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Abstract Quantification of fluxes of water into and out
of terminal lakes like Basaka has fundamental challenges. This is due to the fact that accurate measurement
and quantification of most of the parameters of a lake’s
hydrologic cycle are difficult. Furthermore, quantitative
understanding of the hydrologic systems and hence, the
data-intensive modelling is difficult in developing countries like Ethiopia due to limitation of sufficient recorded
data. Therefore, formulation of a conceptual water balance model is extremely important as it presents a
convenient analytical tool with simplified assumptions
to simulate the magnitude of unknown fluxes. In the
current study, a conceptual lake water balance model
was systematically formulated, solved, calibrated, and
validated successfully. Then, the surface water and
groundwater interaction was quantified, and a mathematical relationship developed. The overall agreement
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between the observed and simulated lake stage at
monthly time step was confirmed based on the standard
performance parameters (R2, MAE, RMSE, Ef). The
result showed that hydrological water balance of the
lake is dominated by the groundwater (GW) component.
The net GW flux in recent period (post-2000s) accounts
about 56 % of the total water inflow. Hence, GW plays a
leading role in the hydrodynamics and existence of Lake
Basaka and is mostly responsible for the expansion of
the lake. Thus, identification of the potential sources/
causes for the GW flux plays a leading role in order to
limit the further expansion of the lake. Measurement of
GW movement and exchange in the area is a high
priority for future research.
Keywords Basaka Lake . Calibration-validation .
Conceptual model . Fluxes . Simulation . Water budget

Introduction
Surface water and groundwater (SW-GW) are hydrologically linked components that interact in a variety of
physiographic and climatic landscapes (Sophocleous
2002). SW-GW interaction is the interplay between
water on and beneath the land surface, such as the flow
of water from lake into the GW system and vice versa
(Mace et al. 2007). However, the interactions are complex, difficult to observe and measure (Winter et al.
1998). Hence, thorough understandings of the interaction between SW-GW resources require a sound hydroecological framework in relation to climate, geology,
landform, and biotic factors (Sophocleous 2002).
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Although there are a number of analytical and numerical
models developed for quantifying the SW-GW interaction, their effectiveness for particular environmental
situation should always be assessed (Awulachew 2006).
Lakes have a fundamental role in nature’s hydrologic
cycle since they interact with the other components of a
hydrologic continuum. Lake interacts with the surrounding GW system in three main ways (Winter et al.
1998): (i) some receive GW inflows; (ii) some have
seepage loss to the GW; and (iii) others receive from
and lose to the GW system. Permanent lakes are usually
the site of GW recharge (Dingman 2002). The hydrologic regimes of lakes are mainly governed by the
position of the lake within regional GW flow
systems. Interactions of lakes with the other components of the hydrologic cycle (atmospheric, surface, and subsurface water systems) are very important for lake hydrology.
However, the available freshwater from lakes and
rivers is a precious resource that is increasingly getting
scarce in some parts of the world. Inappropriate management of natural resources has resulted in a serious
environmental degradation of many lakes and rivers
worldwide (Ito et al. 2009), which further can be propagated to the hydraulically connected GW systems and
reduce their availability (Nachiappan et al. 2002). Lake
stage records are indicators for the influence of natural
factors and anthropogenic activities on hydrological
systems (Shanahan et al. 2007) since they respond to
these changes through their water and chemical balances
between input and output (Legesse et al. 2004).
Closed basin-type lakes in the rift valley of Ethiopia
have undergone significant water level fluctuations and
drastic changes in salinity in the past millennia (Ayenew
2004; Ayenew and Becht 2008). Lake Basaka, as one of
the closed basins, is also experiencing certain changes in
water level fluctuations as well as salinity (Ayenew
2004, 2007; Klemperer and Cash 2007; Belay 2009;
Goerner et al. 2009; Dinka 2012b). Lake Basaka is
unique as compared to other rift valley lakes (Ethiopia)
due to the fact that it is expanding dramatically (Fig. 1).
It is highly saline and alkaline, hence not usable for
irrigation or drinking purposes (Dinka 2012a, b).
Figure 1, which was processed from series of
LANDSAT imagery, illustrates a temporal change in
geometry of Basaka Lake in the last five decades.
Lake Basaka is an endorheic-type lake situated in
Matahara plain, central rift valley of Ethiopia. The lake
is now getting more attention because of its dramatic
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change in size and shape and the accompanying effects
on the region’s economy and environment (Goerner
et al. 2009; Dinka 2012b). Such endorheic-type lakes
are susceptible to slight perturbations of the water budget (Goerner et al. 2009). The recent lake expansion
analysis made by Dinka (2012b) revealed that a 7.6-m
increase in lake stage over the past five decades (1960–
2010) has resulted in flooding about 45.8 km2 of surrounding areas and an incremental lake volume of about
280 Mm3 (million cubic meter). About 70 % of the lake
expansion was observed in the period between the
1970s and 1990s; the phenomenon coincides with the
periods of remarkable land use-cover changes (LUCC)
within its catchment area, introduction of irrigated agriculture in to the region, and/or construction of Koka
Dam in the upper Awash River Basin. Consequently, the
lake expansion is challenging the sustainable socioeconomic development of the region. It has potential
to inundate the surrounding region (Matahara Sugar
Estate; Fantalle and Matahara towns) and might connect with the Awash River during the next 10–15 years.
Previous research reports confirmed that the lake expansion is already challenging the sustainability of
Matahara Sugar Plantation and nearby villages (Dinka
2012b) and socio-economics of pastoralists (Elias 2008;
Gebre 2009) in the region.
The root cause of the lake’s expansion had not yet
been fully understood. Dinka (2012b) extensively
reviewed the different scholarly views (some of which
are contradictory) regarding the expansion of the lake.
Such remarkable lake level change is mostly caused by
the modification of lake’s hydrologic cycle (Goerner
et al. 2009). Therefore, understanding the water budget
of such lake is essential for effective water resources
management in the region. The possible cause for the
lake expansion can be explained by its water budget
modelling in responses to climate variability and LUCC
within its catchment and the nearby aquifer. Dinka
(2012a) stated that comprehensive knowledge of the
LUCC occurring in the lake catchment since the 1970s
is a prerequisite to understand the regimes of the hydrologic processes and the resulting effects on the lake
water budget and also to predict future changes for a
sustainable management.
Although some researchers (e.g., Alemayehu et al.
2006; Ayenew 2007; Belay 2009; Goerner et al. 2009)
tried to analyze the water budget for the lake, none of
them modelled its water budget considering the decadal
LUCC that occurred in its catchment. Moreover, their
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Fig. 1 Temporal change in geometry (size and shape) of Basaka Lake

water budget analyses were mostly limited to the recent
single hydrologic period (post-2000s). Almost all components of the lake’s water budget are expected to be
variable in different hydrologic periods depending on
the changes happening within its catchment.
In the current study, a conceptual water balance model was systematically formulated to simulate the fluctuations in lake stage in the last about five decades (1960–
2008). The methods employed for the quantification of
the individual water budget components under limited
or no recorded data were addressed. The importance of
the individual components for the lake’s hydrologic
regime on the model simulation results was illustrated.
The combined use of remote sensing (RS), geospatial
information system (GIS), and hydrologic models
played a great role for monitoring the lake water budget.

Materials and methods
Study area: overview
Lake Basaka (8° 51.5′ N, 39° 51.5′ E, 950 m) is a
terminal lake located in the Fentalle Woreda, East
Showa zone of Oromiya regional state; about 200 km
southeast of Addis Ababa (Fig. 2). It is volcanically
dammed, endorheic lake located in the northern part of
the Main Ethiopian Rift (MER), at the near distance to
the Afar triangle—a triple junction where three sub-

plates (Arabian, Nubian, and Somalian) are pulling
away from each other along the East African Rifts
(EARs) to form new oceanic crust (Belay 2009). The
total surface water catchment of the lake is about
500 km2. The lake catchment has variable elevation;
ranging from 950 m at the lake to over 1,700 m at a
Volcanic Crater Mount Fentalle (Dinka 2012a, b).
The Lake is situated on Matahara plain, surrounded
by mountain chains of variable elevation, which are the
extensions of Chercher highlands. It is delineated by
mount Fentalle in the north, undulating plateaus in the
north-east, Awash National Park in the east, and
Matahara Sugar Estate in the south-east. Because of its
strategic location in the upper most part of MER, central
rift valley region of Ethiopia, Lake Basaka is vulnerable
to the occurrences of different tectonic and volcanic
activities. The area is characterized with features of past
and recent volcanic events. The area is bordered by
older volcanoes and a rift margin in the east, and by
young Quaternary complexes of Fantalle crater in the
north, and by Kone in the west sides (Belay 2009).
Matahara plain has semi-arid climate, characterized
by bimodal and erratic rainfall distribution pattern. The
major rainy season occurs from July to September and
the minor, occasional rain occurring between February/
March to April (Belay 2009; Dinka 2012a, b). The longterm average values of annual rainfall and temperature
and evaporation of the area are 543.7 mm, 26.5 °C, and
2,485 mm, respectively. There are different LUC and
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Fig. 2 Location of the study area: land use-cover for Basaka Lake Catchment and MSE

soil units identified in Lake Basaka catchment. The
LUC change analysis by Dinka (2012a) indicated that
Lake Basaka catchment had experienced a drastic
change in its LUC conditions over the last four to five
decades because of the rapid increase in human settlement, deforestation, establishment of irrigation
schemes, and Awash National Park. Approximately, 18
924 ha of forest and 4,730 ha of grazing lands were
devastated from 1973 to 2008; reducing the forest coverage from 42 % in 1970s to only 6 % in 2000s. The
detail description of Matahara Plain and Lake Basaka
Catchment can be obtained from different publications
(e.g., Alemayehu et al. 2006; Ayenew 2007; Belay
2009; Goerner et al. 2009, Dinka 2012a, b).
Conceptual water budget model
Theoretical concepts
Water budget applied to a particular control volume
involves the application of continuity principle, which
is governed by the law of conservation of matter. A
water budget states that the rate of changes in water
stored in an area (like lake) is balanced by the rate at
which water flows into and out of the area. Thus, it is a
valuable assessment tool providing a measure of the

relative importance of each water budget component to
the total budget (Healy et al. 2007). These input and
output components for a lake or reservoir depend on the
physical dimensions of the water body as well as on the
climatic, hydrological, and geological factors affecting
the water body and its surrounding areas (Ferguson and
Znamensky 1984).
A model is an idealized summary of the watershed
conditions and is subjected to some simplifying, but
reasonable assumptions. In regions with sufficient recorded historic data, a valuable insight into long-term
hydrological variables can be obtained through comprehensive water budget modelling. In developing countries
like Ethiopia, however, quantitative understanding of the
hydrologic systems and complete construction of the
hydrologic processes are not feasible. Hence, the dataintensive modelling is very difficult due to the limitation
of sufficient recorded data (Awulachew 2006). Therefore,
the use of conceptual models with simplifying assumptions is necessary (Chow et al. 1988).
Quantification of all the potential contributors to lake
stage change is important in order to understand the
hydrological setting of a drainage area (Goerner et al.
2009). The variability of the lake stage is a function of
the balance between its inflow and outflow components.
In the hydrologic assessment of a lake water budget,
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quantification of its water inflow and outflow compo
nents are extremely important. In the lake that interacts
with the SW-GW systems, the inflow components are
precipitation, surface water inflow, groundwater inflow,
and surface runoff; and the outflow components are
evaporation, groundwater outflow (which includes leakage), and surface water outflow (Motz et al. 2001).
Three important components of the lake water budget
(i.e., evaporation, groundwater inflow, and leakage) are
usually difficult to measure or observe directly (Ito et al.
2009). Hence, different researchers have determined
these components using indirect approach.
Lake evaporation is usually determined by pan evaporation, mass transfer, or other empirical methods like
Penman, Priestley–Taylor or energy budget methods.
Motz et al. (2001) estimated evaporation from Lake
Lowry (USA) using pan evaporation method. Legesse
et al. (2004); Kebede et al. (2008) and Vallet-Coulomb
et al. (2001) estimated evaporation from Ethiopian
Lakes Abiyata, Tana, and Ziway, respectively, using
Penman method. Yin and Nicholson (1998) estimated
evaporation from Lake Victoria (East Africa) using both
the Penman and the energy budget approach. Evaporation from Japan Lakes in Caldera, Lake Kussharo
(Chikita et al. 2004), and Lake Ikeda (Ito et al. 2009)
was calculated using the mass transfer method. Evaporation from Lake Abaya and Chamo, Ethiopia, were
estimated by Thornthwaite’s method (Awulachew
2006).
Groundwater component is a very important parameter for understanding the lake systems because it can
influence the lake’s water budget significantly. Many
lakes hydrologic studies involving net groundwater flow
have been reported (e.g., Lee and Swancar 1997; Motz
et al. 2001; Chikita et al. 2004), where groundwater
inflow and leakage were quantified based on
groundwater and chemical mass balance observation
data. For instance, Nachiappan et al. (2002) estimated
the subsurface component for Lake Nainital, located in
the Kumaun Himalayan region (northern India) using
the environmental isotope mass balance method. Although groundwater fluxes can be estimated from
groundwater and chemical mass balance observation
data, these types of studies are very costly and labor
intensive since many hydrogeologic and water quality
data or groundwater observation boreholes are required
(Ito et al. 2009). Therefore, the most common approach
in dealing with groundwater component is to consider
the net groundwater flow (the difference between
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groundwater inflow and leakage) as a unique unknown variable in the water budget equation (Lee
and Swancar 1997; Ito et al. 2009). The different
lake hydrologic studies involving net GW flow are
extensively reviewed by Ito et al. (2009).
Model formulation
The general water budget for Lake Basaka can be written in a differential form of continuity equation:
I ðt Þ − Q ðt Þ ¼

dS
dt

ð1Þ

where I(t) and Q(t) are inputs and outputs to/from the
lake over a period of time, respectively, and dS/dt is
change in storage as function of time. Integration of the
differential equation (Eq. 1) over a period of time Δt
yields,
I ðt Þ − Q ðt Þ ¼

ΔS
Δt

ð2Þ

The conceptual schematic representation of the lake
water budget components are illustrated in Fig. 3. The
inputs are precipitation (PL) on to the lake, surface
(direct) runoff (Q) from the catchments to the lake, and
GW inflow (Gin); whereas the outputs are evaporation
(EL) from the lake surface, stream outflow (Qout), and
GW outflow (Gout), which also include the GW leakage.
The usual water budget calculation for a lake involves simulating the lake level on monthly, annual, or
longer time step (Vallet-Coulomb et al. 2001; Kebede
et al. 2008). In this particular study, a period of 1 month
is considered and hence, Δt=1. Inserting all the components of inflows and outflows into Eq. 2, the general
water budget for the lake over certain period (Δt) can be
written as:
PL þ Qin þ Gin − ðE L þ Qout þ Gout Þ ¼ ΔV ¼ V t − V t−1 ¼ ΔS

ð3Þ
where ΔV is the change in lake volume. The others
parameters are as defined earlier (Eq. 2). The unit of
all variables is m3 over a period of a month or a year,
which can be expressed in m3 s−1.
As stated earlier, Lake Basaka is a closed basin-type
(with no stream/surface outflow) and not usable for
irrigation or consumption due to the fact that its
salinity/alkalinity level is very high, not being tolerable
by most plants and animals. Thus, the Qout component
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Fig. 3 Conceptual hydrologic cycle for Lake Basaka

will be neglected from Eq. 3. Further simplification of
the equation can be made by substituting the GW inflow
(Gin) minus GW outflow (Gout) components by the net
GW inflow (Gnet), and the change in volume can be
expressed in terms of lake area A (H) (area as function
of lake stage, H) and change in lake stage (ΔH). Therefore, the water balance equation (Eq. 3) for Lake Basaka
can be written in simplified form (P and E are expressed
in m) as:
ðP − E ÞAðH Þ þ Q þ Gnet ¼ AðH Þ: ΔH

ð4Þ

After re-arranging Eq. 4, the monthly water budget
equation of the Lake Basaka is written as follows:
ðP t − E t Þ þ

Qt þ Gnet;t
 εðt Þ ¼ ΔH
AðH Þ

ð5aÞ

Qt þ Gnet;t
þ H t−1  εt ¼ H t
AðH Þ

ð5bÞ

or
ðP t − E t Þ þ

where ΔH is the change in lake stage, Ht and Ht−1 are
lake stages at time t, and t−1, respectively; t is the time
for current period (month in this case), and t−1 is the
time for the previous period, ε is the random error term,
which is determined by the model calibration. The error
term (ε) accounts for all the residual errors due to
measurement or estimation. Here, H, P, E, and ε

are expressed in unit of m, A in m2, and others (Q
and G) in m3.
Model solution
The water budget model shown in the above form
(Eq. 5a) can be used to compute and simulate lake water
volume, area and depth, or to estimate unknown components of the lake’s water budget. Simulation of the
water budget equation (Eq. 5a) requires estimation of all
the lake’s water gains and losses and the corresponding
change in lake stage or volume over the same time
period. However, the solution to the equation is not
straightforward, in this particular case, since there are
two unknowns: the lake level (Ht) and the net GW
inflow (Gnet). Furthermore, the area (A) of the lake is
the function of lake stage (H) at different time.
The purpose of the water budget, in this work, is to
estimate the GW flux by developing a relation between
SW and GW components of the lake water balance and
then simulate the lake level and compute a water volume, area and temporal variability of these variables on
monthly and annual time interval. The storage-capacity
curves, either area-based or volume-based, can be used
to estimate the area and volume of the lake (Awulachew
2006). In the current study, the depth-based simulation
procedure was employed, which is modified from
Awulachew (2006) and the computation step is described as follows:
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(1) Compute initial boundary parameters (area, volume, etc.) from the initial lake stage (H1,t). The
initial depth is either the observed one or assumed.
In this study, observed depth in January 1976 was
used as the initial depth.
(2) Determine the initial (A1,t) and average (Am,t)
water surface area over the time period t. The
initial lake area is the area of the lake at the
beginning of January 1976, and the average
lake area is the average of the observed lake
areas at the beginning and end for the particular month.
(3) Compute the lake stage at the end of time interval
(H2,t) from the modified form of Eq. 5a:
ðPt − Et ÞA1;t þ Qt þ Gnet;t
þ H 1;t  ε ¼ H 2;t ð6Þ
Am;t
*Note that the unit of P and E in Eq. 6 is the
same as described in Eq. 5a.
(4) Compute A2,t (surface area at the end of time
interval, t) corresponding to the computed depth
H2,t from the capacity (area-stage) curve:
Am;i

A1;t þ A2;t
¼
2

ð7Þ

(5) Repeat steps 3 and 4 until a reasonable agreement
between right side and left side of Eq. 6 is obtained.
A trial and error iteration was done in excel spreadsheet for several times to optimize the values of
Gnet such that the difference in H between the
observed and simulated is within the required limit
(refer section 3.4).
(6) Compute V 2,t (volume at the end of time
interval, t), using the storage-capacity curve
or equation derived from lake bathymetry
(section 3.3.5).
(7) For the next time interval, repeat the procedures from step 3 up to step 6. Note that H2,t,
A2,t, and V2,t for the previous time step becomes
H1,t, A1,t, and V1,t, respectively, for the next time
step.

Estimation of water balance components
Precipitation
There was no recorded data for direct precipitation
falling on the lake surface (PL). Hence, PL was

estimated from the precipitation measurements at
Matahara Breeding Station (MBS), located in the
close vicinity (≅4 km) of the lake. In this particular case, PL was computed as a product of the
average lake rainfall rate (PA), index of precipitation variability (PI), and the average lake water
surface area (AL):
PL ¼ PI  PA  AL

ð8Þ

Surface area of the lake used for the computation of
time-series precipitation was obtained from the lake
stage-area relationship. Average of the beginning and
end of the year’s lake surface area was considered as
lake area for that particular year. The PI is a dimensionless index derived from precipitation variation in the
lake area as compared to the average precipitation for
the base period (1966–1996 in this study). It is the ratio
of annual precipitation to its average during the base
period. PA was determined using the regression equation
developed by Dinka (2010):
PA ¼ PMRS − 0:62ðMonthlyÞ

ð9Þ

where PMRS is the precipitation falling at MRS in mm.
PMRS was directly used as PA since 0.62 mm per
month (Eq. 9) is not significant. The elevation difference between the lake and the MBS is very low
(∼6 m) and hence, altitude (orographic) effect on
precipitation variation was found to be insignificant.
Moreover, the distance between the two areas is also
small (≅4 km), and the convective effect is minimal
too. Hence, the use of precipitation records from
MBS as the precipitation directly falling on lake
surface is reasonable.
Evaporation
Evaporation for Lake Basaka was estimated using
the three best performing empirical models (energy
budget, combined Penman, and Priestley–Taylor).
Averages of these three models were utilized for
the water budget calculation in order to reduce the
uncertainties associated with the input variables.
This may be further justified by the fact that each
of the best performing methods relies on the combinations of their inputs variables; average of them
may be more or less accurate.
Moreover, appropriate correction factor to the lake E
was also applied by considering the variability in E and
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effect of salinity. Accordingly, the lake evaporation (EL)
was computed as:
E L ¼ EI  ADJ  E A  AL

the mathematical depth-area and depth-volume relationships used in the conceptual water balance model, so that
inconsistencies in the lake stage data will be corrected.

ð10Þ
Groundwater flux

where EA is the average lake evaporation rate
(mm/month), EI is evaporation index, ADJ is adjustment for salinity effect and AL is as defined earlier under
Eq. 8. ADJ of E can be made for the activities of saline
solution, which has a tendency of affecting the psychrometric constant, surface temperature, and slope of vapor
pressure (Mono Basin Report 2010). It can also be
estimated based on the specific gravity (S.G) relationship as well as the activity coefficient based on saturated
vapor pressure. Moore and Runkles (1968) reported that
the presence of saline solution reduces evaporation due
to the fact that salts reduce the vapor pressure of solutions. Here, ADJ was estimated based on activities of
saline solution and S.G relationship.

Groundwater is a very important parameter for understanding the lake system because it can influence the
lake’s water budget significantly. Different studies have
indicated that the GW contribution to Lake Basaka is
about 50 % (Alemayehu et al. 2006; Ayenew 2007;
Belay 2009; Goerner et al. 2009). All the previous studies
and current lake condition are indicators of the potential
for significant GW contribution to Lake Basaka. Therefore, an attempt was made in this study to quantify the
initial net GW contribution to the lake from known
values of lake stage, surface area, volume, precipitation,
evaporation, and surface runoff for different hydrologic
years of interest (1986, 2000, 2007, and 2010) on monthly basis using the modified form of Eq. 5a:

Surface runoff
Owing to the significant LUC change stated earlier,
undulating topographic feature of the area, and size of
the catchment, surface runoff is expected to be significant component of the Lake Basaka’s water budget. In
this study, overland flows from its catchment into the
lake at different period were estimated using the empirical curve number (CN) model developed by Soil Conservation Service (SCS) of the US Department of Agriculture (USDA) (USDA-SCS 1972) in GIS (grid based
Arc/Info) environment. Since there was no measured
runoff data or established rainfall-runoff relationship in
the area, a rainfall-runoff relationship (runoff coefficient) was developed based on the results of SCS-CN
model and then used for the water balance computation
at different time periods. The acceptability of the runoff
coefficient was compared with the published results
obtained elsewhere within Awash Basin or MER lakes
with similar climatic condition.
Lake Bathymetry and capacity curve
The model requires data on lake condition itself, particularly the capacity curve showing the relation between
lake stage, surface area, and volume. A capacity curves
(depth-area and depth-volume relationship) was derived
from actual measurement of lake stage and bathymetric
of the lake. Then, a polynomial fitting was done to derive

Gnet ¼ ΔH − ðP − EÞ: Am − Q  ε

ð11Þ

The net GW flux is the only unknown variable in
Eq. 11. Consideration of the net GW flow as a unique
unknown variable in the water budget equation is the
most common approach in estimating GW fluxes (Ito
et al. 2009).
An excel spreadsheet was used for the estimation of
the water budget components and optimization of the
monthly net GW fluxes. It is obvious from Eq. 11 that
the estimation error in either all or one of the variables
affects the simulated result of net GW contribution.
However, these uncertainties are usually unavoidable
under any circumstances (either measurement or estimation) and sometimes compensates each other (i.e., net
effect almost minimum) (Abd Ellah 2009). The ΔH in
the estimation of initial net GW flux is the estimated
value from the lake’s capacity curve. The selected
hydrologic years are representative for the variability
of GW flux depending upon the changes in natural and
anthropogenic factors within the lake catchment.
Furthermore, the LUC condition of the lake catchment
is also available for the selected hydrologic years from
the works of Dinka (2012a).
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Calibration, validation, and simulation

of the lake water balance was then used for the simulation of time-series net GW flux and lake stage.

In this work, the model calibration was done manually
(on excel spreadsheet) in such a way that the difference
between the simulated and measured lake stage was
within the calibration target of ±0.15 m. Fortunately,
the calibration was mostly achieved within ±0.10 m.
For calibration purpose, the lake stage was simulated
using the estimated initial monthly net GW flux to the
lake (Eq. 11) for the different considered periods (1996,
2000, 2007, and 2010) following the volume-based
procedure (Eq. 5a). First, the net GW inflow was optimized until the simulated and recorded lake stage was
within the calibration target (±0.15 m) for the period of
December 1991–December 1995. Then, the lake stage
was validated using the volume-based equation
(Awulachew 2006) for 2 years (December 1996–December 1999). The final selection of the best fit between
the measured and simulated lake stage was based on the
performance evaluation criteria such as coefficient of
determination (R2), mean average error (MAE),
root mean square error (RMSE), and NashSutcliffe efficiency (Ef) (Nash and Sutcliffe 1970)
given in Eqs. 12–15, respectively.
hX


i2
−
−
H i ðobsÞ − Hobs H i ðsimÞ − H sim
R2 ¼ X
2
2 X
−
−
H i ðobsÞ − Hobs
H i ðsimÞ − H sim

ð12Þ

1X
=H iðobsÞ − H iðsimÞ =
MAE ¼
n i¼1

ð13Þ

n

RMSE ¼

 X

2 0:5
1
H i ðobsÞ − H i ðsimÞ
n
X

H i ðobsÞ − H i ðsimÞ

E f ¼ 1− X 

−

ð14Þ

2
2

H i ðobsÞ − HobsÞ Þ

ð15Þ

where Hobs and Hsim are observed and model simulated
lake levels, respectively, and Hobs and Hsim are mean of the
observed and model simulated lake levels, respectively.
Once the calibration quality is within the predefined
performance limit, a mathematical equation that relates
the net GW flux with the other surface components of
the lake’s water budget was developed using the optimized monthly net GW flux during the calibration and
validated periods. The optimized equation for the GW
contribution as function of the other surface components

Results and discussion
Precipitation and evaporation
Figure 4 presents the dimensionless indexes of precipitation (PI) and evaporation (EI) variability for the base
period (1966 to 1999). The PI of the lake was in the
range of 0.57 to 1.78, and the value of EI was in the
range of 0.95 to 1.09, which was lower compared to the
rainfall fluctuation. The PI values less than 1 indicates
the dry period and greater than 1 indicates the wet
periods, with varying magnitude of dryness and wetness. The minimum and maximum values of PI occurred during 2002 (extreme dry, strong La Nina) and
2008 (extreme wet, strong El Nino) periods, respectively, in the recorded history (1966–2008) of the area.
The adjustment value of lake evaporation (ADJ),
determined based on the activities of saline solution
(based on electrical conductivity, EC) and S.G values
are shown in Table 1. Evaporation of the lake was found
to be increasing in response to a decreasing level of
salinity and increasing trend of temperature in the area.
Under recent condition (post-2000), the effect of salt
content on E was a reduction of about 12 mm (0.7 %)
only, from about 73 mm in the 1960s. The adjustment
coefficient for salinity is increased from 0.961 before
1970s to about 0.993 after mid-1980s, which had increased the annual E of the lake by about 60 mm
(3.2 %). This increment in E was significant under
current lake surface area condition (≅2.6 Mm3/year).
The change of ADJ was minimal after mid-1980s,
which was in line with the relatively stable salt concentration of the lake during the same period (Belay 2009).
Surface runoff
Since the rainfall-runoff relationship is a function of
catchment area, effective contributing area (CA) for runoff was estimated to be about 380 km2 (from the total
area of about 500 km2) (Dinka 2010). This was used for
the computation of time-series monthly surface runoff
shown in Fig. 5. Table 2 presents the decadal values of Q,
CN, and rc. It is possible to envisage that the runoff to the
lake was found to be increasing due to the increment in
CN and, hence, rc values, especially after the significant
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Fig. 4 Time series of annual variability indexes for precipitation (PI) and evaporation (EI) (1966–2008)

LUCC (post-1980s) (Dinka 2012a). The average runoff
coefficient (rc) of the watershed is in the range of 0.07
(1960s) to 0.22 (2000s). However, rc value as high as
0.33 is obtained during the extreme wet year (2008),
indicating the effect of extreme climatic condition on
the amount of runoff generated. In general, the result
(rc =0.19) obtained for the recent time (2007) is almost
comparable with the rc value (rc =0.18) obtained by
Dilnesaw (2006) for the Upper Awash Valley. Average
rc value of 0.14 was also obtained for the Lake Ziway
catchment (Ayenew et al. 2007).
Pedogeographic characteristics and vegetation cover
are the main deriving factors for the increase of runoff.
Since the soil characteristics are assumed to be constant
throughout the periods, it seems logical to infer that the
change in runoff regime of the lake catchment is mainly
attributed to the LUCC. This is actually expected since a
good vegetation cover reduces the CN and eventually
the runoff response (Gupta & Panigrahy 2009). Hence,
the decrement of vegetation cover in the area facilitated
overland flow by hindering infiltration and storage.
Lake stage-area-volume relationship
A capacity curve derived from the recorded lake stage
for Lake Basaka is shown in Fig. 6. The best fitted
Table 1 Estimated values of salinity (EC), specific gravity (S.G),
and adjustment coefficient (ADJ)

a

Source: from other reports and
current study

fourth degree polynomial expression for the lake surface
area and storage were as follows:

A ¼ −0:0629H 4 þ 0:868H 3 þ 3:8353H 2 þ 14:033H−0:8393 R2 ¼ 0:9936

4
3
2
2
V ¼ −0:0468H þ 0:6557H þ 1:4548H þ 4:2759H−0:2539 R ¼ 0:9999

ð16Þ
where H (m), A (km2), and V (Mm3) are the average
monthly lake stage, surface area, and volume, respectively. The obtained highest coefficient of determination
(R2) is an indicator of good representation of the curve
and fitted equation for the lake area and storage. Therefore, the use of the mathematical equation for stage-area
and stage-volume in the water budget was found to be
acceptable.
Simulated lake stage
The results of model simulated lake stage using the
developed water balance model compared with the measured values for the calibration and a validation period is
summarized in Tables 3 and 4. The results of comparative performance evaluation (Table 3) clearly revealed
that there was very good agreement between the measured and simulated lake stages, which was verified by
the higher values of R2 and Ef and lower MAE, and
RMSE. The obtained highest Ef (>0.8) value reveals that

Periods

Salinity (EC) (dS/m)a

Specific gravity (S.G)

Adjustment coefficient (ADJ)

1960–1973

50

1.052

0.961

1973–1986

13

1.028

0.979

1986–2000

7

1.009

0.993

2000–2007

6

1.008

0.994
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Fig. 5 Annual volumes of
surface runoff (1973–2000)

the developed conceptual water balance model estimates the lake level very well, almost similar to that of
the measured one. In general, the predictive performance of the developed conceptual model was found
to be very good during both the calibration as well as
validation periods. Hence, the developed model can be
used for the simulation of time-series GW flux and lake
stage with high reliability.
Accordingly, the model simulated transient monthly
lake stage as compared to the measured ones are presented in Fig. 7. The model simulated annual lake stage,
area, and volume along with the recorded values are
summarized in Table 5. The hydro-meteorological data
was used in conjunction with the lake stage-areavolume relationship to calculate the monthly water budget for the lake over the period of 1976–1999. As can be
seen from Fig. 7, the divergence between the model
simulated and recorded lake stages is very small in all
the recorded periods, except some discrepancy in 1982–
1983 and October 1985–October 1987. This reveals that
the uncertainties associated with the component estimation were minimized more or less for all or at least most
of the components. The significant divergences between
hydrologically simulated and recorded lake stages in the
Table 2 Changes in Q, CN, and rc over periods
Parameter

1973

1986

2000

2007

2008

Weighted mean Q

37.2

79.3

108.3

119.80

329.2

Weighted mean CN

61.2

68.2

73.7

74.2

74.4

Weighted mean rc

0.11

0.17

0.22

0.19

CN curve number, Q runoff depth, rc runoff coefficient

0.33

periods 1982–1983 and 1985–1987 is due to the extreme weather events (El Nino and La Nina) in those
periods. The period between 1982 and 1983 was a wet
period (El Nino) and 1985 and 1987 was dry period (La
Nina); and 1983 was historically the wettest year (next
to 2008) since the establishment of meteorological station (1966) in the area.
The discrepancy between the simulated and measured values in those periods can be explained by the
uncertainties in the estimated water budget components.
Thus, the model overestimates the lake stage during the
relatively wet period and underestimates during the
relatively dry period. The result is quite acceptable since
most hydrologic models (whether empirical, conceptual,
or physical) usually fails to capture extreme climatic
events. Belay (2009), from water balance analysis, also
stated that hydrologic models overestimate the lake
stage during the wet periods and underestimate during
dry periods.
The water balance components for the simulation
period are summarized in Fig. 8. The histogram
(Fig. 8a) shows the long-term (1973–2000) average
water balance components of the lake. The contributions
from surface runoff is providing about 22 %, direct
rainfall on the lake surface provides about 25 % of the
inflow and the remaining proportion (about 52 %) is
GW inflow. From the outflow components, lake evaporation covers about 94 % of the outflow and the remaining portion (about 6 %) is due to the GW outflow
(including leakage). The GW inflow showed a remarkable increase, especially after 1990s.
Figure 8b shows the plot of annual fluxes and the
simulated lake stage. It can be observed that the fluxes
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Fig. 6 Capacity curve (deptharea-volume relationship) for
Lake Basaka developed from the
bathymetry of lake and actual
recorded data (data source:
WWDSE 1999)

of E, P, and net GW inflow show an increasing trend as a
function of the continuous increment of the lake stage.
GW flux, as the major inflow component of the lake
water budget, shows a proportional increment to compensate the continuously increasing evaporation flux as
function of lake expansion. The GW fluxes increased
periodically, from 0.05 m 3 s −1 in the 1960s to
1.52 m3 s−1 in the 2000s. That means GW flux is mostly
responsible for the existence and expansion of the lake,
contributing about 56 % of the total inflow in recent
time (post-2000). Belay (2009) and Alemayehu et al.
(2006) predicted GW flow to account for 50 % of the
total inflow budget of the lake in the same period. The
result reveals that the expansion of the lake is mainly
due to the increase in the net GW flux into the lake.
Thus, GW component is the dominant water balance
component mostly responsible for the existence and
expansion of Lake Basaka. The dominance of Lake
Basaka’s water balance by GW component is similar
to that of the other terminal lakes of the East African Rift
Valley like Abiyata, Shala, Langano, Ziway, and
Table 3 Summary of the calibration and validation performance
errors
Performance measures

Values
Calibration

Validation

R2

0.987

0.992

MAE

0.058

0.048

RMSE

0.085

0.058

Ef

0.861

0.914

Naivasha (Ayenew and Becht 2008). The exact causes
for the increment of the GW flux into the lake are not yet
identified. Some study reports (e.g., Alemayehu et al.
2006; Ayenew 2007) indicated that the change in net
GW flux is due to the (i) favorable geologic factors
combined with the availability of water, which enhanced
recharge; (ii) increment of recharge from the irrigated
agriculture; and (iii) rise of the Awash River level after
the construction of the Koka Dam located some 152 km
upstream. Other researchers relate it to the lake
neotectonism (Ayenew 1998; Tessema 1998; Ayenew
and Becht 2008; Goerner et al. 2009; Dinka 2012b).
Ayenew and Becht (2008) reported that there are strong
signs of changes in the hydrological settings of the rift
system by neotectonism (earthquakes and volcanic eruption). They concluded, from water balance study, that the
GW flow in the rift is controlled by geologic structures,
either via flows in the tensional faults, or through fluvial
and lacustrine deposits whose occurrence is influenced
by tectonism. Detailed information about the causes of
Lake Basaka expansion can be obtained from recent
publication by Dinka (2012b). He summarized the potential causes of the lake expansion based on the study
reports made by previous researchers and his own study
results.
Hydrogeochemical studies provide valuable information on the chemical evolution and lake level changes,
and thus, improve our understanding the causes for lake
expansion. A number of studies were conducted on the
quality regime of Lake Basaka for various reasons.
Table 5 presents the quality parameters for Lake Basaka
and hot springs in the past about five decades. Table 5
was summarized from different historic data and this
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Table 4 Summary of simulated lake stage, area, and volume (1976–1999)
S/N

Year

Recorded stage (m)

Simulated stage (m)

Error

Mean

Min

Max

Mean

m

(%)

Area

Volume

(Km2)

(×106 m3)

1.

1976

0.91

0.48

1.20

0.92

−0.01

−1.10

9.5

5.4

2.

1977

1.52

1.21

1.60

1.45

0.07

4.61

13.8

10.8

3.

1978

1.65

1.54

1.70

1.64

0.01

0.61

15.2

13.2

4.

1979

1.54

1.42

1.67

1.60

−0.06

−3.90

14.9

12.7

5.

1980

1.40

1.29

1.51

1.39

0.01

0.71

13.4

10.2

6.

1981

1.60

1.43

1.72

1.54

0.06

3.75

14.5

11.9

7.

1982

1.88

1.70

2.20

1.85

0.03

1.60

16.8

16.2

8.

1983

2.06

1.90

2.20

2.07

−0.01

−0.49

18.3

19.8

9.

1984

2.06

1.90

2.20

2.05

0.01

0.49

18.2

19.6

10.

1985

2.03

1.76

2.38

2.04

−0.01

−0.49

18.1

19.3

11.

1986

2.04

1.90

2.26

2.07

−0.03

−1.47

18.3

19.8

12.

1987

2.23

2.00

2.20

2.12

0.11

4.93

18.5

20.3

13.

1988

2.26

2.10

2.35

2.30

−0.04

−1.77

19.9

23.9

14.

1989

2.49

2.30

2.63

2.50

−0.01

−0.40

21.4

27.9

15.

1990

2.60

2.42

2.79

2.70

−0.10

−3.85

22.8

32.3

16.

1991

2.80

2.60

3.00

2.83

−0.03

−1.07

23.6

34.6

17.

1992

3.00

2.80

3.04

2.95

0.05

1.67

24.7

38.3

18.

1993

3.20

3.00

3.30

3.28

−0.08

−2.50

27.3

47.1

19.

1994

3.40

3.20

3.46

3.34

0.06

1.76

27.8

48.9

20.

1995

3.57

3.40

3.76

3.53

0.04

1.12

29.3

54.5

21.

1996

3.69

3.50

3.83

3.67

0.02

0.54

30.5

59.0

22.

1997

4.02

3.80

4.20

3.98

0.04

1.00

33.2

69.4

23.

1998

4.32

4.10

4.50

4.38

−0.06

−1.39

36.8

84.3

24.

1999

4.43

4.30

4.60

4.50

−0.07

−1.58

37.9

89.0

study results. Interestingly, almost all concentrations
exhibited a reducing trend since 1960s, except Ca and

Fig. 7 Simulated vs measured
monthly lake stages (1976–1999)

Mg. For example, the reduction in salinity (EC) was
about 13-fold in the past half-century (1960–2010)
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Table 5 Physico-chemical parameters for Lake Basaka and hot spring water in different periods
Year

pH

Na+

EC

K+

Ca+2

Mg+2 Cl−

<3

<7.5

SO4−2 HCO3−2 CO3−2 References

Lake Basaka
May 1961

9.94 74,170 17,800 406

5,480 4,680

580

–

Talling and Talling (1965)

1971

79,230

MoWR (1998)

1973

25,000

MoWR (1998)

1974

25,410

MoWR (1998)

1978

5,620

–

–

–

–

–

1991 (Mar) 9.40

7,440

1,810

67

2.2

0.49

450

600

46

20

1.0

0.40

572

540

–

–

67.6

4.2

3.7

863

–

515

622

64

3.15

0.70

542

494

–

–

421

620

1993 (Feb)

9.55

–

1,900

1996

9.70

6,385

882

2000

9.71

–

1,740

2003 (Jan)

9.54

–

2,160

80

2002 (Jun)

9.60

7,335

2,449

38

26

2.18
18.2

5.0

Halcrow (1978)
Kebede et al. (1994)
Gizaw (1996)
Abjehu & Dilsebo 1998, unpublished
Ayenew (2007)

–

–

1,062 1,504 2,177

385

Abjedhu 2005, unpublished

996 1,080 1,932

624

Abjedhu 2005, unpublished

–

–

0.38
6.1

–

12

Klemperer & Cash (2007)

2003 (Apr)

9.80

7,804

1,831

15

8.4

2006

9.70

6,730

1,805

63.8

3.02

1.2

571

2007 (May) 9.57

6,280

2,583

61.4

7.0

1.7

927

1020 1,213

350

This study

2009 (May) 9.52

6,170

2,579

61.8

4.5

1.1

915

986 1,140

340

This study

2010 (May) 9.51

6,150

2,564

61.6

5.2

1.2

910

979 1,155

345

This study

2

175

86

–

–

540

Klemperer & Cash (2007)

Hot springs on the shore
1973

8.6

–

450

31

1996

8.2

300

372

19

2.6

6.2

143

118

503

–

2010 (May) 8.0

284

354

17

2.5

4.8

137

109

599

320

<3

Gizaw (1996)
Abjehu and Dilsebo 1998, unpublished
This study

All are in units of mg L−1 , except EC (μS cm−1 )

(reduced from 74.17 dS/m in 1961 to 6.2 dS/m in 2010).
The reduction in ionic concentration was significant
until 1990s. Unfortunately, the decrement in the past

two to three decades is not significant in relation to its
potential to inundate the nearby areas in the near future.
With the incremental trends of lake volume, the ionic

Fig. 8 Summary of water balance components for the simulation period. a histogram showing average volume fluxes and percentage
contribution of each water balance components. b annual fluxes and simulated stage for Lake Basaka (1976–2008)
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concentrations should have been reduced further by
dilution. The relatively stable ionic concentrations in
Lake Basaka in past about 30 years may indicate the
potential causes of pollution due to various human activities in the region (irrigation, industrialization,
LUCC, urbanization) and/or due to natural factors
(weathering processes, high evaporation and CO2 flux,
rift system influence). The changing property of the lake
water quality is of special interest as far as its drastic
expansion is concerned. The changing ionic concentration of the lake could have drastic consequences on its
water balance and ecosystem of the region. Kebede et al.
(1994), for instance, indicated that the volumetric increment of Lake Basaka has resulted in reduction of ionic
concentration and concomitant shift in phytoplankton
community.

Conclusion and/or recommendation
Analysis of historical hydro-climatological data was
undertaken to assess the (seasonal and annual) variability of the hydrologic responses within Lake Basaka
catchment, which are mainly driven by the rainfall, land
cover and geologic condition. The lake water budget
was computed on monthly basis in order to account the
seasonal variability. Most of the components of the
lake’s water balance, except GW, were measurable or
could be estimated. Thus, the GW flux was estimated
from the known values of other water balance components for selected representative hydrologic years. The
SW-GW interaction was quantified and a relationship
developed, which was calibrated and verified successfully. The overall agreement between the observed and
simulated lake stage at monthly time step confirmed the
validity and acceptability of the developed net GW flux
model and the conceptual water budget model for Lake
Basaka and hence, the validity of the time-series simulated lake stages. The very good performance of the
models could be due to the fact that the lake stage is
sensitive to the changes in the catchment hydrologic
characteristics and rainfall variations, which were
considered during the computation of the water
budget components.
The water balance analysis result clearly revealed that
hydrological water budget of Lake Basaka was dominated by the GW component. GW plays a leading role in the
hydrodynamics and existence of Basaka Lake, currently
contributing about 56 % of the total inflow. The GW
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inflow showed a remarkable increase since 1970s. This
period coincides with the periods of remarkable regional
LUCC reported by Dinka (2012a). However, the significant increment was observed after mid-1990s due to
unknown reasons. This condition is indicative of possible
further expansion of the lake in the future as well.
Owing to its poor water quality, the expansion of the
lake is a great developmental challenge to the region in
particular and Awash River Basin in general. It has
already begun affecting the socio-economics of the nearby sugar plantation (MSE), pastoralists and villages
(Dinka 2012b). Past trends indicated that the lake has
the potential to inundate the surrounding region. As
predicted by Dinka (2012b), the lake is in fact expected
to join Awash River in the near future. This means that
the lake will continue expanding and impacting the region (Middle and Lower Awash River Basin) if no management interventions are undertaken. It is thus suggested that all Lake Basin stakeholders (beneficiaries of
the basin, concerned institutions, decision-makers and
researchers) should seriously consider the damaging
effects of the lake and adopt feasible management
measures before the lake expansion results in
irreversible damage. Managing the lake and its
catchment is extremely important in order to secure the
sustainability of irrigation developments downstream of
the lake within as well as for sustainability of pastoralism
and towns within the Awash Basin.
In the current study, a comprehensive water balance
analysis at different hydrologic periods is presented. The
study illustrated the quantification of individual water
budget components under limited or no recorded data.
Although the study result clearly indicated that GW flux
is mostly responsible for the expansion of the lake, the
exact cause of the expansion has not been fully identified or understood. Moreover, no detailed investigation
has been made so far regarding the possible source for
GW flux, except the suggestion provided by Dinka
(2010). This situation is hindering the development
and implementation of actions to minimize, if not
prevent, the expansion of the lake and its possible
threats to the region.
Therefore, a thorough and detailed investigation that
will consider all the parameters affecting the lake’s
expansion is needed in order to understand the causes.
Hydrological, geochemical, limonological and
environmental studies are required in order to improve
our understanding the causes for lake expansion. A
systematically collected data are required in order to
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establish a well calibrated and validated physical based
model that can be used for lake water management.
Moreover, in order to limit further expansion of the
lake, identification of the real sources of GW flux is
highly recommended. As suggested by Dinka (2012b),
delineating the subsurface (GW) catchment for the lake
and mapping the GW system depths and flow patterns is
extremely important to identify the potential sources of
the GW flux. This requires installation of piezometers
and/or digging observation wells at representative sites
within the lake catchment. Therefore, quantification of
GW recharge, GW movement and exchange and a detailed geo-hydrological mapping should be highly prioritized for future research. It is recommended that more
emphasis be given to the areas of GW flow conditions
and patterns in the area. These are helpful for understanding and quantification of the lake’s interaction with
the surrounding GW system, which can be done using
appropriate models like MODFLOW. Furthermore,
understanding the erosion processes of the lake
catchment and estimating the amount of sediment
deposited within the lake is extremely important
for understanding the regimes of the lake’s water
balance. This idea emerged based on the erosion
modelling result by Dinka (2010) for Basaka Lake
catchment. His study revealed that there is significant increase in erosion rate within the lake catchment in recent time (post-1990s) following the
period of significant LUCC occurred within its
catchment and the surrounding region.
The current study results gives directions for the
management measures to be undertaken to minimize
its damaging effects to the environment of the region.
It facilitates the decision making process and action for
the lake catchment management. Above all, the study
gives valuable information for technical committee
established in 2011 comprising of highly qualified and
experienced professionals to study various means of
reducing the lake expansion threats to the region. The
success of the established committee largely depends
on: (i) understanding of the regimes of hydrologic processes within the lake catchment, mostly GW flux and
surface runoff; (ii) identification of feasible alternative
mitigation measures to reduce the inflow of GW flux
and surface runoff in to the lake; and (iii) the actions to
be taken to increase water outflow from the lake. We
would like to underline that the mitigation measures to be taken by the committee or any concerned body may have negative consequences to
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the region, particularly downstream irrigation users
and, hence, should be carefully selected. The committee has started taking action by mixing lake
water with Awash River water, without treatment
and above the recommended safe mixing ratio, as
a means of mitigating the lake expansion. This
action, without doubt, has negative implication to
the downstream users of Awash River, mostly irrigation schemes and agro-pastoralists. Informal reports from the region are indicating the speculations that the action is changing the water quality
regimes of Awash River and creating tension for
downstream users.
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