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Abstract

Agriculture, Industry and domestic activities @smrmous of water which results in the over-pumgingd
leading to continuous decline of groundwater lefFakmers often fail to satisfy the required soilisture
conditions for growing crops due to erratic lownfall distribution. Poor on-farm water management
practices resulted in excessive use and this léadsgh energy cost. This study mainly focuses on
groundwater modelling of kobo valley so as to predhe current and future groundwater level under
different hydrologic and pumping scenarios. Aquapcmodel was also used as a tool for assessing crop
and water productivity under irrigated agriculturthe main production system in Kobo valley, therma
study area of this research, located in Northehiogta is enclosed by high mountain ranges on tlye ©f
Afar Rift system and measures about 120b&nea. It has two main sub-basins, Hormat-Golirch\Afaja-
Golesha that are characterized by high abundantiress with respect to groundwater, fertile land an
livestock potential.

The groundwater flow system in unconsolidated diedkobo valley was modelled using MODFLOW
(McDonald and Harbaugh, 1988). The model was runsfeady-state conditions in unconfined and
confined aquifer. The grid cell size of the modealswaken 300 x 400m and contains two layers. Model
area and the layer top elevation were delineateth®yASTER DEM processing and use of topographic
maps. The hydraulic conductivity values were detegoh from pumping test data analysis and literature
review for the alluvial sediment aquifer and thacfured volcanic aquifer respectively. Recharge was
estimated from water balance and Darcy's approaethad and has a value of 95MCM and 83 MCM
respectively. The model was calibrated using oleskhydraulic heads from 35 wells from Hormat-Golina
sub-basin using trial and error method and restiteal Root Mean Square Error (RMSE) value of about
7m, which is considered to be good and an indicatwoeliable model results. The model simulatedewat
budget showed that the valley receives a totalagghof 118MCM /year. The steady state model with
pumping scenarios:- current scenario (11 wellsoperated simultaneously), scenario-one (35 wells a
operated simultaneously) & scenario-two (70 welte operated simultaneously) indicated respective
groundwater abstraction of 5192°d, 27878 md® and 55825 rd® .This resulted in an average
groundwater level decline (at the pumping welllabbut 7m, 14m and 32m respectively. A maximum of
35 wells simultaneous operation is recommendethiasatll maintain a 20% stabilized drawdown, which
results in a balance between abstraction and rgehar

The current irrigation system is operating at ditiehcy of 55% as the actual amount of water aubls
about 730 mm while the net requirement obtainethfAmua Crop is 404 mm. Under groundwater based
irrigation, the efficiency could be improved to 8@k6ough the use of piped conveyance canals and goo
field water distribution that reduces runoff aneplgercolation losses. Under the current actuaieisaby

the farmers of 1.8 ton/ha, and assuming only tle¢ dast, the difference in net income between djpera

at 55% and 80% efficiency is 109 Euros/ha. If, hesvethe yield could be improved to 4.7 ton/haqthi
yield is obtained by farmers in others regions dfi@pia), the difference in net income is nearly0Q0
Euros/ha.

Key words: Kobo valley, Groundwater modelling, Ra&aje, Aqua Crop model, Irrigation water use
efficiency
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CHAPTER 1

Introduction

1.1. Back ground

Groundwater is one of the most valuable naturabueses, which supports human health, economic
development, and ecological diversity. Because tef several inherent qualities (e.g., consistent
temperature, widespread and continuous availap#itgellent natural quality, limited vulnerabilitigw
development cost, drought reliability), it has bmeoan important and dependable source of watelisgpp
in all climatic regions including both urban andaluareas of developed and developing countriesidTo
2005). Of the 37 Mkrhof freshwater estimated to be present on the ealthut 22% exist as groundwater,
which constitutes about 97% of all liquid freshwaietentially available for human use (Foster, 1998

Approaches of sustainable development and intefjrgteundwater resources management must be
developed and implemented to guarantee the rightisef of the limited water resources for future
generation. Groundwater resource management ofjaifiea system involves developing a quantitative
understanding of the flow processes that operatamthe aquifer. Three main futures must be carsid:

how water enters the aquifer system; how watergsagwough the aquifer system and how water leaves
the aquifer system. The best tool available to getundwater hydrologists to formulate technicalbynd
ground water resources management is usually angreater model. Groundwater models have been used
as interpretation tools for investigating groundevasystem dynamics, assessment tools for evaluating
recharge and quantifying sustainable yield (Andem=ed Woessner, 1992).

Irrigation water increases crop yields and quaiitgemi-arid areas like kobo, Northern Part of &im. It

is essential especially during periods of erradia fall and drought. Since there is a decliningumdwater
resource, the main sources for irrigation in thedgtarea. The irrigation water efficiency has to be
increased as much as possible. The right amountigdtion water has to be reached the right plcthe
right time in order to have effective irrigation.

Water efficiency of irrigation can be improved bykng the right decision regarding to crop selextio
irrigation scheduling and irrigation methods. Tltual irrigation system capacity, the crop watemded

is computed by Aqua crop model. This helps to redihe amount of irrigation water pumped and avoid
excessive energy use. Quantification of the aciugjation water demand also provides critical
information to the farmers, local groundwater cowgton, Irrigation and regional water planning gps.

The study area mainly focuses on the two main sginbof Kobo valley named as Hormat-Golina and
Waja-Golesha located in Northern Ethiopia. Theselsmsins have a high groundwater potential and also
known by semi-arid climate. Because of low andalad annual rainfall, groundwater irrigation is dise
alleviate draught problem in the area but thetevisattention given to groundwater resource managgm

Groundwater Modeling and optimization of Irrigation water use efficiency to sustain irrigation in Kobo
Valley, Ethiopia 1




As observed from the field visit, history of borelés are not recorded properly, no surface wategigg
stations over the area and along the main rivepsveiter, for sustainability of groundwater resoutbeye
should be safe abstraction and proper management.

In this thesis, numerical groundwater modellingkobo valley using MODFLOW-version 8 for steady
state condition has given higher priority in aduitito optimization of irrigation water use effic@nin the
area. Therefore clear understanding of the respofhdbe aquifer is crucial for better management of
groundwater resources.

1.2. Problem statement

Even though the kobo valley is rich in fertile sfwl agricultural production, the lowland area hew
rainfall which is insufficient for higher agriculial production. Due to erratic rainfall distribution the
area, the farmers often fail to satisfy the reglseil moisture conditions for growing crops. Cansently,
the area was affected by drought in a number oédinNow days, using ground water is growing
continuously and increasingly being used as a reaurce of water for irrigation. However, there & n
control or management of groundwater resources;enéaveloping ground water model is essential.

The kobo valley has a potential of over 10,000h&anfl to irrigate however, the current irrigateddds
less than 1000ha.Due to high energy cost for pugnpiater from wells and problem of on-farm water
management, there is a need to optimize waterfliseecy and maximize crop yield. Aqua crop pragra
me is useful to determine the actual crop watewirement.

1.3. Objectives of the Research

* To quantify the recharge and abstraction of growatdw

¢ To analyze the impacts or drawdown of wells undier@nt well operation scenarios.

< To recommend on-farm water management for improvingation water use efficiency and
minimize costs.

1.4. Research questions

« What is the recharge and abstraction of groundviratitie study area?

« What are the impacts or drawdown of wells undefiedéit well operation scenarios?

* How efficient is the current irrigation applicati@ystem? How and to what extent can this be
improved? And what will be the implication on retlan of pumping costs and the net income?

1.5. Possible scenarios

4+ Analysis of rainfall data (at least 15 year) toegssthe variations in recharge and abstractions of
groundwater.

+« The impacts or drawdown in operating all the weltsits maximum discharge especially in
concentrated wells at a time.

+ The impacts or drawdown in operating wells by dividin to two groups at different time.

1.6. Methodology

Appropriate methods and materials should be usedder to achieve the objectives stated abovei¢ect
1.3).The main activities can be classified in te-field, field and post-field works. All the threstages
were illustrated irFigure 1.3.

MSc thesis, G.W. Adane 2




Pre-filed work

Data have been collected from different officeshigtia National Meteorological Agency, Ministry of
Water resource).Equipments like Groundwater levebsuring device (deep meter) and GPS were taken
from Amhara Water Work Construction Enterpriseadfand Kobo town water supply office respectively.
Soil and crop data were taken from Kobo Girana &falbevelopment Project office. Delineation of the
study area and literature review of groundwater efld) and irrigation water use efficiency was inbtd

in this stage.

Field work

This stage was conducted in order to get primarta deom the study area and secondary data from
different sources. Measuring ground water level sngag using deep meter, taking reading of borehole
locations and elevation using GPS, river out let lmgitudinal data using Total stations, deterrigmaof
physical boundaries were the main primary data goted in the field.(seEigure 1.1 andFigure 1.2). The
secondary data such as borehole logs, pumpingd&tat and hydrogeology feasibility report and well
completion report were collected from Kobo-Giraraley Development Project Office.

i

Figure 1.2  Taking bore locatin & elevation using GPS at K5 on left and rivetadaround Golina rivi
outlet on the right.

Groundwater Modeling and optimization of Irrigation water use efficiency to sustain irrigation in Kobo
Valley, Ethiopia 3




Post -field work

Data processing and analysis was the primary &ctivi this stage. Primary and secondary data was
processed and analyzed in order to prepare databdssonceptual model. The conceptual model was use
for the core input for the modelling process.

Geographic Information System (GIS) was used terestiore, retrieve, and process and display spatial
information in the form of maps or images. Advan&ghce borne Thermal Emission and Reflection
Radiometer (ASTER) DEM with 90m spatial resolutieas processed to delineate the catchment.

1.7. Outline of the thesis.

The content of the thesis is briefly outlined dtofas;

Chapter one: Describes the introduction.

Chapter two: Discusses the review of previous stidi

Chapter three: Describes the study area.

Chapter four: Data processing and analysis.

Chapter five: Depicts the numerical modelling aedld with the pumping scenario analysis.
Chapter six: Deals Optimization of irrigation watese efficiency and Aqua crop Model.
Chapter seven: Results and discussion.

Chapter eight: Conclusion and Recommendation.

MSc thesis, G.W. Adane 4




Literature
Review

v

Proposal
Writing

v

Pre-field work

* v
. Image .
y \ 2 !
Study area > Field Work &
Delination data collection

v v v v v

GW level
& bore Al ol Soil data Crop Management
elevation test Data gical Data Data Practise

Conceptual
Model

L 2

Data Developing
ARC-GIS = processing & [=§1 Model input =1 Numerical
Analysis Model Irrigation Water

A v Demand
Revise Model |

Calibration Calibration

A 4
Scenario Conclusion &

No A Analysis Recommendation

A

Sensitivity
Anaysis

Figure 1.3  Flow chart of the methodology
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CHAPTER 2

2.Literature Review

2.1. Review of previous study

The kobo valley has been known as one of the nmastgtht prone regions in Ethiopia. According to the
historical analysis of rain fall, the major part thie valley once every decade is a drought yeathen
average. The groundwater potential for irrigatiarthee valley has been the focus since long duédeo t
expected high groundwater potential. Following ,thés number of studies were conducted on the
physiographic setup, geology, tectonics and groatempotential at different levels and localitiekiobo
valley. The study area is one part of Kobo-Giraalley development project that mainly focus susthie
development to alleviate the drought and faminenftbe area

Among the major studies conducted in Kobo-Girankeyaare the investigations of groundwater poténtia
for multipurpose by Co-SAERAR from 1996 to 1999 aediew and appraisal of Hydro geological studies
by Geo-Engineering Service in 2002/3.

CO-SAERAR study

The Commission for Sustainable Agriculture and Emvinental Rehabilitation in Amhara Region (Co-
SAERAR) studied the Kobo-Girana valley for its gndwater potential and then by implement irrigation
through groundwater source (Co-SAERAR 1988 study made preliminary estimation of annual
recharge capacity of the Kobo, Alawha, Chireti &adlana sub basins to be 119, 9, 15 &
27MCM, respectivelyThe deeply weathered and fractured zones of tleaniz rocks frequently exceed
100meters. Depth to groundwater varies from legs #0meters in the sediment deposit in the wegknn
and along the river courses to over 100 metergeanvblcanic rocks. The predominant groundwater flow
direction is from west to east coinciding with tgpaphic gradient. The hydraulic gradient of the &ob
basin is 0.012 (Co-SAERAR 1999). The groundwatehaege of the Kobo-Robit basin was estimated
from three different methods. These are surfacemlance method using SCS model, groundwatel leve
fluctuation rate, and Darcy’s approach; and thaltesvere 59.3 MCM, 64.8 MCM and 49.82 MCM
respectively. The surface water balance methoqhitéeiss crude and lumped inputs was found reltite

be comprehensive and practical to estimate thewaltecharge (Co-SAERAR 1999).

EIGS study
Hydro geological and environmental isotope investans have been done by Sileshi Mamo from the
Geological Survey of Ethiopia (2007), the total dgric groundwater in the graben sediments estinmated

amount 68.9MCM in Kobo valleyRecharge estimation using Chloride (Cl) mass balamas given
recharge rates of 60.07 mm/year for the westertegaand 52.00 mm/year for the graben fill sedisent

MSc thesis, G.W. Adane 6




and adjoining escarpment. A total of 192.78 MCMdynamic groundwater resource is estimated for the
graben sedimentary aquifer; 123.89 and 68.9 MCNbyrRaya and Kobo valleys, respectively (Sileshi
Mamo, 2007).

2.2. Groundwater Modelling

A groundwater model may be defined as a simplifieilsion of the real groundwater system that
approximately simulates the excitation- respons$ations of the groundwater system. The real systeem
very complicated and difficult to use it directlprfthe purpose of planning and making management
decisions. The simplification is introduced in tfi@m of a set of assumptions that express our
understanding of the nature of the system anceitsiour. These assumptions will tend to smoothtiuit
effect of various heterogeneities. Because the hisdesimplified version of the real system, thexésts

no unique model for a given groundwater system I(BE3/9).

There are several ways to classify groundwater floedels, models can be transient or steady state an
one, two, or three spatial dimensions. Steady dtawe occurs when at any point in a flow field the
magnitude and direction of the flow are constanhwme (Anderson and Woessner, 1992).

Groundwater models are an attempt to represergsbential features of the actual groundwater sybiem
means of a mathematical counterpart (Todd & May¥)52 These models have a capacity to test and
quantify the consequences of various errors anate@! model-based forecasts. Groundwater models
according to Todd are physically based mathematiwadels derived from Darcy’s law and the law of
conservation of mass. Various established solugohniques based upon either finite differenceirotef
element approximations, or a combination of both,available for solving the governing equationshef
model. The accuracy of the solutions (model prémhs) is dependent upon the reliability of the rested
model parameters and the accuracy of the prescdoibeddary conditions.

Computer program or code solves a set of algelgqimtions generated by approximating the partial
differential equations (governing equation, bougdeonditions, and initial conditions) that form the
mathematical mode (Anderson and Woessner, 1992)h Ve introduction of computers and their
application in the solution of numerical modelsygibhal models and analogy have become laid ofpals t
for predicting future groundwater regimes. The @@ of the appropriate model to be used in any
particular case depends on the objective or obges®f the investigation and the available resaurtae
later include time, budget, skilled manpower, higipacity computers and codes (Bear, 1979).

The finite difference method requires a rectangelament shaped discretization of the aquifer doed t
finite element method consists of a triangular iization. Discretization is the process of sulatiing the
continuous hydro geologic units into discrete sagmer cells. Finite element method is easy tongetine
boundaries of irregularly shaped aquifers and suenthat node points coincide with monitoring welt
varies types of geographic features. The mathealdtigsis for finite element methods is more complex
than for the finite difference method (Todd & Mag605).

Selecting the appropriate conceptual model forveergiproblem is one of the most important steps in
modelling process. The key data requirements irptheess of conceptualization include data abodtdzy
stratigraphic units, surface water bodies, physacal hydraulic boundaries, recharge and dischagesz
The most common numerical methods to solve flowbleras are finite differences and finite elements.
Finite-difference grids are easy to understand esglire less input data than finite element grids
(Anderson and Woessner, 1992). The finite diffeeemethod, as applied in the computer code
MODFLOW, was used in this study. The code is basethe physical theory of groundwater movement
Darcy’'s law and the continuity equation. The prograupports seven additional packages, which are
integrated with the original MODFLOW (Chiang anch&elbach, 2001).

Once the conceptual model is translated into a nealenodel in the form of governing equations,hwit
associated boundary and initial conditions, a gmutan be obtained by transferring it into a nuoaér
model and writing a computer program (code) fovisgl it. This includes, design of grid, setting bdary
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and initial conditions and preliminary selection \@lues for aquifer parameters. The input paramseter
include model grid size, layer elevations, boundeoynditions, hydraulic conductivity, recharge, and
additional model input for steady state conditibtmdel calibration consists of changing values ofdelo
input parameters in an attempt to match field dooras within some acceptable criteria (Anderson and
Woessner, 1992). Sensitivity analysis is usefuldatermining which parameter or parameters most
influence the model results. These parametershei#mphasized in the future data collection attemgo
improve model accuracy.
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CHAPTER 3

General description of the study area

3.1. Location

The studied area is found in the North Wollo adstmaition zone of Amhara National Regional state of
Ethiopia. It has a geographical zoneldf°’56’ to 120°18’'N and 39°23’ to 39°47'the kobo valley is
one part of the Kobo Girana Valley Development &bjThe valley is surrounded by western high lands
in the West, Zoble Mountain in the East, Raya yallethe North and Volcanic ridges in the SoutheTh
plain area is known by flat topography up to 1508ititude and the mountain rises dramatically from
1500m to greater than 3000m.

Hormat -Golina suli‘basin : 4

Legenid
13T m ] 0 5 0
. L —

Figure 3.1  Location map of the study area.
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3.2. Drainage

The major drainage system is associated with vallains. The rivers in the valley originate frormreth
western mountains. Golina, Hormat, Kelkelit and &lékRivers drain in to the valley. The valley can b
classified in to three major sub-basins namely,aA&plesha, Hormat- Golina and Kobo-Arequaite-Gerbi
sub -basins.

The Waja-Golesha sub-basin is drained by Gobu aajh \8freams which disappear in Waja plain. There
is one intermittent stream named Dikala stream lvisiarts from the western ridge of Kobo Town and
flows towards the Garalencha Mendefera beforesamears in the Chobe-Golesha plain.

The Hormat-Golina sub-basin constitutes the dransygstems of Hormat, Golina, and Kelkelit. Most of
the flows of the rivers of this sub-basin too argt in the plain before reaching their outlets tigto Golina
River. Hormat, Golina and Kelkeli are perenniakrin general. However, during dry season, Hoandt
Kelkeli lose their discharge in the plain beforajog Golina that ultimately discharge through telina
gorge to the Afar Depression.

The kobo-Arequaite-Gerbi sub-basin is a closedlmsgin that some intermittent streams are flowiognfr
Zobul ridge, Gedemyu and Mendefra hills into theduaite-Gerbi plain-depression. No surface drainage
out let is observable from this depression. WetsBed ake at Gerbi disappears in the dry season by
evaporation.

There is high drainage density in the western higtié and, low both in the valley floor and eastern
highlands. All rivers and streams carry large vagrof sediments from the mountains in the raingaes
and deposit on the valley plain.

3.3. Climate

The main feature of rainfall in the area is seakopaor distribution and variable from year to year
Rainfall distribution over the valley is bimodalibwed by the long and short rainy season thatiecn
July-October and February -April respectively. Tast of the months are generally dry. The mean hhpnt
temperatures in kobo valley vary from #2°C in December to about 35 in June. This is shown in
Appendix ATable A.6 and Table A.9.The studied area also has a monthly maximum andrmmam
sunshine of 9 hour in November and 5 hour in Jegpectively.

3.4. Land use and cover

Land use is essential in the hydrological and gdewaier studies since it is a prominent factor ieficing
the recharge. From field observation and Arial pepthe land use was identified as agriculturahare
woodland, forest, and bare land. The first two wbeedominant land uses.

3.5. Geology and Hydrogeology

3.5.1. Geology

The geology of north and central Ethiopia, whickoaincludes the current study area, is dominated by
Tertiary volcanic strata underlain by Mesozoic seghitary rocks. The dominant outcrops on the monsitai
are fissured basalts with silica varieties. Thatfigeologist in Ethiopia, Branford, 1869 classifitzt
northern Ethiopia volcanic into Ashange and Magdgataup. Two Volcanic successions occurred in the
period of Palaeocene to Miocene, recognized a8shangi and Magdala groups. (KGVDP).

The geological structure of the area is controbigdectonic events that led to the developmenhefRift
System. These events are characterized by tensmoe¢éments which gave rise to fissure volcanism
followed by block-faulting and tilting to form thescarpment zone including marginal grabens. These
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marginal grabens are narrow elongated depressiomsdied on both sides by normal faults facing each
other. The eastern and western ridges of the WajasBa and Hormat Golina bounding the plain area ar
characterized by a system of opposite dipping $auiented parallel to the plateau escarpments.

The Waja-Golesha-Hormat-Golina plain in the stuthashas a length of about 33 kilometres and a width
of about 10 to 17 kilometres. The widest basirhm dtudy area reaches to 17 km at Waja-Adis Kigmy a
the narrowest corridor is about 10 km at Kobo-Gstl#tch. The eastern margin of this graben isepst
slope fault downthrown to the west about 800 medsrmeasured from the foot of the hill to the toptee
road Kobo-Zobul all weather roads (Co-SAERAR 1999).

pression

Figure 3.2  Geology and structural map of Kobo-Girana Valleyurse geological map of Ethiopia, 1996
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3.5.2. Hydrogeology

The regional hydrogological set up of the studyaamed its surrounding can be summarized as lodalize
graben filling unconsolidated sediment composedlay, silt, sand, gravel, boulders and pebblesovab
the Ashangi group volcanic which are intern underly Mesozoic sedimentary rocks. The Trepan
volcanic and the underlying formation are strongffected by faulting and displacements prior to the
deposition of the quaternary sediments in the gralaed troughs. Regionally the Ashangi volcanictlaee
most extensive formations above the sedimentarybas

With regards to groundwater movement and stordgeepbhconsolidated sediments in the grabens and the
sedimentary rock beneath the Ashangi Group volcdx@ee high potential Although localized in
occurrence, the unconsolidated sediments arewvelatihick with good hydraulic permeability and siee
sediments get recharge from the weathered part sffargi volcanic surrounding the grabeii$ie
thickness of the sediment deposit increases asore from west to east in the vall&yeological logs of

the boreholes and the geophysical surveying reshtisv that the thickness of the sediments of the su
basins vary from about 300 m in the east to less 50 m near the mountains to the w&sie lateral and
vertical variations in grain composition of the iseeint are common everywhere in the valley attridute
mixing of the proximal and distal deposits followirilood and depositional cycles. As a result, the
unconsolidated sediment has heterogeneous aqoiferbrtically and horizontally.

Therefore, the unconsolidated sediment is rechamgethly as subsurface inflow from the locally

weathered and fractured zone of the volcanic rdckhe mountains surrounding the plain area. Major
groundwater out flow is at the Selenwuha and Godittaams out let to Danakil Depression and Mile-
Awash, respectively, in Afar Region. The outletgdhperennial flows from groundwater discharge.
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CHAPTER 4

Analysis and Model input data
preparation

4.1. Meteorological data Analysis

4.1.1. Rainfall

Rainfall records of five stations were selectedéscribe the rainfall regime of the studied valleglibela
station is located near on the western high laras qf the kobo valley and the other stations digned
linearly in North-South direction of the studieckar All stations are located outside the study axeapt
kobo station. Fifteen year rainfall records (192610) were collected for the analysis purpose isfgtudy

in order to have adequate databje A.1). The average of monthly rainfall data of the$edn years was
taken for analysisT@ble 4.7). The mean annual precipitation has a bimodatibigion with most of the
rainfall occurring during the months July to Sepbemwhile there is a short rainy season from Maech
April. The other months are generally dryg(re 4.1).Lalibela and Korem stations have a maximum mean
monthly rainfall of 277mm in July and 290mm in Agguespectively. Similarly, a maximum value of
mean annual rainfall of 968mm and a minimum valiee®4mm were recorded at Korem and Kobo
stations respectively.

Kobo annual rainfall distribution for 15 year shalviat there is minimum rainfall of about 200mm in
2001 (seerigure 4.3).This was the turning point for the governmentaidils to develop intensively Kobo
Girana Valley Development Project since the farnfigifd<o grow crops at that year. The maximum ralinf
about 1216mm was recorded in 2002 especially inntbath of March and April for a value of about
499mm and 494mm respectively.

Since Kobo, Alamata and Zoble stations are clokelgted on the floor of Raya-Kobo valley, arithroeti
mean method was used to determine the areal déptie@pitation for the study area. The weightecame
of the precipitation was calculated using equatidnwhich is resulted in 759 mm of mean annualfadlin
for the kobo valleyTable 4.1).

_ Yiz1Di

P
4 n

(4.1)

P, =Mean annual rainfall for the kobo valley (mm)
p;= Measured precipitation at a given station ane tfmm)
n= Number of rain gauges
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Table 4.1 Mean monthly rainfall distribution mm (1996-2010)

Feb

May  Jun Jul

station Jan Mar Apr Aug Sep Oct Nov Dec Annual
Alamata 3695 19.60 67.76 80.07 34.64 175 1474 22377 4618 23.30 28.90 2111 760
kobo 1291 1051  60.09 86.49 30.91 9.92 150,58  184.22 38.45 29.63 28.01 18.07 674
Korem 3038 14.02  62.68 86.25 65.33 2519 23335 284.03 74.82 a7.58 49.05 23.28 968
Zoble 3780 1247 4700 7661 5165 19.55 19274 269.23 85.87 56,59 46,76 9,56 842
lalibela 860 1011  44.01 47.75 25.16 50.92 278.16  251.57 51.30 16.51 13.96 4.44 798
300
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£
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Figure 41 Mean monthly rainfall of the stations (1996- 2010)
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Figure 4.2 Mean annual rainfalls of the stations
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Figure 4.3  Kobo station annual rainfall (19-2010
4.1.2. Temperature

To analyse the climatic variation in the high laardl low land areas of the kobo valley, Korem anthdo
stations were selected respectively. As illustratetthe Figure 4.4 , average monthly maximum temperature
of 26°c and 3% were recorded both in June at Korem and Kobdostaéspectively. On the other hand,
the average monthly maximum temperature of bottiostashow lowest record in January. The stations
have about € in their maximum temperature. The maximum tentpegain Korem ranges from 20to
26°c and in Kobo from 2°¢ to 35c. The detailed record is presentedable A.6 andTable A.8.

37
35

33
31
29
27 == kobo

25
23 Korem
21
19
17
15

mean monthly
Max.temperature (°c)

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

Figure 44  Mean Monthly Maximum Temperatures of Kobo & Koreati®n

Even though, the two stations have significantedé@hce in climatic variation, the general trenégeérage
minimum temperature variation of both stations imilar as seen irFigure 4.5 .however, the average
minimum temperature show lowest value of about@land 4°C in the month of December for both
stations and highest values of about’@9in June for kobo and 1Z in the month of July for Korem
stations. See the record in AppendixTAble A.9 andTable A.11.
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Figure 45 Mean monthly minimum temperati (oc) of Kobo and Korer
4.1.3. Wind speed

Wwind direction refers to the direction from whidfetwind is blowinglt is expressed by its direction ¢
velocity. Wind speed is the relevant variable idesrto compute evapotranspiratidrhe mean month
value show lowest record of 1.01m/s in Septembdrtéghest record of 2.02 m/s in March. See therteco
in Appendix ATable A.12.
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Figure 4.6  Mean monthly Wind speed of ko

4.1.4. Solar Radiation

Solar radiation changes large quantities of ligwdter into water vapour through the process of
evaporation. Consequently, the evapotranspirationgss is determined by the amount of energy dlaila
to vaporize waterMean sunshine hour for Kobo station is above &h&om March to May and October
to December. Minimum sunshine hour was recordeduly about 5 hours. See the other record in
Appendix ATable A.13.

4.1.5. Evapotranspiration (ET ,)

Evapotranspiration is the process in which wataetarned back to the atmosphere by a combination o
evaporation and transpiration. Potential evapopiaaison is the water loss that will occur undevegi
climatic condition without deficiency of water suppvhereas actual evapotranspiration is the amoéint
water that actually returns to the atmosphere diéipgnon the availability of water. For this study,
Penman-Monteith equation is used to estimate patemtapotranspiration from gathered weather data.
is one of the best methods since it integrateeffeet of factors such as altitude, aerodynamiesggaphic
location, and solar radiation for computation. Bwus computation, 15 year (1996-2010) meteoroldgica
data were used as an input for the ETo calculatogr@Bmme.The programme is developed by FAO (Food
and Agriculture Organization of the United Natians)
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The estimated annual Efor Kobo station as 1799mm as observedable 4.2 It is calculated based on
the Penman-Monteith method. This value is by fegdathan the annual precipitation which was reedrd
as 674mm. The monthly BBt Kobo ranges from 128mm in January to 180mm iy [BeeFigure 4.7).

Table 4.2 Computed Edof Kobo station using Penman-Monteith equation.

sunshine

Month Tmax({.) T minC) (hour/day) Eix (Mmm/day) Ky (mm/month)
Jan 26.78 12.66 7.77 4.13 128.13
Feb 29.01 13.05 7.81 4.75 132.91
Mar 29.79 14.52 8.45 5.21 161.41
Apr 30.92 15.59 8.48 5.48 164.40
May 33.15 16.43 8.75 5.81 180.01
Jun 34.01 17.99 6.51 5.34 160.20
Jul 31.59 17.90 5.15 4.75 147.15
Aug 30.46 16.89 5.88 4.81 149.01
Sep 30.51 15.04 6.77 5.01 150.20
Oct 29.79 13.56 8.35 4.99 154.59
Nov 28.79 12.46 9.36 4.69 140.80
Dec 27.21 12.02 8.59 4.21 130.61
Average 30 15 8 5 1799

Perman-Montheith equation was used in tg E@llculations with the values for Angstrom's
Coefficients: a =0.25 and b = 0.5.
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Figure 4.7  Precipitation (P), potential evapotranspiration ¢e@nd average monthly Temperaturg,gr
for Kobo station (1996 t0201
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Actual evapotranspiration

Actual evapotranspiration is the amount of wateat #rctually returns to the atmosphere dependinthen
availability of water.

The Turc, Langbein and Wundit empirical formula wased to estimate the mean areal actual
evapotranspiration of the valley of the studiedira& widely used formula to estimate annual values of
ETa for catchment areas and it represents all ifiereht climates including Africa (Shaw, 1994).The
formula takes into consideration mean annual pitipn and mean annual temperature of the catchmen
area Turc showed that the formula could be appliedumitd and arid climates, either hot or cold (Shaw,
1994).

P
09+ L@
Where,
E: mean annual evapotranspiration (mm)
P: mean annual precipitation (mm)

t: mean aaniemperaturec)
L (t) = 38@5t + 0.05t

The mean annual actual evapotranspiration of thHwo kalley was calculated as 704mm according to
equation 4.2.

4.2. Groundwater recharge estimation

4.2.1. Water Balance Method

Groundwater recharge is defined as the entry mtoshturated zone of water made available at therwa
table surface together with the associated flowyafin@an the water table within the saturated zomedEe

& Cherry, 1979). Quantifying the rate of rechargeauifer is the most difficult of all measurestire
evaluation of groundwater resources. Estimationgaiundwater recharge requires modelling of the
interaction between all the important processeaieénhydrological cycle such as precipitation, trdition,
surface runoff, evapotranspiration, soil moisturel groundwater level variations (Jyrkama and Sykes,
2007).

Meteorological data limitation together with absenaf hydrological data within this basin made the
estimation of groundwater recharge very toughhls study, recharge was estimated using water talan
method.

Thus, the groundwater recharge for the valley aagabe calculated using simple water balance method
R=P-ETa + Sr -S 4.3

Where, P: Annual pre@fian (mm)
ETa: Annual Aat evapotranspiration (mm)
Sr: Annualrtage runoff (mm)
R: Rechatggroundwater (mm /year)
S: Soil mmiwire content (mm)

The valley floor including its escarpment receivektively low annual precipitation (759mm) and has
annual actual evapotranspiration (704mm). Rechiargfeés area is generally assumed to be very mimmu
from direct precipitation. However, the valley flogets recharge from runoff along escarpments and
stream leakage which flow down the highlands. Tureoff from the highland area flow out to the valley
floor along two mainstream channels, Golina andniviie streams, and few along Keleklit stream.
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Thus, the amount of recharge to the valley floar loa estimated in two ways;

+ The direct recharge which is surplus of evapotreagspn and soil moisture considering that

insignificant runoff over the valley plain.

4« The indirect recharge from runoff along the vaksgarpment.
The direct recharge was calculated as 33mm/yeangusqguation (4.2) and the soil moisture content
(22mm) was adopted from Co-SAESAR (1999) which s@®puted from SCS model, while the indirect
recharge was assumed 40% of the runoff from thdewabscarpment considering the catchment
characteristics of the valley and previous hydriwalyreports of Co-SAESAR (1999).

According to RVPD (1998), the runoff coefficient fihe escarpments was estimated between 0.1320 0.2
Assuming 15% of the precipitation as annual rurfpff4mm), the indirect recharge was 46mm/year. The
total recharge for the kobo valley was the sumhef direct and indirect recharge which was resulted
79mm/year.

4.2.2. Darcy Approach

This approach considers groundwater flux throudtow width perpendicular to the general gradient of
groundwater flow. The annual discharge of this gowater can be estimated using the following foanul

Q=365+« T+ 1xB 4.4

Where Q = discharge {fyear)
T = Transmissivity (m2/day)
| = hydraulic gradient
B = groundwater flow channel width (m).

Table 4.3  Darcy approach recharges estimation of Hormat-@aimd Waja-Golesha sub-basins

Slop  of
Difference in water GW long Average Flow
Flow Flow line table elevation alongthe major Transmissivity N
Sub-basin width(m) length(m) the flow line(m) flow line (m2/day)
Hormat-Golena 16680 13000 155 0.0119 600 44
Waja-Golesha 13000 14000 118 0.00843 600 24
Total 68

Source: KGVDP Hydrogeology report

Another recharge source to the valley area is tirdittration from precipitation mainly during toential
rain falls. The annual precipitation was calculagsd759mm. In this study the annual infiltratioteres
taken to be about 5% (38 mm) of the precipitatiasdal on hydrology report of Co-SAESAR (199B)e
surface area of the plain area of Waja-Golesha Hodnat-Golina sub-basins is 165 and 231 km2,
respectively. The plain areas of the sub-basinsewdslineated by using Global Mapper software.
Therefore, the direct infiltration on these subitsss estimated to be about 9 MCM for Hormat-Galin
and about 6 MCM for Waja-Golesha.

In conclusion, the total recharge in Waja-GolesdtNICM) and Hormat-Golina (53 MCM) sub-basins of
Kobo valley is estimated to amount 83 MCM.

4.3. Pump test data Analysis.

Pumping test is a scientific approach where theigglavater storage and movement is expressed on terms
of the physical and hydraulic properties of theitsgjusystem. Aquifers are groundwater reservoir ighe
the lateral continuity and vertical boundaries afeen not well defined. Since direct observation of
groundwater movement is impossible, mathematicallyais offers a convenient and reliable way to
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predict what happens to water in the ground. ltherefore, imperative to derive simple mathematical
expressions for describing the flow region of waiterthe subsurface. Groundwater declining due to
pumping can be defined with different well flow edjons which are developed for steady state and
unsteady state flows for various types of aquif@nsl boundary conditions. Together with the basic
assumptions and conditions for steady and unstetadg flows, the equations are presented in tivet f
mathematical form for practical application.

In this study, the main objective of collecting purtest data was to determine the aquifer hydraulic
parameters such as transmissivity and hydraulidwctivity, which later used as one of the modelinp
parameters. The aquifer parameters are importahiegggive an understanding of the groundwater flow
the system. Kruseman and de Ridder (1992), sugh#fst generally all the analytical methods assumed
the aquifer is homogenous and isotropic, groundw#tev is horizontal and Darcy’'s law is valid,
discharged at constant rate, fully penetrating wélvery small diameter and geologic formations are
horizontal and have infinite horizontal extent. GEngineering Service (GES, 2003) and Metaferia
Consulting Engineers (MCE, 2009) were conductedespamping test analysis for the alluvial aquifer of
the kobo valley.

The aquifers in the study area are mainly Quatgraluvial deposits, and fractured and weatherezalis
Totally 70 boreholes were inventoried in this stuahd almost all were sunk in the alluvial sediments
aquifer with the exception of very few boreholeschhare located in the volcanic aquifer. Howeveosm

of the early constructed boreholes have incomplata. All the boreholes were sunk in the alluvigliéer.
Among these boreholes, 10 of them have observat@in(SeeTable B.1).

The pumping test data show that the constant tastamnducted for 72 hours for most of the boreholes
The data obtained by measuring the drawdown atg@eslocation outside the pumping well only permit
calculation of the average permeability, transmaigsand storability (coefficient of storage) oftlaquifer.
The need of two or more observation wells at d#férdistances is to analyze the time- drawdown and
distance-drawdown relationships. The value of trassivity and storage coefficient is important hesa
they define the hydraulic characteristics of a waearing formations. The transmissivity value aades
how much water will move through the formation dhne coefficient of storage indicates how much can b
removed by pumping or draining. The distance drawdourve helps for the determination of the effafct
pumping at any distance from the pumped well.

All the hydraulic parameters were taken from Kolica@a Valley Development Project office (Sele
B.1).
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CHAPTER 5

Groundwater Modelling of Kobo Valley

5.1. Introduction

Gathering and assemblages of relevant hydro gesalbdata is crucial for proper groundwater modgllin
This process includes identifying hydrostratigraplmits, estimating transmisivity values, defingygtem
boundaries, etc.

There are two areas of hydrogeology where we neeely on models of real hydro geological system: t
understand why a flow system is behaving in a @algr observed manner and to predict how a flow
system is behaving (Fetter, 2001). There are skwens to classify groundwater flow models, modela

be either transient or steady state and one, tvloree spatial dimension. Steady state flow ocedsn at
any point in a flow field the magnitude and direntiof the flow are constant with time (Anderson and
Woessner, 1992).

In order to have confidence in model simulatioruhss realistic model inputs and better understagdif

the hydrologic system of the studied area are iaipar. In this chapter, the aquifer system of kubley
was modeled using PMWINPro (Chiang et al., 1998) as pre —and post — processoMODFLOW
(McDonald and Harbaugh, 1988) assuming steady-statelition. The aquifer was modeled under
unconfined condition and confined condition repnésd by a two layer with varying thickness. A geill
size of 300m x 400m was used. Model area and #eatbns of the top layer were delineated by the
ASTER DEM optimization and use of the topographigpsi Aquifer properties were adopted from the
results of the pumping test data analysis. Rechartfee major component of the system was congidere
take place as direct infiltration of precipitatidor the entire model area and further inflow frohe t
surrounding hills. Simplified water balance metteol Darcy's approach were employed to estimate the
recharge. Trial and error method was used to eaétthe model using the observed hydraulic head.

5.1.1. The modelling Process

To ensure that the modelling study is conductedectly, it is important to use a proper modelling
methodology. This is also increase confidence énr#sults of the model (Anderson and Woessner,)1992
The modelling protocol suggested by Anderson an@é$&ioer (1992) was followed to come up with good
result Figure 5.1).
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Figure 5.1  Steps in modelling protocol (after Anderson and ¥é¢oer, 1992).

5.2. Conceptual Model

Developing the appropriate conceptual model foivargproblem is one of the most imperative stepfidn
modelling process. Over simplification may leadatonodel that lacks the required information, while
under simplification may result in the lack of datuired for model calibration. A conceptual model
describes how water enters an aquifer system, fibma@ugh the aquifer system and leaves the aquifer
system. Briefly, it describes the hydrologic systeith respect to aquifer properties, flow charastas

and boundary conditions. According to Anderson @akssner (1992) there are three steps in building a
conceptual model: defining hydrostratigraphic ungseparing a water budget and defining the flow
system.

Even though, there was very limited data partidultor Waja-Golesh sub-basin; a simplified conceptu
model was developed for both sub-basins for thergieater flow system in Kobo valley. To develop the
conceptual model, some simplifying assumptions weaee. The assumptions include: the model consists
of two layers, the model is two dimensional, thaitey is unconfined and confined with varying thiess
and, the groundwater flow is horizontal.

In principle the groundwater flow and contaminardansport in porous medium domain are three-
dimensional. However, when considering regionabfmms, one should note that because of the ratio of
aquifer thickness to horizontal length, the flowthre aquifer is practically horizontal. The horitain
dimension may be from tens to hundreds of kilonsatéth a thickness of tens to hundreds of meteea(B
1979).
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Simplification is important because complete retmtsion of the filed system is not feasible. The
conceptual model should be simplified as much asipte while it is still remains complex enough to
represent the system behavior (Anderson and Waest8@2). In this study, to simplify the complex

nature of the two sub-basins, a simplified concalplydro geological model of the groundwater system
was developed based on information about geologirogeology and hydrology.

The system is considered in a steady- state thmuighe year for the modeling purpose. The sirgdifi
conceptual groundwater system of the two-basishasvn inFigure 5.2 .

Alluvial deposit

Basalts

Figure 5.2  Schematic diagram illustrating the simplified copiceal model.
P = Precipitation, ET = Evapotranspiration, | =iltrdition, SR = Surface runoff without defined cheh
RGF = Regional groundwater flow path, GFD = Grouatiw flow direction

Waja-Golesh
sub-basin

Selemwuba
outiet

Harmat River

"‘ Golina River

Hormat-Golina
sub-basin

olina
outlet

Figure 5.3  Simplified Conceptual model taken from Global Mapp.
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5.2.1. Boundary Conditions

Boundary conditions are constraints imposed onntloglel grid that express the nature of the physical
boundaries of the aquifer being modelled. Boundanditions have great influence on the computatns
heads within the model area. Anderson and Woest#9?2) defined three types of mathematical
conditions used to represent hydro geological baties!:

« Specified head boundaries (Dirichlet conditions)

« Specified flow boundaries (Neuman conditions)

+ Head-dependent flow boundaries (Cauchy or mixedlitions)

Boundary conditions are mathematical statement<ifypey the dependent variable (head) or the

derivative of the dependent variable (flux) at theundaries of the problem domain. In steady-state
simulation, the boundaries largely determine tlosvflpattern. Therefore, correct selection of boupdar

conditions is a critical step in model design (Arsde and Woessner, 1992).

The lateral boundaries of the model area are: reitioeflow or head dependent flux boundaries. Even
though water may enter in to the alluvial sedinfemtn the surrounding mountainous areas at the cgnta
no-flow boundaries are assigned to the model aktlageas except for the fractured zones and stvedm
boundaries, assuming that minimum or no groundweaxtégr in to the modelled area from the ridges. The
location of head-dependent flux boundary for thedgtarea is assumed at the localities of the fractu
zones of the surrounding ridges along valley chisnaied gullies. Topographically low areas alongalhi
surface water and groundwater outflow are alsoidensd as the head dependent flux boundary and the
model is simulated with the General-Head-Bound&hiiB) module of the MODFLOW at these localities.
Similar boundary conditions are considered for Bagters of the model.

The top boundary of the model, the upper boundaigyer-1, was simulated as a free surface boundary
which include specified-flux and head-dependent fhoundary cells. The specified-flux boundary is th
areally applied groundwater recharge and the hepéstent boundary represents springs and grourdwate
seeps from river beds. Recharge was specified mmadated with the recharge (RCH) module; Golina
River was simulated with river (River) module. Tihattom boundary of the model is a specified oovl
boundary. This no-flow boundary is located wheredhuifer comes in to contact with massive bedrock.

5.2.2. Stratigraphic Units

Identification of hydrostratigraphic units is cratiin determining the number of layers controlling
groundwater flow within the system. A hydrostradighic unit is comprised of geological units of dani
hydro geological properties. Numerous geologicdtisumay be grouped together or a single formatiay m
be subdivided into different aquifers and aquitg/Aisderson and Woessner, 1992).

Layer-1 correspond the entire alluvial sediment&tvinange in thickness from around 50m near thaldiv

of the two sub-basins near Kobo area to 270m atr@leBolesha and 246m at the area downstream of
Abuare and Gedemeyu Villages where clay and s#itpgedominant. The weathered bedrock underlying
the alluvial sediment of the area is taken as Layd-the model which has an average thickness wof. 40
(SeeFigure 5.6)

5.2.3. Sources and sinks of the Model area

The main groundwater source for this studied vaildegirect recharge from precipitation that fallthe
highlands and the valley floor. However, the valflepr gets additional recharge from surface rummbding
the escarpments and from stream leakages that thmairhighlands. The primary output or sink is
groundwater outflow in the form of base flow at ®aloutlet and Selenwuha outlet for Hormat-Golind a
Waja-Golesha sub-basin respectively (Sigere 5.3).

Recharge

Groundwater recharge was estimated using watentalmethod and Darcy's approach which is discussed
in section 4.2. As observed from field visit, thame no recharging wells in the study area. Thhawge
from excess irrigation is assumed to be negligible.
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Groundwater outflow/sinks

The ways of groundwater discharge from the aqufstem is mainly by discharge to streams. The main
stream (Golina) that drains the western highlarets ds base flow from the volcanic aquifer andséss
some amount when it reaches the valley floor (lhevial deposits). However, near the out let to Aita
gains some amount as it was evidenced from inadefisey during field visit. On the other hand, the
Hormat stream collects some seepage flows fromwhstern highlands and loses into the alluvial
sediments along the stream course S@ee 5.4 ).

Figure 5.4  Golina river near the outlet to A.

Evapotranspiration from the groundwater system lsanassumed to be negligible, since there are no
significant groundwater discharge areas such ashmay swamps, and/or lakes within the basin.

The river package is designed to simulate the effédlow between rivers and aquifers based on the
following relations:

QRIV = CRIV (HRIV 3 h For h>RBOT 5.1
QRIV = CRIV (HRIV -BOT)  For h<= RBOT 5.2
CRIV = X% 5.3
M

Where:
QRIV = rate of leakage betweenrther and aquifer [ET™]
CRIV = hydraulic conductance foé tiver bed [ET™]
HRIV = head in the river [L]
h = hydraulic head it {le]
RBOT = elevation of the bottofrthe riverbed [L]
K = hydraulic conductivbf the riverbed material [LT]
L = length of the rivsithin a cell [L]
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W = width of the rivid
M = thickness of theerbed [L]

Data were taken for the river conductance calmraalong the longitudinal of the Golina and Hormat
rivers .The hydraulic conductivity was also adogtedn literature.

Groundwater has been abstracted for irrigationveatdr supply purposes. However, there is no recbrde
data regarding the abstraction rate and duratigouaiping from the wells. According to the infornaati
from KGVDP office, Kobo town water supply office gioperators, the amount of water abstracted from
the wells was estimated to be 5 Fjh (seeTable 5.1).
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Table 5.1 The estimated amount of water abstracted from lobestper annual

Irrigation boreholes (water used per crop season)

Discha Jan Feb Mar Apr May Jun
Well ID  rge(l/s) (24*6hrs) (24*12hrs) (24*16hrs) (24*16hrs) (24*14hrs) (24*12hrs) m3/annual m3/day
HG1 51 26438 52877 70502 70502 61690 52877 334886 17 9
HG2 51 26438 52877 70502 70502 61690 52877 334886 17 9
HG6 50 25920 51840 69120 69120 60480 51840 32832000 9
HG7 50 25920 51840 69120 69120 60480 51840 32832000 9
HGS8 50 25920 51840 69120 69120 60480 51840 32832000 9
HG9 10 5184 10368 13824 13824 12096 10368 65664 180
Hgl10 34 17626 35251 47002 47002 41126 35251 22325812
TW1 7 3629 7258 9677 9677 8467 7258 45965 126
Zelekel 50 25920 51840 69120 69120 60480 51840 283 900
Zeleke2 50 25920 51840 69120 69120 60480 51840 283 900
WG1 51 26438 52877 70502 70502 61690 52877 334886 17 9
WG2 40 20736 41472 55296 55296 48384 41472 262656 20 7
WG4 52 26957 53914 71885 71885 62899 53914 34145335 9
WG5 52 26957 53914 71885 71885 62899 53914 34145335 9
WG14 25 12960 25920 34560 34560 30240 25920 164160150
Kobo town water supply bore holes
K1 10 10 x 8hrs x365d 105120 288
K5 38 38 x 8hrs x365d 399456 1094
K6 38 38 x 8hrs x365d 399456 1094
Kobo Rural Water Supply bore holes
K37 25 2.5 x 8hrs x365d 26280 72
K38 4.2 4.2 x 8hrs x365d 44150 121
K42 4.5 4.5x 8hrs x365d 47304 130

d = average pumping daysmpenth, hrs = pumping hours per day
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5.2.4. The Model area

The modelled area is 30 by 40 km from UTM 555000n585000m and 1323000m to 1363000m
Easting and Northing respectively. It contains émtire two sub-basins, Hormat-Golina and Waja-
Golesha, located in the South and North respegti{yeFigure5.5). The model uses a grid size of
300m by 400m and contains: two layers, 100 colum®§ rows and 10,000 cells in each layer
originally. After refining the grid sizes aroundetimain aquifer areas, it was split in to 148 colamn
and 145 rows and 21,460 cells in each layer. THegular shape and the locally bounded nature of
the aquifers of the study area reduced the nunibactive cells in the model. Even though the whole
catchments of the two sub-basins of Hormat-Golima Waja-Golesha is wider, it is only the alluvial
plain and underlying weathered bedrock modelled enigally so that the modelled area is narrower
than the entire catchments area for the sub-béskigure 5.5.
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Legend
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Riwver

TR 5 SRIETND RESnnn

1 THH HH 15000 @en  MMeter

Figure 5.5 Plan View of the Entire Modelled Area
5.2.5. Aquifer Geometry

The aquifer was descritized vertically in to two/des (layer-1 and layerfgure 5.6). Layer-1
correspond the entire alluvial sediments which eaimgthickness from around 50m near the divide of
the two sub-basins near Kobo area to 270m at Gebtlesha and 246m at the area downstream of
Abuare and Gedemeyu Villages where clay and st mredominant. The weathered bedrock
underlying the alluvial sediment of the area isetalas Laye-2 of the model which has an average
thickness of 40m.
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Figure 5.6  Cross-Sectional View of the Model Area along Linertd to South of Fig. 5-5

5.3. Numerical Model

Numerical model development allows for a detailedlgsis of the movement of water through the
hydrologic units that constitute the groundwateswfl system. The groundwater flow in the
unconsolidated deposit of the Kobo valley was satad using the U.S. Geological Survey modular
three — dimensional finite- difference groundwatesw model, MODFLOW (McDonald and
Harbaugh, 1988). This numerical modelling was penéxl using the interface of Processing Modflow
Pro (PMWIN Pro), Version 8.0 (Chiang and Kinzelbach, 2001) asecedvironments for the data
input and output managemem®MWN Pro supports MODFLOW- 2000, PEST- ASP, different
packages, and models/programs. It is founded onphlysical theory of groundwater movement:
Darcy’s law and the continuity equation. The steatgte groundwater flow is simulated based on the
following governing differential equation under twalimensional aerial view (Anderson and
Woessner, 1992).

L
axLl ¥ ax
Where:
Kx and Ky = Components of the hydraetimductivity along x, and y axes [L'T
R = Flux per unit volume representingrses/sinks term [1]
h = Hydraulic head [L]

5.3.1. Data input for the Model

d

2+ sk 5] +r=0 5.4

The input data that were previously processed amadyzed in chapter four were simulated by the
model in accordance to how the computer code rlihe. model was assumed to simulate the
conceptual model. The processed DEM (aquifer tepation) was imported in to the model after
defining the model area and boundary conditionse Bbttom elevation was taken from the cross-
sections.The cross —sections are selected, in such a washi&olcanic and the alluvial aquifers are
hydraulically connected. The General Head boundangdition was used to estimate the inflow from
the mountain to the alluvial plain. The hydraulanductivity values from the pumping test analygis o
the alluvial aquifer were used as initial values fbis aquifer in the model input. Due to data
limitation, only 35 borehole coordinates and obedrwater level were imported to the model for
calibration purpose.
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5.3.2. Model execution and Calibration

Model calibration is the process of making adjusttsewithin justifiable ranges, to initial estinti

of selected model parameters to obtain reasongbdement between simulated and measured values.
It requires the entry of organized input data it® selected computer code, and interpretatiohef t
model results. These results were compared witledlibration target and if the error in the simatht
results is acceptable, the model is consideredalitsrated; if the level of error is unacceptables t
input parameter values are adjusted within a reddenranges and the model is run again until
acceptable results are achieved. The model ruistigtinteractive method.

5.3.3. Calibration target and Uncertainty

In this study, the measured hydraulic heads froanfifld were used as a calibration value. The main
purpose of calibration was to match the simulateddhby the model with the measured head.
However, most of the measured head data and umtgrad the model are associated with errors.
This is due to:-

« Measurement errors related to measuring deviceopardhtor/user.
« Errors due to averaging ground surface elevatimms fligital elevation models (DEM).
« The water level measurements are single time meamsunt.

Because of data limitation on the Waja-Goleshalsasgin, the calibration mainly focuses on the
Hormat-Golina sub-basin. Due to all uncertaintegzdibration becomes a challenging and tough task.
The standard deviation of the groundwater levebwefjround surface from measured groundwater
level showed a value of near to 7m. It was readen@baccept a RMS error of 7m as calibration
target due to the cumulative effect of the mentibmecertainties in the input data (see Appendix
C Table C.1).

5.3.4. Trial and Error Calibration
Trial- and — error calibration was the first teacfue to be used and is still the technique prefeosed
most users (Anderson and Woessner, 1992). It ipribeess of manual adjustment of input parameters
until the model simulates the measured heads withinge of the error criteria. The model was
calibrated for steady- state conditions, assummgsiant recharge and steady discharge neglecting
seasonal fluctuations. Calibration was done throtrgth and error by changing aquifer hydraulic
conductivity, recharge and river bed material catdoce values. The steps followed for the trial-
and-error calibration is shown iigure 5.7 .

Measured CALIBRATED
FIELD SYSTEM t o
| - —* MODEL
Estimation of -
—_—
Parameters ERROE
ANAL VSIS
L3
NUMERICAL Computed ; b ey
MODEL outpat Unacceptable | PARAMETER
error ADJUSTMENT
New parameter

estimation

Figure 5.7  Trial and error calibration procedures (adaptechfAnderson and Woessner, 1992)
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5.3.5. Evaluation of calibration

The results of the calibration should be evalusieith qualitatively and quantitatively (Anderson and
Woessner, 1992). The mean of the observed andatieduheads differences was used to quantify the
average error in the calibration process. The tiwags of expressing the average difference between
simulated heads ¢hand measured headsmjhare the mean error (ME), the mean absolute error
(MAE) and the root mean square error (RMS). Thenntaiget of the calibration is to minimize these
error values.

n
1
ME == Z (R — hs) 5.5

Nj=1

The mean difference between measured heads anthtsohu

n
1
MAE =~ " |(hmi = hs) | 5.6
Ni=1
The mean of the absolute value of the differenedse measured and simulated heads

n

1 2
RMSE = |- Z (hmi — hsy) 5.7

Ni=1

The average of the squared differences in measum@dimulated heads (See AppendiXaBle C.1).
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Figure 5.8  Graphical comparison between the observed and aietlheads

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

The calibrated fit between the observed and siradlaeads by the model generated scatter diagram is
shown inFigure 5.9 .The scatter plot has a value of RMSE of about 7m.
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Figure 5.9  The scatter diagram showing the comparison of mmedsand simulated heads

The differences in simulated and observed headsbutated in Appendix Grable C.1.Table C.1
Comparison of the Observed and Simulated Head&aod Calculation

. The summary of the error analysis for the catdmtanodel is shown imable 5.2
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Table 5.2 Error summary for the calibrated model

Type of error Value (m)
ME -1
MAE 6
RMSE 7
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CHAPTER 6

Result and Discussion

6.1. Results

6.1.1. Water Budget of the model domain

The water budget for steady-state simulation is@@d (inflow minus outflow) within a percent
discrepancy of [%] 0.00. In the model area, théowmfterm includes the recharge and head dependent
boundary whereas, the outflow term includes weil&r leakage and head dependent boundary. The
water budget is calculated by water budget todM@DFLOW. The model result shows both inflow
and outflow are in balance which is consistent \thih steady-state modelling theory (Seble 6.1).

The inflow-outflow balance simulated under the ntic& model has some differences with that of
the conceptual model. The balance for simulated1i8MCM for inflow which is similar to the
outflow where as the balance for conceptual mode5MCM for inflow which is equal to the
outflow. The balance difference between the tw®38ICM which favours for the simulated balance.
On the other hand, the simulated in flow 118 MCMlizse to the valve of annual recharge of Kobo
valley 119MCM calculated by CO-SAERAR study whictasvpreviously discussed in Literature
review. This difference might be resulted from eitfrom the data gap found during the analysis of
the conceptual model as the pumping test for thaedks drilled at the inlet and outlet areas of tive
sub-basins is not conducted to evaluate the sudrmuimflow-outflow.

Table6.1  Water budget of the entire model domain ifat

Flow term IN ouT IN-OUT

wells 0 5192 -5192
Recharge 104232 0 104232
River leakage 0 57456 -57456
Head dependent bounds 218905 260489 -41584
Sum 323137 323137 0

DISCREPANCY [%] 0.00
6.1.2. Sensitivity Analysis

Sensitivity analysis is the measure of uncertaintyhe calibrated model caused by uncertainty in
aquifer parameters and boundary conditions. Seitgithnalysis was performed by systematically
changing the calibrated values of conditions (Aedarand Woessner, 1992). The main objective of a
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sensitivity analysis is to understand the influeatgarious model input parameters and hydrological
stresses on the aquifer system and to identifyribst sensible parameter(s), which will need a speci
attention in future studies. By running the calibcamodel for the respective changed values of the
input parameter and comparing the result with thidated head, the parameter(s) sensitive to the
model was established. The parameter values watedvavithin a reasonable range. Thus, it is
important step in modelling studie&ccordingly, the model in this studied area is higbensitive
with decrease of the calibrated recharge and hjidreenductivity values and relatively less sensiti
with increasing these values which result in loR&S error.

6.1.3. Pumping Scenario Analysis

In order to evaluate the response of the groundveystem under different groundwater abstraction
rates, pumping scenario analysis were computed.gfbendwater system response was compared
with resulting changes in water level (drawdownyl @moundwater outflow from the model domain.
Even though, there was limitation in recording datav the groundwater has been abstracted
currently, some estimation was done based on tf@nation gained from project area. Three
scenarios were used for analyses of the impacttfoperation on drawdown: 1) current situation: 11
wells are operated simultaneously; 2) 35 wells @perated simultaneously and 3) 70 wells are
operated simultaneously.

A total of about 27878 fd’ of abstracted water was used in scenario-one terebshe effect
pumping on the calibrated model. (See Appendixdbie D.1).

In scenario-two, a total of 55825°dt groundwater was assumed to be abstracted frono&hdles

in order to see the effect of increased groundwdigscrharge over the concentrated boreholes as
compared to model result (S@able D.2).The amount of water abstracted in scenario- tvas w
increased by 50% from the amount used in scenamie-

The model simulation result for scenario-one haswshthat for a total of 27878 i of abstracted
water from 35 boreholes was resulted in an avedagkne of groundwater level at the pumping well
by about 14m for the entire model area. Howeves, dacline in head slightly exceeds 25m at the
borehole HG8 (Setable 6.2).

In scenario-two, for a total of 55825%i1 of abstracted water from 70 boreholes, the model
simulation resulted in an average decline of wadsel by 32m for the entire model domain.
Similarly, the decline in head reaches 45m at bweehiHG8. Generally, the effect of increased
groundwater abstraction is more pronounced in asb@se there are more boreholes at close distance.
The detailed average decline in groundwater heatldth scenario-one and scenario-two can be seen
In Table D.3

Table 6.2  Estimated groundwater abstraction rate and theageedecline in groundwater level for
different pumping scenarios

Average decline in head (m)
Number of bore holes  Total discharge (fd™')  due to abstraction.

Current situation 11 5192 7
Scenario-one 35 27878 14
Scenario-two 70 55825 32
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Figure 6.1  The model simulated groundwater heads for pumpiegario-one
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Figure 6.2  The model simulated groundwater heads for pumpiegario-two

Model simulated groundwater budget for different pumping scenarios

The model simulated groundwater budgets for diffemumping scenarios were processed for Kobo
valley and the model results were showmanle 6.3 andTable 6.4.
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Table6.3  Simulated water budget of Kobo-valley for scename in mid™*

Flow term IN ouT IN-OUT

wells 0 27878 -27878
Recharge 104232 0 104232
River leakage 0 57297 -57297
Head dependent bounds 227872 246929 -19057
Sum 332104 332104 0

DISCREPANCY [%]  0.00

Table6.4  Simulated water budget of Kobo-valley for scenawo-in ntd*

Flow term IN ouT IN-OUT

wells 0 55825 -55825
Recharge 104232 0 104232
River leakage 0 57291 -57291
Head dependent bounds 241064 232180 8884
Sum 345296 345296 0

DISCREPANCY [%]  0.00

Graphic comparison of the hydraulic heads simulatedinder different pumping scenarios

To compare the variation in head distributiott® model generated hydraulic heads under different
scenarios were plotted together. ($&@re 6.3)
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II.:igure 6.3 Comparison between the observed and simulated loéaliféerent scenarios

The decline in hydraulic head under both scenaves more pronounced Hormat-Golina sub-basin of
kobo valley, where there are relatively large nurelbs discharging boreholes, which are closer to
each other.
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Figure 6.4  The scatter plots of simulated versus observeddieadlifferent pumping scenarios

6.1.4. Estimation of Radius of influence and well i nterference

Radius of influence

The radius of influence of a pumping well can beéedwined in steady state for different aquifer
systems (confined and unconfined).Radius of infbeeis the horizontal distance from the centre of a
well to the limit of the cone of depression. Icaculated using different groundwater flow equagio
For this study, a drawdown less than 20 % of thasmeed drawdown in the pumping well is taken as
stabilized or insignificant drawdown based on thanp test data analysis which was conducted
previously by Geo Engineering Service (GES, 2008) Metaferia Consulting Engineers (MCE,
2009). The radius of influence is used for fututanpof boreholes drilling. Fromable E.1, It was
seen that 12 wells had higher drawdown than the 2B&wdown at scenario-two based on the
calculated draw downs of Hormat-Golina sub-basin.
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Well interference

Interference of the cone of depression of wellsegacloser to another will increase the drawdown in
each well and consequently decrease the dischagevell. In order to estimate the drawdown
interference of hypothetical wells for planning pose, Muskat, (1937) formula was applied for two

identical wells at a distance B apart. Well integfece is computed for two identical wells in Hormat
Golina sub-basin for future well locations as follo

_ Nk(d*-h,”)

7 5.8
2.3log (r— B)

Where Q = the discharge (m3/d)

h,, = water column in the pumping wells (m)

1, = Well radius (m)

R = Radius of influence (m)

d = Saturated thickness (m)

k = Hydraulic conductivity of the agexf(m/d)

B = well interference distance betwaeo wells (m)
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Figure 6.5 well interference in Hormat-Golina sub-basin
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Table 6.5  Well interference computation in Hormat-Golina dadsin

Parameters Hormat-Golina sub-basin
Type of aquifer Unconfined
Radius of influence (m) * 250
Well interference distance (m) * 500
Discharge (m3/day) 4320
Radius of well (m) 0.254
Average depth (m) 142
Average SWL (m) 47
Average saturated thickness (m) 95
Average hydraulic conductivity

(m/day) 7.08
Calculated hw (m) 88.44

Calculated drawdown at 250m
from the pumping well(m) 6.56

Source: Pump test data

* Assumed values

Based on the calculated horizontal distance, tpages of wells (K6-HG6, K6-HG1 & HG6-HGS8)
have a radius of influence (209m,229m &235m) I&ss 250m respectively. The horizontal distance
between two wells was calculated by taking the sejuaot of the square sum of distances in Northing
and Easting Hence; the drawdown of these wellsréaitgr than the stabilized 20% drawdown at
scenario-two. All wells have a drawdown less th@fodn scenario-one. From the field visit, it was
mentioned that well HG8 has a problem in dischalggrease from initial 50l/s to 26 I/s. The model
simulation also indicated that HG8 had a maximuawdiown of 26m and 45m in scenario-one and
scenario-two respectively (Sexble E.1).Therefore the well interference and the abswactf all
wells at a time is one of the causes for discheegdine.

6.1.5. Groundwater Reserve in Kobo Valley

The total subsurface water reserve is a functiogatifirated thickness and storage coefficient/specif

yield. The aquifer system is generalized into watdile aquifer of the sediment. The average
saturated thickness is 139 m in Waja-Golesha andm9%n Hormat-Golina sub basins. The

groundwater reserve is computed applying the faligviormula.

V=SyxAxH 5.9
Where V= Reserve {in
Sy = Specific yield (0.1 for kobo vallgken from pump test data)
A = surface area of the aquifef)m
H = saturated thickness (m)

The groundwater reserve in Waja- Golesha and He@udina sub basins is summarizedrible 6.6
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Table 6.6  Groundwater reserve in Kobo valley

GW potential area Average saturated Allowable

Sub-basin (km2) thickness(m) extraction (MCM)
Hormat-Golena 127 95 1207
Waja-Golesha 86 139 1190
Total 213 2397

Source: Pump test data and this study.
6.1.6. Estimation of Allowable Exploitation of Grou ndwater
In this study, the allowable extraction of groundisvas taken to be 60% of the saturated thicknéss o

the sediment. Accordingly, the exploitable amounvater reaches 714 MCM and 724MCM in Waja-
Golesha and Hormat-Golina sub basins of the Kobtleyaespectively. Estimated abstraction is

summarized irmable 6.7.

Table 6.7  Allowable abstraction for 60% drawdown of the sated thickness in Kobo Valley

GW potential area Number of existing 60% saturated Allowable

Sub-basin (km2) wells thickness (m) extraction (MCM)
Hormat-Golena 127 48 57 724
Waja-Golesha 86 22 83 714
Total 213 70 1438

Source: Pump test data and this study.

According to the availability of the exploitableogindwater amount, the number of irrigation wells to
be used in each sub basin is determinethiite 6.8 considering the following assumptions.
+ 60% of the available groundwater amount will beti@zsed on annual basis within 15 years
period.
+ Annual groundwater abstraction from the wells Wil only for six months dry period from
January to June.
+ Annual groundwater abstraction from each well w#l 0.8 MCM when used for six months;
which means the abstraction rate from each welsimed to be 50 lit/sec.
The annual recharge for each sub-basin calculatesing Darcy's approach was used to estimate the
number of wells in kobo valley. This total recha@MCM) is less than the model calculated
recharge (118MCM).The estimation of number of walighe valley has good safety factor since
calculation is made on the smaller recharge.

Table 6.8  Estimation of the Available Groundwater Potentiadl &lumber of Wells in Kobo Valley

Currently
15 years Annual Total Total Existing Additional
Abstraction Annual Recharge  Annual number of number of Proposed
Sub-basin (MCM) (MCM) (MCM) (MCM) wells wells Wells
Hormat-Golena 724 48 52 100 125 48 77
Waja-Golesha 714 48 30 78 97 22 75
Total 1438 96 223 70 152
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6.1.7. Irrigation Water use efficiency

Agriculture consumes the largest amount of watevdwer; the water use is mostly inefficiency. With
rapid population growth, the need for food and egpondingly water for irrigation is rising. Theee i
an increasing demand due to urbanization and indlation. Therefore efficient use of irrigation
water to produce more is the only option. Incregginigation water use efficiency is possible thybu
suitable crop selection, proper irrigation schetuknd effective irrigation techniques.

Strategies to optimize Irrigation water use efficiacy

Farmers always ask questions how to improve iiogatvater use efficiency to increase production.
Making the right decisions related to crop selettiorigation scheduling and methods is imperative
to improve irrigation water use efficiency. Thesmtggies are used to reduce water and pumping
costs, increase crop yield, and maintain a higbércuality. Crops have different daily and total
growing water needs. Maize was selected becaustheofsufficient added value and farmers'
preference. Proper Irrigation scheduling can elat@éntoo much or too little water that is applied to
crops. It integrates the time and depth of watgtieg to crops based on the water content in thp cr
root zone, crop development stage and the amoumatefr used by crop since it was last irrigated. In
this studied area, the main target is to optimizéewuse efficiency at farm level due to high eperg
cost that consumes more fuels since it is not atiedeto a power. Therefore producing more crops
with a drop of water is the only option. Optimumamt of water is available for plant needs through
proper irrigation scheduling. Soil enhancement messslike proper field levelling and furrow diking
is also important to improve the efficiency ofgation practices.

6.1.8. Aqua crop Model to determine seasonal water  requirement

The approach to determine irrigation needs can dgnmenning the Aqua Crop model for the selected
crop-soil combination. The mode is determinatiomef irrigation water requirement along with the
output of the generation of an irrigation schediitee Aqua Crop model can predict the net irrigation
water requirement and the water use efficiency.

Model Input

The average climatic data, soil, crop charactessfield and irrigation management are neededrio r
Aqua Crop. In this study, fifteen year average rhhntrainfall, minimum & maximum air
temperature, reference crop evapotranspiration,tladiefault value of CO2 were used. Reference
evapotranspiration was calculated using the FAO Edlo programme using the monthly minimum
and maximum temperature and sun shine hours T8bke 4.2. Maize was selected for the crop
characteristics since it needs more water and lalsger growing period. Determination of net
irrigation water requirement for more water conswnmaize is used as a maximum margin to
determine irrigation needs of other crops in thedgtarea for water management on farm. The
growing period was started in January. The domisaiitfor the study area is clay loam. All the soil
parameters were adjusted according to the soil tlpg loam. The groundwater has variable depth. In
irrigation management, the mode ' Net irrigatiortevaequirement' was selected and the allowable
root zone depletion was 55 % Readily Available 8/#RAW).Generation of irrigation schedule was
done with 55 % allowable depletion of RAW for tiroeteria and back to field capacity on the depth
criteria. The irrigation method was furrow. In filananagement, the soil bund was taken as 0.1m.
There was no surface runoff and mulches were reat.us
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Model output

Net Irrigation Requirement

The seasonal water-balance components and theigation requirement of maize will be extracted
from Aqua Crop simulation. It was found that 393maet irrigation requirement, about 538mm ETo
and 145mm rainfall for the cropping season (Sgere 6.6 and Figure 6.7 ).This net irrigation
requirement exclude extra water that has to beieppd the field to account conveyance losses or
uneven distribution of irrigation water on the €ielThe conveyance losses can be neglected for this
study area since the means of transport of iregatvater from the well to the field is using closed

pipes.

o Nomercsioupn R e B

Monthly ———-- Select Output File |
Net irrigation requirements - Som deveimen sl sl o
g (" Profile/Root zone Isoil water content v]l
i T Time i I
| i Day " Soil water balance
Aggregate
|| i 10-day ([ Compartmentsisoil water content v|
&+ Month | | {* Metirrigation requirements ‘]
" Year Legend I |
Month  |Year E Trx £l Rain Inet

Figure 6.6  Net irrigation requirement frolAqua Croj mode.
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Figure 6.7  Soil water balance frolAqua Croj model
Generation of Irrigation schedule.

In the mode of generation of irrigation schedube, allowable depletion was 55% on the time criteria
and back to field capacity on the depth criteribe Boil water balance was resulted in 404mm of
Irrigation needs after generation of irrigation etge The ETand the rain fall values were the same as
in the mode of net irrigation requirement ($&gire 6.8).

For optimization of irrigation water use efficiendyis better to use 404mm of irrigation needschhi
later used in comparison of actually used irrigatiater from the wells through pumping. The water
application efficiency for maize was calculatedfireigure 6.8 .
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Figure 6.8  Soil water balance in generation of irrigation sihiles

6.1.9. Pumping Cost.

It is crucialto encourage farmers to keep a book for registexxpegenditures like cost of fuel, oil (lubrica
and spare parts to run the pump. Organiziagnings help farmers to compare their pumpingt eath
irrigated land (ha) and pumping costs to their allggroduction to improve irrigation managementeTh
pumping cost and pump detail are giverTinle 6.9 andTable 6.10 respectively. The existing conditi
uses 730mm of irrigain water on average from a well of 50l/s averageldirge to irrigate an averagt
45 ha of land. This irrigation demand consumes 8B6480 litres and costs about 25536 eamoaually
However ,the irrigation demand from 80% efficieneyp84mm and uses about 294ifids and costs abc
20630 euro annually (see the existing abstractéghiion water and pumping hours Table 5.1).The

water application efficiency of the existing coimlit can be estimated byiviling 404mm to 730mi
which was resulted in 55%.

Table 6.9  Cost- Analysis of pumping in well

Jan Feb Mar Apr May Jun Annual
Amount of water
pumped(m3) 25920 51840 69120 69120 60480 51840  28P83
Pumping (hr) 144 288 384 384 336 288 1824
fuel
consumption(liter) 2880 5760 7680 7680 6720 5760 4886
Fuel price(Euro/liter) 0.7 0.7 0.7 0.7 0.7 0.7
Pumping cost (Euro) 2016 4032 5376 5376 4704 4032 553@
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Table 6.10 Pump detail
Pumping discharge 50l/s

Head 100m
Pump power 92kw
Generator Capacity 247kVA
Fuel consumption 20l/h

Source: KGVDP Office

The cost benefit analysis of maize production @c¢hrrent condition and new condition is showmdhle
6.11. This analysis considers only costs related taatheunt of water lifted from the well. The otlearst:
from preparation to harvesting were assumed sinmildboth conditionsand were not included in tl
analysis due to data limitations.

Table 6.11  Fuel cost-benefit analysis of Maize production

Description Current condition New condition
Yield (ton/ha) 1.8 1.8

Area (ha) 45 45

Production (ton) 81 81

Unit price(Euro/ton) 320 320
Production cost( Euro) 25920 25920
Irrigation demand(mm) 730 584

Fuel cost (Euro) 25536 20630

Net Income (Euro) 384 5290

Assuming that all other costs and benefits remla@n dame and only the fuel cost as variable, fidéle
income from 45 ha under the current condition ¥ & 384 Euros becausetbk poor irrigation water u
efficiency (55%) that leads to higher fuel cost.eTiet income between the currgnb5% water us
efficiency) and the new condition (80% water udecieicy) is 4906 Euros for the whole 45 ha ( Sekle
6.11) or about 110 Euros/ha.

Maize is the stable cereal crop with the highesterit and potential yield from available inputs2&tons
per hectare in 2008/09 with a potential for 4.7st@er hectare according to tarm field trials, whe
cultivated with fertilizer, hybrid seed, and farmamagement practices Rgshid, S., K. Getnet, et
2010).This yield is obtained by the farmers in otlegions of Ethiopia. If we assume, we reach di/ha,
the difference in net income from 45 ha betweerkimgrat 55% and 80% efficiency will be 46826 Eufos
seeTable 6.12) which is about 1000Euros/ha.
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Table 6.12 Fuel cost-benefit analysis of optimized maize pcdidu

Description Current condition New condition
Yield (ton/ha) 1.8 4.7
Area (ha) 45 45
Production (ton) 81 212
Unit price(Euro/ton) 320 320
Production cost( Euro) 25920 67840
Irrigation demand(mm) 730 584
Fuel cost (Euro) 25536 20630
Net Income (Euro) 384 47210

Irrigation financial management is also a key iskwresustainability of pump-fed irrigation systeih.is
crucial to guide and follow up farmers to save mpofa the fuel and maintenance costs even though
pumps have been donated or subsidized initiallyhey governmentDifficulty in financial manageme
arises when the number of farmers increases. WgDttarmers is usually recommended in griage:
irrigation.

6.2. Discussions

6.2.1. Water Balance Method and Darcy's Approach
Water Balance Method

Even though one of the objectives of this study vexharge estimation in the area, it is the most
difficult tough task to evaluate groundwater resegrsince it needs the integration of all important
processes, surface runoff, infiltration, evapotpiagion and groundwater level variations based on
the limited data and no discharge measurement@vehe main river Golina outlet. In this study, the
water balance method was used to estimate grouadwetharge with very limited data. From
chapter 4, it was found a value of 79mm/year (95Mg&¥dr). The model simulated total recharge was
resulted in 118 MCM. There is significant differenteetween the recharge from water balance method
and model simulated due to the horizontal flux fribra mountain aquifer as an important component
of the model simulated recharge was not considbyethe water balance method. Besides this, the
runoff coefficient and soil moisture content usedviater balance method was adopted from previous
studies.

Darcy's Approach

Darcy's approach estimates the flux from a headigmaand transmissivity. However, the valve for
transmissivity doesn't represent the whole areth®ftwo sub-basins of the valley rather a specific
well value. The transmissivity of the soil is pgoitlentified because of heterogeneity and saturatio
In spite of these limitations, the total rechargesvB3MCM from Waja-Golesha about 30MCM and
Hormat-Golina sub-basin about 53MCM.This rechar@ewdation was used to estimate the proposed
number of wells in each sub-basin.

6.2.2. Groundwater modelling

Model calibration was achieved through trial andoem@pproach until the simulated head fit the
observed head values to a satisfactory degree.cd@liferation result indicated a reasonably match
between simulated and observed heads with RMS efitm (See Appendix Gable C.1).
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From the contour map of simulated heads, it wascthat a flow direction is in agreement with the
flow of conceptual model. Therefore, the calibrageoundwater flow for this study area especially th
Hormat-Golina sub-basin was able to simulate thasmesd head.

The hydraulic conductivity values for the kobo eglaquifer were taken from pump test data analysis.
The main target of this test was to evaluate wadpprties rather than aquifer properties and the
values may be in accurate to represent the whobleharea. This may increase the uncertainty in the
distribution of the parameter. Even though, theraytic valve obtained from pump test data analysis
indicated high spatial variation, possible effodsatried to optimize the hydraulic properties dgrin
calibration process by considering the reasonabige of valves from literature and pump test data
analysis. The hydraulic conductivity obtained frpomp test data analysis ranges from 1 to 20 md
,on the other hand, model calibrated values moatiges 0.1 to 40 nd

6.2.3. Water budget of the model domain

The water budget of the model domain is used totifyaand identify all flows in and out of the
aquifer structure. This water budget of the modedaaquantitatively evaluates the amount of
groundwater through an aquifer system. Even thoubé, in-flow and outflow components of
groundwater system are the most difficult to caltldirectly, both components were computed by
the model. The total in-flow of the entire modetarat steady-state condition was 118MCM /year
(323137nid™) and the out flow was also 118MCM/year.

6.2.4. Pumping Scenario

In this study, the model was run for two pumpingrerios besides the current situation and thetresul
was interpreted for each condition. In current d¢tma, a total of 5192n°d™ was abstracted resulting

in an average decline of groundwater level at thmging well about 7m.Similarily, a total of 27878
m’d* and 55825m°d* abstracted water resulted in an average declingrafndwater level at the
pumping well by 14m and 32m in scenario-one andnade-two respectively. The drop in
groundwater level is more observed where the veetislarge in number and located at close distance
from each other. For example in this study, wellsafid HG6 have a close distance of 417m and their
maximum decline of groundwater level in scenario-tas about 39m and 45m respectively.

6.2.5. Radius of Influence and well interference

According to the calculated well interference of ridat-Golina sub-basin, 12 wells had higher
drawdown than the stabilized 20% drawdown at séestan (seeTable D.3).Concentrated well pairs
of K6-HG6, K6-HG1 and HG6-HGS8 had a radius of iefice 209m, 229m and 235 respectively.
Currently, HG8 well has a discharge of 26l/s framtial discharge of 50I/s as it was reported itdfie
visit. This decline in discharge might be due tdlvigerference. The model reasonably finds the
actual problem in the field.

6.2.6. Groundwater reserve and allowable exploitati  on

The groundwater reserve of kobo valley was caledlats 2396MCM from Hormat-Golina and Waja-
Golesha sub-basins reserve of 1206MCM and 1190ME@hbpactively. By taking the allowable
extraction of groundwater is to be 60% of the sdd thickness of the sediment, Hormat-Golina and
Waja-Golesha sub-basins have exploitable amountvater about 714MCM and & 724MCM
respectively. Based on the availability of explbieagroundwater amount and some basic assumptions
(see Section 6.1.6), 77 additional wells for Han@alina and 75 for Waja-Golesha sub-basins are
proposed considering the minimum radius of inflleerec250m and a distance between wells is to be
500m in order to locate the wells.

6.2.7. Aqua Crop model

The Irrigation need of maize was determined fromu&dCrop simulation using the mode of
generation of irrigation schedule. The seasondl water balance was calculated as 404mm.This
irrigation amount doesn't include conveyance lossesuneven distribution of irrigation water on the
field. In this irrigation system, the conveyances alistribution losses can be neglected since the
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conveyance and distribution of water from the wellfield are carried by closed pipes. The other
components, ETo and rainfall were also determined538mm and 145mm respectively. The
production from Aqua crop simulation was about B/ta. However, the existing production ranges
from 7 to 18 quintal/ha which is similar with 04 1.8 ton/ha which was adopted from Kobo Girana
Valley Development Project office and interviewifagmers. Maize is the stable cereal crop with the
highest current and potential yield from availalputs, at 2.2 tons per hectare in 2008/09 with a
potential for 4.7 tons per hectare according tdasm field trials, when cultivated with fertilizer,
hybrid seed, and farm management practices.(RashidK. Getnet, et al. 2010).The existing
condition uses 730mm of irrigation water on averfgen a well of 50l/s discharge to irrigate an
average of 45 ha of land. Therefore, water apjdinatfficiency of this irrigation (about 55%) cam b
improved up to 80% by making the right decisioratedl to irrigation scheduling and irrigation
methods simulated by Aqua Crop. The existing wapglication efficiency was calculated by taking
404mm irrigation water for six month to the amoahtvater delivered in to the farm (730mm), where
as the new water application efficiency was calealeby taking 80% efficiency which resulted in
584mm. Hence the yield of maize will be increaspdai4.7 ton/ha and there will be a reduction of
irrigation water demand from 730mm to 584mm andimeaime of 46826 Euros.

6.2.8. Model Limitation
Groundwater model

Simplifications and assumptions during conceptuatieh development made the groundwater flow

model to have limitations to represent the realldveystem. Due to poor quality of the existing data

and limited data, the degree of uncertainty in el was raised. In the modelling process like

converting the real world in to conceptual and ¢baceptual in to numerical model may each step
bring errors. The measured hydraulic heads werg asealibration targets. No independent measured
heads were able to validate the model. Therefarartbdel was calibrated but not verified. Thus, the

results from the model should not be interpretech ggerfect simulation but these results can be
interpreted as a system response within reasorealtlgealistic model input parameters. Because of
this limitation, the model may not be mainly used €letailed groundwater resource management
uses.

Aqua Crop model

Even though Aqua crop model have many optionsifoulsting irrigation needs like determination of
net irrigation requirement and generation of ifiga schedules depending on the irrigation
management practices, the provision for inserthmy itrigation water application efficiency is not
available for the irrigation methods in Aqua cropdal except the percentage of wetting of fields.

6.2.9. Groundwater model and Aqua crop model

The main aim of modelling the study area using €seing Mod-flow and Aqua Crop was to gain a
better understanding of the groundwater systemipdoving irrigation water use efficiency in the
studied sub-basins respectively. As it was preWousentioned in the result, there are still
uncertainties concerning groundwater flow systend &w in Agua Crop simulations. These
uncertainties can be minimized if possible remotledugh comprehensive data collection together
with continued development of the models.

The groundwater model can be used for analysisootaeninant transport in the future. Since
groundwater flow directions are a crucial aspecth&f numerical model, more data collection is
required to expand the knowledge relating to bonndanditions of the model domain.

Since the main focus for the development of growatdwresource is the unconsolidated sediment fill
which is expected to be the main reservoir of aufflase water, geological and hydro geological study
of the valley should be further studied through poghensive data collection in the future.
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CHAPTER 7.

Conclusion and Recommendation

7.1. Conclusion

The study was conducted to provide better undedsignin quantifying and abstraction of
groundwater in Hormat-Golina and Waja-Golesha satids of kobo valley by applying Processing
MODFLOW. Aqua Crop model is also used to improvenidevel water management and optimize
Irrigation water use efficiency. Based on the rssaobtained in the study, the following conclusion
can be made.

The steady state model with pumping scenarios 3Bn8l 70 wells operating simultaneously
indicated that groundwater abstraction of 519227878 nid* and 55825 rfu™ in the
valley resulted in an average groundwater levelimeaue to abstraction (at the pumping
well) of about 7m, 14m and 32m respectively. Opegamore than 35 wells simultaneously,
results in a negative balance between rechargalzsidaction.

Assuming the pumping cost as the only variable aostconsidering the current yield of 1.8
ton/ha, improving the water use efficiency from 58%80% increases the net income by 109
Euros/ha. If, however, the maximum maize yield of thn/ha (this is harvested elsewhere in
Ethiopia) is reached in the study area, the netfmmeewould increase by 1000 Euros/ha.

Kobo valley has exploitable groundwater reserve7@#MCM for Hormat-Golina and
724MCM Waja-Golesha sub-basins by considering 60%e saturated thickness. Based on
this amount of water, 77 wells for Hormat-Golinadafb wells for Waja-Golesh sub-basins
could be added without creating negative balant&dsn recharge and abstraction.

The steady-state groundwater model set up andratdib put a better approach how to
translate the conceptual model to the numericalehadd realize the aquifer system of kobo
valley. This is also useful for transient stateugrdwater modelling in the future study.

The calibrated steady-state groundwater flow moda$s able to reasonably simulate the
hydraulic heads that match the measured heads.oviemethe model simulated groundwater
level contours indicated that the general hydragiedient in the valley follows the surface
topography and agrees with the groundwater floiesyglefined in the conceptual model.
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7.2. Recommendation

< Optimum simultaneous operation of a maximum of 38lsvis recommended keeping the
minimum distance between two closer wells at 50@nas to avoid overexploitation and
ensure sustainable use of groundwater resources.

% Kobo Girana Valley Development Project should @eatareness to farmers about the real
threat of very low water use efficiency and theulisg high pumping costs on sustainability
of the well-based irrigation. The Project shouldkvimwards investment in power connection
to minimize the reliance on fuel.

% Kobo Girana Valley Development Project should @eatvareness of the very low (1.8
ton/ha) maize yield in Kobo and introduce the algegroven agronomic and farming
practices that have led to a maximum of 4.7 tomit@her regions of Ethiopia.

« The output from this study can be used as a sgapoint for transient state groundwater
modelling for better predictions of pumping effegtd for better recharge simulation since
recharge and groundwater outflow are strongly tiieeendent.

« Groundwater abstraction from irrigation as wellfemsn water supply boreholes should be
reported and recorded in data base periodicallprder to evaluate seasonal and annual
variations.

%+ Since there is no gauging stations along the maén like Golina and Hormat, river gauging
stations together with Meteorological stations lie twest mountain should be installed in
order to improve data availability and better ustiarding of the sub-basins water balance.

% Geological and hydro geological study of the vallgyould be further studied through
comprehensive data collection in the future sirtee main focus for the development of
groundwater resource is the unconsolidated sedifilemthich is expected to be the main
reservoir of sub-surface water.

+ Interested professionals can use MODFLOW for sinaifeas of interest.
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Appendix A Metrological Data

Table A1  Monthly Rainfall (mm) at Kobo station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Annual
1996 79.00 0.00 31.00 75.00 133.00 53.00 147.00 205.00 67.00 18.00 64.00 0.00 872.00
1997 0.00 0.00 3420 5760 4780 5150 110.60 94.40 37.40 169.30 43.30 0.00 646.10
1998 5390 1.60 24.10 3890 11.70 3.80 316.10 311.80 50.90 6.10 0.00 0.00 818.90
1999 20.30 0.00 2.90 48.20 11.70 2.20 234.30 315.90 0.00 0.00 0.00 0.00 635.50
2000 0.00 0.00 1.50 76.10 42.00 3.70 226.70 240.00 48.10 87.80 24.10 83.40 833.40
2001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 21.40 0.00 178.50 0.00 199.90
2002 22.30 250 499.00 493.90 13.00 2.90 100.10 0.00 0.00 16.00 0.00 66.60 1216.30
2003 41.20 32.70 34.80 60.00 32.80 11.00 140.00 258.00 34.70 0.00 0.00 42.80 688.00
2004 2990 0.00 28.10 87.90 3.00 25.90 116.20 163.40 9.20 79.20 35,50 10.20 588.50
2005 8.30 0.00 34.00 158.20 125.60 2.80 131.10 190.90 42.40 8.70 64.80 0.00 766.80
2006 0.00 10.80 56.20 56.60 16.20 3.00 81.20 22290 75.40 1250 0.00 0.00 534.80
2007 17.80 11.80 36.90 46.60 7.70 29.00 80.00 220.70 70.00 10.00 0.00 0.00 530.50
2008 10.00 12.00 9.00 20.00 35.00 8.00 100.00 135.00 145.40 5.40 31.90 0.00 511.70
2009 6.00 5.00 6.70 40.00 50.00 140 145.90 123.90 6.60 51.60 22.10 51.70 510.90
2010 0.00 10.50 4.30 63.80 64.30 1.80 239.40 316.60 33.90 14.70 0.00 0.50 749.80
mean 19.25 579 5351 88.19 39.59 13.33 144.57 186.57 4283 31.95 30.95 17.01 67354
Table A2  Monthly Rainfall (mm) at Alamata Station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 13290 0.00 6920 12340 11520 25.00 7650 25000 36.30 8.00 5820 0.00 894.70
1997 4610 0.00 12510 26.70 2850 22.00 87.00 5440 7200 191.60 139.00 0.00 792.40
1998 179.00 2340 2550 3520 1950 0.00 34800 27190 6350 1760 0.00 0.00 983.60
1999 4430 0.00 20.80 9.00 7.00 1.00 21140 43180 66.70 5450 0.00 0.00 846.50
2000 0.00 0.00 1000 4350 7400 0.00 246.20 450.10 6840 1480 8330 7280 1063.10
2001 0.00 0.00 15790 1280 2950 16.80 224.80 24430 2480 10.00 1000 250 733.40
2002 9840 0.00 18.00 11230 8.00 350 7260 213,50 46.10 13.50 0.00 89.50 675.40
2003 75.80 6950 4190 9420 2450 1270 111.80 23420 22.80 0.00 0.00 66.90 754.30
2004 33.00 16.00 39.60 168.00 13.50 4950 117.00 243.00 41.10 8.20 21.00 20.00 769.90
2005 2130 140 11030 13160 6580 2400 14150 167.00 33.10 6.00 0.00 0.00  702.00
2006 0.00 0.00 215,50 176.10 4.50 10.00 123.20 192.00 54.00 240 0.00 23.50 801.20
2007 1230 4630 840 109.00 20.00 15.00 16510 21470 5090 0.00 0.00 0.00 641.70
2008 2580 290 0.00 6.60 2110 11.00 79.20 206.20 60.80 53.10 55.00 0.00 521.70
2009 0.00 0.00 0.00 89.40 0.00 000 9320 6800 000 0.00 27.50 10.00 288.10
2010 0.00 4100 17040 29.10 56,50 28.80 229.60 32090 27.80 2630 0.00 0.00  930.40
mean 4459 13.37 6751 77.79 3251 14.62 155.14 237.47 4455 27.07 26.27 19.01 759.89
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Table A3  Monthly Rainfall (mm) at Zoble Station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 4000 1200 90.00 100.00 13.00 10.00 250.00 312.00 110.00 25.00 0.00 0.00 962.00
1997 2000 800 1500 10.00 4.00 30.00 180.00 320.00 60.00 6.00 0.00 0.00 653.00
1998 30.00 18.00 22.00 28.00 0.00 4500 260.10 300.00 4350 4640 0.00 0.00 793.00
1999 4510 000 5450 5150 1880 2240 16170 336,60 121.60 83.00 0.00 1.80 897.00
2000 1160 000 7.10 106.50 73.50 11.10 280.00 35850 4840 167.50 78.30 1142.50
2001 3500 160 6290 730 11190 2180 216.80 200.00 60.00 50.00 9.50 290 779.70
2002 13110 790 2320 14730 4560 640 28580 28580 90.00 20.00 0.00 5.00 1048.10
2003 38.10 7150 12220 38.00 4500 60.00 23440 387.20 71.00 30.00 1000 0.00 1107.40
2004 20.00 33.70 2400 220.30 0.00 30.80 106.10 23530 4550 9970 6940 470 889.50
2005 10.00 2500 8040 10930 8350 140 17150 137.10 4240 0.00 5030 0.00 710.90
2006 2.90 200 5790 5520 1850 0.00 10020 163,50 4160 49.00 5870 0.00 549.50
2007 8200 800 3500 120.90 4.50 79.60 29440 36890 128.00 2120 9.30 0.00 1151.80
2008 2020 10.00 0.00 5.80 1450 1560 10850 287.20 13240 85.00 23890 0.00 918.10
2009 1000 000 9.50 0.00 2220 000 15630 11790 3250 21.50 0.00 67.10 437.00
2010 5.00 15.00 30.00 50.00 1800 400 120.00 180.00 150.10 1520 0.00 0.00 587.30
mean 33.40 14.18 4225 70.01 3153 2254 195.05 266.00 78.47 47.97 34.96 5.82 842.17
Table A4 Monthly Rainfall (mm) at Korem station
Year Jan Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec Annual
1996 3590 0.60 9810 241.80 67.90 137.10 63.10 1140 7270 000 728.60
1997 9.90 200 9770 5070 9290 63.60 17210 5590 5880 322.60 16410 1.10 1091.40
1998 159.60 3850 2670 2780 80.20 1240 397.20 355.80 21230 4560 0.20 0.00 1356.30
1999 6580 000 280 4980 1280 3210 23490 350.10 11220 4450 220 040 907.60
2000 0.00 0.00 350 4820 7620 930 317.60 321.00 90.80 133.20 65.60 93.80 1159.20
2001 1.90 320 130.10 2210 3610 5090 28280 380.10 6240 1320 2.00 13.30 998.10
2002 6530 070 3410 107.00 1560 3.00 13720 22860 9030 8.00 0.00 92.60 782.40
2003 13.00 2400 7420 7480 2370 2010 168.00 38110 77.50 1.80 3.90 30.10 892.20
2004 1390 6.00 4090 55.00 1.90 5400 14360 24910 6550 3480 2190 990 696.50
2005 8.30 0.00 106.10 22340 16340 2810 253.00 29760 40.60 36.50 0.00 0.00 1157.00
2006 9.90 1.00 18220 96.20 4460 690 149.00 30740 5170 6010 0.00 0.00 909.00
2007 58.10 21.00 6880 40.00 1500 9.00 31340 38850 3260 1000 2750 0.00 983.90
2008 64.20 0.00 0.00 1660 69.80 3580 187.10 143.30 10340 7800 137.00 000 835.20
2009 2.20 0.00 4420 4930 470 6.50 23060 17620 3220 67.70 0.00 0.00 613.60
2010 0.60 530 4200 11170 6160 11.00 31170 42760 6410 7.70 0.00 27.00 1070.30
mean 33.91 6.82 6343 80.96 49.89 27.37 229.02 290.16 77.17 58.34 33.14 17.88 968.09
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Table A5  Monthly Rainfall (mm) at Lalibela station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 157 1.8 116.6 46.6 56.2 1449 3282 2879 19.6 0.0 35.0 0.8 10533
1997 59 84 956 58.7 243 1045 279.0 162.0 249 100.3 1009 26 967.1
1998 19.3 7.7 26.6 11.8 44,0 158 3370 2586 58.1 215 0.0 0.0 800.4
1999 0.0 0.0 0.0 223 0.7 20.2 333.7 3155 504 224 33 1.8 7703
2000 0.0 0.0 259 799 135 16.2 2131 2063 71.1 80.7 0.0 0.0 706.7
2001 0.0 217 823 314 19 1268 339.6 3823 7.0 0.0 0.0 7.1 1000.1
2002 344 194 456 347 6.8 518 2693 2451 557 0.0 15 12.8 7771
2003 2.0 19.7 442 581 18 555 203.9 426.7 552 0.0 1.6 0.0 868.7
2004 0.0 0.0 0.0 00 00 0.0 242.4 1995 19.0 102 0.8 0.0 4719
2005 6.2 214 534 271 570 364 328.1 165.7 40.2 05 0.0 0.0 736.0
2006 0.0 50.3 544 438 20.3 239 3019 3237 436 256 9.6 15.3 9124
2007 395 10.7 5.3 21.7 23.3 195.7 2504 1979 88.7 0.3 3.8 0.0 8373
2008 2.0 18 0.9 60.6 17.4 546 2334 2108 916 141 385 23 728.0
2009 0.8 2.8 29.8 104 23 5.2 239.3 2034 202 246 229 00 5617
2010 44 0.0 165 431 193 93 261.7 3650 354 05 0.8 15.7 771.7
mean 8.7 11.0 39.8 36.7 19.3 574 2774 2634 454 200 146 39 7975
Table A6  Monthly Tmax fc) at Kobo station

Year Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec uahn
1996 30.40 30.10 32.10 31.70 30.20 30.40 29.70 27.10 26.10 29.76
1997 25.40 27.90 29.00 28.00 33.00 33.30 31.30 31.40 32.40 27.60 27.10 27.20 29.47
1998 25.40 30.30 28.10 32.40 33.50 36.00 30.80 28.70 29.80 29.30 28.30 27.60 30.02
1999 26.80 30.40 29.00 32.10 34.20 35.30 30.50 29.70 31.00
2000 29.40 30.40 30.90 33.80 34.70 32.10 30.30 30.50 28.60 27.40 26.10 30.38
2001 29.40 30.60 30.40 28.40 28.40 29.44
2002 26.00 28.40 29.70 31.50 34.20 34.90 34.00 30.50 29.50 26.40 30.51
2003 25.90 29.00 30.20 30.90 34.00 34.60 32.20 30.00 30.80 30.20 29.20 25.90 30.24
2004 27.50 27.60 29.20 30.50 34.60 34.00 31.00 31.50 31.90 29.90 29.70 27.10 30.38
2005 26.89 30.24 31.33 31.52 31.79 35.11 32.69 32.23 27.75 30.77 29.20 28.32 30.65
2006 28.57 29.80 30.81 30.51 33.67 3546 32.75 31.04 30.13 30.46 27.37 30.96
2007 25.37 28.87 31.38 31.45 34.79 34.45 30.25 28.30 27.40 30.25
2008 30.01 29.40 26.88 26.78 28.27
2009 30.58 35.95 32.28 31.50 32.23 29.65 29.60 26.61 31.05
2010 26.84 28.28 29.17 31.57 3258 35.22 3157 29.67 30.16 30.38 28.21 26.85 30.04
mean 26.47 29.11 29.91 30.98 33.35 34.70 31.91 30.45 30.56 29.76 28.38 27.01 30.16
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Table A7  Monthly Tmax. {c) at Alamata Station

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

1996 29.50 30.90 30.80 30.80 3260 3240 3120 3160 3120 29.00 2840 30.76
1997 2740 2990 2890 3030 3440 3450 3310 3390 3330 2980 2860 2870 31.07
1998 2700 2770 3050 3450 3450 36.10 31.80 28.80 30.70 30.80 3040 29.80 31.05
1999 2880 3240 3100 3410 35.80 3090 3010 3010 3010 30.00 2920 31.14
2000 29.70 3160 3280 3420 3520 36.80 33.20 30.50 30.50 2930 29.00 26.80 31.63
2001 2750 3040 3050 3170 3410 33.80 31.20 2890 29.60 30.00 2790 2750 30.26
2002 2470 2800 2980 3040 33.70 3430 33.60 30.60 2940 30.70 2880 2630 30.03
2003 25.80 2850 29.00 3010 33.20 3420 3140 2940 30.10 2990 2840 26.00 29.67
2004 27.10 27.10 2950 2860 3340 3280 3190 29.60 29.50 29.10 2840 2630 29.44
2005 2590 2940 2960 2980 3030 3340 31.00 2990 30.00 2930 2840 2720 29.52
2006 2730 2950 2850 2800 3130 3440 30.50 29.70 2990 2990 2860 2760 29.60
2007 2510 27.60 3060 30.50 30.30 30.60 29.80 26.30 28.85
2008 2690 2770 3080 3210 3290 3250 3210 3190 3210 30.10 2730 26.70 30.26
2009 2650 2990 3110 3090 3140 3270 3340 32,60 3250 31.80 31.28
2010 2630 2540 27.10 2810 2470 2330 25.82
mean 26.90 29.23 30.25 31.14 33.15 34.01 31.54 83030.47 29.99 28.42 27.15 30.20

Table A8  Monthly Tmax. (°c) at Korem station

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

1996 1900 2210 2240 2230 2240 2370 2280 2350 2450 2390 2120 1990 22.31
1997 1980 21.60 2230 2240 2490 2470 2330 2410 2490 2140 2100 2110 22.63
1998 1970 2080 2210 2400 2440 2610 2250 2190 2330 2150 2010 1990 22.19
1999 1930 2230 2170 2420 2590 2730 2200 2270 2430 2510 2460 2150 2341
2000 2160 2240 23.00 2350 2530 2720 2290 2160 2220 2140 2000 1870 22.48
2001 18.00 2030 2030 2250 2440 2450 2270 2160 2210 2130 1960 1990 21.43
2002 1790 20.50 2160 2250 2560 2620 2520 2240 2180 2210 2170 2010 22.30
2003 2030 2240 2240 2260 2460 2550 2240 2170 2230 2140 2090 1940 22.16
2004 2110 20.80 2220 2280 26.10 2510 2350 2260 23.00 2140 2090 1950 22.42
2005 1990 2290 2270 2280 23.00 2530 2280 2320 2320 2210 2110 2030 2244
2006 21.00 2240 2200 2130 2430 2590 2320 2260 23.00 2250 2130 2000 22.46
2007 1850 2140 23,50 23.50 2320 2280 2340 2230 1960 22.02
2008 20.10 20.00 23.10 23.80 2410 2460 2280 2200 2220 2070 1970 1890 21.83
2009 2020 2090 2230 2270 2450 2690 22,60 2240 2330 2190 2230 22.73
2010 2040 2130 2180 2260 2390 2590 2310 2140 2180 2200 2220 2160 22.33
mean 19.79 21.47 2223 2290 2453 25.64 23.00 32228.02 22.05 21.26 20.03 22.36
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Table A9  Monthly Tmin. (Oc) at Kobo station

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

1996 16.50 17.40 18.20 17.50 15.70 12.00 11.70 10.20 14.90
1997 13.30 12.30 1590 16.70 17.50 18.70 18.80 17.80 16.30 15.50 15.60 11.80 15.85
1998 15.40 xx 17.20 18.10 1790 20.70 17.90 17.20 16.10 14.50 10.10 8.40 15.77

1999 11.60 11.10 1550 16.00 17.50 18.20 17.30 16.20 15.43
2000 10.60 14.20 16.50 15.60 15.90 1490 11.80 7.10 940 7.70 7.20 11.90
2001 0.00

2002 14.50 13.00 16.00 16.40 16.90 19.20 19.60 xx XX 13.20 12.10 15.20 15.61
2003 13.50 15.00 16.30 17.00 17.70 19.30 19.40 17.30 16.80 12.60 12.50 11.50 15.74
2004 1490 15.00 14.40 16.80 16.50 18.30 18.10 17.70 15.60 12.20 12.70 13.90 1551
2005 13.93 14.10 13.92 17.17 18.06 1870 18.79 17.74 1299 13.46 1257 9.92 1511
2006 13.08 15.59 15.86 16.37 18.13 19.92 19.10 17.62 16.08 14.89 15.26 16.54
2007 14.34 15.73 14.09 10.98 14.33 18.95 16.92 1250 9.20 14.12
2008 16.31 14.02 12.47 11.38 13.55
2009 16.11 20.30 18.48 18.30 16.51 14.68 1251 15.14 16.50
2010 13.37 15.39 16.25 17.85 17.84 20.33 18.86 17.32 16.06 13.94 11.47 11.24 15.83
mean 13.79 13.78 1548 16.35 17.04 1892 18.29 16.95 15.05 13.37 11.99 1157 15.21

Table A.10  Monthly Tmini. (c) at Alamata station

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

1996 1290 16.00 1640 1610 1610 16.70 1630 1550 1390 1270 1150 14.92
1997 1290 1290 1580 16.20 17.60 1860 1760 17.50 17.00 1590 1620 1280 15.92
1998 1490 15.00 1660 1790 1810 19.90 17.07
1999 1240 1190 1330 1730 20.20 1880 16.70 1020 570 390 190 12.03
2000 230 530 660 790 1010 1140 1160 920 870 790 650 630 7.82
2001 390 610 830 1220 1390 1180 10.70 1040 1080 7.80 690 9.35

2002 950 1440 1700 1770 1860 20.00 19.70 16.70 16.70 1590 1540 16.00 16.47
2003 1430 1570 1740 1800 2030 20.00 1940 17.00 1740 1590 15.00 1290 16.94
2004 1460 880 1010 16.10 18.00 1950 1870 17.80 17.10 1540 1520 1510 15.53
2005 1440 1530 1720 1770 1790 1910 1890 1630 16.60 1560 12.00 1210 16.09
2006 1400 1620 1550 1640 1780 1910 17.60 16.30 16.50 16.50 1580 1560 16.44
2007 1470 16.00 16.50 16.90 17.40 16.10 15.40 13.60 15.83
2008 13.70 1370 1440 1550 16.00 1570 14.90 1370 14.00 13.80 1390 1350 14.40
2009 1570 1510 16.00 16.00 1580 16.20 16.70 1530 1560 14.10 13.80 15.48
2010 1180 1020 1160 1190 13,50 1250 900 870 1110 1390 1330 1110 11.55
mean 12.08 12.63 14.15 15.85 16.59 17.08 16.34 81414.49 13.62 12.42 11.48 14.29
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Table A.11  Monthly Tmini. (c) at Korem Station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec uahn
1996 790 570 9.90 10.20 11.80 1200 920 410 450 320 7.85
1997 570 570 920 8.70 8.70 1130 1240 1140 7.10 870 1000 420 8.59
1998 850 750 9.60 9.30 10.20 9.80 1190 1180 1020 7.00 1.10 -0.60 8.03
1999 340 170 6.50 7.40 8.60 9.70 1160 1060 840 6.90 040 230 6.46
2000 250 1.80 5.60 9.50 8.90 10.80 1230 1150 8.50 680 530 440 7.33
2001 330 330 850 7.20 9.20 11.80 1230 1190 820 6.80 2.50 200 7.25
2002 630 450 830 8.60 7.10 11.00 1170 1110 830 450 3.00 720 7.63
2003 430 220 3.80 1010 9.80 11.20 1310 1210 990 410 450 280 7.33
2004 670 580 740 1060 7.80 1130 1250 1210 8.00 6.00 5.00 6.20 8.28
2005 730 540 970 9.80 10.50 1040 12.60 11.80 9.90 5.00 690 9.03
2006 410 6.90 8380 9.90 10.00 1120 1270 1190 940 820 5.80 9.10 9.00
2007 830 930 7.00 10.30 1250 1190 10.00 440 130 8.33
2008 530 320 340 830 10.10 1100 1240 1180 9.10 5.50 4.90 260 7.30
2009 380 440 7.60 8.00 7.10 9.30 11.50 1120 6.70 3.80 1.80 6.84
2010 480 6.30 7.50 9.90 1030 11.80 1230 1210 9.50 540 260 480 8.11
mean 548 491 752 9.19 9.10 10.82 1224 11.68 3 8.85.91 3.99 403 7.81
Table A.12 Monthly average wind speed (m/s) at Kobo Station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 260 200 210 200 160 180 210 170 120 130 150 160 1.79
1997 1.80 2.00 210 200 220 190 200 1.70 160 140 130 140 1.78
1998 160 170 200 220 200 250 220 160 110 130 140 150 1.76
1999 160 180 220 210 210 230 200 150 0.00 0.00 0.00 0.00 1.30
2000 160 180 220 180 170 220 220 200 150 0.00 0.00 0.00 142
2001 150 170 1.70 140 120 140 050 080 020 160 1.70 180 1.29
2002 180 180 190 180 140 230 210 180 090 100 130 150 1.63
2003 160 170 200 190 150 200 200 140 100 110 130 1.30 157
2004 1.70 190 200 200 180 210 220 150 110 120 130 160 1.70
2005 200 210 220 200 160 190 200 180 120 120 130 150 1.73
2006 150 180 200 150 160 200 220 180 120 140 150 160 1.68
2007 180 150 180 200 140 180 200 160 090 1.00 120 140 153
2008 170 180 200 180 180 150 210 140 100 140 140 160 1.63
2009 200 180 210 170 150 200 180 180 110 100 120 150 1.63
2010 180 200 200 180 200 180 200 150 120 120 140 160 1.69
mean 1.77 183 202 187 169 197 196 159 101 107 119 133 1.61
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Table A.13 Monthly average sunshine (hour) at Kobo station
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1996 6.80 5.30 790 960 990 850 4.00 510 6.80 9.60 9.90 8.80 7.68
1997 8.00 7.30 9.30 690 940 6.20 3.10 510 7.30 950 9.70 8.10 7.49
1998 6.30 7.50 890 950 920 6.80 6.70 7.40 6.00 7.10 9.00 7.00 7.62
1999 6.90 4.40 8.70 6.60 9.10 6.30 6.10 650 7.00 9.60 10.10 9.30 7.55
2000 9.30 7.20 6.10 760 9.10 510 5.20 510 5.10 820 9.30 8.70 7.17
2001 8.00 7.40 890 790 980 830 340 6.60 7.10 7.90 8.10 790 7.61
2002 7.80 8.60 870 9.70 650 570 400 580 7.70 890 9.10 8.50 7.58
2003 870 10.20 8.10 9.00 6.80 640 830 7.10 6.70 7.30 8.60 9.00 8.02
2004 8.10 8.70 9.00 680 720 6.10 7.30 560 6.20 810 9.90 9.40 7.70
2005 8.00 8.00 9.00 9.20 9.00 6.00 5.00 560 7.20 9.00 9.70 8.80 7.88
2006 7.00 8.00 8.10 9.00 940 560 4.00 6.00 7.00 8.00 9.60 9.00 7.6
2007 6.50 7.50 8.00 960 9.10 7.00 350 550 6.80 840 9.00 8.50 7.45
2008 8.10 8.60 9.00 800 980 750 6.00 500 7.00 800 9.40 8.60 7.92
2009 9.00 10.00 8.00 9.20 9.40 6.40 460 6.20 6.90 7.00 10.00 9.20 7.99
2010 8.00 8.50 9.00 860 760 570 6.00 560 6.70 8.60 9.00 8.00 7.61
mean 7.77 7.81 8.45 848 8.75 651 515 588 6.77 835 9.36 8.59 7.65
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Appendix B Pump Test Data

Table B.1  Hydraulic parameters of the alluvial sediment aquifer

Location

Well Observation Depth SWL DWL Q DD Tav Kav
ID X Y Z well (m) (m) (m) (I/s) (m) (m2/d) (m/d) S Sy
HG-1 568171 1339140 1480 112 2059 4149 51 209 225 2.3
HG-2 569552 1339024 1461 91 15.1 306 51 155 433 6.2
HG3 569659 1338130 1455 111 21 59.1 20 38.1  25.06 0.84
HG4 569354 1339493 1466 109 1755 33.21 51 15.66 259.2 7.2
HG-5 571782 1333845 1429.0 112 19.97 344 50 14.43

HG-6 567804 1339909 1495.0 101 2483 36.09 50 11.26

HG-7 568283 1340339 1487.5 105.5 20.7 52.75 50 32.05

HG-8 567346 1340-10 1502.0 110 28.73 384 50 9.67

HG-9 569905 1339618 1461.0 100 26.1 80.9 10 54.8

HG-10 570348 1339366 1455.0 100 24.2 61.89 34 37.69

HG11 571055 1335915 1437 1165 14.4 35.17 50 20.77 230.5 5.52
HG12 572295 1335804 1417 110.3  16.3 30.72 50 14.42 2185 5.2
HG13 571683 1336365 1425 110.6 18.26 31.61 50 13.35 239.6 5.7
HG14 571067 1336466 1436 108.5 16.66 29.53 50 12.87 318.2 7.58
HG-15 574995 1330597 1412.0 117 8 19.14 50 11.14

HG-16 574870 1331228 1412.0 99 8.5 44.05 25 35.55

HG-17 574671 1331878 1405.3 120 10.12 26.65 50 16.53

HG-18 574472 1332357 1399.0 119 9.25 25.05 50 15.8
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Zelekel
Zeleke2
PHG1

PHG2

PHG3

PHG4
PHG5

PHG6
PHG7
PHGS8

PHG9
PHG10
TW1
TW3

THG1

THG3
THG4
K37
K38
K42
K1
k5
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570187
570658
567688

567801

568356

566854
571398

571821
572289
570553

570089
569560
568755
579090

576123

575801
575471
566652
568228
573764
567803
568625

1338097
1337490
1338578

1337977

1337982

1339244
1335248

1334963
1334951
1334124

1333952
1334010
1329590
1332043

1336656

1333260
1331124
1338642
1336496
1334973
1339502
1339470

1452
1446
1487

1479

1473

1507
1432

1426
1419
1447

1456
1462
1367
1375

1384

1385
1408
1515
1464
1402
1470
1478

PHG1

PHG2-OB1

PHG3

PHG4-OB1

PHG6-OB1

PHG9-OB1

THG1-OB1

THG3-OB1

113
110.5
129

150

156

128
155

178
180
147

158
146
114
81

118

212
175
57.7
56.5
44.3
120
120

20.4
19.05
24.35

18.92

16.63

27.96
21.5

20.13
17.53
20.61

21.67
25.1
58.78
13.3

16.21

3.1
52
35.7
22.7
12.3
18
12

37.9
38.53
29.24

19.41

25.89

32.39
40.01

25.85
33.04
37.93

27.25
30.88
62.69
38.01

31.02

16.61
12.47
36.7
23.7
16.6

50
50
50

45

50

45
57

58.5
51.6
46.4

53.5
59.5

29

32

57
62
2.5
4.2
4.5
10
38

17.5
19.48
4.89

0.49

9.26

4.43
18.51

5.72
15.51
17.32

5.58
5.78
3.91
24.71
14.81
13.51

7.27

4.3

62

276
345
1245

3145

513.5

1412
244

1017
255
267.5

1427
1412
236
140

350.7

571
906.5
7.9
1038
424

13.53

449

4.94

22.75
8.13

23.1
4.7
5.6

29.8
314

11.7

9.51
16.8
0.2
6.7
5.3

3.10E-
02

0.0012
0.0018

0.55

0.28

0.31
0.25

0.29
0.2
0.22

0.3
0.25

0.18



k6
TK1

TK7

PK1
PK2
Pk3
PK4
Pk5
PK6

PK7
PK8
PK9
WG1
WG2
WG3
WG4
WG5S
WG6
WG7
WG8
WG9
WG10
WG11
WG12
WG13
WG14

567887
570275

569334

568066
568476
568204
568000
568427
569299

569892
569814
569485
563443
570825
567035
563723
568109
569681
569106
567608
567405
568148
570347
573140
573250
572214

1339500
1355009

1341467

1340931
1341101
1350350
1353000
1351843
1341890

1341651
1341065
1341610
1355457
1357345
1355424
1355956
1356681
1357025
1357024
1356024
1354956
1354589
1357013
1357524
1357002
1356017

1474
1418

1475

1491
1488
1440
1436
1428
1481

1474
1469
1475
1505
1417
1453
1496
1444
1429
1435
1447
1446
1437
1423
1399
1399

TK7-OB1

PK1-OB1
PK2

PK6

PK7-OB1
PK8
PK9
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120
164

160

170
137
153
106
118
145

203
181
145
104
130
110
118
111
105
105.5
105
105
106
104
111.3
116.1
110

11
19.63

14.27

25.54
23.56
30.45
9.14
17.08
17.52

20.34
17.98
23.85
13.3
18.7
13
13.16
19.65
25.61
24.43
10.19
19.15
16.59
18.7
20.3
20.3
27.02

38
61.48 75
18.96 50
3454 55
39.13 80
37.33 70
61.2 60
50.4 30
3255 40
2355 40
37.16 50
29.76 50
51
40
7
52
52
50
50
50
30
50
50
50
50
56.76 25
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41.85

4.69

15.6
6.88
52.06
33.32
15

3.21
19.2
5.91
13.4
32.3
66.5
12.76
10.55
18.72
30.97
10.17
35.02
10.41
20.1
25.85
25.85
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486.5

280
341

198

577.5
168
768.5
1079
147
40.18
315.4
373
181.4
506
797.8
432
1041
227.8
1171
790.6

3.99

3.04
4.06

261

7.41
1.43
8.35
8.3
1.3
1.34
5.28
7.1
5.05

18.99
10.28
2.47
5.42
2.8
18.86

0.26

0.22
0.57

0.29

0.06
0.37
0.19



WG15 572027 1355422 114 30.42 5431 10
TWJ2 573465 1355068 1398 121 23.95 7781 15 53.86
2.00E-
TWJ3 569491 1357769 1433 TWJ3-0OB1 154 16.46 23.92 60 7.46 624.3 6.24 04
TWJ4 568854 1352624 1425 199 15.58 40.49 60 24.91
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Appendix C  Error evaluation

Table C.1  Comparison of the Observed and Simulated Head&and Calculation
No well ID Hs Hm Hm-Hs |Hm-Hs| |Hm-Hs|"2
1 PK1 1465.658 1465.000 -0.658 0.658 0.432964
2 PK2 1462.638 1463.000 0.362 0.362 0.131044
3 PHG1 1460.117 1462.000 1.883 1.883 3.545689
4 PHG2 1462.117 1469.000 6.883 6.883 47.375689
5 PHG3 1457.581 1457.000 -0.581 0.581 0.337561
6 PHG4 1466.488 1478.000 11.512  11.512  132.52614
7 TK7 1460.849 1461.000 0.151 0.151 0.022801
8 PK6 1461.383 1463.000 1.617 1.617 2.614689
9 PK7 1460.036 1453.000 -7.036 7.036 49.56529
10 PK8 1459.325 1452.000 -7.325 7.325 53.655625
11 PK9 1457.864 1453.000 -4.864 4.864 23.8684
12 THG2 1386.968 1379.000 -7.968 7.968 63.48902
13 PHG6 1419.13 1409.000 -10.130 10.13 102.6169
14  PHGS8 1431.608 1433.000 1.392 1.392 1.937664
15 PHG9 1435.519 1438.000 2.481 2.481 6.155361
16 PHGI10 1440.718 1434.000 -6.718 6.718 45.131524
17 HG1 1458.944 1459.000 0.056 0.056 0.003136
18 HG2 1453.988 1446.000 -7.988 7.988 63.808144
19 HG4 1456.116 1448.000 -8.116 8.116 65.869456
20 HG5 1417.494 1409.000 -8.494 8.494 72.148036
21  HG6 1461.107 1470.000 8.893 8.893 79.085449
22  HG7Y 1460.493 1467.000 6.507 6.507 42.341049
23  HGS8 1462.786 1473.000 10.214  10.214  104.32579
24  HG11 1427.591 1423.000 -4.591 4591 21.077281
25 HG14 1428.512 1419.000 -9.512 9.512 90.4281
26 HG15 1393.873 1404.000 10.127 10.127 102256
27 HG16 1394.39 1404.000 9.610 9.61 92.3521
28 HG17 1395.123 1395.000 -0.123 0.123 0.015129
29 HG18 1395.97 1390.000 -5.970 5.97 35.6409
30 ZELEKE2 1435.61 1427.000 -8.610 8.61 74.1321
31 Tws3 1366.793 1365.000 -1.793 1.793 3.214849
32 THG3 1386.62 1383.000 -3.620 3.62 13.1044
33 K1 1460.348 1452.000 -8.348 8.348 69.689104
34 K5 1457.681 1466.000 8.319 8.319 69.205761
35 K6 1459.998 1463.000 3.002 3.002 9.012004
sum -29.436  195.454 1541.195
sum/35 -0.841 5.584 44.034
SQRT 6.63582364
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Appendix D Groundwater Abstraction

Table D.1  The estimated amount of abstracted water useckimasio-one

Jan Feb Mar Apr May Jun

Well ID Discharge(l/s) (24*6hrs) (24*12hrs) (24*16hrs) (24*16hrs) (24*14hrs) (24*12hrs) m3/annual m3/day
HG1 51 26438 52877 70502 70502 61690 52877 334886 17 9
HG2 51 26438 52877 70502 70502 61690 52877 334886 17 9
HG6 50 25920 51840 69120 69120 60480 51840 328320 00 9
HG7 50 25920 51840 69120 69120 60480 51840 328320 00 9
HGS8 50 25920 51840 69120 69120 60480 51840 328320 00 9
HG9 10 5184 10368 13824 13824 12096 10368 65664 180
HG10 34 17626 35251 47002 47002 41126 35251 223258612
HG12 50 25920 51840 69120 69120 60480 51840 328320900
HG13 50 25920 51840 69120 69120 60480 51840 328320900
HG16 25 12960 25920 34560 34560 30240 25920 164160450
PK2 80 41472 82944 110592 110592 96768 82944 5253121439
PK7 40 20736 41472 55296 55296 48384 41472 262656 20 7
PK9 50 25920 51840 69120 69120 60480 51840 328320 00 9
TK1 75 38880 77760 103680 103680 90720 77760 492480 1349
THG4 62 32141 64282 85709 85709 74995 64282 407117 1115
PHG1 50 25920 51840 69120 69120 60480 51840 328320900
PHG3 50 25920 51840 69120 69120 60480 51840 328320900
PHG5 57 29549 59098 78797 78797 68947 59098 3742851025
PHG7 51.6 26749 53499 71332 71332 62415 53499 #3882 928
TW1 7 3629 7258 9677 9677 8467 7258 45965 126
Zeleke 1 50 25920 51840 69120 69120 60480 51840 32p8 900
WG1 51 26438 52877 70502 70502 61690 52877 334886 17 9
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WG2 40 20736 41472 55296 55296 48384 41472 262656 20 7
WG3 7 3629 7258 9677 9677 8467 7258 45965 126
WG4 52 26957 53914 71885 71885 62899 53914 341453 35 9
WG5 52 26957 53914 71885 71885 62899 53914 341453 35 9
WG6 50 25920 51840 69120 69120 60480 51840 328320 00 9
WG10 50 25920 51840 69120 69120 60480 51840 328320900
WG14 25 12960 25920 34560 34560 30240 25920 164160450
WG15 10 5184 10368 13824 13824 12096 10368 65664 0 18
PK5 30 15552 31104 41472 41472 36288 31104 196992 40 5
TWJ4 60 31104 62208 82944 82944 72576 62208 3939841079
Kobo town water supply bore holes

K42 4.5 4.5 x 8hrs x365d 47304 130

K5 38 38 x 8hrs x365d 399456 1094
K6 38 38 x 8hrs x365d 399456 1094
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TableD.2  The estimated amount of water abstracted from TéHwdes in scenario-two
Jan Feb Mar Apr May Jun
Well ID Discharge(l/s) (24*6hrs) (24*12hrs) (24*16hrs) (24*16hrs) (24*14hrs) (24*12hrs) m3/annual m3/day
HG-1 51 26438 52877 70502 70502 61690 52877 334886 917
HG-2 51 26438 52877 70502 70502 61690 52877 334886 917
HG3 20 10368 20736 27648 27648 24192 20736 131328 360
HG4 51 26438 52877 70502 70502 61690 52877 334886 917
HG-5 50 25920 51840 69120 69120 60480 51840 328320 900
HG-6 50 25920 51840 69120 69120 60480 51840 328320 900
HG-7 50 25920 51840 69120 69120 60480 51840 328320 900
HG-8 50 25920 51840 69120 69120 60480 51840 328320 900
HG-9 10 5184 10368 13824 13824 12096 10368 65664 180
HG-10 34 17626 35251 47002 47002 41126 35251 223258 612
HG11 50 25920 51840 69120 69120 60480 51840 328320 900
HG12 50 25920 51840 69120 69120 60480 51840 328320 900
HG13 50 25920 51840 69120 69120 60480 51840 328320 900
HG14 50 25920 51840 69120 69120 60480 51840 328320 900
HG-15 50 25920 51840 69120 69120 60480 51840 328320 900
HG-16 25 12960 25920 34560 34560 30240 25920 164160 450
HG-17 50 25920 51840 69120 69120 60480 51840 328320 900
HG-18 50 25920 51840 69120 69120 60480 51840 328320 900
Zelekel 50 25920 51840 69120 69120 60480 51840 328320 900
Zeleke2 50 25920 51840 69120 69120 60480 51840 328320 900
PHG1 50 25920 51840 69120 69120 60480 51840 328320 900
PHG2 45 23328 46656 62208 62208 54432 46656 295488 810
PHG3 50 25920 51840 69120 69120 60480 51840 328320 900
PHG4 45 23328 46656 62208 62208 54432 46656 295488 810
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PHG5 57
PHG6 58.5
PHG7 51.6
PHGS8 46.4
PHG9 53.5
PHG10 59.5
TW1 7
TW3 29
THG1 32
THG3 57
THG4 62
TK1 75
TK7 50
PK1 55
PK2 80
Pk3 70
PK4 60
Pk5 30
PK6 40
PK7 40
PK8 50
PK9 50
WG1 51
WG2 40
WG3 7
WG4 52
WG5 52
WG6 50
WG7 50
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29549
30326
26749
24054
27734
30845
3629

15034
16589
29549
32141
38880
25920
28512
41472
36288
31104
15552
20736
20736
25920
25920
26438
20736
3629

26957
26957
25920
25920

59098
60653
53499
48108
55469
61690
7258

30067
33178
59098
64282
77760
51840
57024
82944
72576
62208
31104
41472
41472
51840
51840
52877
41472
7258

53914
53914
51840
51840

78797
80870
71332
64143
73958
82253
9677
40090
44237
78797
85709
103680
69120
76032
110592
96768
82944
41472
55296
55296
69120
69120
70502
55296
9677
71885
71885
69120
69120

78797
80870
71332
64143
73958
82253
9677

40090
44237
78797
85709
103680
69120
76032
110592
96768
82944
41472
55296
55296
69120
69120
70502
55296
9677

71885
71885
69120
69120
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68947
70762
62415
56125
64714
71971
8467
35078
38707
68947
74995
90720
60480
66528
96768
84672
72576
36288
48384
48384
60480
60480
61690
48384
8467
62899
62899
60480
60480

59098
60653
53499
48108
55469
61690
7258
30067
33178
59098
64282
77760
51840
57024
82944
72576
62208
31104
41472
41472
51840
51840
52877
41472
7258
53914
53914
51840
51840

69

374285
384134
338826
304681
351302
390701
45965
190426
210125
374285
407117
492480
328320
361152
525312
459648
393984
196992
262656
262656
328320
328320
334886
262656
45965
341453
341453
328320
328320

1025
1052
928
835
962
1070
126
522
576
1025
1115
1349
900
989
1439
1259
1079
540
720
720
900
900
917
720
126
935
935
900
900



WG8 50 25920 51840 69120 69120 60480 51840 328320 900
WG9 30 15552 31104 41472 41472 36288 31104 196992 540
WG10 50 25920 51840 69120 69120 60480 51840 328320 900
WG11 50 25920 51840 69120 69120 60480 51840 328320 900
WG12 50 25920 51840 69120 69120 60480 51840 328320 900
WG13 50 25920 51840 69120 69120 60480 51840 328320 900
WG14 25 12960 25920 34560 34560 30240 25920 164160 450
WG15 10 5184 10368 13824 13824 12096 10368 65664 180
TWJ2 15 7776 15552 20736 20736 18144 15552 98496 270
TWJ3 60 31104 62208 82944 82944 72576 62208 393984 1079
TWJ4 60 31104 62208 82944 82944 72576 62208 393984 1079
Kobo town water supply bore holes

K1 10 10 x 8hrs x365d 105120 288

K5 38 38 x 8hrs x365d 399456 1094

K6 38 38 x 8hrs x365d 399456 1094
Kobo Rural Water Supply bore holes

K37 25 2.5 x 8hrs x365d 26280 72

K38 4.2 4.2 x 8hrs x365d 44150 121

K42 4.5 4.5x 8hrs x365d 47304 130
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Table D.3  Estimating the decline groundwater level for scenrane and scenario-two

well ID Hs Hm Hs Hs, Hm-Hs Hm-Hg (Hm-Hs)®  (Hm-Hs)?
PK1 1465.7 1465.000 1452.147 1434.057 12.853 .9430 165.200 957.469
PK2 1462.6 1463.000 1447.311 1427.542 15.6895.458  246.145 1257.270
PHG1 1460.1 1462.000 1444.307 1424.826 17.6937.178  313.042 1381.906
PHG2 1462.1 1469.000 1449.786 1432.614 19.214 .3886 369.178 1323.941
PHG3 1457.6 1457.000 1443.64 1425.378 13.360 6231. 178.490 999.951
PHG4 1466.5 1478.000 1453.099 1435618 24.901 3822. 620.060 1796.234
TK7 1460.8 1461.000 1446.189 1425307 14.8115.698  219.366 1273.990
PK6 1461.4 1463.000 1446.819 1425903 16.181 .0937 261.825 1376.187
PK7 1460  1453.000 1445417 1424.482 7.583 513. 57.502 813.276
PK8 1459.3 1452.000 1444.592 1423.909 7.408 938.0 54.878 789.104
PK9 1457.9 1453.000 1442.921 1422.787 10.0780.213  101.586 912.825
THG2 1387  1379.000 1379.145 1361.212 -0.145 788. 0.021 316.413
PHG6 1419.1 1409.000 1409.405 1389.995 0.4 19.005  0.164 361.190
PHGS 1431.6 1433.000 1423.162 1405.347 9.838 .6537 96.786 764.688
PHGO 1435.5 1438.000 1427.456 1410.306 10.544 927.6 111.176 766.958
PHG10 1440.7 1434.000 1432.883 1416.609 1.117 3917. 1.248 302.447
HG1 1458.9 1459.000 1443.09 1423.134 15910 685.8 253.128 1286.370
HG2 1454  1446.000 1438.24 1417.595 7.760  28.40%0.218 806.844
HG4 1456.1 1448.000 1440.312 1419.104 7.688 9B8.8 59.105 834.979
HG5 1417.5 1409.000 1408.456 1388.743 0.544  20.25D.296 410.346
HG6 1461.1 1470.000 1445133 1425247 24.867 584.7 618.368 2002.831
HG7 1460.5 1467.000 1444.107 1423.416 22.893 843.5 524.089 1899.565
HG8 1462.8 1473.000 1447.207 1427.938 25793 0625. 665.279 2030.584
HG11 1427.6 1423.000 1416.684 1396.496 6.316 026.5 39.892 702.462
HG14 1428.5 1419.000 1417.219 1396.825 1.781 2.1786  3.172 491.731
HG15 1393.9 1404.000 1386.686 1367.127 17.3146.873  299.775 1359.618
HG16 1394.4 1404.000 1386.686 1367.127 17.314 8736. 299.775 1359.618
HG17 1395.1 1395.000 1387.688 1367.549 7.312  527.4 53.465 753.557
HG18 1396  1390.000 1388.444 1368.26 1.556  21.74Q.421 472.628
ZELEKE2 1435.6 1427.000 1423.007 1401.851 3.993  25.149 4459  632.472
TW3 1366.8 1365.000 1361.659 1341.15 3.341  23.8511.162 568.822
THG3 1386.6 1383.000 1379.182 1358.752 3.818 .24B4 14577 587.966
K1 1460.3 1452.000 1444.762 1424.793 7.238  27.20 52.389 740.221
K5 1457.7 1466.000 1441.853 1421.333 24.1474.66%  583.078 1995.141
K6 1460  1463.000 1444.347 1424307 18.653  38.69B47.934 1497.148
398.959 1085.361 6700.732 35826.753
ME 11.399  31.010  191.449 1023.622
RSME 13.837 31.994
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Appendix E Radius of influence and drawdown

Table E.1  Radius of influence and drawdown

20% Of 20% of
well ID Swi DWI1 DWL2 Hm (SWL) DD1 DD2 DD1 DD2
PK1 1465.658 1452.147 1434.057 1465.000 12.8530.943 2.5706 6.1886
PK2 1462.638 1447.311 1427.542 1463.000 15.68985.458 3.1378 7.0916
PHG1 1460.117 1444.307 1424.826 1462.000 17.6937.174 3.5386 7.4348
PHG2 1462.117 1449.786 1432.614 1469.000 19.2136.386 3.8428 7.2772
PHG3 1457.581 1443.64 1425.378 1457.000 13.3601.623 2.672 6.3244
PHG4 1466.488 1453.099 1435.618 1478.000 24.9012.382 49802 8.4764
TK7 1460.849 1446.189 1425.307 1461.000 14.8185.693 2.9622 7.1386
PK6 1461.383 1446.819 1425.903 1463.000 16.1837.097 3.2362 7.4194
PK7 1460.036 1445.417 1424.482 1453.000 7.58328.518 1.5166 5.7036
PK8 1459.325 1444.592 1423.909 1452.000 7.408 .0928 1.4816 5.6182
PK9 1457.864 1442.921 1422.787 1453.000 $0.0730.213 2.0158 6.0426
THG2 1386.968 1379.145 1361.212 1379.000 -0.148.7.788 -0.029 3.5576
PHG6 1419.13  1409.405 1389.995 1409.000 -0.405 19.005 .0810 3.801
PHGS8 1431.608 1423.162 1405.347 1433.000 9.83827.653 1.9676 5.5306
PHG9 1435.519 1427.456 1410.306 1438.000 10.544 6927 2.1088 5.5388
PHG10 1440.718 1432.883 1416.609 1434.000 1.117 7.391 0.2234 3.4782
HG1 1458.944 1443.09 1423.134 1459.000 15.910 .8685 3.182 7.1732
HG2 1453.988 1438.24 1417.595 1446.000 7.760 4088. 1.552 5.681
HG4 1456.116 1440.312 1419.104 1448.000 7.688 .89B8 1.5376 5.7792
HG5 1417.494 1408.456 1388.743 1409.000 0.544 70.250.1088 4.0514
HG6 1461.107 1445.133 1425.247 1470.000 24.867 .7584 4.9734 8.9506
HG7 1460.493 1444.107 1423.416 1467.000 22.893 5843 4.5786 8.7168
HGS8 1462.786 1447.207 1427.938 1473.000 25.7935.062 5.1586 9.0124
HG11 1427.591 1416.684 1396.496 1423.000 6.316 .5026 1.2632 5.3008
HG14 1428.512 1417.219 1396.825 1419.000 1.78122.175 0.3562 4.435
HG15 1393.873 1386.686 1367.127 1404.000 17.3136.873 3.4628 7.3746
HG16 1394.39 1386.686 1367.127 1404.000 17.314 8736 3.4628 7.3746
HG17 1395.123 1387.688 1367.549 1395.000 7.312 4527 1.4624 5.4902
HG18 1395.97 1388.444 1368.26 1390.000 1.556 74P1. 0.3112 4.348
ZELEKE2 1435.61 1423.007 1401.851 1427.000 3.993 25.149 986.7 5.0298
TW3 1366.793 1361.659 1341.15 1365.000 3.341 85#B. 0.6682 4.77
THG3 1386.62 1379.182 1358.752 1383.000 3.818 4.248 0.7636 4.8496
K1 1460.348 1444.762 1424.793 1452.000 7.238 2x7. 1.4476 5.4414
K5 1457.681 1441.853 1421.333 1466.000 24.14344.667 4.8294 8.9334
K6 1459.998 1444.347 1424.307 1463.000 18.653 .6938 3.7306 7.7386
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