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Abstract

Groundwater movement beneath watershed divide is one component of the hydro-
logical cycle that is typically ignored due to difficulty in analysis. Numerical ground-
water models, like TAGSAC, have been used extensively for predicting aquifer res-
ponses to external stresses. In this paper TAGSAC code was developed to identify the
inter-basin groundwater transfer (IBGWT) between upper Awash River basin (UARB)
and upper rift valley lakes basin (URVLB) of Ethiopia. For the identification three
steady state groundwater models (for UARB, URVLB and for the two combined ba-
sins) were first created and calibrated for the 926 inventoried wells. The first two
models are conceptualized by considering the watershed divide between the two ba-
sins as no-flow. The third model avoids the surface water divide which justifies
IBGWT. The calibration of these three models was made by changing the recharge
and hydrogeologic parameters of the basins. The goodness of fit indicators (GoFIs)
obtained was better for the combined model than the model that describes the
URVLB. Furthermore, the hydraulic head distribution obtained from the combined
model clearly indicates that there is a groundwater flow that doesn’t respect the sur-
face water divide. The most obvious effect of IBGWT observed in these two basins is
that it diminishes surface water discharge from URVLB, and enhances discharge in
the UARB. Moreover, the result of this study indicates potential for internal and
cross contamination of the two adjacent groundwater.
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1. Introduction

Understanding the hydrological relation between basins has great importance in the
study of watershed hydrology, management, and groundwater and pollution assess-
ment. Groundwater movement beneath topographic divide is one component of the
hydrological cycle that is typically ignored due to difficulty in analysis. Most watershed
hydrology studies attempt to avoid inter-basin groundwater transfer (IBGWT) by se-
lecting sites that are believed to be “tight”. While IBGWT is typically not addressed; it is
an important hydrological process that has been found to occur throughout the world.
Identifying and understanding of this hydrological process must be adapted in basin
study and management for better and accurate analysis of watershed hydrology.

Inter basin groundwater flow analysis has been an important research topic in the
last few years. This is as a result of many geo-environmental engineering problems
having direct or indirect impact on groundwater flow. The detection of IBGWT in-
creases the importance of regional land use planning for areas overlying the IBGWT
system.

IBGWT can at least be detected using head data. The potential for groundwater to
move from basin to basin is related to the relative altitude and geological structure of
the individual basin. Where the rocks that form the boundary between these adjacent
basins are sufficiently permeable, there will be flow into or out of the basin. Identifying
the regional head and checking the geological structure of the two basins can give full
information, about the possibility of IBGWT. Thus if the geologic characters between
the two adjacent basin are similar, then groundwater models could show the hydraulic
head distribution across the two adjacent basins which ultimately show the possibility
of IBGWT.

The main objective of this paper is then to identify the possibility of groundwater
transfer between basins, Awash River and Rift Valley Lakes using numerical ground-
water modeling. By identifying hydrogeological setting and the head potential along the
two basins’ surface water divide, this study will show the groundwater flow direction
for possible IBGWT. The connection between basins is a relatively unexplored and po-
tentially significant factor in the further understanding of the two adjacent basins’ hy-
drology.

Most hydrological studies ([1] [2]) in Ethiopia are based on the assumption that the
groundwater divide and surface water divide are coincident. Such assumption leads to
wrong quantification and prediction of the groundwater flow system. The most obvious
effect of IBGWT is to diminish surface water discharge from watersheds that lie in the
recharge area of the basin (in which IBGWT originates), and enhance discharge in the
basin where regional aquifer discharges (receiving IBGWT). This problem could be
solved by incorporating the concept of IBGWT into the hydrologic study. In order to
quantify, manage and plan groundwater resource efficiently, IBGWT must be studied
and incorporated in basin hydrology. Its importance especially in the most developed

river basins of Ethiopia (Awash River and Rift Valley lakes) is even more vital. Moreo-
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ver, understanding IBGWT between basins is important to assess the potential for in-

ternal and cross contamination.

2. Materials and Method
2.1. Location of the Study Area

Both Upper Awash basin and Upper Rift valley lake basin are located in central Ethi-
opia at the western margin of the Main Ethiopian Rift. The capital city, Addis Ababa, is
located at the northern end of the basin. The study area (aquifer) is selected so that it
can basically form a groundwater basin. A groundwater basin is formed by identifying
the possible discharge and recharge areas. Thus the study area is bounded by the two
perennial rivers namely Upper Awash River (a few kilometers lower from its origin to
Koka Lake) and Meki River from its source to Ziway Lake (see Figure 1). It covers a
total area of 2200 km®. The study area is bounded by 8°03'N and 8°39'E latitude 38°37'E
and 39°06'E longitude. This area is divided into two sub-basins belonging to Awash and
Rift valley lakes basin:

1) The area bounded by Lake Ziway, Meki River and the water divide with the Awash
River basin it represents Upper RVLB, and it covers 781.21 km” drainage basin area.

2) The Awash sub basin with a total drainage area of 1420.39 km® bounded by the
surface water divide with RVLB basin, Lake Koka and Awash River upstream of Lake
Koka.

The climate is sub-humid in the central Main Ethiopian Rift, semi-arid close to the
Kenyan border and arid in the Afar. On the high plateau to the west of Addis Ababa the
rainfall distribution shows a continuous increase from the spring rains to the summer
peak rainfall. The distribution of rainfall over the highland areas is modified by oro-
graphic effects and is significantly correlated with altitude. In this study area there are a
number of metrological stations, but ten of them are used for average rainfall estima-
tion in the model basin. The climate of the Awash River Basin varies from humid sub-
tropical over central Ethiopia (upper awash basin) to arid over the Afar lowlands ([4]

[5]).
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Figure 1. Location of the study area ((a) is major basins of Ethiopia adopted from [3]; (b) is the
study area showing the two sub-basins and boundaries).
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2.2. Data Processing

The data processing follows the guideline given in [6]. The data process starts with
planning, which focuses on collecting the available groundwater related information
within a defined season, the questions at hand is to identify inter-basin groundwater
transfer between two adjacent basins of Ethiopia through modeling. The next stage in-
volves using all available data and knowledge of the region of interest to develop the
conceptual model (conceptualization), which is a description of the known physical
features and the groundwater flow processes related to inter-basin groundwater trans-
fer. The next stage is design, which is the process of deciding how to best represent the
conceptual model in a mathematical model. Model construction is the implementation
of model design by defining the inputs for the selected modeling tool. The calibration
and sensitivity analysis of the model occurs through a process of matching model out-

puts to a historical record of observed data.

2.3. Modeling for Inter-Basin Groundwater Transfer

Modeling the groundwater flow system in the two basins is expected to show the possi-
ble interaction between the two basin’s groundwater. The methodology adopted to
analyze the IBGWT between the Upper Awash River Basin (UARB) and Upper Rift
Valley Lakes Basin (URVLB) is shown in Figure 2. Three groundwater models were
first created. Two separate groundwater models for each sub basin by considering the
watershed divide between the two basins as Neumann boundary with zero flux. Each of
these models will be calibrated for well and spring data inventoried within these basins.
The calibration is made by changing the surface recharge and hydrogeologic parame-
ters. The third groundwater model treats the two basins as one (avoiding the surface
water divide) and is calibrated for all wells/springs inventoried in both sub-basins. The
results of the two standalone sub-basin models are compared with the third model. For
comparison the measures of goodness of fit indicators (GoFI) of the third model for the
well/spring data inventoried in each sub basin is compared with the stand alone model
accuracies. The accuracy of the results in predicting the inventoried data will then be

interpreted for possible inter-basin groundwater transfer.

Model for UARB
(Model-1)

Compare the GoFl
for wells in UARB

Model for URVLB Is GoFl for

+ UARB (Model-3) Model-3
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Model for URVLB
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Figure 2. Flow chart for inter basin groundwater transfer identification.
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The three groundwater models, hereafter referred as Model-1, Model-2 and Model-3,
are:

Model 1: Groundwater model for upper part of the Awash basin bounded by the
surface water divide with Rift Valley Lakes basin, Lake Koka and Awash River upstream
of Lake Koka.

Model 2: Groundwater model for part of the Rift Valley Lakes Basin bounded by
Lake Ziway, Meki River and the surface water divide with the Awash River basin.

Model 3: Groundwater model of the whole study area bounded by Lake Koka,
Awash River upstream of Lake Koka, Lake Ziway, Meki River including the watershed
divide of Awash River basin and rift valley lakes basin.

The typical modeling approach for each of the above three models is shown in Fig-
ure 3. For each model recharge and hydrogeologic parameters were adjusted to bring
about satisfactory model calibration. For each model a separate recharge and hydro-
geologic parameters were used during their calibration. While calibrating goodness fit

indicators were obtained for well and spring data inventoried in each model’s territory.

2.4. Data Set and Data Sources

The study is to be based primarily on existing (collected by different organizations)
geologic, hydro-geologic, meteorological and topographic data. Where existing data are
inadequate supplemental field observation and data collection was performed. Field
data collection basically include recording of latitude, longitude, elevation and static

water level of the boreholes and springs. Geological map of Ethiopia, monthly rainfall
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Figure 3. Groundwater modeling flow chart.
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data, Digital Elevation Model (DEM), well/spring location information and surface wa-
ter divide were collected from different offices viz. Ministry of Water Resources and
Electricity, Water Works Design and Supervision Enterprise, National Meteorological
Agency of Ethiopia. The data collected were processed for quality and consistency. For
data processing and consistency checking application software like Surfer 10, Global
Mapper 15, and Matlab (R2010b) programming language were used.

1) Topography

The topography of the study area is as shown in Figure 4. The topographic map was
derived from 90 m DEM of the two basins. The minimum elevation is attained at 1640
m above mean sea level (amsl) and 1600 m amsl at Lake Ziway in the URVLB and at
Lake Koka in UARB, respectively.

2) Well and spring inventory

In both UARB and URVLB more than 2200 wells were inventoried among them the
majorities are wells (shallow hand dug wells and deep wells) and a few of them were
springs. The data were collected from Federal Water works design and supervision En-
terprise during the study time (September 2014 to April 2015). From these inventoried
data the data quality and consistency checking has resulted in 926 wells/springs for
analysis, of which 160 are in UARB and 766 are in URVLB. Consistency here is seen
from the time of observation point of view. Most of the wells are shallow hand dug
wells with minimum depth of 11 m and few are deep wells with maximum depth of 295
m. The range in the observed head values were, 155.5 m for wells in UARB, 740.4 m for
wells in URVLB and 740.4 m, for entire well and spring inventoried in the study area.
Here range is defined as the difference between the minimum and maximum observed
water levels. The information from these wells used in the model are: well location
(UTM coordinate of each well) and static water level. The selected wells location is

shown in Figure 4.
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Figure 4. Surface topography with inventoried well/spring location of the study area.
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2.5. Conceptual Model

A conceptual model is a hypothetical simplified description of the groundwater system
to be studied. Features often described in conceptual models include Relationship and
extent of hydrogeologic units, Aquifer material properties (hydraulic conductivity),
Potentiometric surfaces, Water budget, Boundary locations (depth to bedrock, imper-
meable layer boundaries, etc.), Boundary conditions (fluxes, heads, natural water bo-
dies) and System stresses (withdrawal wells, infiltration trenches, etc.) [7].

1) Recharge boundary

To deduce the recharge over the model area, the rainfall distribution across the mod-
el domain is necessary. Recharge is one of the parameters in the model calibration.
During calibration a trial fraction of the total rainfall over a surface is used. In humid
areas with porous soils, 25% of annual rainfall may recharge the aquifer; in contrast, in
desert regions recharge is very small to 1% of rainfall or less [8]. Accordingly since the
location of the study is not desert while calibrating, the recharge fraction in the model
was varied between 5% and 25%.

To come up with the annual rainfall distribution, a Thiessen polygon method (as de-
scribed in [9]) of interpolation among the rainfall gauging stations within and nearby
the modeling area was adopted. From National Meteorological Service Agency (NMSA)
eleven metrological stations in and very close to the study area were first identified. The
monthly rainfall data of these selected stations were checked for data quality and con-
sistency. After using the Thiessen polygon method ten meteorological stations are
found to contribute to the study area. The result of the Thiessen polygon analysis is as
shown in Figure 5 and Table 1. From Table 1 it is possible to deduce that the average
annual rainfall all over the study area is 879.95 mm.

To see the average monthly variation of the rainfall the above stations is shown in
Figure 6. The graph is in the order of Alem Tena, Bui, Ejersa, Etheya, Hombol and
Meki.

Table 1. Mean annual rainfall of the ten stations with their area coverage.

Station name UTM-E UTM-N Annual rainfall (mm) Enclosed A (km?)
Alem Tena 494,300 917,000 875.36 653.78
Hombole 475,500 925,000 809.57 386.15
Ejersa 465,700 911,800 883.55 297.69
Bui 450,500 919,850 1074.21 290.15
Meki 480,000 900,500 766.34 289.19
Kulumsa 518,000 886,400 821.50 144.86
Etheya 536,722 898,971 1029.70 64.76
Wenji 530,822 933,973 825.50 7.01
Koshe 448,250 885,000 944.36 40.33
Butajira 431,500 897,500 1110.11 9.34
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Figure 5. Constructed Thiessen polygon for the study area. ¢
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Figure 6. Monthly rainfall distribution of the study area for some selected stations (Source:
NMSA).

2) Hydrogeology: The Awash basin is located in the tectonically active East African
Rift System and it has a complex geology. Groundwater recharge from the highlands is
substantial and it flows in a relatively shallow depth. In the Upper and Middle Valley
the groundwater levels range between 30 and 70 m. The levels drop to lower than 200 m
in some areas in the southern corner of the Awash valley [10]. In the upper basin, up-
stream of the Koka dam, the Awash River is hydraulically linked to the aquifers [11].

Groundwater occurs in a very wide spectrum of geological settings. According to Ka-
rimi et al, [11] and Ayenew [12], water in the study area is supplied as a result of joint-
ing and fracturing especially in the deeper aquifer region. The yield of water from frac-
tured rock is dependent upon the frequency and interconnectedness of flow pathways.
The more traditional notion of dealing with fractured rock aquifers is that as the scale
of interest increases the more appropriate it is to employ equivalent porous media
modeling approaches. This approach makes the assumption that a representative ele-
mentary volume (REV) of material characterized by equivalent hydraulic parameters
can be defined. Modeling results are only valid at scales larger than the REV [13].

3) Boundary conditions: Mathematical models of groundwater flow based on equa-
tions are classified as boundary value problems. To obtain a unique solution of such
equations additional information about the physical state of the process is required.
This information is supplied by boundary and initial conditions. For steady-state prob-
lems, only boundary conditions are required [14].

The two most basic types of boundary conditions in groundwater flow analysis are

2
3%

02

K2
g Scientific Research Publishing 1229

L



M. Mohammed, B. Ayalew

constant head boundaries and no-flow boundaries. Constant head boundaries occur
along the boundary of water bodies like lakes or reservoirs. No-flow boundaries occur
at the interface between the aquifer and materials with markedly lower hydraulic con-
ductivity. The finite element method can handle all types of boundary conditions, in-
cluding no-flow boundaries, specified head boundaries, specified flux boundaries, and
leakage boundaries [15].

In the three models constant head boundary condition was set for the rivers (Awash
and Meki) in the locations where the river is perinnial. The two lakes (Koka and Ziway)
boundaries that come in contact with the model are treated as constant head bounda-
ries.

The border of the study area extends to the watershed divide that exists between the
model area and adjacent small basins. These boundaries are treated as general head
boundary. The watershed divide between the two rivers (Meki and Awash) was treated
as no flow boundary for Model-1 and Model-2.

The top surface of the study area is treated as recharge boundary where the recharge
is taken as a fraction of the annaul rainfall over the surface. The bottom of the model is
taken as a no flow boundary, where by bed rock is assumed to exist. The bottom level is
fixed on the basis of its effect on the model domain. As the interest of this paper is to
explore the possibility of interbasin groundwater transfer in the shallow aquifer zones,
bed rock is assumed to exist at 300 m below the minimum surface elevation in the study

area.

2.6. Groundwater Modeling

Among of the solution techniques assessment, numerical models were found to have
more advantages over other solution techniques [16]. Unlike analytical methods nu-
merical methods yield approximate solutions to the governing equation through the
discretization of space and time. In this study TAGSAC is used for solving the ground-
water flow equation. In the TAGSAC approximation procedure, the flow region is first
discretized into a network of finite elements, and an interpolating trial function is used
to represent the unknown dependent variable (hydraulic head) over the discretized re-
gion. An integral approximation of the flow equation is then obtained using the Galer-
kin weighted residual criterion. Spatial integration is performed piecewise over each
element. Upon assemblage of the elements and incorporation of boundary conditions, a
system of nodal equations is obtained. For a steady-state simulation, these nodal equa-
tions are algebraic equations. TAGSAC has proofed to be applicable in a number of re-
searches done all over the globe [17].

The most common shapes for finite elements are triangles and trapezoids for two-
dimensional flow, and triangular and trapezoidal prisms for three-dimensional flow
[15]. In this study triangular prism element is selected. The hydrogeologic parameters
are specified for each element in the mesh. By taking into consideration the study area
and the computer in use the mesh is generated by 300 meters element length. The

nodes have right-handed Cartesian coordinates (x, y, z), z-axis points in the vertical
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upward direction (the elevation of the nodes above sea level). For the three models the
numbers of nodes generated were 38,140, 21,946 and 58,400 for Model-1, Model-2 and
Model-3, respectively. The numbers of elements generated with average 300 m side
length were 37,084, 20,878 and 57,188 for the respective models.

3. Model Calibration and Results

To demonstrate that groundwater models are realistic, field observations of aquifer re-
sponse are compared to corresponding model simulated values in model calibration,
with the general objective of reducing the difference. Calibration is the process of ad-
justing model parameters (material properties and recharge conditions) until (I) the
model is consistent with the analyst’s understanding of the groundwater flow system
and with all available data, and (2) computed values of head closely match measured
values at selected points in the aquifer (locations of wells and springs). The procedure is
essentially an exercise in “trial and error” wherein a plausible set of model parameters
are proposed, computed and measured values of head are compared, and model para-
meters are adjusted to improve the fit. A typical manual trial-and-error calibration
process followed in this study. A flow model is considered calibrated when it can re-
produce, to an acceptable degree, the hydraulic heads of the natural system being mod-
eled.

In the model hydraulic head is computed for the three models by varying the hy-
draulic conductivity for the five geologic zones of the area and the surface recharge. Af-
ter a number of trial hydraulic parameters for zones in Figure 7 and recharge, the pa-

rameters in Table 2 are selected as the best among other combinations.

Table 2. Geologic parameters of the study area for classified geological zones.

Model basins Geology no K, (m/s) K, (m/s) K, (m/s) Recharge
1 9.74E-04 9.74E-04 7.08E—-04
2 8.85E—-05 2.74E-04 7.97E-05
Model-1
3 3.10E-05 1.77E-05 7.08E-05 10%
(UARB)
4 5.75E—-05 4.51E-05 1.77E-05
5 5.75E-05 4.51E-05 1.77E-05
1 1.36E-04 3.40E-03 3.40E-03
Model-2 2 1.70E-07 1.70E-07 1.70E-06
10%
(URVLB) 3 3.40E—05 5.10E—03 3.40E—03
4 1.19E-03 3.40E-04 3.40E-03
1 3.45E-02 2.30E-01 2.30E-01
2 2.99E-04 2.76E-04 2.30E-03
Model-3
ode 3 1.73E-03 4.60E-02 9.20E-02 16%
(UARB + URVLB)
4 1.96E-03 5.75E-03 1.15E-03
5 1.96E-03 5.75E-03 1.15E-03
1231
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Figure 7. Geological classification of the area used in the model.

For the above hydraulic conductivity and recharge values the modeled and the
measured values comparison can be seen in Figure 8. The best fit equation obtained
between the modeled (y-axis) and measured head (x-axis) is made for the three models.
In an ideal calibration, the points will fall on a straight line with a 1V:1H slope; i.e., the
computed value equals the measured value. The degree of scatter about this theoretical
line is a measure of overall calibration quality [18]. The slope in the best fit equations in
Figure 8 being closer to one implies the acceptability of the modeling results. R*> com-
pares estimated and measured head, and ranges in value from 0 to 1. If it is 1, there is a
perfect correlation between the modeled and measured values or there is no difference
between the estimated and measured values. At the other extreme, if the R is 0, the re-
gression equation is not helpful in predicting.

The primary calibration target in this study is hydraulic head (water level). Accor-
dingly, steady-state calibration was made using static water level observations of 926
wells. The effectiveness of calibration was evaluated by the following lumped quantita-

tive performance measures:

Mean error (ME) is the mean of the differences between measured heads (4, and
n
simulated heads (4): ME :lZ(hm —h, )i . As both positive and negative residuals
nia
could result in the calculation, ME should be close to zero for a good calibration.
Mean absolute error (MAE) is the mean of the absolute value of the differences be-

n
tween measured and simulated heads: MAE = lZ|hm - hs|i . The MAE measures the
niz

average magnitude of the errors in a set of predictions, without considering their direc-
tion.

The root mean square (RMS) error is the square root of the average of the squared
13 2
=3 (h -,

i=1

differences between measured heads and simulated heads: RMSE =
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The RMSE is used as the basic measure of calibration for heads.

Uncertainty in head measurements can be the result of many factors including,
measurement error, scale errors, and various types of averaging errors, and specific to
this study case the accuracy of GPS in use. The maximum acceptable value of calibra-
tion criterion depends on the magnitude of the change in head over the problem do-
main. As a general calibration criteria RMSE equal to or less than 10% of the observed
head range in the aquifer being simulated is better [18]. The ME and MAE are charac-
terized by low values indicating that the model was well calibrated. The value of the
correlation coefficient (R?) being closer to 1 indicates a good performance of the models.

From Table 3 it is evident that Model 3 represents better the wells observed in Upper
Rift Valley Lakes Basin than Model-2. This clearly show that the influence of the
neighbor upper awash basin on the upper rift valley lakes basin, in Model-2 this influ-
ence was blocked by the no flow boundary assumed. The presence of the no flow
boundary between the URVLB and UARB in Model 2 doesn’t help in improving the
model accuracy. Their interaction could be seen from Figure 8(c) which shows the re-
sult of Model-3. Figure 9(a) and Figure 9(b), respectively, show the result of the cali-
brated Model-1 and Model-2 for parameters shown in Table 2.

1800
< Model-1
S 1750
<=
B
& 1700
= —
2 7y =0.998x
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1600 ©
1600 1700 1800
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(b) (©
Figure 8. Simulated versus measured head comparison.
Table 3. Summary of calibration errors.
Models ME MAE RMSE R?
Model-1 (UARB) 0.544 5.492 7.605 0.932
Model-2 (URVLB) 7.9 9.886 11.745 0.994
Model-3 for the whole wells 7.567 10.713 11.702 0.989
Model-3 for wells in Model-1 1.261 9.774 12.582 0.859
Model-3 for wells in Model-2 6.830 8.901 10914 0.995

KD
+%%, Scientific Research Publishing 1233



M. Mohammed, B. Ayalew

940000
<44
<4
SV
“ 4 Ry /\V?
930000 “ N “ '\‘ .
-
< S50 R v: RS
A v 5
> IS “ 4620 R S v 4 :
- ld L1l AY ki w7 <
920000 R A 1 VU = L T N S
<
-7 e « 4 & aar o>
\d > v ol v
> » J > v < 4 A v
> N > 4 o
I G R T
910000 O T S
> v « > ® v v v v >
2 A X > e
» T T
- - ®
900000
460000 470000 480000 490000 500000 510000 520000
| I
0 10000 20000 30000 40000
(2)
930000
& -
- -
v
e
920000 < (ol
v
A
¥ v v
O
AR S o
» < s
910000 =5 A oFL -
» - P g % o >
- o b > > > N a
<
N N - > " . - *
900000 . N
N > » A - - - -
. - e e =
P
-
890000 4
450000 460000 470000 480000 490000 500000
—— —
0 10000 20000 30000 40000
(b)
| 1 1 | 1 | 1 1
940000 -
930000 -
,§rco§ Il
o ®OES
S T A
& T ]
920000 “ ! Lo L
Y [~ \J
Y A - S | T
A P - x
b phay *
i - - |
910000 g » 13 v %
—d_ A% - ®
LR . B » - -
900000 A A
'\@bw\ ?OE o /!
¢ - =
/ - 4—‘
»
890000 q -
T T T T T T T T
450000 460000 470000 480000 490000 500000 510000 520000
[ HIIIIEEaaa— I
4] 20000 40000 60000 80000

(©)

Figure 9. Computed groundwater head and flow directions (a) Model-1; (b)
Model-2; (c) Model-3.
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From Figure 9(a) and Figure 9(b) it is evident that the groundwater flows towards
the Koka and Ziway Lakes, respectively. This is because of the no flow boundary condi-
tion set along their border. In Figure 9 the Model-3 result along with the water surface
divide is depicted. From this figure it is clear that groundwater flows from Rift Valley

Lakes Basin towards Awash River basin is observed.

4. Conclusions

For correct management of the existing water resources and their optimal use, ground-
water potential and its flow direction and suitable plans must be developed based on
objectives suitable to the region. Groundwater models have been used extensively for
such analysis and are generally adequate for predicting aquifer head changes. However,
the three-dimensional model described in this paper was developed to identify the in-
ter-basin groundwater transfer between upper Awash River basin and upper Rift Valley
lakes basin.

For the IBGWT identification three groundwater models (Model-1 for upper Awash
River basin, Model-2 for Upper Rift Valley Lakes Basin and Model-3 for combined
Upper Awash and Upper Rift Valley lakes basin) were first created. Two separate
groundwater models for each sub basin (Model-1 and Model-2) by considering the wa-
tershed divide between the two basins as no-flow. The third groundwater model (Mod-
el-3) treats the two basins as one (avoiding the surface water divide). The calibration of
these three models was made by changing the recharge and hydrogeologic parameters
of the basins. For the calibration 926 (160 for Model-1, 766 for Model-2 and 926 for
Model-3) wells and springs were inventoried whereby the modeled and measured hy-
draulic head at these well/spring locations is tested for measure of goodness of fit.
Among the goodness of fit indicators obtained for the Model-1, Model-2 and Model-3
the RMSE were 7.605 m, 11.745 m and 11.702 m, respectively. These results are well
below the recommended values for calibrated model. Model-3 RMSE values for well
data in Model-1 and Model-2 were 12.582 and 10.914 m, respectively, which shows that
Model-3 better describes the flow system in URVLB than Model-2. This result with the
hydraulic head distribution obtained from Model-3 clearly indicates that there is a
groundwater flow that doesn’t respect the surface water divide.

In groundwater modeling the assumption that the groundwater divide and surface
water divide are coincident is not valid in this case. Such assumption leads wrong
quantification and wrong prediction of the groundwater flow system. The most obvious
effect of IBGWT is to diminish surface water discharge from URVLB (in which IBGWT
originates), and enhance discharge in the UARB (receiving IBGWT). Moreover, the
result of this study is important to assess the potential for internal and cross contami-

nation of the groundwater.
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