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Abstract

The study aims to get better understanding of the groundwater flow system of the Hormat-
Golina basin using numerical groundwater flow modeling under steady-state condition. The
basin comprises inter-mountain valley (Kobo Valley) which is the most fertile irrigable land.
The basin is part of the western escarpment of Afar Rift and measures about 811 km®.

The study was ambitious in the sense that the modeling was conducted with limited data
particularly for the highland volcanic part of the basin. Two aquifer units: the fractured basalt
and the valley fill sediments aquifer were identified in the basin. The fractured basalt aquifer
forms the highland part and underlies the alluvial sediments aquifer. The two-aquifer systems
were assumed to be hydraulically connected. Deep groundwater circulation was assumed for
the highland volcanic aquifer, because of the absence of shallow groundwater features such as
springs and base flow of the rivers.

The groundwater flow system in the two aquifers of the basin was modeled using PMWIN
Pro (Chiang et al., 1998) as pre-and post processor for MODFLOW (McDonald and
Harbaugh, 1988). The model was run for steady-state conditions in unconfined aquifer. The
grid cell size of the model was taken 250 x 250m and 500m x 500m for the valley part and the
highland volcanic aquifer respectively. Model area and the layer top elevation were delineated
by the ASTER DEM processing and use of topographic maps. The hydraulic conductivity
values were determined from pumping test data analysis and literature review for the alluvial
sediment aquifer and the fractured volcanic aquifer respectively. Recharge was estimated

from water balance method.

The model was calibrated using observed hydraulic heads from 37 wells. The model was
calibrated to the root mean square error (RMSE) of about 6m and it was sensitive to recharge
and hydraulic conductivity. The model simulated water budget showed that the basin receives
a total recharge of (in-flow) 48mmy™' and discharge it to the river for steady state condition.
Similarly, the model generated total in-flow for the highland volcanic aquifer and the alluvial
sediments aquifers were 54mmy™ and 52mmy ' respectively. The model result showed that
the valley fill sediment receives more in-flow from horizontal flux (40mmy'1) than other
recharge sources. In this study, the model was calibrated but not verified. Thus, the model
results obtained should not be interpreted as a perfect simulation rather as system response for

reasonable model input parameters.
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1. Introduction

1.1 Background

For many years and even at present, utilization of water has preceded without a basic
understanding of the hydrologic system and the water budgets. Even, those groundwater
development projects that have been under implementation currently were planned based
on limited data sources. This does not mean that the entire projects have planning

limitations, as it needs its own investigation.

Groundwater is the sub-surface water that occurs beneath the water table in soils and
geologic formations that are fully saturated (Freeze and Cherry, 1979). It is one of the
most valuable natural resources, which supports human health, economic development,
and ecological diversity. Because of its several inherent qualities (e.g., consistent
temperature, widespread and continuous availability, excellent natural quality, limited
vulnerability, low development cost, drought reliability), it has become an important and
dependable source of water supplies in all climatic regions including both urban and rural
areas of developed and developing countries (Todd, 2005). Of the 37 Mkm® of freshwater
estimated to be present on the earth, about 22% exist as groundwater, which constitutes

about 97% of all liquid freshwater potentially available for human use (Foster, 1998).

Ground water modeling is recognized nowadays as the best tool to support management
of groundwater resources. Groundwater resource management of an aquifer system
involves developing a quantitative understanding of the flow processes that operate
within the aquifer. Three main futures must be considered: how water enters the aquifer
system; how water passes through the aquifer system and how water leaves the aquifer
system. Groundwater regime forecasting involves a study of modifications to the flow
processes due to changes in any of these futures induced by natural and/or manmade

Processces.

The study area of this research is Kobo Valley catchment, situated south of Raya Valley
in Northern part of Ethiopia. It covers a total area of 811 sq. kilometers and has a

perimeter of 128km. The low-lying inter mountain valley part of the area is known by its

1



NUMERICAL GROUNDWATER FLOW MODELING OF THE KOBO VALLEY, NORTHERN ETHIOPIA

high groundwater potential and semi-arid climate. Currently, it is under groundwater
source exploitation and investigation mainly for irrigation because of scarce surface
water and low annual rainfall that vary seasonally. Most of the previous studies have
been concerned more with resource development to meet users’ need and alleviate the
recurrent draught problem with low attention to the groundwater resource management.
Such gaps can be seen even during the current field visit that the boreholes are not
monitored, no meteorological stations on the highland part of the catchment and no
surface water gauging stations over the area. However, safe groundwater abstraction and

proper groundwater management is crucial for sustainability of the resource.

In this thesis, emphasis was given to numerical groundwater flow modeling of the Kobo
Valley and the highland volcanic using MODFLOW- 2000 computer code for steady
state condition. Thus, proper understanding of the response of the aquifer system to the

applied stresses can help to manage the groundwater resources of the valley.

Groundwater modeling is an essential tool to evaluate the groundwater flow and

quantifying its potential (Anderson and Woessner, 1992).

1.2  Objectives of the research

General objective

The primary objective of this study is to predict the variations in hydraulic head under
different scenarios for planning of sustainable utilization of the groundwater resource by
simulating the complex groundwater system using numerical groundwater flow model

(Processing Modflow Pro) for steady state condition.
Specific objectives
The specific objectives of the research are:

e To obtain simulated groundwater budget.
e To develop simulated piezometric heads.
e To determine the sensitive parameter or parameters to the model.

e To study the role of boundary conditions on the model.
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1.3  Research questions

To address the above objectives, the following research questions are posed:

e Does the conceptual model be transformed to a numeric model, which is capable
to simulate the observed conditions of the aquifer system?

e Does the model provide reliable results?

¢ Do the simulated hydraulic heads match the observed heads?

e Can a steady state groundwater flow model of the area improve the understanding

of flow patterns and predict the effect of future abstractions?

1.4. Methodology and materials used

To achieve the intended objective stated in section 1.2, appropriate methods were
followed in three stages. The main stages of the activities are presented as pre-field, field

work and post field stages (Figure 1.1).
Pre-field work

Previous works and data have been collected from different offices (Ministry of Water
Resources, Metaferia Consulting Engineers, and Ethiopian Geological Survey) and were
organized to prepare the research proposal. Then, following the appraisal of the proposal
all the reliable secondary data were arranged to prepare database and base map of the
study area. After identifying the gaps to be filled and data that need field verification,
field preparation was conducted that involves acquisition of equipments such as
groundwater level measuring device or deep meter and GPS. Literature review related to

groundwater modeling was also included in this stage.
Fieldwork

A field trip was conducted to collect secondary data from different sources and primary
data from the study area. The primary data includes, measuring groundwater levels,
taking readings of borehole locations and elevation using GPS and altimeter, and field
verification of the study area and determination of physical boundaries. Discharge of

springs and the stream was measured by volumeters and floating method.
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The field observation was focused on the description of the geology, lithology,
geomorphologic setting, surface water divide, location of recharge and discharge areas.
The secondary data such as borehole logs, pumping test data and hydrogeology feasibility
report and well completion report were collected from Kobo-Girana Valley Development
Project Office.

Post-field work

In this stage data processing and analysis was the main activity. Both the primary and
secondary data were processed and analyzed to prepare database and conceptual model

which was used for the input of the modeling process.

Geographic Information System (GIS) was used to enter store, retrieve, process and
display spatial information in the form of maps or images. Advanced Space borne
Thermal Emission and Reflection Radiometer (ASTER) DEM with 30m spatial
resolution was processed to delineate the catchment surface water divide, visualize the
geomorphology of the area, extract drainage patterns, to define the boundary of the

valley, obtain surface elevations and to produce topographic cross- section line.

To analyze pumping test data in order to determine hydraulic parameters such as
transmissivity and hydraulic conductivity, Aquifer test software v 3.5 was used. For the
preparation of the aquifer top elevation, which is one of the model’s input, Global

Mapper and Surfer softwares were used.

1.5  Outline of the thesis
The content of the thesis is briefly outlined as follows;
Chapter one : Describes the introduction.

Chapter two : Discusses the review of previous studies.
Chapter three: Describes the study area.

Chapter four : Data processing and analysis.

Chapter five : Depicts the numerical modeling.
Chapter six : Deals with the pumping scenario analysis.
Chapter seven : Results and discussion.

Chapter eight : Conclusion and recommendations.
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2. Literature review

2.1 Review of previous study

The low-lying valley part of the area has been known as one of the most drought prone
regions in Ethiopia. Historical analysis of rainfall data indicates that, the major part of the
valley once every decade is a drought year on the average. In order to alleviate the
drought and famine from the area and attain sustainable development, the Commission
for Sustainable Agriculture and Environmental Rehabilitation in Amhara Region (Co-
SAERAR) studied the Kobo-Girana valley for its groundwater potential and then by
implement irrigation through groundwater source (Co-SAERAR & CECE P.L.C, 1999).

Co-SAERAR in 1997 has conducted geophysical surveys in the Kobo-Girana valley and
the total alluvial sediment thickness estimated with the VES survey method was about
160 m, 130 m and 97 m in Kobo-Waja-Golesha, Alawuha and Girana basins,
respectively. The current study area is part of the Kobo-Waja-Golesha basin.

The Ashengi groups of rocks underlying the alluvial deposits are weathered and highly
fractured. It is expected to have a relatively high level of groundwater productivity (IGIP,
Germany Consultant, 1997).

The deeply weathered and fractured zones of the volcanic rocks frequently exceed
100meters. Depth to groundwater varies from less than 20meters in the sediment deposit
in the western part and along the river courses to over 100 meters in the volcanic rocks.
The predominant groundwater flow direction is from west to east coinciding with
topographic gradient. The hydraulic gradient of the Kobo basin is 0.012 (Co-SAERAR &
CECE P.L.C, 1999).

The groundwater recharge of the Kobo-Robit basin was estimated from three different
methods. These are surface water balance method using SCS model, groundwater level
fluctuation rate, and Darcy’s approach; and the results were 59.3 MCM, 64.8 MCM and
49.82 MCM respectively. The surface water balance method, despite its crude and
lumped inputs was found relatively to be comprehensive and practical to estimate the

valley’s recharge (Co-SAERAR & CECE P.L.C, 1999).
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Mesfin Aytenfisu and Engida Zemedagegnehu(2003) suggested that the conclusion made
by Co-SAERAR has a limited application. This is because of, the feasibility report was
prepared with limited and unreliable data, and the groundwater recharge of the basin was
highly over estimated. Since the runoff was estimated from rainfall-runoff model
according to Co-SAESAR (1999), the estimation of recharge by this method may not be
reliable. In addition, the run- off from the mountainous areas is one of the components of
recharges that recharge the groundwater of the valley fill. Estimation of recharge from
groundwater level fluctuation can be computed, if there exists systematic water level
measurements (daily, weekly, or monthly) of more than one hydrological year records
and specific yield of the aquifer is known. However, in the Co-SAESAR (1999)
feasibility report random data of measurements of old and recent static water level
measurements of some non — operational wells are used. The Darcy approach is the
appropriate method to calculate the recharge of the alluvial fill of Kobo basin since
relatively there is substantial data for calculation compared to the other methods. The
mean annual dynamic groundwater recharge of Hormat-Golina basin of Kobo valley
unconsolidated sediment aquifer (alluvial) as subsurface seepage from the western
volcanic aquifer and infiltration from rivers was estimated 34.38 MCM/year and 1.8

MCM/year respectively.

It was concluded that the seepage of runoff from the mountainous area at the foot of the
escarpment is considerable (RVIDP, Hydrogeology report 1998). If the seepage from
runoff is considerable then the water level fluctuation should be considerable during the
observed rainy season of August-October 2001. Different to the previous assumption, the
major component of recharge to the unconsolidated sediment aquifer of the valley is sub-

surface inflow from the western highlands fractured volcanic aquifer.

The total thickness of the sediment aquifer varies from few meters in the extreme west to
more than 170 meters in the central part; the material is relatively coarser and thinner in
the west and is finer and thicker in the east. The frequency distribution of transmissivity
shows that the mean and median are 488 and 428 m’d” respectively indicates a normal
distribution within the valley. The transmissivity values were computed from the

relationship of the aquifer permeability (obtained from four test boreholes) and weighted
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average resistivity values of the unconsolidated sediment aquifer. The Hormat-Golina
groundwater system flow in southeast direction with a hydraulic gradient of about 0.01
on the western part and it decreases highly to the east along the Golina stream outlet. In
the most part of the valley, the groundwater is shallow depth varying from 10-30 meters
( Mesfin Aytenfisu and Engida Zemedagegnehu, 2003).

Recharge estimation using Cl mass balance has given recharge rates of 60.07 mm/year
for the western plateau and 52.00 mm/year for the graben fill sediments and adjoining
escarpment. A total of 192.78 MCM/yr dynamic groundwater resource is estimated for
the graben sedimentary aquifer; 123.89 and 68.9 MCM/yr for Raya and Kobo valleys,
respectively (Sileshi Mamo, 2007).

According to Sileshi Mamo (2007), hydrogeological units of the Raya-Kobo were
classified into aquifers of high, low, and very low productivity. The recent
unconsolidated fluvio-lacustrine sediments and the slightly to moderately jointed and
highly weathered basalt are classified as aquifers of high and low productivity
respectively. The later was classified based on the data of very low discharging springs
and relatively low yield shallow boreholes drilled for community water supply. No

transmissivity data are available for the volcanic aquifer.

2.2 Groundwater Modeling

A groundwater model may be defined as a simplified version of the real groundwater
system that approximately simulates the excitation- response relations of the groundwater
system. The real system is very complicated and difficult to use it directly for the purpose
of planning and making management decisions. The simplification is introduced in the
form of a set of assumptions that express our understanding of the nature of the system
and its behavior. These assumptions will tend to smooth out the effect of various
heterogeneities. Because the model is a simplified version of the real system, there exists

no unique model for a given groundwater system (Bear, J. & Verruijt, A., 1994).

A computer program or code solves a set of algebraic equations generated by

approximating the partial differential equations (governing equation, boundary
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conditions, and initial conditions) that form the mathematical model ( Anderson &

Woessner, 1992).

With the introduction of computers and their application in the solution of numerical
models, physical models and analogs have become laid off as tools for predicting future
groundwater regimes. The selection of the appropriate model to be used in any particular
case depends on the objective or objectives of the investigation and the available
resources. The later include time, budget, skilled manpower, high capacity computers and

codes (Bear, J. & Verruijt, A., 1994).

Groundwater models are an attempt to represent the essential features of the actual
groundwater system by means of a mathematical counterpart (Todd & Mays, 2005).
These models have a capacity to test and quantify the consequences of various errors and

related model-based forecasts.

Groundwater models according to Todd are physically based mathematical models
derived from Darcy’s law and the law of conservation of mass. Various established
solution techniques based upon either finite difference or finite element approximations,
or a combination of both, are available for solving the governing equations of the model.
The accuracy of the solutions (model predictions) is dependent upon the reliability of the

estimated model parameters and the accuracy of the prescribed boundary conditions.

The finite difference method requires a rectangular element shaped discretization of the
aquifer and the finite element method consists of a triangular discretization.
Discretization is the process of subdividing the continuous hydrogeologic units into
discrete segments or cells. Finite element method is easy to define the boundaries of
irregularly shaped aquifers and to ensure that node points coincide with monitoring wells
or varies types of geographic features. The mathematical basis for finite element methods

is more complex than for the finite difference method (Todd & Mays, 2005).

There are several ways to classify groundwater flow models, models can be transient or
steady state and one, two, or three spatial dimension. Steady state flow occurs when at
any point in a flow field the magnitude and direction of the flow are constant with time

(Anderson and Woessner, 1992).
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Selecting the appropriate conceptual model for a given problem is one of the most
important steps in modeling process. The key data requirements in the process of
conceptualization include data about hydro-stratigraphic units, surface water bodies,
physical and hydraulic boundaries, recharge and discharge zones. The most common
numerical methods to solve flow problems are finite differences and finite elements.
Finite-difference grids are easy to understand and require less input data than finite-
element grids (Anderson and Woessner, 1992). The finite difference method, as applied
in the computer code MODFLOW, was used in this study. The code is based on the
physical theory of groundwater movement Darcy’s law and the continuity equation. The
program supports seven additional packages, which are integrated with the original

MODFLOW (Chiang and Kinzelbach, 2001).

Once the conceptual model is translated into a numerical model in the form of governing
equations, with associated boundary and initial conditions, a solution can be obtained by
transferring it into a numerical model and writing a computer program (code) for solving
it. This includes, design of grid, setting boundary and initial conditions and preliminary
selection of values for aquifer parameters. The input parameters include model grid size,
layer elevations, boundary conditions, hydraulic conductivity, recharge, and additional
model input for steady state condition. Model calibration consists of changing values of
model input parameters in an attempt to match field conditions within some acceptable
criteria (Anderson and Woessner, 1992). Sensitivity analysis is useful in determining
which parameter or parameters most influence the model results. These parameters will

be emphasized in the future data collection attempting to improve model accuracy.
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3. General description of the study area

3.1. Location

The studied area is located in Northern part of Ethiopia some 570 km north of the capital
Addis Ababa. It is bounded within the limits of 11°55°40”> to 12°10°11”" north latitude
and 3922°30"" to 39°46°44"* east longitude (Figure 3.1).
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Figure 3.1. Location map of the study area
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It covers a total area 811 km” and named Hormat — Golina basin. The largest portion of
the area is highly dissected topographic high which accounts 65% and the remaining
portion covers a valley and its escarpment. The valley part commonly called Kobo
Valley. It is bounded by highly rugged mountains of Lasta in the west, Zobel Mountains
in the east, Raya Valley in the north and volcanic ridges in the south. It is considered as

part of interconnected valleys of the Ethiopian rift system.

3.2 Topography

The studied catchment has three types of physiographic features: the planer inter-
mountains valley part, the valley escarpment, and highly dissected highlands. There is a
large topographic difference between the valley and the highland. The lowest elevation is
the outlet of Golina stream (1304m a.m.s.l) and the highest is Aboyi Gara mountain
(3974 m a.m.s.l).The average altitude of the valley floor ranges from 1355 m a.m.s.l. to
1610 m a.m.s.], while the mountain ridges range from 1610m a.m.s.l. to 3600 m

a.s.l.(Figure 3.2).

The valley is characterized by a graben-like structure bounded by north- south trending
mountains in the west and east of the valley. The chain of mountains bordering the valley
on the western part are marked by highly dissected steep slope deep gorges and canyons,
because of east-west and north-south trending faults that might be associated with
marginal rift system. It is covered with low-density bushes that enhance a large amount
of runoff. Since the area receives highly variable rainfall, runoff generated from the
western mountains cause intermittent flooding of the valley floor adjacent to the streams

draining the area during the rainy season (Figure 3.3).

3.3 Drainage

The Hormat — Golina basin has an open surface water drainage system that opens to Afar
at Golina outlet. It is part of the Denakil dry basin. The basin is bordered by the Tekeze
river basin to the west, the Raya valley to the north, the Alwuha basin to the south and the
Golina dry basin to the east. Three main streams that originate from the western

highlands drain the basin. These are Golina, Hormat and Kelkelit streams. Among the

12
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prevailing streams, only Golina is perennial and others are intermittent carrying

floodwater only during the rainy seasons. It collects all the run-off water in excess of

recharge to the valley portion and discharge it into the Afar depression through the gap at

south-east of the valley (Figure 3.4). Golina has a very limited base flow and Hormat has

significantly low seepage flow through the streambed sediment during the field visit (end

of February 2010).

The drainage density is high in the western highlands and, low in the valley floor and

eastern highlands. All streams and ravines carry large volumes of sediments from the

mountains in the rainy seasons and deposit on the valley plain.
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Figure 3.2. Simplified topographic map of the studied basin
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3.4 Climate

The position of the Inter- Tropical Convergence Zone (ITCZ), seasonal variations in
pressure system and air circulation, results in the seasonal distribution of rainfall over the
area. This low-pressure area of convergence between tropical easterlies and equatorial
westerlies causes equatorial disturbances (Daniel Gemechu, 1977). The climate is sub-
humid in the highlands and semi-arid in the valley plain. The average annual temperature
in the valley plain ranges from 17.5°C to 26°C. The average monthly temperatures in
Kobo area range from 18.7°C in December to about 26°C in June (See Appendices 1.2 —
1.3).

Orographic effects modify the distribution of rainfall over the area. Moreover, its
distribution certainly correlated with altitude. Two rainy seasons have been experienced.
The main rainy season often extends from end of June through end of September and the
small rainy season from end of March to mid of April. The rest of the months are
generally dry. The mean annual rainfall of the watershed is estimated to be about 798.4
mm. About 80% of the annual rainfall amount occurs during the main rainy season. The
plain valley part of the area receives an average annual rainfall of 700 mm. the

quantitative description of the climatic variability was discussed in chapter four.

3.5 Land use and land cover

Land use is important in the hydrological and groundwater studies, because it is a
prominent factor affecting the recharge. Four types of land cover units were identified
based on interpretation from satellite images, aerial photographs and field observations.
These are forest, agricultural area, woodland, and bare-land. Agricultural area and

woodland are the dominant land use units (Figure 3.5).
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Figure 3.5 Land cover and land use classification
3.6 Geology and hydrogeology

3.6.1 Geology

Regional geology

In northern Ethiopia and Yemen, volcanism started during the Oligocene with the
emplacement of a thick continental flood basalt pile. These basaltic highlands now
encircle the Afar depression. Most of these flood basalts were extruded over a short time
period (possibly 1-2 Ma) 30 Ma and significantly predate the main extensional phases
(Pik et al., 1999).

The Ethiopian flood basalts (or traps) cover an area of about 600,000 km2 with a layer of
basaltic and felsic volcanic rocks. The thickness of this layer is highly variable but
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reaches 2km in some regions. The volcanic and shallow intrusive rocks have a total
volume of about 350,000 km3 (Mohr, 1983b; Mohr and Zanettin, 1988 cited in Dessie
Nadew, 2003).

New structural and geochronological date (Cukstins et al., 2002; Wolfenden et al.,2004,
In press) have shown that basin formation commenced between 29 and 26 Ma in the
Southern Red Sea rift, while rifting in the northern most Main Ethiopian rift (MER)
Initiated around - 11 Ma. Initial crustal extension within the Southern and central MER
commenced between 18 and 15 Ma (Welde Gabriel et al., 1990; Ebinger et al., 2000).
Thus, the MER, which is northern most sector of the East African rift system, propagated
northward from the Turkana rift at — 25 Ma (Dereje Ayalew et al., 2005).

Inter-layered with the flood basalts, particularly at upper stratigraphic levels, are felsic
lavas and pyroclastic rocks of rhyolitic, or less commonly trachytic compositions

(Dereje Ayalew et al., 1999).

Except along its margins and in major river valleys, the entire Ethiopian volcanic plateau
currently stands above 2000m in altitude. According to Jestin and Hucho (1992) and
Menzies et al. (1992), the uplift took place concurrently with or very soon after eruption
of the flood basalts (30 Ma) and since that time the high altitudes have been maintained.
It is most unlikely that this uplift is due to the thermal or compositional influence of
Oligocene plume, which should have dissipated by now. Instead, the present elevation of
the plateau is normally attributed to dynamic support from a thermally anomalous up

welling portion of the present upper mantle (Bruno Kieffer et al., 2003).
Local geology

The studied area is a basin at the western edge of the Danakil basin. The main lithological
units in the study area are basaltic rocks that form the western highlands and
escarpments, Rhyolite which form the eastern ridge (Zobel ridge) overlying the basalt

and the alluvial deposits that originate from these basalts on the valley floor (Figure 3.6).
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The Basaltic rocks

According to the geological map of Ethiopia published in 1996, the basalts in the study
area are grouped into the pre-oligcene stage Ashange basalt. The name Ashange basalt
applies to strongly weathered basalts without clear stratification which lie below the
major pre —Oligocene (?) unconformity having a thickness of several hundreds of meters

(Zebetin et al., 1980 cited in Dessie Nadew, 2003).

The basaltic rocks that form the western highlands and escarpments of the area are
characterized by fine grained and light to dark greenish gray, light pinkish fine grained,
and dark olivine, plagioclase, pyroxene and hornblende porphyry basalt layers. It is
slightly to moderately fractured and highly weathered in the upper part. Aphanitic basalt
dykes intrude this formation at places. Owning to a number of fractures, faults and

lineaments, it is possesses highly rugged topographic terrain.

The basaltic rock in the eastern highlands show slightly to moderately weathering and

well fractured. It is overlain by slightly fractured and weathered Rhyolite.
The Rhyolite unit

The Rhyolite is often light pink with K-feldspar, plagioclase, quartz and some mafic
minerals porphyry, and at places it is quartz, K-feldspar and plagioclase porphyry. Light
pink, fine-grained outcrop was seen with basalt xenoliths above the basalt, at the outlet

of Golina stream to Afar (Sileshi Mamo, 2007).
The Alluvial deposits

The alluvial deposits make up the low-lying valley part of the study area and constitute
25 % of the total catchment area. Braided streams and rivers that drain the western highly
dissected steep slope highlands and surface runoff along either side of the valley (Kobo
valley) escarpment and early damming effect of the eastern ridge were believed to be the
source for the formation of the alluvial deposits. The sediments are unconsolidated and
basaltic in composition. This unit is mapped as Quaternary alluvial deposits with
thickness ranging from 5 m to 150 m on the geological map of Ethiopia published in
1996.
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The valley part is considered as an intermountain trough-like structure that originated
from local tectonic development attributed to the regional East African rift system
(Gershanovich, 2000). The graben is filled with sediments, which drift out of the basaltic
rocks on the western and eastern highlands, mainly due to weathering and erosion of the
rocks. The colluvial sediments on the sides and feet of the highlands, especially on the
west, are very coarse grained and highly permeable. These deposits are largely composed
of gravels and cobbles with sands and silts as matrix. The sediments are poorly sorted and
sub-angular in shape because they may not have transported far distance from their
origin. Adjacent to the colluvial, there are alluvial deposits that are mainly transported by
surface run-off along streams and rivers during the rainy seasons. The alluvial sediments
are relatively fine, well sorted and sub-rounded to spherical shaped. They are dominantly
composed of sands and silts with some proportion of fine gravel, especially adjacent to
the streams and rivers in the study area. Towards the centre of the valley floor, finer

proportions like clay, silt, and sand dominate the sediments (Co-SAESAR 1999).

Recent sediments consist of fluvio-lacustrine deposits, which are at places covered by
channel and fan deposits, and by not well-developed colluvial deposits at the foot of the
eastern escarpment. These sediments cannot be separately mapped unlike the previous
classification made by Co-SAESAR, which gave lateral contacts among different units
that are not in place, and this is not logically correct. The fluvio-lacustrine deposit seems
to have been deposited due to damming of proto river during faulting that gave rise the

eastern escarpment (Sileshi Mamo, 2007).

Data from borehole lithological logs and geophysical surveys in the valley floor has
indicated that the valley fill is composed of intercalating layers of gravel, gravely sand,

sand, silty sand, clay, and silty clay.
Geologic structures

Most of the fractures and dykes have nearly N-S, and E-W oriented strike and dip sub-

vertically.

The study area and its surroundings are structurally similar to the steep fault scheme of

western Afar margin (Zanettin et al, 1978) (Figure 3.8). Most lineaments that were
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traced from aerial photographs were oriented nearly in the N-S and E-W directions
(Figure 3.6). The N-S striking faults are responsible for the easterly tilting and throw of
block in that direction. However, the E-W striking faults result to southerly tilting and
minor throws of blocks. Most of the rivers and streams that flow in the E-W direction

from the highland areas are indications of lineaments oriented in that direction.

In general, the fracture pattern in the study area does not signify a single direction while

the dominant strike directions are NNW-SSE and NNE-SSW (Dessie Nadew, 2003).
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Figure 3.8 (I) Schematic Stratigraphic Section of the Tertiary Volcanic in Ethiopia
(Zanettin et.al, 1978)

(IT) Tectonic and Volcanic Evolution of the Western Margin of Afar A to C (Zanettin
et.al, 1978)

A) The fracturing, magmatic injection and Volcanism are restricted to increasingly
narrower belts.

B) The width and height of the escarpment increase while the Rift narrows.
C) The narrowing of the Rift is opposed by thinning of the crust.
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3.6.2 Hydrogeology

Based on the lithologic units described before in section 3.6.1, two main hydrogeologic
units or aquifers were identified in the study area (Figure 3.6). These are the Quaternary
alluvial deposits and the upper fractured and weathered basalt. According to Freeze and
Cherry, an aquifer is saturated geologic material that is sufficiently permeable to yield
water in significant quantities to a well or spring, where as a confining units has low
permeability that restricts the movement of ground water and limits the usefulness of the

unit as a source of water supply.
The Quaternary alluvial deposits

Aquifers of unconsolidated or non-indurate materials, such as alluvial, glacial or Aeolian
deposits, are among the most common sources of groundwater. In alluvial or glacial
deposits, buried valleys or old streambeds offer the best groundwater potential. These are
ancient stream beds or valleys, primarily consisting of sand and gravel that have been
covered by finer sediments. Because of erosion, bed- rock tends to be depressed below

unconsolidated sediments of ancestral streams (Bouwer, 1978).

This unit occupies the valley part of the basin and own varying thickness. The thickness
was determined from VES and drilling data. It is considered as an aquifer if it is
composed of layers of sand, gravel, pebbles, and boulders. Unlikely, previous studies
suggested that the entire alluvial deposits as an aquifer. The average aquifer thickness
reaches 90 m with maximum thickness of 150 m at VES-30/THG3 borehole area close to
the Golina-Kelkelit interfluves area across which close to the Golina-Hormat confluence
at THG2 borehole. The minimum thickness the aquifer part of this unit is some 30m.
Generally, the maximum aquifer thickness of this unit lies across the center of the valley
and its minimum lies close to the western escarpment and around volcanic hills within the

valley (Figure 3.7).

Evidences from lithologic and resistivity logs of the drilled boreholes verify that there
could be shifting position of stream channels and ever-changing depositional velocities,
which are responsible for characteristic textural variability especially along the
mainstream courses. Such processes locally generate much heterogeneity in the

distribution of hydraulic properties of the alluvial aquifers. Freezee and Cherry (1979)
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stated that braid rivers generally occur in settings where the sediment available for
transport has considerable coarse-grained sand or gravel and where velocities are large
because of steep regional topographic slopes. Shifting positions of channels and bars and
changing velocity can result in extensive deposits of bedded sand and gravel with minor
zones of silty or clayey sediments filling in abandoned channels. The silty and/or clayey
depositional horizons/lenses are thick at the center and close to the outlet valley.

Aquifers of the alluvial origin are the main important sources of groundwater in the area.

The groundwater potential varies within the valley plain because of differences in the

grain size, grain pack geometry, and thickness.

In this unit, depth to groundwater level varies from flowing condition to a depth of 40 m
below ground surface. The flowing condition is attributed to recharge from higher head
and local confining effect. It is observed at the center of the valley. The deep level is
along the western flank of the valley where the sediment thickness is minimal. The
western part of the aquifer has generally unconfined groundwater condition, whereas the

southeastern part is characterized mostly by semi-confined to confined conditions.

Based on the analysis result from pumping test data, the hydraulic conductivity values

range from 1 to 31 md™'. The boreholes were tested from 15 to 80 Is™.

The basaltic unit

The upper most fractured and weathered part of this unit is identified as the second
important aquifer in the study area. It covers more than 70% of the area. However, its
importance as aquifer limited to fractured zones particularly at the foot of the hills, along
valleys and beneath the alluvium sediments. There are few productive boreholes, which
tap groundwater from the volcanic aquifers. They possess a depth of <100m and located
at the foot of western escarpment of the valley. Their productivity varies from place to
place depending on the availability of local recharge, degree and depth of weathering and
fracturing. No pumping test data was acquired for these boreholes to determine aquifer
hydraulic parameters. The yield of the boreholes is not more than 2.5 1s™'. This unite is
believed to be one of the groundwater recharge source for the valley fill alluvial

sediments.
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4. Analysis and model input data preparation

4.1 Meteorological data analysis

4.1.1 Rainfall

Rainfall records of five stations had been considered to describe the rainfall regime of the
studied basin. All stations are aligned linearly in north-south direction, whereas the
eastern and western highland parts of the basin have no stations. Stations network
inadequacy was observed in its spatial distribution for aerial averages, for the catchment
as a whole and for water balance studies in particular. All the stations except Kobo
station are located out of the study area. Missing data is a common case for the stations.
However, the selected stations for ten years (1996 to 2005) have adequate data that could
be used for the purpose of this study (see Appendix 1). The average of monthly
meteorological data of these ten years was taken for analysis (Table 4.1). The mean
annual precipitation has a bimodal distribution with most of the rainfall occurring during
the months July to September while there is a short rainy season from March to April.
The other months are generally dry (Figure 4.1). Korem and Maichew were the only
gauging stations in the western highlands that nearly close to the studied catchment.
Korem reported a maximum annual rainfall depth of 1356mm and the minimum annual
rainfall depth (465mm) was reported at Waja gauging station, located within Raya valley
floor north of this catchment. Since, the three stations (Kobo, Waja and Alamata) are
closely and evenly spaced on the floor of Raya- Kobo valley, arithmetic mean method
was applied to determine the aerial depth of precipitation for the valley part of the study
area. The weighted mean of the precipitation was calculated using equation 4.1, which

resulted in 738mm of mean annual rainfall for the valley part/ Kobo valley (Table 4.1).

n
2R
Py ==l (4.1)
AT
Pa : mean annual rainfall for the Kobo valley (mm)
P;i : measured precipitation at a given station and time (mm)

n : number of rain gauges
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Table 4.1 Mean monthly rainfall distribution (mm) / 1996 — 2005

Station  Jan Feb Mar Apr May Jun Jul Aug  Sep Oct Nov Dec Annual
Kobo 53 29 27 59 47 19 152 202 60 41 24 21 734
Waja 35 14 46 66 37 14 124 214 40 30 20 19 659
Alamata 63 11 62 76 39 15 164 256 47 32 31 25 821
Korem 37 8 61 90 67 34 224 290 87 65 33 24 1022
Maichew 26 8 52 74 56 35 145 223 79 59 22 16 778

Mean monthly rainfall
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Figure 4.1. Mean monthly rainfall of the stations (1996- 2005)
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Mean annual rainfall (mm) (1996 - 2005)
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Figure 4.2 Mean annual rainfall of the stations.

The distribution of rainfall in relation to altitude in the vicinity of studied area shows the

least correlation because of orographic effect and some may attribute to data quality

(Figure 4.3). Therefore, estimation of the rainfall distribution based on altitude — rainfall

relationship may not be applicable.
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Figure 4.3. Rainfall — altitude relationship (1996 to 2005).
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4.1.2. Temperature

Kobo and Korem stations were used to see the climatic variation in the lowland/ valley

and highland parts of the studied catchment respectively. The average monthly maximum

temperature of both stations show that highest record in June and lowest in January

(Figure 4.4). The difference in their maximum temperature is about 9 °C. The maximum

temperature in Korem station ranges from 19 to 25 °C and in Kobo station from 27 to

34.5 °C. The record for all the stations is attached in the Appendix 1.2.

Mean monthly Tmax ( *C)

Mean monthly maximum te mperature (°C)
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Figure 4.4. Mean monthly maximum temperature of Kobo and Korem stations.

As shown in the Figure 4.5, the average monthly minimum temperature for Kobo and

Korem stations have lowest values of 11 °C and 4 °C in the month of December and

highest values of 19 °C and 10 °C in the month of June respectively. Although, they show

significant difference of average monthly temperature, the trend of the temporal variation

is similar at both places. See the record in Appendix 1.3.
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Figure 4.5. Mean monthly minimum temperature for Kobo and Korem stations.
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4.1.3. Relative humidity (RH)

The relative humidity data is available for stations of Kobo and Maichew. At Kobo, the
data were recorded at 1200, 1800 and 0600 local times (Figure 4.6) and the mean
monthly values ranges from 30% in June to some 57% in January. It ranges from 41.5 to

70% for Maichew station. The recorded lists are attached in the Appendix 1.4.
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Figure 4.6. Mean monthly relative humidity at Kobo station taken at 1200, 1800, and
0600 local time.

4.1.4. Wind speed

Wind is expressed by its direction and velocity. Wind direction refers to the direction
from which the wind is blowing. To compute evapotranspiration, wind speed is the
relevant variable. Its mean value vary between 1 ms™ in September to 2.04 ms™'in March
at Kobo. For Maichew station, it varies between 1.1 ms™ in January and 3.25 ms™ in July

(Figure 4.7). (See Appendix 1.6.)
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Figure 4.7. Mean monthly wind speed at Kobo and Maichew stations.

4.1.5. Solar radiation

Solar radiation governs the rate of evaporation by changing large quantities of liquid
water into water vapor. Consequently, the evapotranspiration process is determined by
the amount of energy available to vaporize water. Sunshine hour duration data are
available for Kobo and Maichew stations. Mean sunshine hours determined for the Kobo
station was above 8.0 hours in the months of October to December and March to May. In
the other months, it decreases up to 5.3. It goes up beyond 8 for the month of April and
May, where as for the remaining moths it decreases to a minimum of 5.0 which is in July.
The mean monthly sunshine durations at Kobo and Maichew stations were 7.6 and 7.2

hours respectively. (See Appendix 1.7).

4.1.6. Evapotranspiration (ETo)

Evapotranspiration is the process in which water is returned back to the atmosphere by a
combination of evaporation and transpiration. Potential evapotranspiration is the water
loss that will occur under given climatic condition without deficiency of water supply
whereas actual evapotranspiration is the amount of water that actually returns to the

atmosphere depending on the availability of water.
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Potential evapotranspiration

Potential evapotranspiration is one of the most difficult components of the hydrological
cycle to estimate. However, it can be estimated from weather data. Different methods
have been developed to estimate the potential evapotranspiration, from point-measured
data (Allen et al., 1998). For the purpose of this study, the Penman- Monteith and
Hargreaves methods were used to estimate the potential evapotranspiration. The Penman-
Monteith method integrates the effect of factors such as altitude, aerodynamics,
geographic location, and solar radiation for computation. Hydro- meteorological data of
ten years (1996 — 2005) were used as input for computation. The FAO CROPWAT
software developed by United Nations Food and Agriculture Organization (FAO) was
used to estimate the potential evapotranspiration. It uses the (FAO56) Penman-Monteith
equation. The Penman- Monteith method was applied for the Kobo and Maichew stations
which have relatively better meteorological data. Since the other stations have no wind
speed and sunshine hour duration data, Hargreaves equation was used, that employ only
temperature and extraterrestrial radiation (R,) data. The mean air temperature in the
Hargreaves equation was calculated as an average of maximum and minimum
temperature and Ra is computed from information on location of the site and time of the

year. Thus, air temperature is the only parameter that needs to be measured.

The mean monthly precipitation for Kobo station varies from 19mm in June to 201mm in
August with annual precipitation of 734mm. The estimated annual ETo for this station
was 1752mm (Table 4.2). It is calculated based on the Penman-Monteith method. This
value is by far larger than the annual precipitation. The monthly ETo at Kobo ranges
from 118mm in December to 180mm in June. The average temperature also varies

between 19 °C in December and 26.5 °C in June (Figure 4.8).
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Table 4.2. Computed ETo of Kobo station using Penman-Monteith equation.

Toae Topn Humidity Wind Speed Sun Shine R, ET, ET,
Month  (°C) (°C) %) (Kmd) (Hours) MIm~d") (mmd') monthly
Jan 262 128 60.2 153.8 7.8 182 38 1190
Feb 287 124 56.2 159.8 74 19.2 44 1226
Mar 29.8 15.3 46.4 176.3 8.4 22.0 53 165.5
Apr 312 169 497 163.9 8.2 22.1 55 1641
May 332 172 414 147.7 8.6 224 57 1764
Jun 345 185 317 176.3 6.6 19.2 60 1803
Tul 321 18.1 393 166.8 53 17.4 53 164.6
Aug 30.6 16.8 518 136.5 6.0 18.6 48 1476
Sept 308 152 52.9 88.1 6.7 19.3 44 1317
Oct 296 13.0 422 87.3 8.5 21.0 44 1364
Nov 285 11.9 40.8 95.9 0.3 20.6 42 1248
Dec 27.0 109 40.4 105.4 8.5 18.8 38 1187
Average 30.2 149 46.1 138.3 7.6 19.9 48 1752.0

Penman-Montheith equation was used in Eto Calculations with the values for
Angstrom's Coefficients: a=025andb=05
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Figure 4.8. Precipitation (P), potential evapotranspiration (ETo) and average monthly
temperature (T_avg) for Kobo station (1996 t02005).
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Maichew station is found at distance from the studied basin on the western highlands of
Raya Valley. It has greater annual precipitation (796mm) and lower potential
evapotranspiration (1378mm) as compared to Kobo station. As shown in Figure 4.9 its
monthly precipitation ranges from 8mm in February to 223mm in August. Both the ET,

and average temperature have their minimum values in December and maximum values

in June (Table 4.4).
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Figure 4.9. Precipitation (P), potential evapotranspiration (ETo) and average monthly
temperature (T _avg) of Maichew station (1996 t02005).

The result of the Penman — Monteith showed that the annual potential evapotranspiration
for Kobo and Maichew are 1752 and 1387 mm respectively. In order to see the variation
of these results, Hargreaves equation was also used to calculate the ET,. The results from

Hargreaves equation are about 8% more than the Penman-Monteith results (Table 4.3).

Table4.3Annual ET, (mmy ™) computed from Penman-Monteith and Hargreaves methods

Kobo Maichew Alamata Korem Waja
Annual ET, Hargreaves 1896 1410 1960 1511 1939
Annual ET, Penman-Monteith 1752 1387
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Table 4.4. Calculated ETo of Maichew station using Penman-Monteith equation.

T, T.., Humidity Wind Speed Sun Shine R, ET, ET,
Month  (°C) (°C) (%) (Kmd™")  (Hours) MJm™d™") (mmd™") monthly
Jan 202 7.7 66.3 95.0 7.0 17.1 29 905
Feb 218 7.7 56.3 108.9 8.3 203 37 1022
Mar 22.5 10.0 61.0 111.5 7.0 198 38 1172
Apr 234 111 57.0 1132 8.2 222 43 1290
May 242 11.9 49.9 120.1 8.8 229 46 1426
Jun 248 12.8 415 193.5 7.2 20.1 50 1494
Tul 222 123 62.6 280.8 5.0 169 41 1271
Aug 22.0 12.7 66.6 216.0 5.3 175 38 1190
Sept 22.5 10.7 61.8 102.8 6.8 195 38 1146
October 208 85 61.8 98.5 7.5 195 35 1082
Nov 202 7.0 59.1 95.9 78 185 32 960
Dec 193 67 65.7 95.9 7.7 176 29 890
Average 220 99 59.1 136.0 7.2 193 38 13870

Penman-Monteith equation was used in ETq calculations with the values for Angstrom’s

Coefficients: a=0.25and b=0.5.
Actual evapotranspiration

Actual evapotranspiration is the amount of water that actually returns to the atmosphere

depending on the availability of water.

Due to the absence of gauging stations in the western highlands of the studied basin, the
FOA New-Local climate estimator (New_LocClim v. 1.03) software was used to estimate
the annual precipitation and temperature of this part studied area. Jurgen Grieser
developed this application in July 2005. New LocClim is a tool for spatial interpolation
of agro-climatic data. New LocClim is also capable of producing climate maps of the
average monthly climate conditions (8 variables) taken from the agro-climatic database

of the Agromet Group of the Food and Agriculture Organization of the United Nations.

For the purpose of this interpolation, nine gauging stations with their data from FAO
database were used. These stations include: Alamata, Maichew, Adishoho and Betemera
north of the studied area whereas Woldia, Haik, Desie and Combolcha south of the area
and Debre-Tabor west of the studied area. Except Debre-Tabor station, all lie along the

western edge of the Afar rift. (See Appendix 1.7).
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Accordingly, seven points were selected spatially within this data gap area and their
annual precipitation and temperature data were estimated using New LocClim by
applying nearest-neighbor method. To improve the quality of the results, it was corrected
with the observed data of Korem and Maichew stations. Since the estimated results are
more or less similar, the mean of these values was used for the calculation of the actual
evapotranspiration for the highland part of the studied area. The estimated average annual
precipitation and temperature from New LocClim estimator are 906mm and 14 °C

respectively (See Appendix 1.8 — 1.9).

The Turc, Langbein and Wundit empirical formula was used to estimated the mean areal
actual evapotranspiration of both the valley and highland parts of the studied basin. The
formula estimates the mean actual evapotranspiration for a given river basin based on

precipitation and temperature records and the relation is given by:

E.__ P
004 P (4.2)
LoP
Where,
E :mean annual evapotranspiration (mm)
p  :mean annual precipitation (mm)
t :mean annual temperature °C)

L(t)= 300 + 25t + 0.05t3

The inputs used in the above equation 4.2 to calculate the mean annual actual
evapotranspiration for the western highlands and valley parts of the studied basin and the
obtained results are show in the Table 4.5.

Table 4.5. Mean annual actual evapotranspiration values of the studied area calculated using
Equ. 4.2

Part of the study  Average Area Mean annual Mean annual ~ Mean annual actual

area altitude coverage  precipitation temperature evapotranspiration
range (m) (km?) (mm) (°C) (mm)

The valley floor 1335 1830 284 738 23 689

and escarpment

The highland 1880 - 3600 527 855 14 543

area
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4.2 Groundwater recharge estimation

Groundwater recharge is defined as the entry into the saturated zone of water made
available at the water table surface together with the associated flow away from the water
table within the saturated zone (Freeze & Cherry, 1979). Quantifying the rate of recharge
to aquifer is the most difficult of all measures in the evaluation of groundwater resources.
Estimation of groundwater recharge requires modeling of the interaction between all the
important processes in the hydrological cycle such as precipitation, infiltration, surface
runoff, evapotranspiration, soil moisture and groundwater level variations (Jyrkama and

Sykes, 2007).

There are many sources of recharge to groundwater systems. These include recharge
from precipitation, rivers, irrigation losses, urban water sources and inter-aquifer flows.
Learner et al., (1990), have defined principal recharge mechanisms from these sources as

direct, localized and indirect (cited in Tenalem Ayenew, 1998).

In many cases, combination of the various types of recharge will occur (Simmers, 1997).
This also leads to different recharge estimation techniques (e.g. direct measurement,
water balance methods, Darcian approaches, tracer techniques, empirical methods). The
existence of different combinations of groundwater recharge makes the quantification

process difficult (Tenalem Ayenew, 1998).

As it is mentioned above in the section 4.1 of this chapter, meteorological data limitation
together with absence of hydrological data within this basin made the estimation of
groundwater recharge very tough. In this study, recharge was estimated using water
balance method through dividing the studied basin into two zones: the mountains
highland area and the valley floor including its escarpment. The classification is based on
the prevailing climatic conditions, topographic features and the conceptualized

groundwater system of the basin (Figure 4.10).
The highland area

This part of the basin is characterized by steeply cut deep gorges and highly rugged
topographic surfaces with sharp tips (Figure 3.3). Lithologically, it is composed of basalts
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of the Ashenge group (geological map of Ethiopia, 1996). The basalts show weathering

and fracturing that resulted in the formation of relatively thin soil cover over the slopes.

The estimated average annual precipitation and actual evapotranspiration of this area are
855mm and 543mm respectively (Table 4.5). Although, the area possesses highly
elevated mountain ridges, it receives likely moderate rainfall amount due to orographic

effect.
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Figure 4.10. Simple classification of the basin for the purpose of recharge estimation.

At relatively short distances from the drainage divides, the base flow is perennial and
therefore the recharge has to be substantial. Recharge events also have to be frequent
because there is no evidence for deep significant storage of groundwater sustaining base
flow over long dry periods. However, a small proportion of the recharge contributes to a
deeper groundwater flow system which discharges in the valleys further downstream in

the plateaux and escarpments (Tenalem Ayenew, 1998).

Similar to the above observation the starting point of perennial streams in the basin is at

the foot of high mountains which are the major drainage divides. The base flow increases
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downstream owning seepages from adjacent valley sides. Moreover, there are very small
discharge seepage springs that are used for community water supply emerge along the

local slopes.

The surface runoff over this part of the area will be expected to be the highest as it is
evidenced from the geomorphologic features, drainage network and vegetation cover
(Figure 4.11). To estimate the amount of runoff generated from the highland part is also

another limitation as there is no measured hydrometric (river discharge) data in the area.
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Figure 4.11. Slope map illustrating the topographic gradient.

However, the runoff coefficient was adopted from the nearby Hayq—Ardibo inter-

mountain lakes catchment, which has some similarity with the present study area.
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The mean runoff coefficient for Hayg—Ardibo catchment is 0.3(Molla Demlie, 2007).
Accordingly, the estimated runoff amount for the highland part of the studied catchment

was calculated using the estimated annual precipitation for highland area.

Runoff (mighiand) = Runoff coefficient ® x Annual precipitation (mightand) 4.3)

Thus, the groundwater recharge for the highland area can be calculated using simple

water balance method;
P=ETa+Sr+R+S (4.4)

Where, P : Annual precipitation (mm)
ETa : Annual Actual evapotranspiration (mm)
Sr : Annual Surface runoff (mm)
R :Recharge to groundwater (mm /year )

S : Soil moisture content (mm)

By considering that thick soil cover was not develop over such topographic terrain, the
soil moisture content was assumed negligible for the highland area. The estimated

recharge is shown on Table 4.6.
The valley floor

The valley floor including its escarpment receives relatively low annual precipitation
(738mm) and has high annual actual evapotranspiration (689mm). Recharge in this area
is generally assumed to very minimum from direct precipitation. However, the valley
floor gets recharge from runoff along escarpments and stream leakage which flow down
the highlands. The runoff from the highland area flow out to the valley floor along two

mainstream channels, Golina and Hormate streams, and few along Keleklit stream.

To estimate the amount of recharge to the valley fill sediment deposits from runoff, the
escarpment part of the valley (source) is delineated and the amount of runoff generated
was estimated based on the runoff coefficient of previous studies. However, to compute

the amount of recharge from the river leakage and seepage from volcanic aquifer is the
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most difficult process (Figure 4.12). The recharge from river leakage might be estimated,

if the streams draining the area are gauged at the inflow and at the out let of the valley.
Thus, the amount of recharge to the valley floor can be estimated in two ways;

- The direct recharge which is surplus of evapotranspiration and soil moisture
considering that insignificant runoff over the valley plain,

- The indirect recharge from runoff along the valley escarpment

The direct recharge was calculated using the above equation 4.4 and the soil moisture
content was adopted from Co-SAESAR (1999) which was computed from SCS model,
while the indirect recharge was assumed 50% of the runoff from the valley escarpment.
According to RVPD (1998), the runoff coefficient for the escarpments was estimated
between 0.13 to 0.22.

In this study, for the estimation of recharge from the escarpment runoff, 15% of the
precipitation was considered. Recharge for the escarpment area was assumed 2% of the
annual precipitation. The estimated recharge values of the basin are shown below on

Table 4.6.

Table 4.6. The estimated annual groundwater recharge

Part of the  Average Area  Mean  Mean Mean  Estimated annual runoff Soil Direct Indirect

study area altitude (km? annual annual annual  (mm), 30% & 15 % of moisture R R
range (m) P T actual  precipitation were content (mm/yr) (mm/yr)

(mm) (0C)  Et(mm) assumed for highland and  (mm/yr) from
escarpment respectively runoff*

The Valley

floor 1340 - 1590 140 738 23 689 22 27 17

The valley

escarpment 1610 - 2100 144 738 23 689 49 15

The

highland 1900 - 3600 527 855 14 543 256 56

* It is localized to the foot of the escarpment area
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Figure 4.12. Schematic diagram illustrating mountain front recharge (MFR) components
(modified after Wilson and Guan, 2004).
SL = Recharge from streambed leakage, SR = Recharge from surface runoff along steep

front slopes (valley escarpment) via ephemerals, FR = Sub-surface flow through the
structures (faults and fractures), DR = Sub-surface diffuse flow at the interface of the

volcanic aquifer and the sediments of the basin aquifer.

4.3 Pumping test data analysis

Through proper pumping test data collection, analysis and interpretation adequate
information about the groundwater condition would be generated. Since, direct
observation of groundwater movement is impossible, mathematical analysis offers a
convenient and reliable way to predict what happens to water in the ground. It is
therefore, imperative to derive simple mathematical expressions for describing the flow

region of water in the subsurface.

In this study, the analysis of the pumping test data was conducted to determine the
aquifer hydraulic parameters such as transmissivity and hydraulic conductivity, which
later used as one of the model input parameters. The aquifer parameters are important as
they give an understanding of the groundwater flow in the system. Kruseman and de
Ridder (1992), suggested that generally all the analytical methods assumed the aquifer is

homogenous and isotropic, groundwater flow is horizontal and Darcy’s law is valid,
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discharged at constant rate, fully penetrating well of very small diameter and geologic
formations are horizontal and have infinite horizontal extent. Geo Engineering Service
(GES, 2003) and Metaferia Consulting Engineers (MCE, 2009) were conducted some

pumping test analysis for the alluvial aquifer of the studied area.

The data processing was also includes screening and correction of the pumping test data.

The data had to be corrected for external influences, which are independent of the test.

Initially the behavior of drawdown curve was compared with the various model curves to
identify the aquifer type where the particular borehole was sunk. Further, the result was
also compared with the borehole log. The model that comprises best fit with real system
is then selected for the calculation of the physical properties of the aquifer. The analysis

was done using Aquifer Test v.3.5 software.

The aquifers in the study area are mainly Quaternary alluvial deposits, and fractured and
weathered basalts. Totally 50 boreholes were inventoried in this study and almost all
were sunk in the alluvial sediments aquifer with the exception of very few boreholes
which are located in the volcanic aquifer. However, most of the early constructed
boreholes have incomplete data. For the purpose of this study, pumping test data of 19
large diameter (12°’JJ) boreholes were analyzed. All the boreholes were sunk in the
alluvial aquifer. Among these boreholes, 10 of them have observation well. The
boreholes have relatively complete pumping test data, deeper in depth and well
distributed over the valley plain. However, to have result that is more representative over
the area particularly the valley plain, pumping test analysis results of previous studies

were used.

The pumping test data show that the constant test was conducted for 72 hours for most of
the boreholes. Before calculating the hydraulic parameters, the aquifer type was
identified by comparing with the theoretical models that are developed for a specific
aquifer type (confined or unconfined). Consequently, comparison of recorded drawdown
with various theoretical models with the log-log plots and semi-log plots of the

drawdown versus time were used. Moreover, borehole lithologic logs were also
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considered in the identification of the aquifer type. Based on the comparison the
aquifer type for the corresponding borehole was assigned as follows.
Unconfined aquifer for boreholes: PHG1, PHG2, PHG4, PHGS, PHG6, PHG7, PHGS,

PHGY9, PHG10, PK1, PK2, TK7, PK6, PK7, PK8 and PK9 and Confined aquifer for
boreholes: PHG3, THG2 and THG4.

From the spatial distribution of the boreholes, the alluvial deposits have locally show
two aquifer types. The unconfined aquifer type which covers most of the western part of
the valley and semi-confined to confined type which is localized near the center of the
valley plain. Evidences from drilled boreholes and VES data have shown thick sediment

deposits near the center of the valley.

Recovery test help to verify the accuracy of the pumping data and assist to confirm the
results of the aquifer parameters determined by the constant rate test. Recovery data are
more reliable than pumping data for the reason that no pumping is involved during this
test and hence no water level reading problems associated with the pumping action is
encountered. Theis recovery method is applicable to data from single well recovery tests

conducted in confined, leaky or unconfined aquifers (Kruseman and de Ridder, 1992).

Once the aquifer type is identified, the appropriate method of analysis was selected for
computing the aquifer hydraulic parameters. Hence, Thies and Neuman methods were
applied for confined and unconfined aquifers respectively. For the recovery data, Thies
recovery method was used. The results of the analysis are shown on Table 4.7. The time

— drawdown curves are attached in the Appendices 2.

There are three boreholes that tap the volcanic aquifer within the studied basin. The only
data that was obtained from the boreholes is drilled depth which is relatively shallow,
depth to water level and discharge. Therefore, it was found difficult to calculate the
hydraulic parameters for the volcanic aquifer. Because of such limitation the hydraulic
parameters for the volcanic aquifer was adopted from literature and the boreholes sunk on
similar aquifer located out of the study area. The Transmissivity values of the volcanic
aquifer from the boreholes located in adjacent catchment (Raya) show 3.68 to 70 m*d™

(Dessie Nadew, 2003).
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Table 4.7 Hydraulic parameters of the alluvial sediment aquifer.

No  Well Location O\?;:flv © Depth SWL DWL Q DD « S Sy
ID X v 7 (m (m (m) (I/s) (m) (ng_l) (mdaYl)

1 PRl 568066 1340931 1491 pkiost 170  25.54 3454 55 9 280 3.04 0.22

2 pkiogz 151  25.68 3422 55 854 0.27

3 PK2 568476 1341101 1488 137 2356 39.13 80 156 341 4.06 0.57

4 TK7 569334 1341467 1475 Tkroe1 160 1427 1896 50  4.69 4865 3.9 0.26

5  PK6 569299 1341890 1481 145 1752 3255 40 15 198 2.61 0.29

6  PK7 569892 1341651 1474 pkroet 203 2034 2355 40 321 5775 741 0.06

7 PKS 569814 1341065 1469 181  17.98 37.16 50 192 168 1.43 0.37

8  PKY9 569485 1341610 1475 145 2385 2976 50 591 7685 835 0.19

9  PHGI 567688 1338578 1487 129 2435 2924 50 489 1245  13.53 0.55

10  PHG2 567801 1337977 1479 pHczost 150 18.92 1941 45 049 3145 449 0.28

11 PHG3 568356 1337982 1473 156 16.63 2589 50 926 5135 494  0.031

12 PHG4 566854 1339244 1507 pHosoBr 128  27.96 3239 45  4.43 14115 22.75 0.31

13 PHG5 571398 1335248 1432 155 215 4001 57 1851 244 8.13 0.25

14  PHG6 571821 1334963 1426 phceost 178 20.13 2585 585 572 1017  23.1 0.29

15 PHG7 572289 1334951 1419 180 17.53 33.04 51.6 1551 255 4.7 0.2

16 PHGS 570553 1334124 1447 147 2061 37.93 464 1732 2675 56 0.22

17  PHGY 570089 1333952 1456 pHoeoBt 158 21.67 2725 53.5 558 1427  29.8 0.3

18 PHGIO 569560 1334010 1462 146 251 30.88 59.5 578 1412 314 0.25

19 THGI 576123 1336656 1384 THeioe1 118 1621 31.02 32 1481 3507 117 0.18

20 THG3 575801 1333260 1385 Thesosr 212 3.1 1661 57 1351 571 9.51  0.0012

21  THG4 575471 1331124 1408 175 52 1247 62 727 9065 168  0.0018

22 HG-1 568171 1339140 1480 112 2059 4149 51 209 225 2.3

23 HG-2 569552 1339024 1461 91 151 306 51 155 433 6.2

24 HG3 569659 1338130 1455 11 21 59.1 20 381 2506 084

25  HG4 569354 1339493 1466 109 17.55 3321 51 1566 2592 7.2

26 HGI1 571055 1335915 1437 1165 144 3517 50 2077 23054 5.2

27  HGI2 572295 1335804 1417 1103 163 3072 50 1442 21845 52

28 HGI3 571683 1336365 1425 110.6 1826 31.61 50 1335 239.62 5.7

29  HGI4 571067 1336466 1436 108.5 16.66 29.53 50  12.87 31824 7.58

30 Zelekel 570187 1338097 1452 113 204 379 50 175 276

31 Zeleke2 570658 1337490 1446 1105 19.05 3853 50 1948 345

32 TWI 568755 1329590 1367 114 5878 62.69 7 391 236

33 TW3 579090 1332043 1375 81 133 38.01 29 2471 140

SWL - Static water level , DWL — Dynamic water level, Q — Constant pumping rate,

DD - Draw down, T, — Average Transmissivity, K,, — Average Hydraulic conductivity ,
Sy — Specific yield

S — Storativity,
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5. Numerical groundwater flow modeling

5.1 Introduction

For groundwater modeling, collection and assemblages of relevant hydrogeological data
have to be made. This process includes identifying hydrostratigraphic units, estimating
transmisivity values, defining system boundaries, preparation of groundwater contours,

etc.

There are two areas of hydrogeology where we need to rely on models of real
hydrogeological system: to understand why a flow system is behaving in a particular
observed manner and to predict how a flow system is behaving (Fetter, 2001). There are
several ways to classify groundwater flow models, models can be either transient or
steady state and one, two or three spatial dimension. Steady state flow occurs when at any
point in a flow field the magnitude and direction of the flow are constant with time

(Anderson and Woessner, 1992).

Proper understanding of the hydrogeologic system and realistic model inputs are
imperative in order to have confidence in model simulation results. In this study most of
the existing hydrogeological data such as hydraulic conductivity, transmissivity, aquifer
thickness, groundwater heads, etc are limited to the valley part. This chapter focused on
the simulation of groundwater flow system in the Hormate — Golina basin using
groundwater flow modeling. The basin comprises low-lying valley and mountainous
highland areas. The highlands particularly the western part is believed to be the recharge
area for the valley part. The aquifer system was modeled using PMWIN Pro (Chiang et
al., 1998) as pre —and post — processor for MODFLOW (McDonald and Harbaugh, 1988)
assuming steady-state conditions. The aquifer was modeled under unconfined condition
represented by a single layer with varying thickness. The grid cell size of the model was
determined based on the existing hydrogeological data. Accordingly, a grid cell size of
250m x 250m and 500m x 500m were used for areas with sufficient data and data limited
respectively. Model area and the elevations of the top layer were delineated by the
ASTER DEM optimization and use of the topographic maps. Aquifer properties were

assigned based on the results of the pumping test data analysis. Recharge to the major
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component of the system were considered to take place as direct infiltration of
precipitation for the entire model area and further inflow from the surrounding hills for
the valley part. Simplified water balance method was employed to estimate the recharge.
Optimized parameters such as hydraulic conductivity and recharge are spatially
distributed over the model area. A combination of trial and error and automatic methods

were used to calibrate the model using the observed hydraulic head.

5.1.1. The modeling process

To ensure that the modeling study is conducted correctly, it is important to use a proper
modeling methodology. This is also increase confidence in the results of the model
(Anderson and Woessner, 1992). The modeling protocol suggested by Anderson and
Woessner (1992) was followed to come up with good result (Figure 5.1).

Define purpose

Field daa Concepmal model

v

Numerical model

:

Code selection

!

Model design Field dam
Comparison > Calibration
with ¢
field data » Verification

!

Sensitivity analysis

Results and discussions

Figure 5.1. Steps in modeling protocol (after Anderson and Woessner, 1992).
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5.2. Conceptual model

Developing the appropriate conceptual model for a given problem is one of the most
imperative steps in the modeling process. Over simplification may lead to a model that
lacks the required information, while under simplification may result in the lack of data
required for model calibration and parameter estimation. A conceptual model describes
how water enters an aquifer system, flows through the aquifer system and leaves the
aquifer system. Briefly, it describes the hydrologic system with respect to aquifer
properties, flow characteristics and boundary conditions. According to Anderson and
Woessner (1992) there are three steps in building a conceptual model: defining

hydrostratigraphic units, preparing a water budget and defining the flow system.

Although, there was very limited data particularly for the highland part, a simplified
conceptual model was developed for the groundwater flow system in Hormat- Golina
basin. To develop the conceptual model, some simplifying assumptions were made. The
assumptions include: the model consists of a single layer, the model is two dimensional,

the aquifer is unconfined with varying thickness and, the groundwater flow is horizontal.

In principle the groundwater flow and contaminant transport in porous medium domain
are three-dimensional. However, when considering regional problems, one should note
that because of the ratio of aquifer thickness to horizontal length, the flow in the aquifer
is practically horizontal. The horizontal dimension may be from tens to hundreds of

kilometers with a thickness of tens to hundreds of meters (Bear, 1979).

Simplification is important because complete reconstruction of the filed system is not
feasible. The conceptual model should be simplified as much as possible while it is still
remains complex enough to represent the system behavior (Anderson and Woessner,
1992). In this study, to simplify the complex nature of the basin, a simplified conceptual
hydrogeological model of the groundwater system was developed based on information

about geology, hydrogeology and hydrology.

The groundwater flow system comprises the subsurface water, the porous geologic media

containing the water, the flow boundaries, the sources (outcrop areas, streams for
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recharge to the aquifer), and the sinks (springs, inter-aquifer flow, and wells for flow
from the aquifer) (Todd & Mays, 2005). The groundwater flow through the volcanic
rocks that cover the highland part of the studied basin is mainly localized to the fractured
and faulted zones. It is more likely through those structures that the groundwater flows
from the highland to the low laying valley fill alluvial deposits and the underlying
fractured volcanic rocks. Thermal spring that emerged on the valley floor might justify

such conditions (Figure 4.12).

The hilly topography produces numerous subsystems within the major flow system.
Water that enters the flow system in a given recharge area may be discharged in the
nearest topographic low or it may be transmitted to the regional discharge area in the
bottom of the major valley (Freeze and Cherry, 1979). From theoretical point of view,
the deep groundwater flow system from the highlands should be of importance ( Tenalem

Ayenew, 1998).

For the modeling purpose, the system is considered in a steady- state throughout the year.
Deep groundwater flow condition from the recharge highland area to the valley floor was
assumed. As a result, the aquifer bottom elevation was also assumed erratic. The

simplified conceptual groundwater system of the basin is shown in Figure 5.2.

5.2.1. Boundary conditions

Boundary conditions are constraints imposed on the model grid that express the nature of
the physical boundaries of the aquifer being modeled. Boundary conditions have great
influence on the computations of heads within the model area. Anderson and Woessner
(1992) defined three types of mathematical conditions used to represent hydrogeological

boundaries:

- Specified head boundaries (Dirichlet conditions)
- Specified flow boundaries (Neuman conditions)

- Head-dependent flow boundaries (Cauchy or mixed conditions)

Boundary conditions are mathematical statements specifying the dependent variable

(head) or the derivative of the dependent variable (flux) at the boundaries of the problem
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domain. In steady-state simulation, the boundaries largely determine the flow pattern.
Therefore, correct selection of boundary conditions is a critical step in model design

(Anderson and Woessner, 1992).

Volcanic formation

P
/';f/;:-\\ L EE: " (Pealy) Alluvial deposits

Figure 5.2. Schematic diagram illustrating the simplified conceptual model.

P = Precipitation , ET = Evapotranspiration , I = Infiltration, SR = Surface runoff without
defined channel, RGF = Regional groundwater flow path, GFD = Groundwater flow
direction

The basin is bounded by chain of volcanic mountains that are major drainage divide in
the west, steep slope volcanic mountains that have north and south aspects in the north-
west and south, Zobel mountains in the east, volcanic inselberg in the north-east and
Raya valley in the north. The basin has only one outlet to the Afar depression in the
southeast. The topographic divides primarily define the lateral model boundaries. Apart
from the northern boundary, in these areas it can be assumed that groundwater and
surface water divides coincide, and therefore a no-flow boundary has been assumed.
From the boreholes data that tap the alluvial sediments aquifer, it has been assumed
inflow boundary in the northern part particularly near kobo town. The groundwater exits

the system in the form of base flow through a gap at southeast of the Kobo valley
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(Figure 5.4). The drain package was applied along the lower reach of the Golina river,
which cuts through the eastern ridge at ‘Golina Ber’, in order to simulate the groundwater
discharge through the outlet. The out let has a width of about 20m and cuts through the

basaltic rock.

5.2.2. Stratigraphic units

Identification of hydrostratigraphic units is crucial in determining the number of layers
controlling groundwater flow within the system. A hydrostratigraphic unit is comprised
of geological units of similar hydrogeological properties. Numerous geological units may
be grouped together or a single formation may be subdivided into different aquifers and

aquitards (Anderson and Woessner, 1992).

As it was discussed above in section 3.6.2, in the basin two main lithologic units were
defined as aquifers based on field observation, collected data and previous studies. These
are the valley fill alluvial deposits and the fractured and weathered basalt. However, the
available hydrogeologic data are limited to the valley floor only. Few boreholes data,
which tap the volcanic aquifer, show that there is significant difference in aquifer

hydraulic properties between these two units.

The transmissivity of the alluvial aquifers in the marginal grabens vary from 0.5 to more
than 500 m”/day. The volcanic rocks making up the mountains are characterized by
transmissivity ranging from 1 to 100 m*/day. The thermal waters in the marginal grabens
are depleted in 8'°0 and 8D contents and show similar values to that of the groundwater
from the plateau in the west, indicating the main source of recharge to the thermal waters

is groundwater inflow from the mountain body (Seifu Kebede et. al, 2007).

The above isotopic evidences and the present field study suggest that the two-aquifer
systems are hydraulically connected. High discharge flowing borehole (THG2), which
flows more than 20 Is™ at 1.5m above the ground surface may attributed to groundwater

source with high head (highland) in addition to the local confining effect.

Accordingly, in the model design the two aquifers are simulated as a single layer with

laterally varying hydraulic properties (Figure 3.7).
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5.2.3. Sources and sinks of the model area

For the studied basin, the primary groundwater source is direct recharge from
precipitation for both the highland mountains area and the valley floor. However, the
valley floor gets additional recharge from surface runoff along the escarpments and from
stream leakages that drain the highlands. The primary output or sink is groundwater

outflow in the form of base flow (Figure 5.2).
Recharge

Groundwater recharge processes and estimated results are discussed in section 4.2 of the
previous chapter. To estimate the amount of recharge, the basin was divided into three
zones: the highland area, the escarpment and the valley floor. It was estimated based on
water balance method (Figure 5.3). There are no recharging wells in the study area. The
recharge from excess irrigation was assumed to be negligible, because the current

irrigation system uses drip and sprinkler method.

540800 S50800 560800 ST080D SB0800

60800

Recharge (mm/d)
o 014 o013
B 0.04

Figure 5.3. Estimated recharge zones.

1318500
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Groundwater outflow/sinks

The ways of groundwater discharge from the aquifer system is mainly by discharge to
streams. The main stream (Golina) that drains the western highlands gets its base flow
from the volcanic aquifer and losses some amount when it reaches the valley floor (the
alluvial deposits). However, near the out let to Afar it gains some amount as it was
evidenced from increased flow during field visit. On the other hand, the Hormat stream
collects some seepage flows from the western highlands and loses into the alluvial

sediments along the stream course.

Evapotranspiration from the groundwater system can be assumed to be negligible, since
there is no significant groundwater discharge areas such as marshes, swamps, and/or

lakes within the basin.

Groundwater has been abstracted for water supply and irrigation purpose particularly in
the valley part of the basin. However, there is no recorded data regarding the abstraction
rate and duration of pumping from the wells. Based on the information from KGVDP
office, Kobo town water supply office and operators who work at well pumping stations,
and from the field inventory, the amount of water abstracted from the wells was

estimated to be 2.68 Mm’y™' (Table 5.1).
Table 5.1 The estimated amount water abstracted from boreholes per annual

Irrigation boreholes ( water used per crop season)

Well Discharge Jan Feb Mar Apr May Jun s \
D (s (25dx (25dx (25dx (25dx (25dx (25dx m’/annual m’/day
6hrs) 12hrs) 16hrs) 16hrs) 14hrs) 12hrs)
HG1 50 27000 54000 72000 72000 63000 54000 342000 937
HG2 50 27000 54000 72000 72000 63000 54000 342000 937
HG6 50 27000 54000 72000 72000 63000 54000 342000 937
HG7 50 27000 54000 72000 72000 63000 54000 342000 937
HG8 28 15000 30000 40000 40000 35000 30000 190000 521
HG10 34 18300 36600 48800 48800 42700 36600 231800 635
TWI 7 3750 7500 10000 10000 8750 7500 47500 130
Water supply boreholes (Kobo town)

K33 40 40 x 8hrs x 365d 420480 1152
K34 40 40 x 8hrs x 365d 420480 1152

d = average pumping days per month, hrs = pumping hours per day
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Therefore, the main mechanism of groundwater discharge from the basin is in the form
base flow along Golina river. Since, this river is not gauged and possesses both processes
(gaining and losing) along its course within the basin; a river package was used to

simulate the interaction between the river and the aquifer.

The river package is designed to simulate the effect of flow between rivers and aquifers

based on the following relations:

QRIV = CRIV(HRIV —h) For h>RBOT (5.1)
QRIV = CRIV(HRIV — RBOT) For h<= RBOT (5.2)
KLW
CRIV =——
M (5.3)
Where:
QRIV = rate of leakage between the river and aquifer [L3T]
CRIV = hydraulic conductance of the river bed [L2T]
HRIV = head in the river [L]
h = hydraulic head in cell [L]
RBOT = elevation of the bottom of the riverbed [L]
K = hydraulic conductivity of the riverbed material [LT']
L = length of the river within a cell [L]
w = width of the river [L]
M = thickness of the riverbed [L]

In the data collection, areas where access is difficult to measure the river, it was inferred
from aerial photos, images and immediate nearby data. The hydraulic conductivity was

also adopted from literature.
Drain package
At the out let of the basin, the volcanic rock through which the river cuts was assumed to

have relatively very low permeability. Therefore, leakage from riverbed to the bedrock
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channel will be negligible. For such reasons the drain package is more convenient and
was used in the model to simulate the groundwater outflow in the form of base flow at

the outlet of the basin.

Drain package is different from river package in that the flow is directed only from the
aquifer towards the drain and it stops when the head in the aquifer drops below the
elevation of the drain. The rate of flow entering the drain (QD) is calculated from the

following equation 5.4 (McDonald and Harbaugh, 1988):

QD=CD (h—-d) Forh>d (5.4)
(5.5)
p-KLY

Where:

K = equivalent to hydraulic conductivity of the drain material [LT']

L = length of the drain within the cell [L]

W = the width of the stream within the cell [L]

M = the thickness of the stream bed material [L]

h = aquifer hydraulic head [L]

d = elevation of the drain [L]

The value of CD was adjusted during calibration process, L is approximated to the length
of the cell, W was estimated to be 20 m, and M was estimated to be 2.5m. There is no any

such recorded data and it was impossible to be accurate on a detailed level.

5.2.4. The model area

The model area was delineated by processing ASTER DEM using GIS and use of
topographic maps. It was defined along the surface water divide. The grid cell size of the
model was determined based on the existing hydrogeological data. Accordingly, a grid
cell size of 250m x 250m and 500m x 500m were used for the valley floor and the
highland parts of the basin respectively. A total of 806-km” area of the basin was
modeled (Figure 5.4).
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Figure 5.4. Discretization of the model area.

5.2.5. Aquifer geometry

The extent of the aquifer was inferred from limited available hydrogeological data and
hydrogeological cross-section (X — X’). Since, unconfined aquifer was assumed, the
aquifer top elevation was assigned surface elevation, which was extracted from the
ASTER DEM using Surfer grid slicing method. The bottom elevations of the aquifer
were inferred, by assuming that the two aquifers (the volcanic and the alluvial deposits)
are hydraulically connected. As a result, the aquifer bottom elevations were varied
depending on the surface elevation (Figure 3.7). The average aquifer length and width are

36 km along E — W and 22 km along N — S respectively.
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5.3. Numerical model

Numerical model development allows for a detailed analysis of the movement of water
through the hydrologic units that constitute the groundwater flow system. The
groundwater flow through the highland volcanic aquifer and the valley fill
unconsolidated deposits of the basin were simulated using the U.S. Geological Survey
modular three — dimensional finite- difference groundwater flow model, MODFLOW
(McDonald and Harbaugh, 1988). This numerical modeling was performed using the
interface of Processing Modflow Pro (PMWIN Pro), Version 7.0.17 (Chiang and
Kinzelbach, 2001) as code environments for the data input and output management.
PMWIN Pro supports MODFLOW- 2000, PEST- ASP, different packages, and
models/programs. It is founded on the physical theory of groundwater movement:
Darcy’s law and the continuity equation. The steady- state groundwater flow is simulated
based on the following governing differential equation under two- dimensional aerial

view (Anderson and Woessner, 1992).

0 oh 0 oh

| Ky— |+—| Ky = |+R=0 .

ax[ Xax}rav( yan+ (56
Where:

Kxand Ky = Components of the hydraulic conductivity along x, and y axes [LT™']
R = Flux per unit volume representing sources/sinks term [T

h = Hydraulic head [L]

5.3.1. Data input for the model

The model input data were processed and analyzed in chapter four. The data were feed to
the model in accordance to how the computer code runs to simulate the input data. The
model was assumed to simulate the developed conceptual model. After defining the
model extent and boundary conditions, the aquifer top elevation (processed DEM) was
imported into the model. Whereas, the aquifer bottom elevation was assigned from the
cross-sections. The cross —sections are selected, in such a way that the volcanic and the
alluvial aquifers are hydraulically connected (Figure 3.7). The hydraulic conductivity

values from the pumping test analysis of the alluvial aquifer were used as initial values
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for this aquifer in the model input by making different zones along the valley floor.
However, the hydraulic conductivity values for the volcanic aquifer were adopted from
literature depending on the nature of geology and hydrogeology of the area. Since the
area is part of the rift margin, where there are prominent faulting and fracturing, the
hydraulic conductivity values were assumed to decrease away from the escarpment
(Figure 5.5). The estimated recharge values were distributed as initial values in the model

area after making in to three zones (Figure 5.3).
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Figure 5.5. Hydraulic conductivity values used as initial model input.

More than 35 borehole coordinates and observed water levels were organized and

imported into the model for the calibration purpose.

5.3.2. Model execution and calibration

Model execution includes the entry of organized input data into the selected computer

code, and interpretation of the model results. Model results were compared with the
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calibration target and if the error in the simulated results is acceptable, the model is
considered as calibrated; if the level of error is unacceptable, the input parameter values
are adjusted within a reasonable ranges and the model is run again until acceptable results

are achieved. The model runs with the interactive method.

5.3.3. Calibration target and uncertainty

The calibration target was to match the hydraulic heads simulated by the model with the
observed heads. In this study, the hydraulic heads obtained from groundwater level
measurement data were used as calibration values. The hydraulic heads were obtained
from water level records measured during drilling. It should be noted that most of the
measured head data and the uncertainty of the model are associated with errors due to the

following reasons:

0 Some of the water level measurements were taken from the pumping wells,
without monitoring well.

0 The water level measurements are single time measurement (taken during
drilling time).

0 The water level measurements are from both the unconfined and semi-
confined aquifer type which may result in significant head change between
two points within short distance .

0 Measurement errors related to measuring device and operator/user.

0 Errors due to averaging ground surface elevations from digital elevation

models (DEM).

Despite the above limitations the observed groundwater levels are limited to the valley
floor only. Because of the absence of wells and high discharge springs that emerge along
the valley escarpment and nearby the existing access on the highland volcanic made the
available groundwater level data not to represent the entire model area. All the mentioned
uncertainties together with data limitation made the calibration not only uncertain in
some part of the model but also constitute a challenging and tough task. The standard
deviation of the groundwater level below ground surface showed a value of about 6m. By

considering this value together with the cumulative effect of the above uncertainties in
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the input data, it was reasonable to assume a RMS error of 6m as predefined calibration
target. Thirty-five boreholes were selected for calibration of the steady- state model
(Figure 5.4). Initially, the model was calibrated for the condition without abstraction,
which helps to observe the model reliability in generating field condition when it is
subjected only to the natural stresses. In order to see the effect of abstraction on the
model calibrated hydraulic heads and on the overall water budget of the basin, the

estimated abstracted water from the wells (2.68 Mm’y™") was used (Table 5.1).

5.3.4. Trial- and- error calibration

Trial- and — error calibration was the first technique to be used and is still the technique
preferred by most users (Anderson and Woessner, 1992). It is the process of manual
adjustment of input parameters until the model simulates the measured heads within
range of the error criteria. The model was calibrated for steady- state conditions,
assuming constant recharge and steady discharge neglecting seasonal fluctuations.
Calibration was conducted through trial and error by varying aquifer hydraulic
conductivity, recharge and river bed material conductance values. During the calibration,
the parameter values and their zones were modified manually and trial runs were carried
out until the model result was close to the pre-defined error criterion. The best-fit results
were achieved after the model area was divided into different zones of the respective
parameters. Since the available hydrogeological data are limited to the alluvial deposit
aquifer, more hydraulic conductivity zones were extrapolated in this region whereas for
the volcanic aquifer relatively a homogenous condition was assumed (Figure 5.5).
Despite of very limited hydro-meteorological data in the basin, three recharge zones were
defined based on different assumptions, as it was discussed in chapter four, section 4.2.

The procedure followed for the trial- and-error calibration is shown in Figure 5.6.
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Figure 5.6. Trial and error calibration procedures (adapted from Anderson and Woessner, 1992)

5.3.5. Evaluation of calibration

The results of the calibration should be evaluated both qualitatively and quantitatively
(Anderson and Woessner, 1992). The mean of the observed and simulated heads
differences was used to quantify the average error in the calibration process. The three
ways of expressing the average difference between simulated heads (hs) and measured
heads (hy,) are the mean error (ME), the mean absolute error (MAE) and the root mean

square error (RMS). The objective of the calibration is to minimize these error values.

1 n
ME = 3 (i ~hs i) (5.7)

The mean difference between measured heads and simulated
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MAE:%fﬂ@mrh”} (5-8)
1=1

The mean of the absolute value of the differences in the measured and simulated heads

RMSE = \/z mi—hsif (59)

The average of the squared differences in measured and simulated heads

The above error measures can only be used to evaluate the average error in the calibrated
model. The RMSE is usually thought to be the best measure of error if errors are
normally distributed. The maximum acceptable value of the calibration criterion depends
on the magnitude of the change in heads over the problem domain (Anderson and

Woessner, 1992).

—e— Calculated _ head
—A— Obsreved_ head
1480.00 1480

1440.00 1440

1420:00 \ A A 1420
1400.00 \ I \ / \ 1400
LY |

E
o
© 1380.00 1380
5]
I
1360.00 1360
1340.00 1340
1320.00 1320
1300.00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1300
3E2 U083 YU0EE0 8308833503 28833Y
IOOI:|:I'—O-IIOOIOI(DIILDOLDOﬁEE¥¥¥¥¥
a L, Laoaa FFhaF&oa X ITIITY
¥E cg ¢ S
~ o
Well ID

Figure 5.7. Graphical comparison between the observed and simulated heads.
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Model generated scatter diagram showing the calibrated fit between the observed and
simulated heads is shown in Figure 5.8. The scatter plots are visually examined whether
points in a plot show deviation from the straight line in a random distribution or have
systematic deviation, where systematic deviation of the plots can indicate systematic

error in adjusting the parameter values. The scatter plot shows a correlation coefficient of

0.97 and RMSE of 5.7m.
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Figure 5.8. The scatter diagram showing the comparison of measured and simulated heads

The differences in simulated and observed heads are shown in Appendix 3. The summary

of the error analysis for the calibrated model is shown in Table 5.2.

Table 5.2 Error summary for the calibrated model

Type of error measure Value (m)
ME 0.3
MAE 4.2
RMSE 5.7
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While, the above three error measure types can only show the average error value but not
the distribution of the errors in the model area. Therefore, comparison of contour maps of
simulated and measured heads and scatter plots of the residual error were used to make

qualitative analysis of the spatial distribution of errors.

The residual water level error is the difference between the observed/measured heads and
the simulated heads. As it is shown in Figure 5.9, about 60% of the simulated water
levels are within 5m head error and the rest are almost within 10m head error. Generally,
from the residual head error distribution plot one can may suggest that there should be

little bias in model simulation for the entire model area.
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Figure 5.9. A scatter plot showing residual head error distribution .

The contour map of the hydraulic heads was assumed to represent the top of the
groundwater surface in an aquifer. It helps to observe the groundwater flow direction and
groundwater recharge and discharge areas. The observed and the simulated head contour
maps were overlaid to see whether the model results agree with the actual field condition
(Figure 5.10). The groundwater flow directions more or less agree with the
conceptualized flow direction. The groundwater flow direction in the volcanic highlands

shows a general trend of west to east and later converged towards the basin out let in the
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alluvial sediments aquifer. The steep hydraulic gradient in the west most part of the basin
may attributed to the assumed relatively low values of hydraulic conductivity and very

high topographic gradient.
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Figure 5.10 Contour map of model simulated and measured hydraulic heads

5.4. Water budget of the model domain

In direct way of checking, the amount of residual error in the solution is to compare the
total simulated inflows and outflows as computed by the water budget of the entire
domain. The water budget modeling is one of the methods to quantify the amount of
water that flows through the aquifer system. The basic equation for a water budget under
steady state condition is that sum of inputs to the aquifer equals sum of outputs from the

aquifer.
z Inputs = z Outputs (5.9)
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In the model area, the inflow term includes the recharge, river leakage and head
dependent boundary whereas, the outflow term includes drains and river leakage under
natural condition. The water budget is calculated by water budget tool in MODFLOW.
The model result shows both inflow and outflow are in balance which is consistent with

the steady-state modeling theory (Table 5.2).

Table 5.3 Water budget of the entire model domain in Mm3y-1

FLOW TERM IN OouT IN -OUT
Drains 0.0 0.2 -0.2
Recharge 17.8 0.0 17.8
River leakage 20.1 38.1 -17.9
Head dependent boundary 0.4 0.0 0.4
Total 38.2 38.2 0.0

Discrepancy [%] 0.00

Table 5.4 Water budget of the entire model domain in mmy-1

FLOW TERM IN ouT IN - OUT
Drains 0.00 0.24 -0.24
Recharge 22.34 0.00 22.34
River leakage 25.29 47.86 -22.57
Head dependent boundary 0.47 0.00 0.47
Total 48.10 48.10 0.00

Discrepancy [%] 0.00

The model simulated water budget result shows that the main groundwater outflow
components are discharge to the river and flow out as a drain (Table 5.3). The model
calibrated total recharge rate of the basin is 48.10 mmy™', whereas the recharge estimated
using water balance method was 51 mmy™. Despite of the limited data used to estimate

the recharge using the water balance method, it agrees with the recharge estimated by the

model calibration.

Moreover, MODFLOW can also computes the water budgets of the user-defined sub-

regions. Accordingly, the model area was divided in to two zones: the volcanic aquifer
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and the alluvial sediments aquifer. The results of the water budget of the sub- regions are

shown in Table 5.4 and 5.5.

Table 5.5 Water budget of the highland volcanic aquifer in Mm3y-1

FLOW TERM IN OUT IN - OUT
Horizontal exchange 5.96 28.60 -22.64
Recharge 12.80 0.00 12.80
River leakage 11.96 2.14 9.82
Head dependent boundary 0.02 0.00 0.02
Total 30.74 30.74 0.00

Discrepancy [%] 0.00

Table 5.6 Water budget for the valley fill sediments and the underlying top most fractured zone

in  Mm3y-1
FLOW TERM IN ouT IN - OUT
Horizontal exchange 36.83 13.33 23.50
Recharge 3.34 0.00 3.34
River leakage 7.23 34.38 -27.15
Head dependent boundary 0.32 0.00 0.32
Total 47.71 47.71 0.00

Discrepancy [%] 0.00

The model calibrated water budget of the sub-regions as it is shown in Table 5.4 and 5.5,
indicate that the calibrated total recharge for the highland volcanic aquifer and the low-
lying valley part are 30.74 and 47.71 Mm’y™' respectively. As it was discussed in chapter
four the recharge estimated by the water balance method for the highland volcanic and
the valley floor were 29.13 Mm’y"' and 7.28 Mm’y" respectively. Based on the
comparison of the two results, the waster balance estimated recharge for the highland
volcanic agrees with the model-calibrated recharge, while the recharge estimated by the
water balance method for the valley part of the basin shows a significant difference with
the total model calibrated recharge value. This is mainly because of the water balance
method does not consider the horizontal groundwater flux from the highland volcanic
aquifer which is the most important component of recharge in the model simulation

result.
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5.5. Sensitivity analysis

Sensitivity analysis is the measure of uncertainty in the calibrated model caused by
uncertainty in aquifer parameters and boundary conditions. Sensitivity analysis was
performed by systematically changing the calibrated values of conditions (Anderson and
Woessner, 1992). The main objective of a sensitivity analysis is to understand the
influence of various model input parameters and hydrological stresses on the aquifer
system and to identify the most sensible parameter(s), which will need a special attention
in future studies. By running the calibrated model for the respective changed values of
the input parameter and comparing the result with the calibrated head, the parameter(s)
sensitive to the model was established. The parameter values were varied within a

reasonable range. Thus, it is important step in modeling studies.

The response of the calibrated model to changes in model parameters of hydraulic
conductivity and recharge was examined. During model run, when the effect of one
parameter was being tested, the other parameters were kept unchanged from the
calibrated value. The amount of changes in heads from the calibrated solution was used
as a measure of the sensitivity of the model to that particular parameter. The sensitivity
analysis was associated with stressing the calibrated model differently from the calibrated

conditions.

The calibrated values of hydraulic conductivity and recharge were varied by using
multiplier factors: 0.4, 0.6, 0.8, 1.2 and 1.4. The changed values were used as input in
order to evaluate the model’s sensitive parameter(s) (Figure 5.11). Figure 5.11 depicts
that the model is sensitive to both recharge and hydraulic conductivity. The model is
highly sensitive with decrease of the calibrated recharge and hydraulic conductivity
values and relatively less sensitive with increasing these values which result in lower

RMS error.
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Figure 5.11 Sensitivity analyses of recharge and hydraulic conductivity
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6. Pumping scenario analysis

Pumping scenarios were used to evaluate the response of the groundwater system under
variable groundwater abstraction rates. The system response was compared with resulting
changes in water level and groundwater outflow from the model domain. For this
analysis, irrigation boreholes that tap the alluvial aquifer on the valley floor were used.
Among the inventoried boreholes, only few of them are being used for the irrigation at
present while others kept capped. No recorded data was available concerning how the
groundwater has been utilized currently. However, based on the information obtained
from project area, some estimation was performed as it was discussed in chapter five,
section 5.2.3. Therefore, the actual abstraction rates are uncertain at this level. Forty
irrigation and two water supply boreholes were used as discharging wells for the purpose
of this analysis (Figure 5.13). They were treated in two stages as scenario-one and
scenario-two under steady-state condition. Based on the information obtained (Table 5.1),
it was estimated that 18.6 m’d™" of groundwater was utilized to satisfy the crop water

demand for every 1 1s" of well yield.

Accordingly, 21 boreholes which have different yield, were assigned for scenario- one
and the remaining 21 boreholes were assigned for scenario-two (Table 6.1 — 6.2). In
scenario - one a total of about 6.3 Mm’y™' of abstracted water was used to see the effect
of pumping on the calibrated model. The data of each well were set into the model and

processed using the well package of the MODFLOW program.

In scenario-two a total of 13.2 Mm’y"' of groundwater was assumed to be abstracted
from 42 boreholes i.e., including the 21 boreholes used in scenario-one were used to
analyze the effect of increased groundwater discharge over the model domain as

compared to the calibrated model result.
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Table 6.1. The estimated amount of abstracted water used in scenario-one

Estimated abstracted
Well ID X Y (181) water (m’d™") *
THG1 576389 1336995 40 530
THG2 575845 1334499 50 937
THG3 576000 1333000 50 937
THG4 575449 1331350 50 937
PHGS 571410 1335231 50 937
PHG6 571823 1334961 50 937
PHG7 572284 1334915 50 937
PHGS8 570553 1334123 45 810
PHGY 570154 1333909 50 937
PHG10 569657 1333976 50 937
HG1 568082 1338941 50 937
HG2 569450 1338823 50 937
HG3 569659 1338130 20 372
HG4 569354 1339493 50 937
HG5 571782 1333845 50 937
HG6 567804 1339909 50 937
HG7 568283 1340339 50 937
HGS 567346 1340010 28 521
HG9 569905 1339618 10 186
HG10 570348 1339366 34 635
K33%** 567405 1339719 40 1152

* it was estimated based on the crop water demand per season (6 months)
** water supply borehole for kobo town ( average 8hrs pumping/day)

The amount of water abstracted in scenario- two was increased by 52% from the amount
used in scenario- one. In scenario- two, rather than increasing the amount of discharge on
the existing boreholes, additional pumping boreholes were used to increase the amount of

water abstracted from the aquifer (Table 6.2).
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Table 6.2. The estimated amount of water abstracted from additional boreholes used in scenario-

two

Estimated amount of water

Well ID X Y Q(Is") abstracted from BHs (m’d") *
PK1 568066 1340931 50 937
PK2 568476 1341101 50 937
PHG1 567688 1338578 50 937
PHG2 567801 1337977 45 842
PHG3 568356 1337982 50 937
PHG4 566854 1339244 45 810
TK7 569334 1341467 50 937
PK6 569299 1341890 40 747
PK7 569892 1341651 40 747
PK8 569814 1341065 50 937
PK9 570100 1340420 50 937
HG11 571055 1335915 50 937
HGI12 572295 1335804 50 937
HG13 571683 1336365 50 937
HG14 571067 1336466 50 937
HG16 574865 1331232 25 467.5
HG17 574673 1331879 50 937
HG18 574474 1332360 50 937
Zelekel 570187 1338097 50 937
Zeleke2 570658 1337490 50 937
K34%* 568463 1339475 40 1152

* it was estimated based on the crop water demand per season (6 months)
** water supply borehole for kobo town ( average 8hrs pumping/day)

The model simulation result for scenario-one has shown that for a total of 1.73 x 10*
m’d™ of abstracted water from 21 boreholes per crop season was resulted in an average
decline of water level by 8m for the entire model area. However, the decline in head
exceeds 14m at the boreholes close to the northern boundary of the valley (Table 6.3).
According to the model simulated water budget, this area relatively receives low in-flow

through the head dependent boundary.
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In scenario-two, for a total of 3.61 x 10* m*d™" of abstracted water from 42 boreholes per
crop season, the model simulation resulted in an average decline of water level by 13m
for the entire model domain (Table 5.8). However, this value exceeds more than 25m in
area where the wells are close together and more in number at northern and northwestern
part of the valley. Generally, the effect of increased groundwater abstraction is more
pronounced in the northern and northwestern part of the valley floor, where there are

more boreholes at close distance and the in-flux is relatively low (Figure 5.13).

Table 6.3. Estimated groundwater abstraction rate and the average decline in groundwater level
for the two different pumping scenarios

Number of Total discharge (m3d'1) Average decline in head for the

boreholes utilized for a crop season ~ whole model domain (m)
Scenario-1 21 1.73x10* 8*
Scenario-2 42 3.61 x 10° ]3%%

* the head dropped more than 14m at pumping wells located north and northwest of the valley

** the water level dropped more than 25m where the wells are close together and more in number (Northern
part of the valley)

The model generated groundwater contour maps for both pumping scenarios (Figure 6.1
and 6.2) show that the regional groundwater flow direction of the model domain remains

the same, except some local effects near the northern boundary of the valley floor.

In order to minimize such significant decline in water level particularly near the northern
boundary of the valley floor, it is recommended to decrease the current abstraction rate
and if there is further plan to develop additional wells in this vicinity, it is advisable to
locate boreholes at distance than the existing condition. According to the information
obtained from the project office, one of the irrigation borehole (HG8) located northwest
of the valley floor was faced a decrease in discharge from 50 Is™ to 28 Is™. Such type of

effects may probably associated with the above-assumed causes.
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Figure 6.1 The model simulated groundwater heads for pumping scenario 1
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Figure 6.2 The model simulated groundwater heads for pumping scenario 2.
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6.1. Model simulated groundwater budget for different pumping scenarios

Because of the irrigation area and the pumping wells are limited to the valley floor only,

the model simulated groundwater budgets of the pumping scenarios were processed for

the valley part of the model domain. The simulated model results for non-pumping and

pumping scenarios are shown in Table 6.4.

Table 6.4. Simulated water budget of the valley (Kobo-valley) for different scenarios

Scenario FLOW TERM IN ouT IN - OUT
Horizontal exchange 36.83 13.33 23.50
Recharge 3.34 0.00 3.34
Non- pumping River leakage 7.23 34.38 -27.15
Head dependent boundary 0.32 0.00 0.32
Total 47.71 47.71 0.00
Horizontal exchange 36.98 12.97 24.02
Scenario 1 Wells 0.00 6.32 -6.32
(with 1.73 x 10* m*d’  Drains 0.00 0.19 -0.19
abstraction) Recharge 3.46 0.00 3.46
River leakage 8.82 30.32 -21.50
Head dependent boundary 0.54 0.00 0.54
Total 49.81 49.80 0.0
Horizontal exchange 37.83 12.93 2491
Scenario 2 Wells 0.00 13.19 -13.19
(with 3.61 x 10° m*d’  Drains 0.00 0.19 -0.19
abstraction) Recharge 3.46 0.00 3.46
River leakage 10.47 26.33 -15.85
Head dependent boundary 0.88 0.00 0.88
Total 52.64 52.64 0.0

6.2. Graphical comparison of the hydraulic heads simulated under different
pumping scenarios

As shown in Figure 6.3, model generated hydraulic heads under three different scenarios:

non-pumping, pumping in scenario_1 and pumping in scenario_2 were plotted together in

order to compare the variation in head distribution.
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Figure 6.3 Comparison between the observed and simulated heads of different scenarios.

The decline in hydraulic head under both scenarios was more pronounced near the northern
boundary of the valley floor, where there are relatively large numbers of discharging boreholes,
which are closer to each other. In addition, the simulated water budget result indicates that the
in-flow through the general head boundary (north part) was found very low to replenish the

pumped water. The head in the remaining area of the model domain was less affected by

pumping.

Similarly the scatter plot (Figure 6.4) also shows that the deviation of simulated heads below
the straight line, i.e. the decline in head with respect to the observed head. The decline in heads

near the pumping wells was associated to the formation of local cone of depression.
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7. Results and discussion

In this chapter, the results from the water balance and model simulation with their

respective limitations were explained and discussed.

7.1 Results from the water balance method

The water balance method was applied in this study for the estimation groundwater
recharge with very limited data and interpolation techniques. As explained in chapter 4,
the results were classified into three different recharge zone values (Table 4.6).
According to the estimation analysis performed in chapter four, the following results

were obtained.

The highland volcanic, the valley escarpment, and the valley floor receive estimated
groundwater recharge of 56, 15 and 52 mmy™' respectively. These values were used as
initial model input in the numerical modeling. In other words, the water balance results
were 29.13 Mm’y ™! and 7.28 Mm’y™" for the highland volcanic and valley floor including
the escarpment respectively. The model simulated total recharge (both from direct and
indirect recharge) for the highland volcanic aquifer and the alluvial sediment aquifer
including the underlying top most fractured basalt were 30.7 Mm’y"' and 47.7 Mm3y'1
respectively. The recharge estimated by the water balance method for highland volcanic
aquifer agrees with the model-simulated recharge. However, for the valley part of the
basin there is significant difference between the recharge from the water balance method
and model simulated. This is because of the water balance method does not consider the
horizontal flux from the volcanic aquifer which is the important component in the model

simulated recharge (in this context, recharge refers to the total in-flow to the aquifer).
Limitations in the water balance method

The water balance method used in this study was computed based on very few data which
are limited to the valley floor. For the highland volcanic part, the meteorological data
were interpolated from the stations that lie along the western highlands of the Afar rift

escarpment. The highland volcanic of the study basin is also part of the western end of
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the Afar rift. The runoff coefficient was adopted from the previous studies. The estimated
recharge value of the valley fill sediments aquifer does not consider the in-flow from the

volcanic aquifer.

7.2. The result of the numerical groundwater flow modeling

The model results were achieved after the model was calibrated through trial and error
approach until the simulated hydraulic heads values fit the observed head values to a
satisfactory degree. The model calibration was resulted a reasonable match between
observed and calculated heads with RMS error of 5.7m (Figure 5.8 and 5.10). The results

of the calibrated model were shown in Table 7.1.

Table 7.1 Summary of the model output parameters

Recharge estimated Model Range of estimated Calibrated
Zone of the from the water balance calibrated hydraulic hydraulic
study area method recharge conductivity conductivity
(mmy ') (mmy ') (md™) (md™)
The highland
The valley fill
sediments
aquifer 44 32 1.5-30 2-18

During the modeling process, the estimated recharge from the water balance was used as
initial input of model. However, the simulation result from the initial input recharge
resulted in extremely exaggerated hydraulic head values. To correct these results, the
model was treated in two ways: by adjusting the input recharge and changing the input
hydraulic conductivity values within acceptable ranges. Since the water balance method
applied for this study has many limitations as discussed above in section 7.1 of this

chapter, the recharge estimated from this method might be over estimated.

The hydraulic conductivity values of the calibrated model results are almost in agreement
with the input hydraulic conductivity values. However, there are few over estimated
hydraulic conductivity values of the alluvial sediments aquifer obtained from the

pumping test analysis.
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Generally, both the hydraulic conductivity results have uncertainties due to the following

reasons.

- The hydraulic conductivity values for the volcanic aquifer were adopted from
literature and very limited borehole data which cannot represent the entire model
area,

- Since the observed hydraulic heads were limited only to the valley floor of the
studied basin, values in hydraulic conductivity outside this area can be changed

significantly without affecting the calibration criterion for head values.
Groundwater flow system

Groundwater flow system is a set of flow paths used for defining groundwater flow
directions. The flow systems indicate the direction of the recharge and discharge areas.
Accordingly, the model simulated hydraulic heads contour map (Figure 5.10), shows that
the groundwater flows from west to east in the highland volcanic aquifer, and then
converges from all sides towards the south-east of the model area i.e towards the outlet.
The general hydraulic gradient in both aquifers (the highland volcanic and the valley fill
sediments) fairly follows the surface topography and the gradient is towards east and
south-east for the highland and valley respectively. It is in agreement with the flow
system defined by the conceptual model of the area. Relatively deep groundwater level
was assumed for the highland volcanic aquifer because of the absence of shallow

groundwater conditions along deep cut valley escarpments.

7.3 Sensitivity analysis

The sensitivity analysis is useful in determining which parameters most influence model
results. These parameters should be emphasized in future data collection attempting to
improve model accuracy. The analysis result shows that the hydraulic conductivity and
recharge have significant impact on water level, and the model is sensitive to both
parameters. The model is more sensitive with decrease of the recharge and hydraulic
conductivity values and relatively less sensitive with increase of both parameters values.

The analysis was conducted by using the calibrated model as a reference measure.
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7.4. Water budget of the model domain

Water budget computation involves the identification and quantification of all flows in
and out of the aquifer structure. The water budget of the model domain is one of the
methods to quantitatively evaluate the amount of groundwater flow through an aquifer
system. The summary of the entire model area water budget showed that the model
calculated inflow and outflow terms are in balance (Table 5.3). The in-flow and the
outflow components of the of the groundwater system which are the most difficult
parameters to calculate directly were computed by the model. The result from the steady
state model run shows that the total in-flow of the entire model area was 48mmy™". Since
steady state condition was assumed the out-flow was also 48mmy . Similarly, the water
budget for the sub-regions: the highland volcanic and the valley were estimated using the
model (Table 5.4 and 5.5). For the highland volcanic, the model estimated total in-flow
from the recharge and river leakage was 54 mmy ' and discharge it (out-flow) as
horizontal flux to the alluvial aquifer and very few to river. For the valley part, the model
estimated total in-flow from horizontal exchange, recharge and head dependent boundary

was 52 mmy” and it discharges (out-flow) to the river.

7.5. Pumping scenario

The model was run for two pumping scenarios and the result was analyzed. In scenario-
one with a total of 1.73 x 10* m’d" abstracted water resulted in an average decline of
water level by 8m. While, in scenario-two, a total of 3.61 x 10* m*d” was pumped and
resulted in an average decline of the water level by 13m. The decline in head is more
pronounced where the wells are large in number and at close distance from each other

(Figure 6.1 and 6.2).

7.6. Model limitations

Due to simplifications and assumptions used during modeling made numerical
groundwater flow model to have limitations in the representation of the real world

system. The degree of uncertainty in the model was raised due to the lack of data and
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poor quality of the existing data. The interpretation in the modeling process such as,
converting the real world into conceptual model and the conceptual model into numerical
model may each step introduce errors. The available measured hydraulic heads were used
for calibration. No independent measured heads were available to validate the model.
Thus, the model was calibrated but not verified. Because of this the model results should
not be interpreted as a perfect simulation, rather as a system response within fairly
realistic model input parameters. The model may not be readily used for the detail
groundwater management purposes because of the stated limitations. The results should
be interpreted and applied considering all the limitations and drawbacks associated to the

input parameters.

7.7 Discussion of the model

The main objective of modeling the study area was to have a better understanding of the
groundwater system in the studied basin. As it was described in the result, there are still
uncertainties concerning the groundwater flow system in the basin. The uncertainties can
be minimized through comprehensive data collection together with continued processing
of numerical models. The groundwater circulation in the area is much more complex than

was previously assumed.

The model can be used for analysis of contaminant transport in the future. Provided that
groundwater flow directions are a crucial aspect of the numerical model, it is obvious that
more data collection is required to expand the knowledge relating to boundary conditions

of the model domain.
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8. Conclusion and Recommendation

8.1 Conclusion

The study was intended to obtain a better understanding of the groundwater flow system
of the Hormat — Golina basin (the Kobo Valley and the highland volcanic) by applying
numerical flow modeling. The following conclusions can be draw from the results

obtained in the study.

In order to simplify the computation and for the purpose of analysis, the basin was
divided into two regions: the highland volcanic aquifer and the valley fill sediments

aquifer. All the previous studies were limited to the valley fill sediments.

The study was set better approach for the defining of the conceptual model which was
transferred to the numerical model that has capability to imitate the field data with
relatively good accuracy. The field observation together with the model result can be
used to realize the aquifers systems under steady state condition despite of the
uncertainties of the results. The uncertainties can be minimized by extended data
collection that allows the model to be refined in detail for better accuracy. It is also
important to simulate transient conditions and make a thorough validation prior to use for

predictions and management.

The calibrated steady-state groundwater flow model of this study was able to reasonably
simulate the hydraulic heads that fit the measured heads particularly for the valley part of
the basin. In addition, the model simulated heads contour map shows that the general
hydraulic gradient in the basin pursues the surface topography and the gradient is towards
east for the highland volcanic and towards southeast for the valley area. It was in

agreement with the groundwater flow system defined in the conceptual model.

The water balance method used for this study has many limitations, thus the recharge
estimated from this method might be over estimated. Although this method has many

drawbacks, the recharge from the water balance method was used as initial model input.

The boundary conditions defined for the model area were well simulated by the model to

reflect the real conditions. The calibrated model simulated water budget result shows that
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the valley fill sediments aquifer gets more in-flow (23.50 Mm’y™") from the highland
volcanic aquifer by horizontal flux, 3.34 Mm’y™' from recharge and insignificant in-flow
(0.32 Mm’y™") from the head dependent boundary. For the steady state assumption, the
basin discharged the same amount of water to the river. The effect of very low in-flow
condition along the general head boundary in the northern boundary of the valley may
have contribution on the significant decline in discharge of the irrigation well close to this

boundary.

Based on the analysis of field data together with the pumping test data analysis, the
alluvial aquifer is not entirely unconfined type. Some part of the valley particularly near
the valley center shows confined aquifer type. This is presumably due to relatively thick

clay horizons, which was verified from borehole lithological logs.

The sensitivity analysis showed that the model is sensitive to both the horizontal
hydraulic conductivity and the recharge. Both parameters have significant influence on

the model simulated hydraulic heads.

The steady state model with pumping scenarios depicts that groundwater abstraction of
1.73 x 10* m’d™ and 3.61 x 10* m’d" from the alluvial sediments aquifer resulted in a
maximum groundwater head decline of 14m and 27m respectively in the pumped wells
close to the northern boundary of the valley. The simulated heads contour maps of both
pumping scenarios showed that the general groundwater flow direction was remain

unchanged except with some local change near the northern boundary of the valley.

The study concludes that the steady-state numerical groundwater flow model together
with the conceptualized model can be used to visualize the groundwater response of the

study basin for the stresses applied (recharge and withdrawal) despite of the limited data.
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8.2 Recommendation

Since all the previous studies were limited to the valley only, the current study can be
used as a base for the regional groundwater flow modeling of the entire Hormat- Golina
basin which comprises the valley (Kobo valley). For detail modeling in the future, further
refinement of the model is possible, which is expected to improve the accuracy of the
model, if additional data and further comprehensive field-based observation become

available.

The model was calibrated but not verified. Hence, the results obtained here should not be
considered as a perfect simulation, rather as a system response within reasonable model
input parameters. Thus, the model should be applied with caution for detail groundwater
management use. The results should be interpreted and used considering all the

limitations and drawbacks related to the input parameters.

To improve the calibration values, groundwater level and abstraction rates should be
monitored at a set of monitoring wells that are properly distributed in the area. In order to
minimize measuring error, the observation wells have to be fitted with automatic water
level measuring device. Once an improved steady-state model is developed and the
necessary data are obtained, a transient model for the pumping scenario should be made
for better predictions of pumping effect and for better recharge simulation, as recharge

and groundwater outflow are strongly time dependent.

In this study, the thickness of the volcanic aquifer was assumed from the selected cross-
section. However, for a better accuracy it needs further investigation as it has impact on
the model simulation. The thickness of the alluvial aquifer was inferred from the existing
borehole data and the alluvial aquifer was assumed to be hydraulically connected with the
underlying fractured volcanic aquifer. This assumption needs further field verification

through drilling.

The hydraulic conductivity to which the model is highly sensitive requires better
characterization. Recharge, as the most sensitive parameter of the model, should also be
estimated in a more precise way, because when converting to transient condition it is

necessary to have knowledge on the spatial and temporal distribution of recharge.
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In order to determine rational water budget of the basin that can be used for independent
calibration of the model simulation result, the necessary data gaps over the entire basin
have to be filled. Accordingly, the following hydro-meteorological stations have to

established within the basin;

Depending on the criteria set for the establishment of gauging stations that can be
required for a given catchment at least two stations have to be installed for the highland

part of the basin,

River discharge measuring stations have to installed at three places: where the two main
streams (Golina and Hormat) that drain the highland join the valley floor and at the out-
let of the basin.

For further groundwater resource development plans in the valley, it is important to take
into account the balance between the groundwater recharge and the intended abstraction
rates both for irrigation and domestic water supply to ensure the sustainability of the
resource in the valley. Moreover, it is also important to revise the boreholes’ separation

distance.
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Appendices

Appendix 1. Meteorological data

Appendix 1.1 Monthly rainfall data

Monthly rainfall (mm) at Kobo station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 79 0 31 75 133 53 147 205 67 18 o4 0 12
1998 54 32 24 39 12 4 326 312 51 6 0 0 860
1999 316 226 2 12 48 34 0 20 107 25 O 0 790
2000 1 0 2 76 42 5 227 268 49 88 24 83 865
2001 0 0 71 19 16 2 231 220 98 8 4 2 671
2002 5 0 0 0 13 3 100 206 117 16 0 67 616
2003 41 33 35 66 33 11 138 248 42 0 0 43 689
2004 30 0 28 88 3 26 1ie 16z 9 74 36 10 583
2005 8 0 34 158 126 3 125 191 23 9 65 0 742
Mean 53 29 27 59 47 19 152 202 60 41 24 21 735
Monthly rainfall (mm) at Waja station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 20 0 83 121 166 26 94 195 54 15 48 5 B27
1997 10 o 9 20 27 4 60 55 7 230 7% 0 581
1998 76 31 47 27 33 0 311 345 92 ] ] 0 975
1999 41 0 71 36 - 40 92 324 47 0 1 43 699
2000 74 0 0 56 19 7 134 259 7 37 30 8 b5l
2001 0 0 60 20 26 23 150 197 37 10 ] 0 523
2002 63 0 22 o4 0 7 65 158 55 0o 0 82 516
2003 61 42 93 0 8 113 329 51 0 1 43 740
2004 32 44 31 88 6 22 50 113 25 4 43 8 465
2005 0 & 17 134 88 7 148 169 21 1 C 0 593
Mean 35 14 46 66 37 14 124 214 40 30 20 19 657
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Monthly rainfall (mm) at Alamata station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Dec Annual
1996 133 0 69 123 115 25 77 250 36 895
1997 46 0 125 27 29 22 BT 54 72 792
1998 179 23 26 35 20 0 348 272 64 984
1999 44 o 21 9 7 I 211 432 67 847
2000 o o 10 44 74 0 246 450 68 1063
2001 o0 0 158 13 30 17 225 244 25 733
2002 98 0 18 112 8 4 3 214 46 675
2003 76 70 42 94 25 13 112 234 23 754
2004 33 16 40 168 14 50 117 243 41 8 770
2003 21 1 110 132 66 24 142 167 33 6 702
Mean 63 11 62 76 39 15 164 256 47 32 3 821
Monthly rainfall (mm) at Korem station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Annual
1996 36 1 98 242 165 68 137 1281 63 1175
1997 10 2 S8 51 93 64 172 56 59 1091
1998 160 39 27 28 80 12 397 356 212 1356
1999 66 0 3 50 13 32 235 350 112 2 908
2000 0 0 4 48 76 9 318 321 91 66 1159
2001 2 3 130 22 36 51 283 380 62 2 998
2002 65 1 34 107 16 3 137 229 90 0 782
2003 15 24 74 75 24 20 168 381 78 4 892
2004 14 6 41 55 2 54 144 249 66 22 697
2005 § 0 106 223 163 28 253 298 41 0 1157
Mean 37 8 €1 90 67 34 224 1290 87 33 1022
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Monthly rainfall (mm) at Maichew station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1996 9 1 123 146 141 66 117 246 42 4 57 0 952

1997 16 0 52 59 38 83 166 64 64 206 80 0 828

1998 65 33 35 39 116 214 223 11 0 0 737

1999 45 0O 11 22 16 12 176 253 78 109 0 2 725

2000 0 0 6 18 65 12 195 194 126 151 61 75 903

2001 0 2 93 9 35 26 212 283 84 25 0 11 780

2002 84 0 34 68 41 21 67 188 93 19 0 34 649

2003 24 38 93 194 13 14 107 325 32 5 2 18 864

2004 13 5 20 128 1 60 141 247 27 38 3 0 683

2005 6 3 51 61 98 18 120 219 23 22 20 20 660

Mean 26 8§ 52 74 56 35 145 223 79 59 22 16 778

Appendix 1.2 Monthly maximum temperature

Monthly T, .. (‘C) at Kobo station

Year Jan Feb MMar Apr May Jun Jul Aug Sep Oct Nov Dec  Artmal
1996 3004 301 32,1 317 302 304 297 271 26.1 29.8
1997 254 280 293 303 331 334319 31.7 324 279 271 2712 208
1998 254 267 291 324 335360 309 287 208 293 283 274 208
1999 269 304 290 321 342 353 305 297 31.0
2000 292 304 31.2 330347 321 303 305 286 274 26.1 30.3
2000 255 2811 287 274
2002 343 350 340 309 209 301 2905 263 313
2003 259 290 302 309 340 346 321 300 308 303 292 2468 303
2004 276 280 302 308 346 342327 315 319 300 207 271 307
2005 269 302 313 316 317 350327 322 307 308 294 283 30.9
Mean 262 287 298 31.2 332 345 341 306 308 296 285 26.9 30.1
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Monthly T, . (°C) at Waja station

Vear Jan Feb DMar Apr May Jun Ju Aug Sep Oct Nov Dec  Aqsmal
1996 274 309 303 306 306 330 320 31.4 320 314 290 281 306
1997 276 295 297 306 337 339 331 336 346 303 286 290 3%.2
1998 279 292 298 314 336 374315 294 303 302 293 291 308
1999 276 305 2932 327 343

2000 27.0 277 268 285 2946 265 247 247 233 234 26.2
2001 209 230 234 246 271 200 294

2002 298 298 317 340 3512 5% 306 331 313 7 BT 417
2003 299 305 318 339344 340 308 314 315 300 279 317
2004 292 289 300 301 342 341 333 317 316 299 297 268 308
2005 280 31.1 311 320 3163509323 311 322 304 294 279 311
Mean 273 200 203 305 323 343 322 304 313 208 287 284 30.0
Monthly T ___("C) at Alamata station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 295 309 308 30.8 32.6 324 31.2 316 312 290 284 30.8
1997 27.4 299 289 303 344 34.5 33.1 339 333 298 28.6 28.7 314
1998 27.0 27.7 305 345 345 36.1 31.8 28.8 30.7 308 304 298 314
1999 28.8 324 31.0 341 358 309 30.1 30.1 30.1 30.0 29.2 314
2000 29.7 31.6 328 342 352 36.8 332 305 305 293 290 26.8 31.8
2001 275 304 305 31.7 341 338 31.2 289 296 300 279 275 30.5
2002 247 28.0 298 304 337 345 336 30.6 294 30.7 28.8 26.3 30.5
2003 25,8 28.5 29.0 30.1 33.2 34.2 314 294 30.1 299 284 26.0 30.0
2004 27.1 27.1 295 28.6 334 32.8 319 29.6 295 29.1 284 26.3 29.7
2005 259 294 296 298 30.3 33.4 31.0 299 30.0 293 284 27.2 29.9
Mean 27.1 294 303 31.5 33.5 34.3 32.1 30.3 30.5 30.0 289 27.6 30.7
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Monthly T, . (‘C) at Korem station

Year Jan Feb Mar Apr Dlay Jun Jul Aug Sep Oct Nov Dec  Amaal
1996 190 22.1 224 223 224 237 228 235 245 239 212 199 22.3
1997 198 216 223 224 249 247 233 241 249 214 210 21.1 22.6
1998 197 208 221 240 244 261 225 219 233 2135 201 199 22.2
1999 193 223 217 242 259 273 220 227 243 251 246 215 23.4
2000 2016 224 230 235 253 2723229 216 222 221 200 187 22.5
2001 120 203 203 225 244 245227 216 221 213 196 199 21.4
2002 179 205 216 225 256 262 252 224 218 221 21.7 20.1 22.3
2003 203 224 224 226 246 255224 217 223 214 209 194 22.2
2004 211 208 222 228 261 251 235 226 230 214 209 195 22.4
2005 199 229 227 228 230 253 248 232 232 221 211 203 22.4
Meann 197 216 221 230 247 256 250 225 232 222 21.1 200 224
Monthly T, . ("C) at Maichew station

Year Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec  Ammal
1996 190 21.4 212 221 222231 224 224 232 217 195 184 21.4
1997 191 211 222 234 244 249 225 224 242 203 191 22.1
1998 199 196 241 244 214 224 412 2007 204 213
1999 192 428 220 243 258 269 208 214 220 2011 208 192 24.1
2000 205 218 230 229 251 264 228 219 221 203 194 185 22.1
20001 185 211 207 229

2002 241 236 258 254 252230218 218 211 193 231
2003 203 22.4 223 230 248 255 231 223 230 215 208 192 22.4
2004 212 211 224 221 258 249 230 213 211 200 223
2005 199 231 228 233 234259227 232 235 216 206 203 22.5
Mean 202 21.8 225 234 242 248 222 220 225 208 202 193 22.0
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Appendix 1.3 Monthly minimum temperature

Monthly T, ., at Kobo station

Year Jan Feb DMar Apr May Jun Jul Aug Sep Oct Nov Dec  Anrmual

1906 172 165 174 182 175 157 120 117 102 151

1997 134 123 159 164 177 187 185 178 163 155 156 119 158

1998 154 153 172 1281 179 207 179 173 161 145 101 2.4 157

1999 116 111 155 160 175 182 173 162 154

2000 106 141 165 161 159 149 118 71 94 77 74 119

2001 71 74 116 8.7

200 169 196 196 176 169 130 121 154 16.4

2003 135 150 164 170 174 193 199 173 169 126 125 112 158

2004 147 135 144 168 165 183 181 175 155 132 127 139 154

2005 139 1{1 171 172 181 187 187 178 172 135 125 9.4 157

Mean 128 124 153 169 1732 1835 181 168 152 130 119 109 1440

Monthly T . at Waja station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 144 124 162 16.2 157 16.6 178 17.2 152 11.2 109 9.0 14.4
1997 128 11.6 154 156 157 17.0 17.0 17.5 16.0 16.1 15.6 121 15.2
1998 15.2 142 16.7 153 15.1 17.7 184 17.0 157 138 95 63 14.6
1999 10,7 9.1 144 144 16.1 12.9
2000 8.5 11.8 155 155 169 175 162 151 131 13.6 14.3
2001 104 110 11.7 122 123 90 84 10.7
2002 11.7 104 129 17.3 16.6 162 154 12.1 102 9.1 8.1 12.7
2003 10.1 99 97 163 193 17.3 158 11.3 11.2 105 13.1
2004 140 126 132 16.6 138 17.1 185 20.7 20.6 18.0 156 1ll.6 16.0
2005 134 124 16.3 148 17.0 17.2 177 17.0 149 109 155 6.0 14.4
Mean 128 11.2 13.8 148 153 170 178 17.3 157 13.1 122 9.0 13.8
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Monthly T ; at Alamata station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oect Neov Dec Annual

1996 129 16.0 164 16.1 161 16.7 163 155 139 12.7 115 149
1997 129 129 158 16.2 17.6 186 17.6 175 17.0 159 16.2 128 15.9
1998 149 15.0 16.6 179 138.1 199 17.1
1999 124 119 133 173 202 18.8 167 102 57 39 190 12.0
2000 23 53 6.6 79 101 114 116 92 87 79 65 63 7.8
2001 39 6.1 83 101 122 139 11.8 107 104 108 7.8 6.9 94

2002 95 144 17.0 17.7 18.6 20.0 19.7 16.7 16.7 15.9 154 16.0 16.5
2003 143 157 174 18.0 203 200 194 170 174 159 15.0 129 16.9
2004 146 88 10.1 le.l 18.0 195 187 178 17.1 154 152 151 155
2005 144 153 172 17.7 179 19.1 189 163 16.6 156 12.0 121 16.1
Mean 110 11.8 13.8 155 169 17.6 17.0 154 144 13.0 11.6 10.6 14.2

Monthly T . at Korem station

Year Jan Feb DMar Apr May Jun Jul Auz Sep Oct MHov Dec  Anmal

1996]: 7957 99 102 TFeé #5118 120 92 41 45 32 79

1997 57 57 92 87 87 113 124 114 71 87 100 41 26
1998 85 75 94 93102 98 119 118 102 70 11 -046 an
1999 34 17 65 74 B4 97 116 106 24 69 04 23 6.5
2000 25 1& 56 95 &9 108 123 115 &85 68 53 44 73

2001 33 33 85 72 92 118 123 119 82 628 25 10 73

2002 63 45 83 &6 71 110 117 111 &3 45 30 732 76
2003 43 22 3% 101 928 112 131 121 99 41 45 128 73

2004 67 S5& 74 106 78 113 125 121 &80 60 50 6.2 8.3
2005 67 S& T4 106 7% 11353 125 121 &80 alb 50 64 8.3
IMaen 55 44 76 92 &6 107 122 117 &6 6.1 41 338 77
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Monthly T, at Maichew station
Vear Jan Feb Mar Apr DMMay Jun Jul Auz Sep Oct Nov Dec  Anrmal

199 €5 g4 11 11 11 13 12 13 10 77 74 63 9.94
1997 g 69 11 11 12 13 13 12 11 1 10 71041
1998 97 92 11 12 13 73 52 963
1999 &5 69 91 9% 12 13 10 11 10 93 53 59 9.08
2000 61 63 21 11 12 14 14 12 10 &6 77 68 972
2001 57 61 10 29 12 13 13 14 12 91 58 i 972
2002 21 77 1w 11 11 14 15 13 95 BLl 73 9 1031
2003 78 9. 104 115 117 134 134 127 118 76 71 6.3 102
2004 B9 T7& 90 117 119 136 136 131 102 B1 74 79 103
2005 79 26 107 116 124 132 137 131 116 72 47 47 101

Mean 77 7.7 100 11.1 119 128 123 127 107 &85 70 6.7 o8

Appendix 1.4 Monthly relative humidity (RH) (%)

Maonthly relative humidity (%) at Koho station at 1800
Year Jan Feb Mar Apr Mazyv Jun Jul Aug Sep Oct Nov Dec Asnnual

1996 469 563 491 533 568 523 430 484 458 50.2
1997 645 344 433 474
1998 354 307 270 524 638 589 472 333 420 435
1999 562 569 56.5
2000
2001
2002 208 329 50.0 55.1 384 328 587 41.2
2003

2004 56.0 423 3290 489 2190 242 440 551 455 427 367 506 417
2005 336 366 450 388 474 287 46.6 423 511 378 392 330 41.7
Mean 576 425 4006 425 301 300 458 536 526 418 381 462 46.0

Monthly relative humidity (*») at Koboe station at 1200
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1006 44.0 472 565 486 447 504 438 358 350 470 453
1907 581 440 376 46.6
1008 440 305 336 243 515 603 49.7 305 350 47.0 424
1900 36.6 44.0 350 470 45.6
2000
2001
2002 440 211 205 426 51.1 308 350 470 36.7
2003

2004 498 440 3206 429 212 264 328 442 408 364 350 470 378
2005 511 373 430 304 443 258 412 436 421 366 390 325 307

Mean 539 430 377 423 301 292 3990 482 455 358 357 446 42.0
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Monthly relative humidity (%% at Kobo station at 0600

Year Jan Feb Ma Apr May Jun Ju  Auzg Zep Oct Nor Dec  Arnnual

1996 870 Ti0 281 530 722 248 501 8212 792 El12 0
1997 BED 741 234 7:0 3R AT
1998 E7.0 7530 600 530 770 900 931 83z 724 767 BT
1998 870 831 750 53( 745
2000
2001
200z EF O 750 30 662 224 395 F3: 720 &7 154
2003

2004 870 826 66E Ti0 07 530 661 7P4 518 82 759 840 736
005 242 702 TEA TIT AT 500 716 B0E 837 771 T332 741 M0

Mean 868 7723 762 V4T 04 535 V06 835 ¥7S5 803 T30 ¥0.6 5.7

Monthly relative humidity (%) at Maichew station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Amnual

1995 537 673 657 730 723 373 653 T13 617 35D 547 69.0 624
1996 747 570 703 660 650 510 61.0 437 553 543 597 583 6l 4
1997 683 343 653 603 513 510 630 583 537 623 767 660 613
1998 200 723 630 540 620 390 71.0 457 633 523 440 611
1999 593 373 350 440 320 317 660 673 663 TI0D 533 61.0 345
20000 513 303 437 453 430 357 643 707 640 740 700 687 558
2001 677 533 677 550 5I3 500 673 FIT G670 643 397 567 611
2002 7e0 563 630 560 410 393 507 623 637 573 550 76.0 581
2003 670 7320 520 A70 400 320 1.0 420 440 é00 540 70.0 524
2004 650 3560 300 690 340 420 560 660 3580 600 600 66.0 6 E

Ileann &3 563 &10 570 400 415 636 G664 GlE ELE 501 657 501
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Appendix 1.5 Mean monthly sunshine hours

Mean monthly sunshine hours at Kobo station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Annual
19906 68 53 79 96 99 85 40 51 68 96 99 388 1.7

1907 BO Y3 93 6% 94 62 31 51 73 95 97 131 1.3
1908 63 75 8% 95 ©2 68 67 74 60 71 90 70 1.6
1999 9 44 87 64 91 463 461 65 70 924 101 93 7.4
2000 93 Y2 61 76 91 51 52 51 51 32 93 3§87 7.2

2001 80 74 B89 79 08B B3 34 66 71 790 81 179 1.6
2002 78 86 87 97 65 57 40 58 77 89 01 &5 1.6
2003 87 102 81 o0 68 64 83 71 687 T3 86 00 8.0
2004 81 87 90 68 72 61 73 56 62 351 99 94 1.7

Mean 78 74 84 82 86 66 53 60 67 35 93 1385 1.6

Mean IIIDIIﬂll_T sunshine hours at Maichew station

Year Jan Feb Mar Apr Mav Jun Jul Aug Sep Oct Nov Dec Anmual
1996 74 75 64 77 78 76 58 57 72 66 T1 74 7.0
1997 79 88 55 72 82 62 55 62 67 62 66 34 7.0

18908 52 63 74 87 87 69 42 43 73 §5 90 93 7.2
1099 74 98 72 102 97 73 39 49 70 60 89 77 7.5
2000 90 98 97 Y3 92 63 52 55 59 71 T8 63 7.4

2001 44 79 44 62 72121 46 50 70 79 69 33 6.8

2002 82 82 76 94 ©3F 63 61 63 67 T8 1T 67 1.5
2003 64 80 63 99 ©o0 60 47 44 73 94 80 79 13

2004 69 80 86 76 105 59 52 54 63 80 83 74 13
Mean 70 83 70 82 88 72 50 53 68 75 78 77 7.2
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Appendix 1.6. Mean monthly wind speed (m/s) at 2m height

Mean monthly wind speed (m/s) at Kobo station
Year Jan Feb Mar Apr Mav Jun Jul Aug Sep Oct Nov Dec Annual

1996 26 20 21 20 16 18 21 17 12 13 15 16 1.8
1997 18 20 21 20 22 19 20 17 16 14 13 14 18
1998 16 17 20 22 20 25 22 16 11 13 14 15 18
1990 16 18 22 21 21 23 20 15 00 00 00 00 13
2000 16 18 22 18 17 22 22 20 15 00 00 00 14
2001 15 17 17 14 12 14 05 08 02 16 17 18 13
2002 18 18 19 18 14 23 21 18 09 10 13 15 1.6
2003 16 17 20 19 15 20 20 14 10 11 13 13 1.6
2004 17 19 20 20 18 21 22 15 15 12 13 146 1.7
2005 20 21 22 20 16 19 20 18 12 12 13 15 1.7
Mean 18 19 20 19 17 20 19 16 10 10 11 12 1.6

Mean monthly wind speed (m/§) at Maichew station
Year Jan Feb Mar Apr Mav Jun Jul Aug Sep Oct Nov Dec Annual

196 11 13 13 13 13 20 38 27 12 12 12 12 1.7
1997 11 13 13 13 15 19 31 20 13 12 10 1.0 1.5
1908 09 10 12 14 14 19 36 26 12 12 13 13 1.6
1900 12 14 14 15 16 20 33 22 11 09 11 11 1.6
2000 12 13 13 14 14 22 34 28 11 09 09 10 1.6
2001 1213 13 10 12 24 32 25 11 12 11 11 1.6
2002 0912 12 13 13 24 25 25 11 12 12 11 1.5
2003 11 13 13 13 13 18 34 27 14 12 12 11 1.6
2004 12 13 13 12 16 19 32 23 12 12 12 12 1.6
2005 11 12 13 14 13 30 30 27 12 12 09 10 1.6
Mean 11 13 13 13 14 22 33 25 12 1.1 11 1.1 1.6
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Appendix 1.7 Meteorological stations used for the Interpolation

Longitude Latitude  Altitude Distance Station
[°] [°] [m] [km] Direction Direction Name
39.6 11.81 1960 24 163 S WALDIA
39.68 12.51 2200 57.2 16 N ALAMATA
39.58 11.28 2040 82 176 S HAIK
39.53 12.76 2380 82.7 0 N MAICHEW
39.66 11.16 2540 96.2 172 S DESE
39.56 12.91 2580 99.5 2 N ADISHOHO
39.71 11.08 1916 105.8 170 S COMBOLCHA
39.53 13 2500 109.4 0 N BETEMERA
DEBRE-
38.03 11.88 2410 164.2 265 W TABOR
Appendix 1.8 Mean monthly temperature obtained from the interpolation
Longitude [°] 39.533
Latitude [°] 12.016
Altitude  [m] 2790
Method Nearest Neighbour
Best Dir
Estimat Low High Standard Vertical ~ Long. Lat. ’
e Estimate = Estimate  Error Bias Gradient  Gradient Gradient
[°C/100k  Degree
T Mean [°C]  [°C] [°C] [°C] [°C] [°C/100m] [°C/100km]  m] s
Jan 13.65 11.92 15.39 1.74 -0.34 -0.43 -1.81 0.37 281.49
Feb 13.66 11.74 15.59 1.92 -0.32 -0.51 -1.17 0.06 272.77
Mar 14.57 12.12 17.01 2.45 -0.26 -0.4 -1.33 1.02 307.34
Apr 15.61 13.69 17.53 1.92 -0.22 -0.45 -0.64 0.8 321.48
May 16.4 14.19 18.61 2.21 -0.28 -0.47 -0.09 1.35 356.07
Jun 16.62 14.35 18.89 2.27 -0.29 -0.51 1.31 1.53 40.63
Jul 15.7 13.86 17.54 1.84 -0.57 -0.73 2 0.81 68.06
Aug 15.51 14.18 16.83 1.32 -0.44 -0.67 1.51 0.8 62.21
Sept 15.14 13.29 16.99 1.85 -0.49 -0.68 0.94 1.01 43.08
Oct 13.39 11.07 15.71 2.32 -0.48 -0.66 0.35 0.79 23.84
Nov 13.07 10.98 15.16 2.09 -0.43 -0.54 -0.47 1.13 337.59
Dec 12.92 11.26 14.59 1.66 -0.39 -0.57 -0.44 0.86 332.95
Mean 14.12 12.72 16.65 1.97 -0.38 -0.55 0.01 0.88 0.94

W
A\
NwW
NW
N
NE
E
NE
NE
NE
N
NwW
N
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Appendix 1.9 Mean monthly precipitation obtained from the interpolation

Longitude [°] 39.428
Latitude [°] 12.02
Altitude [m] 2945
Method Nearest Neighbour
Best Low
Estimat Estimat High Standard Vertical  Longitudina Latitudinal ~Direction
Prec. e e Estimate Error Bias Gradient | Gradient Gradient
[°C/100 [°C/100km Degree
[°C] [°C] [°C] [°C] [°C] m] [°C/100km] ] S

Jan 0 0 23.58 23.58 034 -5 7.4 -5.14 12479 SE
Febr 4.18 0 21.02 16.84 -0.75 -3.56 10.37 -3.29 107.6 E
Mar  24.3 0 72.31 48.01 -12.8 -5 26.11 -2.42 95.29 E
Apr 53.05 29.19 76.91 23.86 -16 -5 17.8 -10.15 119.7 SE
May  48.87 19.88 77.86 28.99 -0.23 -5 -26.81 -16.68 238.11 SW
Jun 76.93 61.69 92.18 15.25 -1.4 3.82 -84.83 -19.59 257 w
Jul 27552 257.46  293.58 18.06 3.15 3.89 -156.76 -51.71 251.74 W
Aug  299.2 282.99 31541 16.21 1.71 2.85 -134.98 -43.2 252.25 W
Sep 61.45 24.65 98.26 36.81 729 -25 -60.96 -44.38 23395 SWwW
Oct 23.14 0.95 45.34 22.19 0.93 -2.54 -21.62 -12.31 240.34 SW
Nov  17.59 0 35.43 17.84 -0.56 -3.04 -2.87 0.13 27251 W
Dec O 0 17.42 17.42 -0.21 -2.87 0.17 -3.49 17717 S
Mean 72.27 48.52 96.03 23.75 -0.34 -2 -35.58 -17.69 24357 SW
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Appendix 2 Pumping test analysis curves

Appendix 2.1 Neuman unconfined curves

; : & THGE3-081
Kobo Pumping Test -01 [Meuman] = THC:
1iu
1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
1E+2 " + e * by ' 1E+2
i i Lo Lo i - i .

T \ . H - | 1E1
w 1E+0 L 1E+0
o
o ]
g E)
z =
=
Z 1E-1 |-1E-1

1E-2 F1E-2

1E-3

Transmissivity:

3.83E+2 mid

Conductivity:  6.38E+0 m/d
Kobe Pumping Test -07 [Meuman] & THG1-0B1
1lu
1E-1 1E+7
1E=Z
|- 1E+2
1E+1
=} 1E+1
‘w 1E+04 -- N
E |- 1E+0
ui]
=3
<L
=
= 1E-1
|- 1E-1
1E-Z2]
-1E-2
1E-2 L i - : - : : :
1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
t [min]

Transmissivity:
Conductivity:

1.14E+2 m?/d
3.81E+0 mid

Starativity: 6.16E-14
Specific Yield: 6.16E-10
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Appendix 2.2 Theis constant graphs

Kobo Pumping Test-05 [Theis]

1iu

= i 0
4 ; El
1E-2f------- ot ottt Yttt o et bbbttt Sttt ettt ettt bttt Pttt ettt et ettt oebbtet | 1 L

1£3 i — ‘ i — i
1E-3 5 1E+0 1E+2 1E+3
Y [min/re]
Transmissivity: Storativity: 1.58E-3
Conductivity:
Kobo Pumping Test-02 [Thes] & PHGS
“fu
1E-1 1E+2 1E+3 1E+5 1E+F
1E+Zq i T i 1E2
1B+ 5 L1E+1
1E+0 = L 1E=D
=
Z
1E-1 4+ L 1E1
1E_2-. L 1F_?
1E-31 : ;

1E-4

Transmssivity:
Conductivity:

7.73E-0 mid

T
1E+0
tr® [min/rr]

Storativity:
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Appendix 2.3 Theis recovery graphs

Keobo Pumping Teet 08 [Theie Recowvery] + PHG ‘IO

1000

0.41

= [m]

1.23 4

1 Ad

2.05

Transmissivily. 1.7T4E+3 mAd
Conductiviy.  3.8TE+1 m/d

Pumping Test Name [Theiz Recovery]

# PHG-B
e B PHGS-0B1
10 100 1000
3Te2t-—----- fecssscoscosscsscoscossosscoscossosaso e L L P L P PP feossscosonsosssossonsosssonsaSs0SS
T Edqpoo00006po000060550056056005000605500060560000 (06055005060 000080050050005005000500500E80050050008005005800800500050550050
E
w
{2/ poecesccbecascnsccnscosccsscascnsconsc0c0000080005000000000000500500050050008005000H00500500080080000005005008808500500
15.13
18.912

Transmisswvity:  1.91E+3 m3/d
Conductvity:  3.98E+1 m/d
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Appendix 3. The head difference between the observed and model simulated heads

Obsrev. Name X Y Calculated head (m) Observed head (m) Residual head (m)
PHG4 566854 1339244 1451.82 1457 5.177
PK1-OB1 568085 1340948 1450.19 1457 6.808
PK1-OB2 568016 1340878 1450.25 1456 5.751
PHGI1 567688 1338578 1449.55 1451 1.454
PHG1-0OB1 567981 1338232 1455.00 1460.16 5.16
PHG3 568356 1337982 1448.21 1456.5 8.289
PHG4 566854 1339244 1451.83 1458 6.172
TK7 569334 1341467 1449.27 1461.3 12.029
PK8 569814 1341065 1448.67 1450 1.333
THG1 576389 1336995 1381.62 1373 -8.622
THG3 575804 1333200 1382.20 1381 -1.2
THG3-0Bl1 575802 1333150 1382.37 1382.29 -0.075
PK9-OB1 570100 1340420 1447.00 1437 -10.004
THG4-OB1 575471 1331124 1388.00 1395 7.00
THG4 575449 1331350 1386.75 1393 6.249
PHG7 572289 1334951 1395.00 1401 6
PHG6 571821 1334963 1413.00 1409 -4
PHG6-OB1 571868 1335028 1415.48 1409.2 -6.277
PHGS 570553 1334123 1430.50 1429 -1.503
PHGY 570154 1333909 1432.00 1434.00 2
PHG10 569657 1333976 1442.72 1436.9 -5.817
HG3 569659 1338130 1441.98 1441 -0.97
HGS5 571782 1333845 1413.61 1413 -0.608
HG11 571055 1335915 1426.04 1426 -0.04
HG12 572295 1335804 1399.00 1400 1
HG13 571683 1336365 1422.03 1422 -0.03
HG14 571067 1336466 1415.00 1419 4
HG15 574997 1330600 1388.98 1397 8.02
HG17 574673 1331879 1389.68 1390 0.321
ZELEKEI1 570187 1338097 1433.00 1431 -2
ZELEKE2 570658 1337490 1433.43 1432 -1.434
TW2 577087 1334495 1376.50 1375 -1.504
TW3 579090 1332043 1362.11 1361.69 -0.416
K38 568228 1336496 1450.10 1441.3 -8.8
K40 568020 1335266 1458.63 1457 -1.631
K43 574975 1334515 1389.59 1379.4 -10.189
K44 575015 1330461 1389.21 1394.8 5.588
K45 574378 1331442 1391.13 1392 0.869

104



NUMERICAL GROUNDWATER FLOW MODELING OF THE KOBO VALLEY, NORTHERN ETHIOPIA

105



