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Abstract

The study focused on modelling of groundwater fleystem in the Tigray Region of northern
Ethiopia, assisted by GIS and RS techniques. Tidystrea - Raya Valley- is a large fertile valley
enclosed by high mountain ranges on the edge oAflieRift system. This part of the Tigray Region
has abundant resources with respect to groundwatéle land, livestock potential and agro-clintati
conditions. Ambitious project plans have been madenplement a pressurized irrigation project of
about 18,000 hectare using the area’s groundwabéenpial. The aquifer is characterized by
unconsolidated material, which includes gravel andrse sand with some pebbles and cobbles as
colluvial deposits at the foot of the escarpmeitte Valley aquifer is replenished by direct recharge
from rainfall and by runoff from the ephemeral nwsystems flowing from the western mountains.
Several perennial springs are found in the wegiarnof the valley.

The groundwater flow system in the unconsolidatepogits of the Raya Valley was modelled using
PMWIN (Chiang et al., 1998) as pre- and post-precefor MODFLOW (McDonald and Harbaugh,
1988). The model was developed for steady-statditons in an unconfined aquifer, represented by
a single layer with a constant thickness of 100he @rid cell size of the model was taken 250x250m
and 17600 of active cells were used to represenettiire study area which is 1085%model area
and the elevations of top layer were delineatedhey ASTER DEM optimisation and use of the
topographic maps. Aquifer properties were assidreskd on the analysis of pumping test data. The
Chloride Mass Balance Method (CMB) was employeddiimate the recharge. Optimised parameters
(hydraulic conductivity and recharge) were spatidiktributed over the model area.

The model was calibrated using hydraulic head efagiens from more than 80 wells. A combination
of trial and error and automatic methods were peréal to calibrate the model using the observed
hydraulic head until the root mean square error 88 reached about 11m. The sensitivity of the
calibrated model was tested by systematically cimgnghe input parameters individually. The
summary of the entire domain water budget showedl tie model calculated inflow and outflow
terms are in balance. The outflow was modelled ugno MODFLOW'’s drain and groundwater
evapotranspiraton packages. The outflow componehntee water budget of the Raya Valley were
estimated as 92mmlyand 22mmy for drainage and groundwater evapotranspiratiapaetively.
While the model calibrated total recharge rate tef valley was 114mmly Beside this, annual
groundwater recharge of the two sub-basins in #ileyw which are Mohoni and Alamata sub-basins
using the inverse modeling were estimated as 66hemyl 170mmy respectively. All the available
measured hydraulic heads were used for calibrafitrerefore, the model was calibrated but not
verified. Hence, the results obtained here shooldbe interpreted as a perfect simulation rather as
system response within fairly realistic model inparameters. Finally, some recommendations were
made for management and monitoring of the vallagsifer.
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GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

1. Introduction

1.1. Background

Groundwater is one of the most valuable naturadueses, which supports human health, economic
development and ecological diversity. Because sfsiéveral inherent qualities (e.g., consistent
temperature, widespread and continuous availapgitgellent natural quality, limited vulnerability,
low development cost, drought reliability), it hhecome an important and dependable source of
water supplies in all climatic regions includingttourban and rural areas of developed and
developing countries (Todd, 2005). Of the 37 Mkof freshwater estimated to be present on the
earth, about 22% exists as groundwater, which tates about 97% of all liquid freshwater
potentially available for human use (Foster, 1998).

Groundwater is the subsurface water that occurgdibnthe water table in the soils and geologic
formations that are fully saturated (Freeze andrn@hd979). Quantification of the rate of natural
groundwater recharge is a basic prerequisite fiiciefit groundwater resource management, and is
particularly essential in arid and semi arid regigvhere such resources are often the key to ecanomi
development. Assessment of the groundwater resewfcan aquifer system involves developing a
guantitative understanding of the flow processesclvioperate within the aquifer. Three features
must be considered: how water enters the aquifstesy how water passes through the aquifer
system and how water leaves the aquifer systermur@meater regime forecasting involves a study of
modifications to the flow processes due to charigeany of these features; these changes may be
natural or man-made.

The study area of this research is Raya Valleyckvis found in Northern Ethiopia, in Tigray Region
(Figure 3.1). It has an area of about 250F kvith a semi arid climate. This study focused oe th
simulation of groundwater flow system in Raya Vglising Groundwater modelling with the help of
GIS and RS techniques. The aquifer system was eadesing PMWIN (Chiang et al., 1998) as pre-
and post-processor assuming steady state conditions

Geographic Information System (GIS) was used tererstore, retrieve, process and display spatial
information in the form of maps or images includimglatabase which is linked to the mapping. A
digital elevation model (DEM) of 30 m resolution thfe Advanced Space borne Thermal Emission
and Reflection Radiometer (ASTER) on-board NASAdsetlite Terra was downloaded and GIS was
used to process the digital elevation model (DEMhe study area which in turn helped to define the
boundary of the valley, visualize the geomorpholofthe area, delineate the sub-catchments, extract
drainage patterns and obtain surface elevation.

Remote Sensing (RS) application to groundwater hepful in identifying of lineaments that are
thought to be faults and fracturing, to define baany conditions such as streams, lake, wetlandk, an
seepage areas, recharge zones or evapotranspiraties of the area.




GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

Raya Valley is one of the resource-endowed parte@fTigray Region with respect to groundwater,
fertile land, livestock potential and agro-climatienditions. It is located on the western edgehef t
Danakil basin that consists of a number of smalsetl basins separated by volcanic mountains. The
basin fill is mainly composed of unconsolidated ena, which includes gravel and coarse sand with
some pebbles and cobbles as colluvial depositseafaot of the escarpment and medium to coarse
alluvial materials along the intermittent riversddimer valley centre deposits (RVDP, 1997).

In the study area the need for groundwater uséeénirtigation scheme exists, because rainfall and
surface sources, due to their seasonal varialaifity scarcity, cannot meet the irrigation requiremen
of the study area. However, most of the previouslies have been concerned more with resource
development to meet users’ need with little atntto the groundwater resource management.
Therefore, safe groundwater abstraction and progreundwater management is crucial for
sustainability of the resource. Quantification o€ tcurrent rate of natural groundwater recharge is
basic prerequisite for efficient groundwater mamaget and this is even more important in semi-arid
regions where such resources are often the keyoetordevelopment (Simmers, 1988). It will be
especially critical where large and concentratemtateds for groundwater both for irrigation and for
domestic supply exist as in the case of Raya Valléys, proper understanding of natural recharge
and groundwater flow system is necessary and ibaaeneed for means of quantifying and assessing
the effect of continued extraction of the resourcéhe area. Groundwater modelling is an essential
tool to evaluate the groundwater flow and quantifyits potential (Anderson and Woessner, 1992).

1.2. Problem statement

Although Raya Valley is rich in land resources fgricultural development, the lowland areas
experience low rainfall which is insufficient fogrcultural production. So people in the area have
commonly used supplementary irrigation by floodedsion for many years. But due to erratic rainfall
distribution in the area they often fail to satisfe soil moisture condition for growing crops. as
result drought was affecting the area a numbeimués (REST, 1996). Now the need of agricultural
development in the valley by using groundwaterragng continuously. Many wells were dug and
groundwater is increasingly being used as soureeatér for irrigation. However, there is no control
or management of the groundwater reserves. Heraelaping groundwater model simulation is
essential not only to understand the natural gravaibel flow but also the influence of extractionsl an
irrigation schemes on the groundwater system.

Groundwater use is rapidly increasing in Raya Wall&inging several benefits to small farmers by

allowing them to grow more crops and minimizing timpact of water shortages that occur during dry
season. But groundwater is not properly managethasdditional source. Government organisations
as well as several private parties are engagednstuction of wells in the area. At the same time

there is no well monitored and registered groundwdita. Because of that, clear records on this
resource cannot be obtained.

Sustainable aquifer exploitation occurs when the o groundwater extraction is equal or less than
the natural rate of groundwater replenishment for kevel of aquifer storage. Thus to be able to
exploit the aquifer in a sustainable manner withimal impact on the environment there is a need to
demarcate and evaluate the aquifer potential. lderoto ensure a sensible management of

2
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groundwater, proper evaluation is required, itsseng¢ status should be studied and prediction of the
future status of the water resource should be atenin Then it is necessary to allocate areas with
high groundwater potential to improve control ofs@action rates to ensure proper groundwater
management.

1.3. Objectives

General objective

The main objective of this study is to assess toergdwater resources of the valley by studying the
groundwater flow pattern in response to rechargk abystractions using a steady-state groundwater
flow model together with the assistance of GIS @rdote sensing techniques.

Specific objectives

The specific objectives are:-

* Examination of the physical and hydraulic boundadéthe valley.

» Development of a conceptual model representinghtyarogeological condition of the valley
based on ground observations and data analysis.

» Estimation of the groundwater recharge using ctitornass balance method and through model
calibration (with special attention to the diffetreacharge mechanisms in the area).

» Analysis of the hydro-chemical data using AQUACHEDbftware, statistics and GIS.

» Setup and calibration of a steady-state groundvimermodel of the area.

» Development of scenarios illustrating effect offeiént irrigation stress conditions on the
groundwater resource.

1.4. Research questions

To address the objectives mentioned above, thewoily research questions are posed:

» Can the conceptual model be transformed to a nemeostel which is capable to simulate the
observed conditions of the aquifer system?

* What are the main water sources and sinks of they?a

» Can the groundwater recharge of the valley be astidhusing chloride mass balance method and
through model calibration?

* What is the natural flow pattern of groundwatettia study area?

» How accurate are the simulation results from theehdeveloped?

« Can a steady state groundwater flow model of tea anprove the understanding of flow patterns
and predict the effect of future abstractions?

1.5. Methodology

The methodologies followed were based on the obgstof the study as stated in section 1.3. The
key stages of the activities are presented asipld fieldwork and post field stages. Besides, the
major sources of information and materials usedstated.
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Prefield work

This stage included proposal writing, collectionn&fcessary information about the area, collecting
available secondary data from different sourcespaing base map and preparation for field work
including acquisition of field equipments were cootkd. Among the activities are, literature review,
related to recharge estimation and principle ofugowater modelling, reviewing the feasibility
reports of the previous works on the area to haasl ginderstanding about the problem and to define
the approach to the research.

Field work

A field trip was conducted to collect secondaryad@bm different sources and primary data from the
study area. The primary data collection includeccasuring groundwater levels, EC in situ
measurements, taking readings of borehole locatimmg@ elevation using GPS and altimeter,
collection of water samples from springs, borehotesl surface water bodies for chemical analysis
and field verification of the study area and id&edition of physical boundaries. The ground truth
field observations were focused on the descriptibrthe geology, stratigraphy, geomorphologic
setting, surface water divide, location of discleam@nd recharge areas. The secondary data cofiectio
included collection of meteorological data (raihfal., Tmin, relative humidity, wind speed and
sunshine hours) from National Meteorological Seryigvell completion, pumping test data and
reports of previous studies from Tigray Water Reses, Mines & Energy Bureau, Tekeze Deep
Water Wells drilling Plc. and Water works Desigrde&@upervision Enterprise.

Post field work (data processing and analysis)

Data processing was the main activity of this stafee data collected during pre-fieldwork and
during fieldwork were processed and analyzed. Theractivities here are organizing the collected
data and preparing the database for the input efntlodelling process. Geographic Information
System (GIS) was used to enter, store, retrievaggss and display spatial information in the fofm o
maps or images including a database which is linketie mapping. GIS was also used to download
and process images of Landsat Enhanced ThematipédrTM), Advanced Space borne Thermal
Emission and Reflection Radiometer (ASTER), ShiRéslar Topographic Mission (SRTM) and the
ASTER product of Global Digital Elevation Model (&M). The DEM was processed to define the
boundary of the valley, visualize the geomorpholofyhe area, delineate the sub-catchments, extract
drainage patterns, to produce topographic crog®osdmes and obtain surface elevations.

Remote Sensing (RS) application was used to ddimendary conditions such as streams, lake,
wetlands, seepage areas, recharge zones and ewegpitation zones of the area. For this purpose
Landsat Enhanced Thematic Mapper (ETM) image wasnlttaded and analysed. Landsat is
preferred over other satellite data due to thelalvdity of near to mid-infrared bands, which issfd

for terrain and lineament analyses. Beside thisidsat ETM provides eight spectral channels (one
panchromatic with 15m spatial resolution, six barasging from visible to mid-infrared with 30m
spatial resolution, and one thermal band with 6Qatial resolution), permitting a large spectrum of
band combinations, useful in visual interpretaténlifferent features.
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Pumping test data were analysed to determine hldrgarameters such as transmissivity and
hydraulic conductivity. The laboratory analysis uks of the water samples were processed and
presented using AQUACHEM software. The determimatiof the chloride concentration in
groundwater was also part of this analysis.

Groundwater recharge is an important variable igioral-scale hydrologic models and aquifer-
system analysis (Yeh et al., 2007). The methodosedgcted for the estimation of recharge should be
applicable in wide variety of climatic and hydrologituations. In this study, Chloride Mass Balance
(CMB) method and inverse groundwater modelling wepplied to estimate the groundwater
recharge. According to Simmers et al (1997), ctlis the most important environmental tracer and
has been used to estimate rates of groundwateanghinder a wide range of climatic, geologic and
soil conditions.

1.6. Outline of the thesis

The content of this thesis is briefly outlined alkdws

Chapter one: Describes the introduction of the research thatudes the problem statement, the
objective of the research and research questions.

Chapter two: Discusses the review of previous studies in ttea @and literature review related to
principle of groundwater modelling and rechargénestion methods

Chapter three: Describes the study area, in terms of locatiimate, geology, geomorphology and
land use types.

Chapter four: Data processing and analysis of primary and sgaxgyndata and translating the data to
model input. Pumping test data, water chemistrna,dahd recharge estimations are parts of the
analysis.

Chapter five: Explains the numerical groundwater flow modeRafya Valley, which includes, code
selection, model design, model calibration andisieitg analysis.

Chapter six: Deals with the pumping scenario analysis

Chapter seven: is dealing with the results and discussions.

Finally conclusions and recommendations of theystud presented i@hapter eight.
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2. Literature review

2.1. Review of previous studies

Several studies are available which were carrigdi@dind a way of exploiting the available water
resources in the Raya Valley area. REST (1996) rmaageeliminary study on the development of a
project for the improvement of living conditions thie people in the project area in particular dred t
region in general. The study focuses on enhangie@gricultural production by using water resource
of the area. In the study area a geophysical suwas conducted by German Consult in 1978, the
Ethiopian Institute of Geological Survey (EIGS) 1896 and the Tigray Water Mines and Energy
Bureau at different levels. The surveys were aimedetermining the thickness of loose sediment,
and depth to groundwater. A study with the objectio study a design of the Raya pressurized
irrigation system which would enable to use theugdwater resources in the lower plain of Raya
Valley was also made by (WWDSE, 2008b). Accordimditlefom (2006) the groundwater recharge
from precipitation in the Alamata sub-basin wasnested to be about 80mmywhich accounts to
approximately 10% of the annual precipitation. Mostthe existing old wells found in the Raya
Valley area have been constructed for communitenstipply purposes and are very shallow so that
they have not penetrated the full thickness ofateifer. However, recently, around 100 deep wells
were drilled to implement modern pressurized itia activities by developing the groundwater
resource of Raya Valley.

The annual amount of rainfall is relatively smaiblaerratic as compared to other parts of the region
As a result the area is being affected by a rentigleought. Due to this fact most of the rivers are
intermittent. Hence, groundwater use is rapidlyéasing in Raya Valley, bringing several benefts t
small farmers by allowing them to grow more cropd eninimizing the impact of water shortages that
occur during the dry season.

Hydrological, geological and hydrogeological stsdieere carried out on the Raya Valley by a project
known as Raya Valley Development Project (RVDRJdtermine the groundwater resource potential,
to give background information for dam studies, emdssess surface water resources for micro-dam
constructions. In the hydrogeological work the gmbwater flow directions were summarised to be
West-East and North-South. Dessie (2003) carrigdaiudy on the availability and usability of the
water resources in the Raya Valley giving particud#tention to the groundwater in the alluvial
deposits, from geological, hydrological and chelnieant of view.

In addition the following studies were conductedtom Raya Valley:

» German Agency for Technical Co-operation Ltd (197&yology and water development, Kobo-
Alamata Agricultural Development Program, Volume-II

« REST, 1996. Raya Valley development study projgtase | (reconnaissance phase report),
Relief Society of Tigray, Tigray National Regior@bvernment.

 RVDP, 1997. Hydrogeology Feasibility Draft Repdgya Valley Development Project Regional
Government of Tigray.
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«  WWNDSE, 2008. Raya Valley Pressurized Irrigationj@eb Water Works Design and Supervision
Enterprise in association with Concert Engineeengd Consulting PL@xecutive Summary /
Feasibility Final, Federal Democratic Republic ¢fipia Ministry of Water Resources.

Most of the recent studies focused on the adaptafiohe modern pressurized irrigation methods for
the Raya Valley on a large scale.

2.2. Integration of RS, GIS and modelling techniques

Remote Sensing (RS) and Geographic Information eBys{GIS) based groundwater studies are
recommended to be carried out in conjunction withdf investigations to effectively exploit the
expanding potential of RS and GIS technologies, ctvhiill perfect and standardize current
applications as well as lead to development of approaches and applications. It is concluded that
both the RS and GIS technologies have great patemdi revolutionize the monitoring and
management of vital groundwater resources in therdéu Several researchers have demonstrated that
GIS, because of its sophisticated analysis andhigzaapabilities, can provide a powerful platform
for developing GIS-based groundwater model, cdiibbgaand validating them, and presenting their
results (Jha et al., 2007).

GIS can enter, store, retrieve, process and disgdagial information in the form of maps or images
(satellite, aerial photographs) including a databakich is linked to the mapping. GIS provides an
integrated platform to manage, analyze, and dispfmtial data. GIS has also been used to develop
the digital elevation model (DEM) of the catchmevtiich in turn helped to define the top of the
aquifer. In this study to process the digital etemmodel the DEM hydro-processing package in the
ILWIS software was used.

Modern RS/GIS software enables digital RS dataetonierged with other data. Digitised maps, e.g.
road networks, or geological maps, can be combiitddthe images, making the interpretation easier.
An existing thematic map can be visualised togettiéhn the information from a satellite image. In
most studies the conceptual models essential adabkbone of the investigations, need to be
guantified. Here again the techniques combining ®IS, and simple models can be used to estimate
fluxes. Mapping units can be based on geomorpholggglogy, soils and vegetation. Some of the
components of the hydrological cycle, such as &auapotranspiration and groundwater recharge
potential, may be estimated for different mappingthis study the RS and GIS software like ILWIS,
Maplinfo, ArcGIS, and Global Mapper were used.

2.3.  Groundwater recharge

Groundwater recharge can be defined in generaksanghe downward flow of water reaching the
water table, forming an addition to the groundwateservoir (Lerner et al., 1990). In semi-arid
regions, assessment of groundwater recharge isobnthe key challenges in determining the
sustainable yield of aquifers as recharge rategemerally low in comparison with average annual
rainfall or evapotranspiration, and thus difficidtdetermine precisely (Yongxin and Beekman, 2003).
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Among the groundwater recharge estimation methoelslze water table fluctuation method, chloride
mass balance method, one dimensional soil water flidel, inverse modelling and groundwater
balance method. The water table fluctuation metkaah indirect method of deducing the recharge
from the fluctuation of the water table (Shardaakt 2006). The chloride mass balance method is
based on the assumption of conservation of masgebatthe input of atmospheric chloride and the
chloride flux in the subsurface (Yongxin and Beekm2003). The one dimensional soil water flow
model in the unsaturated soils is mathematicallynfdated based on the Richard’'s equation that
combines Darcy’s law with the mass conservationaggo. Inverse modelling is a technique by
which model input is estimated from model outpusirlg inverse modelling, recharge and hydraulic
conductivity values are usually estimated simultarsty. The problem of estimating aquifer
parameters with the aid of a numerical model tlsgtsuimited observations and prior information is
often referred to as inverse modelling. The fundatalebenefit of inverse modelling is its ability to
auto calibrate optimal parameter values for an faquiegion that produce the best fit between
observed and simulated hydraulic heads and flonskglhmi Prasad and Rastogi, 2001).The
groundwater balance method is based on the gehgdablogical principle in which the amount of
water entering a control volume during a definedetiperiod (inflow), minus the amount of water
leaving the volume during the time period (outflpwjjual the change in the amount of water stored
(AS) in the volume during that period. As discussgdimmmers et al. (1997), quantifying the current
rate of groundwater recharge is a basic prereeufsit efficient groundwater resource management
and is practically vital in arid regions where suddsources are often the key to economic
development. Groundwater recharge quantificatidraisght with problems of varying magnitude and
hence substantial uncertainties. It is thereforgrdble to always apply and compare a number of
independent approaches.

2.4.  Groundwater modeling

There are two areas of hydrogeology where we neldon models of real hydrological system: to
understand why a flow system is behaving in a paldr observed manner and to predict how a flow
system is behaving (Fetter, 2001). There are skewesgs to classify groundwater flow models,
models can be either transient or steady stateoapdtwo or three spatial dimension. Steady state
flow occurs when at any point in a flow field theagmitude and direction of the flow are constant
with time (Anderson and Woessner, 1992).

Selecting the appropriate conceptual model forvargproblem is one of the most important steps in
the modelling process. The key data requirementhiénprocess of conceptualization include data
about hydro-stratigraphic units, surface water bsdphysical and hydraulic boundaries, recharge and
discharge zones. The most common numerical metfwogglve flow problems are finite differences
and finite elements. Finite-difference grids arsyeto understand and require less input data than
finite-element grids (Anderson and Woessner, 1998k finite difference method, as applied in the
computer code MODFLOW, was used in this study. Tode is based on the physical theory of
groundwater movement Darcy’s law and the contineiggation. PMWIN was used as a pre- and
post-processing. This program supports seven additipackages which are integrated with the
original MODFLOW (Chiang and Kinzelbach, 2001).




GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

Once the conceptual model is translated into a nigalemodel in the form of governing equations,

with associated boundary and initial conditionsoéution can be obtained by transforming it into a
numerical model and writing a computer program &ddr solving it. This includes, design of grid,

setting boundary and initial conditions and prefiarly selection of values for aquifer parameterg Th
input parameters include model grid size, layervaiens, boundary conditions, hydraulic

conductivity/transmissivity, recharge, and addiibmodel input for steady state modelling. Model
calibration consists of changing values of modgluinparameters in an attempt to match field
conditions within some acceptable criteria (Andarsmd Woessnher, 1992). Sensitivity analysis is
useful in determining which parameters most infieenmodel results. These parameters will be
emphasized in future data collection attemptingrprove model accuracy.
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3. Description of the study area

3.1. Location

Raya Valley is located in Northern part of Ethigplagray Regional State at about 170 km south of
the province capital Mekelle (Figure 3.1). It itusited between 225" and 155’ latitude and 321

and 3955' longitude. The valley consists two sub-basisnely, the Alamata and the Mohoni sub-
basins (Figure 3.4). It is bounded by the Korem Nains in the west, the Chercher Mountains in the
east and in the south by low E-W surface divider é@zbo town separating the Alamata sub-basin
from the Golina sub-basin to the south. The vatipgns to the north and narrows to the south. The
transition to the Afar depression is marked bywa fange of volcanic hills which form the eastern
boundary.

The Raya Valley is considered as part of intercotetevalleys of the Ethiopian rift system. It has a
area of about 2500 KmRaya Valley is among the sub-basins on the westdge of the Danakil
basin that consists of a number of small closeithbaeparated by volcanic mountains. The basin fill
is mainly composed of unconsolidated material, Whiitcludes gravel and coarse sand with some
pebbles and cobbles as colluvial deposits whichdaeeloped from recent alluvial and colluvial
sediments that originated from mountain ranges bminded the sub-basins on the eastern and
western peripheries. The average altitude of thieyw#loor ranges from 1370 m a.m.s.l. to 1600 m
a.m.s.l. while the mountain ridges range from 1608.m.s.l. to 3600 m a.m.s.l. The Sulula River is
the longest river running from north to south ie #astern part of the area. It drains the surfaterw
and the groundwater around the outlet where thergiwater level rises during the rainy season. The
high gradient from west to east is approximatelYdfi within about 30km which favours the
emergence of springs at different elevations.

3.2.  Geomorphology and drainage
3.2.1. Geomorphology

The local and regional relief setting gives an idbaut the general direction of groundwater flowl an

its influence on groundwater recharge and discharpe field observation indicated that the Raya
Valley is characterized by a graben-like structboainded by north-south aligned ridges on the
western and eastern sides of the valley. The vafithe Raya Valley ranges from about 23 km in the
northern and central parts to about 5 km in thelsona end of the valley. The valley is divided into

Alamata and Mohoni sub-basins by undulating sudaaed volcanic hills outcropping in the east-
west direction (Figure 3.4).

11
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Figure 3.1 Location map of the study area

The chain of mountains bordering the valley aredhenwestern and eastern sides, are characterized
by steep slopes covered with vegetation of low ign¥hese generate a large amount of runoff.
Though the area receives highly variable rainfaihoff generated from the western escarpments of
the valley causes intermittent flooding of the ewlifloor adjacent to the rivers during the rainy
season. Many of the rivers that enter the vall®aderminate on the eastern periphery of the sub-
basins where they form occasional flash floods t@meporary wetlands in some parts mostly in the
Alamata sub-basin. In order to visualize the physiphy of the study area, a digital elevation model
(DEM) of ASTER image 30m resolution was processed eompared with a topographic map of
scale 1:50,000 using GIS software. This enablegem the different landform units. The minimum
height in the study area is about 1370 m a.m.sdreds the maximum height is found to be 3600m
a.m.s.l. The western escarpment is more pronouti@dthe eastern margin as it can be seen from
DEM. The latter margin is also the western riftapment of the Afar depression.
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Figure 3.2 DEM of the study area and cross-section lines
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Figure 3.3 Cross-section lines of the digital elevation model of the area
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From the cross-section lines it is clear that thibey floor dips towards the east while the western
hills are higher in elevation than the eastern ofiég sections also show that the valley is wider i
the northern part than the southern part. Thesesestion line B-B” indicates that Waja spring
emerges where the surface topography interseth® tgroundwater head.

3.2.2. Drainage

The Raya Valley consists of several separate dyainaits emerging from the western highlands and
partly from eastern highlands, which have a sulafgrflow path in east-west directions. The
western margin of the valley is a source of mostefrivers in the study area (Figure 3.4). Most of
the streams that originate in the Mohoni highlathols south-easterly following the dip direction and
join the major river system of the Sulula Riverite Raya Valley plain there are no perennial gver
and streams except some springs at the western(adee transition point from escarpment to plain)
and runoff from these springs disappears in thérakepart of the valley. This situation has made
groundwater the primary source for water supplyhim valley i.e. for water supply of the towns and
rural population and for irrigation purposes. Tleatcal and eastern part of the valley is charazgdri
by a sparse drainage system. During the field iisBeptember none of the rivers in these parteef
valley was flowing. The longest river in the stuaiea is the Sulula River which is running north-
south adjacent to the eastern periphery of theeyalt is connected on the surface with streams
flowing from the eastern margin and it also actsli@énage for the groundwater system. The Sulula
River cuts through the eastern range of hills der8kir. From there the river flows down into the
Afar depression. The gap at Selembir is the onfsilade surface water outlet from the valley.

3.3. Climate

The position of the Inter-Tropical Convergence Z@iT&€CZ), seasonal variations in pressure systems
and air circulation, results in the seasonal distion of rainfall over the study area. This low
pressure area of convergence between tropicalrbastand equatorial westerlies causes equatorial
disturbances (Gamachu, 1977). The area has a sehalienate with mean annual rainfall of 724 mm.
The distribution of rainfall over the highland ase& influenced by orographic effects and is
significantly correlated with altitude. The areackaracterized by a bimodal rainfall pattern with a
short rainy season “Belg” from March to April andl@ang rainy season “Kiremt” from July to
September with a peak in August. The other montliseoyear are generally dry.

The study area varies in altitudes ranging from01t873600m a.m.s.l. The area comprises of lowland
plain areas with altitudes of 1370 to 1600 m awlijle the mountain areas and the plateaus are
situated with in the altitude ranges of 1600 to B60a.m.s.l. This variability in altitude brings
variability in rainfall and temperature. The qué&ative description of the climatic variability was
discussed in chapter four.
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Figure 3.4 Base map of the study area

3.4. Land use and land cover types
Land use is important in groundwater studies, bseduis a prominent factor affecting the recharge.

According to Dessie (2003) five land cover types &entified in the area. These are forest,
agricultural area, water, woodland, and bare-lAldodland and agricultural area are the dominant
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land use classes in the area. The land use méye &tdya sub -scene is shown in Figure 3.5 with the
summary in Table 3.1.

- Farest ."-_.r' Surface water divide

‘Wood land Bare land ! Towns
I:I Gravel Road

. F e )
- Agricullure NMain raad

Figure 3.5 Supervised land cover and use classification of the sub-scene consisting the Raya Valley
(Dessie, 2003)

Table3.1 Land useand land cover proportion in thea sub - scene of Raya Valley

Land cover type  Wood land Bare land Agriculture  Forest at&v
Raya sub -scene 48.80% 19% 31.10% 0.80% 0.30%
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3.5. Geology and hydrogeology

3.5.1. Geology
Regional geology

The geological units in Ethiopia fall into one aktfollowing three major categories, the precanmbria
basement, late palaeozoic to early tertiary sedisnamd the cenozoic volcanics and associated
sediments (Mengesha et al., 1996). According tondaz(1975) major transgression-regression
cycles took place during the Mesozoic. It is badig\that the cyclic uplift, transgression-regression
and intensive volcanism and rifting through geatotimes has resulted in a complex geology and
strange relief in Ethiopia. The starting of the sidbnce of the Afar depression and the subsequent
volcanism was restricted at first to the evolvinfgsrand then to axial zones which later became a
focus of quaternary and recent volcanic activitgddwhile the sedimentary process has continued in
this era forming a valley fill and lacustrine dep®svithin the developing rifts.

L ocal geology

The Raya valley is a sub-basin at the western efitfee Danakil basin. The major lithological units
in the study area are basaltic rocks on the pla@auescarpments and alluvial deposits derived from
these basalts on the valley floor. According to lyesha et al. (1996) the valley of the study area is
dominated by thick undifferentiated alluvial anduatrine sediments bounded on the east and west by
Hashange formation, which is a series of volcamicks characterized by alkaline (olivine) and
transitional basalt flows with tuff intercalationsre rhyolites from fissures and dissected by slike
and sills. Based on the lithological log of theddwles drilled in the area, the valley plain setiis
thickness ranges from few meters to more than 2&8@ms The minimum thickness occurs near the
western and eastern flanks of the valley whereasnibximum thickness is obtained towards the
central part of the valley. The floor of the vallghain is a flat plain with decreasing slope froorth
toward south and from west to east. As observen fite lithological log of the boreholes drilled in
the valley, the alluvial deposits are composedntdércalating layers of gravel, gravely sands, silty
sands, clay, and silty clay. According to previstigly conducted on the study area RVDP (1996) and
Dessie (2003) the rock units in the area has bleasitied as follows:

Volcanic rocks

The volcanic rocks that are found in the study ama amygdoloidal basalt, alkali olivine basalt,
aphanitic basalt and agglomerates. The amygdoldidshlt is composed of porophyroblasts of
pyroxene and olivine. It is found in the lower zera# the successions. Alkali olivine basalt is ofie
the major volcanic covers in the study area. Apiaiiasalt forms swarms of highly jointed dykes
with variable trends. The agglomerates commonlynfddlock and volcanic bombs in some cases
forming small hills in different parts of the studygeas.
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Sedimentary Rocks

The sandstone rock sub-units that are found in dtuely area are: Sandstone, limestone and
guaternary alluvial deposits. The sandstone rodkawtcrops near the Bala town. Its area coverage i
small as compared to other formations in the stada. The limestone unit is found in the north
eastern part of the study area near to Adi Beddra.quaternary alluvial deposits are found as yalle
fill. More than 40 % of the study area consistsaaliivial deposits derived from the weathering and
erosion of the surrounding basaltic rocks. Thekiéss of this deposits increases as one move from
the foot of the escarpment to the centre. At thet fof the mountains the major types of
unconsolidated materials are colluvial depositsivéedr from the surrounding escarpments. The
sediments are coarser on the periphery of thewalhel get finer towards the centre. The maximum
thickness drilled in the alluvial deposit from tbellected data is 288m. This is a well in Alamaib-s
basin with borehole name RPW-093-08.

3.5.2. Hydrogeology

Raya and Kobo are the prominent alluvial grabemming N-S parallel to the escarpment. As the
previous studies and drilling in different partstiog valley plain show, the valley is mainly compas

of sedimentary basin fill deposits of high grountevgotential. But due to the variation of thicksies
grain size and sorting of the alluvial deposit, gheundwater potential is not uniform throughouw th
valley. Areas with very fine alluvial deposit andassive basaltic domes have low groundwater
potential and this is indicated by low yielding eboles. According to the drilled well data the main
aquifer in Raya Valley consists mainly of alluvidgéposits having a thickness in the valley plain
ranging from about 40 to more than 250 meters. mim@mum thickness is the western and eastern
flanks of the valley whereas the maximum thickriessbtained towards the central part of the valley.
The floor of the valley plain has a decreasing slfspm north toward south. In the central parthaf t
Alamata sub-basin clay lenses act as confiningréayehe depth of the groundwater varies from 0 to
about 50m in Alamta sub-basin and from 20 to alé@m below ground level in Mohoni sub-basin.
As Alamata sub-basin has more recharge area aokl @fiuvial deposit, it has more groundwater
potential than Mohoni sub-basin. Currently, in bathb-basins there are more deep well drilling
activities for the implementation of modern preg=ed irrigation systems. The western part of the
aquifer has generally unconfined groundwater caomit whereas the south-eastern part is
characterized mostly by semi-confined to confinedditions. In latter part of the area some artesian
wells were also observed. According to the pumpi®} data analysis, the hydraulic conductivity
values of the aquifer ranges from about 1 to 3&nmithe main source of groundwater recharge of
Raya Valley is mainly through seasonal floods fradjacent highlands of the western, northern and
eastern sides of the valley. In addition to thenadll deposits the volcanic rocks are acting as an
aquifer when fractured. But the volcanic aquifeesimot have such a high potential as the alluvial
deposits.
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4. Analysis and model input data preparation

4.1. Meteorological data analysis

41.1. Rainfall

Rainfall data from nine rain gauge stations whiakiéhbeen considered to describe the rainfall regime
of the Raya Valley were collected and analyseduif€igt.1). Missing data is a common case for the
stations. However, the selected stations for tearsy€1996 to 2005) have relatively consistent data
that can be used for the purpose of this study. &Maage monthly meteorological data of these 10
years was taken for analyses. The mean annualppiegmn has a bimodal distribution with most of
the rainfall occurring during the months July tgp®enber while there is a short rainy season from
March to April. The other months are generally dRigure 4.3). Korem gauging station in the
western highland reported a maximum annual raiwfgfith of 1356mm and minimum annual rainfall
depth, i.e. 465mm, was reported at Waja gaugirngpatdocated within the valley floor. The moving
average interpolation technique with inverse distamethod was applied to study the spatial
distribution of the rainfall within the catchmeiitigure 4.1). For the tables of these climatic alda
(see Appendix 1). Thiessen polygon method was eghpti see the mean annual rainfall for the entire
valley. In the Thiessen polygon method, the study areavidetl into polygons with the rain gauge in
the middle of each polygon assumed to be repreentfar the rainfall on the area of land included
in its polygon. These polygons are made by drawings between gauges, and then making
perpendicular bisectors of those lines form thggahs. The weighted mean of the precipitation was
calculated using equation 4.1 which resulted innf@24of mean annual rainfall for the entire Raya
Valley (Table 4.1).

_AP+AP,+AP+...+AP..A P,

P 4.1
A (4.1)
Where:
P = Mean annual rainfall for the entire valley [mm]
A = Area enclosed between tffeand the i+1 isohyets [Kin
P, = Mean annual rainfall of th& and the i+1 isohyets [mm]

A = Total area of the valley [k
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Table4.1 Mean annual rainfall using Thiessen polygon method

Easting Northing Elevation P A (kmd) PA/A,
Station (m) (m) m)  (mm) (kB (mm)
Alamata 560502 1372456 1547 821 419 134
Waja 565315 1357995 1446 656 481 122
Kobo 568641 1343604 1524 734 155 44
Korem 556673 1382295 2466 1022 288 114
Maichew 5568432 1412871 2438 778 224 68
Mohoni 570019 1415122 1767 521 541 109
Chercher 583783 1386254 1786 723 363 102
Zoble 581470 1354118 2139 77 67 20
Muja 531341 1326927 2749 705 39 11
Total 2577 724

1430000 1430000| Annual rainfall distribution using moving average

Thiessen polygon of the annual rainfall inverse distance method
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Figure4.1 Spatial distribution of rainfall over the Raya Valley and station locations

20000 m

The stations, Korem, Maichew and Zoble are founithénhighlands of the Raya Valley area, whereas
the others are in the lowland area. Generally)dtwand areas get lower rainfall than the highlands
However, all the stations have similar rainfalltpat with bi-modal rainfall type having maximum
rainfall in July to August. For the record listsaif the stations see Appendix 1.1.
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M ean annual rainfall (mm) (1996 - 2005)
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Figure4.2 Mean annual rainfall of the stations
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Figure 4.3 Mean monthly rainfall of the stations

4.1.2. Temperature

Alamata and Korem stations were selected to seelifmatic variation in the lowland and highland
areas of the Raya Valley respectively. The averagethly maximum temperature of both stations in
Figure 4.4 show highest record in June and lowalstevin January. They have abolldifference

in their maximum temperature. The maximum tempeeaiini Korem station ranges from 19 to Z5
and in Alamata station from 27 to 33. The record for all the station is presented ppéndix 1.2.
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M ean monthly maximum temperature (°C)
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Figure4.4 Mean monthly maximum temper atur e of Alamata and K orem stations

The average monthly minimum temperature of Alansid Korem stations in Figure 4.5 showed
lowest value of 12C and 4C in the month of December and highest values oérid 16C in the
month of June respectively. The stations have gdigesignificant difference in their average
monthly temperature. However, the trend of the @mlpvariation is similar in both areas. The record
for all the stations is shown in Appendix 1.3.
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Figure4.5 Mean monthly minimum temper ature of Alamata and K orem stations
4.1.3. Relative humidity (RH)

The relative humidity data is available for statiasf Kobo, Maichew and Mohoni. The RH data of
Kobo station were recorded at 1200, 1800 and 0608l ltimes (Figure 4.6). The mean monthly
relative humidity ranges from 30% in June to ald&i%b in January. For Maichew it ranges from 41.5
to 70% and for Mohoni station from 52 to 70%. HEwerage monthly relative humidity of these three
stations can be taken with in the range of 47%b8&5~or the record list see Appendix 1.4.
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Figure4.6 Mean monthly relative humidity of Kobo station at 1200, 1800 and 0600 local time
4.1.4. Wind speed

Wind is characterized by its direction and velocityind direction refers to the direction from which
the wind is blowing. For the computation of evapaspiration, wind speed is the relevant variable.
Mean wind speed values of Kobo vary between I msSeptember and 2.04 thin March. For
Maichew station it varies between 1.1 i January and 3.25 msin July (Figure 4.7) (See
Appendix 1.6).
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Figure 4.7 Mean monthly wind speed of Maichew and Kobo stations
4.1.5. Solar radiation

Solar radiation governs the rate of evaporatiomghey large quantities of liquid water into water
vapour. Hence the evapotranspiration process isrméted by the amount of energy available to
vaporize water. Sunshine hour duration data aréadl@ for Kobo and Maichew stations. Mean
sunshine hours determined for the Kobo stationbisva 8.0 hours in the months of October to
December and March to May. In the other monthedrelases up to 5.3. For Maichew station it rises
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above 8 for April and May and for the remainingipeérit decreases to a minimum of 5.0 which is in
July. (See Appendix 1.5).The mean monthly sunstiimations of the Kobo and maichew stations are
7.6 and 7.2 hours respectively.

4.1.6. Evapotranspiration

Evapotranspiration is the process in which wateaetsrned to the atmosphere by a combination of
evaporation and transpiration. Potential evapopiaason is the water loss that will occur under
given climatic condition without deficiency of watsupply while actual evapotranspiration is the
amount of water that actually returns to the atrhesp depending on the availability of water. The
evapotranspiration can be estimated from weathex. d@fferent methods have been developed to
estimate the potential evapotranspiration, frormpoieasured data (Allen et al., 1998 ). In thislgtu
the Penman-Monteith and Hargreaves methods werktasstimate the potential evapotranspiration.
The Penman-Monteith method incorporates the efédctactors such as altitude, aerodynamics,
geographic location and solar radiation for thel@atton. The ET values were determined for a 10
years period, from year 1996 to 2005. The FAO CR@RFWersion 8.0 was used to estimate the
potential evapotranspiration, which uses the (FAOB€énman-Monteith equation. This method was
applied for Kobo and Maichew stations which havatreely better meteorological data, whereas for
the other stations, since they have no wind speet sainshine hour duration data, Hargreaves
equation was used, because this method needs emlyetature and extraterrestrial radiation) (R
data. The mean air temperature in the Hargreawgatieg is calculated as an average gfiand T

and R is computed from information on location of théesand time of the year. Therefore air
temperature is the only parameter that needs todasured.
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Figure4.8 Kobo station mean monthly (P), (ET,) and (T ag) from 1996 to 2005

Kobo station is found in the lowland of the Rayall®fa As is shown in figure 4.8 the monthly
precipitation ranges from 19mm in June to 201mnAirgust with annual precipitation of 734mm.
The ETo was calculated using Penman-Monteith method. Tdiéa has high annual BET{1752mm)
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ranging from 118mm in December to 180mm in June @berage temperature also ranges from 19
°C in December to 26.% in June (Table 4.3).
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Figure4.9 Maichew station mean monthly P, ET,and T 5,4 from 1996 to 2005

Maichew station is found in the highlands of they®&&/alley. As compared to Kobo station this
station has higher precipitation and lower,Eand temperature. This variation is related to the
elevation difference of the stations. As is shawfigure 4.9 the monthly precipitation ranges from
223mm in August to 8mm in February with annual pi¢ation of 796mm. The EjJand the average
temperature have their minimum values in June hed maximum values in December. The annual
ET, of this station is 1387mm (Table 4.4).

The result of the Penman-Monteith showed that tleammannual evapotranspiration for Kobo and
Maichew are 1752 and 1387 migespectively. Also EJwas calculated using Hargreaves equation
and shown in Table 4.2. The result of the, Edlues from Hargreaves equation are about 8% eyreat
than the Penman-Monteith results (Table 4.2).

Table4.2 Annual ET, (mmy™) results of Penman-M onteith and Har gr eaves methods

Kobo Maichew Alamata Korem Waja Chercher Zoble Mohoni
Annual ET, Hargreaves 1896 1410 1960 1511 1939 1502 1729 1770
Annual ET, Penman-Monteith 1752 1387
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Table4.3 Kobo station ET, calculation using Penman-M onteith equation

Tmax Tmin Humidity Wind Speed Sun Shine R ET, ET,
Month  (°C) (°C) (%) (Kmd?)  (Hours) (MIm*d™) (mmd*) monthly
Jan 26.2 12.8 60.2 153.8 7.8 18.2 38 119.0
Feb 28.7 12.4 56.2 159.8 7.4 19.2 44 1226
Mar 29.8 15.3 46.4 176.3 8.4 22.0 53 165.5
Apr 31.2 16.9 49.7 165.9 8.2 22.1 55 164.1
May 33.2 17.2 41.4 147.7 8.6 22.4 57 176.4
Jun 345 185 31.7 176.3 6.6 19.2 6.0 180.3
Jul 32.1 18.1 39.3 166.8 5.3 17.4 53 164.6
Aug 30.6 16.8 51.8 136.5 6.0 18.6 48 1476
Sept 30.8 15.2 52.9 88.1 6.7 19.3 44 1317
Oct 29.6 13.0 42.2 87.3 8.5 21.0 44 1364
Nov 28.5 11.9 40.8 95.9 9.3 20.6 42 1248
Dec 27.0 10.9 40.4 105.4 8.5 18.8 3.8 1187
Average 30.2 14.9 46.1 138.3 7.6 19.9 48 1752.0

Penman-Montheith equation was used in Eto Calaratwith the values for
Angstrom's Coefficients: a=0.25and b =0.5

Table4.4 Maichew station ET, calculation using Penman-M onteith equation

Tmax Tmin Humidity Wind Speed Sun Shine R ET, ET,
Month  (°C) (°C) (%) (Kmd?)  (Hours) (MIm’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 20.3 3.7 1022
Mar 22.5 10.0 61.0 111.5 7.0 19.8 38 117.2
Apr 23.4 11.1 57.0 113.2 8.2 22.2 43 129.0
May 242 11.9 49.9 120.1 8.8 22.9 46 1426
Jun 24.8 12.8 41.5 193.5 7.2 20.1 50 149.4
Jul 22.2 123 62.6 280.8 5.0 16.9 41 1271
Aug 22.0 12.7 66.6 216.0 5.3 17.5 3.8 119.0
Sept 225 10.7 61.8 102.8 6.8 19.5 38 114.6
October 20.8 8.5 61.8 98.5 75 19.5 35 108.2
Nov 202 7.0 59.1 95.9 7.8 18.5 32  96.0
Dec 19.3 6.7 65.7 95.9 7.7 17.6 29  89.0
Average 22.0 9.9 59.1 136.0 7.2 19.3 3.8 1387.0

4.2. Hydrochemical analysis

The natural and geochemical environment adds nmlieerdent and biological elements to water, but
many also give rise to undesirable or toxic prapsrteither through deficiency or excess of various
elements. Water quality is a consequence of theralaphysical and chemical state of the water as
well as any alterations that may have occurred @maequence of human activities. Water chemistry
data can be used to infer flow directions, idensibprces and estimate amount of recharge (Anderson
and Woessner, 1992). Dissolved constituents inwtager can provide indications on its geologic
history, through which it has passed and its mdderigin within the hydrologic cycle (Freeze and
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Cherry, 1979). Water naturally contains severdkdint dissolved inorganic constituents. The major
cations are calcium, magnesium, sodium and potassiie major anions are chloride, sulphate,
carbonate, and bicarbonate (Fetter, 2001).

4.2.1. Water sampling and accuracy of chemical analysis

Groundwater samples were collected from borehalemg the field visit in September 2009. Beside
this, existing groundwater samples analysis resflt3008 were collected and used in this study. A
total of 6 new samples which were collected andyaed during field work and 27 existing chemical
analysis results of 2008 were acquired from WaterR& Design and Supervision Enterprise. The
location of the water samples are indicated in FEgd.12. The chemical analysis of the samples
collected during the field visit was conducted bytéf Works Design and Supervision Enterprise
Laboratory service at Addis Ababa on October 1,92@lectrical Conductivity was measured with
portable devices during the field investigation.eTfield measured conductivity which is also
influenced by the high temperature, ranges fromu6e@i* to 280QScm’ (the latter value is from a
hot spring). In general, most samples from the tales fall within the range of 4iScm' to
174QuScni'. Samples taken from very shallow hand dug wellhia outlet and from the hot spring
showed EC values greater than 2586m'. The cold spring of Waja has shown a conductivity
780uScm’.

As is shown in figure 4.12 most of the samples wiaken from the central part of the Alamata sub-
basin and only six samples were takes from Mohah-tsasin. This is because of the borehole
distribution of the sub-basins. The details of thater samples are presented in table form in
Appendix 2.1.

4.2.2. Reliability check

In all electrically neutral solutions, the sum bEtcations should be equal to the sum of anions in
meql* (Hounslow, 1995). Based on the electro-neutrafityalysis of water samples with a percent

balance error <5% is regarded as acceptable (F2@6d). To evaluate the accuracy of the chemical
analysis, a reliability check was conducted usingu@#Chem software. The analyzed data were
checked using the following methods and the numbksamples that pass the attention value in each
test are presented in Table 4.5.

Table4.5 Reliability check of the water sample results

Check Unit Attention No. of Passed

Value samples
Balance ((C-A)/(C+A))*100 meql* <5% 31
TDS Entered/Conductivity meq™ 55< ## <75% 33
K*/(Na" + K") meq? <20% 32
Mg®*/(C&** + Mg™) meq? <40% 12
c&'|(cé + SC,%) meq? >50% 32
-1

Na'/(Na" + CI) meq ™~ >50% 31
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Piper Plot of the water samples
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Figure4.10 Piper diagram of 33 water samplesfrom boreholesin the study area
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Figure4.12 Location map of new and previous water samples

4.2.3. Chemical characteristics of the water type in the study area

The water in the study area is either, Ma; Mg-Ca, Mg - Na, Na - Ca/Mg or Ca - Na Bicarbta
types. The chemical properties of the groundwabeitccbe associated with the geology of the area.
The electrical conductivity in the area ranges frétuScm® in RPW-076-08 to 280QScmi’ in a
hand dug well. Considering only the boreholes, ¢baductivity ranges from 41&cm' to 1740
uScm. The conductivity increases from the western gsnant towards the valley floor. This could
be associated with the geology, the groundwater €fimection and possible evaporation.

Higher concentration of nitrates is a result ofilirdting sewage discharges in the groundwater.
Higher concentration of nitrate was found in boteband hand dug wells, where the groundwater
depth is shallow. Borehole (BH_31) with sample IBIA08 showed 75mdi nitrate concentration.
This well is fitted with hand pump and found on tlvay to Bala village. The water sample from
Golina River shows a water type of Ca- Mg- HCOamples taken from two artesian wells, one near
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Kobo at Abare and one in Gerjele area, showed &mgpe of Na-Ca-HCOand Ca-Na-HC®
respectively. The water type of all the samples slrewn in Appendix 2.1 The concentration of
bicarbonate in the samples ranges from 227 to 5Bbriigge highest bicarbonate concentration were
detected in borehole RPW-088-08 which is 589mtilis borehole has also high NO3SQ? and Cl
which are 43, 281, 151 mytespectively (see Appendix 2.1).

The Piper diagram and Stiff pattern analysis of AlggaChem 5.1 computer program was applied to
plot the cation and anion concentration of all édssamples in megl Both the diagram and the
pattern for all analysed water samples in Rayae&yahowed that most of the groundwater is
calcium-magnesium-sodium bicarbonate type (Figdr&® and 4.11). Stiff patterns for all the water
samples are presented in Appendix 2.2.

Table4.6 Summary statistics of the groundwater sampleresults

Constituent Unit Minimum Maximum Mean
EC (uScrit) 412.00 1740.00  738.00
TDS (mgr) 268.00 1134.00  485.00
PH 6.75 8.45 7.38

ca” (mgr) 2400 151.20  68.26
Mg (mgr) 9.76  170.80 34.93
Na" (mg) 0.51  164.00 58.58
K* (mgr?) 0.20 8.40 2.30

HCO, (mgl™) 227.40  589.30  378.46
NO; (mgr™) 020 7570  10.03

o} (mgl™) 8.24  150.96 29.71
sQ,* (mgr) 029  429.83 5955
SAR 0.01 2.90 1.52

Sodium adsor ption ratio (SAR)

Sodium concentration is important in classifyinggation water, because if water used for irrigatio
is high in sodium and low in calcium, the catiorcleange complex may become saturated with
sodium. This can destroy the soil structure owmgdispersion of the clay particles. A low SAR (2 to
10) indicates little danger from sodium (FetterQ20 As Table 4.6 shows the SAR of the total
samples analysed in the area varies from 0.01 Qotherefore, the tested samples are safe from
sodium danger.
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Figure4.14 Outlet of the basin, water sample SPO_01 (NO3=44 mgl™ and CI’ 113mg| D)

4.3. Groundwater recharge estimation

Estimating the rate of aquifer recharge is the naificult of all measures in the evaluation of
groundwater resources. Estimation of groundwatehare requires modelling of the interaction
between all of the important processes in the Hgdical cycle such as infiltration, surface runoff,
evapotranspiration and groundwater level variatidyskama and Sykes, 2007).
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Groundwater recharge in the Raya Valley is corawbllby various factors like: climate,
geomorphology and geology. In the study area, mgehtakes place in the hills located on the west
and east part of the study area. On the hills mucioff is created which infiltrates along the hill
slope areas. Due to the presence of alluvial faith woarsely grained sands, enhanced high
infiltration rate occurs. Beside this, due to th@gvaphic effect occurring around the hills, the
highland areas receive comparatively high rairdalcompared to the flat part of the basin.

There are many methods available for quantifyinchagge depending on different processes and
sources of recharge. Each method has its own Lot in terms of applicability and reliability. €h
reliability of the recharge estimation method v determined by the objective of the study.

Estimation of the groundwater recharge in the stardya is difficult due to lack of data especialty o
the surface hydrology. The runoff from the hillsdaine discharge of the outlet of the basin are not
known. Therefore to make an initial estimate of gheundwater recharge for the input of the model,
the Chloride Mass Balance (CMB) method was used.

Rain water

The chloride concentration of the rain water in fRaya Valley was adapted from the results of
Bahrdar and Mekelle rain water results, becausg #fiehave the same rain source origin (ITCZ).
According to Gebrerufael (2008) the water samptesnfBahrdar in combination with the rainfall
water sample from Mekele were analysed and thdtress found to be 0.8 mgt0.2 mgl*.

Groundwater

Thirty one groundwater samples were analysed fair ¢thloride content. The chloride content of the
collected groundwater samples ranges from 8.2&fongl* with a standard deviation 30. The high
standard deviation can indicate that the groundweltdoride concentrations may originate from
various flow components in the unsaturated zone. rEgcharge calculation by chloride mass balance
method gives an average long-term estimate of rgeh@ccording to Eriksson (1985), the average
groundwater chloride content should be calculatetha harmonic mean, given by equation 4.2.

N
Clowav = 51— (4.2)
~'Cl ow
Where:
Clyw = individual chloride concentration of samples
Clgwayg = harmonic mean of the chloride content in theugdwater
N = total number of observations

Based on the collected groundwater samples, themdrac mean of the chloride content in the
groundwater of Raya Valley area was calculateddasgl' (Appendix 2.1).
Inflow water from the hills
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The chloride content of the inflow water from thidlshwas estimated from the water samples of the
springs emerging from the highlands and water sanfigim the Gulina River. Accordingly the
harmonic mean of the chloride content of the inflesulted as 16 mgl

Amount of runoff from the hills

To estimate the amount of runoff from the surrongdhills to the valley floor is very difficult
because there is no hydrometric measuring statidinei area. The study of Raya Valley Development
Project (1998) has tried to approximate the rurafffproposed dam sites by using the historic
discharge measurement of Golina River which lietside the study area near Kobo town using the
SCS model and regionalisation approach. The otpproach chosen was to approximate the runoff
from the western escarpment through the use oaineal flow generated using SCS model for each
proposed dam on RVDP project. Accordingly the rfirafefficient of the mountainous area was
approximated to range from 0.22 to 0.13.

Based on the previous study, the initial runofffGoent value for this study was taken as 0.1. The
drainage areas of the western and eastern highlards subdivided into sub-catchments (Figure
4.15) to spatially distribute the annual rainfath@nt and to estimate the runoff amount from each
specific catchment area, and latter to distribtibedrecharge accordingly on the model area.

Table4.7 Sub-catchments of the Alamata sub-basin

10% of the

Area Rainfall Rainfall rainfall
Catchment  (km?) (mmy") (Mm%  (Mmy?)
Tirke 43 1007 43.3 4.3
Ula Ula 28 1022 28.6 2.9
Dayu 74 982 72.7 7.3
Hara 66 922 60.9 6.1
Itu 42 861 36.2 3.6
Tengago 30 821 24.6 2.5
Oda 79 821 64.9 6.5
Harosha 154 755 116.3 11.6
Mersa 151 656 99.1 9.9
Gobu 165 671 110.7 11.1
Warsu 17 734 12.5 1.2
Dikala 61 734 44.8 45
Bufe 54 723 39.0 3.9

Total 964 75.3
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Table 4.8 Sub-catchments of the M ohoni sub-basin

10% of the
Area Rainfall Rainfall rainfall
Catchment  (km9) (mmy') (Mm%  (Mmy?
Burka 50 521 26.1 2.6
Habro 32 521 16.7 1.7
Guguf 124 675 83.7 8.4
Fokisa 99 675 66.8 6.7
Haya 89 752 66.9 6.7
Werabeyti 20 992 19.8 2.0
Beyra 70 962 67.3 6.7
Total 484 34.7
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Figure 4.15 Sub-catchments of the Raya Valley and the two sub-basins
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Table4.9 Theannual rainfall and the inflow from surrounding hills

Rainfall Area valley Rainfall Area sourc Inflow as 10%

(mmy™) (km’) (Mm’y™) (km’) (Mm’y™)
Mohoni 697 579 404 484 35
Alamata 772 506 391 964 75
Raya Valley 724 1085 786 1448 110

The sub-catchments in the sub-basins were delidi¢ateugh the DEM hydro-processing package in
ILWIS software using the ASTER DEM of 30m resolatioThe annual rainfall for each sub-
catchment was estimated according to their arearage on the Thiessen polygone map of the Raya
Valley area.

Mohoni sub-basin has a total source area of 48&kam seven sub-catchments (Table 4.8), whereas
the Alamata sub-basin has a total source area 4ir§6from thirteen sub-catchments (Table 4.7).
Hence, Alamata sub-basin has an inflow of almostevef the Mohoni sub-basin. The locations of
the sub-catchments were shown in Figure 4.15.

4.3.1. Chloride mass balance method

Chloride Mass Balance (CMB) method is based oradsimption of conservation of mass between
the input of the atmospheric chloride and the dtiorflux in the subsurface (Gieske, 1992) and
(Yongxin and Beekman, 2003). Since chloride is aseovative tracer, water evaporation and plant
uptake by transpiration concentrate rainwater @erichloride in the soil. Groundwater recharge
estimated from the mass balance of chloride assusteesly-state conditions. However, this will be
valid only when there are no additions from exteswurces like fertilizers or weathering products
which might be associated with a significant amoahtchloride. The chloride concentration in
groundwater may originate from different flow compats in the unsaturated zone. Hence, the
calculation of groundwater recharge rate usingradidoconcentrations of groundwater results in total
recharge rate. In this study area, the main sowtescharge to the groundwater are the inflow from
the hills and the direct rainfall. Therefore, trmusce of chloride is not only from the direct railhf
but also from the inflow. Accordingly the formularfcalculating the total recharge is;

PCIl, +1Cl; +D
Row = (4.3)
Cly,

Where

Ryw = Groundwater recharge [Nyr]
P = Average annual precipitation [N
Cl, = Chloride content in precipitation [rrigl
D = Dry deposition of chloride measured during tiry season  [md]
Clgw = Harmonic mean of chloride concentrations in gawater — [mgf]

I = Inflow from the highlands Mg
Cl; = Harmonic mean of chloride content in the inflo [mg]
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Chloride of rain water (G) =0.8 mgf
Chloride of groundwater (G) =19 mgt
Chloride of the inflow from the highlands (CI =16 mgt*

However, in this study there is no record in relatio dry chloride deposition (D) on the study area
Therefore it is assumed to be zero. Hence the iequét3 was reduced to:

PCl |
R PG, 1Cl
™~ cl, Clg,

aqw

(4.4)

Table4.10 Recharge estimation using CM B method

Mohoni  Alamate Raye
sub basin sub basi Valley
P (Mm% 404 391 786
I (Mmy?h) 35 75 110
Ry (MMy™) 46 80 126
Rye  (MMy?) 80 160 116

The groundwater recharge for Raya Valley, Mohor Atemata sub-basins considering 10% of the
rainfall on the source area as inflow to the vallegre estimated as 126, 46 and 80lyim
respectively. These groundwater recharge estingmtian not be taken as reliable estimation because,
the inflow from the hills need to be estimated gdirydrometric stations. However, these estimations
were used as initial estimation values for the gdwater flow modelling and hence, all the
groundwater recharge estimations were compared thighmodel calibrated recharge estimation
values and discussed in chapter seven.

4.4. Pumping test data analysis

Pumping test is a critical task where very impdriaformation and data are collected regarding the
overall groundwater condition of the given areathis study, the analysis of the pumping test data
was carried out to determine the aquifer hydraplizameters like transmissivity and hydraulic
conductivity. The aquifer parameters are importanthey give an understanding of groundwater flow
in the system. The analysis was done by using &qUést V.4.2 program. Generally all the analytical
methods assumed the aquifer is homogeneous anwgeptgroundwater flow is horizontal and
Darcy’s law is valid, discharged at constant rétdly penetrating well of very small diameter and
geologic formations are horizontal and have infiniitorizontal extent (Kruseman and de Ridder,
1992). A pumping test analysis of the area was ipusly carried out by Dessie (2003) and
(WWDSE, 2008a).

The aquifers in the study area are mainly Quatgralluvial and colluvial deposits with fractureddan
weathered basalt in places, particularly in thénlaigds. The total number of wells inventoried ia th
study area is more than 170. But most of the oledls have incomplete data. In this study 31 wells
were selected for analysis (Figure 4.16), whichehaafatively complete pumping test data, deeper in
depth and well distributed in the valley area. Butepresent the area, pumping test analysis sesllt
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previous studies and from the reports of Water Wd@ksign and Supervision Enterprise and Tekeze
Deep Water Wells Drilling Plc. were compiled andedis Pumping tests were conducted on a
productive well except in four wells where obseimatwells were used. Most of the tested wells have
continuous and recovery pumping test data. Thetidaraf pumping test in each well is variable,
ranging from 32 to 72 hours. According to WWDSE (88) aquifer tests carried out on four well
fields (WF4, WF6, WF9 and WF 13) (Figure 4.16) aadculated the average transmissivity of the
different well fields. The aquifer tests were s&delcand conducted on the central wells with five
observation wells for each pumping wells (Tablel.1

1420000
1410000
iV&’F‘lS/BI—IS
A A
1400000
WF9/BH3
A
1390000
1380000
1370000
1360000
1350000 _ }
B Pymping tests with
observation wells
A Pumping tests with
0 20000 m no observation wells
540000 550000 560000 570000 580000 590000

Figure4.16 Location of the wellswith analysed pumping tests
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Table4.11 Central wellsused for aquifer testswith 5 observation wellsfor each
Q T Storage coeff.

Well field Central well 13 (mid") (10%
WF-13  WF-13/BH5 49.7 2143 46
WF-9 WF-9/BH3 30.0 2804 7.0
WF-4 WF-4/BH2 49.7 1185 4.8
WF-6 WF-6/BH3 30.0 652 3.2

Source: WWDSE Addis Ababa, Ethiopia

Storage coefficient (storativity) is the volume wéter released from storage of an aquifer per unit
horizontal area of an aquifer and per unit droghaf water-table or potentiometric surface. It is a
dimensionless ratio and always less than unity. Size of the storage coefficient is dependent
whether the aquifer is unconfined or confined. dgards to a confined aquifer, water derived from
storage is relative to the expansion of water as dlquifer is depressurized (pumped) and,
compression of the aquifer. In a confined aquidtiisg, the load on top of an aquifer is suppokigd
the solid rock skeleton and the hydraulic pressxerted by water. Because of these variables, the
storage coefficient of most confined aquifers rafigen 10° to 10°. On the other hand, in an
unconfined aquifer setting, the predominant sous€ewater is from gravity drainage and the
expansion of water and compaction of the rock s&alés negligible. Thus, the storage coefficient is
approximate to value of specific yield and rangesnf 0.1 to about 0.3 (Kruseman and de Ridder,
1992).

The storage coefficients calculated from aquifaststdor the four wells in the Raya Valley; ranges
from of 3.2 x 10 to 7 x 10" (Table 4.11). Hence, this storativity value ramga indicate that the
aquifer is more of semi-confined aquifer type themconfined. However, as they are only from four
wells they cannot represent the valley. Beside, thiiawdown curves of most constant rate test
indicate semi-confined to unconfined conditions.

Single-well aquifer tests frequently are analyzedthwthe Cooper-Jacob (1946) method.
Transmissivity is estimated by fitting a straigimiel to drawdown on an arithmetic axis versus time o
a logarithmic axis in a semi-log plot. Drawdown déonfined and unconfined aquifers have been
analyzed by many practitioners using the Coopeollanethod, regardless of differences between
field conditions and theory (Halford et al., 2008he Cooper-Jacob straight line method is most
commonly used method of analysis, mainly due taeatative simplicity. The original Cooper-Jacob
method was based on horizontal flow to fully peatitig wells in confined aquifers, but can also be
used in unconfined aquifers where the drawdown ssnall portion (<20%) of the original aquifer
saturated thickness (Cashman and Preene, 2001).

In the study area as is observed from the pumgsgdata the duration of pumping was more than a
day and the drawdown observed for all the wellsawery small as compared to the aquifer thickness
(Table 4.12). The area is characterized by uncedfiaquifer around the recharge area and semi-
confined to confined aquifer towards the south-gast i.e. near to the discharge area. Therefore, f
this study interpretation of single-well tests witte Cooper-Jacob method remains more reasonable
than most alternatives.
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4.4.1. Cooper-Jacob straight-line time-drawdown method

Constant rate tests

The constant rate test is performed by pumpingvéléwith a constant rate for periods usually longe
than one day. This type of test helps to deterrtfireaquifer parameters like transmissivity, hydiaul
conductivity and storage coefficients. Beside thigrovides information on the physical limitateon

of an aquifer i.e. recharge and discharge bourslarie

The Cooper-Jacob straight-line time-drawdown metived used here. In this method a semi-log plot
of the field drawdown data (linear scale) versuasetinormal log scale) was made (Figure 4.17). A
straight line is then drawn through the field-dptants. The value of the drawdown per log cycle of
time, (h- h), is obtained from the slope of the graph. Thkies of transmissivity were calculated
using the following equations:

T= 23Q_ (4.5)
4mh, -h)
Where:
L -1-
T = Transmissivity A
— : -1-
Q = Pumping rate Y
(h-h) = Drawdown per log cycle of time [L]
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Figure4.17 Constant ratetests with the Cooper-Jacob Straight-Line Time-Drawdown
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Table4.12 Summary of the Constant rate test

Well Discharge (I8) Duration (hr)  Drawdown (m)
WFOBH6 40 52 4.8
WF6BH4 40 48 2.9
WF13BH5 44 48 2.4
RPW-082-08 41 72 13.6

Figure 4.17 shows the constant rate test of wallSOBH6, WF6BH4, WF13BH5 and RPW-082-08.
The calculated transmissivity values of these walés presented in Table 4.14. Under ideal case the
data plot is along a straight line rather than g@lancurve. As it is shown in Figure 4.17, wells
WF6BH4 WF13BH5 are most likely represent leaky twanfined type of aquifer whereas, wells
WFOBH6 and RPW-082-08 resembles to unconfined ¢mmdiBeside this, the transmissivity values
found from the constant rate test were compareti watovery test to check the accuracy of the
constant rate test. The graphs of the other wedlpeesented in Appendix 4.1.

4.4.2. Theis recovery method

At the end of the constant rate test usually regoweeasurements are taken. Recovery test help to
verify the accuracy of the pumping data and agsigtonfirm the results of the aquifer parameters
determined by the constant rate test. Recoveryatatanore reliable than pumping data for the reason
that no pumping is involved during this test anchdeeno water level reading problems associated
with the pumping action is encountered. Theis recpwnethod is applicable to data from single well
recovery tests conducted in confined, leaky or nfined aquifers (Kruseman and de Ridder, 1992).
This method was used in this study to calculatetthesmissivity and to compare the values with
those obtained from the constant rate test. Relsithaavdown versus time graphs were produced,
where time was on the logarithmic scale and thevdoavn on the linear scale then slope of the line
per one log cycle was taken and the transmissivity calculated using the following Theis recovery
equation:

_2.3xQ (4.6)
AAS
Where:
T = Transmissivity AT
Q = Pumping rate Yy
AS = Change in residual drawdown per log cyclgré [L]

In this study the recovery test data was analyseidtlae transmissivty was calculated for each wells
and shown in Table 4.14 and the corresponding suimethe other wells are presented in Appendix
4.2
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Figure 4.18 Graphsof the Theisrecovery method

From the pumping test analysis together with tle&lfobservations and previous work, it seems that
the aquifer in most part of the valley especiatiythie recharge areas is unconfined type and laaky t
confined around the south-eastern part of the walldnere during the field visit artesian wells were
observed. This might be due to the presence of keggr around the discharge areas which is
confining the aquifer below. According to the pungitest analysis result, the area is characterized
by a wide range of transmissivities and hydraubaductivities. The hydraulic conductivity ranges
from 1 to 39mday. In some of the wells the hydraulic conductivigytiigh and in others it is low
which is indicative of the heterogeneous conditddrthe subsurface lithology. The variability in the
hydraulic properties mainly results from the tydettte alluvial deposit which ranges from coarse
gravel to silt and clay. Summarized results of @halysis are given in Table 4.14. All graphs of the
analysis are provided in Appendix 4.

4.4.3. Well abstraction

Groundwater has been abstracted for water supplyeofowns and villages in the valley. Beside this
there are some wells which are in use for irrigatidowever, the abstraction rate from the wellsgduse
for domestic water supply and for irrigation is nokn. The only data collected was from Alamata
water supply office, which is the yearly total watdstracted from five wells, supplying water to
Alamata town (Table 4.13). The abstraction rat@dseasing each year and new wells were equipped
recently.

Table4.13 Annual water abstraction data from Alamata town water supply office

Year 1996 1997 1998 1999 2000
Abstracted water (?Dl 298264 264040 340802 397390 459237
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Table4.14 Summary of the pumping test data analysis

Aquifer Specific
Well index Easting Northing Deptithicknes: SWL Q Duration DD T (CRT) T (Recov.gapacity K
(Mm (M (m  (m) (m (@) (minute) (m) (ndd) (md") (md?) (md’)

WF13/BH5 575406 1408290 132 842 36.2 440 2880 24 2566 2038 24.2
WF9/BH3 569798 1400023 128 107.3 20.7 30.0 3120 13.7 474 396 43 2 3.7
WF9/BH4 570553 1400160 150 118.0 258 44.0 2880 3.4 2784 2400 20.3
WF4/BH1 567110 1381023 172 127.0 40.7 395 2880 7.1 525 543 0 8.3
WF0/BH4 562697 1368978 106 80.0 10.3 40.0 3120 14.5 226 228 3 229
WF0/BH6 561399 1370777 93 54.0 30.2 40.0 3120 4.8 904 2109 6891
WF6/BH3 563156 1366192 96 715 245 300 3120 7.6 938 675 4674 9
WF6/BH4 563912 1364685 122 86.0 27.5 40.0 3120 3.0 1304 1122320 2 13.0
WF7/BH1 564378 1363098 137 109.0 278 44.0 2880 1.7 3164 2320550 21.3
RPW-030-08 573856 1396696 174 116.647.5 25.0 4320 5.3 299 345 348 3.0
RPW-034-08 576332 1394432 226 173.047.0 25.0 4320 12.0 204 239 238 14
RPW-036-08 574094 1392035 160 94.439.6  30.0 4320 3.4 1178 1302 1520 13.8
RPW-038-08 574039 1389891 182 139.89.0 25.0 4320 20.0 87 77 126 0.6
RPW-045-08 572436 1382113 178 140.729.3  30.0 4320 28.1 139 92 162 0.7
RPW-057-08 569431 1376222 201 186.6 8.8 31.0 4320 19.9 185 220 199 1.2
RPW-064-08 564467 1373141 112 66.31.7 35.0 4320 8.4 1259 1178 379 17.8
RPW-072-08 572671 1370616 262 236.717.3 323 4320 156 200 177 186 0.7
RPW-076-08 567162 1369865 232 211.6145 38.8 4320 7.9 409 361 535 17
RPW-078-08 569076 1366877 96 60.030.1 30.0 4320 15.1 168 314 152 5.2
RPW-082-08 574045 1365777 276 260595 418 4320 13.6 462 688 332 26
RPW-083-08 565271 1365661 170 152.611.4 50.0 4320 8.7 608 659 417 4.3
RPW-087-08 567591 1361714 170 155.6 6.4 41.0 4320 6.3 658 658 1010 4.2
RPW-092-08 571968 1384297 194 147.142.9 33.6 4320 4.9 1063 409 734 2.8
RPW-093-08 567588 1359766 288 276.159 46.0 4320 15.7 251 316 468 1.1
RPW-095-08 565153 1359042 196 182.45.6 53.0 4320 17.3 177 144 346 0.8
RPW-098-08 562933 1357904 154 140456 483 4320 8.5 914 1135 672 81
WF13/BH1 574502 1409298 137.5 76.0 519 34.0 2.6 1495 1417 18.6
WF13/BH2 575754 1407602 168 1320 312 375 4.3 914 734 5.4
WF13/BH4 574836 1408721 144 92.0 439 320 3.8 1935 21.0
Dejena/BH3 575918 1403062 169 434 318 21.9 150 144

Table4.15 Statistics of the transmissivity valuesin m’d™ from recovery and constant rate tests

Min 1°Qu  Median Mean 3“Qu Max
Constant rate test 87.0 215.0 525.0 815.2 1000.0 3164.0
Recovery test 77.0 276.5 409.0 759.0 1128.0 2400.0

4.5. Digital elevation model (DEM)

In order to determine more accurate surface elavatdigital elevation model product of the
Advanced Space borne Thermal Emission and Refled®adiometer (ASTER) on-board NASA's
Satellite Terra with 30m resolution was used. Teeas the vertical accuracy of the DEM, ground
control points are prepared from the topographipsva the study area and from field measurements.
The vertical accuracy of the DEM is assessed bypawimg the extracted elevation value at a number
of check points with those prepared from the topphic maps as ground control elevation points.
The relationship between the ground elevation dmedelevation from ASTER DEM is shown in
Figure 4.19. The elevations from ASTER DEM and ¢héom the topographic map show high
correlation with R = 0.99 and the comparison at the check pointshierstudy area results in a root
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mean square error of 19 meters. The elevation aeglafrom the DEM was corrected by the
regression equation obtained from the comparisdrictwis y = 0.95x + 67.80, where Y is the
elevation from ASTER and X is the elevation frompdgraphic map of the area. Then using the map
value function in ILWIS, the required elevationstia well locations were extracted. This corrected
ASTER DEM was applied to define the boundary ofwhley, to visualize the geomorphology of the
area, delineate the sub-catchments, to extraabatyaipatterns, to produce topographic cross section
lines and to obtain the elevation of top and bottdithe aquifer.
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Figure4.19 Comparison between topographic map and ASTER DEM elevations

43



GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

5. Groundwater flow modeling of Raya Valley

5.1. Introduction

There are two areas of hydrogeology where we neeely on models of real hydrological system: to
understand why a flow system is behaving in a paldr observed manner and to predict how a flow
system is behaving (Fetter, 2001). There are skweags to classify groundwater flow models,
models can be either transient or steady stateoapdtwo or three spatial dimension. Steady state
flow occurs when at any point in a flow field theagmitude and direction of the flow are constant
with time (Anderson and Woessner, 1992).

This chapter focused on the simulation of groundwdlow system in the Raya Valley using
groundwater flow modelling. The main recharge zosmesthe Korem Mountains in the west and the
Chercher Mountains in the east. The valley openshéonorth and narrower to the south. The
transition to the Afar depression is marked byw tange of volcanic hills which form the eastern
boundary. The aquifer system was modelled using PNM{Chiang et al., 1998) as pre- and post-
processor for MODFLOW (McDonald and Harbaugh, 19883uming steady-state conditions. The
aquifer was modelled under unconfined conditionreeented by a single layer with a constant
thickness of 100m. The grid cell size of the modek taken 250x250m and 17600 of active cells
were used to represent the entire study area visitA85 kmi. Model area and the elevations of top
layer were delineated by the ASTER DEM optimisatiord use of the topographic maps. Aquifer
properties were assigned based on the analysisuofpipg test data. Recharge to the major
component of the system was considered to takee @acdirect infiltration of precipitation and as
inflow from surrounding hills. The Chloride Mass|Bace Method (CMB) was employed to estimate
the recharge. Optimised parameters (hydraulic coindty and recharge) are spatially distributed
over the model area. A combination of trial ancbeand automatic methods were used to calibrate
the models using the observed hydraulic head.

5.1.1. The modelling process

To ensure that the modelling study is performedeily, it is important to use a proper modelling
methodology. This will also increase confidencéhia results of the model (Anderson and Woessner,
1992). Figure 5.1 shows a modelling protocol suggkdy Anderson and Woessner (1992) which
was applied in this study.
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Figure5.1 Stepsin a modelling protocol adopted from Anderson and Woessner (1992)
5.2.  Conceptual model

Selecting the appropriate conceptual model forvargproblem is one of the most important steps in
the modelling process. Over simplification may léach model that lacks the required information,
while under simplification may result in the lackdata required for model calibration and parameter
estimation. A conceptual model describes how watdgers an aquifer system, flows through the
aquifer system and leaves the aquifer system. IBrieflescribes the hydrologic system with respect
to aquifer properties, flow characteristics and rmtary conditions. According to Anderson and
Woessner (1992) there are three steps in buildicgreeptual model: defining hydrostratigraphic
units, preparing a water budget and defining tbe #ystem.

Based on the limited data available, a simple cptuzg model was developed for the groundwater
flow in the Raya Valley. In developing this modalnumber of simplifying assumptions were made.
The assumptions made in this study are: the modesists of a single layer, the model is two
dimensional, and the aquifer is unconfined with stant thickness. The groundwater flow is also
assumed to be horizontal. In principle, ground-wdlew and contaminant transport in a porous
medium domain are three-dimensional. However, wtamsidering regional problems, one should
note that because of the ratio of aquifer thicknessiorizontal length, the flow in the aquifer is

practically horizontal. The horizontal dimensionynze from tens to hundreds of kilometres with a
thickness of tens to hundreds of meters (Bear, 1979
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Figure 5.2 Overview of the Raya Valley area

Simplification is necessary because complete rénmt®n of the field system is not feasible. The
conceptual model should be simplified as much asipte while it is still remains complex enough to
represent the system behaviour (Anderson and Weess892). To simplify the complex nature of
the area, a simplified conceptual hydrogeologicaldeh of the groundwater system of the Raya
Valley was developed on the basis of informationuilgeology, hydrogeology and hydrology. For
the modelling purpose, the system is considereal $teady-state throughout the year. Based on the
borehole data 100 meters of average aquifer thgskie considered. The conceptual system of the
valley is shown in Fig 5.3 below.

Wolcatic formation

Allurial deposit

&
a L]

e = ‘l._ } .

Figure 5.3 Conceptualization of the study area

46



GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

5.2.1. Boundary conditions

Boundary conditions are constraints imposed omtbéel grid that express the nature of the physical
boundaries of the aquifer being modelled. Boundaonditions have great influence on the
computation of heads within the model area. Asrdefiby Anderson and Woessner (1992) there are
three types of mathematical conditions used toasgmt hydrogeologic boundaries:

» Specified head boundaries (Dirichlet conditions)

» Specified flow boundaries (Neuman conditions)

» Head-dependent flow boundaries (Cauchy or mixediitioms)

Boundary conditions are mathematical statementsifypey the dependent variable (head) or the

derivative of the dependent variable (flux) at Hmundaries of the problem domain. In steady-state
simulation, the boundaries largely determine tbe/fpattern. Therefore correct selection of boundary
conditions is a critical step in model design (Arsd® and Woessner, 1992).

The model area is bounded by Korem and Maichew N&ng in the north-west, the Chercher
Mountains in the east and in the south by lower Eiface divide near Kobo town separating the
Alamata sub-basin from the Golina sub-basin tosthwth. The valley opens to the north and narrows
to the south. The transition to the Afar depresssomarked by a low range of volcanic hills which
form the eastern boundary. The valley has only artéet through the south-eastern part of the area.
The topographic divides primarily define the latereodel boundaries. These natural features act as
no-flow (Q = 0) boundaries as they are considemdcident with ground-water divides. Therefore,
the entire outer model boundary was simulatedrasffow boundary, with the exception of the outlet
of the valley at the south-east of the area. Theumplwater exits the system at this location as
groundwater outflow. At the bottom of the layere tho-flow boundary was assigned assuming that
the boundary coincides with the massive impermebhbkalt rock. The drain package was applied
along the lower reach of the Sulula River, whictsdtrough the eastern range of hills at Selenir,
simulate the groundwater discharge through theebufhe out let has a width of about 30m and cuts
through the basaltic rock.

5.2.2. Stratigraphic units

Defining hydrostratigraphic units is crucial in éehining the number of layers controlling
groundwater flow within the system. A hydrostragighic unit is comprised of geological units of
similar hydrogeological properties. Numerous geiglalgunits may be grouped together or a single
formation may be subdivided into different aquifarsd aquitards (Anderson and Woessner, 1992)
Based on the borehole logs obtained during drillthg basin fill is mainly composed of
unconsolidated material, which includes gravel,reeasand, some pebbles and cobbles as colluvial
deposits on the foot of the escarpment and mediucoarse alluvial materials along the intermittent
rivers and silty-clay to clay in the valley centteposits. In most of the borehole logs the differen
grain sizes of alluvial deposits are found repréegrintercalating layers of sand, silt and claheT
alluvial deposit in the sub-basin is underlain bgssive basalt rock (Table 5.1). Therefore in the
model design the aquifer is simulated as a siraylerl(Figure 5.4).
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Figure 5.4 Schematic profile of the geological for mations of the model area

The lithologic log in Table 5.1 belongs to a bordehwhich is located in the south-western part ef th
area. As is shown in the table the alluvial depisstomposed of boulders, coarse gravels, sands, an
silt-clay to clay. Beside this, the log shows tlia¢ alluvial deposit is an intercalation of these
different grain sizes and is underlain by massasalt at a depth of 172m.

Table5.1 Thelithologic units of borehole RPW-030-08 in the south-western part of the area

Depth (m)
Lithology Description Form To
Top soil 0 6
Fine sand 6 10
Coarse sand 10 16
Gravel 16 42
Coarse sand with boulder 42 46
Clay 46 48
Coarse sand with boulder 48 52
Sticky clay 52 70
Coarse sand with boulder 70 74
Clay 74 86
Medium sand 86 90
Clay 90 96
Medium sand 96 100
Clay 100 106
Medium to coarse sand 106 116
Clay 116 120
Gravel with clay 120 126
Coarse sand with clay 126 144
Clay 144 150
Coarse sand 150 156
Boulder 156 164
Highly weathered &fractured basalt 164 170
Weathered basalt 170 172
Massive basalt (fresh) 172 174

Source: (WWDSE, 2008b) drilled by Al-Nile BusinégSsoup
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5.2.3. Sinks and sources of the model area

In the Raya Valley the primary groundwater soumesdirect recharge from precipitation and inflow
from runoff from surrounding mountains or higheealtion locations. The primary output or sinks
are groundwater outflow and groundwater evapotiaaspn (ETy) (Figure 5.3).

Recharge

Recharge in the model area originates from thetpeecipitation and from runoff from surrounding
mountains or higher elevation locations. This réineés conceptualized as diffuse which is the
process of surface runoff as occurring all along tloundary edge of the modeled ground-water
system and the recharge was simulated as a spkfidie boundary along the top grid layer of the
model. Different recharge zones were used dependinghe source area (Figure 5.7). As was
discussed in chapter 4 the recharge was estimatad the CMB method which represents the long
term average recharge.

Groundwater evapotranspiration (ETg)

ET, occurs either as evaporation when the water lisvelose to the land surface or as transpiration
through phreatophytes characterized by deep raptsirtg groundwater. It is assumed that the nearer
the water table is to the land surface, the grahteplant roots will be in direct contact with thater
table and the greater will be the amount of waténdvawn from the saturated zone. In MODFLOW,
evapotranspiration is approximated as a linearlyyimg rate that ranges from a maximum at
elevations at or above land surface and decrease®rb below some depth, referred to as an
extinction depth (Figure 5.5). The FWas simulated in the model by evapotranspiratiackpge in
MODFLOW. Three evapotranspiration zones (Figurg @&re identified in the model area based on
the field visit and satellite image interpretatiomfie elevation of the ET surface in the MODFLOW
was assumed as the topographical surface and theteon depth was set at 5.0m considering the
estimated maximum rooting depth of the area.

e
Figure 5.5 Representation of evapotranspiration in MODFLOW (Anderson and Woessner, 1992)

The evapotranspiration package removes water flarsaturated groundwater regime based on the
following assumptions:

When water table is at or above the elevation efEf surface (), evapotranspiration loss from the
water table is at the maximum ET rate (&J; no evapotranspiration occurs when the deptthef t
water table below the elevation of the ET surfageeeds the ET extinction depth (D) and in between
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these two extremes evapotranspiration varies lipewmith the water table elevation. These
assumptions can be expressed as in equation 5.1:

QET = ETmax D For (h-D) <= Hij <=h (5.1)
Where:
Qer = Evapotranspiration flow rate Y
EThax = Evapotranspiration loss from the water tabléhatrhaximum ET Rate [L]
Hj = Hydraulic head at the cells [L]
hs = Elevation of the ET surface [L]
D = ET extinction depth [L]

Groundwater outflow

The means of groundwater discharge from the ageifstem is mainly by discharge to streams. The
Sulula River is in hydraulic contact with the aguikystem, where in the lower reaches of the river
groundwater is drained to the river. The groundwalischarge from the aquifer is expressed as
springs and seepages along the river bed mairtlyeimower reaches of the river and marshy areas in
the flat lying parts of the valley. The flow of veatbetween an aquifer and overlying river is
commonly simulated using river package as follows:

QRIV = CRIV(HRIV -h) For h>RBOT (5.2)
QRIV = CRIV(HRIV - RBOT) For h<=RBOT (5.3)
KLW
CRIV =—— (5.4)
Where:
QRIV = rate of leakage between the river and thefaq I2TY
CRIV = hydraulic conductance of the river bed Tt
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]

The groundwater drained to the river can be simdldty setting RBOT equal to HRV in the river
package, for this case the river package actsahe @s the drain package. The drain package works
in a much the same way as the river package, exoapteakage from the drain to the aquifer is not
allowed (Anderson and Woessner, 1992). Due to iserace of river level measurement data, a drain
package is applied to simulate the groundwaterhdige to the gaining reaches of the river. The
recharge to the aquifer from the loosing reachethefriver was assumed to be take place by the
vertical aerial recharge which was integrated i@ ¢thloride mass balance method. Therefore, the
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groundwater outflow from the aquifer in the modelsnsimulated by a drain package representing the
main Sulula River.

Drain package

Drain package is different from river package imttithe flow is directed only from the aquifer
towards the drain and it stops when the head imd¢uifer drops below the elevation of the draine Th
rate of flow entering the drain (QD) is calculatedm the following equation 5.5 (McDonald and
Harbaugh, 1988):

QD=C,(h-d) Forh>d (5.5)
cp = KtW (5.6)
M
Where:
K = equivalent to hydraulic conductivity of the dranaterial LTY
L = length of the drain within the cell [L]
W = the width of the stream within the cell [L]
M = the thickness of stream bed material [L]
h = aquifer hydraulic head [L]
d = elevation of the drain [L]

The value of CD was adjusted during calibrationcpss, L is approximated to the length of the cell,
W is estimated to 20m and M is estimated to 3mc&ino measurements of theses value were
available, it was impossible to be accurate ontailéel level.

5.2.4. The model area

The ASTER DEM was processed to define the bound#rythe model area, visualize the
geomorphology of the area, delineate the sub-cagntsnand extract drainage patterns. The grid size
of the model was taken as 250m x 250m with 137rmokiand 297 rows. A total of 17600 active cells
were used to represent the entire model area whidi®85 km (Figure 5.6). Model area and the
elevations of top layer were delineated by the ARTEEM optimisation and use of the topographic
maps.

5.2.5. Aquifer geometry

The aquifer extent was made based on the avaitldigls of the boreholes. Top of aquifer elevation
was assigned based on the datum level of the aleéel) was obtained from the DEM processing. The
bottom elevation of the aquifer was obtained byudtidg the aquifer thickness from the top

elevation. The aquifer thickness was obtained ftioendrilled borehole log data and found to have an
average value of 100m. The aquifer has a lengtbofit 68 km along N-S and about 12 km in width
along E-W direction. However, the irregularly shdpeodel area has a total area of about 1100 km
(see Table 4.9).
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5.3. Numerical model

Development of a numerical model allows for a dethanalysis of the movement of water through
the hydrogeologic units that constitute the grouaidw flow system. Groundwater flow in the
unconsolidated deposits of the Raya Valley was lsited using the U.S. Geological Survey modular
three-dimensional finite-difference groundwatemflmodel, MODFLOW (McDonald and Harbaugh,
1988). This numerical modelling was performed usithg interface of PMWIN processing
MODFLOW, Version 5.3 (Chiang and Kinzelbach, 20@%) code environments for data input and
output management. It is founded on the physiadh of groundwater movement: Darcy’s law and
the continuity equation. The steady-state grounedwébw is simulated based on the following
governing differential equation under two-dimensibaerial view (Anderson and Woessner, 1992).

_( _)+3(Ky@)+R=o (5.7)
0X oy oy
Where:
Kxand K, = Components of the hydraulic conductivity alongmd y axes [LT]
R = Flux per unit volume representing sourcekssterm [T
h = Hydraulic head [L]
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Figure 5.6 Discretization of the model area
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5.3.1. Datainput for the model

The model input data were processed and analysethjier four. The DEM was processed to define
the boundary of the model area and to obtain tbargt surface elevation. More than 80 borehole
coordinates and observed water levels were savedtéxt-file and then imported into the model,
where the elevation of each cell was interpolaBsiindary conditions were chosen so that the model
domain would be as limited to the aquifer areahef basin as possible. Model cells outside chosen
boundary conditions were inactivated. The hydragdmductivity values from the pumping test
analyses were used as initial values in the mataiti by making different zones according to the
pumping test data distribution. Sixteen zones vemgigned to represent the hydraulic conductivity
distribution in the sub-basin. The estimated regbaralues were distributed as initial values in the
model area after making ten recharge zones acgprtinthe source area. Beside this, three
groundwater evapotranspiration (ffzones were delineated where the groundwater lsvebse to

the surface and forms a swampy area. These af®dhele, Tumuga and the swampy area near the
outlet (Figure 5.7).

Hydraulic conductivity (md)  Recharge (mni) ET, (mmd")
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566000 570000 530500 596000 560000 570000 580000 590000 560000 570000 580000 590000

Figure 5.7 Zone maps of hydraulic conductivity, recharge and groundwater evapotranspiration
5.3.2. Model execution and calibration

Model execution includes the entry of prepared ingata into the selected computer code, and
interpretation of the model results. Model resulese compared with the calibration target and éf th
error in the simulated results is acceptable, theahis considered calibrated; if the level of el
unacceptable, parameter values are adjusted anchdbel is run again until acceptable results are
achieved. The model was run with the interactivéhae.
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5.3.3. Calibration target and uncertainty

In trial-and-error calibration, parameter values gitially assigned to each node in the grid. Dgri
calibration, parameter values are adjusted in s#@lemodel runs to fit simulated heads to the
calibrated targets. Calibration target is a catibravalue and its associated errors. In this sty
hydraulic heads obtained from groundwater level suesment data were used as calibration values.
The calibration target was to match hydraulic hesidsilated by the model with the measured heads.
Hydraulic heads were obtained from static wateellegcords measured during drilling. It should be
noted that most of the measured head data anchttegtainty of the model are associated with errors
due to the following reasons:

* The water level measurements were taken from thgpmg wells, without monitoring well

* The water level measurements are one time measuatéemeduring well completion.

* Measurement errors are related to measuring instnitand operator errors.

» Digital elevation models (DEMs) have difficultiea replicating hydrological patterns in flat
landscapes. Errors are due to averaging groundcidievations.

» The lineaments in the surrounding basaltic hilla ba of tectonic origin. Hence, there may be
fault systems that extend up to great depth. Tlag enhance water withdrawal from the aquifer
which was not considered in the conceptualizatioi® model and might contribute to the model
uncertainty.

Moreover, the groundwater level data are not weltrithuted in the entire model area. All the
mentioned uncertainties made the calibration ndy ancertain in some part of the model but also
constitute a challenging and arduous task. Here nteasured head values may not represent the
actual water level of the field condition. The stard deviation of the groundwater level below
ground level showed a value of about 13m. Therefesidering the standard deviation of the water
level together with the cumulative effect of thentiened uncertainties in the input data; it was
reasonable to assume a RMS error of 13m as predefalibration target. More than 80 wells were
selected for calibration of the steady-state moliglure 5.6 shows the location of the wells. At the
beginning, the model was calibrated for the conditivithout abstraction, which helps to check the
model reliability in generating field condition winé is subjected only to the natural stressesnThe
estimated abstraction amount of water was usedderdo see the effect of abstraction on the model
calibrated hydraulic head and on the overall waigiget of the area. Here, estimated abstraction
value was used because during this study no dateoiMained about the actual total abstraction for
irrigation and for water supply, except for Alamatavn water supply which is reported as about

0.5Mnty™.

5.3.4. Trial-and-error calibration

Trial-and-error calibration was the first technigieebe used and is still the technique preferred by
most users (Anderson and Woessner, 1992). It isptlogess of manual adjustment of input
parameters until the model simulates the measwradshwithin range of the error criteria. The model
was calibrated for steady-state conditions, assgngonstant recharge and steady discharge
neglecting seasonal fluctuations. Calibration wasdaicted through trial and error by varying aquifer
hydraulic conductivity, recharge and evapotransipinavalues. During the calibration the parameter
values and their zones were modified manually aiadl luns were carried out until the model output
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was within the range of the pre-defined error cidie The best fit results were achieved after the
model area was divided into 16 zones of hydrawiedeictivity, 10 zones of recharge and 3 zones of
groundwater evapotranspiration (Figure 5.7). Thdrawylic conductivity values applied during the
calibration ranges from 1 to 47fhdThe procedure followed for the trial-and-errofitmation is
presented in Figure 5.8.

Measured CALIBRATED
SYSTEM output » )
FIELD SYSTEM outpu | MODEL
Estimation of v
Parameters ERROR N
ANALYSIS ™
-~
v
NUMERICAL Computed
MODEL St Unacceptable. PARAA\IETEI_{
ETor * ADJUSTMENT
-~
New parameter

estimation

Figure5.8 Trial and error calibration procedures (adapted from Anderson and Woessner, 1992)

5.3.5. Evaluation of calibration

The results of the calibration should be evaludieith qualitatively and quantitatively (Anderson and
Woessner, 1992). The measured and simulated hegdthér with their differences are listed in
Appendix 5. The average of the differences was theed to quantify the average error in the
calibration. The three ways of expressing the ayerdifference between simulated head$ &émd
measured heads (hare: the mean error (ME), the mean absolute €M#E) and the root mean
square error (RMS). The objective of the calibmai®to minimize these error values.

|\/|E:12(hmi ~h,,) (5.8)
n=" :
The mean difference between measured heads anthshheads
1 n
MAE == h  -h_ 5.9
I NELN (5.9)

The mean of the absolute value of the differences@asured and simulated heads

RMSE = \/Fi(hm,i ~h, )2} (5.10)

i=1

The average of the squared differences in measum@dimulated heads

These measures of errors can only be used to eégghm average error in the calibrated model. The
RMSE is usually thought to be the best measurermir éf errors are normally distributed. The
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maximum acceptable value of the calibration criterdepends on the magnitude of the change in
heads over the problem domain (Anderson and Wogesk9@?2)

—— Observed_Head —e— calculated_head

Head (m)
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Figure5.9 Comparison between the observed and the model simulated heads

A scatter plot of measured against simulated hémdmother way of showing the calibrated fit
(Fig.5.10). The scatter plots are visually examimdgther points in a plot show deviation from the
straight line in a random distribution or have sysatic deviation, where systematic deviation of the
plots can indicate systematic error in adjusting plarameter values with in a zone. The scatter plot
shows a correlation coefficient of 0.97 and a RMSEOQ.7m.

1650

Calculated Heads (m)

1350 1B50
Observed Heads (m)

Figure5.10 Graphical representation of measured versus simulated heads
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Automatic calibration was introduced to improve ffiteobtained by the manual calibration. The
method facilitated by nonlinear least squares gjo@ and associated statistics, known as Parameter
Estimation Program, PEST, which is linked to PMWilds employed to calibrate the model. PEST
was supplied with initial values of the parametergether with their reasonable lower and upper
boundary values to be optimized and the set ofrghtiens, which PEST can compare with the model
outputs. Initially, PEST executes MODFLOW with thiwen initial parameter values and outputs of
MODFLOW are compared with the given set of obsergtath and estimate the objective function
(RMSE). Then the PEST starts minimizing the objectfunction by adjusting parameters. The
manual best adjusted parameter values were assiggeiditial values to the PEST automatic
calibration and finally with small improvement thedel was calibrated with a RMSE of 10.7m. The
differences in simulated and observed heads ardat@ll in Appendix 5. The summary of the error
analysis for the calibrated model is shown in Tdbk

Table5.2 Error summary of the calibrated model

ME -1.4m
MAE 7.8 m
RMSE 10.7 m

Since, the above three measures of error only quahtfyaverage error not about the distribution of
the errors in the model area; comparison of contour mhpsnulated and measured heads, scatter
plots of the residual error and map of the residuallb@gere used to make qualitative analysis of the
spatial distribution of errors.

As is shown in Figure 5.11 about 70% of the simulate®@miavels are within ten metres of measured
levels and 82% of the total is with in 15 meters. The uedisvater level which is the difference

between simulated and measured is distributed for values the whole ranges of water levels,
higher to lower. This suggests that there is little lmawodel simulation for the entire model area.

30

20

10 - -

-10 .

Residual error (m)
*
>
*
*
*

-20 e . .

-30 .

-40

WF2V9 ]

WF4,
WFO)
WFO)
WFO)

Figure5.11 Model residual compared to field measured water levels
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Figure5.12 Residual head map of the model area

The residual head map which is the absolute headrefiffe between the observed and model
simulated in Figure 5.12 shows that the model has samertainties in simulating the observed
heads in the northern part of the Alamata sub-basinirastme places in the Mohoni sub-basin.
However the majority of the area was simulated well.

The contour map of the hydraulic head represents thefttye ground water surface in an aquifer. It
provides an indication of the directions of groundwdlew in the aquifer system and groundwater
recharge and discharge areas. The contour maps sinthtated heads (Figure 5.13) were analyzed to
see whether the results are comparable with the dwdlchcondition. The flow direction determined
in the conceptual model was compared with the simulatud fThe groundwater flow direction in
Mohoni sub-basin shows a general trend of north-sowttereas in Alamata sub-basin the flow
direction is towards south-east of the sub-basin frorthnsouth and west part of the sub-basin.
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Figure5.13 Contour map of model simulated hydraulic head

5.4. Water budget of the model domain

Another way of checking the amount of residual erroh@ndolution is to compare the total simulated
inflows and outflows as computed by the water budgéhefentire domain (Table 5.3). Preparation
of a water budget involves the identification and quantificaof all flows in and out of the
groundwater systenThe water budget of the model area is one of theswayguantitatively evaluate
the movement of groundwater through an aquifer systdma.basic equation for a water budget (or
water balance) under a steady state condition is that §umpuis to the aquifer equals the sum of
outputs from the aquifer.

> Inputs= » Outputs (5.11)
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In this study the water balance is established based ormtuelling water budget tool in
MODFLOW. In the model area the inflow term is the regeaand the outflow terms are drain,
groundwater evapotranspiration and well abstractionttier pumping scenario. The inflows and
outflows of the total water budget over the entire aquife in balance which is consistent with the
steady-state modelling hypothesis. The summary ofettize domain water budget was shown in
Table 5.3.

Table5.3 Water budget of the whole domain in Mm®y™*

Flow term In Out In - Out
Drains 0 100 -100
ET, 0 24 -24
Recharge 124 0 124
Total 124 124 0

Discrepancy [%] 0.00

Table5.4 Water budget of the whole domain in mmy™

Flow term In Out In - Out
Drain 0 92 -92
ETg 0 22 -22
Recharge 114 0 114
Total 114 114 0

Discrepancy [%] 0.00

The drain and the groundwater evapotranspiratioictwhre the outflow components of the water
budget were estimated by the steady state mod@2msny' and 22mmy respectively (Table 5.4).
The model calibrated recharge rate of the valleylémmy*, while the chloride mass balance method
showed that a recharge of 116midence, the recharge estimated by chloride mdasdmmethod
agrees well with the recharge estimated by the headibration.

Zone budget in MODFLOW which is a computer progréat computes sub-regional water budgets
using results from the MODFLOW groundwater flow rabevas used after the sub-regions of the
Alamata and Mohoni sub-basins were designated byifsjing zone numbers. Then separate budget
was computed for each zone. The budget for a zodedes a component of flow between each
adjacent zone. Accordingly, the water budget ofsihie-basins is presented in Table 5.5 and 5.6.

Table5.5 Water budget of the Alamata sub-basin in Mm?y™

Flow term In Out In - Out
Horizontal exchange 38 0 38
Drains 0 100 -100
ET, 0 24 -24
Recharge 86 0 86

Total 124 124 0
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Table5.6 Water budget of the M ohoni sub-basin in Mmdy™

Flow term In Out In - Out
Horizontal exchange 0.0 38.0 -38.0
Recharge 38.0 0.0 38.0
Total 38.0 38.0 0.0

As is shown in Tables 5.5 and 5.6 the model calokgroundwater recharge of Mohoni sub-basin is
about 38Mmly* and recharge to the Alamata sub-basin is aboutn§§M As was described in
chapter four the recharge to the sub-basins weireaed using CMB method as 46 and 80fifor
Mohoni and Alamta sub-basins respectively. Thexestid recharge by the CMB method for Mohoni
sub-basin was most likely overestimated as comp@ardte model calibrated recharge value. This can
indicate that considering the inflow amount as 18Rthe rainfall in the source area is high for this
sub-basin.

5.5. Calibration results

The evaluation of the calibrated model result shbthat most of the simulated heads were within the
pre-established calibration target and the watelgbtiof the entire domain also confirmed that the
inflow and the outflow components are in balancab(€ 5.3). The overall results of the model
simulated heads are comparable with the measudsiad the model simulated flow directions are
also in agreement with the conceptual model floreations. The measure of errors evaluated by ME,
MAE and RMSE are in the acceptable range accortlindpe pre-determined error criteria (Table
5.2). Though the overall result of the model sirtedawater levels of the wells are comparable with
the measured water levels, the level in some we#se over estimated by the model. This can
indicate that the model may have uncertainty irs¢hparticular areas (Figure 5.12). In the idea¢ cas
calibration values should be measured at a larggbeu of points which are well distributed over the
model domain. Therefore, it is not possible to ¢ode that the calibration is accurate by only
quantifying the errors using ME, MAE and RMSE witithoconsidering the distribution of the
residuals. From the calibrated model results, thameh shows good calibration results with the
residual error being distributed for values ovex Whole range of water levels (high to low) in the
model area, but this is not so clear on the remgipart of the model area where no measured data
are available to compare with the simulated restitavever, in order to check the reliability of the
developed model, a sensitivity analysis was made.

5.6.  Sensitivity analysis

Sensitivity analysis is the measure of uncertaintghe calibrated model caused by uncertainty in
aquifer parameters and boundary conditions. Seitgitanalysis was performed by systematically
changing the calibrated values of conditions (Asderand Woessner, 1992). The main objective of a
sensitivity analysis is to understand the influemtevarious model parameters and hydrological
stresses on the aquifer system and to identifyribgt sensible parameter(s), which will need a speci
attention in future studies. Running the calibratesbdel with changes to a parameter by
predetermined amounts within a realistic range lmamtilized to establish the model’s sensitivity to
that parameter. Therefore, sensitivity analysanigssential step in modelling studies.
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The response of the calibrated numerical model hanges in model parameters of hydraulic
conductivity and recharge was examined. During ktman, when the effect of one parameter was
being tested, the other parameters were kept tatdely-state calibrated value and each parameter
was changed uniformly over the whole model dom@me magnitude of changes in heads from the
calibrated solution was used as a measure of theitisty of the model to that particular
parameter.The sensitivity analysis process wasceged with stressing and parameterizing the
calibrated model differently from the calibratedhddions.

The calibrated hydraulic conductivity and rechargkies were increased and decreased by multiplier
factors of: 0.4, 0.6, 0.8, 1.2 and 1.4. Those \aluere used as input in the model and the sertgitivi
analysis was assessed (Figure 5.14). Only one paeamas varied at a time in order to see the effec
of the changes on the solution and any effects weatuated by the same statistical methods used to
evaluate the model calibration such as the RMSEsAflown in Figure 5.14 the model is sensitive to
both recharge and hydraulic conductivity. The modelhighly sensitive with decrease of the
calibrated recharge and hydraulic conductivitiekies and relatively less sensitive with increase of
the recharge and hydraulic conductivity values Whinoduced lower RMS errors.

—— Hydraulic conductivity —=— Recharge

RM S head change (m)

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
M ultiplier factor

Figure5.14 Sensitivity analysis of hydraulic conductivity and recharge
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6. Pumping scenario analysis

Pumping scenarios were used to test the responsineofsystem under variable groundwater
abstraction rates. System response was evaluataedify fluxes and heads of the calibrated model.
The system response was compared with resultinggelsain water table elevation and groundwater
outflow from the model domain. According to WWDSEDQ8Db), in the Raya Valley there is a large
project plan to implement a pressurized irrigatnject of about 18,000 hectare using the area’s
groundwater potential. About 10,000 hectare ofgation was proposed in the Alamata sub-basin
while the remaining 8,000 hectare was proposetérMohoni sub-basin (Figure 6.1). Some wells are
being used for irrigation at present. However, atadvas obtained about the groundwater amount of
abstraction and the duration of pumping for thelsvéllence, the actual abstraction rates from the
valley are uncertain at this stage.
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Figure6.1 Map showingtheirrigation area and the well locations
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6.1. Irrigation area of the Alamata sub-basin

In this study the 10,000 hectare area in the Alarsab-basin was selected to analyze the effetieof t
irrigation on the steady-state calibrated modelrtyHour boreholes in the irrigation area weredise
as discharging wells to simulate the required crmaper demands and to simulate the average head
decline. The location of the irrigation area and thells was shown in Figure 6.Accordingly,
100mm and 200mm of water per crop season were talserscenario-one and scenario-two
respectively. Theses amounts were converted tanelconsidering the irrigation area. For scenario
one the total amount of water required was equdilied among the 34 wells. Hence, each well was
discharged with about 245%dT. Whereas, for scenario two, 27 wells were assignéischarge of
5011md?, 4 wells (RPW-064-08, RPW-077-08, RPW-097-08, &RW-098-08) were discharged
with 5249nid™, and the remaining 3 wells (WFO/BH1, WF1/V1 and MXFLO) were discharged with
3456nid™. The discharges of the wells were implementedénsteady-state model through the well
package of the MODFLOW program. The model was thenusing the pumping scenarios and the
result was analysed. In scenario-one a total amoiu@t3 x 10* m’d” was abstracted which resulted
in an average decline of water level by 22m. Wher@ascenario-two, a total amount of 1.7 X>10
m°d™® which is double the amount of scenario one, washdirged and this resulted in an average
decline of the water level by 50m (Table 6.1). haserage declines in water level are only for the
wells that are found in the irrigation area. Thieef of abstraction is mostly in the irrigation arend

the influence of the abstraction becomes less dmay the area.

Table 6.1 Thedischarge amount and the average groundwater level decline of the two scenarios

Average
Number o  Discharge Total discharg decline ir
wells (m*d™) (m*d™) water level
Scenario_1 (100mm 34 2451 8.3 x 14" 22m
per crop season)
5
Scenario_2 (200mm 27 5011 1.35x 10
per crop season) 4 5249 2.1 x 1¢*
3 3456 1.04 x 10"
Total 1.7 x 10° 50m

The crop water requirements used here are estinvaleds; they were used here simply to see the
effect of abstraction on the model. Moreover, tt@pcseason duration was taken as 120 days or four
months. The actual amount and duration would h#fferent values in practice.

The contour map of the simulated head for both pngscenarios (Figure 6.3hows that the
regional flow direction of the model remains thensa except for local effects around the irrigation
area where the contour lines show flow towardsittigation area. In scenario two the abstraction
effect is more pronounced and extends to larger @ scenario one.

In order to increase the abstraction rate with geable drawdown, it is recommended to use
additional wells from outside the irrigation aremd the abstraction rate of each well should be
assigned based on their safe yield from the pumgisigdata analysis.
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According to the pumping test data the wells inithgation area were tested with average discharge
of 3456mid™” during the constant rate test. If all the wellghe irrigation area are to be discharged
uniformly with 3456md™, they can yield about 140mm per the mentionegation area and crop
season.

Pumping scenario one Pumping scenario two

1400000

1360000 |

00 580000 590000 560000 570000 580000 590000

Figure 6.2 Contour map of the model simulated heads for pumping scenario one and two

560000

6.2. Model simulated groundwater budget for the pumping scenarios

The groundwater budget can be quantified on thés listhe model output. The groundwater flow
budgets of the Alamata sub-basin calculated by rtfwelel for the non-pumping and pumping
scenarios were indicated in Table 6.2.
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Table 6.2 Model simulated groundwater budget of Alamata sub-basin for different scenarios

Scenario Flow term Inflow Outflow  Inflow-Outflow
Mm3y'l Mm3y'1 Mm?’y'l
Horizontal exchange 38 0 38
Drains 0 100 -100
Non-pumping ET, 0 24 -24
Recharge 86 0 86
Total 124 124 0
Horizontal exchange 38 0 38
Scenario 1 Wells 0 30 -30
with pumping Drains 0 70 -70
(8.3 x 10* m’d™) ET, 0 24 -24
Recharge 86 0 86
Total 124 124 0
Horizontal exchange 38 0 38
Scenario 2 Wells 0 59 -59
with pumping Drains 0 41 -41
(1.7 x 16°m°d™) ET, 0 24 -24
Recharge 86 0 86
Total 124 124 0

Figure 6.3 shows the comparison of the hydraul@adseof the non-pumping and the two pumping
scenarios, where the heads of the pumping scendemate from the non-pumping heads mostly for
the wells which are found in the irrigation arear Ehe wells outside the irrigation area the infioe

of pumping became less.

1650 —=— Head with pumping_scenario -2— Head with no pumping+— Head with pumping_scenario_1
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Figure 6.3 Comparison of the observed and simulated heads of the different scenarios
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Figure 6.4 shows the scatter plot of the observwattdulic head versus the heads of the pumping
scenarios. There was a groundwater level declinehwtesulted in a cone of depression in the
irrigation area. These scatter plots also confilvat tthe effect of pumping was largely on the
irrigation area where there was extensive abstnaethd with less effect away from this area.
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Figure 6.4 Scatter plots of observed and ssmulated hydraulic heads of the non-pumping and pumping
scenarios

Based on this study the annual groundwater rechafgbe Mohoni sub-basin using the inverse
modeling was estimated as 38Mm or about 66mmiy and for Alamata sub-basin 86Myit or about
170mmy*. Therefore, for further groundwater resource dmwelent plans in the valley, it is
important to take into account the balance betwd®n groundwater recharge and the intended
abstraction rates both for irrigation and domestater supply to ensure the sustainability of the
resource in the valley.
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7. Results and discussions

In this chapter the results of the study will b@lained and discussed. The chapter is subdivided in
to: hydrochemistry, result of the modelling, growader budget, pumping scenario, model limitations
and discussion of the model.

7.1.  Hydrochemistry

According to the water sample results of the pnavistudy and the current study, the water in the
study area is either, Cég, Mg-Ca, Mg - Na, Na - Ca/Mg or Ca - Na Bicarbtaypes. The
chemical properties of the groundwater could b@@ated with the geology of the area and human
activities. The conductivity in the area rangesrfré1uScm’® in RPW-076-08 to 280QScnt’ in a
hand dug well. Considering only the boreholes, ¢chaductivity ranges from 41&cm' to 1740
uScm®. The conductivity increases from the western gsoent towards the valley floor. This is
associated with the geology, the ground water ftiwection and possible evaporation. Beside this,
the SAR of the groundwater which is important ftassifying irrigation water showed a value range
of between 0.01 and 2.9 therefore the tested samapéesafe from sodium danger.

7.2.  Theresult of the groundwater flow modelling

In this study model calibration was achieved thiotrgal and error approach until the hydraulic read
values calculated by the model match the obserafugbs to a satisfactory degree. Model calibration
was stopped at the end of the simulation afterommsie matches between the observed and
calculated hydraulic head were achieved (AppeniliAfier each run, differences between simulated
and observed heads were calculated. The residtiatée observed and calculated heads was used to
calculate the root mean squared error (RMS), thanmerror (ME) and the mean absolute error
(MAE). The model calibrations indicated a reasopafrlatch between observed and calculated
hydraulic heads with RMS error of 10.7m. The calibd steady-state groundwater flow of this study
was able to reasonably simulate the measured hBagdile this, the contour map of the simulated
heads showed a flow direction which is in agreemsétiit the conceptual model flow direction.

7.2.1. Recharge

Although estimating the area’s groundwater rechasgene of the objectives of the study, it is the
most difficult of all measures in the evaluationgsbundwater resources. It requires modelling the
interaction between all of the important processeshe hydrological cycle such as infiltration,
surface runoff, evapotranspiration and groundwkeeel variations. For this study, it was even more
difficult to estimate the recharge as there wereemough data and no discharge measurements. In
this study to estimate the recharge both CMB methmtlinverse modelling were used. As described
in section 4.3, the main sources of recharge tgthandwater are the inflow from the hills and the
direct rainfall. Chloride mass balance method wssduto estimate the groundwater recharge from
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both sources. The average precipitation in the Résley between 1996 and 2005, 724nihwas
used to estimate the direct recharge. The uncédsimssociated with the chloride mass balance
method could be related to the uncertainties ofrtteasured chloride content both in rainfall and
groundwater, due to errors in measured rainfall amathe estimation of the inflow amount and its
chloride content measurement.

The estimated groundwater recharge from CMB methas used as initial value for the modelling
and the model calibrated recharge was then compeithkdhe CMB estimated values (Table 7.1). As
streams in the study area were not gauged durimgé¢hiod of the model simulation there was no
stream stage data to compare with the calibrateltiarge volumes derived from the modelling. The
model calibrated recharge rate of the valley wagMIr2®y™, while the chloride mass balance method
showed that a recharge of 126 Hence, the recharge estimated by chloride matmnda
method agrees well with the recharge estimatedéyrtodel calibration. The groundwater recharges
estimated from the model and from the CMB methadtie entire Raya Valley and for the two sub-
basins were summarized in Table 7.1.

Table7.1 Summary of the estimated rechar ge values

Groudwater recharge (Miyi®)

Area CMB Model
Mohoni 46 38
Alamata 80 86
Raya Valley 126 124

As is shown in Table 7.1 the estimated rechargdvfohoni sub-basin using the CMB method was
most likely over estimated. This can indicate tthat assumption of the inflow from the highlands as
10% of the rain that falls on the source area was estimated for this sub-basin. However, the
overall estimation of the recharge for the Rayaéfalising the CMB method and the modeling was
almost in agreement. The groundwater recharge wasopsly estimated as 129Myt by Dessie
(2003) by applying a water balance method.

7.3.  Hydraulic conductivity

The hydraulic conductivity values for the Raya gllhquifer were obtained from pumping tests data
analysis. The tests were performed primarily ineorb evaluate well properties rather than aquifer
properties, and obtained values may be in accuhatthis study, the limited data set for hydraulic
conductivity was certainly a problem when definthgs parameter and its variations within the area.
In some part of the model area, the hydraulic cotidity has not been investigated, which adds & th
uncertainty of the distribution of this parameter.

The horizontal hydraulic conductivity of the modlEImain was assumed to be higher in the western
part and lower towards the centre of the valleyer€hare some borehole data to ascertain this
assumption in the Alamata sub basin, but not dverentire model area. In the calibrated model, the
hydraulic conductivity became high along the SuRiger zone and it didn’t clearly show the trend of

the spatial distribution of the hydraulic conduitivin the entire model domain. This can be due to
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the uncertainty, less distributed and limited daftéhe hydraulic conductivity values. Beside tlas,
previously discussed, water levels were only meabsium some part of the model area. This means
that values in hydraulic conductivity outside thiga can be changed significantly without affecting
the calibration criterion for head values. The laydic conductivity obtained from the pumping test
data analysis shows high spatial variation. Thuwat tried to optimize the hydraulic properties
during the calibration process using the calibratarget (hydraulic heads) considering the readenab
range of values from the pumping test data anabustsfrom literature. The hydraulic conductivity
value reported from the well pumping test resutiges from 1 to 39mt Whereas the model
calibrated hydraulic conductivity ranges from #4#&md-.

Groundwater flow system

Groundwater flow system is a set of flow paths Wwhigses for constructing groundwater flow
direction. The flow system indicates the directmfnthe recharge and discharge areas. Hence, it is
essential in the conceptualization of how and wiveaiter originates in the groundwater flow system
and how and where it leaves the system, which iin isl vital to the development of an accurate
model. The head measurements were used to estaibiishl conditions for the numerical
groundwater modelling and for model calibration.

The depth to water below ground level varies betw2® and 60 meters in the Mohoni sub-basin and
between 0 and 50 meter in the Alamata sub-basinth®@rfoot hills of the mountains the depth of
water decreases. Figure 5.13 shows the calibratedelsimulated groundwater level contours. It
shows that the flow converges from all sides towdh# south-east of the model area i.e. towards the
outlet. The general hydraulic gradient in the walerea follows the surface topography and the
gradient is towards south-east which is in agre¢mdh the flow system defined in the conceptual
model of the area. The maps of spatial distributibthe initial hydraulic heads and model simulated
hydraulic heads are shown in Figures 7.1.

7.4.  Sensitivity analysis

The sensitivity analysis is useful in determiningpieh parameters most influence model results.
These parameters should be emphasized in future adlection attempting to improve model

accuracy. According to the sensitivity analysis tt@izontal hydraulic conductivity and recharge
have significant effect on water level, and the elad sensitive to both parameters. The model is
highly sensitive with decrease of the calibratedhagge and hydraulic conductivity values and
relatively less sensitive with increase of the eege and hydraulic conductivity values which

produced lower RMS errors.
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Initial hydraulic head distribution  infulated hydraulic head distribution
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Figure 7.1 Initial and simulated hydraulic head distribution

7.4.1. Water budget of the model domain

Preparation of a water budget involves the idesdtfon and quantification of all flows in and ott o
the groundwater system. The water budget of theeiacka is one of the ways to quantitatively
evaluate the movement of groundwater through aifexggystem. In this study the water balance was
established based on the modelling water budgédtitoMODFLOW. The summary of the entire
domain water budget showed that the model calailaitow and outflow terms are in balance
(Table 5.3). The drain and the groundwater evapepization are the outflow components of the
water budget and were estimated by the steady statiel as 92mm{y and 22mmy respectively,
while the model calibrated recharge rate of theleyawas 114mmy (Table 5.4). However,
groundwater evapotranspiration values in numenuadels are usually a rather rough approximation
of what actually occurs in nature. As evapotraraijun loss from the saturated zone cannot be
measured directly there is no comparison betwemnlated evapotranspiration losses and measured
losses.

7.4.2. Calibrated numerical model

There are indications that the overall result & talibrated steady-state groundwater flow model
developed in this study is realistic.
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* The deviation of the simulated heads from the ofeskrheads is within the pre-established
calibration target.

» Groundwater flow directions simulated by the maatel reasonable and in concordance with the
conceptual model.

* The model calculated inflow and outflow terms aaabcing.

However, there are limitations and uncertaintiehasteady-state groundwater flow model as was

described in section 7.6.

7.5. Pumping Scenario

The model was run for pumping scenario and theltress analysed. In scenario-one a total amount
of 8.3 x 10* m’d* was abstracted which resulted in an average dedfnwater level by 22m.
Whereas, in scenario-two, a total amount of 1.0% th®d™* was discharged and this also resulted in
an average decline of the water level by 50m. Tlawseage declines in water level are mostly for the
wells that are found in the irrigation area. Thluience of the abstraction becomes less away from
the area.

The contour map of the simulated head for both pongygcenarios (Figure 6.Zhowed that the
regional flow direction of the model remains thensaexcept local effects around the irrigation area
where the contour lines show flow towards the atiign area. In scenario two the abstraction effect
more pronounced and extends to larger area thamsoene.

7.6. Model limitations

Numerical groundwater flow model have limitatiomsthe representation of the real world system,
due to simplifications and assumptions which aeduwturing modelling. The data used in this model,
both from previous studies and data collected infibld, were subjected to errors, which affects th
model to varying extent. The degree of uncertaimtyhe model was raised due to the lack of data and
poor quality of the data that were available. Esran the observed data used for parameter
identification can also contribute to uncertainythe estimated values of model parameters. Beside
this, the steps in the modelling process sucha@syesting the real world into conceptual model and
the conceptual model into numerical model may datioduce errors. All the available measured
hydraulic heads were used for calibration. Henceindependent measured heads were available to
validate the model. Therefore, the model was calldat but not verified. Hence, the results obtained
here should not be interpreted as a perfect simnlatather as a system response within fairly
realistic model input parameters. As a result, thedel may not be readily used for detalil
groundwater management purposes due to the medtlongations; instead, the results should be
interpreted and applied considering all the linmtas and drawbacks associated to the input
parameters.

7.7. Discussion of the model

The aim of this modelling study was to gain a bettederstanding of the groundwater circulation in
Raya Valley. As is described in the results, theme still uncertainties remaining with regard te th
groundwater flow system in this area. These dowghts only be removed through extended data
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collection coupled with continued development of thumerical model. There are, however, some
aspects of thesystem that are better understood through the mretedy. Most importantly, the
groundwater circulation in the area is much momaglex than was previously assumed. Horizontal
heterogeneity has been discovered and verticatdgereity is most likely also present in the aquife
area.

Since the objective of the modelling study is timelerstanding of the groundwater circulation, flow
directions have been emphasized rather than theirsnod available water. Over the extent of the
model area, the groundwater flows from topograptighs towards the valley floor. However, there
was no available data during the study to expla@impact of the tectonic structures in the areh an
the role of the Hashange Lake which is found onaioine western highlands, which has about 1000m
elevation difference with the model area. Moreotleg, source of the hot springs in the southeastern
part of the area near to the outlet can be linkethé tectonic activities because the area is tioetie
Afar rift valley system. Its relation to the grounater flow patterns has to be studied further.

The model can be used for analysis of contamirmamisport in the future. Given that groundwater
flow directions are a crucial aspect of the nun&riwodel, it is clear that more data collection is
needed to expand the knowledge relating to boundanditions of the model domain. Particle
tracking programs use the hydraulic heads obtaliyed flow model to calculate the velocity of the
moving particles, and thus errors in the flow modaél affect the accuracy of the calculated pasicl
path lines. However, particle tracking is even meemsitive to errors than are hydraulic heads
(Lipfert et al., 2004). Therefore, a model can gyeed results for hydraulic head distribution atilil s
show significant errors in calculated particle péties. From the previous discussion, it can be
concluded that the numerical model has been deedlap the proper direction but still requires an
extensive amount of work to ascertain that the gdawater flow system is satisfactorily represented
in the model.
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8. Conclusions and Recommendations

8.1. Conclusions

This modelling study was initiated for the purposk obtaining a better understanding of the
groundwater flow system in the Raya Valley. Thddiwing conclusions can be made from results
obtained in this study:

This study laid better foundation for the aquifecsnceptual model which was transferred to the
numeric model that has capability to reproducefitld data with comparatively good accuracy. The
field data together with the model output can bedu® understand the aquifer system under steady
state condition. But, there are still many doubtsaining with regard to the groundwater flow system
in this area. These doubts can only be removedi¢fwr@xtended data collection allowing the model
to be refined in greater detail for the better aacy. It is also necessary to simulate transient
conditions and make a thorough validation prionge for predictions.

The calibrated steady-state groundwater flow mofi¢his study was able to reasonably simulate the
measured heads. Furthermore, the calibrated modelaged groundwater level contours showed that
the general hydraulic gradient in the valley arelfoWs the surface topography and the gradient is
towards southeast which is in agreement with the 8ystem defined in the conceptual model of the
area.

The estimation of the groundwater recharge usind3@hthod and the inverse modeling are in good
agreement. The annual average groundwater rechafgles Raya Valley estimated by CMB method
and by the inverse modeling are about 116mm andntridespectively. Recharge of the area also
showed high spatial variation. High recharge zomeee identified in the western part of the study
area. The model calculated inflow and outflow telans in balance. The drain and the groundwater
evapotranspiration are the outflow components efutlater budget and were estimated by the steady
state model as 92mmyand 22mmy respectively.

According to the analysis of field data togethettmthe pumping test data analysis, the aquifehef t
valley is not a fully unconfined system. It appetarde locally semi-confined, presumably due ty cla
horizons. Based on the sensitivity analysis thézbatal hydraulic conductivity and recharge have
significant effect on water level, and the modedassitive to both parameters.

The steady-state model with pumping scenarios stidivat groundwater abstraction of 8.3 X0
m’d® and 1.7 x 10 m*d™ in the irrigation area of the Alamata sub-basisuted in a groundwater
level decline of up to 22 and 50 meters in thegation area respectively. The contour map of the
simulated head for both pumping scenarios showad ttie regional flow direction of the model
remains the same and the effect of the irrigatiecrelases away from the irrigation area.
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The water sample analysis of the previous and otigteidies showed that the water in the study area
is either, CaMg, Mg-Ca, Mg - Na, Na - Ca/Mg or Ca - Na bicarbngypes. The conductivity in the
area ranges from 4fScm’ to 2800uScm’. Considering only the boreholes, the conductiriyges
from 412uScm® to 1740uScm’. The conductivity increases from the western gsnant towards the
valley floor. The SAR values of the groundwater ethis important for classifying irrigation water,
ranges between 0.01 and 2.9.

The study concludes that the steady-state numemoalel together with the spatial and statistical
techniques available in GIS and RS can be usedtimate aquifer properties in the area even with a
minimum amount of field data and are able to suliitlly improve our understanding of the
groundwater flow system in response to rechargeasttactions.

8.2. Recommendations

This study can be a good start for the regionaligdavater flow modelling of the entire Raya Valley.
For detailed modelling in the future, further refinent of the model is possible, which is expeoted t
improve the accuracy of the model, if additionaladand further extensive field-based observations
become available.

The model was calibrated but not verified. Henbe, results obtained here should not be interpreted
as a perfect simulation, rather as a system respwitbkin fairly realistic model input parameters A

a result, the model should be applied with caufmmdetailed groundwater management purposes.
The results should be interpreted and applied denisig all the limitations and drawbacks associated
with the input parameters.

This study has laid the foundation for future dethipredictive transient model development.
However, achieving a well-calibrated transient gubuater flow model requires filling the data gaps
and collecting temporal data. It is essential téedrine distributed multi-temporal recharge for
transient model by accounting for all influencinglo-climatic factors.

Evaluation of hydraulic conductivity and surveyaafuifer thickness should be extended to represent
the entire area. The Hydraulic conductivity to whithe model is highly sensitive requires better
characterization. To estimate the hydraulic charistics of the valley a number of pumping wells
and observation wells are required. Group testinh@ pumping wells and observation wells should
be performed simultaneously and the response oddéer should be recorded and analyzed, so as
to provide data for transient simulation such ascHjr yield, storage coefficient, etc. Recharge, a
the most sensitive parameter of the model, sholslol lze estimated in a more precise way, because
when converting to transient conditions it is neegg to have knowledge on spatial and temporal
distribution of recharge.

To improve calibration values, groundwater leved abstraction rates should be monitored at a set of
monitoring wells that are properly distributed hetarea. Once an improved steady-state model is
obtained and the necessary data are obtainednsiema model for the pumping scenario should be
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made for better predictions of pumping effect and fetter recharge modelling, as recharge and
groundwater outflow are strongly time dependent.

When an improved numerical model is obtained, plartiracking should be added and capture zones
for selected wells within the model domain shoutddelineated. This requires further field work and
pumping tests at each well selected for delineaifarapture zones.

Stream flow along the outlet (Sulula River) anatter main streams should be gauged, as it is lusefu
to establish the basin water balance and identifgre, and how much, the rivers gain from and lose
to groundwater and the hydraulic conductivity of gtreambeds in the area should be determined in
order to determine drain conductance and its variatover the model area.

For further groundwater resource development pianise valley, it is important to take into account
the balance between the groundwater recharge anahtitnded abstraction rates both for irrigation
and domestic water supply to ensure the sustaityabilthe resource in the valley.

In order to increase the abstraction rate with geakle drawdown in the irrigation area, it is
recommended to use additional wells from outsideittigation area, and the abstraction rate of each
well should be determined based on their safe yielth the pumping test data analysis.

Regarding the water quality, as it is shown inlizdrochemistry analysis of this study there areesom
indications that the groundwater is being contateidaBeside this, as the Raya Valley is being
developed for large scale irrigation project, catwuld be taken related to the groundwater
contamination. Becausemany fertilizers contain nitrogen, which, if misdsecan enter the
groundwater and can cause health problems. Owélizieg and over-irrigation can cause nitrogen to
leach, through the soil to the groundwater. Pefgicican also enter groundwater supplies in the same
way. Therefore, it is better to make sure thatfénglizers and pesticides to be applied are appatp

for the situation. Proper disposal of fertilizersdapesticides is critical for maintaining good wate
guality. It is better to use non-toxic approachepdst control whenever possible.

Human and animal wastes contain bacteria and ntgreend can contaminate nearby water supplies.
Animal lots that are not properly constructed andintained, have poor drainage, or are located
where the water table is close to the surface easegroundwater contamination. Allowing animals
to graze in or directly next to a water body caspdlave serious impacts on water quality. Allowing
animal access to drinking water well can resulivaste getting into well. Hence, it is better kegpin
livestock away from drinking shallow water wells.
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Appendices

Appendix 1 Meteorological data

Appendix1.1. Monthly rainfall data

Monthly rainfall (mm) at Alamata station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 133 0 69 123 115 25 77 250 36 8 58 0 895
1997 46 0 125 27 29 22 87 54 72 192 139 O 792
1998 179 23 26 35 20 0 348 272 64 18 0 O 984
1999 44 0 21 9 7 1 211 432 67 55 0 O 847
2000 0 0 10 44 74 0 246 450 68 15 83 73 1063
2001 0O O 158 13 30 17 225 244 25 10 10 3 733
2002 98 0 18 112 8 4 73 214 46 14 0 90 675
2003 76 70 42 94 25 13 112 234 23 0 0 67 754
2004 33 16 40 168 14 50 117 243 41 21 20 770
2005 21 1 110 132 66 24 142 167 33 6 0 O 702

Mean 63 11 62 76 39 15 164 256 47 32 31 25 821

(o]

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 5 827
1997 10 0 90 20 27 4 60 55 7 230 79 O 581
1998 76 31 47 27 38 0 311 345 92 8 0 O 975
1999 41 0 71 36 4 40 92 324 47 0 1 43 699
2000 74 0 0 56 19 7 154 259 7 37 30 8 651
2001 0O 0O 60 20 26 23 150 197 37 10 O O 523
2002 63 0 22 64 0 7 65 158 55 0 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 0O 8 17 134 88 7 148 169 21 1 0 O 593
Mean 35 14 46 66 37 14 124 214 40 30 20 19 657

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 64 O 872
1997 0 O 43 58 48 52 111 94 37 169 49 O 660
1998 54 32 24 39 12 4 326 312 51 6 0 O 860
1999 316 226 2 12 48 34 0 20 107 25 0 O 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 3 100 296 117 16 O 67 616
2003 41 33 35 66 33 11 138 248 42 0 0 43 689
2004 30 0 28 88 3 26 116 162 9 74 36 10 583
2005 8 0 34 158 126 3 125 191 23 9 65 O 742

Mean 53 29 27 59 47 19 152 202 60 41 24 21 735
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Monthly rainfall (mm) at Korem station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 36 1 98 242 165 68 137 281 63 11 73 0 1175
1997 10 2 98 51 93 64 172 56 59 323 164 1 1091
1998 160 39 27 28 80 12 397 35 212 46 O 0 1356
1999 66 O 3 50 13 32 235 350 112 45 2 O 908
2000 0 O 4 48 76 9 318 321 91 133 66 94 1159
2001 2 3 130 22 36 51 283 380 62 13 2 13 998
2002 65 1 34 107 16 3 137 229 90 8 0 93 782
2003 13 24 74 75 24 20 168 381 78 2 4 30 892
2004 14 6 41 55 2 54 144 249 66 35 22 10 697
2005 8 0 106 223 163 28 253 298 41 37 O O 1157
Mean 37 8 61 90 67 34 224 290 87 65 33 24 1022
Monthly rainfall (mm) at Chercher station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 143 14 48 25 93 370 91 116 46 7 67 0 1020
1997 6 111 67 32 5 112 50 23 198 79 O 684
1998 21 55 4 37 62 265 91 207 53 3 0 1 799
1999 22 180 0 63 42 1 105 511 74 13 O 1 1012
2000 1 10 7 26 96 0 116 329 57 71 36 2 751
2001 0 67 40 99 26 2 114 315 112 4 8 1 788
2002 11 1 14 34 20 0 114 98 63 25 0 8 388
2003 45 7 21 29 46 100 128 199 42 0 o0 2 619
2004 50 1 44 13 28 60 100 95 24 18 17 2 452
Mean 33 42 32 44 49 89 108 213 55 38 23 2 724
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 O 828
1998 65 33 35 39 116 214 223 11 0 O 737
1999 45 0 11 22 16 12 176 253 78 109 O 2 725
2000 0 O 6 18 65 12 195 194 126 151 61 75 903
2001 0 2 093 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 O 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
Monthly rainfall (mm) at Zoble station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1998 260 395 44 46 0 O

1999 45 0 55 52 19 22 162 337 122 83 0 2 897
2000 12 O 7 107 74 11 359 48 168 78 863
2001 35 2 63 7 112 22 217 10 3 470
2002 131 8 23 147 46 6 286 286 933

2003 38 72 122 38 9 234 387 71 971
2004 1 34 24 220 0O 31 106 235 46 100 69 5 871
2005 80 109 84 1 172 137 42 626
Mean 44 19 53 97 49 16 205 305 187 99 31 2 783
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Monthly rainfall (mm) at Mohoni station

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

1996 13 0 8 152 45 12 0 90 27 1 87 O 435
1997 162 0 44 9 28 64 189 99 0O 66 56 O 717
1998 1 17 20 15 33 1 7 229 25 0O 0 6 354
1999 32 0 107 3 36 1 36 237 22 22 0 O 496
2000 0 0 29 32 30 16 271 283 4 0 176 23 864
2001 30 O 27 1 4 65 152 126 27 0 25 1 458
2002 1 0 16 41 8 1 12 150 14 0O 0 2 245
2003 48 36 35 51 15 0 22 150 100 0O 0 O 457
2004 18 1 91 188 0O 33 0 139 92 95 3 5 665
Mean 34 6 42 55 22 21 77 167 35 20 39 4 521

Monthly rainfall (mm) at M uja station

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

1996 17 5 124 99 98 46 206 275 68 2 52 9 1001
1997 7 12 94 41 39 96 164 163 21 41 61 13 751
1998 13 0 14 22 68 0 371 273 14 5 0 13 793
1999 15 O 0 31 5 4 313 267 50 26 0 5 715
2000 0 O 9 82 4 213 272 36 17 45 21 699
2001 0 0 12 77 24 285 310 5 0O o0 3 715
2002 37 23 63 15 4 3 196 158 12 0 0 37 548
2003 0 21 38 24 0 80 194 247 31 0 14 o0 648
2004 0 20 20 44 0 160 208 0O 18 0 3 473
2005 0 O 44 56 123 257 191 34 0 0 O 704
Mean 9 8 42 49 36 38 236 236 27 11 17 10 705
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Appendix1.2. Monthly maximum temperature

Monthly T .., (°C) at Alamata station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 29.5 30.9 30.8 30.8 32.6 32.4 31.2 31.6 31.2 29.0 28.4 8 30.
1997 27.4 29.9 28.9 30.3 34.4 345 33.1 33.9 33.3 29.8 28.4 28.31.4
1998 27.0 27.7 30.5 34.5 34.5 36.1 31.8 28.8 30.7 30.8 30.8 29.31.4
1999 28.8 32.4 31.0 34.1 35.8 30.9 30.1 30.1 30.1 30.0 29.2 4 31.
2000 29.7 31.6 32.8 34.2 35.2 36.8 33.2 30.5 30.5 29.3 29.8 26.31.8
2001 27.5 30.4 30.5 31.7 34.1 33.8 31.2 28.9 29.6 30.0 27.% 27.30.5
2002 24.7 28.0 29.8 30.4 33.7 34.3 33.6 30.6 29.4 30.7 28.8 26.30.5
2003 25.8 28.5 29.0 30.1 33.2 34.2 31.4 29.4 30.1 29.9 28.9 26.30.0
2004 27.1 27.1 295 28.6 33.4 32.8 31.9 29.6 29.5 29.1 28.8 26.29.7
2005 25.9 29.4 29.6 29.8 30.3 33.4 31.0 29.9 30.0 29.3 28.2 27.29.9

Mean 27.1 29.4 30.3 31.5 33.5 34.3 32.1 30.3 30.5 30.0 28.8 27.30.7

Monthly T, .. (‘C) at Waja station

Vear Jan Feb Mar Apt May Jun Ju Auzg Sep Oct Novw Dec  Artoal
1906 274 309 303 306 306 330 320 314 320 31.4 290 281 308
1997 276 295 207 306 337 339 331 336 346 303 286 290 3}.2
1908 279 2932 298 314 336 3743135 294 303 302 293 291 308
1000 276 305 202 327 343

2000 270 ZTT 268 2B 206 265 247 247 333 234 26.2
001 09 230 234 246 271 290 29.4

002 298 2908 317 340 352 353 306 331 31.3 297 287 317
2003 299 305 318 339 364 340 308 316 31.5 300 27.9 317

004 292 289 300 301 342 341 333 317 316 299 297 268 308
2005 280 31.1 311 320 316 359 323 311 3272 304 294 279 31l

Mean 273 20.0 203 305 333 343 333 304 313 398 287 354 30.0

Monthly T, . (‘C)at Koho station

Year Jan Feb DMlar Apr May Jun Jul Auz Jep Oct Now Dec  Armmal
1994 N4 301 321 317 302 204 297 271 2al 208
1997 254 280 293 303 331 334319 317 324 279 271 2732 208
1998 254 267 291 324 3353402309 ZBTF 208 293 283 274 208

1999 269 304 200 321 342 353 305 297 310
2000 292 304 312 330 347 321 303 305 286 T4 261 303
2001 255 281 28T 274
200z 343 350 340 309 299 301 295 263 313

2003 259 290 302 309 340 344 321 300 308 303 292 2438 303
2004 274 ZE0 302 302 344 3432 327 315 319 300 207 271 307
005 2609 302 313 314 317 350 327 322 307 308 204 283 309

Mean 262 287 298 3132 332 345 321 306 308 394 285 249 30.1
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Monthly T, .. (‘C)at Korem station

Wear Jan Feb DMar Apr May Jun Jul Aug Jep Oct Now Dec  Asrwmal
1994 190 221 224 223 324237 228 2135 245 239 212 199 223
1997 198 216 223 224 249 247 233 241 249 214 210 211 224
1993 197 208 221 240 244 241 225 219 233 215 201 199 222
1999 193 223 217 242 2539 273 220 227 243 251 244 215 3.4
2000 214 224 230 235 2253272229 214 2232 Z21 200 187 2.5
2001 180 203 203 225 244 245 227 214 221 213 198 19.9 1.4
2002 179 2005 214 225 256 262 252 224 21EF 221 217 201 223
2003 203 224 224 224 246 255224 217 223 214 209 194 222
2004 211 2008 222 228 261 251 235 226 230 Z1.4 209 195 2.4
2005 199 2209 237 228 230253 228 232 232 221 211 203 22.4
Diean 197 21.6 231 23.0 247 256 230 235 232 3323 211 200 22.4
Monthly T, ,. (‘C)at Maichew station

Vear Jan Feb Mar Apr May Jun Jul &ug Zep Oct Hov Dec  Avwmal
1996 190 21.4 218 221 222 231 224 224 232 217 195 184 1.4
1997 191 211 2232 234 244249 225 224 242 203 191 221
1993 199 194 221 244 21422432132 207 202 213
1999 192 228 220 243 258 269 208 21.4 220 201 208 192 221
2000 205 218 230 229 251 264 238 219 221 203 194 1835 221
2001 185 211 2007 229

2002 241 234 258 254 252230218 218 211 193 231
2003 203 224 223 230 245 255231 223 230 215 208 192 2.4
2004 2132 211 224 221 258 249 230 213 211 200 223
2005 199 231 228 233 234 259 227 231 235 214 208 203 2.5
Mlean 202 218 235 234 242 248 232 240 225 208 202 193 220

Monthly T, (°C) at Zoble station

Year

Jan Feb Mar Apr May Jun

Jul Aug Sep Oct Nov Dec Annual

1998
1999
2000
2001
2002
2003
2004
2005

Mean

28.0
23.0
23.0
20.0
21.0
21.0
27.0
25.0

23.5

26.0
27.0
25.0
23.0
23.0
25.0
27.0
27.0

25.4

27.0
25.0
27.0
24.0
27.0
30.0
27.0
27.0

26.8

26.0
28.0
28.0
28.0
28.0
27.0
29.0
30.0

28.0

25.0 24.0
10.0 31.0
29.0 31.0
29.0 30.0
30.0 32.0
28.0

30.0 31.0
29.0 28.0

26.3 29.6

27.0
27.0
29.0
28.0

29.0
28.0

28.0

26.0 26.0
27.0 25.0

26.0

24.0 24.0 23.24.5
23.0

23.0 23.0

28.0 28.0

26.0 25.0 22.

25.0 24.0

25.8 25.2

24.3 24.5 22.

26.5
25.4
27.0
26.2
27.4
27.0

26.3

Monthly T, (°C) at Mohoni station

Year

Jan Feb

Mar

Apr May Jun Jul Aug Sep

Oct Nov Dec

Annual

1996
1997
1998
1999
2000
2001
2002
2003
2004

Mean

27.0
28.0
27.0
27.0
28.0
29.0
25.0
26.0
27.0

27.1

30.0
31.0
27.0
31.0
28.0
27.0
27.0
28.0
30.0

28.8

30.0
29.0
24.0
29.0
28.0
25.0
27.0
29.0
30.0

27.9

28.0
27.0
30.0
27.0
27.0
27.0
28.0
28.0
39.0

29.0

30.0 30.0
29.0 30.0
29.0 30.0
28.0 30.0
28.0 29.0
29.0 30.0
28.0 30.0
29.0 30.0
28.0 29.0

28.7 29.8

32.0
30.0
31.0
30.0
32.0
31.0
30.0
30.0
31.0

30.8

27.0
27.0
27.0
26.0
26.0
27.0
27.0
26.0
27.0

26.7

28.0
28.0
28.0
28.0
27.0
27.0
28.0
27.0
27.0

27.6

27.0
26.0
27.0
27.0
27.0
27.0
28.0
26.0
28.0

27.0

26.0
25.0
26.0
26.0
26.0
26.0
28.0
23.0
28.0

26.0

22.
29.
27.
30.
28.
19.
29.
30.
30.

27.

28.1
28.3
27.8
28.3
27.8
27.0
27.9
27.7
29.5

28.0
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GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

Appendix1.3. Monthly minimum temperature

Monthly T, at Alamata station

Year

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

1996
1997
1998
1999
2000
2001
2002
2003
2004
2005

Mean

12.9 16.0
12.9 129 15.8
149 15.0 16.6
12.4 119 133
23 53 6.6
39 6.1 83
9.5 144 17.0
14.3 15.7 17.4
146 8.8 101
14.4 153 17.2

11.0 11.8 13.8

16.4 16.1 16.1 16.7 16.3 15.5 139 12.7 115 9 14.
16.2 17.6 18.6 17.6 17.5 17.0 159 16.3 12.15.9

17.9 18.1 19.9 17.1
17.3 20.2 18.8 16.7 10.2 5.7 3.9 1.90 12.0
79 101 114 116 92 87 79 6.5 6.3 7.8

10.1 12.2 139 11.8 10.7 104 108 7.8 6.9 9.4
17.7 18.6 20.0 19.7 16.7 16.7 15.9 154 16.6.5
18.0 20.3 20.0 194 17.0 17.4 159 15.0 12.16.9
16.1 18.0 19.5 18.7 17.8 17.1 15.4 15.2 15.115.5
17.7 179 19.1 18.9 16.3 16.6 15.6 12.0 12.16.1

155 16.9 17.6 17.0 154 14.4 13.0 11.6 10.14.2

Monthly T, at Waja station

Year

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

1996
1997
1998
1999
2000
2001
2002
2003
2004
2005

Mean

14.4 12.4 16.2

16.2 15.7 16.6 17.8 17.2 15.2 11.2 109 9.a4.4

12.8 11.6 154 15.6 15.7 17.0 17.0 17.5 16.0 16.1 15.4 12.15.2
15.2 14.2 16.7 15.3 15.1 17.7 18.4 17.0 15.7 13.8 95 6.346 1
10.7 9.1 144 144 161 12.9
8.5 11.8 15,5 155 16.9 17.5 16.2 15.1 13.1 13.6 14.3
10.4 11.0 11.7 12.2 12.3 9.0 84 10.7
11.7 104 129 17.3 16.6 16.2 154 12.1 102 91 8.1 12.7
10.1 9.9 97 16.3 19.3 17.3 15.8 11.3 11.2 105 13.1

14.0 12.6 13.2
134 124 16.3

12.8 11.2 13.8

16.6 13.8 17.1 185 20.7 20.6 18.0 15.6 11.16.0
14.8 17.0 17.2 17.7 17.0 149 109 155 6.04.4

14.8 153 17.0 17.8 17.3 15.7 13.1 12.2 9.03.8

Monthly T, ; at Kobo station

¥ eat

Tan Feb Mar Apr May Jun Jul Aug Sep Oct Hov Dec  Anrmal

1996
1997
1998
1990
2000
2001
2002
2003
2004
2005

Il ean

172 165 174 182 175 157 120 117 102 151

132 123 159 162 177 187 185 178 163 155 156 119 158
154 153 172 1811 179 207 179 173 141 1435 101 £4 157
116 111 155 160 175 182 173 162 154
106 141 165 161 159 149 118 71 94 77 712 119

1 74 114

87
169 196 196 176 169 130 121 152 164

135 150 164 17.0 176 193 199 173 169 126 123 112 158
147 135 144 163 165 183 181 175 155 132 127 139 154
139 1{1 171 172 181 187 187 178 172 135 123 9.4 157

1228 124 153 169 172 185 181 168 152 130 119 109 1440
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GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

Monthly T, at Korem station

Vear Jan Feb DMar Apr May Jun Jul  Aug Jep Oct Nov Dec  Arrmial
1996]: THO5T 90 102 Ta EAS11E 120 92 41 45 312 79
1997 57 5% 92 EBY EY¥ 113 124 114 71 27 100 42 26
1908 B3 F5 9§ 93102 98 119 118 102 70 11 -04 20
1909 34 17 65 74 E6 97 116 106 24 65 04 23 6.5
2000 25 18 56 95 B9 108 123 115 B3 A8 53 44 73
2001 33 33 B35 72 92 118 123 119 B2 & 23 240 73
2002 &3 45 B3 24 T 110 117 111 B3 45 30 7.2 Th
2003 43 22 38 101 98 112 131 121 929 41 45 18 73
2004 &7 58 T4 106 TE 113 125 121 B0 &0 50 4.2 83
2005 &7 58 T4 106 TE 113 1235 121 80 a0 50 4.2 83
Baen 35 44 76 92 E6 107 122 117 Bé a1l 41 38 77
Monthly T, at Maichew station

Vear Jan Feh Mar Apr May Jun Tl Aug Jep Oct Hov Dec  Aswmal

199 &35 &4 11 11 11 13 12 13 10 77 74 &3 094
1907 g 48 11 11 12 13 13 12 11 10 10 71041
logg 97 92 11 12 13 73 52 043
1999 5 6% 91 98 12 13 10 11 10 93 353 359 008
2000 &1 &3 81 11 12 14 14 12 10 Ea& TTF 48 072
001 37 61 w0 99 12 13 13 14 12 91 AR 6 072
2002 21 FF 1w 11 11 14 15 13 95 Bl Y3 g 103
2003 FE 92 104 115 117 134 134 127 116 Fa 71 43 102
2004 29 FE 90 117 119 136 138 131 102 EB1 74 79 103
2005 79 B4 107 116 124 138 137 131 116 78 47 47 101
Bean 77 TF7 100 111 119 138 123 127 107 85 70 &7 09
Monthly T, at Zoble station

Tear Jan Feb Dlar Apr IWlay Jun Jul  Aus Sep Oct Mowv Dec  Anrmal

1994

1907

1908 4 13 13 10 4 2 033
1903 2 1 4 3 5 5 9 7 6 4 4 2 433
2000 1 1.00
2001 g g 13 11 14 1la 1a 16 18 1333
2002 14 15 14.50
2003 m 935 83 027
2004 7 14 16 20 23 21 12 12 g% 23 99 14.19
20035 1213 147 14 16 15 13 68 41 1207
Mean 98 105 115 116 124 118 1235 105 2353 32 70 20 g
Monthly T, at Mohoni station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 3 12 13 14 14 15 15 7 15 15 14 12 1242
1997 17 13 13 14 14 16 15 12 16 13 15 17 1458
1998 3 12 14 15 16 16 17 13 13 16 12 11 1317
1999 8 12 12 14 15 16 16 14 16 13 13 14 13.58
2000 3 13 13 14 14 15 18 16 12 13 13 14 1317
2001 12 13 13 14 14 13 12 15 13 16 14 13 1350
2002 1 12 12 14 14 16 17 14 14 16 15 16 1342
2003 1 12 11 14 15 16 16 14 15 14 15 15 1317
2004 13 13 12 14 14 13 15 15 12 15 15 14 1375

Mean

6.8 124 126 14.1 14.4 15.1 15.7 13.3 14.0 14.6 14.0 14.03.4
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GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

Appendix1.4. Monthly relative humidity (RH) (%)

Monthly relative humidity (%) at Kobo station at 1800

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 46.9 56.3 49.1 53.3 56.8 52.3 43.0 48.4 4538 50.2
1997 645 34.4 433 47.4
1998 35.4 30.7 27.0 52.4 63.8 58.9 47.2 33.3 429 43.5
1999 56.2 56.9 56.5
2000

2001

2002 20.8 32.9 50.0 55.1 38.4 32.8 58.7 41.2
2003

2004 56.0 42.3 32.9 48.9 219 24.2 44.0 55.1 455 42.7 36.% 50.41.7
2005 53.6 36.6 45.6 38.8 47.4 28.7 46.6 42.3 51.1 37.8 39.D 33.41.7
Mean 57.6 42.5 40.6 42.5 39.1 30.0 45.8 53.6 52.6 41.8 38.12 46.46.0

Monthly relative humidity (%) at Kobo station at 1200

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 44.0 47.2 56.5 48.6 44.7 50.4 43.8 35.8 35.0 47.0 45.3
1997 58.1 44.0 37.6 46.6
1998 44.0 39.5 33.6 24.3 51.5 60.3 49.7 39.5 35.0 47.0 42.4
1999 56.6 44.0 35.0 47.0 45.6
2000

2001

2002 44.0 21.1 29.5 42.6 51.1 30.8 35.0 47.0 36.7
2003

2004 49.8 44.0 32.6 42.9 22.2 26.4 32.8 44.2 40.8 36.4 35.M 47.37.8
2005 51.1 37.3 43.0 39.4 44.3 25.8 41.2 43.6 42.1 36.6 39.6 32.39.7
Mean 53.9 43.0 37.7 42.3 39.1 29.2 39.9 48.2 45.5 35.8 35.%6 44.42.0

Monthly relative humidity (%) at Koho station at 0600

Vear Jan Feb Mar Apr May Jun Ju  Auzg Sep Oct WNov Dec  Armual
1996  E7.0 750 841 530 T22 B48 B0 E25 Y9I Bl .0
1997 E80 741 834 750 330 747
1998  E7.0 750 600 530 TT.O 900 931 B33 Y24 TAT w7
1999  E70 231 750 330 4.5
2000

2001

2002 BTN 750 330 662 824 B95 TE3 720 BT 754
2003

2004 B0 B4 682 F50 507 530 661 FR4 BlE BOS FI9 240 EER]
2005  B48 F0.3 FEA FAT BAT 500 Tle BOE EITF YT OTi2 T41 780
Iean B&B T75 782 747 704 5309 FO0A B35 BV BO3 750 206 757
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Monthly relative humidity {%o) at Maichew station

Vear Jan Feb Dlar Apr May Jun Jud Aug Jep Oct Nov Dec  Arnal
1995 537 673 667 T30 TI3 3¥3 653 T13 627 550 347 &9.0 62.4
1996  ¥47F 5370 703 660 650 510 610 63T 553 343 507 3583 61.4
1997 683 523 663 603 313 510 630 83 337 683 TaT 660 613
1995 500 723 650 540 620 390 710 657 633 323 440 61.1
1999 593 373 360 440 320 317 660 673 663 TI0 353 610 4.5
2000 513 393 437 453 430 357 643 70T 640 V40 TOO AETY 358
2001 477 L33 67T 250 23 00 673 TIT 670 643 S9T 6T 61.1
2002 VA0 63 630 260 410 393 07 623 637 LT3 L300 TeD 281
2003 470 720 320 470 400 320 610 620 640 600 60 T0.0 24
2004 630 6.0 00 &R0 340 420 560 660 320 600 600 é6.0 68
Miean 663 563 610 270 499 415 626 666 618 618 591 A57 281
Monthly relative humidity (%) at Mohoni station

Vear Jan Feb Dlar Apr May Jun Jul Aug Jep Oct Nov Dec  Arnual
1996 530 320 550 510 510 360 79.0 590 380 470 370 3560 562
1997 610 380 510 520 430 310 270 630 740 300 340 550 S48
1995 490 6.0 340 550 320 490 720 530 440 40 360 550 530
1999 5820 6.0 320 570 390 760 TR0 640 630 380 340 510 602
2000 6400 6.0 20 220 510 490 540 630 380 630 540 540 w7
2001 520 570 340 270 00 350 660 970 650 70 00 2.0 T
2002 510 240 310 230 680 610 520 530 400 420 580 550 530
2003 490 6.0 30 4%0 390 550 730 340 610 540 570 56.0 S48
I2EIEI4 5530 6.0 320 330 80 330 620 570 330 00 90 56.0 257
Mlean 542 557 327 332 319 539 T02 624 378 23 354 544 6.2
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Appendix1.5. Mean monthly sunshine hours

Mean monthly sunshine hoursat Kobo station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 68 53 79 96 99 85 40 51 68 96 99 88 7.7
1997 80 73 93 69 94 62 31 51 73 95 97 81 7.5
1998 63 75 89 95 92 68 67 74 60 71 90 7.0 7.6
1999 69 44 87 66 91 63 6.1 65 70 96 101 93 7.6
2000 93 72 61 76 91 51 52 51 51 82 93 87 7.2
2001 80 74 89 79 98 83 34 66 71 79 81 79 7.6
2002 78 86 87 97 65 57 40 58 77 89 91 85 7.6
2003 87 102 81 90 68 64 83 7.1 67 73 86 9.0 8.0
2004 81 87 90 68 72 61 73 56 6.2 81 99 094 7.7
Mean 78 74 84 82 86 66 53 60 6.7 85 93 85 7.6
Mean monthly sunshine hoursat Maichew station

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 74 75 64 77 78 76 58 57 72 66 71 74 7.0
1997 79 88 55 72 82 6.2 55 6.2 6.7 6.2 6.6 84 7.0
1998 52 63 74 87 87 69 42 43 73 85 90 93 7.2
1999 74 98 7.2 102 97 73 39 49 70 6.0 89 7.7 7.5
2000 90 98 97 73 92 63 52 55 59 71 78 6.3 7.4
2001 44 79 44 62 7.2 121 46 50 70 79 69 83 6.8
2002 82 82 76 94 93 63 6.1 63 6.7 7.8 7.7 6.7 7.5
2003 64 80 63 99 90 6.0 47 44 73 94 80 79 7.3
2004 69 80 86 76 105 59 52 54 63 80 83 74 7.3
Mean 70 83 70 82 88 7.2 50 53 68 75 78 7.7 7.2
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Appendix1.6. Mean monthly wind speed (ms™) at 2m height

M ean monthly wind speed (ms™) at K obo station

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

1996 26 20 21 20 16 18 21 17 12 13 15
1997 18 20 21 20 22 19 20 1.7 16 14 13
1998 16 1.7 20 22 20 25 22 16 11 13 14
1999 16 18 22 21 21 23 20 15 0.0 0.0 0.0
2000 16 18 22 18 17 22 22 20 15 0.0 0.0
2001 15 17 17 14 12 14 05 08 02 16 17
2002 18 18 19 18 14 23 21 18 09 10 13
20038 16 1.7 20 19 15 20 20 14 10 11 13
2004 17 19 20 20 18 21 22 15 15 12 13
2006 20 21 22 20 16 19 20 18 1.2 12 13

Mean 18 19 20 19 17 20 19 16 10 10 1.1

1.6
14
15
0.0
0.0
1.8
15
1.3
1.6
15

1.2

1.8
1.8
1.8
13
1.4
1.3
1.6
1.6
1.7
1.7

1.6

Mean monthly wind speed (ms™) at Maichew station

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

Dec

Annual

1996 1.1 13 13 13 13 29 38 27 12 12 1.2
1997 11 13 13 13 15 19 31 20 13 12 10
1998 09 10 12 14 14 19 36 26 1.2 12 1.3
1999 12 14 14 15 16 20 33 22 11 09 11
2000 1.2 13 13 14 14 22 34 28 11 09 0.9
2001 12 13 13 10 12 24 32 25 11 12 11
2002 09 12 12 13 13 24 25 25 11 12 1.2
20038 11 13 13 13 13 18 34 27 14 12 1.2
2004 12 13 13 12 16 19 32 23 12 12 1.2
2006 11 12 13 14 13 30 30 27 1.2 1.2 09

Mean 1.1 1.3 13 13 14 22 33 25 12 11 1.1

1.2
1.0
1.3
11
1.0
11
11
11
1.2
1.0

1.1

1.7
15
1.6
1.6
1.6
1.6
15
1.6
1.6
1.6

1.6
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Appendix 2 Hydrochemistry data

Appendix 2.1 Summary of the water sample results
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Appendix 2.

2 Stiff pattern

Sample ART0M

of the water samples in the Raya Valley

Sample ART_02

Na o na c
ca HOt Ca ]
Mg 504 Mg o4
I T T T I\ T T T 171 T 17T T T T T 171
5 403 2 1 12 3 4 SMme & 48 36 24 12 12 24 35 43 6 (megT
Sample BHA_12 S
Na ] e ©
- 1 . ca ]
wg S04 e b
L S e s s |
L N O T o . 24 32 4imean
3 64 43 32 15 15 32 43 64 3(meg) R e T 3 16 24 32 4(megn)
Sample RPW_032_08 Sample RPW_033_08
Na = Na =]
Sa @ o ® B
g S04 wg s01
L L L L L L T T T T T 1T T T 11
& 43 35 24 12 132 24 35 43 6(meg 6 43 36 24 12 12 24 36 43 6(megn)
Sample RPW_036_08 Sample RPW_038_08
Na al e o
; ® o Q> -
Mg so¢ - so0
T T T T 111711 | N B S S p |
& 45 36 24 12 12 24 36 48 6(meqn) s o403 o2 1 12 3 4 sqmean
Sample RPW_066_08 Sample RPW_067_08
- - Na ol
ca @ ) Q; > B
V3 s00 ng S0t
T T T T T 1

8 64 48 32

T
16

15 32 48 64  &8(meam

6 48 36 24 12 12 24 36 438 6(megd)

Sample BHA_08

> -
04
T T 7 1 T T T 1
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Sample RPW_030_08
Na ci
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T T T T T T T 171
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g 04
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Appendix 3 Well data

Appendix 3.1 Summary of the borehole data

surface Watel Bed roct  Aquifer

EastingNorthing elevation SWL level Depth  depth thickness DD
No Well (m) (m) m m @m (m) (m (8 (m)
1 WF2/V9 565921 1376322 1438 2.3 1436 78 44 6.2
2  WF4/BH1 567110 1381023 1478 40.7 1437 172 172 131 40 71
3  WF4/BH2 565885 1378789 1463 19.7 1443 139 139 119 50 34
4  WF4/BH3 564899 1378795 1495 442 1451 132 132 88 43 6.3
5 WFO/BH1 562709 1370793 1502 17.8 1484 98 98 80 35 51
6 WFO/BH2 563000 1370600 1497 10.4 1487 88 88 78 40 3.2
7 WFO/BH3 563923 1369802 1477 12.2 1465 80 80 68 40 16.0
8 WFO/BH4 562697 1368978 1498 10.3 1488 106 106 96 40 145
9 WFO/BH5 561903 1369790 1512 15.0 1497 136 136 121 40 5.3
10 WFO/BH6 561399 1370777 1525 30.2 1495 93 93 63 40 438
11 WFO/BH7 561796 1370780 1514 20.8 1493 102 102 81 44 138
12 WF0/BH8 561409 1369799 1526 285 1498 132 132 104 44 6.0
13 WF1/V1 562872 1371640 1499 17.0 1482 78 78 61 35 164
14 WF1/V9 562713 1371855 1501 17.7 1483 73 73 5 35 31
15 WF1/V10 562681 1371183 1500 17.2 1483 102 102 85 35 46
16 WF5/BH1 563690 1366993 1486 15.9 1470 96 84 68 30 146
17 WF5/BH2 564103 1368593 1484 24.8 1459 108 108 83 35 6.1
18 WF5/BH3 563673 1367565 1490 18.8 1471 84 84 65 35 6.2
19 WF5/BH4 564000 1368000 1483 20.5 1462 101 101 80 25 16.2
20 WF5/BH5 561648 1367762 1529 235 1506 78 78 55 44 39
21 WF6/BH1 563749 1364487 1497 319 1465 126 126 94 30 123
22 WF6/BH3 563156 1366192 1502 24.5 1478 96 96 72 30 76
23 WF6/BH4 563912 1364685 1494 275 1466 122 122 94 40 3.0
24 WF7/BH1 564378 1363098 1492 27.8 1464 137 137 109 44 17
25 WF7/BH2 563863 1364133 1496 30.5 1466 162 162 132 38 25
26 WF3/BH1 565904 1376796 1439 5.0 1434 114 114 109 35
27 WF3/BH2 566954 1376426 1438 2.7 1435 97 97 94 34
28 WF6/BH2 563355 1366693 1495 23.0 1472 96
29 WF3/BH3 567905 1377793 1434 2.0 1432 168 168 166
30 RPW-043-08 572369 1384905 1458 51.0 1407 192 184 133 3® 29.
31 RPW-045-08 572436 1382113 1435 29.3 1406 178 170 141 3@ 28.
32 RPW-046-08 569905 1381800 1448 28.6 1419 180 174 145 38 21.
33 RPW-050-08 571429 1379689 1424 18.2 1406 166 160 142 44 10.
34 RPW-052-08 570263 1378912 1420 9.9 1410 136 134 124 35 39.0
35 RPW-057-08 569431 1376222 1418 9.4 1409 201 196 187 31 199
36 RPW-058-08 571642 1376249 1409 13.0 1396 186 180 167 65
37 RPW-063-08 571462 1374198 1405 14.8 1390 224 216 201 34 11
38 RPW-064-08 564467 1373141 1475 21.7 1453 112 88 66 35 84
39 RPW-066-08 566444 1372391 1446 9.3 1437 146 140 131 39 96
40 RPW-067-08 571726 1373354 1401 13.4 1388 218 212 199 3% 15.
41 RPW-068-08 572613 1371922 1399 155 1383 264 256 240 36 10.
42 RPW-070-08 570481 1371229 1409 235 1386 144 138 115 26 42.
43 RPW-072-08 572671 1370616 1397 17.3 1380 262 254 237 33 15.
44 RPW-075-08 561215 1368924 1529 28.4 1501 130 125 97 48 76

93



GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

surface Watel Bed roct  Aquifer

EastingNorthing elevation SWL level Depth depth thickness Q DD
No Well (m) (m) (m) (m) (m) (m) (m) (m) (8) (m)
45 RPW-076-08 567162 1369865 1437 145 1423 232 228 214 39 7.9
46 RPW-077-08 565483 1368490 1466 15.4 1451 137 128 113 31 44
47 RPW-078-08 569076 1366877 1430 20.6 1409 96 90 69 30 151
48 RPW-079-08 568008 1367866 1438 20.5 1418 210 204 184 40 6.1
49 RPW-080-08 570393 1368715 1413 255 1388 138 134 109 13 27
50 RPW-081-08 566566 1367059 1453 17.0 1436 190 184 167 40 22.
51 RPW-082-08 574045 1365777 1388 9.5 1378 276 270 260 42 136
52 RPW-083-08 565271 1365661 1471 11.4 1460 170 164 153 50 8.7
53 RPW-084-08 568850 1368728 1427 22.6 1404 146 140 117 3@ 26.
54 RPW-087-08 567591 1361714 1435 6.4 1429 170 162 156 41 6.3
55 RPW-088-08 567019 1360930 1437 7.0 1430 176 170 163 49 11.8
56 RPW-092-08 571968 1384297 1450 42.9 1407 194 190 147 34 49
57 RPW-093-08 567588 1359766 1436 5.9 1430 288 282 276 46 15.7
58 RPW-095-08 565153 1359042 1455 5.6 1449 196 188 182 53 17.3
59 RPW-096-08 566902 1358605 1454 14.4 1440 186 180 166 4@ 12.
60 RPW-097-08 564016 1357876 1475 13.8 1461 144 140 126 50 16.
61 RPW-098-08 562933 1357904 1488 5.6 1482 154 146 140 48 85
62 WF13/BH1 574502 1409298 1649 51.7 1597 138 130 78 34 26
63 WF13/BH2 575754 1407602 1621 30.3 1591 168 158 128 38 4.3
64 WF13/BH4 574837 1408721 1643 43.9 1599 144 140 96 32 3.8
65 WF13/BH5 575406 1408290 1634 36.2 1598 132 132 96 44 24
66 WF9/BH1 569813 1400983 1646 30.4 1616 151 146 116 44 5.1
67 WF9/BH2 569708 1399528 1636 22.9 1613 150 35 13.0
68 WF9/BH3 569798 1400023 1635 20.7 1614 128 30 13.7
69 WF9/BH4 570553 1400160 1622 27.1 1595 150 150 123 44 34
70 WF13/BH3 573500 1408434 1655 56.0 1599 128 128 72 0
71 WF11/BH1 573994 1405945 1636 46.5 1590 130 129 83 27
72 RPW-013-08 572677 1403437 1614 58.6 1565 116 98 39 17 12.2
73 RPW-023-08 568247 1400186 1658 34.0 1624 110 80 46 13 354
74 RPW-024-08 574055 1399330 1568 38.3 1530 140 128 90 28 41
75 RPW-028-08 578718 1398109 1514 33.6 1480 226 220 186 25 5.0
76 RPW-030-08 573856 1396696 1559 475 1512 174 164 117 25 5.3
77 RPW-032-08 576189 1395698 1523 31.3 1492 182 178 147 3D 17.
78 RPW-033-08 575022 1395075 1529 39.0 1490 162 154 115 3@ 20.
79 RPW-034-08 576332 1394432 1514 47.0 1467 226 220 173 29 12.
80 RPW-036-08 574094 1392035 1524 39.6 1484 160 134 94 30 34
81 RPW-037-08 574690 1390976 1511 335 1477 160 154 120 31
82 RPW-038-08 574039 1389891 1514 39.0 1475 182 178 139 2% 20.
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Appendix 3.2 Chloride concentration of groundwater and rain water

UTM_X UTM_Y Cly P cl
No Sample index (m) (m) (mgl") (mmy?)
1 RPW-030-08 573856 1396696 15.45 724 0.8
2 RPW-032-08 576189 1395698 11.33 724 0.8
3 RPW-033-08 575022 1395075 11.33 724 0.8
4 RPW-034-08 576332 1394432 134 724 0.8
5 RPW-036-08 574094 1392035 21.6 724 0.8
6 RPW-038-08 574039 1389891 21.6 724 0.8
7 RPW-064-08 564467 1373141 30.9 724 0.8
8 RPW-066-08 566444 1372391 31.93 724 0.8
9 RPW-067-08 571726 1373354 18.54 724 0.8
10 RPW-068-08 572613 1371922 20.96 724 0.8
11 RPW-070-08 570481 1371229 18.54 724 0.8
12 RPW-072-08 572671 1370616 20.6 724 0.8
13 RPW-075-08 561215 1368924 16.48 724 0.8
14 RPW-076-08 567162 1369865 29.87 724 0.8
15 RPW-077-08 565483 1368490 44.3 724 0.8
16 RPW-078-08 569076 1366877 18.54 724 0.8
17 RPW-080-08 570393 1368715 21.63 724 0.8
18 RPW-081-08 566566 1367059 31.93 724 0.8
19 RPW-082-08 574045 1365777 11.33 724 0.8
20 RPW-083-08 565271 1365661 16.48 724 0.8
21 RPW-087-08 567591 1361714 43.26 724 0.8
22 RPW-088-08 567019 1360930 150.96 724 0.8
23 RPW-093-08 567588 1359766 16.48 724 0.8
24 RPW-095-08 565153 1359042 22.66 724 0.8
25 RPW-096-08 566902 1358605 19.57 724 0.8
26 RPW-097-08 564016 1357876 8.24 724 0.8
27 RPW-098-08 562933 1357904 21.6 724 0.8
28 ARTO1 575919 1334560 13.23 724 0.8
29 ARTO02 566925 1374980 15 724 0.8
30 SPO 01 577655 1360770 1134 724 0.8
31 GUL 01 567477 1333862 11.34 724 0.8
32 BHA 08 566682 1372196 81.3 724 0.8
33 BHA 12 573007 1373083 36.8 724 0.8

From spring arround

34 S02 558873 1418657 31Maichew
35 GUL 01 567360 1333979 11Bom Golina River

95



GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

Appendix 4 Pumping test analysis curves

Appendix 4.1 Cooper-Jacob straight-line time-drawdown
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Appendix 4.2 Theis recovery graphs
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Appendix 5 Simulated head at the observed head locations

Observer Simulatec
Easting Northing head head Residual

Well name (m) (m) (m) (m) (m)
WF2/V9 565921 1376322  1436.0 1419.7 16.3
WF4/BH1 567110 1381023  1437.0 1430.6 6.4

WF4/BH2 565885 1378789  1443.0 1427.2 15.8
WF4/BH3 564899 1378795 1451.0 1427.5 23.5

WFO/BH1 562709 1370793  1484.0 1485.0 -1.0
WF0/BH2 563000 1370600 1487.0 1481.4 5.6
WFO/BH3 563923 1369802  1465.0 1471.0 -6.0
WFO/BH4 562697 1368978  1488.0 1485.3 2.7
WFO/BH5 561903 1369790 1497.0 1493.9 3.1
WFO/BH6 561399 1370777  1495.0 1499.4 4.4
WFO/BH7 561796 1370780  1493.0 1495.6 -2.6
WFO0/BH8 561409 1369799  1498.0 1499.0 -1.0
WF1/V1 562872 1371640 1482.0 1480.2 1.8
WF1/V9 562713 1371855  1483.0 1481.4 1.6
WF1/V10 562681 1371183  1483.0 1484.6 -1.6
WF5/BH1 563690 1366993  1470.0 1469.6 0.4
WF5/BH2 564103 1368593  1459.0 1467.1 -8.1
WF5/BH3 563673 1367565 1471.0 1470.3 0.7
WF5/BH4 564000 1368000 1462.0 1466.7 -4.7
WF5/BH5 561648 1367762  1506.0 1492.3 13.7
WF6/BH1 563749 1364487  1465.0 1470.6 -5.6
WF6/BH3 563156 1366192  1478.0 1476.2 1.8
WF6/BH4 563912 1364685  1466.0 1468.0 -2.0
WF7/BH1 564378 1363098 1464.0 1460.2 3.8
WF7/BH2 563863 1364133  1466.0 1469.0 -3.0

WF3/BH1 565904 1376796  1434.0 1419.6 14.4
WF3/BH2 566954 1376426  1435.0 1417.9 171
WF6/BH2 563355 1366693 1472.0 1473.7 -1.7
WF3/BH3 567905 1377793  1432.0 1422.6 9.4
RPW-045-08 572436 1382113  1406.0 1436.6 -30.6
RPW-046-08 569905 1381800 1419.0 1433.1 -14.1
RPW-050-08 571429 1379689  1406.0 1427.6 -21.6
RPW-052-08 570263 1378912  1410.0 1424.9 -14.9
RPW-057-08 569431 1376222  1409.0 1415.9 -6.9
RPW-058-08 571642 1376249 1396.0 1416.1 -20.1
RPW-063-08 571462 1374198 1390.0 1409.7 -19.7
RPW-064-08 564467 1373141  1453.0 1460.4 -7.4
RPW-066-08 566444 1372391  1437.0 1434.4 2.6
RPW-067-08 571726 1373354  1388.0 1406.8 -18.8
RPW-068-08 572613 1371922  1383.0 1401.1 -18.1
RPW-070-08 570481 1371229  1386.0 1402.4 -16.4
RPW-072-08 572671 1370616  1380.0 1396.6 -16.6
RPW-075-08 561215 1368924  1501.0 1499.1 1.9
RPW-076-08 567162 1369865 1423.0 1411.4 11.6
RPW-077-08 565483 1368490 1451.0 1444.6 6.4




GROUNDWATER FLOW MODELLING ASSISTED BY GIS AND RS TECHNIQUES (RAYA VALLEY - ETHIOPIA)

Observer Simulate(
Easting Northing head head Residual

Well name (m) (m) (m) (m) (m)
RPW-078-08 569076 1366877  1409.0 1404.8 4.2
RPW-079-08 568008 1367866  1418.0 1408.2 9.8

RPW-080-08 570393 1368715 1388.0 1398.7 -10.7
RPW-081-08 566566 1367059 1436.0 1420.9 151

RPW-082-08 574045 1365777  1378.0 1385.2 -7.2
RPW-083-08 565271 1365661  1460.0 1445.8 14.2
RPW-084-08 568850 1368728  1404.0 1404.8 -0.8
RPW-087-08 567591 1361714  1429.0 1430.1 -1.1
RPW-088-08 567019 1360930 1430.0 1435.6 -5.6
RPW-093-08 567588 1359766 1430.0 1435.1 -5.1
RPW-095-08 565153 1359042  1449.0 1447.5 15
RPW-096-08 566902 1358605  1440.0 1440.5 -0.5
RPW-097-08 564016 1357876  1461.0 1459.6 1.4
RPW-098-08 562933 1357904  1482.0 1481.6 0.4
WF13/BH1 574502 1409298  1597.0 1600.3 -3.3
WF13/BH2 575754 1407602  1591.0 1590.5 0.5
WF13/BH4 574837 1408721  1599.0 1597.3 1.7
WF13/BH5 575406 1408290  1598.0 1594.0 4.0
WF9/BH1 569813 1400983 1616.0 1602.9 131
WF9/BH2 569708 1399528 1613.0 1606.2 6.8
WF9/BH3 569798 1400023 1614.0 1607.2 6.8
WF9/BH4 570553 1400160  1595.0 1596.6 -1.6
WF13/BH3 573500 1408434  1599.0 1600.7 -1.7
WF11/BH1 573994 1405945  1590.0 1588.4 1.6

RPW-013-08 572677 1403437 1565.0 1586.1 -21.1
RPW-023-08 568247 1400186 1624.0 1636.6 -12.6

RPW-024-08 574055 1399330 1530.0 1524.6 54
RPW-028-08 578718 1398109 1480.0 1506.8 -26.8
RPW-030-08 573856 1396696 1512.0 1510.8 1.2
RPW-032-08 576189 1395698 1492.0 1493.4 -1.4
RPW-033-08 575022 1395075 1490.0 1487.4 2.6
RPW-034-08 576332 1394432  1467.0 1488.3 -21.3
RPW-036-08 574094 1392035 1484.0 1480.1 3.9
RPW-037-08 574690 1390976 1477.0 1477.2 -0.2

RPW-038-08 574039 1389891 1475.0 1473.6 1.4
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