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GENERAL ABSTRACT
Wat er i s an essenti al resource for the sustai
growth of the energy sector, and foeodkssedcemit

groundwater manageme nmiu.c hNent aitdhye lheasss ,benen done

groundwater resources. The purpose of this s
Ethiopia'"s principal alluvi al aqui fers and de
country'sdclamat eowaer . Geographic information

anal ytic hierarchy process -nffaAkHiPng meMQM) ,0fa nma |
| earning algorithms (MLAs) weregeaeobologi enalt zed
and | and use | and cover (LULC) <characteristic
for groundwater in the study regions. Fol |l owi
were employed to bett erd utnhdee rusntdaenrd vyti hneg ggreooul nod
Examination of aquifer vulnerability wusing a
i mpl emented. The study'ed feetchiteh amgiamg ednlpin@a ic® v
on groundwat eers.e alrncche poenn dLethitC rand c¢cl i mate <chanq
part. Lastly, the study |l ookedcai mat@engmaaonmdw:
together. According to the gr ounldewaetre r 2p2o0. t3e5ni
Gamel a, and 17.38% of Shinile are classified
very high groundwater pot eJnetriearl, 2z50%Bne5 2¢&w voefr sGa
64. 8% of theasSmi.niThe Kely critewatdemi gt ¢ntiindll
research areas are geomorphol ogy, irmdindatlds tatl
the predominant cation ?&%ndbaaMi o' nda®BOHLOr at i o
> €l NODespectivel y.i nlhtehegrotundlywadietres i s sl igh
Mi x edMgCNa Wwat @ the movsat eprk etmyddeent t heThe epeiamahy :
hydr ochemical process is the interaction betw

t hat n dgwaotuer sampl es of hydr ogen and oxygen

concentrated close to the meteoric water | ine
found to have more enriched i sot ope Dciornep oDsaiwai
and Jigjiga). The LULC' $hafrieenddyivregeds feais@svtveg hat
increased signihithet wgst ar.aoltheet dfJaedneea Kt WE)n f o
catchment (EC) indicatesr asnsliamrcds,aser dml amds,
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and eaduchi ehr abllaarn@ésn mate research reveals tha
maj or concern for water supplies in 28403t udi
the WC and IECQ ehnapdeissagétnuirae5 °@,ndamd Oannudkecprieespi
of 15.73 and 3.68 mm/ yeadrhaeasese ecltii meaetliyc pdresme
to affect future cases. According tdythed@NEF
(DMFgsults the aridity indices al so Thoelsleowed
changtleisft the <climate charact earsi df raonnd &aurmidd i d
According teftfeefetcltiudgt i ¢¢he@haompea nicedmam t he
EC. The results of the current period's climat
regi ons'
the end ef o02Q@pQUtsTlhf this research should p

drey fefeatcnleirmat el hen groundwater wil |l b e

Et hi opi annqgaizZoaweisal f or future studies i n pal
met eorol ogy, and geomorphology. The study's f
ennvonment al management, =anmakwalgl as policy and

KeywoAdbuvial aquifers, Aridity Indices, GCM,
Geochemi s$ry, MOD I
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CHAPTER 1

GENERAL | NTRODUCTI ON

1. Background and Justification

Water 1 s oneorotfanthen encoessts iitmpe(Vdrodh arn eatr uanl .| ,i f2
& Havema.n,Sdio&dmt)i sts have investigat edGewataekr a
& Mukhtar.ovlhe20l59re more than a dozreq wnetterod:
resources, ranging from rEeAWaosmnmdl it oets peelc.i,f i Z0 1
Mukhtarov, 2015; Hamza et al ., 2015; Koop & Vv,
2020; Yasin ARdsads menrR0 2etgithro,d sp wrapogs éd,y avail abl
and economic values. The climate is the main
of the ecosystem. Life exists almost everywhe.]
t hi s nfatt,urtah(eEdciwai rndast,e 2 0.1 1T;o dlaryr,y ,c 12 0mMa%)i ¢ unpr e
cover changes are the two (MBReinl liswiure setafdle.c,t i
2022; Wang. et al ., 2022)

I ntergovernmental ePanePlCCon eGltiimeattee sChhahmg si nc
increased by about 1 degree Cel sius, by 2050 i
224 degrees Celsius (Kumar, 2012) . There are
changeda aresul t o f cmbpmatt adehdhgeds, Hpgbl ong
variability, temperature rise, 4rcd ar&kecueced arl ai
Kourtis etChimategO@Bange pl aysps mr aotnisd else,r avwd tee
management , and even public health. The <c¢cl i mat
surface water resourcecHbontfahboutadt aluhsu2daz
Climate changéesuotalkces wabher sresources in two
variability and the other by Behamgilng 2t0he ;| ehae
2015)t is important to understand climata@ con
adaptive measures.

The growing problem of climate (cWalnlg&n i Wh Brad)y
temperature and rainfall are the main deter mi:i
air's moi stutriee comitlensg wdtferctlsal ance. Water ha

1
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when the moisture content of the soil i s h

a climate in a given | ocationAisdiexprksdex

(BegBkov8et d., 2023; dosSantosetal.,2022). The UNCCD defini tidi @amd of L
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radation brought on by a variety of variabl
d rhyu ms Whar s @nrii aln doéd@mbas am, Th@l4d)egree to whi
g. ., an -aariidd eocrosay ssem or | and) is susceptib
ensified by c¢climate changes i s statted as
ctuation depends on its sensitivity, adapt
exXpeEien&e@nokal a, 2022; | mbrenda et al ., 2

ot her major parameter that affcdhhatiQ¥atbha ewat
al ., 2018; ChiMadneys ssat uedti eemsH e, eqpboerit g gt hlranas b e c
i ous problem in(Bhnvhammmental . dya@md®@ csChot o
al.lnh 2@d8 ) i onurtfoaad tveati enrg srechseohumrncgees ,i nlfa nude n c

the subsurface system and affects groundyv

agement , it i s essential to -ese@scHbangss mum
n.et 28M)e combinedseftkhanhge oédndaoadi mate on
eral and groundwater resourcegq,Eliimspeertt iad ul,
ha et al., 2018; Wu et al., 2020)

study ad ebays gauraet ecrorveerrye sedi ment as a maj or
t alknoousrtt honoef t he | andmass of the(Kebedey i
) Al  uvi al and terrace deposi t seri ntcheuyd emaskaen
Quaternary aquifer. These aquifers are ger
t and cl ay, deposited by a(Kassunénefh al v
i fers that arry fa Owkeiiwld DPalslainddl g2abn®Sh)e t a k en
er groundwatLer elmazdi &s Gaeéassar e 20W@ )t ypes of
se dispersed throughout alluvi als pdlaadmg wairte
er (CAywemsevs et al ., 2008)

is anticipated that Africa wil!| use mor e

tinent's rapidly growing population and i n
2)hi ofpi a reli es | argely on groundwater for

2



Aqui fers

provide more than 80% of the water s

Even though most people's | ives derpoegnedo! mmi g ia:
i nvestigations have been done on the alluvi al
2008)-exbvarction | owers the water tabl e, whi ch
aqui fer, harming thetgecofowgwrptandréebeususs ai Ad
groundwater trends in alluvial aquifers can b
climate, agricultural practices, | and use, anc
Becausegeuadliigthy water id agquculkdurfalr bh®ag@eangro

get the same consideration as quantity (Yousef
2016) indicated that an estimated 663 million

on t aidnatnegde roorus water for cooking and drinking

wat er resources contain certain ingredients t

i nternat. i

onal organi zations (Smedl|l gy yPfe2addt:;

the groundwater in the region are its high am

content,

-
-

high salinity, and hardness. Under st :

i gati on, as werelntad ey egd ssionl eh udmeatnr heal t

essenti al to preventing quality concerns, ma x
heal th. The primary issue affecting water qua
andand wuse and | and cover <changes. Further mor
necessitate drilling more water wells, which i
to build up at water sites, especially in aric
In theymafothe research | ocations, there is a
is no widely accessible systematic database. A
this study from academi c-giowstmetnu tail o s ,g agiad zeartn
sources. Climate models are the | eading moder
seasonal to decadal time scal es( kKatdt & ow era ka In.c
Remote sensitng hsaavtee |l d fiftiec ideant applications i n
mapping inaccessible areas. Di gital el evati on
(Gl S), Landsat, Aster, and ot kkdrf esthtebl imed ho
gel ogi cal mapping and interpretation. These i
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ions in a brief amount of time for the eval
ources. |l shhteanpe abndmehhpdde ranehessmeoof ntdet
racter of groundwater. The i sotope met hods
rates qfAygmewnewatwtér , 200 8,; Kebede and Ze\
area for this studyfwastyepkectad| becalsease
ure (highly wvariable <c¢climate nature), I ts
nomi c I mportance. The technigues used to
ti di scHplyiemaragnadatsa s t hat considers | and
t-gpepcecsh emi st r vy, geol ogy, geomor phol ogy, dr a
eaments. Water availability, compodsiUULCon, s
nge are the four main factors that deter min
t his, the research focuses on these enviro
tures of alluvial groundwaters.

. @t at e meentp roofb Itehm

er i's one of t he most i mport anHoO welveenneg ntist |
il cipated that human activity windustaruisael 1l &
will 1ikely wvarly rftermegm @larc8eA G ft og rlo.wv2tAhC i n gl o
expected ©L®BWEHRXTRCC, 520CLkwy ding to the | PCC
ica, from total water resources availabl e,

$1 DP0% and 5% used for domestic supply and i
undwater is one of the main sources of dom
i fers; alluvi al aqui fers are veryt ghoyoddr os o u

| ogic formations AlMaucvdioanlal alq ueitf eals. ,ar 20 1a9d)v.
i fers due to their abundant yields and sha
ure of the aquifers maoklel utthieoom paanrdt i|wautlearr |lye
to seasonal wvariations in precipitation. A
m alluvi al aquifers can i mpose pressures on
2) .



Hy d-¢c bit ma characteristics deter mi ne t he occur
groundwater. Il dent i fi-clait matni cofp arhaemediefrfse raemd 1
necessary for predicting @dheumdwa tnoguw acpeest eanfte istal
country have many challenges due to its unpr ecf
Di fferent studies attempt to reflect this evi
come up with the solariroes. oB8omeosi ndiess i gat e

genevoasit. of the previous studies concentrated

identified area and small number s ofGeqteu dil ¢ &, v
most of the Ethiopian alluvial aqui fGénvenarmned en
fact that alluvi al aquifers are the main sour

change may threaten thengecobyshemsoohtthe BI &
few overall studicé@s niers tolfe Ealhli wwiial. aHpuiefvesrrs,

met hods and for different purposes. Using a s
make agmofecsant difference from the technique:
studies. This study plans to meet these reseai

of Ethiopia and determining thaind wwivreer ahialnigt

1. Research Questions

The study aimed to address several key questio
aqui fers and their interactions with wvarious
factors. Bhesel|l qguedti on

T What are the relationships between the gro

geol ogical, strwuctural, morphological, and
T How does groundwater interact with the geol
T What vsl ndédrabil ity of alluvial aquifers to
f How vulnerable are alluvial aquifers to cli

1.@bjectives

The primary objective of this study is to com

i Et hi opia by examining their geological and st



regi onal aqui fers, and assessing ¢t hecehranvguelsner

The study is guided by :the following specific

T Understanding the groundwater potenti al of
many geological, structural, morphological,

T Examining the interactions between groundwa
as wehlkbydrogeochemical and isotopic proper:

T Modeling the vulnerabilitysiongdalfl edi aDRA&SJ L
model s.

T Determining the vulnerability of alluvial &

1.S8i.gnificange of the stud

The study of aquifers plays a cruci al rol e i
hydrol ogic system. The findings and applicati
i mportance not only for theoswedefscabeudWehpt
regions manage their water resources sustainahb
geol ogi cal setups, identifying sourcesandand e
rock formati amss,esasngvet he asmpacctosvelo&ngeesi mamn e

hydrogeol ogy, camd ugadbihreed mpi gbasi ons of this re
study areas and wil |l be invaluable for gesear
stuwdmrovide a foundation of knowledge and dat :
field. The study's obasedegshakamiggmihé oemi ¢g@ih
support the i mplementationcbof managamenanbl angdr pi
al luvi al areas.

1.8%cope of the study

The main goal of this study is to investigate

devel opment .

T The study is concentrated on alilnyviaanld rEeagsit
(Fa-8ener andbashiims) eEtshuibopi a.
T The study examined the stable isotope, and

only eastern catchment areas.
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T I'n characterizing the aquiferid,itpoilulawetdi dma:
cha®dge mpact on the groundwater resources b

aridity was a concern.

1. Zimitsomtfi ame study

Due to the field of study and the nature of

qQuantitative research type. The research has t

» T T T~ 0 o
w S5 =T O =T

-~

-~

T The study was | imited to major adilleuwiral aadg
Shini-hbasisud) .

T The sample size of the stable iesobtopm®mi cst U
constraints, instability, and security i ssu
T The availability of data is the other | i mit

al so posed probl ems f oai Itahblse sewiddyencT®@ oo i

on the study regions was also another | imit

1. 8tructure of the dissertation

is dissertation is compiled into eight chapt
ction. This bsaexckdgromund cdfudtetse tshteudy, t he st a
e scope and I imitations of the study. The I
the second chapter. Chapter threarcbovehs cth
presented in the order of the,tolhg edcddocwvmasnt
esents the main parts qgdnd henltihmsimandser ppt
e i ncéscehadhtielmhd hsyolt heisols, ceaommendati on, al
e presented in chaptsetrhe irgedtred cdapuspiasngddi hxiesse p a
search.



CHAPTER 2

LI TERATURE REVI EW

2. Wat BResoubDecveesl opment in Ethiopia

Wat er i s essremitvall dforaltlhel isfue f or ms. The dewv
component of 17 Sustainable Devel opment Goal s
Goal numbers 6, 7, 13, 14, and 15 all deinrtect| vy
should therefore take precedence to achieve t
fundamentals of the gl obal objective are to g
to safe and fairly pricetdedamnckeanqngi wablee @R n iwtk
(H8k, et al., 2016) .

Large bodies of water, such as | akes, rivers,
Et hi opi a. However, due mostly to the depleti o
phl osophy does not reflect this | evel of prosp

of Ethiopians have access to sources of <cl ean

sanitation facilities. Etchuit epiwaaties curnirserst | ypr
severe drought, a lack of financing and suppor
water management and sanitation (Hendri x, M.

80% of the eeopomgpetcamaméyssusceptible to shoc

which also |Iimits their capacity to apply mode
2012) . Understanding the temporalbuandsspatieakb:
for designing effective agricultural and water
I n all of Ethiopia's climatic zones, groundwat

domestic water needs iafanbtost { Mernbgans taun de tr varlal, i
of the madtf edt @e@dghlktountries in the worl d, har d
characterize the gra@aundwatoart i rosnso wif c eetahraifodps emi

futudev edotopdtyhemgf eat ures of groundwater resour

With an emphasis on the primary alluvial aquif
covers the Iliterature on ctlpanadtserouzti nige stehaer C
groundwater in alluvial regions.
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2. 2Relmot e sensing and groundwater

to resourcheassecdarity dryo megtreoaurnodl ogi c al obser
el oping couobnpriiaesasdcheamst EtBensing is the
vation Model ( DEM) , LANDSAT, Sentinel 2, M ¢

th's surface, capturing surface Onmdgdd oargd
, 202 2; Saf ael et As.a R62WL]|]tYodbaegealerr e

gepyogressddiedryoufinioocdewert | @&l . |, 2014, Renz
ce the advent aolfonge nmoitteh saednvsainncge,s GInS,c o mp ut
ery wuseful t ool to assess surface propert:.
viously been used in sevéeRahgwateir &eBosch:
t al.,TR®L&)data are used by several acade
ources, as well as t o e(sBailntaotdea ncoh aentg easl .i,n 2
2) Ot hers used satellite dOmafgergncombt netduive
gy & Ltzitroiu, 2022; Remon®Remomtet saln.s,i n0 212
n used previously for water resource all o«
ducti v(iikiytdstaddT lee2 0a0@p!| i cati on of remote se
hnol ogi es wused in many parts of the world
orAyad & Saeid, 202 2; Duan eStatell.l,it202%k;motf

ications in hydrology are the €& nmearigencee oeft

2 ; Hat a eflToalbi ma2022; aloan2022; Tegos et al
undwater is a hidden resourcetiagdaphy axall
hods are etameumicngtamd dlisne often require
t-ecdbective solutions to these problems are
ormati on systems (a@li$h)g fgoro uanssiehtastil nigc ka red r
4)Since the invention of technology, geol og
uctur al I nt er pr et(avtaino nd earn dMereeAg i etnnabhil nma g Podnh
spatiuaels t(eemoitee sensing and GIS) for the ic
th has become an i mportant tool i (nSheavha | & a't

e,. 2Ba®mPte sensi ng tgercahdnu aqkubeysa oaer peg enpol wo ghi eci anl g

9



and obtain the basic geol ogi cal i nf Bmahi &n c
Krishnanunni, 1983)

Geological mapping has already made use of GIS and remote sensing techniques in many parts of
theworldl Lk et ;aMoha@t9et al ., 2021; Radaideh et
et al .Visuallfterpdejation of satellite data is the basic application of remote sensing in
groundwater exploration. Remote sensing facilitates the preparation of littad)sgractural, and
geomorphological maps, with various resolutions of the images. These data show major rock
groups, structures like folds, faults, lineaments, and fractures, and different landforms, due to their
synoptic coverage and multispectral capgb{ Souza et al ., 1997, Bahir
2011, Ke b e d. &Vithehe hedplof dat& dd&ing large and inaccessible areas becoming
available quickly, remote sensing's spectral, spatial, and temporal capacity has created an extremely
useful tool for gathering, storing, translating, enhancing, displaying, and analyzing spatial data

( Bal akr i s.Wisualnnterprgt@idni) remotgensing images is achieved efficiently and
effectively way using basic interpretation keys or elesmén@C a | | a g h aSome studie8 0 )
Ethiopia use satellite data for geological investigatiordi nt amo, 2017; Romil ly
2 0 1 M3any scholars have created important methods for using remote sensing in geological study
throughout the pasew decades. Below, a summary of some of these works is presented. Gintamo

( 2 0 hag worked on groundwater potential using geospatial technigués: South Rift Valley

of Ethiopia.Using GIS and integrated remote sensing methods, he tried tdydendi categorize

prospective groundwater zones.

2.8table igebopemhagrygundwat er

Previously water resources managers, as well é
surface water as two sepdraltegentstciesnceduoent
determining the sur f(akcael bwast eert raels.o,u r2c0eOBay & al nviki of
guantify water resacwmckideaicciuenapledy, benweenssu
systemsnwghanpsuoslbiiemg approach that simul ates i
|l evel s and the interactions (bRasweaem esWhal.at ezl
groundwater fl ows from one systemditnog tgheeo | cotgh
materi al and rock system. The solubility of C
(Wal ter et al ., 2017) . The types and concentr

10



solution in the greumidwatebyaseveramatracttyodet

the rock, interactions between surface and gr «
addi ti onal sources (Yousi f, et al ., 2018) . [
oxi chgtiaond reduction are all/l exampl es-watf erc hem
contact. |l gneous, met amor phi c, and sedi mentar
Mi nerals in these rocks wildl digsohveheinticheé

weat hering resistancer ddke hinmtver aedt iadn ,i L 0tlHeg .i
solution with a rock, which includes chemical
i nduce miner al uemareg d h eb wtheaniscali mcfolmposi ti on ¢
bel ow the Eart-Ram?2 rsaz fatceal Mo2@h6) . |l sotope a

among the main techniques to study the interac

2. 3llegt.ope met hod

Di sparities in the isotopic composition of ]

groundwater show the interacti ¢Bhbéet &edpret hasce

| sotopes in groundwater wihiydowl ogyoof her paotde:
mi gration and dispersion. Complementary inforn
is provided by isotope hydrology. I f the aqui
serve as a hreefwaecetri'osn oofi gin, specifically the
The evolution of an isotope's composition via
water's past, specifically the pAdecwsegedh®@8 4 )mi
i sotope technique is one ofgr ohedwettchrodiohbbgi &
(Ayenew et al ., 20183; Kebede et al ., .2005, 201
Because stable isohotpencgmposidwwiadber skkeds ckisgal

of fers a comprehensive kn(Za. eRlgcka 0d . &waWwe,r s @B Db
i sotope of water !Bepruatsi fHnd ¢avioed hiydmpgahm®@,(t hr ee
10,'® forms. Vienna Stand&MDWMeas Obheamy| Whtad d,
standard for reporf{iCoplienotWNaPeB) avii it B(sSi®oamivat e«

PH ) i s a reliabl e t oogr ofuonrd waast see s seixncgh asnugrefsa cheo t
guantitatively. This is because surface waters
fractionatviapmm (dAwmigmgt al ., 20.19St Kiwldg eirsoted p ad

11



excell ent i ndi cator of water circulation in th

in hydrogeol ogi cal studi es, dpyrnoavmidcisngi nvad ugblV
(Kebede et al ., 201 8; Kebede & Travi, 2012; Te
Many studies show that isotope -sulgpsuwanfuaees iamtee
i nvestigation. I n addition, Bheisbé¢éopei ci goad
water shows also the interacti{&Gomhat weégaot hados
al ., 2015; Kassune et Same, reéeo®éda8bchRweyks, akél|

reg@kKelbede amd Trhaevist uddl conducted by Kebede a
applicationi®ifH2R22&nomensd in identifying the s

groundwater inflow rates in Beseka Lake.

2. 3Ge2o.c hemi cal met hod
Understanding the dyanansiycsst eanfs haynddr oigdeeonltoigfiy i n ¢
evolution processes are frequently wused to i1
sedi ments to gain an understanding of aquifer
and chpernoicceaslses that influence water chemistry
i nteraction between water anf Yowxcikfs dffloenl .d,i f |
comparison of different geochemicdénaalt edatiantaeirdaecc
di ssolution pattern, Waneri perextlhangea meé ah a micd
ter mvadek i nteraction may result in greater s
surrounding rocksquian i ¢ ¢Ra(mvoalré8inn gt wat et 2016)
chemical compositionwanéektlrecins ethet mankandf che
resul t, groundwat er chemi stwagt ecan nberacii oz ec
processawi (ebtehanl ., 2011) .

2. Modeling groundwater vulnerability

2. 4Colnncept of wvulnerability
Vul nerability is a condition created by physi
processes that make a person, commaineftfyectas se
hazard. The degree of susceptibility to the wun

adapt is known( Akaliltanivudtneala.b,i | 2.0 1l4; Met zger

12
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rgat initially devel opupdchetrladi hotiyomnotft hgr ¢
scribed as t he proclivity for poll utants 1
compasses both innate and particul ar vul ne
|l nerabilitsy twhealelaspalhleutpant i cul ar vulnerab
herent vulnerability with the unique cont ami
mand and resource vulnerabilities-eaonaothi cec
owt h, and related | and cover changes. Being
measure directly. Wat er resource systems a
ncepts (dual compl exitt ygs s ematkiianlg tiot ecshtail nhaet
| nilettsob negati ve consequences of <c¢cl i matned c han
tremes, or unable to handle them.

ere are sever al studies worl dwi deeBhmaé¢dfetr u:
, 2022; Chishugi et Tadlis, s2@w2ly; dWanoq,steatateels.
| ati onship betwdewatlkr maeepubUdE€ is strong e
fect complaintbso Mhaye rsesedretientdheaeffects

oundwat greMagdoetrcak., 2022; Geri.s Seotmeals.t,u d2(
Et hi opia show that LULC and cl i mat(eAbcehraan ge
2a012.2,; Bogale & Erena, 2022; Geris et al., 2C
al ., 2022;. Tobépdrediengadn ,tR&24)tuation, a Vv

t hodol ogi es alraes eadp pd pi persld a adPadosc,masdsthatdis |, and o0\

met hods are extensively used to estimate groun
al ., 2022).
2. ADRASTI C Model

The most cruci al techniqgues for examining vu
processes if field data is wunavailable and re
el ements that influence groundwater vulnerabil
of physical and hydr ol ogtircaans pohrdr accft epolslk witan
groundwater quality through the unsaturated 2z
2022) . DRASTIC is a weighing and grading sys
par ameter s: g(rDdu,ndmeatt erre cdhegprtghe ( R), aqui fer me
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(T), i nfluence of the vadose zone media (1),
1987) . This DRASTIC Model i s based on the fol
poll uted by a surface pollution source. 2) Fol
enough to mix with the recharging water and r €

2.G6G.i mate and Land cover change

2.5Clli.mate Change | mpact

I n reality, t e mpee rdaitruercet iinncfrl euaesnecse sh a®mn e tnradg aitr a |
i ndicates a high sgmMsisttiori, T ReOtlddl)gmabal swat eminh g
processes (internal vviamadaboti npYupbpal xbrngebal
variability) can cause <change. The United Nat

(UNFCCC) def i nes fiacnl i imad ree acshea nigre cthlmesgmeant uag vad r ¢
comparabl e periods, coupl ed ewittlly ars hinfdti riectd |

to human activities changing o(Bea@@dmposition c

Climate is the average state of the atmosphere
over a specificbhbapgei 0d. aClsiimgatid i cant variati
parameters over extended periods (decades or
mostly on surface water resource systems due
t hienaccessibility of mos( Taywylsoru,r cetsCldilamra t ¢z @c@h9a)
affects groundwater by altering the recharge
guantity of the subp€ur Pac &umgldhreo 20 gnkga gcey chl eet w
change a®sndrtheeswhter resources syst e(n\iist arm,e
2019; Nistor .etClailma,t e2 Oclh6a,n g2e0 1d7i)r ect |l vy af fect s

air tempepiat arieon,praecd evapotranspiration, t h
climate variables and the impact of <cli mate <ch
understood. The effect of climate onnsebaotfart

of surface water reso@Sicregh width a&lub,su2dlal)e sy s

2. 5Cl2ihmate Model s

Nowadays, the study of future clsitneapt iacp pirnopaaccht

climate model outputs arendsédohs geoakr ase pk

14



temperature, @hiwals 6i@ad i hydwwnasal ed | ocal cl i me

to a hydrological model to project (hesbgdribl g

al . ,. 200 mMotdel s are numeri cal representations
future of climate systems expressed(®deiddmpet e
al ., M@B3)i, andsouteresed2CCB undesri 0An2,s cAelmBa r ia
regi onal Model ing of Cli mate Change I mpacts
Peninsul ar Mal aysi a. This work-based gaosdtndateic
approaches, model forecasti ncgal acncoudred ciyn g o petgiuna
simulate the suite of GCM outputs for i mpact I
in the area is evidence of water resource sca
maj or | i mitattihats earfe tthreabGdCaMst o capture the me

driving the occurren¢&egkel esueh physi @0D9pPr oc e s

2.5L.a3nd Use | and cover and water resources

Land use change and surface watsabhsues$acecay s

indirectly affected by the | and use change. T
straightforward. Rai nfall serves as the pri ma
surface, occurriggthmasermadtl yralAfplkeenbmena, it

that can changéfiortonsulrfaaeioanto the subsur

already demonstrated how | and use/l agBrbawer a

et al ., 2019; Chi mdessa et al ., 2019; Chot o &
Negese, 2021; .SiSagrhe est vadi.e s 2i0nldi)c at e domat | ar
groundwat grSimgshowertcead ., 2010)

2. 5Ardi.daintdy Ari dity | ndex

Aridity is a climatic characteristic measured
significant i mpact on many aspects of [|ife. I
average conditiomscefssarrnyedgioore,vadmudtiet iifs ther
existing(PRagiecagqguaomThale, akb6818)fferent approac
is arid or not. The approaches inclThes Cdwnssi
applied the i nsduegkg eesptps ouascihn gvha cvhar i ety of st ani

throughout time from earlier classical researc
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to designate areas wiyt h Swahyimgedegr édaveofbeamn
Martone, Ember gElme ®Bwgsbaemg ewdesklteedldi Fweas

particular research are presented bel ow.

De Martone Aridity I ndex (DMI)
The application ofdeheh®s Malbaoge Asedi hycl nma
This index was proposed by De Martone (1925, 1
at the (Denilzscatrkat .i,t 204dAp! i cabilitytiomeenvi
Aridity Index is frequently u(skdl t &@o,t h2T®d7; tNin
2016)Littl e works are done r e(lAbtrehda t& Hal g onsa,t ¢
Gebremedhin et al ., 20addes dNe etadeds,e @BAdhME)n. ,ana
(204090dy on aridity indices in Raya Vall ey, Et

UNEP Aridity Index (AIl)
This index as proposed by UNEP (1992) esti mat
(1948) for mul as, iwhiochmadriloyn menedai r temperatur e
known as the aridity(lwdwixg ethdalFAO 203 Db; udarse
The UNEP Aridity Index (Al) divides aridity i
peci pitation over atmospheric water demand. S e
UNEP i(nAddeed odun et al ., 2022; Mi hi. eUNBP. | n@é&x
measures aridity using thalr atviapodfr aprs@dir @it ti @t

2.Pbhe Major alluvi al aquifers of the country

I n Ethiopia, the alluvi al sedi ments are found
Et hi opiaantdhsBa Utther n Af ar t(rGhnesrinteito8ne tzKoenbee daer,le %20
Me c h al et(Filadune 20Hlvgy (rKiaweru nleaeitamd . i, n 210i18gr

di fferent parts of the country as a whol e. I n
supply is groundwalttarl.i zThmeg ke mafnidivsater fr om a
water are as foll ows: (the water quality is ty

from groundwater systems -pEfmiss|l atwst andtti bae d
i's ch(eMgpresgur et Alluyi 210 -&niud freegi oms same cal l
The JwWWadi s used to refer Wadi chan(id&bl and &h
Mi ssi mer ,Wa2d0il 2i)s an Ariab&atr bedm Hdelil ded aavine
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dry ovklseh property of Wadi aqui fers shows that
thickness, and thus(MaVevioweMi sBomagdi @LABMmest
frgmebed2OawBadhil . .bed | ength exceeds 30, 000 km

meters of groundwater storage is available. Wa
Borena, | ower Omo , Ogaden, t he wesstueprpnor b @ mdg e
|l iveli hoods. The report shows that the main s

the study area are f(rkabedea, 520 3A)l t ywvi alt bhgumi
the groundwater of hteh eWoSheidmi lien z diree.ShMmstl eo fz ot
by alluvial deposits composed of sand, silt, a
pot ehKemdde, 2013)

Raya-Kobo Valley and
estern western Denakil

Lake Tana

a*
g_ su basin

.

Western Bak-
Akobo (Gambe

FigutTehe .all uvi al equiffreorm Z Kredose dmeqg d i2f0il 3)

The study areas for this particular research
met hods, the area of | east researched by previ
regifdhe. di f f erlenstt ugdeyo |l rogggacrat s t hat the western
Akobo River basin are c(oAleenaly ebhyu .geuflaht eelr en,aa B/@ 1s
hydgtor ati graphi-Akobbobt Ri vertbasBaroone lodvitalese
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aqu

i fer. Al luvi al aquifer i-hyitmmg drasa.n Tihe falu

Gambel a area consists of cdKrede dmgtTéar@ilal) |aunvd ail

pl a

Gen
I n
mo
di
ar
p |
al

©Q d® 0w o

| ak
De l

aqu

I ns oAk otbhoe RBavreor b a&sipm olduswuivadbewt et al

erally, reports from different scholars shc
the rift wvalley floor and along the major
er athe pteo meiagpi | it y( MoWRucB@QaRYteheamaarwyeal | uvi
tributediilar,yalhljee ysno utthheer n part of the coun
a, Ririba valley, and OmoRehed)andnTekhezeoa
i n, al luvi al pl ains in the Tenda(hfy,enwmht ie,t

.,, 2l0®@Bér catchments Wabi Shebelle river, al

e AReéenlag apAfaam.ddhmeessi on areas are also co
al u, and Kor i Woreda i n t he eastern Afar
i fers. Due to t he movement s of alluvi al d

depssi on area the a(lAyuevnieaw, &0uldef)e s bowset hbi akl

t he
Bel

gro
per
we l

sed
per
aqu
( Be

The
pr o
pro
The
hig
Bor

Danaki | depression has moderate to high g
esa, Lalibela, Taba vitilagre,basidn Sekat ahav e
undwat er (Sei fu, 2012) . The aquifers in tF
meabl e alllKetieanla ce.¢ pT@adda t,mo2sOtl 6p)r eval ent unit

| fi el ceriedaDembiad IWMvi al sedi ments, in Nort|
i ments in the northeastern, nort hwestern,
cent of(Kaesumwme ale@hakhe, a2 @1 8o deenrtaitael aanld uhv
I felmSsi riimka and Woydo area urm&entubaB8dSbip a
gashaw & NT., 2017)

2. 6Hyldroged| adye study areas

Et hi opian aquifers are classifiedybadasgdhd ol
ducThei ma,j ority of Et hiopia's | andmass i s
ductivity. Most of the country's north and
eastern portion of Eehiagpié&aers. hdome poi ma
h productivity include t he reiafstt ewval |hdyy hd rae
ena areas, t he -eeaasstteerrm g daem arheea ss,o utthhe S
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rift valAgewi feaermreasof |l ow productivity cover s u
sout hern, and tewmanotf h &€t ([eybsgaseeam@0id) The-perotdowt i vit
zones are distributed in Tigrayi, Kkdor2bkid gul ,
Very high productivity-vzadnesy arned alhs o idies tarriebau

The aquifers in Ethiopia are also grouped as

and geothermal . Continudthe aq@itfeeam a@onwert hies wais
of Ethiopi a. Gambel a pl ain, Ogaden ar ea, Shini
are covered by continuous aquifers. These di s

of Ethiowpl ar |l Yarhe eastern part Abay basin, th
headwater zonesgobbethandw&sht ©@@moély basins, ar
Denaki | basin covered by the ddslceomtta d ufoarrs tahgit

study are highly productive areas with differe

The geology of the Fafederer sub basin is composed of Tertiary and younger sediment, and
Oligocene Miocene volcanic. The western area is dominated by &tigddiocene volcanic rocks,
while the majority of the eastern region is composed of Tertiary and younger sediments (Ismail &
Abdelsalam, 2012)The aquifer in Fafederer is specifically known as the Wadi beds. Wadi refers

to the bed or valley of a streamparts of northern Africa and Southwest Asia that are often dry,
save during the rainy season. According to a study, alluvial depagkicch may be as thick as
thirty meters and span an area of over three thousand square kilénae@most exclusively
located on the banks of perennial rivers, where seasonal flooding is responsible for their formation.
These sediments consist of wetirted sandy silts and clays with distinct layers of uncommon
gravel and coarse sanddie aquifer qualities of the deptssare moderate to good, particularly
those of the sandy lenses. Silty units have high retention qualities and, fxcdgposits with

extremely fine grain, give water to wells gradually but consistently.

For Gambela plain sediments, the transmissigaches 120 fiday, and the yield can vary from
0.01to 2.51I/s. The depth of water varies from 13.8 to 30.1 meters below the Kielaedg2013).

The total recharge of groundwater in the Gambela plain was previously estimated at 128 *10"6
mq/year. Thetotal volume of groundwater in the basin area is estimated to be 200 km

The quaternary formati obhacowner spest adl yt hdeS

region. The northern stripes and tddeveampedckrwictal
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tertiary volcanic materi al (Kebede, 2013). The
the others. The yield of w281 IIs/ 9 nwitthke &rmi av d rec
| /Kse b(e2d0el, 3 ) .
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CHAPTER 3

MAT EIRASAND METHODS

3.Descr sopft itome study area

The study was focused on aldlevieabsagpui GambeWwhi

and Shi-bhaslien.sulbhese areas were selected as st

cl i mat ee,coanmomi ¢ I mportancéeéaawnhkbegnh venablrppetrhats
by previous researchers. Descriptions of eact
foll owing sections.

3. 1Gelo.gr aphical Location and Accessibility

Faf-ear erbasiubThe-JErébRrSuUub i s situated in the W
which is in the southiegausitee rd ipiamrits torfa ttihvee Icyo utnh
of the Oromia regional stat el earedbaBamrbadlais rae gmec
surface area of about 17390 sgq. km which is b
| atitudes fromAWA| &dh eatRdd 0974e tHKaRetle? h-basiuhs of
the Fafen and Jerer ar eSH.enkKarhaymareagi Monwsn ttahian (
of the features i naltohneg REBR & dhiNWewchtiicohn ssterpeatrcahteisn
in the east from the Fafen valley in the west.
the outlet to about 2450 m above -bsaesai n,evteh e roen
mag or asphalt road from Addi siKAdrdiag jtioga hceo wd rud
620km. There is also another road from Jigjiga

in the study region. Theraeba st mlXkiogjai gaa.i 'y f 1 i

Shinibasthé Shi-madien siud found in the southeast
bas(iFfni Burle Admi ni stratively the region is a pa
administration. The Igbeasyirm prhadniy®éd Bfafa on ift U dhe
and 240mPfB 5N | aciotveige 963 aqlmu)e Wi thin the stu
the height ranges from about 2750 m on the es
dr ai nargel Igye nfel ows from sout heast to northwest.
Ababa to the studyyDiaree @atwlar cwgherAsdamaout 456Kkt
20km north of Dire Dawa city. AdditoobalbkypDaiwh
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Gambel a PFlhaelAkBealro Ri ver basin is the river bas
sout hwestern Ethiopian Pl ateau. The basin is o
kA Administrativel ynbehea regiomal ssaapart G&ag
| ocat ed °H@& toW=l@On L&t i t LA@ odI3@ 8 8 n ¢ iAtl Ledneeyt ¢ had

2016)The Gambél aemlgaiarp harcead | 80m0g3tMo&Ed e nrda d qae 3§ t fu
franstoe®3 NG covering a.n km.eaTld el8@w®t isqyn of t he
to 846m abdvegugea Jlhevealeg(i on borders with Orom
the Sout hweRe giron ®le optl #tse i n the southeastern,
west .r efahei sa accessed-Amibdle k ghBtasedbdeil sa .AbAadbdai t i on a l
a daily flight from Addis Ababa to Gambel a

Z 33020!0"E 34020!0"E 3500!0”E 40020'0"E 41020'0"E 42020'0"E 43020'0"E
5 . . . : . . . o s : N
< - - = Shinile sub-basin i
% £ 5 AlE
i LS o =
=] - -
z PR p)
2 - R =
S =
B £ ~1lLegend -
z i i F :g 4 — Roads B fo
:o i | % °<r Streams i og
K| — Streams 4 0 30 60 120 Kilomet -
g [ | Boundary somerers
| _JBoundary 0 20 40 80 Kilometers | .
[ A 40°20'0"E  41°20'0"E  42°20'0"E  43°20'0"E
33°20'0"E 34°20'0"E 35°0'0”/Ef' 42°0'0"F, 43°0'0"E 44°0'0"E,
/', 1 1 1 .
N ¢ __Fafen-Jerer sub-basin n
S E
g ‘ =
] \ 4]
Legend l\ z
g —— Roads V o ::Z
;o 1—— streams _;g
® |:| Boundary AN ,{“ ®
0 35 70 140 Kilometers
T T T [ T |
Ethiopia 42°0'0"E  43°0'0"E  44°0'0"E

Fi gutleocdati on of study areas
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3. 1Ge2o.l ogy and hydrol ogy
Faf-Pear erbassubmThe geolmadii oanl Sfhebbkel &vabiasin i s ¢
Mesozoic Sedimentary Aqui fers (TAbee bbea samd i Fso eurnc
by a very thick succession of Late Paleozoic,
It i sercihmaaedchy fl at to undul ating plain geom
Mesozoic sedi mentary deposit with a thickness
m bel ow ground. The | ithologicyuNMesezbdensedi m
rocks with intercalation of sandstones, [ i me s
AJesoma 9@Gddtoeay et al , 2019) .
43°0'0"E  44°0'0"E  33°10'0"E 34°0'0"E 34°50'0"E 42°0'0"E  43°0'0"E
1 1 TG W T T R e I D e A 1 -
=
N | B
) ;
:c.‘ N -
g z
2 i S
:a. |« § B i
& —a Legend z
x© . -
~\ i Adigrat Formation | =
Legend [ AGr Series g
z 0 Adigrat Formation Legend !:IAlghe Group
=4 [ Alghe Group L1 [ ] Alluvial sediments - ':] Alluvial sediment
?? [ Alluvial sediments (] Baro Group = Amba Aradom Formation Z
1 Ashangi Formation B Basalts 1 -' g::ﬁ;:::m“” -2
Bl Gabredarre Formation Birbir Group = g
z p Chulalo Formation
£ [ Hamanle: Formation I B Granite | | = Dalaha Formation
5] [ Jessoma Formation [ | "] Sandstone I Hamanlei Formation z
¢ | [] Urandab Formation | I Jessoma Formation X
0 25 50 100 Kilomet [] Undifferentiated alluvial )
0 30 60 120 Kilometers meiers 0 3% 7 140 - &
e ! TS TN T N T - |
43°0'0"E  44°0'0"E 33°10'0"E 34°0'0"E 34°50'0"E  42°00"E  43°0'0"E
Figu2@edl.ogi c units
Speci ficadllley,e-btalsasbFladminnat ed by all uvi al and f
and stream beds (Abebe and Foerch, 2006). I n t
clay deposits derived from | i mestone drdebaser
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13). The Jigjiga Plain is made up of I i mest

(Abebe and (Foeudghk, 32Q06)

Th
an
me
t h
b o

Sh
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Th
of
ro
de

e Fafen and Jerer rivers are Et3heolpdalal'es reagi
d thesoauhemgts Both rivers originate in thi
et the main river. Fafen River starts from /
e Jigjiga plains. Except dur i ntgh e xS/brbebneelllye ,r
th rivers are drying up and entering the des
i ni dbbeassulbhe centr al catcthaeinh o ftdemeShi my |
unger sediment, whil ebadsiensiusrbamdeée ngrdyalb ¥ aMic
l canic rocks (Il sih&i Qu&eRABde@Meabamic28&8hence
aternary to recent | ava sheets, and recent ¢
avel s, pebbl es, and coahresree saarned insaokleatiepm tdhue
attered throughout the alluvial sedi ments. T
recharge originates from the first source,
ock r eicchharegret,erwsh t hrough aqui fers and travel

st of the groundwater shows a water tabl e
nditions. The quaternary sedi mentd tahlreei rc oinmpto
dding) river gr aNclsuyr ffaammes ,watnedr twaasv efra u mde .t
ar . Groundwater is the main potable water s

sha are the only metgyeomol ogi cal stations in

mbel aTphpkeamaj ority of the western plain of t
rtiary and younger sediment, while the easte
ystalline rocks. (Il smairlo &tAldelggalpaam,c 2l 2):
entified by MWR (1972) are (a) the aquifers
the Hol ocene, (c) the Quaternary alluvio |

ui fers oAl wereo Pfl a romatnieo n .

e basement complex is | ocatgad®eo BTHeaxre eracdles r
schi st-gs aepdoaldngdf ohrimgehdk s ( granul i tes and gnei s
cks with gabbroix (tDbeyasasna tatc alompoz0 X 4).n H

posited alongside river courses and in dire
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Hol ocene alluvial aquifer. The Gambela plain
i n wehset ern sector. This alluvium aquifer was
Upper Pleistocene (Kebede, 2013).

The -@Quatoernary deposit t hat begins at the pl a
extends beneath the ©ambet abe&it weantBt hi opi a a

regional aqui fers. Throughout the entire aqui
These include | ateral groundwater inflow from
rafianl | , and infiltration from channels and fl o

About 80% of the pldiamuissr madedapoosiftal buvsal
|l i mestone, and beach sand (Kebede, 2@X3) boTher
i's covered-tlkyetlomt € tgog amodte, Makonnen basalts,
group, and other geol ogi cal features. The maj
Akobo rivers. The draromge@ptwmtuter ®e86 oriente
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Z | — Streams I 1ake and Ressorvoirs
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3. 1Cl3i.mat e

The climatic and geographical features of Ethi
with abundant rai nf ald sanud hhwemilt dii thyd eiom ftr Hhee saiu
the Simien and Bale Mountains, aedsti owhandses:
deserts. The two extreme <climate conditions |
equatorisatl irmaitnh e oweest ern region are partially
The study regions gamemdalzlomewamm!|tuadelott hosemia
50D, 500 m, average annual rainhiagh @enkréaddymmo

western | owlands of Gambela), an28an average &
Faf-Per erbassubbt hi s area is a |l owland part of eas
t he ar ea araer (ddreirch aanred T B2e0Mi3e)gi on can be divided
the seasons of the year: the northwestern, an

bmodal but the timings differ slightly. The
southern corner to 800mm in the northwestern
ranges °Criom t2We upp €€ icmttchhanelnd w(dboe g2ebd & un me .n

Shinibassuabhe Shasniheespdri ences a bi modal rai
the wind system coming from the I ndian Ocean |
May. The most reliabl e raifThg mbnémbte ares Bmil
catchment to arid in the | ower <catchment ar ou

200mm to 800 mm and the average temperature r &

Gambel at ReatGambel a pl auat darsi al pfaorte sotf arhde eexgp e
rainfall pattern brought about by wind system
those from the Atlantic to give continuous r a
terms of &egeraeeal ogymotstly | owland (Kol la), wi
Dega) . The average temper atQrat otfh et H€e mttergalb at C
eastern corner and the mean annual trta@ai h4@0 | mma

in the northeastern area.
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3.1S04i.l and LULC
The soil texture classification of Ethiopia sh
and clay. Clay, sandy | oam, and |l oamy sand soi
(Behanu, 2013). Clay soil domi nates most part:
sand are the main coemassiin.uents in the Shinile
The LULC of the research regions includes wurb
grass,| asldr ubl ands, and water bodies (Figure 3.
|l andmass in each | ocation. The other | and cov
shrubl ands. Shrubl ands and bar e sulagisn,arwh eurne
forests, wetlands, and water bodies make up tF
4300:0NE 4400:0"E 33?1{3'{"’"?‘ I34|00:0':EI ?4?5{?'0"E 4200?0"E 4300?0HE Z
N[ |5
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S A d ot z
& o B
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L g
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?_ I Uibans I Wetlands 1 I Urban lands | =
[ Bare lands - B Water Bodies | | Bare lands P
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Figu4Twe3l and use | and cover
3.Research Met hodol ogy
This study's primary goalhiwags at'cs examicne atlhealf
the perspectives of hydrocl i mati c, structur al

det er mi
goal

products of

datlal iftreom msaageer vy,

Landsat,
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used for |l and cover analysis. SBhMd DEMefromgeel e
I nsite were also applied. Avail able historica
collected from the National Meteorological Age
of the study regi ones NMiemriestaogl lcefct Wat efrr oann dt h
organi zations. To accomplish the aforementi one

been preparspeciTfhiec dweadrakisi t hat summed up this

t he fFHiggwB)ee (3.

Sat el v 4
. . I3t
Hi st dnrit ' u
! | \_l \_l
Geol ogical, Cli mat
geomhol ogi c l and clover Hyd-r o Water s
dat a cli mat collec

+_|

Lab ana
stabl e |[is

Geochem

| anal ysi |_+

Themati Stabl e
prepar v | ratio r
Effect A2
precipi|l Aridi .
; Hydr ogefoc
¢l ass| i ndcelxa y :
i cmdal ylsi| Devi at
|l sot op
A 4 ‘
A 4
v |l sotope Fr
[Groundwate] Groundw on(signatur
zone ma i i
> Vul ner ab oortgtr
interact.i
| type and ¢

Pr eserrt igng evapsa
oft hResul t s

Fi gubMe t3h o dfoll owoghat he di ssertation

28



To

use
geo
geo
(we

geo

The
of

pos

An

dev

3. 2Unlderstarmcdongdtiwatent i al

achieve the first objective geological ma p
d. The met hoondpiilmvialomedoft hlei tcer ature rel at e
mor phol ogy, -mebtUloG,0ogihcyadlr o par amet er s, extra
mor phol ogi cal structures from satellite im
(I l oaadi on)nally analysis and interpretat

|l ogical structures of the study areas.

Required Data and sources

! Remote sensing (RS) i magery and derived p
(DEMs), andagenftomemap@pimg geol ogical str
Both DEM and satellite images were freely
The Bohpet of the area was collected from

The geol ogi cal map was col legcted from Eth

= =2 =4 =

Field observations using GPS (Gl obal Posi
ground truth points for iIimage cl assificat
and structural el ements.

Data Processing

I ni ti al sat eelplriotce sismalga ndlatup gwearde dprnt o ext
the study region so that the information a
i tion.
anal ytical hi erar echryi tperrdcaa sdserc@ Al RAQDWY) t kva iu |

el op the criteria weights by pairwise rank

AHP model known as the Saaty method was origirtr

t he
pr e
and

sho

mes were presented in UTM Rroprecisenrz2esoneéu
pared groundwater potenti al map f-wel It hedatsa u
flow direction of the basin conclude this
wn i n Ftilga@fei gur e (
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Remot e s

< Mebeol ogi
SRTN .
Satl | i Geologi g v
| mag | Rai nf
Dr ai n
dens l v
. A 4

; | Lith Soi
Linee Slo I © Geomor ph
nt de LUuL(g

I

v

Assigned Wei Tgedh rui

v

| ngtreat i on of L 4

v

Groundwat er

|

Val i duastiinogn Spr i ng 9

Fi guBFel &8t drogrr oundwat eratpiootnent i al zon

3.2 2bl e geotbhpmestry

To achieve this goal, stable isotopes and geoc
the origins of gnbendwhsewi ahdt hewrotkiin the
procedure of the studyriigsuMpr e3sented in the flc

Required Data and sources

Field surveys were carried out to collect wat
i nrfreat i on, such as gd eoputnld,waaaed wabge, | wveél f
Additionall vy, the fieldwork includes measurin
el ectrical conductivity, and pH.
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Data
collection

A 4
h 4 Water
Geochemical
. v A\ 4
Laboratory [n-situ
analysis analysis

; Temperature

A 4

Geochemical Stable Isotope
eochemica —
analysis results Precipitation EC —
samples
\_l pH |
Deviation LMWL
of Isotope ]
' (3'%0. 8°H)

A 4

Graphs, plots, and diagram of
hydrogeochemical parameters

Origin, interaction, water
type, geochemical
evolution, weathering

Fi guTk o8vhdrdlydr ogeochemi cal and stable isotope

| sotope analysis and interpretation

The analysis was performed at Saskatchewan Un
stable isdfidpaiH)owieert perfor medsbygpsicBypdnel bg]
a Los Gatos Resedwxdcls Il in@aevgidtaywa@wetr p uf -Spiexctr os
| COS) uni-pr mmas spadstusi ng LI MShef oirs oD Pdics ,( UCe
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compositions of groundwater (well), precipitation, amker water were used to identify the
interaction, recharge sources, zones of recharge, and groundwat€rdlovey, 1984; Seifet al,
2002)

3. 2l.n3t.rvaknerabil ity
One of the problems with water supply in many
can somdtuirmdd ynani ti gate the effects of pol | u
groundwater i s very resistant to pollution, [
contaminated. The term "groundwatcedre rviultn ecrsa oifl
that control how easily the i mposed contaminat
wekhown and commonly wutilized parametric vul ng

in the United Statesr @asmematral oHFr oamcEPAN( Rmger

managers, planners, and administrators. DRASTI
of its | ow deployment cost and ease of data coc
The goal of tke epewaasr dlbo atsstliss t he alluvi al
pol l uti on exposur e. The DRASTI C index consi
environmental parameters: depth to water tabl e
( S)pogtroaphy (T), vadose zone impact (1), and h
modi fied DRASTIC model by introducing | ineame
DRASTIC criteria was assignhed ratiimos famanwel
groundwater contamination vulnerability. To ¢
categorization method was used to split t he
medi um, high, and verymbdgh wascepti datetdyuszor

data from tFthegu®ttudy area (
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Data

1 —
. N
Well Data Convectional v
data Rem.o te Meteorological
sensing data
[ .
v v I_+
Soil data [ Lithology ] Geological Recharge
\ 4 Maps |
Depth to \ 4 | ] 4
water Pump ¢ | LULC
test Soil Aquifer L 4
media Media Lineament A 4
r‘ v Topography
Hydraulic Impact of
conductivity Vadose zone
4 v \ 4 Y v v
Drastic weight and
Ranking
Reclassification
Overlay analysis
R Nitrate Validation Groundwater
- EC ) Vulnerability

Fi gu8k o3v. €t bDERFAISTI C met hod

3.2Cl4 mane LULC changes

This objective aims to presenteassmody sSosceel
climate chamsge chhrachgleamwd th the application of

availability.
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Required data and sources

Hy d-c lboi matic parameters and | and cover dwutta of
data to evaluate the climate and LULClé&Bfiect.
2010,i2Q20anA0 4210 7HOi.st or i c al |l and use | and cover
satellite remote sensing iIimageateMODLE® dat al Wi
from the USGS /website https://earthexplorer.|
data (GCM) was wutilized to generate f(utwwnmeecl i
39) .

I nstrumentumaed proced

Bot h l i ne-ar neaard bnioans correction met hods wer e
underestimating the climate variables (temper
this study was the-Tlmwol mp | i€inetRea gidfofBepcatt ioanl Gr o |
( NI STTER W) met hod. The met hod ¢ ombhlee sMaerftfoencet i
Aridity I ndex, both at spati al and tempor al S

change on groundwater (Nistor, et al., 2016).

Due to data scarcity Thornthwaite method was u
et al . 1998). Ordinary Kriging interpolation f
precipitation, andhc@8 Tacs)snwadc adtpamol il @ch.d Afotvemr , t h
l and cover class for ETc calculation (using
mul tiplying the values ofodr ceaph ctoepé i oif enctr o8

precipitation \‘oayl wesn sdrde rd eaitge rEMicnedl ues and t |

De Martone's aridity index (DMI) was used to c
t Mleumiidirighitt y he regional scale. The met hod was
and S wi del vy used for climatol ogi cal, agric

classification was based on the DMI val ues.

I n this part of the study, the method narrate
precipitatwomhamdbengroundwater recharge of th
the areas of | ow effective precipitation val uc

areas susceptible to climate change effects or
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Climate data

A 4

Land cover data

Precipitation Temperature

—

Potential
Evapotranspiration

Y

Crop

v

Evapotranspiration

|_¢

Actual crop

Y

De Martone Aridity
Index

Evapotranspiration

A 4

Effective Precipitation

De Martone climate
classification

v

Classification of

Fi gu9Fl a3w char't

Y

Overlay analysis
in ArcGIS

y

Maps and figures of climate
effect on groundwater
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CHAPTER 4

GROUNDWATER PQTRAMRAILAXASI S
Abstract

An essenti al i ni ti al step in |l ookdangdi areagr
anal yzing the gr o.unTdhwea tgerro upnodtweantteira | p oztoennet i a | m
geographic databases and remote sensing and
presented in -ohiherTfhtudyt uady atpptieed anal ytic |

modalnflau machine | earning algorithms: random f
classifier (GBC), deci snied ng htbrore cd laassss iffiieer ((KIN
groundwater potenti al zone el even geobl ogycin
geomor phol ogy, sl ope, soi |l , |l i neament density,
di fference vegetation index, topographic wetne

Groundwater (pCOWPeRtsi @latzwtoe i fziexde cl asses from v
pot emtr¥eal According t o t he resul t-3er8elr.,9 3 %2 .(315
(4072. 7sg. km) of Gambel a, and 17.38% (3466. 2s
| ow potential nad owne s@WPhichogvhehrisghd .a32 % (79 ®r2sq. kr
55.52% (10115. 7sq. km) of Gambel a;basAlhi.gH . 880cd ( :
very highopeselmit athde coavehag6ambel-masainmds Shwhne 1l ¢
aoWw and very | getpohemgei alme arheeheWwerriaeegneThe st uc
validated using water point (water | evel) dat a
was performed byutrhe &§tAWE)creod/eeat itolpg curve (RO
resulted from 87. 0%, 7-Be 2&u,, aGamb®4 .aib% afnalr Sk
respectihelagut hentication sehoWwWhed maTdimne T2.a4,n
values of AUC for RFCectGBCel PTCThande KINICt slkeyw
and geomorphol ogy are the primary factors inf

i mproved groundwater management alternatives I

KeywoAKHB,, Gropotwatenl, Gl S, Remoge sensing, \Y
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4 . INTRODUCTI ON
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arteh e

gr ou

rding to the United Nations Educational,
r resources are cruci al environment al cor
admivel opment . Policies and manmgkimmeqgtc lhh@itd

required ghaeguayant eprewadf, vaatde 15 WKodnsoauygd d,
015). Several | i t eratur eusr cien doif c adtoemetshta tc gw
ally (Silva et al., 2020; Liu et al., 2020C
or for devel opment aardi d oroegisercur (i Hyo des tae
stigationesbugcesnidwatbaese regions, howev

l ability and accessibility.

opia iIis a developing country where about

h is the backbone of &ahe,e206B8adamy GCBavadwaf
ce of domestic water supply in many parts
ndwater resource potential vary significar
rateg et testgmaudundwater potential range from
l ., 2014; Kebede, 2013). This indicates th
ogeol ogi cal study. | n moset ipnaritmv eosft i Btah ii
urces is a |l ack of required meteorol ogi c:
l em varies by region, -dritd itegisomor (eAysenvew
hanu et al ., 2017).

-km@on| and previously used groundwater i nve:
tigraphic analysis, are now used excl usi ve
) . However, these methods r ddqiwei rog harhungd ht
ndwater i nvestigation is numerical model i
h data for validation (Singh, 2014) . To
nol ogy to i nvess$(iPpastaad @griduame wa @R r2sOc)lecloanr € e
l s to map the possi biflrietqgiueesn cfyo rr agtri oou n(dRwaaztae
i stical models (Azma et al ., 2021), ensemb
mai n. t elotwevgqguesthe majority of these tec

nd truth data, making them unsuitable in ¢
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met hod for studying groundwatteor uisne pal agceeosg rwaipthl

system (GI'S) and remote sensing (RS) technol og

et al ., 2@20al JotBDMani Yari yanMecdhiane ,| €ar2r2i;nd
were usedmampgctemd | potteont i al of the gr oulnhdewaet er
ha&@n been much groundwater research done in E
techniques and methods for assessing groundwat
The primary waha&lrl enegseosura@efe di stri bution in th
climatic conditions and frequentardrdowgmtds .t i Tohne
water sources, and erratic weather gpmhatwtagrenms .t o
satisfy the needs of agriculture. Additionall\
due to their remote | ocation. Data availabil it

Al t hough thousandseshofegeopl areni mpactedeby rec

there was no published work has been done conc

The current study wused the geospatial approa

examining severbahatthempact ¢gargendwat er resou

approach is novel in the selected research ar e
Thus, the purpose of this work is to investiga
conjunction with GI'S and remote sensing. Il n ad
applied for Gambela plain compared with the A
AHP to assess each model ' s ef fiicciteamey ifsort hger «
primary innovation. The objectives of this re
geol ogical, mor pgcHalmagiica la,s paercd shyidhr ceval uati ng

eval uate the f acattoerrs; afifieic)t iansgs egsrso utnhdew ef f i ci e
GWPZ study,; and (iv) evaluate t he Tefpfod @tnitv en e

availability of grsdapdondstfeac g onv ssrphehca € s ocu racr eesa.
t huese of ground truth data, traditional maps,
hi ghlights the key influencing factors of all
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4 . AATERI ALS AND SMETHOD
4 . 2Delt.ai |l s of Data Collected

The fodaobwiwgre collected from various organi z

A Geol ogical map (JPG format) of the study re
the Ethiopia Geological Survey.

A Rainfall data was collectedyf (NMA} he Nati or

A Groundwater data was collected from the Mi

Design Supervision enterprise.

A Soil data (shapefile format) has been col | e
A Land use | and cover dattai alolilrefcdredatfirmm &g &
A Satellite data both sentinel 2 imagery and

Earth Expl [dtpse/earthexplorer.uspsejov(

4. 2Da2t.a coll ection anrdattihemati c | ayers prep
To generate the groundwater potenti al zone ma
groundwater potential were produced using GI S
study include geology, g eroanomr gpdhe | cde@rys i tsy,i |1, i rLe
NDVI, topographic wetness index (TWI) topograp
sensing application direct!l yl iusteedd fppar amaegt errse |
format. Eachwasheéemati de dmalpa 0s ébs thoa slddd saurb t he s
thematic | ayer.

The geol ogy of the study areas was developed f
The map wi@PDéa midk B oirmmat . Geor ef eor eUnfTdM rmBg/ tcloeos el in
was performed in ArcGl S. Af fiTelrbfFbe mafte begn dii gg t i
det ai | analysis. The parameters | ike slope, dr
topographic roughnpersosd uicredle xt r MR It)h,e wsehruet t | e r .
( SRT M) digital el evahy3sOm medel u{ DEM) f oD m30 me
rectifying and mapping these parameters the AT
of geologyeagdnsobat edefrom the respective map

by digitizing using GI'S software. There are di
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https://earthexplorer.usgs.gov/

common geol ogi cal materi al i S qguaht ehransa rnya jadrl ua
coverage. The soil textur al class in the stud
|l oam. Clay soil type is the main soil which he
LULC and NDVI maps weeeSpnbdoekbkd?2f2i onasg saany el d&re
observation satellite from the Copernicus Pr o
resolution (10 m to 60 m) over | and surface. |
of eachdaopapbagseously developed LULC with wup
describes the differenocker dreeadveraf lva sti dl ece amfd
determine the density of green | eaf. MWN®O¥1 was
infrared band (band 8) of gerfteirreenlci 2hgi mdderty.e
into Universal Transverse Mercator (UT M) zone

Rockwor k 16, ERDAS I magine, uSwerdf am, teéhnd AsrtcuGly:

processing.

Geol ogy
The shal Hoaw uasltliruivniealsedi ments cover the studie
up as much as 25% of the nation's total geogr
reogn, thebdsainma, sube eastern Awash basin, the so

of the major Ethiopian rift are thkKelpedear 3018

Al l ulvaoustrine depositse,ofl ismeemnsd,onsi,| ta,ndc |baeya, c hd
geol ogical features in the study region. The
di fferent for each region. I n addition to que

di fferentf e;pd awlregi.c allhe f &anhuor8e %choev earse amoirme Gan
19.71% area coverage on Fafen Jerer almasimo.r e
Moreover, due to geographidalr esi minldlasSihn sn i s ea rseu

similar geological features | i ke (Ashangi Forn
Al ghe Gigup)yr €¢.23), dhealtdhed. eol ogi cal par ame:t
regions. The tabl e Dbelnoawt edreisaclrsi biens tthhee sgteuod yo gri
T Urandab for maKmmer d Oxdmrmdaraln and shaly | i1 m

feature in t-basFapnfehi dbreoveubd 37.68% of tr
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T Afar Series: Al kaline basaltsiwliitdi subohyolnia

and flows and ignimbrites) iIs-basenotevbei meg
30 %.
T Jessoma formaPabeocE&€metaarerdstsone i s the ottt

sout heastern Ethiopsamg@Ofadentbasi opveTbeld
part of-Jeheb&safibn

1T Hamanl ei Formation (17.43%): Oxfordian | i me
as the main formation and al so havellearge

sulbasi n.

f Basalt fl ows, spatter cones, and hyalocl ast
tholeiitic found small-baseal coverage in tF
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Tablldhd@®escriptions of the geological features

(Amer et al ., 2013; Geol ogical Survey of Ethic
SymblGeol ogi (Description Peri od |[Remar
. Pr ese
0 ;A‘LLS\S/![?Sad, si |l t, clguaternfin
q . | i mesatnadnebeach |undi ffe|t hr ed
eposit .
regi (
Basal't
spatter |Transitional . .
Qb and |l kal i ne and t Shini
hyal o &l
Undi f fe
Qh ?IIUV'a Hol ocen|[Shi ni
acustr
beach s
Chil alo|Trachyt e, bas Pliocen
Nc Formati(peral kaline PIeistoShini
(Lower subordinate ak
Al kaline basal
al kaline and |[|Miocene . .
Na At ar Se(rhyolitlc dorPI|ocenShlnl
i gni mbrites)
Fissur al basa
Dal aha wi t h S 0me i nt
Ndb . Jand | acustrindgLate Mi|Shini
For mat i . .
rhyolitic fIl om
the upper part
FIl ood basal't :
I:,NmbMakonne directly 0VeO!lgoceGam_be
Basalts , Mi ocene|lpl ai n
chrystalline Db
Deeply weat henr
Ashanai trasli thasal t f Faf-er
P2a Formatgi i ntercal ationsfEocene |Jer er
(includes Akob Shini
Ethiopi a).
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Continued Table 4. 1
Pj Jessoma || it e CrRalaceoemse |[Eocene |- & -
For mat i c and Sh
Sandstone,
Ka émba tAr CretacdShini |l
ormati dcongl omerate and
Ki mmeriTdghani an;
Jg Sabredgrunit and (Jgl) LlLat e JJ(FafJeer
or mati dq .
with shaly and g
Urandab |Oxf orKdnnmeernr dgi an
Ju . : F a f-Jeenr
Formati dshaly | i mestone
Hamanl ei : , Eart yaf{FafJeer
J h Formaticoxfordlan i mest Jurassiand Sh
Ja Adigrat Tr i avsisdidel e JurassEar*yae.‘Faf-Jeenr
For mat i d Jur assi
Enticho
Sandst orn Lat e
Pzt Edagg Sgndgtone, ShalePaleoz'r(GambeI
Gl acial gtillite ) )
Tri assi
and
For mat i @
Met a basalt,
metarhyolit,hiqoihe;ll_ate
PR2WBirbir dmarbl e, guartzit Gambel
. Proter (
green schist, me
and amphibolite.
Biotite, -boonbt e
ARb |Baro Grdqamphi bol es,i ldarmmaealAr cheanGambel
silicatei aeadgmei
Bi otite and h o E a f-Jeenr
ARl |Al ghe Grlgranulite and mifArchear
) and Sh
met asedi mentary
Pr ec aml
Lat e t -q and
gt 3 Phaner ¢Gambel
tectoni ¢ .
Il ntrus
Rocks
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Geomor phol ogy

The majority of the study areas are plain are
found in the headwater zones of the study reg
FafJdeenr er nanldeb &séuibns . For each of the three zo]
di fference between the |Jdweetrt, acdmbieghestanpgoiSh
(height difference) are 2211 met efasf; e 27T matde

Shinile often have the greatest elevation diff
The geomorphol ogi cal classification was perf ol
The topographic Position Index wag Weiinpdetd deetv el
al ., 2011; ChaunThyealt capnadg rDaupthtiac, i2rn0dle8X) .measur es

el evation of pixels and the average el evation
sever al applications irm gea@igspBolyaygi &aDoan a,
l andforms in the study region are <c¢lassified
mount aiFnsg,ujeet A h(fese geomor phol ogicab) pacaomediemn

to theiron ngfrlouenndcweast er potent i al
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Th

Sl ope

e slope of the surface alters runoff and inf

Very Ilittle subsurf aceesr edkltheartge hicghuars( NMarm osftfe,e
and Kundu, GrdaUuh&)water potential zone related t

Tabl26lbpe characteristics

Study area Faf-Baer er Gambel a Shinile
S| oipnAr e a Ar ea Ar ea

Sl ope c¢cl {Degr|(sqg. |Perc|(sq. |Perc|(sqg. |Perc
FIl at to
sl ope 0-3 1022358.2/1463(80.3/1054152.7
Gentl e s1310 6053./34.43470(19.0/7278]36. 4
Strong sll@a5 |[699.03.985995|0.33/874. (4. 38
Moderate|1820 |329.41.88/30.8{0.17/544.1%12.73
Steep sl (>20 |254. 71.4528.610.16/730.13.66

17561100.{1822¢(100.{1996¢100.
The sl ope map of the study was propgeceds ftbe
recl assi fi ecdl aismstecs fainwde gswhben wei ght according
zonati on. The sl ope cl ass-8)s, agent Ifd9 &4, dgoti maanrgy
sl opi>h9 (1 0noder at-20 sdaaspti enggp( 1Hl. o gihegmMaz2 @r i ty of
gentle to tB3hewhliah sbopés(B8B8% 80 WFaff eGBambel a p
Shini-b&sismbar elTaa bcl gev edrHa2ggeh e(r sl opi ng rang<es hav
JererShand-basismd due to high relief.-bBsinths
relatively gentl-yesbkbpsnipg. t Rlaat thed Fagérenly sl o
infiltration capaci tygane di Be the highest val
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Normali zed Difference Vegetation I ndex (NDV

The NoednaDiifzf erence Vegetation I ndex (NDVI) S
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Rainfall
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Topographic Wetness I ndex (TWI)
The topographic wetness index is a parameter
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4 . 2Ma’c.chine | earning technique

Randomedto cl assifier (RFC)

Random forests are supervised MLAs that can b
averaging for regression. For classification
selected by most sksees heFmeanegresasvsieoageapredi
i's re(tTuyrrnaeldi s .&dsiag. en26€thB)he | earning, t he r al
numerous <classifiers to offer solutions to ch
oerfit their training set iIisp(xdrisctded gy asan (

bf* andom forest tree then:
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Gradient Boosting Classifier (GBC)

Gradient boosting is a functional gradient al g
direction oadit bdewerelgahtywpet hpesi s, t o Smicrhideivzae &a
Kumar, 2021a). The gradient boaster model upde

Cw 0O o o pY whr wi MET D whO & T188t®p

Deci sion Tree Classifier (DTC)

A nparametric supervised | earning technique fo
tree. The objective is to |learn straightforwar
to build a model that predicts the value of a

a tree can be thought of. The techniques known
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"YO "O0

4 Fiscor e

¢zZNni Q@i Q& a
Vi RNEE QOa A

the provi
he ROC cul
each cl| as:

negati ve,

N is

5 |Overal/l YO YO
( OA) "YO "YG "O0 "O0
6 |[Expected| Yo O0z "YO "O0 z "O0 "Y0z "Ov
( EA) "YO "YO "O0 "O0
7 |Kappa 0o 00
p 00
NotTeP i s the numbetrr wd pgouiltyi wd pssfgticalehé i e d
as true negative, FR liassstiie edumalserf ad fs ep @oisti it v
negative classifieds as false
acawry.

4  BESULTS AND

4 . 3Dell.i neation of Groundwater
The current study's goals were to
based-CMukteria Decision Anal ysi s
anal ysi s in ArcGIlI S al/l the thematic
Additional l vy, the same coordinated
map . For mapping the final
used for each study region. The
groundwater potenti al The overl ay

wei ght ed
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over | ayt eéroodat elrhtei aglr oiumdliwc e s
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the research region. Groundwater potenti al i n

possible groundwater zonegsleoefipprm aahe avasT heh em:

reclidsy anwhochanszampyl s ecldetbaandgmaad approach. Th
corresponds to high potentt ldéowaeermrd ptolt e nltdvadr airre
of GI'S overlay analysis ({Forguepcht . adrdea i s showr
Tabl4 he. groundwater potenti al class i n each si
Va|uStUd3Faf-bmrerGambela Shinile |Geol ogi cal
o f area
GWP Z GWP Z Area% Area% Area%
(codicl as gk m) ( slkqm) (sq. |
Urandab For
1 Very |1810/10./118. (0.6/143.1]0. 7|/Enticho San
Al ghe Group
Urandab i
2 Low 1258471.|/3954,21./3323]16.{(Ju),Jessom
Formation(P]j
Al 1l uvi al ar
3 Moder2414]13.]4033]22./3554]17. gdepPosits(Q)
Formati on (
Formation (.
Al luvi al arn
4 Hi gh |657. (3. 7/9813,53./444022.|deposits(Q)
Formation (.
Very , ) Al li md and
5 hi gh 101.70.5301. ¢1.6/84861,42. deposits(Q)
Total1756¢100/18221100/19947100
The GWPZ map-Jdefreblasubafsdows thatkm)O.i39 %veényll
71.63% (12585.04 Sg.km) | ow, 1@B655H.%nmh2s4gh.4 ad &8s g
only 0. 589% nf)lledfll.)e2 6diassly .f ound i n the very high
potential areas were concentrated on the wupper

groundwater,

annual

precipitation

cultivatilomanass omali
The
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a |low and very |l ow potenti al for groundwater.
| ower mepmea@ainpmiutBdti on, deep water table, and v
The GWPZ map of Gambela plain shows that 0. 65¢
s gk.m) is | ow, 22.13% (4033.13 sq. k m) i s mode
1.66%98361. k m) i's foundahblneg.tshled vGarnyb ehliag hp | zaa |
potenti al zone covers the majority of the nor
smal | area near Gambel a al ong thhes Barem Risv earn
accessible groundwater at a | ower depth. The s
shrubl and and had deep groundwater, was home
characteristics t hat h@WwP Zt hrma pgpri emgt efsar i tnthé u.
geomor phol ogy and rainfaldl
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The GWPZ map

(3323ktny sow, 479 &KI8g MdA=ETr at e,
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majority of the ceitarsaln

very high potenti al zone i s

|l oam soil texture. The
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the |l ow vegetation ar ea yofl otwh ep oltcewetri ad a tzcohnnee
the hilly and undul ati ngGesaulrofgayc ei soft hteh emauiprnp ej
i nfluences the groundwd&dtaesn npotenti al of the St

4. 3Co2mpari son ofevieswddyy with pr

The ras@mmpar abl e tadhdoosfa nihlearpr evi outshBrsittuidsyh r e
geol ogi qSmedley, 200MFgyre 4.15)The best aquifers with the most readily available
groundwater resources are located in the study regidgresmore permeable reg®mf alluvial

sediment are the primary locations where groundwater is used for irrigaticsters of wells are
occasionally used to increase access to water in places that use traditional dug wells and have
limited water supplies, such as the {oyng plains of eastern Ethiopia.

Well-drilling investigation of groundwater provision is frequently unsuccessful due to low
groundwater yields, unfavorable drilling conditions, or low water quality in eastern Ethiopia.
Reports show that a combination of thesades has led to the abandonment numbers of drilled

wells in eastern Ethiopia (UN, 1989).
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Groundwater
Availability

1 No cata (lakes)
~==  Regional boundmj

P 2

, -
J Shinile sub-basin
e i

¥l 150 2 R

Figut®ater avail abi |Smedley, 208lp of Et hi opi a (

The eastern part of the Faféarer sukbasin(Jerer catchment) roughgstimated storage capacity

of 2.7 to 30 billion M (cubic meters/volumesp(me r , et.Thi s cofefs&i&0)35 km
wide and 200 km long ithenorth-south direction, and it is located along the Jerer valley at a depth
of 50 to 700 m below the sade.

The Gambela plain has quaternary alluvio lacustrine aquifers, primarily in the western sector. The
range of well yield is 0.01 to 0.5 I/s. A previous estinpittthe total groundwater recharge in the
Gambela plain at 128#10° m3/year. An estimatd 200 kni of groundwateis stored in the basin
overalKebede, 2013).

It i s estimated that the Shinile area has up

a saturated thicknessKedbfe dle0,0 2n® 1a3nfd a 15% por oS
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4. 3Re3s.ul t himfe Maearning Techniqgue

A machine |l earning approach was used tdhmap th
figbreulp)di 6 ptlhaey sgr oundwat er-wpséeesapatil ak yvar maana:
S hotwhtaher e ar en dtifd espatcies] iarea coverage bet w
maj orityhofghmeamag!| si, gh potential zones cover th
only cover the tiniest sections. A rcehgiarne avist
sout herfmeedgWw.Z map results i n RFd asshsow oweerrya gl
| arger areas of 44. 9% and 20sc6%erespeéarigeehyea
(65. 4%) for RFC. The GWPZ 16l d4%si flid2c &%, orl 2wi3t%h
38% area coverage for very | ow, | ¢~w,g um6rdse rda tle
Large area coverage in the GBC model I n a hig
DTC, hi gh and vesrsyeshingahk ep outpe ntthieal macjloar i ty of
GWPZ <cl| asNeiwihtbhork <c¢cl assi fier (KNC) results in

area coverage for very |l ow, | owki gnoibes a4 el hig

L ML Mt
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4. 3Vad.i dation resul ts

Tooal i date the research water point (wdtheé bor
study areawit bhperdaoenpadr @gr oundwater potenti al ma f
the studpscsoegebased to the groundwater potent.i

The validation was performed using the receive
vari ed ciha,i ctecherR@&rcurve accounts for all pos:
judgment s. -RO&€Cwn smeat hwed lof justification of gt

(Andual em & Demeke, 2019; Naghi bROCgtiaspha. of 20 I
connection bpedswieteinvd hreatteg ues-pasi ti vsepteycptfa ncd 1t ty
According to ROC curve analysis, the area und
prediction. AUC values caogeftomlOinhditatandev
value of area under the RQOQihua)wer(dRd @) pids e X |
(0I078ery (DDBANMD ex(ckEl1Weodbrding to the validat
modekasuader the ROL &U.rov%) pfearf oFRarfsen Jerer, b
pl aainnd a very ¢®Sdi (iddestksapbu(iTe. 4. 1

Fafen-Jerer Gambela Shinile

=
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True posetiverate
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Figut ROL. cfuowvw eAHP daralhynsgigu e

The anatlhyesi ML Aosf model s shows that the area unc
DTC respectively results in 93. 4%, 92. 5, 87 . 7°¢
model , It i's clear that RFC and GBGeamodehs'
performance has been assessed by employing fi)
fl1 score. The hyperparameters are f(iBetregds twsai ne

al . ,. 20t12i)s cruci al t o wpacei fay stthaa t9 engr plo i ;g a c
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a random state of 42 and performs three convo
fiTashid5sehows the search space used n the base
TablbHygr par amet e ba suesldntf arl gode arhcnis space
RFC GBC DTC KNN
9 %8| % we|lg uwe 2 5 &
Hyperparamters Search space o 28| & 28|l s &8 a a8
n_estimators [200, 2000, num = 10] ['1007 [6007|[1007] [2007]| _ _ _ _
max_features [‘auto', 'sqrt','log2'] [auto] [auto]|[auto] ['sgrt]{'None [auto’] _ _
max_depth [10, 110, num = 11] [None'l ['607 [[None'] ['507 [ ['107 ['801 _ _
min_samples_splt [2, 5, 10] [21 21| [21 [107|[27 [2] _ _
min_samples_lealf [1, 2, 4] [11] [21] [11 [27 { [17  [2] _ _
bootstrap [True, False] [True'] [False'l None None| _ _ _
Metric [‘euclidean','manhattan’,'minkowski] _ _ _ _ _ _ [['minkowski']["manhattan
N_Neighors [3,5.11,19] _ _ _ _ _ _ [51] [197]
Weights ['uniform'’,'distance'] _ _ _ _ _ _ ['uniform’] ' ['distance’]
critrion ['gini.'entropy’] _ _ _ —|['gini] "entropy’]
The hyperparameters used in the two scenari 0Ss
foll ows ahe diabde {[me RFC model farednbeéhtsr t
experiment in terms of accuracy (96. 42%), pr e
kappa (0. 76).
Tabl6Peds . f oramalngsi gorf or h ms
Model Accuracy | precision | Recall | f1- Kappa | Improvement
score
GBC | Ba= Line 94.14% | 80% 81% 81% 0.61 2.09%
Random search CV| 96.11% | 88% 88% 87% 0.74
RFC | Base Line 95.30% | 85% 84% 84% 0.68 1.18%
Random search CV| 96.42% | 89% 89% 88% 0.76
DTC | Base Line 93.02% | 78% 7% 7% 0.54 1.66%
Random search CV| 94.57% | 82% 82% 82% 0.63
K-NC | Base Line 92.09% | 74% 74% 74% 0.46 1.01%
Random search CV| 93.02% | 77% 7% 7% 0.52
Foll owing RFC, the GBC model measured measur
( 88 %) , Recall (87 %), F1 Score ( 88%)f,0oram dh gK arpopd
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have kappa values between 0.61 and 0.80, the i
(Czodr owsTkhie, s20ulddy) makes use ofHweegybeedebagtdt mi
average produced r esgiercg lay,l et hoeu € deo the § g n iARfxiha at
I mprovement once the Random search CV hyperpar

i mprovement, followed by DTC, which displays i

4. 3FReba.t ur e ifmgMArLtsanc e

The features class characteri sFigesBamé.oridetre d
their relevance to model prediction. The hori z

of each feature. Geomor phmploagyndand frodil mfwaldl bar

and NDVI, while TRI and geology are the | east
Figariel7/l ustrates not only the significance of

or negdtiueemce on prediction. According to thi
densi ty, NDVI , and TRI |l evel s improve GBC fo
i mproved by high rainfall, NDVI, anmdced odwg yt d
high rainfall, geology, and |Iineament density.

of geomorphol ogy produce a good forecast for &

Feature importance results are dinfefrar,emXt fadr. ,c
G- m&scalonill a et al ., 2021) . Di fferent stud
di fferently. Some researchers identify geology
potenti al (Singh e20)al . The&0rl®porCthefnr eerh @ur.u 2a
geol ogy seemed | ess important for groundwater

I n this particular study, the geomorphol ogy an
that influenced t he grfoarndiwhae ema cphoitneen tlieaa r nmanpg
coincided with findings from otheEswal arirlsl & ne
2021) . I n the AHP model case, the geology was

geomolropghyo and rainfall
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4. @ONCLUSI ON

The current -bsatsueddyCMusteedr i@l SDeci si on Analysis (N
AHP BbAMApproaches, to delineate g¢gr oulnhdewsaet earr epacs
are geologicall-hyacovteriede byeadiémevt agaf fehall &

are different in geographicalnd haygdrriocluolgtiucraal, pt
The study region is-agemdercalimatel daviihiged ae amne
29@m/ year to 1113 mm/year. The research regio
stations, a | ow,ndmbve ranaf nlaitrue &ame ratn d agaislt ag ince:
deposits. Eleven thematic maps were generated
potenti al zone was <categorized into five ¢l a:

According to the GWPZ redel e¢esasuthmehanmjarli ow &
potenti al zone. Both the Gambbealsa n( 1(01121952.67. 7s ¢s.q .
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relatively | arge coverage sf.orThhei gchh aarnadc tveeri ys t h
greatest influence on GWPZ mapping for all/l of
rainfall. The validation results show that t he
good (87.0%) feor (F&8f.e2n JeorrerGa nbbeetita pl ain, and
i n the Shasnlimies ssutbudy demonstrated the zoni n;
considering a variety of influencing el ement s,
The results of machine | earning algorithms rev
The results of the study show that GI'S and re

del i neati on -awoirdk sr efgogronse min Ea hv e pg fafceocdthiev emeat |
efficient met hod for gr-ouardwat eregiexmpd .or doi oen
economically evaluate groundwater conditions,

groundwater conditionradivaohnhabl esttosisuepf em

utilized also show how machine | earning algori
particularly in groundwater management . Gi ven
beneficoimplarttoot her models in addition to test.i

prediction.
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CHAPTER 5

STABLE | SOTOGCGEBOCANEDI CAL ANALYSI S
Abstract

The wuse of tracer s, particularly isotope geoc

understanding and providing fresh perspectives

iI's to determine the stable isotope and geocher
in eastern Ethiopia. Sdraglee svadfer wataemd fgr omndav
gat hered and analyzed. The research discovered

eS/ cm, 6 to 8. 2, and 558 to 3898 mg/ L, cCorresfg
concentraheoaosdénl bfi @a2+ > RaHEOBgEBI>NOB K+ anc
respectively. The most cMg@tmno RCCvaaCtNear atH@Oe&sa ar e
Hydrogeochemical experiments reveal ed t hat C
ex c hanngaersi Ilpyr igovern the supply of i mportant i o0
The stable isotopiic2.choposwditédhna wmerah. Wad me, o
for oxygeinl Gatng7 & wbInh a melash. Yo kegntlr ddre r esu
show precipitation has been found to have mor
I n other words, both the hydrogen and oxygen
precipitation i sotope wdmpdadai toiuagn .knblwd efdigred iorf ¢
and geochemistry and are useful in determinin

type, and the hydaroigke oxrheears .stry of semi

KeyworiSdsabl e isotope; Geochemi s@rroyu;n d@ialh les ; plAb 1

aqui fers

S.IINTRODUCTI ON

The water cycle, which includes precipitation,
for Il ntegrated watdgrCosgsouece&s Lmam&kge me2nOtl 5 ;

Gl oball y,ergrhawsndewetr ged as t he (pEliemaanyt s&& uCrcies it
Harter, 200 3; Hossein eGr oallndwa2 @Y 9 ;i sKdlhedep,ri2a
supply in -amrmiyd aafld ansastihees e t al ., 20@9; aPriyam,l

Studies showed that groundwateariréesoegicC@ss i ar c
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worl d have declined dramati cdalweytiine tgw aleinttyu rayn
of i ndustrial and exgrainaulIntgu rualb acha zeltda pmmentp,opu
sanitation, pollutant risk, Il ack of adequate w
and ant hr opogeAdiicnad d ms tertaianlit.s, 2019; Bagher et
The other main problems are thargdakiimaassurs:e
to groundwater being the primary supply and th
their heéd Adhmaefifeact&s Wo, h2aBDw,jtthe alluvi al

di scovered and so utilized in(Buppomggebobnal as

According to a study by Kebede (2013), quaternary aquifers cover nearly 25% of Ethiopia's
landmass. Quaternary sedints make up the majority of the geologic material in the study area

( Ke b e d e AlluvialOafjufers are generally unconfined aquifers, and it is a composition of
gravel, sand, silt, and clay, deposited by a river in a river channel, banks, orlHioofl K a s s u n e

et al .Alluvi@ ayuiférg, which are made of sediments deposited by rivers, have-adiigh

storage capacity and permeability, making them potentially very productive aquifers. These
aquifers are valuable resources for a varietwater supply and irrigation uses because they are
singlelayer groundwater bodies with effective water storage and transmission capapildieés
Lorenzo & Gal assi, 2 0. T'i3e; over@wgeonndwaater Drantsl in allyvial 2 0 0 5
aquifers can be fluenced by a variety of factors, including the climate, agricultural practices, land

use, and land cover.

When compared to deep groundwater, groundwat er

making it sensitive tloy pionp aucttaendt -bigncchkuaritsnitroeni aawwia

and anthropogenic activity. Groundwat er pol |
ant hropogenic causes. I n natur al conditions,
groundwater gautan d w ayt. e rWhfelno wggr, geochemical pr c
di ssol uti on, precipitatiednuctiom exghadmde, tdard

groundwater and aqui(fBehratmi neetr aullld. U v 02302 2d)eqrua b ley

vul nerabl e t o natur al pol |l uti on caused by W
precipitation, and anthropogeni c pol l uti on C
agricultural, aN®i pbposghetdabcti 2D2R¢s
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Severanalguesh met hods, and approaches have bee
probl ems. Groundwater chemistry characteri zat
management. The hydrochemical reseadrfch talisso gdo
drinking, agriculture, or industry. Groundwat e
for giving early information on water kinds, ¢

di stinct groundwatyemgag@airfi ous( [cdmicni ecta | aNp.r,® rc2els1s

stable isotopes provide us with an idea of 't he
aqui(flersLiu et al ., .20hé; cBPenphaedtomp o t @@ £y dsrt
and oxygtwmr ah water Wwad964Ha dd evde lbgue&d abg il 1 us
relationship between the isotope c(p=ais®Bti on
+ 10). The equat i®lnobiasl rMefteerorreidc tWataes tLhee (C
trace natural waters.

The isotope composition of precipitation in E
Bedaso (aBedd aduo &. WhhewyOi2iyesti gated hpwsptrieacnp:
varied across time and space. They chose four
Mar kos, Jimma, and Jigjiga) to represent the ¢

Another noticeable worki(Wabedené& dywyaKkbpedelah
t ht® aitll in Ethiopia. They examined water samg

Et hi opia, including underground water, reservo
t he wattelrel eNsesv,ert he extent of this investigat:i
specific characteristics of the studied regior
are not well characterized i n Ftelwe sdlulduwisalh aple
focused on the hydrofaogy aff egsowmdwatserrinn E$ &1
geochemical s{Aderew] n2E0H5h) oebeyehu ethat . k6 2
show groundwateaeirnqualltegnge fthre wat er suppl y.
the geochemical natur esaroifd Edarhe@ogp.i a' s sout heas

The main objectives of this study welt® anmd use

H) to understiaad bhegpoopdwater. The purpose
research is to understand groundwater flow dyn
its potenti al recharge |l ocations. lati ndlad d ainn
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groundwater. I't is feasible to determine poten
the signatures. It is necessary to identify a

|l ocati on. Addi ti dmalasys estshiegnustlumdywa peast resr nt er ac

al luvi al aquifer region and to determine the
originality of the article l|lies in its abilit
cAracteristics and geochemical processes to de
to ascertain the composition of stable i sotope

3) compa+ihregniltkyadr and i sotmmds. sThuedisetsu doyf' sal fliun

in the selection of contaminated areas to appl

Understanding the chemical as wel|l as isotope
applicabéei heghougdwater management . Therefor
quality of groundwater in alluvial aqui fers a;
focused on these key issues.

5. MATERI ALS AND METHODS

5.2Salmpl e coll ection and prepara
Sever al submwmguspbked pemped well s, ranging 1in
utilized for residenti al pur poses. From t hese
obtained. For each s ampdiet,le enepatsiu reel neecnttrsi cweelr ec om
and water temperature. Groundwater samples wer
Dawa) andlJdrhebdsudmen(Jerer catchment). The samp
using 60 mL @ awmipadles cfood exrialnysi s of stable iso
stored in a 60 -pmLo obfo tstelael wihtaht ac alne atkol er at e f r
for determination of stab-lenbs by opveibaylese h gtlhsen enr
and caps of which were sealed with a paraffin
sample was brought to the | ab to be processed.
of wvari ab4d4@00de patlihosogv tolae¢ hf lof t he surface fl ow
|l ocati ons, t he water sampl esl OM205 @:dcelrisect eFdorw
i nvestigation, 65 groundwater samples were useEe

statiiones Dabva and Jigjiga) having different al

water samples were taken for analysis due to t
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at the time of sampl e col |l ectlidonparFaome ttelres nman
measured were pH, temperature (T), and el ectr
di fferent formats of geol ogical data (text, |p
studies of the regions.

5. 2Hy2dcé@mi cal measurement and | ab analysis

The temperatur e, pH, and electrical conductiwv
PCD 650 portable multiparamet erchennsitcraulmemar a nse
Water samples wgee @aneplyedofen ioseyd lbnpoet artaitoi no

relative to Vienna standard mean oc¢®#@h awad er

®H) were performed by McDonnell Hillslope Hydr
Of-Axi s | nQaevgirtayt e@ut put -Apesctlr@GES)o ppyn o(cCfsfineld po s it
LI MS for Lasers wi?dh “@ndaanmd|ly@tascdairQeed8rpoerc ta fv e |
The analysis was performed at Saskatchewan Un
Dire Dawa ciiniyl eenrdegihoen,Sht he Dire Dawa meteoro
precipitation data were used, whilst the Jigji

catchment .

Wat er chemistry and quality arkudiegal adbedebgl
silicate/ carbonatrecwkeatnhemriarcd,i osand Twatuerder st ar
of the study area all parameters were analyze

were analyzed anudyeval uated for this st

5. 2T.h3e. approach of the study

Stable isotopes of water were used in two dist
Et hiopia to examine probable sources of gr ou|
Standard MeanSxWan tWaet esrt a(bM e i sot opes( @Y wat
notation in unit pa)fuSM®W itshoams aindt, e r(rmpaetri omal,l
for reporting the hydrogen and oxygen i sotopi
expressdadli fafseastrdhre€¢ @l)adtaat i on of the rare to commo

Y Yi 00E Qi Q
Y - 88888888888888838 3

1 b
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Wher e; R is the molar ratio ofopdeofheahy ¢amp
standadd MFO. The isotope anal ysevaporfatpirreg i w:
shows the reli@H iathdds hisp claé¢ i weleh he gl obal meteor
gl obal meteoric ewhteed| bwnet he (tRplzlac®wikh g ed q wd t. i,

1 0 WY U p 8888B8BBB8BB8B88aBE8L8EBB8B B8 LY

WH is the conceftehatomeofohhddonggan in uni

W® is the conceldtalaatoiowe etho ormygents per mil

y is the deuterium excess.
The number (8) is the sl ope determined by the
i's call ed dé&uteertiexmmeascesxrders to the excess
oxydq&m) in the vapor that results from the dif
hydrogen and oxygen isotopes over a density g

propor tiiomBHodont ained in wiaheerseabicb-ashswwe ¢
and GMWL i s known aesx cDeesust)e.r i Tuhne eaxntoeusnst (odf deut «
water indicates the degree of evaporation for
of evaporatignyvathe;,gtdbavaepoblmagevet heactei onat.i
after a raiphGoopmacendAebespdlRO@§Z1P6 1de dtigri um e X c

cal cul ated as:
Q QonQf (0 Pz 08888888888888888888 vd

The | ocalexwelssse rmafngees from 0 to +25. So, the
for |l ocal conditions. I n EtiBepdhap ®&h®WunatDahmsj;

1 0 X®»p U P@P8B8B888BEBEEB 8B B 8888

5. 2Gedo.chemi cal anal ysis

To understand the groundwater characteristics
pl ot , Gi bbs plot, and combinations loysisscadrc i
equations used for the groundwater samples ar

Percentage ( %Na), sodium adsorption ratio (SA
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conductivity

groundwater

(EC),

used to

and

peydnreadbhémit yali ndlear a(ck
a s(shaszsz alr ratgadali.oon Z2@Ipd)opr i

anal ysi

Tabllda5.ameters used in the geochemical
Parameters useqEquation Remar k
i i 0
The sodioumt i ad 2% _gg8up meq/ L
( SAR) 0w Q
C
Sodium Percent g 0 meq/ L
0 0 0 0
zp 8t v
Residual sodiunn 060 ™00 meq/ L
0 0 8 u¥
Tothalr di ness (T ¢®z0 ®z0 88uvy mg/ L
Permeabil ity Ir 0 00 U meq/ L
m = zZp 88 vdo
0 0
Potential salir . . YO meq/ L
(o]0 T88u$>n
Gi bbs Ratio of 0 meq/ L
0 0
Gi bbs Ratio of 0« meq/ L
§a 0550 DU S
Basea«chan i nd 0 0a aQn meq/ L
99 273258 vpo a
YU
Met eoric genes:i 0 0 0 a meq/ L
T 8 up 1
YU
Chlata@aline i oa 0 v L
i i n 8 8 ug U me q /
0 a
Chlat&@aline in oOa v 0 8 80 meq/ L
NG 066 G5 o ruee
Total Hardness |= 2.25(Ga& .2)Jé&.( Mg5. 1
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Piper diagram

Tdacilitate comprehension of the origins of t
devised a pictorial approach known as a Pipe
chemistry.hihhde tihdesa pbewcess is that the concen

ensure the electronetlhRiadart ydioagrteahme aod sssiod tvse do

triangl es, in which the diamonds ate dihei dvad
sampl e' s evheernalclalhydropperties, while the trian
I o(nSi ngh et al ., 2013)

Gi bbs Diagram

The | ink between the | ithological properties
comnoyn established using the Gibbs diagram. Th
infl uencing groundwater geochemistry-wdtnerterr
interacti on, ( @Gintdb se,v PdwatG)ti ingn*/T(Oa B nst €ENa

HC®) yields the Gibbs diagram. The Gibbs diag:

domi nance regions of pr enatpeirt aitnitoenr,a cetviaopno.r at i c
5.BESULTS AND DI SCUSSI ON
5. 3Grloundwater physicochemical characteri st

The el ectrical conductivity value in the rese:

1728Bem. El ectrical aesoreductnigviotny t(hEeC)hevagrht an:¢

deposi t. Because dissolvedatsai hsersagptpl §s ei ens
presence in water [(PpaGadwvaha e(hdalke.pFT2el 8 )eEsQ |
of EC for boreholes in the eastern regions sug
depewhdosl ' y on wel | depth and temperature condi
Tabl2deF .mi ssi ble I'imits of EC for classes of i
Cl asses of wat
EC(s/cm) | e missibility f
<250 Excell ent
25D50 Good
75D250 Per mi ssi bl e
225000 Doubt f ul
>4000 Unsui table
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Specifically, a higher conductivity value was
tdt there are more ions or contaminants 1in th
2013). The | owest conducti vi(t8yl svatlene recorded

Tabl3Na% er class based on TDS values

TDS (mg/ l|{Wae¢r typel

01, 000 Fresh

1, 61000, 000 Bracki s

10,4400, 00 Saline

>100, 000 Brine
This might be because the alluvi al soi l at S
el ectrical conductivity. T hael It ostaantp | deiss sroal nvgeedd

3898 mg/ L. TDS valwues of greater t han Tla0b0lOemg/ L
5)3 According to (threadDasn cdtabszs®h .fofcal@id)nwel | s
water and 44%<HawveO®0imgedsh WabDsr. TDS values | e:
the watershed's plateau and escarJareart wowmelsl
from northwest to southeast, with highemweval ue
i n the northwest, notably i mEC wWalkhaef em dlel &ar
ranges froegs/6/m tandl @ h& aese/rcang.e Thad uEeC iwa l4Wded s
hi gher eSham,4a@a06cording to WHO guidelines. 48%

and | arge value E@ tbeoeredstton aampl e the pl:
val ue. The EC and TDS results show all the st
di ssolved solvents. The groundwater in the eas

wi ahpH range from 6.00 to 8.2 and an average
per mi t8B8ef8) (6abge. The pH of 75% earnedr 6a0n%a oS h isnair

basins is more than 7, indicaelisgtanoabkabkibne
groundwater formation process, its comhBhattt wi t
et al . , 202 2)

5. 3Ge2o.c hemi cal composition of Groundwater

The geochemical par anmedreausnma i aabaidds (tnudd yd i f & gir

geochemical pl ots were presented t oCaslhcoiw nt haen dc
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magnesium are the most prevalent components o
Mg n groundwater, howefCarGCalici Umweat itdmnv alhwud s

650 mg/L in the study region. According to WHC

exceeds the drinking water edge (75 mg/L). Mai
sampl es. 7Md4 eoft htahne s?dnepvieelss hhaidg hMg t han the V
standard (50 mg/ L). Calcium and magnesium acc
ordinary water. The tot al hardness (TH) wvalue
md L assf@GaC®afen and .Shinile respectively

Tabl4Na% er quality based on Hardness

g:édog)ess’Water type
060 soft
66020 moder at e
12080 hard
>180 very ha

When calcium carsdoinmtwa tceornfcaelnlt rlagliom 60 mg/ L,
sofetDl 2hg/ L as mode2ia8myglL has dhard, and more t
extremdlRpuhared(Tabl)y. 20d 19ampl e was recorded i
the cRsaaea. Few samples are found in moderat e
samples were found in the very hard classifi
groundwater of the study regi onrsegiTohne ibsa stihce cc

content of groundwater whi ch i28grnecartee rt htahna n8 21.05

The bicarbonate concentration in?2matdeéiMgiThepr e
concentration in ftrioen LQt5udy r56gi omg/Var iAd 4 samp
higher than the &¢8m@p/tla)d.l ewdtieni tc oot aiChO ng car
additiabalor®©@d by soil organisms) dissolves soa
thrdugnestone or otbeanrcalgcromksar bewn a(ngindghu i cl
et al .I,n 29nLi3n)i | e ar o-BndamDhoreatDeawias fCaund i n t

escarpment , and basicarbmnntheatoBbndsPPoehdawa, M
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Sul phate basic within

bi carbonate basic.

Sodi uM (aNad po)t asesmauent(kati ons i n
to 42.50 mgy.L,Hirgehs pceocntcievnetlr at i on
the Shibrmislie.s &b bngbentdat in drinki

| evel i ofis Nian

I rrigation

al |
was
ng
wat(eRrouma y 1l nlad a hic g2le0al

Shinilel®0@i mg/ Thef Sha

sampl es

recorded

water

mae

concentr aitansn iof gvhvaoundwater often reduces wat
Tabl58Guimmary statistics of geochemical dat a
Min Max Mean | Stad.dev

TDS (mg/L) 558 3898 | 1549.05| 851.31

EC (us/cm) 871.8 | 17223.4| 272464 | 2665.74

pH 6 8.2 7.26 0.5

Na (mg/L) 17 290 110.84 66

K (mg/L) 0.5 42.5 5.46 8.78

Ca (mg/L) 55 650 257.76 | 182.54

Mg (mg/L) 13 250 62.18 50.13

HCGOs (mg/L) 95 556.32 | 371.62| 108.05

ClI (mg/L) 14 424.1 | 117.6 93.01

F (mg/L) 0.22 2.17 0.83 0.36

SQZ (mg/L) 43 2590 | 660.28 | 649.61

NO3 (mg/L) 0.16 102 14.12 18.84

SAR (meg/L) 0.26 5.97 1.82 1.22

RSC (meg/L) -50.35| 2.29 | -1191 | 1271

TH (mg/L) 2156 | 2650 | 899.34| 595.87

Pl (meq/L) 10 78 38 18

PS (meg/L) 1.1 29.35 10.2 7.14

GRC (meg/L) 0.06 0.73 0.32 0.19

GRA (meq/L) 0.08 0.78 0.32 0.16

%Na 4.37 58.29 | 23.89 13.86
No tnea X : ma x i mum, mi n: mi ni mum, Stad. dev: stand
Chl oride concentration in the study region va
(over the permdsmgblLyer s$ahdand, i 85samidilgls fro
| evel s of chloride can cause water to taste s
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Groundwater chloride might come from a variet

polilomt, weathering, and |l eaching from sedi ment
Fafen should include weathering and | eaching
physicochemical i nt er(aRootuito rest lailkte aalsO 1i$a2ri0 gd3aqla:
concentration is in the studied samples vari ec
| ower than the standard WHO (400 mg/ L). The w
regions of Jerer w&l eyl Ol0a dngid8d3 aagdt k40t epse ct |
northeastern and | ower sections of Jerer vall

-

egions - 20@a¥emgt/8l34800 MMgOQ | evel s, respectivel
han htilbgpiEBath dri nking watECA,quatwhi )y hgmi dbti be
y groundwater contact wi tNi tsrhaatlee iaonnds gvyaprsi uend.

J—PUFQ-

o 102 mg/L throughout the studyoaneg, owi ttihear

—

al | bel ow the permitted nitrate concentratior
the upper Fafen and Dire Dawa areas of the st
excessive | evieduwss cvaant ecrr élcduesel ¢ sheyrc @ rstsruaetsi.on o f |
significant consideration in regulations mana(
WHO recommended a fluoride |l evel of 0.5 to 1.F¢
and other fluoride sources. Fluoridation has
water. The results show that the concertation
to 2.17 mg/ L. Hi gher FI| uarei dieo ucnadn cienn ttrhaet | doenesp ¢
FafJderr er catchment and Dire Dawa sampl es. FIl u

har mful to public health because they promote

5. 3l.n3d.i ces for groundwater characterizati on

Sodi um andsmatpitoToh(eSAR9Qdi um adsorption ratio (S
rel ati ve malinlsi tiyn osfoiNa medi a exchange proces
calcium and magnesium ions with sodiumndons h
soi | s(tArkuacktuurrue ¢Tta bdle. ,5.26021)
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Tabl6sSAR. | i mits
SAR val|Sodium hComment s
1-10 Low
1d 8 Mediunl'l'(_)lerable wi t h
i me

> 26 Very H|Generally wunsui
SAR is a crucial aspect in determining soil pe
i n water &emhydiecsloiqual ities, notably soil pe
reaces soil Tpher BARDb ivlailtuye. varied from 0.26 to 5
1.8 meq/ L. Every sample is contained within a
have a SAR value of 2.5 and above.
%Nd: The Solubl e Seod{ %Nai Be racneontthaegr valuabl e me:
groundwater suitability for agrd cdidftiumread- aasp ptlh
tootakion ra(R.o Lin ernedaller WWalkhyea oNamor e t han
i ndew salt accumul ati ons, causing a breakdown i
% Nian the study ranges from 4.2 to 58.23. Al
per mi ss6iOb)l e( 5(04%) <cl asses for irrigation.
Resi duaum scoadr bonBhe ¢&RBCgcti on between feebl e

be depicted as far as RSC, which i(Nagtirlajuoneea@tt
2014 )Water with an RSC value of itr29ameqgglL et
RSC value between 1.25 and 2.5 meq/L is consic
more than 2.5 meq/L is of poor quality for irr
the majority afethersamplgataona ¢$§<1.25 meq/ L).
Permeability ThedexrtPlchal movement of water th
ground surface is qualitatively categorized b
the permeabimeayureaedeke(®@ppropri ateness of wat
Pl into three cl asses: cl-a5%, 1 gqod)7,5% nds ud It a:
undesirabl e). Il rrigation should be done with
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per meability of 25%, Cl@Nagadaddj waetenasl agel20hadp

value ranges from 9.7 to 78.4 meq/ L. Accordin
permeability of | ess thang2bonwhTlkhsi samplesa
deep wells collected from the | ower part of Ji

of Dire Dawa <city.

Potenti al aAddingt halPS)yhe chloride concentrat

potential salinity. The potential salinity of

5. 3CdHAr.rel ation matri x

The correlation matri x was used to demonstrat

natural chemical c¢dqmpdmemtes afl .gr ”WnNdWat er

When there is a strong connection between wat
i mpacted by t®%englmet salurce2013)

FotrhFeaf en s amgalrex cTelpSh ghnat i ve cor Mgamad #90E@s ta, C
posictoirvree | aMdgaomnd 6@ thi17e. 5Therae vies gyaolgombdati on be
CaS@ ,MgS @, pasictoirwreel at i el ,b@MgwreNaa,ndk f or Faf en

TDS hawee xaclessd ent cornmckehha®eoy oot C€arr el ati on
significant @aadr €ICatfioon SWa Inkd .ES5 Tshaemmpel eiss (al so
correlation bettiweeynw €GaodandorSrOeS @t iNdan-NGet ave e n
significartet ove dge |ICENta-r @ -MHaC@ anHC&lor Shinil e
sampTealsI8d. 5.

Fafen sampbestshewcorrel ati andb €t wetghgeg B 61tf a nude nG
of human activitiesthgenopnowatdandgolahh&lE Rabak t
et al . ,iM8 0 e ss i g rciofrired mttSiéom Faheé&n 0. = 0.66 1 n
depicting that dolomite is providing Ca and M
Mg and Na $hi sabheBES dGEhalses i 1 @ata¢ e weat heesr i ng ¢p
both ions iGworgreoluantdiwant ecroef fi ci ent stt @r ¢ atke@r t h
consideratiaonhbhioehtshedeée eiss a positiveeenraNadt i on s
Cilwas identified, indicating that habntde @i sso
groundwataer et. al ., 2021)
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geochemi

tabl e of Faf en

X

i on matr.i

at

Tabl7Cobr el

%Na
GRFA
GRFC

PS
Pl
TH (mg/l)
RSC
SAR
No3
So
F
Cl
HCo3
Mg
Ca
K
Na
ph
EC

table of Shinile geoche

X

i on matr.i

at

Tabl8Cobr el

%Na
GRFA
GRFC

PS

P
TH
RSC
SAR
Nos

So,

Cl
IOOm
Mg

Ca

Na
ph
EC

TDS
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0.46 -0.03

0.45 0.43 -0.04 0.56

IO.OH IIO.A.H

-0.03 0.35 -0.15 0.59 0.08

0.44 .o.ﬁ_. 0.00

0.01 054 042 -0.04 056 -0.03 0.51 0.24 0.53

-0.22

0.33 0.57 0.19 -0.38 0.35 0.02

-0.17 0.52 -0.14 -0.07 -0.34

0.23 0.09 046 0.11 025 036 0.31 040 0.58 0.43

.o.mm . . 0.20 0.21 0.55 0.35 I

0.32 0.28 -0.07 0.09 0.23 -0.04 0.02 035 0.02 0.27 032 0.25

0.22 0.01 -0.06 0.12

0.16 0.41 0.34 0.38 0.46 043 050 0.36 0.37 -0.03 052 0.15 0.54 0.36 0.40 0.26

-0.33 .-o.“_.m 0.18 -0.13

0.53 0.08 0.36 0.26
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components of rocke, atnlile s@exttesnt teamepedart at i on
rocks and soils, and a vaBhaettty adf ,820OR2¢enpl ot
ilonic ratios are frequently employed to esta
growatder ' s cheMNaazalsignmnaalure 2014; Singh et a

The scatt¥e* Kyoet HEGD ol | owing equiline (1:1)
and carbonate weathering contributié&ngian)et bhe s

The?*€caMglata points reflect an overabundance of

i on ex(cBrainngdeha et al ., .20T2hOe; pdhoatn ga,| seot raelv.e,al2s0
above the 1:1 1lda niegn ienxddhcaangengprtchcags st hwas t aki
To understand the source of these ions, the C
the principaanddMgcgsoaohd@ater. | f the domina

calite, dolomite, and gybpisMHh dies Fatls HOIOENe ,c It hee
to the 1:1 Iline.

Most of the aquifer samples fell b eptlwbeten@ rt eh e

51c) , which can be eatithrgi it ed| E@ wesampgée¢ ateh bme t &
1:1 equi I?'Vise sZiSOattht € r@aplh)e.t 5T(he maj ority of them
(excess sulphate) while a few are bel owterquil i
the 1:1 equiline appear to be obtained by gyp
i ndicates another geochemical activity. The ma
calcium, indicating thatecalysitem wasa I(idkaesl y er ¢
et al., TRO1lPht i ooft oNal ™) c atainonbse (ulsZed t o und:¢
weat heSumrgamani. effh'eelaer2@s0) TZ+) pl ot in the
that thef maheordsdmploe poi+K) s =I101.l& Thabp(iee. t HTen i Na

demonstrates how silicate weathering plays a
salt and potassi (@Dasoers$ .Tahbi.sg rs@uigigddsatt seet md ts dolak
small er contribution than al kalNa eeaxrcthha nngeet aplrso

enrichment of dgfoundwater with Ca

The domi ndarcdy?'™Mg tCrme study region is r'fsl.ected
Na+ *and?2*€caRyFi gurde s&lffThe pl ¢t+ dfy V@asus TZ inc
that the majority of the samples foltlhdevl1lt bhe e
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l ine, indicati @ ntdh?’éMga btuhned asnvboed o fs aQyeptbhbes 1 b &8 1 o w

|l ine may be the reverse ibngelkehange and car bc
(a)
&0 14 40 (C)
5 12 S
im n 0 | e
£ &t ) RS .
‘o =6 O
g 2 B
% 56 5115
T = .

% - 0$ . Fa-ﬁl-l o, o 2 ® Fafen
@ g e Shinile 2 S| ¢ ’ Shinile
, —1: ' —1l —1:1

o 20 40 a0 ’ 0 5 10 15 Y
Ca? +Mg?* (meq/L) NattmeqiL. 0 10 . 0 0 a0
0 (d} an (e) a"(meq/L) o ) Cat*meqL)
a0 S0 L] 50
] o .
g 3 @
E 40 = =4
£ . £ e
Y - N g; B
@ By o . 3
* / o Faftm | © R ¢ Faten | EF°
10 e Shinile 10 Shinile 10 Shinile
}\. —1:1 —1:1 —_1:1
0 K 0 0

0 20 a0 o &0 &0

a0 &0 20 a i 40
Ca®* (meg/L) Na*+K* {(meg/L) Cal* +Mg imeg/L)

FigutScabt.ter plot hydrogeol ogical analysis of

The rattiw*"d ELrloportionalsded tlo Oe atnidmeactaem tbhee

groundwater. When t he ‘rsotuircei s nl gmpaim dtwhagdre r1 .i C
cation adsorption; when'dgdwer aoetiim dgrsodredswa ttera
worn sililsat @hmnnéha rati o equals one, it sho\
of *iNm gr ouyrReviatter& Humayan, 20 2Tlh;e Znhaajnogr,i teyt oafl
in FiIFgwnudare. bel ow the |l ine 11 Nawhi showndigc &t
sodium sources from groundwater are weathered
(Cl/ Na >1) s'sowrtcleati ntihpal shNoam ddwieet etro t he al tern
cations. The weataH er iad g oo fi nsr |eidseetser tahidgn\iea t e r

et al. ,TR®29¢at t?e/rs. J K BEhF (0FuPeO sShows t hat t he

the dots fall above thesdnd @@iodN irncec k si nari ec att
sulfate sources. A strong assodMmdsPBo(s=9h8¢es

that they might have come from sé&ugaer 8cks ir
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(a) * Fefm Shinile () * Fafen o Shinik
o Limear (Fafen) Linear (Shinile) veneens Limear (Fafen) Limear (Shinile)
4 80
4 y=0.8509 + 60174 ,
_ 3 50 R =0.9655
g - g 40 y=09302x +50682 * .*
. bt RF=08991 4~
E . én'ﬁ'-' i e ®
- 2 -,
% L= > + o0 q. ‘
z =] '-:_.__. . - ..
LI e S 1 .5;"1‘
05 * £
o o
0 SO00 10000 15000 20000 1] 10 20 S0 40 50 &0
EC S04 (meqg/L)

Fi gu2%c &t.t er phetrsusf NAZYXEEE G S MGsS O

Silicate and carTthen gptl d'vveeoaddG@®arwsn gt: hat t he maj

samples are below the equiline, showing the pi

weat hér gpn3ge.( 5.

The scattegVspl'aNd osamMEOes are below the 1:1 |
silicate Fwegalekuimag (et al . , 20009; RefTAt Nur &e
of Na/ ClI versus EC, whi ¢ hc osnhfowsmsa sdil n eatt e p rwe
weat hering is the main pgrDace 4 iafl . Na/20I1 5i; n dUr. e &
According to the graph of EC vs Na/ ClI i ncreasi

Faf en Fauarses)sh . (

A 200

HCOy (mg/L) HCOy (mg/L)

¢ Fafen o Shinile —11 ® Fafen ® Shinile —1:1

Fi gu3Sc abt.t er ptl lowesathlreawinmgg process
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5. 3Gib.bs di agram

The flkiguwdee 5 Mdepicts the plotEqgob. GLlb®er é§éasi bh
TDS graph. In the meanenal iavefiNChat a wd(jOdIt Na
+HC® was 0.42 and 0.35 for /Ha¥@h , awt(HoBRICOhe me
)was 0.30 and 0. 16 Hboaove u &fej nTiDiSe vrad supee cits vred lyat
3900mg/ated o fi ndings move -tbet &n bbesr péerotanoa td

water interaction is dominating.

The Gibbs diagram of the wmatjeorr istaympolfe st hdee nwantse
concentrated iwmtteheomdre&laaeftnesaktwatceorn fiinrtme rtahc
is the driving force in controlling groundwat
i nteraction between rock and water primarily

Becausayt reegdtom experiences dry and semiarid

contribute to water chemistry, which affects g
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Fi gu4@i lbhs pl ot of sampl es

Precipitation has mmgeoaamaé mi snpagtofont hdeadqyidf er
evidenced by the fact that none of the water s
Thus, Gi bbs plots indicate that I n the resear

r «kc water interaction (80%) and evaporation (2
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5. 3T.hfe. groundwater types

Most of the water sampl esMgiCél)omg dt & oanlea saenp | rai
i n calcium chloride type in th#dMg€laf einsicriadhreth ane m
class fol-bowadbbgwatMg and Cal cium chloride typ:¢
chl oride type cl assMgCISotymesedar € on-chheeonid ci@do n
characteristiFcgu®ft Hhe regions (

When the caadafi otnhe rtivamgll®sati ons are compared,

cation in both, foll owed by no dominant cl ass
sul fate are the dominating classes i nan htehe&hi
negligible sulphate type in the Fafen sampl e.

type, bicarbonateClt ypefke stufpéd,ataigClympieyepdaCso,
resul ts | AMIgiCé st @ hteh ptr g@a | ent t Wwat et udi ed areas

of samples collected at Shinile varies more Ww
samples have greater vertical wvariability than
m.
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Basexchange | ndex

Groundwater sampl es weexcehandgee gioaa izcegds 1uysd il.nuge Thiabs
| i $ | ess than one, t ha-SgaFEo urydves tsearmasrded rtaheasn aorr
sourcesHeeReypBYyankware et al ., 2.02Q@n! yShtutkrl eae &s :
(7.5%) haxehanbeasendex greater than one, which
froMm-HCaBE ype. These samples are from the Shini
Dawa, Boren field. The majority (92.5%) "0of the

-S@E type.
Met eoric Gempesis I ndex (r

The valdsue pafl amesdwwheeg sour(cSa sngihn ed Aniflsv € ne 3Brl e
than one, the groundwater source i ar glerept men e
i mplies shall ow meteor)iac IT™hae efri mpdeirncgsi addfi camest( e «
suggest that 92.5% of groundwater samples are

are deep meteoric percolation water.
Chl earldkal ine indices (CAI)

Chl earlck al i ne indices indicate the i owirxcmamte
(Eg. 5. )bN&a&garapu.eWhah. CAR0'aMd B, r M |?d creodn btyh eCa
sedi ments; when CAIl < 0, a‘’fieverpée Aacredk dyc Nan
the se@dNseahbismana .etl nastehnet p&r2e@dy regi on, 80% ¢
sampling point2s. 8s6b o0 M@)gaande2Q% are positive
CA(Fi gus) Ehése findind&nidrédvigc agtr o utnidawta t @&a nedx ¢ h an
K'from agquiiafle.r Amwa‘tae fragppelatr,s Na be the most freq
resear c(hRaroe geitonalThat 2 ne2 @)l k atl h e -lhdlecd2 CAd|l ues of
80% of the samples were negative, issughestriesegat
was t2Hoart NCgp t he wat e'roréiXt htameg eadlq Niaf er mi ner al s
wat e’rorCalgas depl €b e'dikassn e nNa ched.
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CAIL2

e Fafen

Shinile

3 2 1 0 1
CAlI1l

Figue@hlI5&t &@aal ine I ndices
5. 3l.s8o.tcoprgp osi ti ons

The st abcloempiossoifttoilpgeli r o gen and heefxfyetetna cadal goewosf af so r
it moves throughi gheethieBistabl 2o n@®t aipilc o o mp «

water sampl es i n tdies prleasyeead.c hOweerga loln, weecrreos s
i sotopic values of al0.a%#Btleadfdail mph &-2f Ma@io ed fr
6. & 8 olrl®. Pl otting of al/l samples GBedgsohé& Wi,
202nMetieorwater | ines showed that the precipitas

the study region

| sotope composi Thenpokcppeéetapi bat r2e€s 12Mitdtsh ra n g ¢
mean v20u&Od@i and 0 .a7M6 athonie.adn3 v ad Lat®ofatl . JO9j i g
The resuDawaatr aiifdeesd @f5r.03wBidt h a mean vé@&Muanodf 1
T0. 229 21Widt h a medn 9 9fadirdeThoef resul t shows t ha
degpled water i-Bawvwe utniddagijn DRif cetent Kkinds of wat

sites displayed unique i sot-nipglt cofmptolse tLi MWIs . a
i s, a rainwater sample with an enrichédomsoto

ot her $Samphes5( 7

The i sotope composition of hydrogen in the rai
in Dire Dawa. However, the oxygen composition
Dire Dawa. Al si bgt e Bawmal es most enriched in
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demonstrate that a heavier isotope compositior
in Dire Dawa. This is due to the | owewordalst,itu
the resudar wofydhid)imsatt otplee hi gher teémpeoadure
are higher than &hBheod nexeullJtigjdagrf i(rlmOotOhat t
affech/ 166 rattboevMpoeati on occur svhatedas ghes
evaporation occurs at | ower temperatures. The

resulting in an abundance d¢Q3ourtcy ne.t hael .p,r2e0cO 5)i

Previously reported tphraeci piet atsiodmpat ctome obii g ji
T 12t.66. 4faot® andi 9 1tod®7 . L@aH( Bedaso & WOhi 20i2idi cat
present result I's within the srlaohgteopbherneet pd.y
wei ghtaemd vimé ue i sotope composiwaigdn 5feair® tahned Add
+1 . 4f8aifH , which are(kKebwhade i & TrahmesubhOlzpte th
i sotope composition of precipitatiohei pretheos

studi es.

The isotope composTihtei oins oadafo pseurrfeascud tvweatoer :t he s
10km southeasti bfODaEf iaghad8F &tHo meThe result at
of Jigjiga, the ot &bd.e6ad%b®d ogddd. Sfdads ur Tlhae es wr f a

water analysis shows that the most enriched is

area near Dletghiasbuweltlowknnown t hat wi,ahdi®ar éasi
waters become i né&de @adHangrhpyo sliRmilasgitsadkbierr | ai n, 2
Dansgaarldn le®ttelge. surf ace water isotope is enr
compostihamngroundwateerr esafofil@dss.bowhasgpod asso

bet ween precipitdRiigoum.eansdd. sur face water

The i sotope composition of groundwater
The groundwater recharge i sit®yiiDe atrloyn immeftleuoernictee

i sotopi c compotsert iiosn tohfe gcroonubnidmead aver age of t |

of recharge, such as precipitation and river v
groundwater wil|l di ffer fr om Tthheo shey diramm gl roexcyi gpei r
stable i sotope ratioJefegrandad®ht erl|l ¢éocat bleméi

t he {Figgwimes 5.
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FiguTi sSt.ri bution of stable isotope compositio

The liesactoonqposi tion of the Shinile and6.D56 et ®aw.
2.18 with a-4mbafHf mé@ldye7-20® 56 wi t h a2 .nBeld@f.ovral ue
Thet abl e isot ome i eandd o3s¥imtioo nls. Ollu ewiotfh Ui4d. Oelh nf ovr:
fre2m 690Q. 4 b8 with d . mecd®dfvwanl ud eaxTeheefseen resul t s s
t hat both hydrogen and oxygen isotope composi
precipitation.

The fRkigwu7gel(l5ustrated3etbntsampl eafexhibit a si
of values in comparison to the Shinil e egreaund\
area's geol ogi cal state and tJheer edwipallhl ad uitfheer
surrounded by distinct geologic formations th
Most wat erf sSapipditdsda o the right of (below) the
samples showing si miMAM(rFuacdEmpPpbei di shmo dtot dfbet lod
Fafldeenrgero un cvwaanpdlreot t o t he boi leMWIlo fa s( BddWdlw) a s
graphs.

We applied the Pearson correlation coefficien

geogr apbkbiat@WmM coordinate) of t he sampl es an
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Correlation mat tibx adDmnmoanvset raat pes itthiame associ at
show that EC and TDS have ait®t(r0.ngdr (tproski ¥ i v A
ratively high range of(1®,&0,u eaaodfc dissso)t owaes croentpoors
FafJderer catchment than that of the Shinile. T
|l eading to variable VWetrtetrclichEgtinrat. TAb. ma2adhe

i sotope composition of groundwater results in
than that of the Shinile cases. More depl eted
| ower aldiitt wshhes ®©®dnt he Shinile area. The preciyrg

relatively better associated with groundwater
shall ow depth conditions of &hihydeogquehl| sn Th

catchment shows a good association between pr e

On the other hand, the Jerer catchment has a s
i sotope compSsiniove.thancomear i(si®nE1 o3t5hkhée, Jer
oxygen isotope near the (I®i *i2l. Tlh)es dd s d rbautt ii
hydrogen and oxygen isotope composition aligns
(a)
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unn '4 = '::::;::.. ‘ l E
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Fi gu8kl év.aur ses vt abl e -Jiesroetro paen d a()b )FaSheinni | e

The isotope composition of hydrogen in the Shi
precipitation and groledevat emasde hamoweg\gaenhei da
composition relationship showsJewmere aastsoltmant
the Shinile. The isotope of oMPgér.t8mMarunidn Sthh ¢
Fafler er(i®aisk.s3BMi)s is due to the higher temper
FafJdenr er. The distribution of hydrogen and oxy

water | ine graph.

Thereoss almimilar relationship betweenA i soto
hi gher range -a736mgvasi oon-J el e6RItchuide Bakerdhi ni
(10181524m) which resulted in a -Jwiegh ecra tHicshmteorpte (
58) . Results from previous studies and the pi
precipitation Ayenmewi etecagrlat,ed2008 ;Tth®edasoad opfe V
composition of groundwater result of alluvi al

range for sha(ldlt®w groundwater

D-e x cess -Jaetr eFa freandg d @ 8f. rd6imit h a me6a.n7 Fda.éeuxdc eosfs

vad uof the Shinile range was faA8m9TLllee2x8c etsos 19
valsaofe most odarteh ea bsoavmep Iteh €l hgel o/baddx eaevsdsr aigne .t he
area was higheFrafdemaar tbat goIhdth.eh i-egxhceers sd val u
recorded in Shinile is due to a relatitlvea edepl ¢
catchmestal argeexaéesosnwas decorded than in the
dexcess at a haer eShlianrigieer atrhean t he dlOd@bRil s meg edu d
to the dry climate condition of the Shinile a
infl vexncessl. The | ower altitude (1®m34em) 2dnd tAK
of Shinil e atlesxoc eisngf Bveadguteew ,tl h20tld8eg r esearceblsreg
value rises from south to nexddéess Thalt ueneatn shit d
becomes( >hli0ogah)dr vi cedvéfemnenthebet ween the south
due to the mnM&Kegtnureet. sa8t. u d g2s0s2h0ojws t hat t he | nd
source of moistueecebatvahtukesenoesouhéedn and
to the depleted oxygen( S.s okeobpeed er e&c oRrdla voitf ,i o 2h@l 2rk
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hi gher wxlcessofwad due to the seasonal condi ti
rains (June, July, August,vandePé#pPtémwmbeéopesaaa
recorded.
0.0

O L

- ] ' . ° - -0.5

;j | o.. S e T o -1.0%

g .Q. """"""""" °e, L 15 ’é’-

R . 5

g 8 s - . [0%

10 o° o ® . - -2.5

-12 . . . . . . . . -3.0

2 0 2 4 6 8 10 12 14 16 18 20 22
e UM, inDaxcess U1@, in A
--------- Linear @M, i n-AlinearQ1®, i n A)

Fi gh9excessi!® ealPdkissot ope
The report from a previous study shows that t
Jigjiga stationilRalg@dwidt h walbeelnd.obbhre hydr ogen
val ue r a@dtde7 rwint h a me2an. RoHe draséo Net Tali.s, shoawk
that the isotope composi-Xeroenr oda tgcrhonuenndtwal( arr o ua
wi t ha nrarhge of precipitation composition and
w® compared to the mean value.
Due to econbmuocdantdheéei sneabl e i sotope study was
city and Shinile-baegwm amdticev&hisnithe Salsteern
The next study should consider t he sheasdanssesf oar
i ntegrated groundwater management. Therefore,
very tleidm and the sources of recharge shoul d
met hods | i ke radioactive carbon dating and ver
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5.@ONCLUSI ON

This work evaluated the stabl®e iketapkbuaindl ge
eastern Ethiopia. The groundwater chemistry we
and drinking reasons. To understand the hydr
research examineld avedARal Nawdi®8s RSEC, Pl , an
The study area i s ahdracgerSaedermtyiydhraaldngrsaph
geochemical modeling are utilized to analyze ¢
gr ouantdewr change. The graphical pl ot suggest s t
di ssolution are major factors influencing the
of water samples are suitabdfe dmagepmtgablcal qwalai
di stributed in the Fafen watershed, although

Fafdenrer catchment and Shini-eechandgdei Ddex Dag

t h

r e

at 92.5% of phesgioaubhtdwasef@§gameme onAc @agred iNn

sults of meteoric genesis indices, 92.5% of

water. According to the Piper diagram,etdéde mo

mi
Gi
an

gr

-~ T
o =

5

N
o
=]

- 0o o X

xedMgCCqyg , with calcium as the primary cation
bbs diagram results show groundwadteer i mh emiast
d evaporation crystall i zeaasieodh siasl ionndg yofand!l
undwater quality. A stable iIisotope signatur
eils a homogeneous system in its | ateral e

Baten aade&bibilegs about a substantially

® ®©o < O

cipitation and groundwater. I n the two ca

ationship between precipitatingfer waldu @y owa sl
thdeFatematchment than the Shinile region
pected to more profound groundwater -Jierfeoar mat
se. The author recommendsatgrtouendiwat € e hagludl |
search |l ocation to determine groundwater qua
this study has extensive import-amce fTodbi maa

e and to camgewi th climate <ch
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CHAPTER ©6

| NTRI NSI C VULNERASBSSESSMENT
Abstract

Effective groundwater resource management i s
preserving gqeualiidt yr eign othh e whemie t he main conce
climate @liamppes.e OHethis study was to use the
intrinsic vulnerability of groundwater. The I

parameters: depth to water (D), net rpehgaghdrfge (

the i mpact of vadose zone (1), and hydraulic ¢
(LULC) were added to the DRASTIC parameters,
resulting vulnerabil ity maapl ywaiss .d eTtheer nrienseudl tuss i
DRASTI C i ndex -226r3 fboert wreafbedn8,7 oan dGa mible-2 22 pf @i n,
Shinile respectively. Based on these results,
| ow, | ow, modd eweartye , hihglghgr manndwater hazards. 1
was different for each catchment. The sensitdi
vadose zone were the main parameters that i n

vahtdd using data on nitrate and electric coni
the study areas. The validation result showed
and the nitrate and EC contestratisohtmsapgaof s
for those responsible for making decisions reg

a sensitive area.
KeywoMddi fi ed DRASTIC, aquifer vulnerability,

6. 1INTRODUI ON

Groundwater pollution is defined as the addit:]i
human ac¢Hiavieresr@B®608) are several causes of C
| eachates from(vantgeh citsseredpsaggl e2ViftBepsd sewaf eHowa
1997)human and (aMiaMalyt wasegsat gani2® 1(&Tun teatmi anla.n
2023 )natur@Kr isvohvamcesmstid ahHumarROB8f)bemanoest al ., 2
et alwhchO2z2a)Juse microbi al and nitrate (NO3) <cor
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common sources (Han et al ., 2016 ; Li et al

contamination can also be caused blysmamic stuba
2023; Ni ger.i aThea @gdol,o Ri0Oclabl) setting of the are
we l | because it controls infiltration activit)
(Duvva etEtcahofom@Ras etM.alR., 1230 =hadn Wat earl .b o Ri0eDL
get contaminated by pollution from both point
sewage treatment plants, industrial faceislitie:t
as well as specific sources | i ke drain pipes,

of -ponnt sources, that (ILaacpkwosrptehc iefti cals.o,ur2c0el 2 ;c

To manage groundwayerpolkeksourcespeévectioel is
hazard assessment i's cruci al for resource pr
economi c, and environment al factors or proces
susceptthel ef toct s of hazards. The resources be
state of being exposed to the possibility of
emotionally. Groundwater vulnerabcilaky amsdanat
variables or forms that increase the suscept.i
broader sense, "groundwater vulnerability" r e
becoming contaminatedardiuief itco aldeirzget arabk saan
Piscopo, Thedoe) are two types of wvulnerabilitie
natural) and -isnpecvidlimer(aobri | b uiilets . I ntrinsic v
geol olgycradl,ogi cal , hydrogeol ogical, and hydrog
vulnerability of groundwater to pollutants cau
vul nerability is used to defaneathecwluamecah
considering the relationship between contamir
vul ner(dhbimai tey al . , 2022, Rama et al ., 2022)

Several works have been done throulghbuont hmp g/
(Bal aram et al., 2022; Fida et al., 2022; Kurw

Many di fferent approaches to assessing groundyv
yegdmBoufekane et al20Q22;02Ri;r [IEkanetm &It. al2Q22,; S
Taghavi et al ., 20 DRASUMLr ist aalfrreqa@a2) vy use
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assessing groundwater vulnerability. The Unite

devel oARIDCDRs a technigqgue to evalAbterpeteatltia

DRASTIC is an acronym used to state a compr et
aspects that influence and regul ateofraunodwat
(Al'l er et @MRASTI1I®8uUuls)ed seven hydrogeol ogi cal [
soi l medi a, topography (sl ope), the i mpact of

met hods wei gh varilomuer ahriiltietryy awhaiflfeecd o mgi dveur i
and biological pr oc(e&osocedsa rizni .tehtted asliattjua Baé PePdy ,z ot nhe

met hod has been modi fied in recent years to co
new parameters (&hbbBeagkisting.on@8€21;. L et al
Due to its | ower initial -rcoousntd, asvuap € raibarl iwayt emh
surface water sources, @rofindwaest iics wamheal seary
cities, t owns, and villages in Ethiopia. Il n b

enabl ed soci ety'(sBeachcaensus etto aflr.es 2 Owladt;erKe b e d e,

The maundwgater quality difficulties include h
val(klyoos & Tekl e Haigrhamatl,i nia9Y9)probl ems in th
(Kebede, 2013; Menagnagthbeh| i c @i2tOalad%t)e concen:
shall ow aqui f er(sAkaarloeu nedt laalr.g,e 20l &recsWa hg) @ opt |
density, scarcity, and pollution of surface wa
gual i ty. Thse schoourntt royf fdad!l i vering the highest f
especiall y(Rahmurld9dhoen)geas ity of domestic water
recommended by i(nMeenrgniasttiuo neatl asle.c,t c2r0sQ 3) Rei man
Located in the alluvial region the study ar e:;
rainfall, ri(sSiend ut empFaaira ttuh2e® $h2a)st peri od, ther
i n average temper amthwrad &Emudsnglasmdiucthremt he daaj c
|l and cover of the study region. According to t
because of significant contaminants | i ke diss
el ectricall Kedhredwgt i2Wilt3y Li et al ., 2021, Tade
I ndeed, it is wvital to create a vulnerability
restrict and preventhdadhe watngres sarmd rmail dtudii o nt
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initial study in the area to use modified DRAS
characteristics to measure groundwater vulner:
ri sk bygi pgoa susceptibility map of an aquifer
environment. This study provides direct- infor

makers to manage groundwater resources more ef

One area of interest that academics and stakeh
be aware of i's the study of groundwater vuln
particular topic discusses tthoe npartoubrlaelm hoafz agrdos

some fundament al advice.

6. MATERISAIND METHOD

There has been a | ot of progress in aquifer vt
and workable methods. This haseVvaeduabti bhemodeh
with unigue techniques, data requirements, and

is studied via the most widely used vulnerabi |

become one of the smdsotr pdoeptuelrami nti edgh rhiogw ev ul ne

poll ution. The model's input variables (hydrocg
typi cal DRASTI C model (Al ler, 1987). The modi f
par amet erresparfalbd om of i nput parameters was t he
second step was producing the thematic | ayers

The complete structure of the amalgys$i.s I s pr es

6. 2DRIASTI C model

The study applied the DRASTIC method of grou
DRASTI C was <created by the U3AEheirr ccrt méaditea |l 1
DRASTI C met hod applied S ervgeen, paaqrua nieetre r me d idae
topographic (sl ope), i mpact vadose zone, and h
i s a weighting and rating method that assesses
utilizes wedmédtterf ohraead hompairts relative i mport
potenti al and rating esteem between 1 and 10 f
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The DRASTIC index can be determined using equeé
0 € QQE@NHAY"' O Qw
®Y OoY oY oYY oY oYY oY oY
w Y 88888888888888888888888¢pp
The seven eddelcagivealhymparmameters are denoted b

and nC t he EgqicatliThe modi fi ed model includes | in

The subscripts "R" and "W"' stand for the respe

6.2Se2n.sitivity analysis

The I mpact of the evaluations athnad weighe¢ sk ggd
assessed. The assessment was carried out wusing
there are essentially twopaypmetef sensitivit)
ma-pemoval anal ysis.

SinnBaameter Sensitivity Analysis

The spianrgadneet er sensitivity analysis (SPSA) was
wei ght o f individual pol ygons. The sensitivit
specific | ayer idnltiheg aquiefxer | < uswaep(dleovdewiocpke d
et al and2G@%)r al researchers in recently appl
(OQur ar hi et al ., 2023; S a rTahvea neafnf eectt iavle. ,we2 0g2h3t
was obtainedEgs)eng Equation (

00

® 5

Zpme888888888888888888 3G

Wher e:

W r ef eref ft coovie ihgd t

Pr i s trRachapiamg meft er
Pw is the weight of the respective paramet e
Di i's the overald/l vul nerability index
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MafgRRemoval Analysis

The -mamov al sensitivity anal(ylsodswi (CMR SeAi)n dawa.s, ¢

i mpl emented by removigngaogrmaenedorer sior Mapnflemewval

parameter relevance in assessing intrinsic vul

n

of

applying the method. So, by removing a giv
I nflsuevaée uwmd ed i n( Djh@&miorv eatl adli p,r ala@L&)e mo v a |

cal cul ated Hgi)d.g3 Equation (

6 6
3 - T—888888888888888888888888@&
Wher e
S is the sensitivity index of the parameter
iI's the intirninmMeixc ofultmer aneit lhiotdy
N is the total number of parameters used toc
VX represents the intrinsic vulnerability
X.

o un n

9
d
2
(

=y

~ Q9 5 =

0
g

6. 2Mo3d. e | val i dati on

e of the fundament al stagevsaliind armha dbenl. i nMDga t qar cs
e main challenge while evaluating the result
oundwater has historically been the preferr
adequate wagtre cmanageamermptr.acdai ces such as <ch
nitati on, and | ack of sanitary conditions t
udy of groundwater vulnerability ias tINheraom
ncentration i s t he key determinant of S USC
oundwater (Bera et al ., 2022; El zain et al
i nking water is primarrhyioonftAkahated bV . n
21; Wakejo et al ., 2022) . Reports al so showe
roundwater and surface water) have nitrate d

degrees.
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The sphdedami trate and EC data for vali-dati on

known met hod used for DRASTIC model evalwuation

EC for vulnerability modHadan etalddl@ ati on (Sresto
6. 2Gedn.er ati on of thematic | ayers

DRASTI C I ndex met hod of vulnerability analy

hydrogeol ogic data; (b) creating a GI'S map of
(d) assessing thetaml atat vendsesgmee piifdh idlpil tay.s T
nor mal weights and the DRASTIC parameter. Ther
were created wutilizing the ArcGI S progr am. We
col | eoct etdhef rMi ni stry of Water and Energy ( MoWE
from the National Met eorol ogi cal Agency ( NMA) .

coll ected from the Geological Sur vaepys , |-rhsytdirtou
geol ogi cal data was eventually gathered, digi't
a new | ayer known as the DRASTIC index. To d

addi ti onal parameter was addleidndamennhte &DoRJA SITdA rnC
6.)1 The higher the DRASTIC Index, the higher 1

For the modified DRASTIC methodology, nine th

aqui fer vulnerabi | iettye rass sweesrsemepnrte.s eTnhteesde apsa rfaon
Depth of water (D)

An area's susceptibility to contamination i s n
di stance between the water table and the grour
contaminants to undergo chemical and biologica
natural dwatagr ®tabeeppermits tainted waters to

before attenuation mechani smg pakéuoven &dngt
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Depth to the water table is inversely proport

|l i kely pollutants reach pbetewhital tabl eomnhamit
(Lakshminarayanahhetwaatler, t2a0b2lle) depth i n the
geol ogical investigation reports of the water
t he Gambel a mdrarimwerr eraarhgges a@af f | uct Fatgiugre &nd

The spatial distribution of water | evel produc
Net recharge (R)

Re

re

(@]

harge is the amount of surface walteewrelt.haNe ti
harge value can be esti mated usriwmngo fffi enhodd eelx

(@]

or simply by multiplying the difference bet we:
the spatial di stri blultimyn drmri mfeidint raattniwcdn.T por ca(Fr
determine the net rechargki swepappoet)the Pi s

0 Qio Gl "QAYE INBT A QOOVHS WG i aéH B8 88 @a
The SRTM DEM data of USGS was used to deter mi
percent was determined by nsepaant iaanln utaolo |r aainnafl aylsli
from the past three decades’ daily rainfal/l

organi zation ( MoWR) .Ed.he. waasp deft emrenti nreac H arogre t
t ool of spht AackGh8al pshsglb recharge zone i s &
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recharge is directly proportional Foguhe ®opo

Reclassifying and giving Wwebght 6wére perfor mec
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Aqui fer media (A)
Aqui fer media is a sign of the saturate zone'
characteristics of the media within the i mme
pou®ness that control ¢(&hbamamanetwabkeni20g1l)o
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I n this study, the aquifer media | ayer was pr
Energy. Thehemaaoeatlyas fhi gfh gaug)uel fErrd® dou cotdiuvce i avg

al so susceptible to vulnerability and vice ver
Soi l media (S)

The upper part of the unsaturated zone that r
medi a,vei.s Thet iamount of recharge that <can cont
typ8ingh et TaHe ,st2Wdlys)regions' soi l maps, Crea
(Fi gude 4. 4

Topography (T)

Topography is an c¢mangad ornofhé aadeas|] opree tim
soil'"s surface is governed by topography, whi
topography reveals where pollutants are conce
retrieomdt he USGS website was used to prepare

topography distributi®Bngmae 4s3shown in the fi
|l mpact of vadose zone (1)

The region between the soil covearnreandoinlee oaquw
zone. The attenuation behavior of materials th
is demonstrated by the vadose zone <characteri
used to prepar e thhee svtaudB8oysneg nzecarte( arhap, 02f0 1fbhe Pa't
i mpact of the vadose zone waesctoibdms nefd doroen d &

zone media in the study region includes sandst

Hydraulic conductivity (C)

An aquifer's hydraulic conductivity is a char
through the aquifer. The amount of contaminat
Groundwater f Il ow, udhatcdcr icf tthhee pfrlianarryatree gof ¢
hydraulic conductivity. That indicates that g

aqui fer hydr duWnmeqg ec centd vad t. i, v i2t0y2 3)
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Lineaments (L)

Lineaments semaekass impor gaonundwater explorat

groundwater moves and is stored. Hi gher | inear
for groundwater contamination because |dneamesil
surface related to geol ogi cal evolution and c
mi grati on. The |l ineament was produced from t|

anallisgs)d 4.7
LUuLC

Land use practices,l easgppaci alalvye idre moqirsit a walt tewdr t
significantly affects the quality of groundwat
|l and use of theusteudhgprewgsonseafheldand assess

contaati on due to the pollutants that could b
activities. The main LULC in the study regio
croplFangdus) e( Grassdl ahdubl ands afr et hteh es tmiad yo ra rLelUaL.

Tablldh&. assigned rates and weight given to th

parameters Class (subparameters) Rating | weight

2.1562.61 10
62.6116.8 9

Depth 116.8136.4 5 5
136.4152.5 3
152.5204.35 1
Very high 10
High 9

Rechage Moderate 5 4
Low 3
Very low 1
. Low PA 4

Argggiea[ querate PA 7 3
Highly PA 10
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6. BE.Continued

Soil media
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6. BESULTS AND ONSCUSSI
6. 3DRRASTI C I ndex Map

This paper's primary goal I's to determine the
aqui fers wusing a Geographic I nformati oho Syst e
perform DRASTIC analysistyf agseusnmdevatt,er t tvaul
parameters of the study area wereaugselduendaeg!i
from 1 (Il east i mportant) to 10 ( most I mportan
significant aarnadmestuesrc ewatsi bdievepn a hi gher wei ght
resistant parameter received the | owest weight
according to how similar TiatblwassTtHie alhist hganaa

i ndex calculation were performed in the raster

Here, the research applied the modi fied DRASTI
addi tional parameters (lineament a/n dnalpULod) .t hA

watershed was developed using overlay anal yse:

medi a, topography, vadose effects, hydraulic c
parameters. These r atteaasndhweispRRici valcseonf adhew
were employed, were covered above.

The valhbeRA®TI C i niddexf freamregnet f or each study regi
range from 94 Her269 fldad t be 2nEdd f9¢20 rt ot e 2G & obre |

s whba s(fFing u raen d6 .T4a)bTlhee sGe. 2 ndex values were used t

zones. A higher wvulnerability value denotes a
aqui fer and sps,eaa.zdme owihteh avolradw i ndex valu
whereas one with a higher index value is thouc

Di fferent studies show diff er eAwdwdeh, retdaé, 2015y al u e <
Malakootian & Nozari, 2020; Adulouafa, et al., 201 Ahmed, et al.,2017). The classification of

high, medium, and low is also different from study to study. Similar results of values are also found

in researchers' reporf€olins et al., 2016; Kirlas et al., 2023). The classificatibthe DRASTIC

index value is based on ArcGIS tools. Most studies applied the natural breaks (Jenks) classification
method of the ArcGIS tool (Kazakis & Voudouris, 2015; Arzu & Fatma, 2013).
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Tabl2ah&. cl assified DRASTIC index value with ai
Percentage of Area coverage
Model Value
Class
Range -
FafenJerer| Gambela| Shinile
> <150 Very low 34.10 10.00 14.40
©
3= 151-165 Low 21.62 24.89 20.18
= O .
'g - 166-186 Medium 22.88 36.42 31.59
0
= é 187-209 High 12.41 19.78 26.43
- >209 Very High 8.99 8.92 7.40
A similar study of groundwatehevwlrngrn aail | IDIRWAS

modi fi ed

similatiagtoc

al . |

2013;

and

DRASTI C model
ge dlAo giac alt

wa s

feasswnredc iian |sye vienr aalr irde

anvir 2Mmléent sl mal
TORSDhe ereadl ts 290RdAw

t2h at the vul ne

previous study around Dire Dgawa | mdhiumg &t HMMer kreil
The modi fied index resul t sAyonfaltehne opdBtecH meanst. st
2020)and Mege¢WAWswawe &s Med qpi saitou t h20 20 )Et hi opi a &
value of index compared to the present result s
on the study area. The ed abnyg etsh e nv alhuee si nodfe xt haer
area's vulnerability to pollution. According t
of 200 and above (Abdull,2ab172017; Gheisari, 2C¢C
6. 3Re2s.ul t s sensitivity analysis
Singletpasamensitivity analysis (SPSA)
| mpact vadose zone, depth to water, and aqui fe
have a greater i mpact on the vulnerability o
conductivity, opWwgG,apbgilf,ol amdved t he order of
vul nerability. The i mpact vadose zone has the
effective weight. The analysis shows the eff ec

t hetoircea |

wei ght .
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Map removal Sensitivity analysis

Map removal sensitivity analysis revealed that
topographic parameters was | ar glearlsAtehdn &¥be 31 e
A6)5 Thlaeysais shows that the vulnerability map
water table and the i mpact o#%Jetrheer vaanddo steh ez oGaeml
(TasAé. 2 & . AG6Fodr thébaShnnitlopogubhpbge andne mwac
i nfl uenci nfalplag akddtaenrds uSe andedamdarcdveéeamljE&Elad)
media (Shinile) have the | east Iimpact on the |

6. 3Val.i dati on of resul ts

The nitrate and EC concentr adri oni Iwetrye ncaopmptaa ey
validation. The findings of the correlation in
of poll ut ant sThaen dv adlaindgeetr i-Jwaw reafs .rod hS Hiarfielne wa's
nitrate conchentBaftemnsub basin higher ni trat e
catchment around Fafen and | ower catchment of
i n Shinile, the upper catchment aroundribDsikre D
map was compared to the EC concentration map.

high EC concentrations.

The nitrate concentr ateirer amd rSiksknhap’dBec o ME a

07 % r es peFcitgiuv)ecl ydehtei f i cati on result indicates t
to concentration distribution in the study r e¢
for Gambela Plain, and the results ibnudiioat anda

the dangegugzene. 6
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The depth of the water table and the i mpact [
i nfluence the maps of groundwater vulnerabilit
the index calculationfmaleag |lay bieg udiefsf d rheen vau | &

results justify the greater weighting of thes
These results have si mi FAayrn ad vetnp wta ttcoh niehnet sitnu dny
(Ber he2 2@dnal t,he Dabou regd oo Dje®nsionutéite rfanl eC,t t 2
i mpact of parameters on the vulnerability ind
(Goodar zi et al . ,,20efgt hOmegpgleGua g &) Kama 6ag@n@d) 2 0 -
depth (&mwate& Brel spopm2O0O23pmples of different
of DRASTIC index analysis. The recharge and t
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i nfl uence the angadiyfseirs voufl ntehrea brielgitoyn.a LULC, so

are the |l east influence on the vulnerability i

6. @ONCLUSI ON

Using the modified DRASTI C approach, an effo
susceptibility of ealmiunvei alh eg riomupnadcw a toefr |taon dd euts
on groundwater vulnerability. Five sensitive
i ndex: very | ow, |l ow, moder at e, high, and ver

showslt A&t 8f Fafen, 28.7%0f Gambela, and 33. ¢
very-rhisggh zones. Whi ire skowr anad coofg efyasflednb f 732484, 8 ¢
Gambel a, and 34.58% of theob%érsi hesiagmadi Thhe

water sheds, i n GCeaantbhe | @t uadnyd rSehg-inoislke ahraevae faor hii
vulnerability to pol-4wh i loasricimsnkp ldzrcgride st oa rteh ea r Feaa
grasslands, | oam and | oamyz osnaensd saonidl |toewxetru rwea,t
the regions. The results also showed that dee
sparse population areas were | ess susceptible
( EC) comt awmdasnat s ®d to validate the model, wh i
watershed's current conditions. In the assessn
vulnerability in the study ar ea, et hset undoyd isf ifeidn

support the use of the DRASTIC model by policy
t hat are susceptible to anthropogenic cont ami

i ndustri al areas.
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CHAPTER 7

CLI MAAED LANMNERHANGBSALYSI S
Abstract

Climate and | and wuse | and cover (LUdaC) wahtaenrg e
resources management. The i mpact of <climate a
was studied in aléeunmi £latckbmennhs (WC) e.antVe £tas't
catchments) in Ethiopia. The techniqgue empl oys
De Martone aridity index (DMI) for evaluating
spatiean s idoinng . The stodyeathepdi edsamiblieasof t hree
(GCM): -ESMEZC F@GALSnd MIROCS6) experi ments of
resolution climat&®Cfprdojbe a@PBsSPobnTerf iSIBdP 2t he ¢
cover, the historical Thadclciomatre amas ylsi s svaaew
temperature rise of ~0.95 and ~0.30 for the | &

annual precipitation r educyteiaon oovfe r-WIC.d2ek Gone/r yi eoadr
respectively. The temperature forecast for the
The potenti al evapotranspiration wil/ i ncr eas

temperatur@€hencremanéeseffect on the groundwat €

future periods. Five subcategories were creat
effect to very |l ow effect. Very | oena sz oveersy alriec
zones ar el heemrsistuilves. show the coming climate
groundwater resources. The western section of
wil hi gedlyner abl e to cl itmatfe cdhamge. chhher giemmara |
by empirical estimation of the potenti al rect
potenti al recharge wil/ be reduced in both ca
resource managdnmeamnte,, agci al and econ@mionnel i ve

areas a&ndnrdtgh erns.

Keywo€dsmate i mpact, CMI P 6, Groundwater, Ef fe
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7.IINTRODUCTI ON

The | ack of avail abheawaetsr-wrt$ tdaamgf@dmbameallae n
al ., 2023; Saa®eeedbf atheg MO6881) ecol ogi cal C 0N
warming as it has an i mpact on-awatdermr egeowmrsi.t
withplriecilpetation, global warming can i mprove

concentrated precipitation du®Gq sngl isthgppr& Dhalrrsitc
Lawrence et Cal mads2eoemprpocge on wadefmMAseefsoatr cals. |
2023; Papa et -Badagem 20GR&I;ehShet khb&. , 2@ 3 pn Tan
groundwater reqd®Adrghasndiin egaratti.cul2®&r”23; EIl tar abi
were studiedgiiomsdiwfiftenr echitf free en't met hods. Bec
tempedapendent evapotranspiration rates and

especially suscepti bl e( Elot @rhaebielfly,Seavie rea e sa |pdpOm
have been employed in the past to demonstrate
The water |I(evadll avhar ieat iadn |, 2023; Nour agruial dtt ya
chafgean et, adnd rPdeB@udpei saritatal-KawiRdOR8 ; e tGuanl
2023)are the primary methods used to address h

groundwater.

According to a study, Ethiopia's agricultural
cosnequences of( Wrlgaemgdgeae, ch®@®Inyy,e Mera, 2018; Teshc
al ., 2022; ARerentdty aslev,erzad23I)esearchers have
on water resour ddHsaaiil £ mhairg lgm, ne1®t@aDdi;. o, Bieadd 1; Hus
Roth et Ilanl .eve2yl&)egi on of Ethiopia, there have
and tempdvamedest al ., 2023; Ge.deDwmev,t 2 0218 ; e ¥¢
precipetaaionplaces have experienced floods (N
been affected by extended( Meoaght8§ &jlue ntto dirrys u

Et hi opia'"s Somali, Afar, andeBefaprat segfors$i
(Catley et al., 2014; Guye et al., 2022; Kamar
However, very I|little study has been conduct ec
(Kahsay et al ., 2018; KhadimTegaadu. get2@a23; P&l
2021)Comprehensive hydrometeorological dat aset
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groundwater | evel readings, streamfl ow, and t ¢

climate changer onegowrunasva Obtaining hydrogeo
country such as Et hAddgiitai o sa lelxyneetmed ryo tda g if a kchud |
often have equally constrained durations and r
This studg i s aondopt eal region where various
due to cl{({maweenobhen@eenmlthe2pP28t) perreducthg r
alarmingly while the tempMo apruewdwdl ashtee xaglear €
confirmed the effects of <climate Wahaemge exsmugrc
research such as this is essential for the at

farming practicestand whiabki mpedesabdtei wati es

With the advent of numerous <c¢limate model pro
cCo
be
parameters andishpl GeaklralgiCobalul at i( dda mkaddel (
al ., 202 2; | gbal et @Ahe,te20Baigilepecifbterdn2®:
adopts a comparabl e methodol ogy to the one emp

5

ditions in a particular | ocat Hdm,stt hceeng wu

(@)

omi ng moo ree dahwed tpali.mary c¢cl i mate model that a

analysis of climate effects was model ed for bc

The objective of this ndsteempbar awhsdtostshbwtt bae
effect on groundwater I MThee sstteurdry dmdc usast ernn
objectives: Il ) determining |l and cover and NDV
i nvesti gatsi mg tcHd maftfeecthange on groundwater w
covlehi.s analysis aimed to fill this gap and de
in terms of spatial distribution asnd etseenaprocrha lw
duafli rstly, the methodology utilized and secon
coveflege.ertain the I mpact of the precipitatio
was also computedheschigmishea medred & gsu eonfc e, t his
pr ovabdeuincder st anding of the state of groundwa
climatic <circumstances, which would aThe in t

avail alwiatiery resources is impacted by <c¢climate
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7. MATERISAINIMET HOD

The research appl
groundwater. The
l and cover effect

hydrol ogi cal

par amegerea se rotf e d HHengatdhee Wmequ rse

wor |l

dwi de. Thu

i mpaobfthbel gvoahdwguefers.

ied gl obal climate model s ( C
|l and cover parameters of the
on thetgaonspdwatieoilhaediebegl

(
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Fi gutTeopfogr aphic map of the study area
7. 2Clli.mate data model
The study applied thohedu€CMI P68 oml it mat &ombde ICl p ma

webshttepdnddeslglfnl

go/v. pThkd etovac e c s

concentrati oRCPaddthbaRORIHBPVAast heetiul lhake e

analtylse srrapear ek
futureo0(@DQ4Ilcases.

Et hi opi a.l| rGfemrgmatpihom System

of
weat her dat
(GI'S)

t he
The

projection

cefiari o of t

chan

t20el 09 | iamalt e
a comes fron
sof tware was

ma p p The general methodology of the investigation is shown in the framgWwaykre 3.6).
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https://esgf-node.llnl.gov/projects/cmip6

The
rev
for

and

7. 2Mo2d. e | Sel ection

avail able GCM models werenfobadedndnl it dee
i ew. Seven GCM models were chosen from the
ecast of t WoOE udkNMasd irti ertr ecme acrh meenrttsr.e on  Cl i me
Earth Syst&€£@8MA)Eak hle( SMECERr MbBewi EG carb

( EEEar-CR 3,
( FGOAQL3S) |,
Il nstitute

FIl exi bl-At med viblaehrdeO8 ¢ & h e mP diordte | VeGQrsiido r

Mo d e |l for

Eaf( MAEISM2Z$HRE m

Il nterdisciplinary Research

Medelor ol ogi cal

Researct

da

a,

Model Ver sitBEdcStMR2) . G ndMRIUI ST Earth System Model
were evaluated models with meteor observati ons
mo deel parresentedabline.t hel tabl e (
Tabllde&d.cri ptliodbrmd ofl i mat e model s ( GCM)
No | GCM Institution Resolution References | Remark
(Lon.* Lat., Deg)
1 CMCC- EuroMediterranean | 1°¥1° (Lovato et al.,| Selected
ESM2 Centre on Climate 2022)
Change, Italy
2 EC-Earth3 European EcEarth| 0.7°%0.7° (Farhat et al.
CC consortium 2022)
3 FGOALSg3 | Chinese Academy g 2°*2.3° (L. Li et al.,| Selected
Sciences, China 2020)
4 MIROCS6 Japan Agency fo| 1.4>*1.4° (Tatebe et al.| Selected
Marine-Earth  Science 2019)
and Technology, Japal
5 MPI-ESM1- | Max Planck Institute fo| 0.94 * 0.94° (Muller et al.,
2-HR Meteorology, Germany 2018)
6 MRI-ESM2 | Meteorological 1.1%1.1° (Yukimoto et
0 Research Institute al., 2019)
Tsukuba, J + C34apan
7 NESM3 Nanjing University of| 1.9 *1.9° (Yang et al,
Information Science 2020)
and Technology, China
Nottehfste| echetthe remark is to state that the
the projecteidsclimate analy
The study employed model assessment criteri
Percent Bias-S(P8I ABSHe HNakhciency (NSB), tamd

evaltu@CMmoddlh e

-hbersftor mtc ogr éd taesd
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chosen to forecast the future climatic extren
CMCESM2, F@GGALSnd MIROC6 have the besf agree
met eor ol ogi clTalb |l deb s7®@nm2v dtoit tennpf & ceinmpietr attiuare dat as

Tabl2acCMnodaélust henwi cthtgoound observations

Climate Models %%rer?f'iif'eonrl RMSE | R2 |PBIAS | NSE
CMCC-ESM2 0.99 1333 | 098 | O 0.84
EC-Earth3CC 0.94 1386 | 088 | O 0.69
FGOALSg3 0.98 1872 | 097 | 0O 0.84
MIROC6 0.99 2846 | 098 | 0O 0.83
MPI-ESML-2-HR 0.97 2529 | 094 | 0 0.77
MRI-ESM20 0.99 1458 | 097 | O 0.83
NESM3 0.67 3364 | 05 | 001 | -0.18

7. 2LWBLC dat a

Environment al change is mostly causpkd Whi chan:
progressively of concern to the public becaus
environments. Currently, one popular tool for
i's remote sensing equingment a( Ver ROrlgt)et al ., 20
The data from the Moderate Resolution I maging
| and cover change analysis. The | and cover dat

States Geol ogi cal Sur vwdys (ilh$SES)umeaeh si taecc.quT hr e
spectr al rangesm tthoaeh daplddnekhoimi 0. di ver se spat.
at 250 m, 5 ranges at(bBODedhl endabkR9, raeages 8af
al ., (Tza2m2 ) 7TBe MODI S sat-2020twedatadefeomi 268 1a
LULC detection. The Kc was established for eac
FAO d&t den edotnalandl®®8er classified.

For N®&W&, dt he MOD13Q1 MODI S study wused NDVI d
satellite was | aunched and developed by NASA |
the Terra (originh)llgndcknhkgwna a(so rEiOSi -PAEM & 5t & In lo wn
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(Tian et al ., 2023; Tran €thealc.hhara@22yr Xiforide
product used for this @aalbllysvVvs3is presented ir

Tabl3d@ héharacteristics of MODI S LULC and NDVI C
MODI S | and MODI S N

|l nstrumen/ MCD12Q1 MOD13Q1
Processin LevFl
Spati al RI500m 250 m
Tempor al yearly 16 days
Resol utio

Avail abil|2001, presef2001, p

7. 2CHange detection

The technigue et ideani bpjegttbhbasgate by vi ewi

"change (dHKHuweett i aln, 2023heZklkch aentgealf.r,on2 Mh2Zx) L UL
class between 2001 and 2020 was quant.irfoimed. A
2001 to 2020, assessing overall changes in LUL

Accuracy assessment of LULC

The comparison between the classified i mage an
assessment . The accuracy assesstmdmptr afmabyzil mc
changes and determining the acceptability of
random from the research regions, and Googl e

to assess the corrpcetfdteomft tahe , LQODR2intl sl am
& Kumar.Th20p8p daceur acy dPA)racapefUA), overall
kappa coefficient (K) are the parameters wused
each asgd@ggsememtt ed as:

O£ D E T T Dl NN

N ,Q‘ e T o7y \ww _— _ — Z
0L QI KXOWIO | 5 000 qianha p 88 888 &8 xP

N BT £ & D& 1 DD i )IAXhGE o (,%l i 48 8 8 &
| OO OO 2P TT aBx
e oRED T Oi | I QBIERD G o i i°

e L EETOET 1 CDOED NN D & (,%l i 88 8 Y&
Di € QAT DO T oo 2P T
VE 0EmIN001 & & QOTHm @ o Gl i X
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e L YYUYO Y B € O OOGEEPCDE O € O (DO
DN P® QQQQW Q,Ovac ,,,,, Zp 818 8 &8

7. 2P.o5t.ent i al etviagpm)t(rEaThspi r a

TheofEOlTr t he given periods was calculated using
use of average monthly air aempraiaghtrorwadmsd ma
still widely empl oyeod oign chayld rroelscegirccanl faomrd dd lvien
for extendé@®robumebsamesal ., RO 1fiorMmwirat dhsvad t te
EBframliehornt hwai te approach Hags 7pre.steont7e.d7 i n t h

Y
oY p(ppTO 8888388BB888BL8B388B 8B B8 &FHB

.,Yg
0 m 88888888 BBE88BEEBB 8B 88 3B &H
O &zpmO xFFpnO pPFOFeMO M wg 0w
wher e
Ti = average air temperature
I = annnudaelx heat i
The potential evapotranspiration was adjusted

station.
0"Y 0"Y 29 Q061 0'ALE®S B3 8 8 88 8 x&

7. 2An6n.u | crop evmpotranspiratio

Usgnthe temperature tame potenpi &lat e)aasp oweed a m sH3si,
crop evapotr)anweria adommesiedicai n t hwa sy ermull tyi [EITic
by the Kc of theereEmepactkosevakbeederi ved from t
standard (Adbeéfemi eiteTale ,c all9c9wBl)at i ons wer e carrie
the ArcGlI S system.

B &t OATUOD & & CANME O & & OOCEHE 8 & 88 &3 888 xa
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e Budyko equation was appeifkedprrnaoviefiaAb axtadd cep tt h
C 2019; Budykdhé& BludYVyHao. 9)f dvPaisd ) eap pfImiende ttoh ed ¢
arly AETc using the yearly ETc and precipita
e determinati das of itvhbee eaghugadiPioynsiimdyepr eci pi t
e

Budyko approach hsasi meext iugatliieresd afn aluimmea

ricultural&d Wasgar QOW1¢fTadgegng et al ., 2012; We
the current stuwWiythweheubB$d¢ivalteed itmet Ed B
cespaeryaluate the water evapotranspiration w

r evapot EqaunastpH orn®)/ { Wlre.monstr at es t he cal cul a
apotranspwhaaitrhdswf ( ABha)a | precipitation.

8

O 0"Y® S AP
-OAF p QbR 8888888888888 8&

0

e s e o O7YQ
01 QAR w 6—888888888838&}583588&&{88($HT

er e:

AETicact ual | and cover evapotranspiration [ m
Pisotal annual precipitation [ mm]

7. 2Ef7f.ect ipve api @i

e guantity of water that may seep into the s
water availability that is practically mai
nof fEfwetcadri.ve peegopiitamni ofh tlsetthot al precipi

ea duriprgi aidgdercant o meet the r Rkeillan'isy ee v aop a
i nfall, effective rainfaldl (or preoadpitwoatai ol
i nfall. The meteorological factors and the u
e amount o f (Nmstbrfeteat, 202r eh e ad smrhpd tlat i on of effe
vol ved comparing tthiee yeaadlyy pAEBTd p(Sdanaes bow nwi

et al.,2016;Nistor, 2019). Thes e <c o mypeuteatciaornrsi ed out at a spa

pr

esent , and future time fr ames.
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0 "Q'QQ PN QN QD EQ&E 6O ¢ QN "AD EQDEN VTS 8 &8 &P p
7. 2Ar8i.dity indice

De Martone Aridity Index (DMI)

The De Martone Index evaluates the annbal | ev e
Martone, a French scientist, d(ePreell loipceadn et hets al
De Martondeserfmmemedi sati o of the average annua
(T) increasgdf e MBAAC o nTeh,e 1cd2i6mat e of an area
De Martone aridity iTmadé&de. i7s shown in the table

'Oi‘)"O%n88888888888888388835888535888)(&)c

UNEP Aridity Index (AIl)

The aridi wasdenmdenpeAdl py the United Nations Env
used to classify climatic (Dagiemes arhd em®miltoqr
202th)e UNEP ar idekiftiaygseidnde x i s

0
6"Oﬁ.,&8888888888883888&58888888&}588 Xp o

where P and PET are respectively the mean ann
evapotranspUNBPI oat [ @MEPETL 9r9%97t)i o i s a better r
chande et .alAcco2lin)g to the UNEP aridity in
categories (cl(iBmgeheatltadTsa ibfld)eclart.,i on(Q10)
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Tabl4 h®e. cl i mate cl| atsenifdictay iiomdex cwaldue g
(Balt gdNEROQT992) .)
| ndex Type of ¢l ndex V
Ari d DMI <10
Senrir i d 10DMI <2
Mediterrg20DMI <2
Pﬁdé\ﬂfrto Sermiumi d |24D0MI <2
Humi d 2 80MI < 3
Very humi/35DM0D55
Extremel \DMI >55
Hy panri d <0.05
Ar i d 0.05 0.
UNEP Ari diSemrairi d 0.20_0.
Dr y -hsuunbi d{0O. 50 _0.
Humi d >0. 75
7. 2ClI9.mate | mpaotwahe6G
The approach to evaluating the i
rainfall and climate aridity. The
a i dimdex, considering bsactal esp atTihdls
visualization of areas on the
resources. The method was avail abl
by cl i ma(tHa icdhuandg Ni st or, 2020;
2019)
7. 2Ré0O6harge Estimati on
Using the empirical approach, t he
outcomes of the thrde nmhondeMns .t oNabteur @an e
groundwater recharge. The 1 nfiltrati
percol ates down to recharge the
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empl oyi ngmpienviecall correlations between rechar
climaettet ed | ocations i n (d@hdadteuremadir,egR.oS.s, oXf9
Seethapathi, 2002; Krishna, 1970, Andualem et

For saft elaiantia,edKkrdi shna (1970) developed an empi
and groundw@&ter.. fiHéec hraerlgaet es t he pr achiepl t awi 0@
formul a:

Y 00 M888888888888888888888B8&F;D1
Wher e:

R=groundwater recharge ( mm)
P=annual precipitation ( mm)

Krishna Rao established correlTathfi®ens f or vari c

Tabl5dh & . cl ass sotfi maetcihocarmr gaes deord dliRygd )t o K

No For mul a Annual rainf
1 R=0. 200k [40®00

2 R=0. 290k |[60D000O0

3 R=0. 90k |[Above 2000

This research applied Krciosnhsntaa nRatogips r (i Ic%Bal 0 )r etl eac
cal cul ate groundwater recharge. We interpol at
and values between 1000 and 2000 mm,Tawhhech.ar e
Therefore, for yearly preciREpiot B@iCPmd | fewdrs tt heanr
of annual rainfal]l bet wee®dh 0DQO0@&st o mdpOE@mewe edp |
(20.21)

7. BESULTS

Using the methodology, it was possible to dete
t het chriisc al period anal ysi s, how the climate af
Et hi opia. After the LULC analysis was finished
performed in the first step.
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7. 3Rels.ults of LULC anal ysi s

Cr bpefdor es s, dfromsesstitegvdiatnedr &amoddiwrshan are the LUI
the west er@r acsastdcathnidsiotr.est s cover abbDhue Wée&IM erfn
pl ains of the WC have been domiaatdedobgr graps!
the southeaster nHopvewteirgm booafirdeh hed ®WE&vers with
coverlragerE )The aa&tker n c afticvi@anenn tL UcLoOn scil satsss ecosf;
crlopnd, grhafBus Ama ds ammrddfur blaes d cllaansds bdgavnedr an d
grassland cover moT hkeltahnmdh cBdBwWwe nodt &€ htehe&ECnort he
sout hern parts of tBa&rreamstleamd cadtocdmenypd ECOV
northeast emrdn Agahta) (andua small area in the so

Ur bancrdomghdave the | owest area c @Fviegruargee )7i.nd tch e&

Land cover -2Bafoyge (2001

The change in cover obth&hgeedtorebBangantdhatr opt @
(Figu))&heé.forest area coverage expanded by 513
was reduced by 515.4sqg.km. Wetl ands, grassl anct

0. 9k mqrespethevephygt f Dlwer el eicadres .si gni fi cant ch
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Figu2TehlelJLEhabgéween 2001 and 2020 for the WC

The results of theilhasihdo wed etrh ath atnlge r ganféeshryylsa rsd
the past twésSdgpoaaddegsd) by SBismil arl vy, cropl ands,

|l and covers that have increments results in EC(
by 13686.2, and 1296.4 sq. km respectively
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Change detection between 2001 2020
The main change of LULC in WC is from grassl a

grasslands to forests (1550.Bsc¢.gkm)k,m)andcrgrpd s
croplands (24.6sg.km) are the other changes t

significant change in LURICgulse fHr.oim cropl and tc

The LULC change detection d&wfang@ olowdhrtutbdtantdlse
|l and covers (16868. 7sq. km). The other maj or C
(2099.5sqg.km). Bare | ands to shrublands (1494
bare | ands to mr asrsd atnldle (@8 e W smaikn ckhiamgreess b e
7)6
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Accuracy asbPBE€Esmbahnhge

A comparison of the accuracy of the Google P
randomly selected sites within the study area
technique, known as Kappa AcoOwvraa@ay, icd assed it
for the clfars@®@®1 etdoi 2n¢3@ was found to be 85. 4
statistics of 81.2 % andt 80.1% for WC and EC r
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7 . 3NV I Characteristics for the catchment s

Western

Bet ween

however,

once mor

for dens

bet ween

the NDVI

coverage

Eastern

The aver
oD. 403.
the dry
the whol
to 0. 27,
vegetat.

(Fi gupe

7.

Catchment ( WC)

2001 and 2020, t he NDVI'"s vegetation
rise unevenly; it fell bet ween 2001 &
e between 2015 and 2020si Mmihlearc| gaese i al
e vegetation area coverage. The aver a
2001 and 2020 with the highest increme
during theatdmhi seadam ei ndindatdeesc |time

, dense vegetation covetrnHinggudiencir.eased
catchment (EC)

age dry season NDVI for the EC was 0. 2
The | owedt 1mi3niamwumtvhal the gihest maxi mum
mo nk 2hewf Mohe darheaan I s ibnettvheee 0tlabt @ §foory o f
e period betweenTh@O heammodrd2 20 riam gder y
which is 3.5% to 7Cdmpcaorveed st oo ft hheh ed ray
omwasemeawbbanhe gher during the rainy p
8
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Rel ationship between LULC and NDVI

The vegetation i ndrexNDWIsad dlsu essncdwi n hfadr ¢ atr ga&n d
areas, and the | owest valpueupwaasn dfsau nlfch eirre floarer,
green v agreetlaa miovpeloymi nent in the WC than in th
receda vlkeisgher NDVI value approaching 1.0. On t |
have the | oweB@tONDNVIiorNalomeed<in the EC.

7. 3Re3s.ults of climate change anal ysi s

This sectionclparegeuwmlttss chh asnad eo no & a s &(lysiscnesn aarnido s :
SSPRCP 4.5,-R&ERAB8SSPS

Temperatur e

Temperature, which depends on an area's | atit
influences evapotFamstphe awe 0the ram dc atrnepeirdaytur & h
ranges PO oam 1t8h el stact 28 m/r mamdlerJi kawo. The warr

this case was concentrated in the northern cel
was in the eastern bFoirglkeéa7..areas (around Masha)
The mean annual temperature i n et o8CGIsft.®6r me c at
79) . The warmer temperature zone was in the s
extreme areas (Aysha). Téien carl edaes to fr etchoer du pmaesr
mountains). The temperature in the EC was 1inc
foll ows the topographic elevation of the regi6c

138



33°0'0"E 34°%0'0"E 35°0'0"E 42°0'0"E 43°0"0"E 44°0'0"E 45°0'0"E

v T N ] [ T T T T

® A
3 z
) 5 s
= :
et -
B z
{3
Temperatare Temperature :
| gy ) assianto, £
e} igh : 28.63 " gy High : 27.63 1
£ ! - 4
[OV— Low : 18.06 W Low: 18.17 =z
{1z
g
A 0 30 60 120 Kilometers 0 50 100 200 Kilomete
I S T I O O L T

33°0'0"E 34°0'0"E 35°0'0"E 42°0'0"E 43°0"0"E 44°0'0"E 45°0'0"E

Figu9Temper atur e

disnhyibuteast a)nwesatehment

Precipitation

Precipitation is the other major
specific area. The minimum annual
Ji kawo and tshe22rBaexmmiuyne awra a't

h

precipitat:i

par ameter t

t Fhieg wWif@ys.t °#Trme hri d il rsf

pattern in the western catchment iFsi gwnripmordall
The | owest rainfaldl reco(Fded r)afahie. ilaBn ntubaal t hpor net chi
of the eastern ca#8d8Bment Thangpasaf mreme2 ¥y®&s t he
compared to the western catchment. The | owest
record is in Fheumpunléak minngt raclas gages mt nor t h and
of the mountain fol bwhvi adlbeif medainti maboflal tapast

rainf a(Fli gpo)entr. 11

139



33°0'0"E

34°0'0"E

S°0'0"N

35°0'0"E
' N 4

(a)

-

.
-

42°0'0"E 43°0'0"E 44°0'0"E 45°0°0"E
N J

A

(b)

/e

TOUN  S00UN 9%0'0"N 10°00"N

precipitation &
’ () precipitation
S | wr High: 22962 |t (mm)
4l o High : 833.3
- Low:9954 L Low : 258.5
0 30 60 120 Kilometers 0 50 100 200 Kilometers
! , 1l
33°0"0"E 34co.~0"|-; 35co"0"1-: 42°0'0"E 43°0°0"E 44°0'0"E 45°00"E
Figut@he. annual precipsternonbgi eastleuni catahi
The peak period of the nort-hierer ) Sbcoulregdand
month. In thdeseut)hehre ¢ mwafemi nfall seasons ar
to September. IF®o) tnhhag trhairmy (Sdasnons are from |
August The maxi mum annual rainfall record wa
January.
. Fafen Jerer sub basin . Shinile sub basin
5 Gambela plain = e | Yoo, 1 F
i 0 E 82322 200.00 E 525 100 E'
‘E?E 00 = g ms aoon Tl £ oo a0 z
g » 2 5 E
5 150 E E = su.UU'E g 60
g 15 x| &=s = & =
= w o | 8 o am gl 10 40 B
E"m . En%':zos o G | I e E
g 5 e . | &
< o 0 Ilu 251922 000520%555553?&'5!;0‘:
R85 5 g5 ¥0EEd ke TeEsEo A e =a
Se o=z Az 2 ER R =T Month
Month

Figutl Mowntrhd ayn

According
t he
was

t h

over
t hher e

during

to the cl i ma
previous
a

e

140

temperatur e

tic trend res

d rtogpt iionn yoefa rd ryo upnrde c4i .p2
cobirgser)ef 7t he

peri od

(

ul t s,

mm/ year

f

¢ AICD i ({(mhmi)in @ nbearr a pghr )a pehn

t he
t hr e 8 C daerdéCde sB ehsegpse ci d evre | yr. 0 WA

or



{(a) —e— Precipitationn  —e— Temperatare - Linear (Precipitation) - Linear (Temperatiee)
. 2400 255 —_
[
2200 25 -
— [=1]
E 2000 25 g
=] y = -3.1905 + ooz =
Saeoo | AN 4 N S % Pe, T 2 g
B e AL N L W g PR UUE R e AT g
E 1600 . "“--."“:: ................. 235 ﬁ
E 100 | MmN @ g
E 1200 2258 E
1000 22 E
1280 1985 1990 1995 2000 2005 2010 2015 2020 a
=
Years
(hy =00 234
’E“ 23.2 G
£ 800 .y T
= [=F]
'E 200 22.8 E
g - 2286 E
Beaon ma g,
=
E 222 E
A =00 =
g o E
218
400 E
21.6
300 214 E
1950 1985 15890 1995 2000 2005 2010 2015 2020 =
Years

Fi gulrZr e7c.i pi tati ont raemdd swemp emr at, u ae d

b) eastern

Projected

Te MApecaatgiiudrne Tarredh d s

Th e

western

catchment

wi || experience 3ansdgignif

2.1 AC2RGP &SP 5RCE® 8SB,
precipitation

andedutor BRER . Bi ¢ u B)e.

trend,
7 .

141

1

bgsphbet evAdklcgfr d2 h7@o & o

wh é 1 wéehiaglct & nsei ¢ Bo B 0S,S Pt



—o—FPCP4.5 == TLIF 4.5  coeeeeeee Linear (FCP4.57 oo Linear (TIIF 4.5)

(a)2700 5.4
y = 0.0236x - 23.924 o
. %2y
E 2500 |y=-13915x+4852.] N
= W L oag €
g =
g 2300 16 B
%zmn -
ot
E 242 B
& 1900 2
—5' 238 E
El?gg 2368 5
254 2
=

1500 232

2015 2020 2025 2050 2035 2040 2045 2050 2055 2060 2065 2070
Years

—e—PCFP 25 TIP3 e Linear (PCP 8.3 e Linear (TP 2.5
(b)Y 2700 265 _
’E“ y = DA4579x+ 11059 y=0039x- 55.159 - E‘,
5§ 2500 R =0,0009 : o
5 255 E
.S 2300 =
i = 3
B 2100 =
o 25 2

&5 1500

E 24 _S'
E 1700 o E
1500 23 §
2015 2020 2025 2050 2035 2040 2045 2050 2055 2060 2065 2070 =

Years

FiguiL®r djected precipittradm®Cra) a rsB(PRR2e mp eamd ulbb e S
RCP 8.5

The easternperadtchhme nwi Itlemi nC efacsr2R88R5N dnd 2 3dH
55RCB. 5 respectivel yThoayn nturad emdecofpi 2@a70esn val.l
significantly over th20#dMmedwat-pesieaned Mmeaineds
both SSPs lheaiWéBhg@@Odrih7e. Ir esul ts show that bot
precipitation percentage variatWi omsnionvbaei bl eas
over t h2e0 21 7thhse east ern cathah meonrtt'hse asd wtrme rrne

experienced the driest cof@g#@iBbwmimhyeam. recent de

142



—e—PCP45 —e—TMP4S e Linear (FOP45) s Linear (TMP4.5)

@) 15 245
— y = 0028 - 35.992 o
R?= 06515 .
E 200 =
5 s00 E
-2 235 E
£ 700 =
N as B
[ &) B =]
2 600 =
i 500 o | 225§
. z
=
E 400 22
20015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 g
=F]
Years =
(b)  ——rpcrss —o—TMPE 5 oo Linear (PCPE.5) oo Linear (FCPZ 5)
1100 ®
E 1000 v = 0.0433x - 64 866 x5 T
= = 0.223x + 236 R® = 0.7466 @
200 b= 8
g R? = 0.0008
g s g
& 600 g
rach
= 24 =
-5 700 @
g 235 =
& s00 2 E
T",a =00 L 225 E
E 400 2z 5
20015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 g

Years
Figulé&r dj.ected precipittrad mebCa ) a BREPR4e.nbp eamd ulbr)e S
RCP 8.5

7. 3Podt.enti alanEpapat i on

In the study regiohel |l owe a@dipatrtibuni nasemblIEITN:
and precipitation. The owanment amads vhaeevar $a
catchmental adef &T t h e nrgeefde rf @ roare 8l é6-it @d Ba 2 8. Inm/
whichi gema hangemmpdr eechltuest he eastern catchmen
Gambel a she ggihewa lEdle s ov &lhiee Edif t he eastern refer
837 to 203 gmmBpy darl

143



13°0'0"E

34°0'0"E 35°0'0"E

42°0'0"E 43°0'0"E 44°0'0"E 45°0'0"E

o

(a)

8°0'0"N

ETo

. . B . :
(b)

ETo

N .

A

10°0'0"N

7°0'0"N  8°0'0"N 9°0'0"N

£ | gmtanb (1981-2010)
el 237 4T - 7
$ . L A8 . High : 2093.11
™~
- Low : 816.039 - Low : 837.239
0 30 60 120 Kilometers 0 50 100 200 Kilomete

I T T T N T O i Log-ogedpl] g Jagial

13°0'0"E 34°0'0"E 35°0'0"E 42°0'0"E 43°0'0"E 44°0'0"E 45°0'0"E

Figut®ot7renti al

rn

evVv apoOab)y awnessptierrant itaonnd b) eastern

cat

has wemstereas ad

Hi gher evapotranspiration for the easte
The trend in evapotranspiration
eastern catchments, r esFpegcutlbeve/l.y, over

—— WESTETO —®—EASTETOQ e Linear (WEST ETOQ) -+ Linear (EAST ETO)

o 1900 1400 o

— —

L 1800 - 1350 LU

g 1700 L 1300 &

£ 1600 y'=10.229% 18977 f ettt c

< 2= ~ - 1250 S

% 1500 R2=0.4334 %

O 1400 | woerrro@enneeee B PGSR - 1200

@ 13 R?=0.1218 5

@ 1200 1100 @

= 1980 1985 1990 1995 2000 2005 2010 2015 LW

Years

Figut@hRi st or e odl| pvapoteanspiratin

144

t he

pas



This change will continue to immemrtase Tlhirstdkro

Ebdwi | | be one of the climate challenges of the

7. 3Ar5i.dity indices

Different aridity /humidity conditions with a
the western and eastern cattcédmestisc f(Tihlet eve st @ 1
the easter tilted to aridity conditions. I n ot

catchments are frequently drier.
De Martone Aridity Index (DMI)

The climate classificavenonciabigB8BMt assB@HOdip e
on the value of DMI the study areas were recl a
't i s evihfkkiegqp@Er d y @anh@a@atl t he eastern catchment I
t hanwetshteer n one. The | owest values of DMI, rep
hi gher at the northeast (Aysha) and southern (
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Tablédbe7 Mart one

Aridity i

ndex

for

t he

DMI val ue Climate class West Catchment East Catchment
Area (sq. km) | Percent Area (sg. km) | Percent

DMI<10 Arid b b 30299.86 33.54
10<DMI<20 SemtArid b b 42003.9 46.49
20 O0DMI <2 Mediterranean b b 12953.65 14.34
24 0DMI <2 Semihumid 1022.94 2.5 4716.14 5.22
28 ODMI <3 Humid 9462.05 23.14 367.72 0.41
350DMI OF  VeryHumid 15237.95 37.27 b b
DMI>55 Extremely Humid 15161.18 37.08 b b

hi stori c:

UNEP Aridity I ndex
The UNEP aridity classified Tahbeldec | 7Trhaet ev ad fu easn
aridity index and classificatimwmnt lbé&d®idg8ne/UNEF
The chasonfioé the climate i n tahrei dwetsot hcuamicdh, me
the east itdoah@mpdBEami@Gr &) 7.
Tabl7@WNEP aridity index for the historical per i

Al value Climate class West Catchment East Catchment

Area (sq. km) | Percent | Area (sq. km) | Percent

Al<0.05 hyperArid b b b b

0.050.20 Arid b b 19429.75 21.51

0.20-:0.50 SemiArid 1536.28 3.76 41651.57 46.12

0.50.75 Dry Subhumid 8603.37 21.04 24305.72 26.91

AI>0.75 Humid 30746.46 75.2 4927.37 5.46
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Trends of Aridity I ndices

Aridity in the western and eastern catchments
i padecades. The peak aridity valiuneh eoIyedabrowiwe st
a value of 67.8 and 1.98 @ifouargDKle andi thNEP aAl
value was recorded in 2003 with a valwue of 3¢
(Figure¢g.7RePative to the wéet erars,t etrime ctart erhdnemft
peaks and valleys. The peak aridity in the ea:
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7. Efff.efctcl i mate change on groundwater

c

By
groundwater resouricdest.y T hned elxe aMadr teofnfee cari ve pr

tilizing the methodol ogy, an assessment w

estimating the i mpact of climate on groundwat e

index and effective precipitation were produce

The analysiesfett cobnmgreundwater was perfor mec
considering the | and cover change with the Kc
assuming there wild.l be no alter atBotnhsrtilthe ttsand
index and effective precipitation were recl ass:s

effect on the groundwater. The recl as(sliogf2iécjat i
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climatic clladg i 7T bla ticdorm so§fi fDMIatand t he effecti
area are preséealbleds iAythe&tAablzs

Using the ArcGIlIS raster calculator tool, the c
for the climate effexcul tasnaltylse sv alBaesse dwerne tth
subcategories, which ranged from very high ef

change on gGrgundwia£Lirr dgted from very high to v

a signi fiivcianyt tsoe ncsliitmat e change, but very | ow

I n WC the region with the very high i mpact was
round Ji kawo, and high effect is found margi:!
rowmeée escar pment . Notabl vy, the medium effect
overage from present Riog ufruetsir2e7lapedWiCod fie( a€ Cc 9o |
Il mate effect map reveals thmadat ¢ hef wWest etrmamvi
arts. In comparison to the current sitwuation,
overage for ®héeextrzemeél ynhicgle 27a) &r & @nd A7.

O T O (@] Q Q

The spati al di sftfredtutomngmodédurcdwatadre ien EC i s
(Figures 7. 2Y.cHg&gt and X%xeérybhigh zones are |
regions of the EC. The findings suggest that ¢

may be significantly i mpacted by the climate.
substantially |l ess than the current spatial di
a notable increaseefifnadtheslveTlyerhe gmaynal 4§ ® wb e
in high aenfd emadiawuneas i n EC. This shows there

regions.
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7. 3CIl8.mate i mpact on Potential Recharge fro

For both catchments, the trend in rainfall ove
i n precipitation have a diTeketr esmpamgeioan gr @3
the catchmentbkiflfoemdg htee ofaisatu Ree c7T@ ti’es s{ ope of r e
ti me was steeper (A taheag esaidtter n heatecalsmermnrtn. cat
faster rate of thehwdgeeratdecoifodechane of r e

trend with a | ower rate in bioddpatchments for
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7.1 SCUSSI ON

Thmaigmalf the study was to determine the I mpa
representing the spatiality of ptrheeciPBdafdat lbennn
crop evapotranspiration study, the type of I
coefficient. In this research crop evapotrans|
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cover change on gr dlredwaotuenrdatlitonsdrowesdedser mi

evapotranspiration and effective precipitation

mor e green vegetation and hi gher NDVI val ue
evapotransrpagiadnaln vaanrdi ati ons in evapotranspir
The correlation between NDVI and groundwater r
( Fu, B. , & Burgher, ., 2015; Seey2a0n2 0e)t. aSlo.,, t

|l and cover effect on groundwater was consi der €

The study applied a gl obal climate model to p
researcher s atGCdvs tmotdoeclusrhaeecayCMIMP 6pr edi cting Eth
(Al aminie et al ., 2021, 2023; Bal cha et al .,

estimate warming for the 2070s, a rise in the
futurehwvée a direct i mpact on increases in ETC
the study regions' |l and cover patterns are i nc«

i mpact on the effective precni.pitation calcul at

Researchers show the way of techniques i n d
evapotranspiration method (Yang et al ., 2017;
Thornthwaite's formula requiseshkebestdapptibarl
| arsgeal e applications of potential evapotranspi

geographi es.

The DMI indicator holds significant i mportance
cl i nyaptee stpeci fi es whether the region has a moi
DMI, the quantity of precipitation is greater
substanti al . By combining itdhepesdieltlte veorac adr

the impact of <cINimabe, A2agimedt mdwat sr a( usef ul t

of a region and its potenti al i mpact on water
effectitveet ipornecsgipgni fies an adverse c¢climate i m
recharge rate of aquifers. Furthermore, the DI
of a region and its potential prhaansief iocfata wanlsu aot
climate i mpact involves identifying the categ:
the DMI. After <calculating the effective prec
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reclassified asacordhegtdystoi mhihiscss i .i-cBla &  tiwe rse

the next overlay anal ysi s.

The high annual ETO spread mainly in the Sout

exceeds 16 AC. The regions wiwehsthawal Ueasn,d aamcdo
ETc spati al variation of EC. The | ow ETc val
relatively cold temperatures in the majority o
cli mate par ameitnepascthaone ETcg rtehaatne rl a neda vceodv efro,r ees
are widespread i n mountainous regions of weaste
The increases in mean air temperature and ann
year |l y ABTc broitshescat chments. Establishing a wa
on groundwater using the climatic aridity inde

a significant <contr i buased apiyirtohaer heexsit s(tailng 210i!
2018) . Effective precipitation is one of the
avail ®Dézsietialt2018)( The regions with the | owest DMI
very high andi magihcdegfrleesnoé oh groundwater r

The effects of climate dchangl &&nd gthiaendryda te.e2 |

demonstrate that the two primary factors infl
the <clilmand cnwer . Groundwater in shallow al/|l
guickly than deep aquifers. These characteris
climate and |l and cover change and aen,y toherer
groundwater in the research area's alluvial zo
change in one way or another.

7. 6G0O0NCLUSI ON

Climate change affects the availability of wat
it snangee ment gl obally. Thus, the i mpact of both
resources of allwuvial aquifers is demonstrated
groundwater susceptibility ver cdhanmadge icrimtamgac
ArcGl S'"s spati al analysis feature. The effect
assessed for historical and projected periods.
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change in the estMarnyt oregi olnismattdeclDassi ficati on
based analysis were wutilized. Analysis was don
terms of botHAhti h&JLELndesphteof this strudyn rev
t he WGQC aisstlbaonrdesst whitlgr sathgludbnd dasr dasc @v & th caman qe |

ECAccording to the analysi s, the climate mode
observati on -HSaSM2a, aF@GAAMLCICd MI KDrCl6y [@drheciypi t at i
while the mean annual temperature of the catc
i ndices also foll owed a downward trend for tl

increased al ar mitngHhme ntn ftohre tweestleast cchecades.

temperature intensity. The results show that
was significantly warmer. The projected cli ma;
wi || be higher f-207Q))het Han tihe upred@OYy 1peeanod
both RCPs. The aridity analysis results showe:¢

stable between 1981 and RIiOf7t0s tbauvwa ri dnproartea ndr oqu

the western catchment and t he nort heastern al

i nfluence of c¢climate change will be smaller ir
hi gher and rteerhpevreat urheasn a n ot her places. The ¢
severely impacted by climate change than the o
the WC catchment may be divided insg®» adfwlhhectedi
climate change, and the western | owland, which

in EC are atbomampaeftdcby particularly around

of Deghabur i n t hge osno ust hp.o tTehnet iraels eraercchha rrgee wi | |
decades. The <climatic effect of the future w
catchments than the | owest recharge area. The
t he cteadwm of the very |l ow effect zone on EC s
resources need t o Tbhei scasrteufduyl'lsy perxianmairnye dl. i mi t
assumptions about the current LULC fofotmat upno
about the effects, future research should conc
change. The effects of c¢climate change on wate
be furthlhre gsttsdiledssobdy hei prelsenhel pful i n fu
and management of water resources to plan and
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CHAPTER 8

SYNTHESI S, CONCLUSI ONS, RECOMMENDATI C
RESEARCH

8.3YNTHESI S

This study ai mspearot ieexspl|l oofr eEttthieoppira' s key al |l u
sensitive they are to changes in |l and wuse | an
detection, vulnerability to natural causreys, Vvu
i nvestigation to accomplish this essential goe

The first part of the study concentrates on f

groundwater. Numerous variables are considere
wet niersdse X , topographic roughness i ndex, drain
LULC, NDVI , and geomorphol ogy. At this point,
i nfluencing the groundwater resouveegroumncaewathe
site in each region, and (iii) compares the e
i mpact in each region.

The analysis moves on to the components of 1
i nfl uencing tploes sndédd ®urlmesatarmads. The study mad
stable isotope parameters to comprehend the f
supplies. This section of the study idpasifies:s

of water, t he geochemical process, and the
i nvestigation. Owing to data wunavailability an
FafJdenrer's situations in the eastern region.
Examininget hdood of vulnerability owing to int

the investigation. Using the DRASTIC vulnerab

vulnerabilities. Thrssg&eecohennéxpeol heddphar das
Next, the paper provides an examination of | a
MODI S satellite data from 2001 to 2020, i f any

the primary LULC s hiyfetasr sav e€lrhet e npgr en@gesdiimgli G
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the primary variables influencing alluvial gr
fr@®mo210 2t2h,e st udy examined the vegetation cove

t he amourtegeft agne@ean had changed.

Foll owing the LULC analysi s, the research is
hi storical and forecast c¢climate features. Apar
and precipitationgd tthe eewasEa@trrcdinsapsisreati on an.
hi storical and the anticipated scenarios. At

variability of climatic factors in the alluvi e

Ulti maeely,nat section of the dissertation add
effects of both c¢climate change and LULC on t h
change considering the | and covearniah gndunadwa]
scalUss ng a complex ArcGIlIS software cal cul ati
spatiotempor al i mpact of climate conditions or

demonstrated both thecitimat@eandndpatinale.spread

8. QONCLUSI ONS

This document's goal was to evalwuate groundwa't
causes, and climate change while accounting fo
aqui fer Tmemasp al techpoiteeume s adf of heg wo u rmd vwddtPe ra nd
machi ne,slteicbsl ceig@@e h € mii Nthuelyee mto sM ngy DRASTEC,] mat e
and | and arsa&l ycshiasngwi t h aoemgl etxa kpmo ciendtobriégxson s i

resear&G&houndwat er resources were t hen eval uat ¢

concerning the impact of <cl i mat e c hgaenogcel.i niahtei c
parameters and their impact on groundwater r es
Baserd the findings of the research work, the f
Data chall ahg¢yesrteagdiioends ifnror both surface and s
hydrological, topographical, anleagrod@bel bbr ece
regions also differ in terms of water availab
humi dity, whilsargehene atsa eam areigd omnl i mat e. Leve
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ma

k e

up modt di thenscsttwady regi ons. The three pr

groundwater potentials in the study regions ar

Thgeeochemical analwastier roeuwaulhtesy sihsosw é effaatci ng tt
piklay.cium i s the dasginsi ntahneg dcoanii noan ta nadn i SoQn . Sal

s u
t h
de
it
Th
i n
e a
re
ne
gr
gr
Th
ar
p a
t e
t h

i n

ar i

Th
re

| o

sSp
s h

pa

Th

e
p |

main characteristiBeoduge oufndiwlae edeptnh tdrmeo
eted stable isotope composatcbment t hdigabd

will take for groundwater to replenish.

tr
h
e

o o9 X < O
wn o~

ce
ca
at
i f

e

upper watershed of each rerssieak chomeg, oac ca
insic vulnerability analysis.héehwatmerdsd hend <
rese@radhsiraemgd oins t he maj olrh el ULeCsUULIGt &dhfse 0 st
al sotthimearjt ot hleULC i n the WCi sfhoe emai nwhl UleC sfhc
t o .grTdhses Inaonsdts n d tesd bmod dNMCCgwea 8i Nt he change
stloanodsher | and usse Edorastses EQcdhahsdudntan & ©£¢ h

sland is the most i mportant.

climate analysis r esuiEtSM2qf FGGAL Ss@d@edMl R on
in better agreement wiOtlh0)gr oluhned noobsste rivnaptoit
meters (precipitation) have redNhddd itrmhet
erature is significantlpewarmi eggrfadi ¢mte |
areas are experiencihgeisedestirehatedptec:tk
emperature is of high intensity in the wes
ity iendia essi miolldrowdownward trend with high
potenti al evapotranspiration also increas
nt Tdheec afdiersdi ngs of the predict etdh crle sneaatrec r

tions futures wil/l probably hd8he wmwvehatpt
i al pattern of drought . Hoeveaiempso rsttaanbtl eq ubaenttyv
ts toward more dr cuwghth meinlt] amac urh ei m otr it eh e\

s of the eastern catchment.

findings indicate the western portion of t

EC are the study regions most vulrneercalbilneatteo cchl

on

r

esources should be carefully considered, :

164



Zzon
i nd
rec
i nf
Las

ass

e on WC and the decline in the very |l ow im
i cates that thetpodyenegabnrechéar gedhenehdeéc
harge data also imply that the two catchme

l uence than their | owest recharge zones.

tly, the researcher hopelbe thaef ulhei curhent

essment, planning, and management of water

.BECOMMENDATI| ON

I n any place where water resources are becc

and | and cover, an fopn imanagiond cywataenrd mpeaacd
To take into consideration the potential we
guantitative assessment i s required.

Since water supply quality is thetpriomary
thoroughly examining water contamination ir
Since groundwater is the study area's main

on hel ping to manage the region's water r es
Due to thecruhpgbédictiambitlii ty and propensi t:
focus their efforts on examining the stud)
l i kel i hood of the resident.

.MUTURE RESEARCH

This study mainly focusesabn al fewi &kleyz @roe
research is needeldydoodgedl g9 iua adreer gsidoarhsd.t it & e s
Futur e sshohudIldoamd st r ate more on geochemical

Each research region's aqubster 'defss&samteiah

Thus, theshmhekibd sdnudlaynt hr opogeni cally gener
particular vulnerabilities in the | ocati ons
Given the distinct climatic variatioans i n t

i mMmmi nent concern that demands considerati or
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