies to long-term development
pathway. During this period, the water levels significantly reduce below the water scarcity level for most of the time for Lake Ziway
and Abiyata. This is mainly related to increasing cumulative water abstractions from the lakes and tributaries. This likely would have a
significant impact on shipping and fishing of Lake Ziway and ecology of both Abiyata and Ziway lakes.

Table 9 shows volume, water level and surface area relationships for each development pathway for CRV lakes. As expected when
water resources development in the sub-basin increases, then water storage of the lake will decline. For instance, the mean annual
water level of Lake Ziway drops by 0.72 m for recent development, which results in reduction by 21% and 7.6% of the storage volume
and surface area of the lake from the baseline period, respectively. The long-term development pathway further aggravates the drop in
the water level, volume, and surface area of the lake. During this development, the average lake water level of Lake Ziway declines by
1.76 m from the natural recent condition. This would result in 40% and 20% reduction of the lake volume and surface area of the lake,
respectively (Table 9).

For Lake Langano, the impact of water resources developments follows nearly similar pattern for both volume and surface area of
the lake. The recent development pathway indicated a 0.5 m reduction in water level, which transforms to a reduction of 3.5% storage
volume and 4.2% in surface area of the lake. For long-term development, the lake water level decreases by 0.97 m, this yields 7.4%
reduction in surface area of the lake. This transforms to 8.5% reduction in the volume of the lake.

For Lake Abiyata, during recent development, the mean annual water level and volume of Lake Abiyata reduces by 1.13 m and
11%, respectively, as compared to baseline period that represent the natural condition. This will result in reduction of lake surface area
by 9.4% (Table 9). The short-term development causes further reduction of the water level of Lake Abiyata. The impact of the water
resource developments for the long-term pathway notably reduced the average water level by 2.1 m. This will yield 27.6% reduction in
lake surface area and 46.7% reduction in volume of the lake. These findings indicate that any intervention in the upstream catchments
results in further reduction in the water level of Lake Abiyata. Overall, the impact of water resources developments from the CRV lakes
results in significant impact on the water level, volume and surface area of the lake.
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Fig. 9. Comparison of the natural and simulated lake levels for the three development pathways for Lake Ziway, Langano and Abiyata.

6. Discussions

In this study, in-situ, satellite and survey datasets were used and combined in rainfall-runoff, water balance, crop water modeling,
and water resources planning models. Streamflow from Lake Ziway gauged catchments is simulated by use of a HBV conceptual
rainfall-runoff model. The contributions of streamflow from ungauged catchments are estimated by use of area-ratio methods. The lake
open water evaporation was estimated from the air temperature data of the eastern and western shore of the lake whereas previous
studies only used one station. Lake area rainfall estimation used the bias-corrected CHIRP satellite rainfall on the lake surface. This
study extended on previous studies on the CRV Lakes sub-basin by considering effects of water abstractions on the water balance over
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Table 9
Summary of mean annual water balance simulation results for each development pathways.
Mean Water level Area Volume Water level Change Area Change Volume change

Lake Ziway m.a.s.l km? Mm® m % %
Baseline 1636.18 442.24 1529.50
Current 1635.46 408.53 1211.21 -0.72 -7.6 -20.8
Short-term 1635.08 389.20 1059.39 -1.10 -12.0 -30.7
Long-term 1634.42 352.33 914.28 -1.76 -20.3 -40.2
Lake Langano
Baseline 1583.78 225.37 5339.28
Current 1583.28 217.48 5115.03 -0.50 -3.50 -4.2
Short-term 1582.96 213.65 4976.21 -0.82 -5.20 -6.8
Long-term 1582.81 206.69 4885.44 -0.97 -7.40 -8.5
Lake Abiyata
Baseline 1580.76 135.5 1058.74
Current 1579.63 122.8 947.82 -1.13 -9.4 -10.5
Short-term 1579.10 115.4 789.56 -1.65 -14.8 -25.4
Long-term 1578.66 98.1 564.32 -2.10 -27.6 -46.7

the lakes and its tributaries. Findings of this study on lake water balance are affected by various sources of error and uncertainty, each
of which cannot be quantified directly by lack of sound data. This study assumed that lake-groundwater interaction is negligible. Given
pronounced, long-term, erosion and sedimentation in the lakes, we assume that fine grain lake bottom materials largely obstruct flow
of water. For estimation of lake evaporation, the Penman method was used and meteorological data from only two stations was
available. Rainfall estimates to serve rainfall-runoff modeling and to estimate lake-rainfall were from bias-corrected CHIRP satellite
rainfall. Since runoff from ungauged catchments was related to runoff from gauged catchment though area-ratio conversions, this
implies that errors in HBV model simulation results propagate to ungauged basins as well.

Crop water requirements for irrigation were estimated by the CROPWAT model. By lack of field data on crop yield or bio-mass
production, results on water requirements could not be explicitly verified and thus results must, somewhat, be exercised with care.
Time series data from twelve meteorological stations that were located close to the demand sites were used for rainfall and for potential
evapotranspiration input estimation. As such estimates on irrigation demands for each development pathway relied on the same
meteorological data. We suggest that future studies consider detailed uncertainty analysis to indicate how uncertainties affect the
water balance and findings in this study on lake sustainability.

In Table 10 findings on water balance components of CRV Lakes sub-basins in this study are compared to findings in (Vallet-Co-
loumb et al., 2001; Ayenew, 2004; Legesse et al., 2004; Jansen et al., 2007; Ayenew and Legesse, 2007; Seyoum et al., 2015; Desta
et al., 2017; Goshime et al., 2020). Causes of differences not only relate to the methodological approach in this study but also to the
selected data sources and utilized models, and length of the simulation periods. In this study, we estimated lake rainfall from
bias-corrected CHIRP satellite rainfall whereas previous studies only used observed data with limited rain gauge network coverage. We
also used the bias-corrected CHIRP product to estimate Lake Ziway catchment streamflow discharges as time series from rain gauges
were incomplete hampering water resource assessments.

Open water evaporation estimates (832 Mm?®) in this study from Lake Ziway are lower than estimates by Ayenew (2004) (890 Mm?)
but higher than that by Jansen et al. (2007) (774 Mm?). For Lake Langano and Abiyata, estimates in this study are quite similar to
estimates by Ayenew (2004) and Ayenew and Becht (2008) (467 and 372 Mm®, respectively). Any difference may arise from the
number of stations and length of the time series of the meteorological data used to estimate the lake evaporation. The volume of
streamflow outflow (171 Mm3) for Lake Ziway in this study is lower than the volumes by Ayenew (2004) (184 Mrn3) and Jansen et al.
(2007) (185 Mm®) but higher than Vallet-Coulomb et al. (2001) (157 Mm?). Water abstraction from Lake Ziway as estimated by

Table 10
Comparison of water balance components of CRV lakes among different studies in Mm® (1986-2000).
Inflow Outflow

Water Balance Components R Qin Qung Evap Qout Qabs
Lake Ziway
Vallet-Coulomb et al. (2001) 335 691 50 832 157 -
Ayenew (2004) 323 657 48 890 184 28
Desta et al. (2017) 356 656 - 854 - 41
This study (2020) 338 613 81 832 171 37.3
Lake Langnao
Ayenew (2004) 186 212 - 463 46 -
This study (2020) 196 232 27.2 467 53 11.1
Lake Abiyata
Ayalew (2003) 97.2 180 - 291 0 0
Ayenew (2004) 113 230 15 372 0 13
This study (2020) 115 219.5 - 328 0 15
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Ayenew (2004) (28 Mm3) is lower than estimates in this study but match estimates in Desta et al. (2017) (41 Mmg). This is due to the
difference in time period for which the abstraction was estimated and the method applied. The amount of Lake Abiyata water
abstraction estimated in this study (11 Mm®) is relatively close to Ayenew and Legesse (2007) (13 Mm?®). Overall, there is some
disagreement in reported outflow and water abstraction findings by different studies for all lakes.

Fig. 10 shows annual water level change of Lake Ziway and that of downstream Lake Abiyata for the baseline period 1986-2000.
The comparison illustrates a direct relationship between water level changes of both lakes. For instance, for 1990 a 0.5 m reduction in
water level of Lake Ziway can be associated to a 1.8 m reduction in Lake Abiyata, and a 3 m reduction in Lake Ziway water level for
2000 can be associated to a 4.5 m reduction in Lake Abiyata. Similar findings were reported in (Vallet-Coulomb et al., 2001; Seyoum
etal., 2015). For instance, Seyoum et al. (2015) reported that approximately up to 4.5 m reduction in water level of Lake Abiyata was
observed between 1986 and 2006. Overall, in this study the simulated water level reduction in the downstream Lake Abiyata is
considerable. Moreover, any water level reduction in Lake Ziway will result in larger reduction in the downstream Lake Abiyata. The
water balance of Lake Abiyata depends on seasonal rainfall, and river inflow mainly from Bulbula and Horakelo rivers, which are the
largest inflowing river into the lake. Hence, any intervention either from Lake Ziway or Bulbula River contributes to changes in the
water inflow and propagates to affect lake storage of Lake Abiyata.

Further, intensive irrigation water abstraction is on-going from Lake Ziway and its tributaries, and Bulbula rivers for the production
of horticulture, vegetables, and flowers. As a result, the water level of Lake Ziway and water flow into Bulbula River is reduced by
water withdrawal. This phenomenon might be related to regulation of Lake Ziway through a recently constructed barrage that causes
reduced lake outflow. This consequently will result in significant water level decline of Lake Abiyata. In addition, Abiyata soda ash
production could be the other possible anthropogenic cause for the water level reduction. Since the water withdrawal from the lake for
soda ash production does not return to the lake, the shore of Lake Abiyata has receded each year (personal communication). Fetahi
(2016) reported that Lake Abiyata shore receded by 3 km from its pumping station and soda ash production has reduced because of the
loss of water in Lake Abiyata at recent time. Therefore, this study suggests appropriate measures should be taken by decision makers
and any concerned stakeholders for improved water management of the CRV lakes.

In this study, water resources and water balance assessment were based on climatic data for recent time periods. For assessment on
future development pathways the same climate data was used and as such aspects of climate change have been ignored. We consider
this an omission and recommend climate change assessments to better project on available water resources. Therefore, future studies
should consider projected future climate by global and regional climate circulation models as employed in various studies (Setegn
et al., 2011; Haile et al., 2017; Bekele et al., 2021). Also, future studies can explore approaches supported by field survey and
stakeholder consultation to fix the environmental flows of the rivers. The environmental flows can be estimated using various ap-
proaches such as Tennant (1976) or hydrological variability based on the original flow time series and its corresponding Flow Duration
Curve (FDC) as a cumulative distribution function of flows. Following Mersha et al. (2021) a range of Environmental Management
Classes (EMC), from “natural” to “severely modified” cane be used to calculate flow duration curve with a corresponding progressively
reducing environmental flows resulting in a decreasing level of ecosystem protection.

7. Conclusions

In this study, impacts of water resources development on the water balance of CRV lakes and their contributing catchment was
assessed. Three development pathways covering for recent and future water demands were considered. As a benchmark to simulation
results for respective pathways, a baseline period with minimum of water abstractions was considered to best represent natural
conditions. This study is distinctive as it considers the spatial and temporal water resources developments of the sub-basin using a
combination of modeling approaches, and since up-to-date datasets are used considering ground observations, satellite rainfall
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Fig. 10. Estimated annual water level change of Lake Ziway and Abiyata from 1987 to 2000 with 1986 as a reference.
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estimates and field survey datasets. The Water Evaluation and Planning (WEAP) model was used to assess existing and future water
demand and thereby to evaluate the likely impact of three water resources development pathways on the water balance of Lake Ziway,
Langano and Abiyata.

Simulated streamflow resulted from the HBV model that well captured volumes of observed hydrographs for most of the gauge
stations. Volumetric errors by RVE model performance indicator in general only were small (<5%). Crop water requirements for
irrigation were estimated by CROPWAT model.

Findings of this study indicate severe implications of water resources development pathways around the lake and its feeding rivers.
For increasing time periods from recent to long-term development, the water balance of the three interconnected lakes shows sub-
stantial impacts with water shortage that only further increases. The WEAP simulation results revealed that in the long-term devel-
opment, the water demand in the CRV will be twice the present water demand. Under long-term development pathways, the water
demand of the sub-basin is estimated to be 222.9 Mm>. Compared to the recent development; this will reduce the mean annual lake
water level by 1.76 m, 0.97 m and 2.1 m for Lake Ziway, Langano and Abiyata, respectively. This will cause reduction in the lake
volumes by 615 Mm® of Lake Ziway, 454 Mm?® of Lake Langano and 494 Mm® of Lake Abiyata. The largest unmet water demand occurs
from November-February that marks the dry season. Findings also indicate that the demand sites at Katar, Meki and Langano
catchments have highest unmet demands for all development pathways.

Our findings indicate that for long-term and short-term development the water levels of Lake Ziway expectedly will reduce below a
water level that indicates water scarcity. Finding show that any reduction will propagate to the downstream Lake Abiyata with even
further increased reduction of water storage. Water levels are expected to fall below the critical water level that indicates water
scarcity for all development pathways mainly due to intensive upstream water abstraction and barrage outflow regulations. The result
also suggests that the newly constructed barrage can be used to regulate the lake level of Lake Ziway. This study shows that, to prevent
further desiccation of CRV lakes, it will be necessary to reduce irrigation water abstractions, and to adapt water resources development
pathways. More efficient irrigation techniques and scheduling could be considered, crops could be introduced that consume less water,
but also improved planning and redistribution of available water resources at national scale should be considered. Hence, we suggest
future studies to assess and evaluate various water management scenarios that will reduce impacts of water withdrawal, climate
change and inform integrated water resources management among all stakeholders.

CRediT authorship contribution statement

Demelash Wondimagegnehu Goshime: Conceptualization, data acquisition, model set-up, calibration, & draft manuscript.
Alemseged Haile Tamiru: Conceptualization, validation, editing, & supervision. Tom Rientjes: Editing, validation & supervision.
Rafik Absi: Editing & supervision. Béatrice Ledésert: Editing & supervision. Tobias Siegfried: review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors acknowledge the support received from Ethiopian Ministry of Water, Irrigation and Energy, Ethiopia and Arba Minch
University, Ethiopia for data collection. The preparation of this scientific article is supported by the SAWEL program ‘Improved food
security and nutrition in the Sahel by safeguarding wetlands through ecologically sustainable agricultural water management’ carried
out by Wetlands International, Caritas Switzerland, International Water Management Institute (IWMI) and Hydrosolutions 1td of Swiss
Agency for Development and Cooperation, Switzerland . The authors acknowledge Ziway field office of the Rift Valley Lakes Basin
Development Office for their help during field data collection. The authors would also like to extend gratitude to the CHIRP, NMA and
MoWiE for their support in providing the hydro-metrological datasets. Swedish Meteorological and Hydrological Institute (SMHI) also
acknowledge for the hydrological model.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.ejrh.2021.100969.

References

Abraham, T., Woldemicheala, A., Muluneha, A., Abateb, B., 2018. Hydrological responses of climate change on Lake Ziway Catchment, Central Rift Valley of Ethiopia.
J. Earth Sci. Clim Change 9, 474. https://doi.org/10.4172/2157-7617.10004-74.

Adgolign, T.B., Srinivasa-Rao, G.V.R., Abbuly, Y., 2015. WEAP modelling of surface water resources allocation in Didessa sub-basin, West Ethiopia. Sustain. Water
Resour. Manag. 2 (1), 55-70. https://doi.org/10.1007/5s40899-015-0041-4.

Adeba, D., Kansal, M.L., Sen, S., 2015. Assessment of water scarcity and its impacts on sustainable development in Awash basin, Ethiopia. Sustain. Water Resour.
Manag. 1, 71-87. https://doi.org/10.1007/s40899-015-0006-7.

18


https://doi.org/10.1016/j.ejrh.2021.100969
https://doi.org/10.4172/2157-7617.10004-74
https://doi.org/10.1007/s40899-015-0041-4
https://doi.org/10.1007/s40899-015-0006-7

D.W. Goshime et al. Journal of Hydrology: Regional Studies 38 (2021) 100969

Alemayehu, T., Furi, W., 2007. Impact of water overexploitation on highland lakes of eastern Ethiopia. Environ. Geol. 52 (1), 147-154. https://doi.org/10.1007/
500254-006-0468-x.

Alemayehu, T., McCartney, M., Kebede, S., 2010. Modelling to evaluate the water resource implications of planned infrastructure development in the Lake Tana sub-
basin, Ethiopia. Ecohydrol. Hydrobiol. 10, 211-221. https://doi.org/10.2478/V10104-011-0023-6.

Alfarra, A., 2010. Modelling Water Resource Management in Lake Naivasha: Water Allocation Model Using WEAP (M.Sc. thesis). International Institute for Geo-
information Science and Earth Observation, The Netherlands.

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration-Guidelines for Computing Crop Water Requirements. FAO Irrigation and Drainage Paper
56, Rome, Italy, 9, p. 300.

Arranz, R., McCartney, M., 2007. Application of the Water Evaluation and Planning (WEAP) Model to Assess Future Water Demands and Resources in the Olifants
Catchment, South Africa. IWMI Working Paper, 116. IWMI, Colombo, Sri Lanka.

Asfaw, W., Haile, A.T., Rientjes, T., 2020. Combining multisource satellite data to estimate storage variation of a lake in the Rift Valley Basin, Ethiopia. Int. J. Appl.
Earth Obs. Geo-inf. 89. https://doi.org/10.1016/j.jag.2020.102095.

Awulachew, S.B., Yilma, A.D., Loulseged, M., Loiskandl, W., Ayana, M., Alamirew, T., 2007. Water resources and Irrigation development in Ethiopia. IWMI 123.

Ayenew, T., 1998. The Hydrogeological System of the Lake District Basin, Central Main Ethiopian Rift (Ph.D. thesis). Free University of Amsterdam, The Netherlands.

Ayenew, T., 2001. Numerical groundwater flow modelling of the Central Main Ethiopian Rift lakes basin. SINET: Ethiopian J. Sci. 24 (2), 167-184.

Ayalew, E., 2003. Application of StableIsotopes in the Study of Lake Dynamics in Ziway-Shalla Basin. Master’s Thesis, Addis Ababa University, Addis Ababa, Ethiopia.

Ayenew, T., 2004. Environmental implications of changes in the levels of lakes in the Ethiopian Rift since 1970. Reg. Environ. Chang. 4 (4), 192-204. https://doi.org/
10.1007/510113-004-0083-x.

Ayenew, T., 2007. Water management problems in the Ethiopian rift: challenges for development. J. Afr. Earth Sci. 48 (2-3), 222-236. https://doi.org/10.1016/j.
jafrearsci.2006.05.010.

Ayenew, T., Gebreegziabher, Y., 2006. Application of a spread sheet hydrological model for computing the long-term water balance of Lake Awassa, Ethiopia. Hydrol.
Sci. J. 51, 418-431. https://doi.org/10.1623/hysj.51.3.418.

Ayenew, T., Becht, R., 2008. Comparative assessment of the water balance and hydrology of selected Ethiopian and Kenyan Rift Lakes. Lakes Reserv. Res. Manag. 13,
181-196. https://doi.org/10.1111/j.1440-1770.2008.00368.x.

Ayenew, T., Legesse, D., 2007. The changing face of the Ethiopian rift lakes and their environs: call of the time. Lakes Reserv. Res. Manag. 12 (3), 149-165. https://
doi.org/10.1111/j.1440-1770.2007.00332.x.

Ayenew, T., Tilahun, N., 2008. Assessment of lake groundwater interactions and anthropogenic stresses, using numerical groundwater flow model, for a Rift lake
catchment in central Ethiopia. Lakes Reserv. Res. Manag. 13, 325-343. https://doi.org/10.1111/j.1440-1770.2008.00383.x.

Belete, M., Diekkriiger, B., Roehrig, J., 2016. Characterization of water level variability of the main Ethiopian Rift Valley Lakes. Hydrology 3 (1), 1. https://doi.org/
10.3390/hydrology3010001.

Bekele, W.T., Haile, A.T., Rientjes, T., 2021. Impact of climate change on the streamflow of the Arjo-Didessa catchment under RCP scenarios. J. Water Clim. Chang. 30
(7) https://doi.org/10.2166/wcc.2021.307.

Bergstrom, S., 1997. The HBV model: Its structure and applications. Swedish Meteorological and Hydrological Institute, Norrkoping, Sweden.

Chinnasamy, P., Bharati, L., Bhattarai, U., Khadka, A., Dahal, V., Wahid, S., 2015. Impact of planned water resource development on current and future water demand
in the Koshi River Basin, Nepal. Water Int. 40 (7) https://doi.org/10.1080/02508060.109919, 10041020-1020.

Desta, H., Lemma, B., 2017. SWAT based hydrological assessment and characterization of Lake Ziway sub-watersheds, Ethiopia. J. Hydrol. Reg. Stud. 13 https://doi.
0rg/10.1016/j.¢jrh.08.002, 122-13.

Desta, H., Lemma, B., Gebremariam, E., 2017. Identifying sustainability challenges on land and water uses: the case of Lake Ziway watershed, Ethiopia. Appl. Geogr.
88, 130-143. https://doi.org/10.1016/j.apgeog.09.005.

FAO., 2018. FAO/UNESCO Soil map of the world, world soil resources. report. Food and Agricultural Organization (FAO) of the United Nations, Rome, Italy.

Fetahi, T., 2016. Greening a tropical Abiyata-Shala Lakes National Park, Ethiopia-a review. J. Ecosyt. Ecogr. 06 (01) https://doi.org/10.4172/2157-7625.1000179.

Gedefaw, M., Hao, W., Denghua, Y., Qin, T., Wang, K., Girma, A., Batsuren, D., Abiyu, A., 2019. Water resources allocation systems under irrigation expansion and
climate change scenario in Awash River Basin of Ethiopia. Water 11, 1966 http//doi.org:10.3390/w11101966.

Goshime, D.W., Absi, R., Ledésert, B., 2019a. Evaluation and bias correction of CHIRP rainfall estimate for rainfall-runoff simulation over Lake Ziway Watershed,
Ethiopia. Hydrology 6 (3), 68. https://doi.org/10.3390/hydrology6030068.

Goshime, D.W., Absi, R., Ledésert, B., Dufour, F.N., Haile, A.T., 2019b. Impact of water abstraction on the water level of Lake Ziway, Ethiopia. WIT transactions on
ecology and the environment, Vol. 239. In: Proceedings of the 5th International Conference on Water and Society, Valencia, Spain.

Goshime, D.W., Absi, R., Haile, A.T., Ledésert, B., Rientjes, T., 2020. Bias-corrected CHIRP satellite rainfall for water level simulation, Lake Ziway, Ethiopia. J. Hydrol.
Eng. 25 (9), 05020024. https://doi.org/10.1061/(ASCE)HE.1943-5584.0001965.

Goshime, D.W., Haile, A.T., Absi, R., Ledésert, B., 2021. Impact of water resource development plan on water abstraction and water balance of Lake Ziway, Ethiopia.
Sustain. Water Resour. Manag. 36 (7) https://doi.org/10.1007/540899-021-00516-w.

Gupta, H.V., Sorooshian, S., Yapo, P.O., 1999. Status of automatic calibration for hydrologic models: comparison with multi-level expert calibration. J. Hydrol. Eng. 4
(2), 135-143. https://doi.org/10.1061/(ASCE)1084-0699(1999)4:2(135).

Haile, A.T., Akawka, A.L., Berhanu, B., Rientjes, T., 2017. Changes in water availability in the Upper Blue Nile basin under the representative concentration pathways
scenario. Hydrol. Sci. J. 62 (13), 2139-2149. https://doi.org/10.1080/02626667.2017.1365149.

Hassan, D., Rais, M.N., Ahmed, W., Bano, R., Burian, S.J., ljaz, M.W., Bhatti, F.A., 2019. Future water demand modeling using water evaluation and planning: a case
study of the Indus Basin in Pakistan. Water Resour. Manag. 5 (8), 637-643. https://doi.org/10.1007/540899-019-00343-0.

Hengsdijk, H., Jansen, H., 2006. Agricultural development in the Central Ethiopian Rift valley: a desk-study on water-related issues and knowledge to support a policy
dialogue. Plant Res. Int. 1-25. B.V, Wageningen.

Jansen, H.C., Hengsdijk, H., Legesse, D., Ayenew, T., Hellegers, P., Spliethoff, P.C., 2007. Land and Water Resources Assessment in the Ethiopian Central Rift Valley:
Project: Ecosystems for Water, Food and Economic Development in the Ethiopian Central Rift Valley, Alterra Report, 1587, Wageningen, The Netherlands.

Johansson, B., 2013. IHMS Integrated Hydrological Modelling System Manual, p. 144.

Legesse, D., Ayenew, T., 2006. Effect of improper water and land resource utilization on the central Main Ethiopian Rift lakes. Q. Int. 148 (1), 8-18. https://doi.org/
10.1016/j.quaint.2005.11.003.

Legesse, D., Vallet-Coulomb, C., Gasse, F., 2003. Hydrological response of a catchment to climate and land use changes in Tropical Africa: case study South Central
Ethiopia. J. Hydrol. 275 (1-2), 67-85. https://doi.org/10.1016/50022-1694 (03)00019-2.

Legesse, D., Vallet-Coulomb, C., Gasse, F., 2004. Analysis of the hydrological response of a tropical terminal lake, Lake Abiyata(Main Ethiopian Rift Valley) to changes
in climate and human activities. Hydrol. Process. 18 (3), 487-504. https://doi.org/10.1002/hyp.1334.

Lemma, B., 2003. Ecological changes in two Ethiopian lakes caused by contrasting human intervention. Limnologica 33 (1), 44-53. https://doi.org/10.1016/S0075-
9511 (03)80006-3.

Lindstrom, G., Johansson, B., Persson, M., Gardelin, M., Bergstrom, S., 1997. Development and test of the distributed HBV-96 hydrological model. J. Hydrol. 201
(1-4), 272-288. https://doi.org/10.1016/50022-1694(97)00041-3.

Mersha, A.N., de Fraiture, C., Masih, I., Alamirew, T., 2021. Dilemmas of integrated water resources management implementation in the Awash River Basin, Ethiopia:
irrigation development versus environmental flows. Water Environ. J. 35, 402-416. https://doi.org/10.1111/wej.12638.

McCartney, M.P., Girma, M.M., 2012. Evaluating the downstream implications of planned water resource development in the Ethiopian portion of the Blue Nile River.
Water Int. 37 (4), 362-379. https://doi.org/10.1080/02508060.2012.706384.

Mehta, V.K., Haden, V.R., Joyce, B.A., Purkey, D.R., Jackson, L.E., 2013. Irrigation demand and supply, given projections of climate and land-use change, in Yolo
County, California. Agric. Water Manag. 117, 70-82. https://doi.org/10.1016/j.agwat.2012.10.021.

Ministry of Water, Irrigation and Energy (MoWiE), 2012. Rift Valley Lakes Basin Master Plan, Main Report, Vol. 1. MoWiE, Addis Ababa, Ethiopia.

19


https://doi.org/10.1007/s00254-006-0468-x
https://doi.org/10.1007/s00254-006-0468-x
https://doi.org/10.2478/V10104-011-0023-6
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref6
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref6
https://doi.org/10.1016/j.jag.2020.102095
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref8
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref9
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref10
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref11
https://doi.org/10.1007/s10113-004-0083-x
https://doi.org/10.1007/s10113-004-0083-x
https://doi.org/10.1016/j.jafrearsci.2006.05.010
https://doi.org/10.1016/j.jafrearsci.2006.05.010
https://doi.org/10.1623/hysj.51.3.418
https://doi.org/10.1111/j.1440-1770.2008.00368.x
https://doi.org/10.1111/j.1440-1770.2007.00332.x
https://doi.org/10.1111/j.1440-1770.2007.00332.x
https://doi.org/10.1111/j.1440-1770.2008.00383.x
https://doi.org/10.3390/hydrology3010001
https://doi.org/10.3390/hydrology3010001
https://doi.org/10.2166/wcc.2021.307
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref20
https://doi.org/10.1080/02508060.109919
https://doi.org/10.1016/j.ejrh.08.002
https://doi.org/10.1016/j.ejrh.08.002
https://doi.org/10.1016/j.apgeog.09.005
https://doi.org/10.4172/2157-7625.1000179
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref25
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref25
https://doi.org/10.3390/hydrology6030068
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001965
https://doi.org/10.1007/s40899-021-00516-w
https://doi.org/10.1061/(ASCE)1084-0699(1999)4:2(135)
https://doi.org/10.1080/02626667.2017.1365149
https://doi.org/10.1007/s40899-019-00343-0
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref32
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref32
https://doi.org/10.1016/j.quaint.2005.11.003
https://doi.org/10.1016/j.quaint.2005.11.003
https://doi.org/10.1016/S0022-1694 (03)00019-2
https://doi.org/10.1002/hyp.1334
https://doi.org/10.1016/S0075-9511 (03)80006-3
https://doi.org/10.1016/S0075-9511 (03)80006-3
https://doi.org/10.1016/S0022-1694(97)00041-3
https://doi.org/10.1111/wej.12638
https://doi.org/10.1080/02508060.2012.706384
https://doi.org/10.1016/j.agwat.2012.10.021

D.W. Goshime et al. Journal of Hydrology: Regional Studies 38 (2021) 100969

Mounir, Z.M., Ma, C.M., Amadou, 1., 2011. Application of water evaluation and planning (WEAP): a model to assess future water demands in the Niger River (In Niger
Republic). Mod. Appl. Sci. 5 (1), 38-49. https://doi.org/10.5539/mas.v5n1p38.

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, T.L., 2007. Model evaluation guidelines for systemic quantification of accuracy in
watershed simulations. ASEBE 50, 885-900 http://swat.tamu.edu/media/90109/moriasimodeleval.pdf.

Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models: part 1. A discussion of principles. J. Hydrol. 10 (3), 282-290. https://doi.org/
10.1016/0022-1694(70)90255-6.

Rientjes, T.H.M., Perera, B.U.J., Haile, A.T., Reggiani, P., Muthuwatta, L.P., 2011. Regionalisation for lake level simulation-the case of Lake Tana in the upper blue
Nile, Ethiopia. Hydrol. Earth Syst. Sci. 15 (4), 1167-1183. https://doi.org/10.5194/hess-15-1167.

SEL, 2015. WEAP water evaluation and planning system user guide. Stockholm Environ Institute, Somerville.

Setegn, S.G., Rayner, D., Melesse, A.M., Dargahi, B., Srinivasan, R., 2011. Impact of climate change on the hydro climatology of Lake Tana Basin, Ethiopia. Water
Resour. Res. 47. https://doi.org/10.1029/2010WR009248.

Seyoum, W.M., Milewski, A.M., Durham, M.C., 2015. Understanding the relative impacts of natural processes and human activities on the hydrology of the Central
Rift Valley lakes, East Africa: assessment of natural and human impacts on the hydrology of lakes. Hydrol. Process. 29 (19), 4312-4324. https://doi.org/10.1002/
hyp.10490.

Shumet, A.G., Mengistu, K.T., 2016. Assessing the impact of existing and future water demand on economic and environmental aspects (case study from Rift Valley
Lake Basin). Int. J. Waste Resour. 6 (2), 223. https://doi.org/10.4172/2252-5211.1000223.

Tennant, D.L., 1976. Instreamflow regimens for fish, wildlife, recreation and related environmental resources. Fisheries 1 (4), 6-10. https://doi.org/10.1577/1548.

Vallet-Coulomb, C., Legesse, D., Gasse, F., Travi, Y., Chernet, T., 2001. Lake evaporation estimates in tropical Africa (Lake Ziway, Ethiopia). J. Hydrol. 245 (1-4),
1-18. https://doi.org/10.1016/50022-1694(01)00341-9.

Vilalta, E.R., 2010. Water Resources Management in the Central Rift Valley of Ethiopia (Master’s thesis). Civil Engineering, Barcelona, Spain.

Yates, D., Purkey, D., Sieber, J., Huber-Lee, A., Galbraith, H., 2005. WEAP21-a demand-, priority, and preference-driven water planning model. Water Int. 30 (4)
https://doi.org/10.1080/02508060508691893.

Zinabu, G.M., Kebede, W.E., Zerihun, D., 2002. Long-term changes in chemical features of waters of seven Ethiopian rift-valley lakes. Hydrobiologia 477 (1), 81-91.

20


https://doi.org/10.5539/mas.v5n1p38
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref42
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref42
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.5194/hess-15-1167
https://doi.org/10.1029/2010WR009248
https://doi.org/10.1002/hyp.10490
https://doi.org/10.1002/hyp.10490
https://doi.org/10.4172/2252-5211.1000223
https://doi.org/10.1577/1548
https://doi.org/10.1016/S0022-1694(01)00341-9
https://doi.org/10.1080/02508060508691893
http://refhub.elsevier.com/S2214-5818(21)00198-1/sbref51

	Implications of water abstraction on the interconnected Central Rift Valley Lakes sub-basin of Ethiopia using WEAP
	1 Introduction
	2 Study area
	3 Data availability
	4 Methods
	4.1 Model calibration and simulation
	4.2 Water demand assessment
	4.2.1 Irrigation demand
	4.2.2 Domestic water demand
	4.2.3 Industrial water demand
	4.2.4 Environmental flow requirement

	4.3 Water evaluation and planning (WEAP) model
	4.4 Effect of barrage regulation
	4.5 Water resources development pathway
	4.6 Impact of water resources development

	5 Results and discussion
	5.1 Streamflow simulation
	5.2 Water demand and development pathways
	5.3 Impact of water resources development

	6 Discussions
	7 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


