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Water resources modelling and management i n a
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r f usdament al resource for human survival
icul arlyl iam-dsemieugbygi ons such as Ethiopi a
omy is predominantly agrari an,gewi ti{ine ohoarien
culture. Given this dependence on rainfal
t s, and prolonged droughts pose a signif
ol ogical stability.

opia's <climate variability poses signifi
cul tur al pl anning, particularly as extrer
uent i n recent decades. ahlties oV araicachuirlaittey
l ing and data management t.Drenghts anodtac
ds are recurrent i1issues in the Tigray reg
adation. These climatic extremes have a d

ng accur anoeddeh yd mgl aqidc eelf f i ci ent water mart
oeconolmMic stability

Tigray region, | ocated i#@rndr-ttmerrsdu bEg h n ¢
acteristics. The Krneggimdars omr ifroar iiltys raenlniuead
es from 450 mm in the | owlahdflaveasatioos
ed by the region's rugged terrain, i nclu
fall i n Tigray is essential for sustaini.
tic,gofoedrbeghdta or, occasional ly, exces

| enges for water resource marneagdigbment and

Gheba Basin, | ocated in the Tigray region
-g@ad rac e basin wher e climate variability
gement and flood risk apseastment. rChahtfe:
otranspiration directly impact groundwat e
mi cs . Howev ébra,s edi mibtseed vgt o ond in the re
rately modehskgduodegi carreaspand future
ol ogi cal moHIMS3 sprsauwihd easa HEKLC enti fi c basi s
onents, but their reliability is | argely
a Basin, where observesd daetsae airchepar od t &
I pitation daamd,etGHIsRIRImaalskR EWRAKRs@E dat as et
able insights but comguwinth fuede btediomtei €
ol ogi cal applications.

vercome these challenges, this study inte

her gernfaratLleavi tc 3 WGPHeflt validating thengene
rved preciiRiO0Oa&atsiyorrt hfo-pemr 18868r |y prweecriepi t
Wesa ch.g ttheirsm Isoynngt het i ¢ dat aset as a baseli
| at ed:
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T Moderate Increase Scenario (+219émanemni rmanmael:
T Intensified Rainhaul 8Beaenaprec( pBO0%tR2oén, +
T Prolonged D3XOy% SwecanmarproeidiSpo t acremase+i1i@ dry

By assessing the hydmpolopgicte@ald ré&,s ptahiee csothwd yt |
provai deobust framework for eval uatni ntghewaQheerb ar
The findings will conmntdraiphutve twattehh e nihease|eodehrde
bofhood risk mitigatiinnt haen df adareo uagfh ti mmceersea d siiemge

NIOMH S 7x E~WEN NE~E N

Hydrological modeling in datacarce regions like the Gheba Basin presents significant challenges
due to limited groundbased observations, uncertainty in global datasets, and the impact of climate
variability on precipitation patterns. A reliable preciibn dataset is essential for hydrological
model calibration, streamflow prediction, and future climate impact assessment, yet existing
observational records are limited (192902), making longerm hydrological projections difficult.

To address this challenge, this study first calibrated and validated a continuous hydrological model
(HEC-HMS) using observed precipitation and streamflow data from theKaAdisi station.
However, due to the limited temporal coverage of grelb@skd precipation data, an evaluation of
global precipitation datasets (CHIRPS, ERA5, TRMM) was conducted to determine the most reliable
dataset for hydrological modeling in the Gheba Basin.

To establish a longerm baseline precipitation dataset, interpolated precipitation data from the
calibrated HEGHMS model was used as input for stochastic weather generation. A Blagtlest
Stochastic Weather Generator (SWG) was calibrated based goolated precipitation data and

used to generate a 1§@ar hourly precipitation dataset, forming the baseline climate scenario. The
statistical properties of this dataset were then compared with observed and interpolated data to ensure
consistency and rielbility.

Once the baseline dataset was validated, three climate change scenarios were applied to analyze future
hydrological impacts:

1 Moderate Increase Scenari®imulating a 10% increase in mean annual precipitation and a
17% increase during the rainy season (Jagptember).

T Intensified Rainfall Scenar@ Increasing 24our precipitation by 30% and variability by
50%, representing the potential for more extreme storm events.

T Prolonged Dry Scenardo Simulating a 30% decrease in mean precipitation and 25%0
increase in dry fraction, representing extended drought conditions.

This study compares and analyses the statistical differences between observed precipitation, global

datasets, interpolated precipitation, and generated climate scenarios to identify the most suitable

precipitation dataset for hydrological modeling. Theliings will contribute to climate impact studies

and water resource management strategies in the Gheba Basin, ensuring better preparedness for futur:
hydrological extremes.
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Gener al Objectives:
The main objective of this study is to assess
and future climate conditions by wutilizing a

( HELMS) and a stochastic wper aot dhuecre e gl evnnegrr aetco rp i
simul ations.

Specific Objectives:

1T Calibrate and-HM8| hgdrel bgec d&ECmodel using
streamflow d&uamsiremaiZh®nhAdil999

T Evaluate and compare gl obal precipitation
the most suitable dataset for hydrological

T Gener atyeeaar 1n00Our | 'y basel i ne pr elceiwiist a3tioocnh a
Model , calibrated based on HMSernpodledt.ed pr

T Validate the generated baseline dataset by
and interpolated precipitation statistics.

T Apply <c¢climate change scenarios to assess
hydrol ogi cal bal ance in the basin.

T Compare the hydvaltbgusapremppctatobn dat as
interpol ated, and generated climate scenar
basinbés hydrological behaviour.

NIOERAO9INOAEWS|[ WNcEWNCEETf E

This thesis is organized into the foll owing ¢

to provide a comprehensive understanding of
using different precipiteaeticbhmndeat amptasctandne
GHEBA Basin.

Chapter 1, |l ntroduction provides an overview
of the study. It introduces the GHEBA Basin,
dasaarce.lneq@ilesms outl ines the structure of t he
climate change i mpacts on basin hydrology
Chapter 2, Background establishes the theore
relationship between climate and hydrology, t
model ing, and the applicaf bontleorfing sctloicnhaatset isci nw

chapter also covers hyerMSI, ogihcealr etheedvealnicreg ouds i
datasets such as CHI RPS, ERAS5, and TRMM

Chapter 3, Study Area Description presents t
GHEBA Basi n. It describes the basinds geogr e
topographical i nfl uences on shoyidr oclhoagrya c tAedrdiistt

resource features of t he basin ar e di scusseodo
approach.

AlruE n o1



Chapter 4, Data and Methods outlines the date
study. It details the collection and processi
AdKumsi station, the evatlamasens osuagh obal CiIr|
TRMM, and the interpol at-HMB. oThe@rebaptéeéntiadbs
calibration and WHMISi dreotdiedn ucsfi ngheo bHE€Cved dat
performance met rSuctlsi sfue hEfafsi ¢ ihendNwshNSE), Roof
and Percent Bias (PBI AS) to assess model acc
weat her generator (SWG) based on interpolated
germen on -gpean BhOOrly precipitation dataset f or
application of c¢climate change scenarios, 1incl
scenari os, i's di scussed,alaylzoen gc hwa ntghe st hien nreut nhoo
water balance under different conditions.

Chapter 5, Results and Discussion presents th
statistical validation of the precipitation d
statistics, comparinmgVvg beeratedd pneerpbtatedn
of the generated dat asktMS nrdickelp eu diomrgnadicfef eorfe nt

is evaluated, and the model 6s response to glo
Chapter 6, Conclusion and Recommendations sum
t heir i mplications for hydrol ogi cal model i ng
effectiveness of stochastitewemapherci genarnratoanr
of different precipitation datasets in hydrol
Chap/Recommerad astoi mnutl i nes the | imitations of t
future research, including thenslrtegsabhonfost
modeling to temperature and evapotranspiratio

AppendAxneamndt ai ns relevant data snapshots and
and file downloaded from gl obal datasets.
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The relationship between climate and hydrol oq
dynamics. Climate directly influences the hyd
evaporation processes. Thaese moaeimahbltes agadv ertr
across the Earthoés surface and subsurface sy
interactions through processes |ike runoff, i
maintaini hgbwdlti ey avai

A central concept time hwadtreorl obgaviltaard ¢ es it eiquui atsie @ 1ts,s
continuity of water within a system. The eqgqua

0 OVYD Y p
where P is precipitation, Eqb irse perveaspeonttrsa ntshpei rc
stor(agne soi l or T©Ohiosinewateéi pn I's essenti al f
particularly in regions prone to climatic var
how changes in an§dmifverelsy «cloimpahafnfoesc th uamam

hydr olbediacidlour

Cli mate change poses significant chadrdied greesgita
|l i ke Ethiopia. Changes in precipitation patt
temperatures alter evapomresspleating tatesca
water avai-aabdl irtegi o8emiare particularly wvuln
' imited rainfaldl and their exposure to prolor
underscooet amee iomp studying rainfall vari abi
projections to develop effectlflve water resour

ZIOENE§§9c ENfOoWi E NcEAW] E EA N§AELUWs

St oc westtiheer generators (SWGs) are widely wused

simulating synthetic climate data while prese
These models are particul armgt e@d awladbd iec aln d aetg
i ncompl et e. The ability to generate | ong seql
analyze <climate variability, extreme wevent s,
hydrol ogildhl systems

Precipitation, i n particul ar, exhibits high t
predict. Stochastic weather generators si mul
statistical rel ationshtiegpsr eleearid/se.d Ome mofhitsher
model s for stochastic precliepwitsat R® ot agnegnuel raart i
(BLRPM), which captures the clustédfled nature
These models play an essenti al role in hydro
resource management, addl dhiemateffmpaciveassss

POLALE 1 1)



reproduce observed climate characteristics wk
climate scenari os.

ZIOZIONGGI§9c ENfOW~8§?ExEWS] WAAE9f Af N Nf §

Precipitation at a specific | ocation exhibits
we-sui ted for a probabilistic approach. Thi s

occurrence and intensi tguamntei fcyh.alAdednigtiinogn atlol vyi,
nature of the physical processes involved ma
measurements were possi bl e. Consequentl vy, pr e
focusingobabthety distributions of the associ
stochastic models have been developed to eff et
of a given area. These model s so paenrda taes sh yg nii dnegn
probability distributions, whose parameters a
of such modelLswis mbdeBarwheth willebéli’dinscus

20z 0=0 ANERNINF EILEN§ 9c¢c ENf 9 W~8§?Ex

The Béarewli st tmodel i's a stochastic precipitati
perturbations through a procedheofprPbiadsodnit gn
i s characterized as foll ows:
lﬁﬁ)\At
P(s) = (AAL)* -
(s) = (AAT) — 2
in which: s is the number of perturbations th
ts
Cella

/ Inizio
’—'#ﬂ perturbazione
+ successiva
i /

______________ Lo
’ Fine processo
te generazione
celle

[ RNDEA@ED YOG 02¢ 1 RE HEO I 1Oy 66 & FOIOBEZY B KDE 07 ¢ | q G 1J q q

| nheti gbr@above reoprigggsenmtl tdheagram from Proces:
Undintroduzione by (ProdiffledowadsancogMaabhy | at
translated terms used in the figure are as fo

Cella Y Cell
| ni zi o perturbazione successiva Y Start of ne
Fine processo generazione celle Y End of cell

SHALE N1



The process of Poissonian arrivals i gplaires th
di stributed feoelXpowsntially as

— — p—Als
P(Ts<ts)=1-et 3

wheriendi cates the time between the arrival of
I n correspondence to each perturbaticoenl,l st,h ewhei
represent the spatial path of the perturbatio

e—BAL

P(e) = (381)° @

(where ¢ indicates the number of cells that s
P(T,<t)=1—e" (5)
in whiwecdti dates the arrival ti me of 4Lwwisucces

model , the cell generation process ends after

P(T, <t)=1—es

(6)
The | ifetime of the cells is also distributed

_ =Nt
P(T;<t;))=1—¢" (7)

and so is also the intensity at | of precipit
P(I<i)=1—¢ "k (8)

ZHZ0Hg 2 f [T ERNUpERIN E LU~ § ? E x

Baewl et model has certain |Iimitations that
-bowf |l ow model s, which are of pri marbyasiendt er
el s, it significantfl ydrow epeersita dmsa.t eSi nche tlh
adbaleynw applicationodoofel hedr bleagii ¢ gl omoddalei &
alternating dry and wet periods, a realist

o i mprove th
introduced fr
ainfall prob

T e model ' s ability to generate re
[ amewor k are necessary. One appro
r ability isebgf i hnteedomj ngs asugge
|l turbe, CoB%, Sprecilisiam!l y, instead of assuming
variability in cell |l i fetimes across differen
of pettanb with distinct structures, meani ng

di fferent statistical di stributions.

m
b
ne

Theéparameter, which represents mblbebbetdgt iamé&aomm
di stribution, with its probability density fu

- T(a) ‘ (9)

TAUE N 1)



For ease of <calcul akibedmn, Uutdipe gdfaofedtnedwise gt henpwoa
asschange, so dsohethkheep Khandefinition of thi
requires the specification of six parameters:

>, o, iG, 3, U, O

The model <calibration procedluirrrearo)nsa guast iian s
statistical guantities (e.g. means, vari ances
model parametensi dtre owadern nt whi ch the charact
the variation of the aggregation interval, st
aggregations of data over 24 hours .anmdetadtadd
quantities chosen for the purpose of clf8librat

f medium (E1).
f variance (V arl).
f autocovariance with | ag equal to one (Covl
f fraction of dry days (P1). Aggregated dat a
f variance (V ar22).
T fraction of dry days (P2).
On the bmarsolsamifl itthye di stributions introduced
these statistical guantities, in which the pa
B - hXptepiz v
a—1
Var, = 2A[h(a— 32" =¥ + (v + h)* ] — 245[h¢ (o — 3)* > — > + (v + ho)* ]
Covi = Ai[(v+20)* " =2+ h)** + 0372 — Aa[(v 4 2hé)* ™ — 2(v + he)> v3 7]
A v . . 1 ‘ .
Pi = exp{—h\A— pa-1 +[1+ &k + @) — ZO(A + o)k +40) +
+ 7—12¢(A: + ¢)(4k* + 27k + T20%)] + Q/l@kf%)a i 1(1 —k—o¢+ ;A:(;’) + ¢° + %I.:Q)}
Varg = 2A1[2h(a — 32" — 12~ 4+ (v + 2h)* %] — 245[2ho(a — 3)1* ™ — ° % 4+ (v + 2h¢) 77
Covy = Ai[(v+4h)>" =2 +2h)°" + 1772 — Ay[(v + 4hd)* ™ — 2(v + 4ho) >3 ~%]
A v . ‘ 1 RV
Py, = exp{—2hA - g(} — [T+ ok + o) — _—IO(F. + o)k + 49) +
+ %¢(L;+ O)(4k? 4 2Tk + T20%)] + G,)’\fk;a i 1(1 —k—o¢+ §A:<:>+ & + %A:Q)}
where: h indicates the basic interval of aggr
guestion), and the constants Al and A2 are de
Mtk v® o kop?
A — €T 2 - I :
= G- Da-a—3) Tt 1)
Mok v®
,42: —— = .
¢*(¢? — 1) (o — 1)(a — 2)(a - 3)
The relations introduced constitute, once th

substituted for the first member, a system of
of such a system, the nouwdl iimear tdhyyestpam bwasn fo
objective function:

YILALE 1D 1]



F=(1-E/Ex)?*+(1—Var /Var;x)? + (1 — Vary/Var2x)?
+(1 = Covy /Cov#)? + (1 — P /Pi#)? + (1 — Py/ Py%)?

i n which the ter ms z marrekperde sweintth tahne avsatleureiss ko bt

whil peemhAening ones represent the quantities e
The solution of the minimum problem is obtair
necessary to recall t hat 1 tt si sonm etchees spparya meot e
exampl-ree gatoinvity. The method used is that of

by a high order of convergence, nor mal |y gue
mi ni mum. The e€amodbelatpoesemted is carried out
data, divi di nigntteirev aylesarofi napop rsauxoi mat el y one mo
to be meteorologically homogeneous. ({The mdodel
parameters for each of these iIintervals are ceé
thus calculated, it is possible to generate a

val ues of the setdatfiosrt iécadli buaantointi es us

ZI00KW?A8§x8]f9 xW-8?2Exf ] W wW9xf~ K

Hydrol ogic models, which integrate key hydrol
resources and evalwuating hydrol ogical-we@rled om

systems and are indispensablde ffoarecvwaastte mgr e anu
anal ysi s. However, accurate hydrological mo d e
wi t h l i mi ted data availability. To provide
cal i brati on eavnadl upaetrifoonr maonceensur e tiH&lir suitabi

ZH0ONH ? Agx 8] f 9 W~GEXBHKEf T HI

The HBMS (Hydrologic iHpdrokegi ogM@datreg Syst .
hydrol ogic model devel oped by the U.S. Ar my
designed to si-munaftfe prhec ersasiensf ailmyemat iensivads

applications, i ncluding flood frequency anal
studies, reservoir spillway calpdictig yf leevxail uialt
adaptabil i-dAMS mark ea HErCoorr i bada teh clhasricgeet eaf nwda tsenrasl hl e

[13]

The Hydrologic MoHBE)ngsSdyesemnédHECoOo si mul at

processes of dendritic watershed systems. The
procedures such as &event i nfobgt catioddtMiSn card istd E
includes procedures necessarEyafiomanspnriabhuons
and soi l moi sture accounting. Advanced capabi
using the-disbhedbugunasf transform (ModCl ar k) .
provided for mo d e | opti mi z atriean ,r efdaurcd d asat, i nags
uncertainty, erosion and sediment transport,

Hydr ol ogi ¢ nmHoMiSe Icsani nb eHECGat egor i z e e aisretdo mowle | &
continuous -moded smo Eavlentare designed to si mul
on stheorrm fralinroffd! Ipr ocesses. These models are p
extreme event predictions, wher e t hvee-sppreicmafriyc

daiiurE n o1



dynami cs. I n contrast, continuous model s sim
accounting for processes such as soil moi stur
Continuous model s a+#erimdevaleefr csre adsoImeas s ivag ilaan
change [thpact s

To enhance its capabilitiesHMSori nccoonrtpionruactuess st
model soil moisture dynamics and their intera
Moi sture Accoenliaddcgc(i BhaAa)d parRicularly signif
movement and storage of water within the soil
representation of watershed hydrology.

Z0=AGf x W~8f ENOAEW 9980 Nf ] WelE~ bW~ENCc§?

The Soil Moi sture AccotHMSIi ngs (aSMAo)b unsett haopdp rioma ¢
movement of water through vegetati on, sur face
This method is particul arl y udfafta cotnisv ea nfdo ri sc ow
studi es i nvol ving water r-sewlsrofua ccee  vasstsesrs s mae i te

evapotranspi¥®tion analysis

Precipitation Evapotranspiration

Canopy
interception

L

Surface
depression

h l Surface runoit
w____ 3
Infiltration Tensionl Upper
zone : Zone Soil profile
storage ; storage storage
Percolation }

Groundwater Groundwater flow

layer 1 storage

Percolation

Groundwater fiow

Groundwater
layer 2 storage

Deep
percolation

[ RNDEIQIVIORIIGaqeac 0Ot HEWGE qRAYNIOqE WIORHY UqRG2 Yat 1O YR KOG YR
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This | ayer captures precipitation that is int
Precipitation is the only input t oontlhyi sonlcaey etrt
full can precipitation contribute to other st

removed via evaporation.

EOA[] F9OENEA9EANf § WENg§A ] E

Representing water temporarily held in shall o
precipitation that surpasses the canopy stora
include infiltrationoratoonheWsemn!|tipeotvol ama
exceeded, the excess water contributes direct

Eg§f xWAAS[ f xEWENS8A ] Eall

This storage represents water stored in the uj
Contains water available for both evaporatior
bound to soil particlesyawbrahi can Bwhaporhat ila
upper zone, then reduces the tension zome at
removing water bound to soil particl es. Il nfl o

i nclwapmpeoteranspiration and percolation to grour

1.0
09

08 //
07

. 06 /
Ratio of actual

ET to 05

potential ET 4

0.3
02
0.1

0.0
00 01 02 03 04 05 06 07 08 09 1.0

Ratio of current storage to tension zone capacity

[ RN&IENKDE + Hoc tona URqRY UKYh toqlJ Ut RYUIAY UIJKOH qVY 1 ¢ NI
] Asd ?i NEAWENSEA ] Ea

Groundwater |l ayers in the SMA represent hor i
include either one or two such | ayers. Water
The percolation rapecitiademaoil madmoof ratwesamd
in the | ayers between which the water fl ows.
groundwater flow or to percolation from one |
the fi.rs$t oraeyderwat er can then percolate fronm

NNALE D 1]



groundwater | ayer 2 to deep percolation. Il n
Ssystem; aquifer flow is not modelled in the S

YoonoYoxysg Wos~Ag E K
The SMA model computes flow into, out of, and
form of:

AAE9f Af N Nfg a
Precipitation is an irmfPpwtcipotabheomsybtemt oton

interceptionacseamyngge fillbdeg the excess .amoun

f [ fxNAWRT §

I nfiltration refers to the process by which w
available for infiltration during a specific
interception, and anyfwaéeer already stored on
The amount of water infiltrated during a give
water available for infiltration, the current
the maximum infiltraitmomhe amedelefi herd dygch htei |
t he SMA model cal cul ates t he PRoottSEomitlilanf li.nf i |t

5 e 5 Ve O IOB i E 0 ..c5 61 Ve DAY £\ D s O
080 VE TNIOB N R Gy g P PiYE B O R

Where MaxSoill nfl represents the maxi mum i nfi
stored in the soil at the start of the ti me

storage. The actual infsberavabonerbhetewesndehe
volume (PotSoillnfl) and the avail able water
infiltration rate is dift®tted to surface inte

AEA98§x Nf §

Percoilattilbem process where water moves downwar c

or a deep aquifer. I n the SMA model, the rate
|l ayers, as well as bet ween vioMou nger oiunn dtwhaet esro ul rac
| ayer s. Percolation is highest when the sourc
decreases when the opposite is true. The potert
| ayecallciwdatl ddlrwe indgi, gy a e
0£0°YEQ 0 QWEE QCOOI—YEQG p OOI—OUYOEI “ PP
0 WwwYE Qa-’ U ww™Ou MO € i

where Pot Soil Perpgercdlheaet ipoont emdtied p Mok B0 e dPeac
percolation rate; Cur Soil Store = the <calcul a
Max Soi | St eerpeec3 fd edlsewmaxi mum storage for the so

gr aduvmat er storage for the wupper groundwater
Max GwSt oresp=ecafuedr maxi mum groundwater storag

The potential percol at Bioss maltti gloimpdtky twhe ht |
actual percolation volume. The availabl e wate
NBALE D 1



infiltration. The minimum of the potential vol
| ay.é¥5!1

A similar equatiPont GwsPetréced poo eadmplt percol at i
1 to |l ayer 2:
001 "Y¢EQa" = 661 'O0"Yoéi Q

uwaeQap,,uoowOu‘QOSI P

wheMax Per=c Gav-supseecri f i ed maxi muGur@GemSe otrkeei eml c a
groundwater storage f orMatxiGevSd oa esopdeacaitfeire dl anyaex

groundwater storage for | ayer 2. The actual v
For percolation directly from the soil profil
for percolation from | ayer 1 when | ayer 2 1is

only on the storage Vvbbemecheseshepsouoaptatliane

6061 "YEQaYoEl Q

D€ O0"YE T b e QC[)(I)(b“Yé Qa6 £1 O po
and

s et w001 TYEQATYOET Q

D€ 0 "0OU U DidcuwL Qi T HOYE QYo £l O pT
respectivel vy, and actual percolation vol.umes are compu’
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Surface runoff is the water t hat exceeds the
vol ume of wat e&r oiumn ddviart e2eat frl mnnwofifs t he sum of 1
from each groundwater | ayer at the end of the

6 &O"YE TG WD ¢ D¢ o BRI & 00 0a F¥QE QY6 QN
"00 "0i ¢ <

Y¢ 6 omone Rvaaaiye @i pU
whe®Or O am@ Oathbo groundwater flow rate at begi
respectivel y; Act Soil Perc = actual percol at.
DEOOD'Q Pat enti al percol at iyé n o TOb @Wogyrr ouunnddwnaat t eert
routing coefficient from groundwater storage
are as defined previously.

The volume of groundwater flow that the water

over the model time interval. This is compute
O wé a = %T‘Ol’) "Oa ¢ 7 "00 "Oa £YQa QY0 Qn (o)
This volume may be treated as infloWwWo a | in
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ET is the | oss of water from the canopy inter
t he -HEME SMA model , potenti al ET demand curr
evaporation dept hssr,armulntgi plaineidcabeyndnsd,n tam dec ¢ e fafl
interval

The potenti al ET volume is satisfied first fr
and finally from the soil profile. W thin the
zone, then the tensnon compl etidl pos &tnit s faill e ETHF
interval, the unsatisfied potenti al ET vol ume
When ET is from interception storage, surface
is equivalent to potenti al ET. When potenti al
percentage of the potential, computed as
0o 0L &> 0YE &AL IO 61 "Yé Qi "B@MEVNQD Yo £ 1 'Q P X

wheAet Evap3diel cal cul at edP EtTEVfaapSmwhisloc h| st bategeé
potenti aMaxEHEnNSdmle user specified maxi mum st
storage.
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The Clark unit hydrograph method utilizes the concept of an instantaneous unit hydrograph to route
excess precipitation to the subbasin outlet. An instantaneous unit hydrograph is derived by
instantaneously applying a unit depth (e.g. one inch) of epcesipitation over a watersh&dl. The

resultant unit hydrograph is entirely theoretical (i.e. real precipitation cannot be applied
instantaneously to a watershed) but 1t has ¢t
response to rainfall ilhout reference to the duration of excess precipitafibis method explicitly
represents two critical processes in the transformation of excess precipitation to runoff: 1) the
translation (or movement) of excess precipitation from its origin throughout the watershed to the
outlet and 2) the attenuation (or retlan) of the magnitude of the discharge as the excess
precipitation is temporarily stored throughout the water§iied

Conceptually, water is translated from remote points to the watershed outlet with delay but without
attenuation. Attenuation is then incorporated, conceptually speaking, at the watershed wuatlet. T
parameters are utilized within this methddme of concentration (), which is equivalent to the

time it takes for excess precipitation to travel from the hydraulicatigt remote point of the
watershed to the outlétVatershed storage coefficient (R), which is equivalettenuation due to
storage effects throughout the watershéd
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A Time-Area histogram
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The time of concentration is defined as the time duration for a drop of water falling in the most remote
point of a drainage basin to travel to the outflow polie time of concentration is important to the
hydrological analysis of watersheds.
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Ethiopia'"s climate is | argely influenced by i
country experiences a range-aogfi dclriematoine 2 oin € s
cool, temperate colftiRaionnfsaliln itnh eEthhiigohpliaan diss
and temporally. The prikmarteymtcaunyg $easmon,unlkn
delivering the majority of the annlea,l gsrpaa nnsf aflrl
February to May and is particularly signific:

seadvemaextends from October to January and i
higher evap!dration rates

These seasons contribute to tkthepemouvundryngsthei
precipitation, especi bBebgasaont hse mogkl andmj ne

sout heastern regions. Rainfall across Ethiopi
highlands to less than 28 mm in the arid eas
. ; I
— + & —
A W "\ Legend
: msasinﬁmnda’y
Mean Annual Rainfall (mm)

P igh: 22757

Medium : 1200

B Low: 141,355

T by TN
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Temperature in Ethiopia varies with elevation
sea |l evel, experience average annual temper a
hi ghl ands, above 2,500 meteds,avemjagy deampenr ad

10AC and 15AC. The combined effects of temper
N BALE 1017



influence agricultur al productivity and water
NMA, 2007) .

9xf~ NEWiSE EEWS[ WENcf §Af

Et hi opi ads diverse topography and geographice
uni que characteristics that influence the cou

zones can be classified lbracsaedl! yoni mtld iftiude , ma ie
[18]

Bereha (HotTWirs dzZmeel)iies at altitudes bel ow !

the Danakil Depression. Bereha experiences ex
mi ni mal rainfall of Il ess than 200 amm dancnaurad il ty
Human activities in this meosnteolffmliindny i nvol ve
Kol Il a ( WaAm dSedfhomwend at el evations between 5
experiences average annual temperatures of 22
supporting crops such as sorghum, mai ze, and
Etiopi ads grain production,®particularly in th

Weyna Dega-Hu@o @l SBuilm)at ed at altitudes bet ween

Dega enjoys moderate temperatures, ranging fr
and 1,200 mm annually. The region supports mi
whearnd barl ey, along with coffee in suitabl e e
popul ated zo#®% in the country

Dega (Cool andTHMHusmi doenepans el evations of

temperatures averaging 10AC to 16AC. Rainfall
cultivation of hi ghland crops such as barl ey

exmsive livestock farming and ser@es as an inm
Wurch (Cold andcFoMoidstabbdomre)3:, 200 meter s, t hi
temperatures below 10AC and receives rainfaldl
domi nat edl pyné&dffbora, and agr tcewletturbearil £yl icmil
i vestock grazing. This zone i s c radcdlogicalbalanéeor p

9]
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Traditional climatic zones
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The Tigray region in northern Ethiopiaar iwh etroe

sutbumi d cli mate, heavily influenced by its val
mar ked seasonal rai nf aildn paactcuverrrnksingewddtsto o sktuhre
September ). Rainfall in Tigray is highly vari
over 850 mm in some highland zones. This var.i
andewatvali?tdbil ity

Temperature also variesofwiem expeateomone tLempe
30AC, whil e hiygphlcand yr ée@ivenss ool er conditions
ranging from 15AC to 20AC. Seasonal fluctuat
management li?2hl the region

OFIET aF®8§ NEMN

O=HON&KE 9 Nf § LW 2WEANE N

The Gheba basin is situated in northern Ethi o
13A14Nj to 14A16Nj N |l atitude. Covering an are
Mekel | e, the capital cioymefthdehdadwayere®got
River Basin, a major tributary of the Nile Ri"

because of its complex terrain, variable rain:
[ 4]

N ®ALE 0 1)



Oz f ~ NELW WA f [ xxwWwe Af 7fxfNo

Theeb@h subbasin eaxmpiedi elnicreat @, swimi h t he maj or i
June and September. Approximately 70% of the

driven Dby the seasonal mi g r aztoinoen (bFfIT C&&)ien fianltl
characterized by high spatial and temporal vail
to over 650 mm/year in the highland areas nea

hydrologssak,ppacticul arl yl28lurface runoff and

O=ZIOONG A§] A Acoll ?2W?2A f ] E

The subbasin's topography is dominated by rug:¢

with elevations ranging from 930 m.a.s. | . at
Adigrat . The centr al paus oif s et ebdashyn rflemd ru
sout hwest into the Tekeze River at Chemey. )

topographilé?lviaheésaebidligwati on differences grea
wat er fldoweafdnd se

O=ZMkKO ? WOEE LW ? WX W98 EAWBIXOXx9b

Land usebanstuthbhba&hn is predominantly agricult
bush and shbabét@bA®WY 30&NHd small er percentages
settl ement s. Over tsheea lpea sitr rtiwga tdeedc aadgersi, ¢ uslntaud rl
whil e natural vegetation cover has s hawmngrsaingn
[22] These LULC changes have directly influence
factorbBydrol ogi cal model i ng.

O=IOPKE § x §] o LW ?WESf x E

The geol oggpaofsubbasiGh comprises formations s

Sandstone, Antalo Super sequéffdem,iviemnyd fvraaom oalsa
(40%) and sandy c¢clay loam (30%) to clay (19%)
alluvial deposits in | ower terraces. However,
the prevalence dheberdorbckhauvbctepsstics are
groundwater recharge, [%2%d the overall water b

Ol=O>ckd ? Ag§x 8] o
Theeb@h subbasin comrtaaicrhsmefnauwr: nda il nu hs, u bGesnube | | ,

catchments drain into the Tekeze River t hr ot
significantly influenced by rainfal/l intensit
rainfall, with the majmgd tst cmrcrasurirn 2ty hRe sred ivmyi
and small dams constructed as part of watersh.
and availability, mitigatling water scarcity i
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To conduct this research, an official request
( NMI) in Addis Ababa, Ethiopi a. Ther erceigpuietsatt
mi ni mum temperatur e, ma x i mu mt udrdenp e rfaitvuer es, t aatnic

Tigray region: Me kel e (Guidropno,r tajn,d AHIdi aggraa tH a nAd sa.
obtain data from 1 January 1960 -tteor n8 Or eDceocredmbfe
retrospective hynd off wtgurcea |l c Imordatl @ ngr oj ecti ons

The NMI provided the requested datasets in di
significant gaps andnindensiasthématiesereepgeaia
entire months or year s) . Such i nconsistenci e
continuous hydrological-fmbdehigng without exte

Byanal ysing both spatial proximity of each sta
determined that onl y t horMeek ed fe tAligeggomi garddi E
Hamaisad relatively complete daily precipitati.
three stations | ie within or near the Gheba I

i nputs. Consequenod yfuthlegr wanel geisescaed mode
MIONIO=~IENE§Ag§x8]f9 xWwW? N aWAAE9fAfN Nfg W 2LW

After evaluating data completeness, IZ98P was identified as the optimal window for continuous
hydrological modeling. During this period, the three selected stations exhibited fewer missing values
and greater internal consistency, which facilitated Soil Moisture Accounting (SMA) model
calibration.

Although the stations recorded data from 1970 onwa989 202 was identified as the optimal
window for hydrological modelingThis timeframe demonstrated fewer missing values and greater
internal consistency across the three stations, ensuring reliable inputs for the sulSagMeigture
Accounting (SMA)model calibration. The daily precipitation data during these years were used in
tandem with observed streamflow measurements at the Gheba Basin outlet to calibrate and validate
the hydrological model.
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Extended Datas€Mekele Airportstation 1999 2019) To evaluate the reliability of multiple global
precipitation datasets, an extended precipitation series from Mekele Airpori 2099) was used

as a reference for comparison. This dataset, due to its more continuous atedrforgcord, served

as a benamark for assessing the accuracy of global datasets such as CHIRPS, ERAS,
TERRACLIMATE, and TRMM. By comparing these datasets against the extended Mekele Airport
data, the study was able to identify and rule out those datasets that significantly desnatkmtdit
observations, ensuring that only the most reliable precipitation inputs were considered for
hydrological modeling in the Gheba Basin.
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The annual precipitation data for the three stations (Mekelle Ai(fadri3.4705, long39.5313,
Adi-Gudom (lat:13.2466 long#39.5123), and Edaga Hamu@at:14.1845, long139.520)) reveal
significanttemporal variability from 1999 to 2@Q0Edaga Hamus consistently recorded the highest
annual precipitation, with a peak of 862 mm in 2001, indicating its significant contribution to the
basinbés hydrol ogi cal processes. Mekel l e Airpo
than Edga Hamus, except in 1999, when it recorded the highest precipitation at 717.10 mm. Adi
Gudom, on the other hand, consistently received the lowest rainfall, with its minimum observed in
2002 at 253.10 mm.

Temporally, the year 2001 stands out as the wettest year, with all stations experiencing increased
precipitation, reflecting a basiwide anomaly. Conversely, 2002 was relatively dry, particularly for
Adi-Gudom, which exhibited a sharp decline in annuafail. These results highlight the importance

of both spatial and tempor al variability in
hydrological response, particularly in streamflow generation and discharge patterns during wet and
dry years

Annual Precipitation Comparison (Edaga-Hamus, Mekele, Adigudom)
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800 | Mmm Adigudom
‘E 648 637 640
£ 600 -
= 553
g
E 478 222 269
:§ 456
54007 407
o
®
2
5 253
200 1
0_

-»‘-’qq '5'00 '9& ﬁ?&

Year

[ RNDEY VWDU2 ¢ dOAl JRRGRqc¢ qRY IO 4l ¢ RY F10Hn & d ROq 6 JH0q 6 1 131J
MIONIOGE®IAE ~[ x 8§81 WA= MM WeINDD P
I nitially, streamfl ow data from the Gheba nr.
approxi mately 2,300 kmj|, were considered. Ho
values, particularly durithgndairng ilydr anomg ihsa le
these | imitations, stred&mfmsaw sdattd ofnr, o mwhtitcen G
Glba subbasin (over 5,125 km]J), were seRected
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of fered greater consistency and compl eteness,
including the calibration of the continuous h
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The DEM data for the Gheba Basin was obtaine
hydrol ogi cal and geomorphol ogi cal studi es. It
basin boundary, and processed by filling sin
el evation ranges from 965m t on 3an2d2 8ena, s tweirtnh rsetc
to rapid runoff, while | ower elevations in th
as a basis for hydrological model i ng, stream
resource management .
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| n t hiBRBotsetnutdiya l Evapotranspiration (PET) dat a
Nort her nwakst huiségiitTa i s a critical hydrol ogical v
and is often used in hydrological modeling. F¢
frd@®e 200he data was processed and visualize

over the pefmfheddat asatewast processed using bc
python viaf@Gaocogliewmu@dliamBlti o

The Potenti al Evapotranspiration (PET) data w

Data and Information System (EOSDIS), speci fi
provides gl obal climate datamately h4gd kmath
tempor al resolution, spanning from 1958 to th
using a combination of monthly temperature, pt
satellite aoddarateet imomMseland making it a reliabl
The TerracClimate dataset, hosted on Googl e Ea
the Gheba Basin. The basin shapefile was wupl o
data for the specific gebgraphiec saui®gp2)pwvraisao t
extracted by filtering the dat aset for t he

corresponding to each year within the specifi

To process the dat a, the monthly PET values w
December) across all five years of the study
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values to adjust for the dataset's specific f
CSV format s: one containing the mont hl2anmdean
another containing the average PET for each n
were exported to Google Drive for further ana

The visualizatiomnwahi ghl oglkt @ dra sPeEsls o @i lrt enhs etnht d
(January to Dexdmberh)owamdy tthhee yaverage PET val
provided a clear and concise representation o
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The Gheba Basin, | ocated in the Tigray region
making accurate precipitation data cruci al f
i mpact assessment s. Under stangsle mtgi agr efcompi @asts
availability, modeling runoff, and developing
reliable precipitation measurements i|Iinbdasvaed r
observati omisalandatihabislpiaty of rainfall patter
To address these challenges, this study anal

ERAGLAND, Tropi cal Rai nfT&IMIM, Med 9 urait reg HMizsag idesn
Precipitation CwiltRP,SS@amaERAO@L IDMMATah e(se dat aset s,
satellite observations, reanalysis models, an
temporal coverage, and underlying methodol ogi
trends beka Basi 6.
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https://developers.google.com/earth-engine/datasets/catalog/TRMM_3B42
https://developers.google.com/earth-engine/datasets/catalog/UCSB-CHG_CHIRPS_DAILY
https://developers.google.com/earth-engine/datasets/catalog/IDAHO_EPSCOR_TERRACLIMATE?hl=tr

The precipitation data wer e GEJGe samne da divbaansceedih ¢
geospati al analysis platform that e n a bslceasl ee f
anal ysi s. GEEG6s JavaScrinpt interface facilita
across the Ghenbga wWBallsha sxg¢rdoadgnidgt i on observations
annual precipitation dat asredssolfuotri oaan aslaytseilsl.i t]|
interpol ated datasets, this appr oascihngd etneocnhsntorl
to enhance hydro$ogrcal astdudyesoliogdaahl y com

The datasets used in this study ar(@RpPWbBBEPY
ERA-BEANIRHI RPS ,DarirdaC) i mat e

This study highligtdtsvehmhedpbacet ofamsdtel dbude

overcoming data |imitations, providing robust
i mproved hydrol ogi cal maoesdietlu nnge a snu rreengei notnss. wi t
MION O B3N 2 e § OAxo WAAE9f Af N Nf§ wW? N

The EWRADBIDd dataset, devel oped byRratbe WeaobbemankF
( ECMWEF) , orf & ea lsu thiiognh at mas @ haerei cd agmd altanad 9 Kk
which i1s significantly more detmreseldutiham afhe

reanal ysis dataset provides an enhanced view
data from 1950 up t-bimbre@RABNShygeheratedr &yl

component of thel E€@dMWM-O05e &MRAIBYSi s model , whi c
and mo d e | out put s into a globally consisten
understanding of the evolution of | and condit
hydrogy, meteorology, and climate studi es.

The dat aLamd EIRSAS5avail able through the Coperni
beengriedded to al agregiutlwde lq@rtiid. LA i @0 Dx@l 1 yde
member states with access to the Meteorologic
the data in its native rrelkmbdgri d.ndThicscud at &
description, which-tesmvitaehdsoandtudy-sagfif ésdoag
condiltidlons

The high spatial and -Ltaenndp, o rials reexstoelnudteido np eorfi ok
the fields produced makes it a vidiluable datas

= HAUE N1


https://earthengine.google.com/
https://developers.google.com/earth-engine/datasets/catalog/TRMM_3B42
https://developers.google.com/earth-engine/datasets/catalog/ECMWF_ERA5_LAND_HOURLY
https://developers.google.com/earth-engine/datasets/catalog/UCSB-CHG_CHIRPS_DAILY
https://developers.google.com/earth-engine/datasets/catalog/IDAHO_EPSCOR_TERRACLIMATE?hl=tr

Precipitation (mm)
5 K
o o
o o

800

600

400

200

0
P &

9 > o N4 > 2

Q Q Q N N N

NI S S S S S SIS YO Y Y Y
Year

800

700 l
0
[ RNEL 00U RO BYE qRUEGOWHRGRagec qRYUIOY 200X Tok 6 IJA¢ IOA¢t RUKT & ¢
MION IO>NB=~6 Wog B HM@ o WAAE9f Af N Nf § W? N

()]
o
o

[
o
o

Precipitation (mm)
w B
8 8

N
o
o

[Eny
o
o

The Tropical Rainfal/l Measuring Mission (TRMM) [
Nati onal Space Devel opment Agency, designed to mo
along with its associbhied, en@BMbyutriel ease. aToombhn
remote sensing instruments, including the Precipi
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I nfrared Scanner (VIRS), Clouds and Earth's Radi e
Sensor (LSI).

Among these instruments, TMI and PR are the pi
data collected from these sensors are proces
Combined I nstrument (TCIl ) <calatbarsaetti opmml adyast ass ed
the TRMMaMwelltliite Precipitation Analysis (TMPA
di fferent temporal scal es.

The most widely used TRMM precipitation produ
9 TMPA 3B43, which provides monthly precipit
9 TMPA 3B42, which -dbdiflayos(rH g) | pracdpsuhbti on

Both datasets are available at a 0.25A spatia
and 50AS from 1998 to the present.

For this study, the dataset uti-Howredt emmaesr slt sr
and a 0.25A spatial resol ution. These esti mat
passive microwave sensarred obusrerhvea taicanhsd mtceg.di n
dat asesui sedef br understanding precipitation
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The Climate Hazards group I nfrared Preci-pitat
resolution precicpambaitniomg essatieraltietse biynfr ar ed
observat isointsu wsittaht iioon data. CHI RPS operates at
includes daily, pentadal, and monthly priesci pi

particularly designed to represent sparsely g
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Whil e the dataset is often applied in tropica

and validation results make it highiay i af faemdt ia
regions, including théei &SreanéeexHor CHbRPATf hiasa
hydrologic forecasting and trend analyses in

invaluable resource for assessing the hydrol
t emperiant urheds’®l e gi on
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TerracClimate, developed by the University of |
and climatic water balance data for terrestr.i
resolution climate abdeartvagt inesksi nweidiitife oiwetlladd npgn &
trend analyses and hydrological motakbiedg.asthe

interpol ation appr osapat esvthliwcthi ocno sdblr iomnes tWah i igdhiC iir
with-vaymaeg data from CRU Tydal mrmeanatlhyesi ap(a

met hodol ogy applies interpolated temporai ano
resolution climatology, producing a |ldeftt@arsmt 1
temporal Thbogsemdagea.s etr eisnotleugtriaotne sc lhiingagt e obser v
data, makingtéetmideamaferttend anally’$les and w
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To assess the accuracy and reliabil i tBRAeS gl
LAND, and TerraCl ibrastea) odbgairvatt i gmesurdd om t he
and EHaanguas st ati ons, sever al statistical eval
provide insight into the @ceata@asemagnpemnfder mamd
observed values. The following statistical me

M K= IO=HE Ww7f EWEAASAWb~7EHSB

The Mean Bias Error ( MBE) guantifies the ave
preci pitati odnetvearlnuiense. whtethheelrpsa dat aset systen
or underestimates (negative bias) precipitat:i

06 C pf z 06G&QCWE I Py
Wh e Pe mo d e | I's thedendeédpdpP(obispl hat ebeer ved
preci plitattilben,t ot al number of observations.
A Il ow absolute MBE value indicates better agr

| arge positive or negatidiowe uwadleuwées8ltii moaitci aotne sy

nwo= kg § NLW-~ E WEAO AEWEAASAWLA~EESD

The Root Mean Square Error (RMSE) measures tl
without disti ng-uainsdhiunngd ebreetswieiermmatad welr.l afigegi ee s
making it particularly useful for detecting e

YOYC i @i oz 0aéQPaé dvg pw

RMSIEs al ways positive and has the same unit a:

Lower RMSE values indicate better dat aset acec
from observdd® precipitation

Il n this study, RMSE is used for two primary
evaluate the accuracy of precipitation data b
the -HHEE hydrol ogical model ,v &IMB&t i sn am&teryi @.er:
entire simulation period to quantify overal/l
errors, RMSE provides a reliable indicator of
representianlg dhyyndarnoilcosgiwi t hin the basin.

M 0= HOr+eE W 7E§xONEWEAASAWL~ Eb
The Mean Absolute Embeol MREdDI méasenesest bet we

values. Unli ke RMSE, it does not emphasize ext
DO6C plb 2z DEEQCNWE asl cm
MAE is useful for evaluating gener al perfor ma

magnitude without beingl?d?elrly sensitive to |
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The Pearson Correlation Coefficient (R) quant.
bet wecedhebhddobserved precipitation values.

Y DGEQOMWZ AEQ MEQD! D26 Tin (DAGEQOW
2 GEQVE zi . (DEQHF Bz & dve T
Wheme 4¢ QRaldz ¢ odre the mean values of modell ed

respectivel y.

A higher value suggests a stmodegpelre daigpfétearieinan

The statistical metrics outlined imertfhoer nparnecve
di fferent gl obal precipitatididdNDdafTasena€l i(ndtl
observed station data in the Gheba Basin.
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The {Sask!|iffe Efficiency (NSE) is a widely us
bet ween simulated and observed discharge val
performance. It is defined as:

0"YC p 0OéahiQ O fvg ¥ 0édahiQ 02z ¢ avVg CC
Wher BAO/B the observed di Sbsartdge asti nuil ma esdt edg s
stiepdbs is the mean odbsmiheed odiascmamhperamd ob

An NSE value of 1.0 biendveeat ddhea opsrerectd matdc |
values below zero suggest that the model pr e
observed data as a predictor-sclahetkival sitad dy,n |
andnaal evalwuation.

Noewxd Nf x LW xOEf EWS[ WAAE9f Af N Nf
To analyze the spatial variability of precipi
were generated using CHIRPS ag6860ZRMMhdapaset p
was obtained in TIFF f or maatn df rporno cGososgel de uEsairntgh
The spatial distribution -opésplteaetipntatabe, wasa:
di fferences in rainfall patterns could be Vi s
into the Universal TraneateessybdMeemat or maUnhMpa
hydr ol ogi cal model ing inputs.

To assess the accuracy of the gpredadedataon d
(Mekele Airport, -HAamwsu)dower eanayv eErdlaggiad ont o t h
integration all owed for a visual and-dspiavedal
precipitation estsomaépanchespaoagossdgdediifgredmnt
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For this study, a stochastic weather generator was used to simulate precipitation patterns in the
GHEBA basin The model is based on tBartlettLewis Stochastic Mod€describedn 2.2),which
represents rainfall as a series of clustered storm events occurring accordiugssoa process his

model was selected due to its ability to capture the intermittent and highly variable nature of
precipitation in semarid regions.

The primary parameters considered in this study include:

Mean 24hours precipitation

Variance of24-hours and 48hours precipitation
Correlationof 24-hours precipitation

Dry fraction (24hours and 48hours periods)

= =4 =4 A4

The GHEBA basin's historical precipitation data was utilized for calibrating the stochastic weather
generator and ensuring its reliability in representing observed climatic conditions. Precipitation
records from three meteorological stations, spanningéned 19992002, served as the primary
dataset. To enhance spatial representation, an interpolated precipitation dataset derived from the
HEC-HMS model calibration was integrated into the analysis.

Initially, the stochastic generator was calibrated using the observed daily precipitation data from the
1999 2002 period. Upon successful calibration, a-$6@r hourly precipitation dataset was generated

to serve as the baseline climate scenario. Thistatat properties of the original observational dataset

were then systematically compared against those of the generated baseline dataset to assess th
model's accuracy.

Once the baseline simulation demonstrated statistical agreement with observed precipitation
characteristics, various climate change scenarios were applied. The hydrological responses under
different climate conditions were evaluated by analysing changeeaipitation partitioning and
hydrological components. This approach provided insights into the basin's hydrological behaviour
under shifting climatic conditions, allowing for a comprehensive assessment of potential future
impacts.

The generated precipitation dataset consists of ay&@0hourly precipitation series, allowing for
detailed hydrological modeling and extreme event analysis. To assess potential changes in
precipitation patterns and their impact on the partitioning etipitation and the overall water
balance over the Gheba Basin, four distinct climate scenarios were generated using a stochastic
weather generator:
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The daily precipitation dataset (192902) from HECHMS interpolations (based on three stations

in the Gheba Basin) was used to calibrate the stochastic precipitation generator (HXENROT he
process began by running tgenerator's Calibration of Precipitation Model function, selecting the
option for calibration using daily data, and inputting the properly formatted historical precipitation
data. This step produced the observed precipitation statistics, including nreamgejacorrelation,

and dry fraction valuesee appendix Al)

After obtaining the observatidmased statistics, the next step involved generating ayd&0
precipitation dataset, which serves as the baseline scenario. The statistical properties of this simulated
100year baseline dataset were then compared aghmstistorical observation statistics to assess

t he model 6s abi | -wdrly preciptation epatterosd Thés ecompaesan process
constitutes the model calibration, ensuring that the generator accurately represents the baseline
climate conditions.

Once the model was validated through this statistical agreement, it was then used to generate different

climate change scenarios, applying predefined precipitation modifications to assess potential future
climate impacts.
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This scenario is derived from climate projections specific to Northern Ethiopia, particularly the
Tigray regionwhich includesGheba Basin, as presented in recent climate studies. The projections
were generated using five Global Climate Models (GCMs) from CMIP5, downscaled using the delta
downscaling method, and analysed under two Representative Concentration Pathways (RCP4.5 and
RCP8.5)1. The study found thatnder RCP8.5annual precipitation in the region is projected to
increase by up to 10%, withé Kiremt (main rainy season: JuSeptember) experiencing a more
pronounced increase of up to 1746These projections align with broader climate model findings

that suggest a wetter future climate in Ethiopia, particularly during the peak rainy.season

Applied Adjustments
To implement these projections in the stochastic weather generation process:

1 The 24hour mean precipitation was increased by 10% for all months except the wet season.

1 During the wet season (Jurgeptember), the mean precipitation was increased by 17%,
reflecting the projected peak seasonal increase.

1 Variance and dry fraction values were not altered, as this scenario focuses on a moderate and
steady increase in precipitation rather than intensification of extreme rainfall events.

Ne¢ ATAN KO R RGRag ¢ qRY Ut0e T Tip Ho@ ¢ YOI id=aciii i e Br0dic RRYR[IOACH 3T oY UK09 ~ f A WIOC

Month Category Baseline Mean Baseline Variance  Scenariel Scenariel
Hn KNJ ¢ Hn KNJ 6 Mean 24hr Variance 24hr
NonWet Season > Ty > P 6mM vy 0dzy O
Wet Season (Jusep) >0 L >0 x (1+0.17) ° @& (unchanged)

These adjustments ensure that the scenario remains consistent with CMIP5 climate projections while
maintaining natural precipitation variability. Thus, this scenario is designed to simulate a plausible
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nearfuture climate for the region based on scientific projections, providing a foundation for
hydrological and agricultural impact assessments.
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This scenario is designed to simulate a future climate characterized by more extreme precipitation
events. To achieve this, modifications were applied consistently across all months, ensuring a uniform
shift toward wetter conditions with higher variabilityrainfall patterns.

Specifically, the 2dhour mean precipitation was increased by 30% for all months, reflecting a general
rise in precipitation levels throughout the year. Additionally, théa@4r variance was increased by

50% across all months, amplifying the intensity angredictability of extreme rainfall events. This
adjustment means that not only does the total precipitation increase, but rainfall events become more
erratic, with a greater likelihood of short but interds®vnpours. Thesehanges were applied
uniformly rather than seasonally differentiated, based on the assumption that climate change could
lead to a systematic intensification of precipitation patterns, rather than only affecting specific
seasons. This assumption aligns with studies suggesting thathmangaatmosphere holds more
moisture, increasing the potential for extreme rainfall events regardless of seasonal timing.

It is important to note that this scenafioepresents a hypothetical experiment rather than a precise
prediction. The goal is to explore the potential hydrological impacts of a more extreme precipitation
regime, helping to assess vulnerabilities related to flash floods, surface runoff, anduictineest
resilience under intensified rainfall conditions.

By maintaining consistency in adjustments across all months, this scenario provides a clear and
reproducible framework for analysing these potential clirdaiteen changes.
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Month Category Baseline Mean Baseline Variance Scenarie2 Mean Scenarie2
HnKNJ ¢ HNn KNJ o° 24hr Variance 24hr

All Seasons > Ty > P 6mM 1y P O6m
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This scenario was designed to simulate a future with more dominant drought conditions. To achieve
this, the mean 2#our precipitation was uniformly reduced by 30% across all months, ensuring a
general decline in precipitation levels throughout the yedditionally, modifications were made to

the dry fraction to reflect seasonal variations in drought intensity. Specifically, during the wet season
(Juné September), the dry fraction was increased by 20%, leading to fewer rainy days and longer
consecutive dr periods in these critical months. In contrast, for the remaining months (Qctober
May), the dry fraction was left unchanged to preserve the bassti@sonality. Thestargeted
adjustments create a scenario where overall precipitation declines while the wet season experiences
more pronounced dry periods. This approach ensures a realistic representation of prolonged drought
conditions, extended dry spells, and reducetls@ason recovery periods. The detailed methodology
allows for full reproducibility of he scenario.

Ne¢ A IO HRGR ¢ qRYU O T Tiplog A 10V @Y ton ¥ IOEHIJDER RYC | RYH

Month Category  Baseline Baseline Baseline Dry Scenarie3 Scenarie3
Mean 24hr Variance 24hr  Fraction 24hr Mean 24hr Dry Fraction
0>0 0 4o (Pdry) 24hr
t RNE
NonWet Season > Sy t RNE > F0.3@ m (unchanged)
Wet Season (Jusep) >0 B Pdry >0 x (1-0.30) Pdry +0.20
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The impact of these modifications will bealysedn the results section, where we will evaluate how
precipitation partitioning and water balance components respond to these climate shifts over the
Gheba Basin. The differences between scenarios will help identify potential risks and adaptation
strategiesinder future climate conditions.

The plots illustrate the daily precipitation over-gebr period for different scenarios. The first plot
represents observed precipitation from 1999 to 2002, serving as the reference dataset. The Baseline
Scenario was generated using a stochastic wegémerator calibrated on this historical data. Since

the stochastic model produces 100 years of hourly precipitation, only the first 4 years were extracted
for direct comparison with the observed dataset. Similarly, for Scendr)stie first 4 years of
stochastically generated data under different climate change conditions were extracted to analyze
potential variations in precipitation patterns.

This does not implyhat the analysis is limited to only 4 years; rather, this period is chosen to provide

an initial comparative view against the observed dataset. Thadamgdataset (100 years) remains
available for further analysis to assess trends over extended p&vioitis a 4year segment alone is

not sufficient to fully capture the magnitude of letegm precipitation trends, it is still valuable for
observing patterns, identifying shifts in rainfall distribution, and evaluating how precipitation
characteristics evl ve wunder different climate scenari 0Ss
ability to replicate observed conditions before extending the analysis to longer timeReales see

the result section for details of the precipitation patterns in different scenarios.

Since the stochastically generated dataset represents a hypothetigabd @@riod, we could not
assign specific years to the generated data. Instead;dkis xs labelled in days, maintaining a
consistent time representation across all scenariosallbwgs for direct pattern comparison without
implying specific calendar years.
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Model simulation involves utilizing a calibra
under specific conditions, s-us b8 abHahpeg esij rictt a t\
this setup was to configure the model using a\
datasets, followed by calibration and validat

The setup-HMS tmoeeHECor the Gheba Basin foll o
accurate representation of the basinbds hydr c
performed wusing a Digital El evhbobupndamMoas!| anfd
net wor-kasi B8ubnd river reach segmentation were
However, initial simulations showed discrepan

£~ Basin Model [Gheba_Basin_Tigray] = T ™™

N

A

[ RNDE@ KOS WAHCEC OACt RUIKOs ¢ q I tus+JIE HOIY Tqld H G Rt 6 13T oY Utoc E 9
Basin Characteristics
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Area Longest Longest  Centroidal Flow Flow Basin Basin Relief
KM2 Flow Flow Flow path path path Slope Relief Ratio
path path Length Length Slope (M/M) (M)
Length Slope (KM) (KM) (M/M)
(KM) (M/M)
4720 207.2981 0.00984 112.58468 155.4736 0.00624 0.18771 2039 0.00984
The model configuration incorporated various
Soi | Moi sture Accounting (SMA) met hod was ap

runoff transformati on was ocgornadpunc.t ed using the
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Baseflow contributions were simulated through

structured, simul ation periods were defined t
and validation. Themadtysmwebkdaseen pealkl tbowsrerur
hydrol ogi cal response, allowing for iterative

Usi ng-HMEC the Basin was delineated based on t

hydrol ogi cal parameters such as basin area (4
flow path |l ength (112.6 km),refllieei ga&t0IB9sImy)p e :
(0.00984) . These parameters provided a founda
basi nbasSubs and river reachesHM®&reoiastall il §h
hydr ol ogi c ale tcwenenne cdtiifviietryent units. However, d
was treated-basia, swhglcd suwulgni ficantly i mprov
simul ated discharge. Hydrol ogi cal pat a mat eres u

to optimize runoff representation and mini miz

Loss MeEhé&@odHoi l Moi st urmetAlcacd u(nd e ngr 3( BgdA )u sne ds et
di stribute precipitation among different hydr
evapotranspiration, aocdngirouodsaltessrmctalgeid
fluctuations over ti me, making it effective f

moi sture conditions. Thi s aptperrora cain eir gn odnegdir @n e
preoesses.

Key parameters of tNiaex i StMIAN nEotihlo dStionrcalgued eCapac
soil 6s total watlenri tri eatl e nStoiidn Mooa psatuirlei tGont ent

soil'"s moisture |l evel mpervheust Areaof %) hel sdir
sulbasin covered by impervious surfachaxi mhinch
Percol ation Rate (mm/ hr): Specifies the rate
system

Transfor @l Mekhd&dit Hyds ogs agthutdawest amld Uni t Hyd
met hod is used to transform excess fpprscinpi tTdt
met hod combines Time of Concentration (Tc) an

The model simulBtgionali nEloeypyat idae d WMo ¢ e le cd(adiE i
di schamgeat hly potenti adat eavmapsorpanTshpei r ANMA oal g ¢
processed these inputs by calculating infiltr:
flow. The simulated fl ow was then compared to
the 1y0e2W Q@ D al idbmrchtwahiedambe el ' s accuracy.

Simul ated hydrographs provided detailed infor
runoff within the watershed. The outputs high
the rainy season and redliked hmtasgfdtoiwen daff i @t
hydrol ogi cal processes all owed the model to
streamflow effectively.

Overall, t he wiibmurd faitrimnt reesmdédesl ' s capabil it

processes of the Gheba watershed. This si mul

including scenario testi-wnge undredi tdidise.rent cl
naALE N1
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Model calsi btrrag immocess of adjusting model par
simulated results with observed dat a. This s
accurately represents the physipgrédpcbclestserse
Cali bration provides confi denwcer |lidn ctohned intoidoen s
its wutility for water resource planning and m
For this study, the calibration process focu

di scharge data recorded at the Gh2e0bBba ThNre. oAbdsi e rk
stream di scharge data served as a reference

model out put closely mirrored t210@n smetalsaur eal ifHd
period was based on the availability of relieé
essential ifmdeunp aargamet er f

The calibration involved comparing observed a

basefl ow dynamics and peak fl ow patttcenrnde Sdi
(NSE) and percent bias (PBrFrASB)ymaweeeofuséedet o;
Whil e challenges such wsesrevenestnmatedg petak
par ameters, such as soil storage and groundw
simulated and observed fl ows.

The manual cali bration process highlighted th
constraining parameter values. By wusing stre
Kumsi station, the cali br atagd ommo doef| tohfef ewast ear sr

responde basi nlFBDOt peoyedr ng a fsuorlaihda ifyosuensd. a t

MIOPKOOHE ? Ex Wé xf ?2 Nf §

The wvalidat iHOWS onfo dtehe wAEBC conducted wusing the
di fferent simulation period to assess 1its pe
calibratiomO0OpbasetpedImMddel was suvaleiadndtl @edv a@d
20022002 at the Gheba Nr. Adi Kumsi station. T
simul ate hydrol ogi cal processes is tested on
perfor mance.

The CHI RPS and TRMM datasets were retained fo
i ndependent assessimenvedf ptbhespi sattiedh i peroduc

hydrol ogi cal response of tahe omadian.asBy @eead weg
validation, we maintaiwaltiheai nbegftri amewdr Kheh
applicability of CHIRPS and TRMM for broader

NnoPOMABES9f Af N Nf § WA ABI#Rf§ f ] WFf WcE9

Precipitation partitioning is a cruci al step
precipitation is distributed into differ-ent h
HMS model , precipitation wumoéeédfgoesnfparttiati @mi,
and groundwater recharge. This process i s ess

of the Gheba Basin.
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this study, precipitation partiti-FbMS nngo dneals
ring simulation. The primary components of

T Direct Runoff: The porcioobhrobut @isnt al sutr i a
by | and cover, slope, and soil saturation.

¢ Infiltration: The amount of rainfall absor
and groundwater recharge.

T Evapotranspiration: The | oss of water thro

significantly affected by climatic factors
9 Basefl ow Contribution: The del ayed portion

dry periods.
Thprecipitation partitioning anal yrlbMS nhoed epls i
representing t he hydrol ogi cal processes of
precipitation components across c¢cheamashwndr ol
responses under various precipitation scenar.
anal ysis wild@ be further examined in the res:i
capturi ng s eaansnounad la vvaamodh si ntnert he hydr ol ogi cal c
One key parameter used in evalwuating precipi
represents the fraction of total vpltemepmodat i
coefficient is calculated as:

. o
0O —
w o

WherCaiis the runaff icsoetfHfe cti emaky r unoifsf tvhod utme
precipitation vol ume.
A higher runoff coefficient indicates that a
whereas a | ower coefficient suggests more in
assess the efHMSI emody | otfinrt gh ehpyiiderGoelno gi cal pr oce
Basin, particularly in differentiating betwee
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The comparison bet ween gl obal pEBRB&ABAND at ia 0w
TerraClimatpsaddobseumdti ons was conducted
standard deviation differences, correlation,
to evaluate the datadepséciapigameonn wal lhe 0D bisme
variability, and trend consistency.
Even though there are three gdAdinguadobsHarnkudsh, g & |
and MekedMdelkhelr poAitr port was selected as the pr
based on the d&waiml ahkiilniftshe kefr elc@mmrgsor tashds oVe
2019) of continuous precipitation dat a, maki n
the other two st at i-tbannsu s()A do ngluyd ohma vaen df oEudra gyae a r
(192®02), whniscuhf fwacss ent for a comprehensive as:s
tempor al record to evaluate the accuracy and
Ai rport was chosen as the baseline foer vaesds e
precipitation trends.
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The first metric, mean and standard deviati on
mat ches Mekele's annual precipitation observa
mean and standard deviatabhguamémherencbst hi adeE
|l evel s and variabiANDyexKKobveedet g ERAFest n
significant overestimation of precipitation

di fferencestepeth-adMPRADDbenhot as well as CHI R

nasuE N1



Correlation anal ysi s provided I nsi ghdgt aita tom
precipitation patterns over ti me. TRMM achi e
foll owed by CHIRPS, indicating their strong a
ERAGAND exhibited weaker cormelualti pneci pimpaty
di verged more from Mekel ebs observations.

The mean absolute difference (MAD) metric furt
Mekel e. Both datasets had the smallest MAD ve
observation databkBAND Hdnspbayed®dst heERABges tn gMA
to overestimate precipitati o ANDer rhadl imoadteer,a
values, reflecting some inconsistencies in it
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Mean and Standard Deviation Differences:
Dataset Mean Std Dev Correlation Mean Absolute
difference

CHIRPS 99.1 38.1 0.59 115

TRMM 29. 4 19.2 0.67 77.9

ERA5 LAND 621. 6 100.1 0.61 621.6

TERRACLIMATE 66.5 20. 5 0.21 121.8
Overall, TRMM emerged as the most reliable d
Mekel e observations while maintaining minima
di fference (MAD). CHIRPS foll owadcel|l omakyngex|

strong candidate for precipitation estimati on

Il n cont rlaAND <EiRGAbi fi cantly overesti mated prec

and MAD differences, making it | ess suitable -
TerracClimate was excl udedmofnrtchm yf uretmpeorr ad n aleyss
insufficisemndl € ohry dbrasliangi c al model ing requiring
These findings emphasize the i mportance of ¢

hydr ol ogi cal-scsaruedgiieosn si.n Gd aatean t heir high corr
di fferences, TRMM and CHIRPS were chosen for 1

PIONIONWE ~ A§ A x LU x0Ef ELW
Foll owing the statistical evaluation against
t he most reliable gl obal precipitation dat as:

absolute differences compasxdt tei rotapep!l idad @islei
precipitation estimates from these datasets v

compared with available ground observations.

This comparison ensures that the selected dat
regional scal e, which is <critical for hydr ol
consistency of TRMM and CHilyRRSniicrs ovd gthu rni ntd ep
suitability for subsequent hydrological si mul

noeLE n



To further evaluate the performance of TRMM ¢
generated comparing daily precipitation obser
Adi gudom, -Hamdi s§ d eaggaa rwni sst& etrhaeg eb adsaiinl y preci pit a
dat aset s. This analysis aims to assess how
variability across the Gheba Basin, providi
applicaticoantst.esr Thpellousst r at e t he relationship
precipitation, highlighting potential biases
B9 NNEAWAx§NW[ §AwWw? fxow? KN

Adigudom Station: CHIRPS vs Observed Daily (1999-2002) Adigudom Station: TRMM vs Observed Daily (1999-2002)
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Edaga-Hamus Station: CHIRPS vs Observed Daily (1999-2002) Edaga-Hamus Station: TRMM vs Observed Daily (1999-2002)
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Mekele-Airport Station: CHIRPS vs Observed Daily (1999-2002) Mekele-Airport Station: TRMM vs Observed Daily (1999-2002)
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The scat (Farg pB2dt esmpare CHI RPS and TRMM agains
reference |ine is included to indicate perfec
Both CHIRPS and TRMM tend to underestimate hi
clustering @0 heaHv. RRS uexshi(lDi ts a tighter spr eeé
a better matchTRMMh sblbsver hed heat aariability,
l'ight rainfaldl and underestimation of heavy r
The performance varies by station, with Mekel
satellite data andHamserexhilintss wai der Ediagar
To complement the scatter plot analyg§igs, RMSE, MAD, and Pearson Correlation (Rwere

computed Table2).
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Daily Overall Statistical Comparison (1999 -2002) - All Years Combined:

Station Dataset Bias (mm) RMSE (mm) MAD (mm) Correlation

Adigudom CHIRPS -1.1 6.2 2.9 0. 74

Adigudom TRMM -2.7 7.5 4.1 0. 63

Edaga- Hamus CHIRPS -15 7.1 3.5 0. 68

Edaga- Hamus TRMM -3.2 8.3 4.7 0.60

Mekele Airport CHIRPS -1.2 5.8 3.1 0.72

Mekele Airport TRMM -24 6.9 4.3 0. 65

CHI RPS <consi sltoewetrl ybieaxshiand sRMSE values acros
accurate estimation of daily precipiG.atd4)nf di
CHI RPS suggest a stronger relationshiiOp 6lBh)e h o
mean absolute fference (MAD) is also | ower
observed values.

However, both CHI RPS and TRMM show significan

TRMM
mor e

rel i

abl e

dat aset

exhi biuvamiga lirleiattyerand

for

error.

Overall,
hydr ol ogi cal

CH
applic

nasuE n
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| mddi ti on -stcoalteh ea ndad iylsyi s, the study al so exam
patterns, focusing on the rainy season (July
evaluation hel ps assess t-threm dparteacsieptist'ata boinl ittry
hydrol ogi cal model i ng. The comparison provid
represent ebont mndhaecmutmul ati ve r.ainfall dynamics
The foll ofwi @@ & hgws esont hly and seasonal compa
basin scale global-28@f2asets for the year 1999
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Monthly Precipitation - For Year 2000
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Monthly Precipitation - For Year 2001
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Monthly Precipitation - For Year 2002

—@— CHIRPS  -@— TRMM =@~ Observation
ADIGUDOM EDAGA-HAMUS

—®= CHIRPS ' —®= CHIRPS
1 —e- TRMM 1 —e= TRMM
=@= Observation =@- Observation

/

VA f,s W j./\»-

e—¢
ol -._. o

N
=3
=
™~
=}
5]
N
=3
S

Precipitation (mm)
= =
] g
Precipitation (mm)
5 o]
8 3
g

o
<}
v
s}

Precipitation (mm)
g g

\b°e<e‘°&v9‘&* Y PRSP FEHEAT VPRI

Month Month

[ RNDOGNDIO GY 1 ¢ tatoec Uc i! + Rt K¢ q tO¢ (sl ROq)ld FOMIAI¥aH @i IR djd HA3 dRiqoads A +y+ada U TRKG9 ¢

The performance of CHI RPS and TRMM precihbpisteadti o
observations atHamdisgudonmn, Mekedeae Airporit206f2at iThres
evaluation was conducted atemalti peefbempocel yea
seasonal (rainy season) trends.
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Monthly Overall Statistical Comparison (1999 - 2002)

Station Dataset Bias (mm) RMSE (mm) MAD (mm) Correlation
Adigudom CHIRPS 14.82 36.14 20.57 0.92
Adigudom TRMM 1252  29.29 19.16 0.94

Edaga- Hamus CHIRPS 5.24 29.95 19.25 0.94
Edaga- Hamus TRMM 295 34.03 20.93 0.91

Mekele Airport CHIRPS 7.65 29.30 17.64 0.95

Mekele Airport TRMM 535 22.22 15.92 0.97
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Seasonal (JAS) (Rainy Season - All Years Combined) Statistical Comparison:
Station Dataset Bias (mm) RMSE (mm) MAD (mm) Correlation
Adigudom CHIRPS  28.63 59.47 42.82 0.88
Adigudom TRMM 17.80 44.43 34.64 0.92
Edaga- Hamus CHIRPS 2258 46.21 36.29 0.93
Edaga- Hamus TRMM 11.75 5227 38.17 0.88
Mekele Airport CHIRPS 11.18 48.15 36.93 0.91
Mekele Airport TRMM 0.35 33.04 28.63 0.97
Overall Per fiegom&nce (1999
Table X presents the statistical comparison b
the entire period from 1999 to 2002. The key
T Bias Analysi s: CHI RPS exhibited a HHiaghiesr b
(5.24 mm), while TRMM showed relatively 1| o
(5.35 mm).
T Er rMert ri cs: TRMM demonstrated | ower RMSE (
Mekel e Airport, suggesting better agreemen
T Correlation: TRMM consistently ai®@hi9gyed chio
all stations, indicating a stronger relat:.i
Overall, TRMM outperformed CHIRPS in terms ol

exhibited strong correlations with observatio

Yearly Performance Analysis

The perf €Hh&RiPSe amfd TRMM varied significantly

T 1999: CHI RPS and TRMM exhibited the highe
However;Hamdaganhad the | argest bi ases (18.

overestimation of precipitation.

T 2000: CHI RPS had a significant positive

bi

performed better HamMuasdAdi mgm)bi as at Edaga

T 2001:; TRMM and CHI RPS sh-dwemds | awer MbkakesA

Adi gudom had a notably high RMSE (~48. 88

T 200 2: Bi ases increased significantly at
TRMM) , i ndicating potenti al overestimat.i

m

Ad
on

The -wieae analysis suggests that 1999 and 2000

2002 had | arger errors and deviations from

PRALE D 1J
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Seasonal AnalysiiSepR&imbyer$eason: June
Since the raiSeypteembhsoh (durmegdrologically sig
performance of CHIRPS and TRMM was speci fical
Overall Rainy Seai@®®2Performance (1999

T Bias Analysi s: CHI RPS had the highest bi e
exhibited | ower bias across all stations,

T RMSE & MAD: Both datasets showed the high
CHI RPS and 44.43 mm for TRMM), indicating
this |l ocation.

9 Correlation: TRMM achieved the strongest ¢
its superior agreement with observed preci

AnniRali ny Season Analysis

T 1999: CHI RPS and TRMM had the highest cor
TRMM overesti mat ed-Hamasi {ibti atsi o=n 5&t. 6Bd angng .

T 2000: CHI RPS performed wel FHamulsowiOngl 2minmm)r
TRMM underestimated ralfnfhée Immit. this stati

T 2001: Both dataset#®adshaoaded (B6he&rn Mmases &
for TRMM), indicating overestimation in th

T 2002: The | argest seasonal biases were obs
= 30.97 mm), suggesting strong overesti mat

These findings highlight that TRMM generally |
but biases increase in extreme rainfall years
Summary and I mplications

9 TRMM consistently outperforms CH¢ RPSel at it @

T Bi ases ar e hi ghest at Adi gudom, particul
overestimati on.

T Both datasets perform best in 1999 and 200

9 TRMM is more reliable for estimating preci

PIONIO=E@ Nf xAbEf E

The spati al anal ysis of TRMM 0aOn2d pCGHIiRRIS rdeavteaa
precipitation patternsFi§daredsEl i s peayGheba 8asr
precipitation derived from the two datasets.
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The annual spati al anal ysis of TRMM 0a2n dr eG/HlaR
di stinct precipitation patterns across the Gh
of precipitation values, withhhmesgstni mm&dt9Os Aalrly ir
mm in 2000, 570 mm to 1027 mm in 2001, and 3¢

consistently showed slightly | ower precipitat
508 mm to 873 mm i n 2n00200,0 16 1 4a nmdm 4t7cl 9ron2 tnom 7i7
variations highlight the influence of spatial

When compared to observed precipitatitl@mamusom

and Mekele Airport), CHIRPS aligned more cl os
Airport and Adigudom. The r écomdédd7 o hikaemuysa & doa
717 mm at Mekele Airport, while in 2000, val

there was significldamus areadchiomg &62 hmmidwalgial e
recorded between 68B02mmaaddcbada@emmn Bye2ipital
bet ween 406 mm and 468 mm. TRMM consistently

altitude regions, whereas CHIRPS provided a m
PIOER Nf ENEREgAIf SENIF D EKAORE? W? KN
The Statistics |i ke mean of 24hrs, var of 24hn
were compared to accept the Generator. And th
8 mmean 24hr-Observation ~ ® mean 24hr-100yr baseline
;
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The mehaonur24pr eci pint aatliiognn s( Fneglulr ewidt h observati
seasoiSeptuenmeenon st rating the model ds capabili
Mi nor overestimati on i n August and under est
di screpancies are expected given the ariabihat
i's high.

P®ALE D 1



variance 24 hr mm

80
70
60
50
40
30
2

o

1

o

0

m variance 24 hr-Observation

m variance 24 hr-100yr baseline

Jan Feb Mar Apr May Jun Jul

Month

Aug Sep Oct Nov Dec

[ RNX ¥ KD&0¢ | nRYEI XHEEI D H R GRRopcc omIVAJMOAIC + DG RUIJ0e UT IOYHY DI 2¢ qRYU

The vari-lamecre pifeidpB)t asthioomns (tFhiagurwehid e observe
successf

peak rma mtf had I the stochastic

under est
rainfall
di stribu

0.8
0.7
0.6

0.4
0.3

correlation 24hr

0.2
0.1

o

t

mati on of
event s ar e
i on.

m corr 24hr-Observation

extreme values

mor e

model

S common

sporadic,n bat i &i nsf

m corr 24hr-100yr baseline

Jan

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

[ RNX% @ KOOY | | 1J¥ X AR VMIHGGRop@ anRtYdRGHt tOn Y1 tOA¢t Wa RUKOE UT OY At 1

The correhadarn omr odi Rt aitsi ogne n(eFri aglulrye

compared

t o

observat

ons

suggest.i

ng

[do wer i n t

slightly

T wAuE N



1.2 m Prop.Dry 24hr-Observation  m Prop.Dry 24hr-100yr baseline

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

Prop.Dry 24hr
)
(o] [ee)

©
i

0.

N

o

[ RNYE &P MGIDI06H Y IH00G|T DBERECRARE qRMUON Y1 IOA¢t WaRUKe UT HOY At L

The proporti omouwrf) &Myiigharywee | | 24 epresented, wit
mo d e | slightly overesti mates wet conditions i
mont hs, but overall, it efdf{feegueeakty daptaepestl

180 m variance 48hr-Observation  mvariance 48hr-100yr baseline

160

140

120

100

80

60

40

20 I

o0 m— — m Ha NN Il _n __

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

variance 48hr

[ RN IO R¢ U oA I KIMA RGRa¢c qRYUIOEq ¢ qRt qRHEY IOn Yl IOACEt D RU

For-hd8r precipitatbilonobaeraedev@Fiugsrare high

more extreme rainfall events than what the ba:
as stochastic weather generators typi ealmoy ep e
still provides a r etleiranb lreairnefparlels ecnhtaartaicotne roifs tli
The proportionrhoafr)dgyFi day€ogwd8observed trend
overestimations of dry periods in August and ¢
ability to reflect prolonged dry conditions i

s NAUE N1



1 m Prop.Dry 48hr-Observation  m Prop.Dry 48hr-100yr baseline

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

0.9

o

© o ©°
oo N

dry frac 48hr

© o o o
P N W b

o

[ RNWYAOKY G g HOYd I HIBENWY 168G | WHRGRac qRYUIOEq¢E qRt qRHL IOnY | IOHGE

Overall, despite some wunderr eprsaseaeretsastfiudd yofs
seasonal precipwebtcypaol eésenaciakiang-tiewr yna hwallr wd |
assessments in arid environments. While origi
this arid reagndnusef wmlccfeqpn atby kr ol ogi cal model |

sENg§9c ENf9 xxOoWPE BA NEDWNXMM

AAE9f Af N Nfg§ WNAE ?E

The -yl&ddbr annual precipitation data, generated
i ntotéomgprecipitation variability under diff
these scenarios was t ocleixmdtoiree dhhhawngled f er ent

S BAUE N1



1600

o
1400 °
[ J
[ J ® o
£ 1200 X °
€ o o L4
T s e R I TR F oglf" o ¥
3 ° A ° o A °
S 800 o 0S8 © ® ° o ° ° °
§ C....v...:.‘“.aea .‘.”. (] O... —
3 60 | % aeg & BevEen f g cae 00 oy 2P
R K U SO N LA s AN
I 400 : ® @8 o ® @’9. 3.\.“'“ oo o 0.
s '.'co N, CEC e Ll et ' ..'..
200 | %e ®®g o'.' e & .0#0. ..Q @ o To ™
0
0 20 40 60 80 100
Year
@BASELINE @ 100YRS-SCENARIO-1 @ 100YRS-SCENARIO-2 ® 100YRS-SCENARIO-3
[ RDPEA@I HE ct qREC O 0D KDE VDN 00g&ili IKAEEHRGRaCE qRY UBENI WATRYOOUT 131 1O
As shown 5i3n afiovteee basel ine scenari o exhibits
trends, reflecting historical climate charact
oderate increase in precipitatiotnhanttemesilgs
t hough it remains within a comparable range.
Il n Scenario 2, where precipitation was set to
expectation. The annual precipitation shows
troughs, indicating a mdhe seytatéme nhypdgaglesdisc

years become wetter and dry years become dri e
drought ©periods.

Conversely, Scenario 3, which was constructed
reduction in total annual precipitation over
compared to the baseline, whtt eh wcoesdbur cheavav e
hydrol ogical stress.
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Il n this section, the result of the simulated
for comparison and validation
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The scatter plot compares simulated and obser

(R] = 0.5636). While the model aligns well wi
di scharge |l evels, indimatfilngw hd @grmcaeirt iuorcse.r t aBh e
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R] value of 0.6086, i ndicating a moderate cor
and moderate flow values, with a clear trend
exists at higher dischahge ll sweatders, df dotvarse ti ,s wIx
harder to capture extreme flow events precise

Overall, the model demonstrates a reasonabl e
CHI RPS, and TRMM), effectively <capturing sea
representation of the osereabbmwatiescbapancees
estimations, particularly in extreme flow ev
correlation (-NSE 2hetRye . ®02.Nn5d5w0 t "6 obser ved dat
fovywear deaet y dlhéeé amodel performs well in appro
making it a useful tool for streamflow simul a
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This section presents the mean monthly stream
usi ngHMECwi t h di fferent preci pibtsetriverd datead @ti :

TRMM, and CHI RPS. The comparison evalwuates h
variability in the Gheba Basin. The shaded se
September), the period of hisgmest streamfl ow
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Simulated Mean Simulated Mean Simulated Mean
streamflow based on streamflow based on streamflow based on
Mean streamflow GROUND OBSERVE TRMNMprecipitation CHIRPS
OBSERVE[®/s) precipitation (n¥/s) (m¥s) precipitation (n¥/s)
Year

Month 1999 2000 2001 2002 1999 2000 2001 2002 1999 2000 2001 2002 1999 2000 2001 2002

Jan 15 14 06 10 39 11 06 18 60 12 09 31 14 07 06 09
Feb 08 08 05 05 12 07 04 08 15 07 05 08 09 04 04 06
Mar 05 07 24 15 14 04 41 31 12 06 36 37 05 02 03 04
Apr 04 22 05 33 04 12 18 10 09 24 10 11 03 02 03 05
May 14 21 07 03 08 21 15 33 10 35 16 10 02 03 02 04
Jun 43 47 51 40 07 04 60 55 18 21 63 42 01 02 01 03
Jul 26.7 192 316 16.1 336 218 303 95 286 139 253 91 31 10 31 05
Aug 36.2 354 546 186 473 295 408 275 355 299 481 184 94 152 21.7 128
Sep 165 71 131 23 156 80 89 6.8 227 78 109 82 56 48 76 44
Oct 74 27 44 04 58 33 45 25 71 71 54 19 31 29 44 26
Nov 34 22 24 01 33 27 25 15 32 33 29 11 18 18 26 15

Dec 24 11 15 00 20 14 15 09 23 38 18 38 11 10 16 10
The results show a distiincetrsasisogalr omebMay, w

rainy season (June to September), and gradual
streamflow values reflect this pattern, wi t h
1999), 36u2t mi9%9)Y Auand 16.5 mj/s (September 1
the years. I n 2001, for example, August recor.

in 2000, the highest valwue was in July at 31.

The simul ated st rodbasmfrlvew pgiercd pgrn@aunodn gener a
but with some underestimati ons. For instance,
mj /s, slightly overesti masedwbomparedJubytBReO0
| ower than the observed 31.6 mj/ s.

The TRMEBed si mulations capture the seasonal v
For exampl e, in July 1999, the simulated stre
26. 7 mj/ s, while in SeptémBemj2600@ompareddenpe
mj / s.

The CHd&RsPeSd si mul ations consistently produce
values. | n Aughuessste d 99i9mu ICaHtliRoPnS r esul ted in 15.
observed 36.2 mj/s. Similarilmatead Qulym209H1, m
the observed 31.6 mj/ s.
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This section presents the monthly peak streamflow analysis based on observed and simulated results
using HECHMS with different precipitation datasets, including growfgerved precipitation,
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TRMM, and CHIRPSThe results compare observed peak flows with simulated values to evaluate
the accuracy of different precipitation datasets in capturingfloghevents.
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SimulatedPeak
streamflow based on

SimulatedPeak SimulatedPeak
streamflow based on streamflow based on

Peakstreamflow GROUND OBSERVE TRMNMrecipitation CHIRPS
OBSERVEN®/s) precipitation (n/s) (md/s) precipitation (n¥/s)
Year

Month 1999 2000 2001 2002 1999 2000 2001 2002 1999 2000 2001 2002 1999 2000 2001 2002
Jan 2.1 1.6 0.8 1.1 19.5 1.5 12.9 1.8 30.3 1.6 2.3 18.4 6.4 1.6 1.0 1.6
Feb 1.2 1.1 0.5 0.6 1.5 0.9 3.0 0.8 2.1 0.9 0.8 1.7 1.3 0.6 0.6 0.9
Mar 0.5 0.8 21.8 7.3 10.6 0.5 26.3 3.1 3.2 24 21.6 14.9 5.3 7.7 215 25.9
Apr 12 15.9 51 16.7 0.5 9.6 4.6 1.0 4.1 11.9 8.5 4.8 5.2 20.8 13.6 115
May 14.9 9.6 3.3 1.9 2.3 14.1 29.0 3.3 35 22.2 7.6 5.8 14.1 18.5 10.1 17.1
Jun 17.0 40.8 28.8 15.6 5.0 2.0 29.2 5.5 6.8 9.3 22.0 22.3 10.3 18.2 41.9 9.6
Jul 70.7 34.5 70.3 83.5 68.6 83.5 28.0 9.5 80.1 43.1 90.5 32.3 59.0 53.0 93.5 94.5
Aug 60.1 73.0 1045 90.8 80.7 70.2 71.6 275 111.9 67.8 116.6 52.2 82.3 69.6 91.4 74.1
Sep 48.8 17.0 42.7 9.4 35.6 16.0 29.5 6.8 60.1 29.1 25.5 33.4 57.4 22.1 36.4 44.4
Oct 19.3 11.6 15.9 1.0 7.7 57 3.3 25 16.1 21.7 8.5 39 9.9 22.2 13.4 7.1
Nov 4.3 12.0 3.1 0.2 4.1 12.9 1.8 1.5 4.0 16.5 35 1.7 5.9 16.8 59 4.4
Dec 3.3 1.2 1.9 0.1 2.7 4.3 1.3 0.9 4.1 16.4 2.2 16.2 3.3 4.3 4.7 5.3
The observed peak streamflow shows significal
val ues r ecor desde adsuorni n(gJ utnhee troaiSheypt ember ) . For
observed streamflow reached 70.7 mj/ s, whi |l e
value in the dataset Similarly, high pearRs w
(83.5 mj/ s).
The simulated peak -chgeravmdd owr aicsii migt agtrioounn dc a p
underesti mates extreme peaks in several cases
104.5 mj/ s, wipirloadutckeae Filmél anj i/ ean Similarly, i
70.7 mj/ s, whereas the simulation estimated 6
TRMMNMBased Simulation:
TRMMNMased simul ations show i nconsi stenci es,
underesti mati on. For exampl e, i n August 1999,
based simulation resulted i n 111l. 9varjues., Havgen
July 2001, the TRMM simulation recorded 43.1
CHI RP&sed si mul ations generally wunderesti mate
August 2001, the observed peak was 104.5 mj/ s
July 2000, the observed peak wads 3. 5, mji/nd,i c
overestimati on.
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During the dry mont hs, peak streamflow val ues

i nstance, in December 1999, the observed peak
precipitation, TRMM, and CHIRPS were 2.7 mj/l
relatively smaller differences.
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In this section, the precipitation partitioning was done for all the datasets and the pie charts along
with the percentage of the hydrological components explain in depth the partitioning over the basin.

PontoPAONADIf Nf § f ] WOEf | ws7km&e Nf g W? N WNOD
Over the fowyear periodmean annuabtal observed precipitation in the Gheba Basin amounted to
574.3 mm/yr of which 5014 mm/yr ( @8 . 7 3 %) was C 0 n v ectoseetal thei nt o
48.77mm/yr mean flow recordexd the AdiKumsi streamflow statianA significant portion of the
precipitation was lost through evapotranspiration (ET), \8@1.6 mm/yr (52.5%) attributed to
canopy interception anti95 mm/yr (0.34%) to surface evaporation. Aquifer recharge contributed
255 mm/yr (44.4%), emphasizing the dominance of infiltratdniven processes in the basin. The
runoff coefficient (Cr), calculated as the ratio of total flow to precipitatwas 0.087(8.7%)
indicating that only a small fraction of rainfall contributes directly to runoff.

In 1999, total precipitation reached 678.57 tymywith total simulated flow of 62.89 mfgr, yielding

a runoff coefficient of 0.093. Baseflogontributed 22.17 migr, while direct runoff accounted for
15.43 mnfyr, indicating that groundwater recharge played a significant role in sustaining flows.
Evapotranspiration was relatively high, reaching 213.99ymmwhile aquifer recharge was estimated

at 430.18 mntyr, emphasizing the infiltraticdominated hydrological response.

During 2000, precipitation decreased to 486.52/ynmesulting in a simulated total flow of 33.72
mm/yr and a runoff coefficient of 0.069. Baseflow contribution was 12.13ymnvhile direct runoff

was only 8.85 mryr, reinforcing the infiltratiordriven nature of the basin. The evapotranspiration
rate increased to 230.02 nyn suggesting that most of the rainfall was lost through ET processes,
while aquifer recharge was recorded at 230.80ynm

Precipitation levels increased again in 2001, reaching 683.48rmnith a corresponding increase
in total simulated flow to 50.94 migr and a runoff coefficient of 0.075. Baseflow increased to 18.62
mmvyr, while direct runoff was 13.24 migr, highlighting an improved surface flow contribution
compared to 2000. Evapotranspiration also peaked at 287.6@r mvhich was the highest in the
four-year period. Aquifer recharge remained substantial at 346.8¢rmmaintaining the infiltration
dominated water bahce.

In 2002, precipitation was at its lowest, with 448.80/grmecorded. Consequently, total flow was
also at a minimum (26.99 nigr), resulting in a runoff coefficient of 0.060, the lowest of all four
years. Baseflow was 9.54 niyn while direct runoff was 7.72 mfyr, indicating extremely low
surface water contribution. Evapotranspiration remained high at 260.1yrmwhile aquifer
recharge was measured at 178.70/ymmdemonstrating that even in drier years, a significant
proportion of precipitation infiltrates into the subsurface.
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m OBSERVATION DATA BASED

FLOW-OBSERVEDHEEEE 48.77
FLOW-DIRECT I 22.97
FLOW-BASE Il 27.17
FLOW I 50.14
ET-SURFACE| 1.95
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AQUIFER RECHARGHIE NN 255.04

Hydrological Components
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Precipitation partitioning
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The HEGHMS model was further tested using TRMM precipitation data to compare how satellite
based precipitation influences streamflow simulation in the Gheba Basinndé&e annualotal
precipitation recorded using TRMM data from 1999 to 2002 &9 mm/yr, slightly higher than

the observed precipitation dataset. The simulated total flow volumé3&smnm/yr slightly above
observed 437 mm/lyr at Adi-Kumsi stationindicating a close match but with some discrepancies in
flow partitioning.

For the year 1999, total precipitation from TRMM was 704.06/ynmvith total flow simulated at

62.85 mntyr, resulting in a runoff coefficient of 0.089. Aquifer recharge accounted for 354.8@ mm
while evapotranspiration was 351.78 mgmdemonstrating an infiltratiedominated water cycle.
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In 2000, precipitation dropped to 602.95 fgmleading to a total flow of 43.09 nmiym and a runoff
coefficient of 0.071. Aquifer recharge decreased to 164.00 mm, while evapotranspiration (418.27
mm/yr) remained relatively high, indicating significant moisture loss through atmospheric processes.

Precipitation increased to 729.18 ifymin 2001, with a total flow of 61.02 mfyr, yielding a runoff
coefficient of 0.084. Aquifer recharge was measured at 298.1§nmmamd ETFcanopy loss reached
383.99 mnfyr, showing a balanced distribution between infiltration and atmospheric loss.

In 2002, precipitation was at its lowest, with 499.42/grmecorded, resulting in total simulated flow
of 31.57 mm, corresponding to a runoff coefficient of 0.063. Aquifer recharge (100.48)ramd
evapotranspiration (388.18 niyn) dominated the water balance, reinforcing the low runoff potential
of the basin

m TRMM DATASET BASEL

FLOW-OBSERVED R 48.77
FLOW-DIRECT mm 25.36
FLOW-BASE mm 24.28
FLOW mmmm 49.64
ET-SURFACEI 6.36
ET-CANOPY I 385.56
AQUIFER RECHARGHE GGG  229.27
PRECIPITATION e 633.90

Hydrological Components
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The mean annualotal precipitation recorded using CHIRPS data from 1999 to 200266/b46

mmvyr, which is slightly higher than the TRMM dataset and the observed precipitation dataset. The
simulated total flow volume w&st.86 mm/yr, compared to the observédw at station and also the
simulated flow using TRMMlata, indicating a slight overestimation but still within a reasonable
range.

Annual Hydrological Breakdown Using CHIRPS Data For the year 1999, total precipitation from
CHIRPS was 710.36 mfiyr, with total flow simulated at 65.34 niym, resulting in a runoff
coefficient of 0.092. Aquifer recharge accounted for 360.12 mm, while evapotranspiration was 354.90
mm/yr, demonstrating an infiltratiedominated hydrological cycle.

In 2000, precipitation decreased to 618.21/ymmeading to a total flow of 45.11 migm and a runoff
coefficient of 0.073. Aquifer recharge dropped to 170.5Qynmwhile evapotranspiration remained
relatively high at 421.60 miyr, indicating significant moisture loss through atmospheric processes.

Precipitation increased to 748.75 ifymin 2001, with a total flow of 63.27 mfyr, yielding a runoff
coefficient of 0.085. Aquifer recharge was measured at 305.4%nrend evapotranspiration losses
reached 390.03 miyr, showing a balance between infiltration and atmospheric moisture loss.

In 2002, precipitation was at its lowest, with 568.52/gmrecorded, resulting in total simulated flow
of 38.22 mnyr, corresponding to a runoff coefficient of 0.067. Aquifer recharge (120. 7ynnamd
evapotranspiration (409.55 niyn) dominated the water balance, reinforcing the low runoff potential
of the basin.

Overall, the CHIRPS data provided reasonable streamflow simulations, capturing the general
hydrological dynamics of the basin.

m CHIRPS DATASET BASED

FLOW-OBSERVED R 48.77
FLOW-DIRECT mm 26.45
FLOW-BASE W 28.41
FLOW mmmmm 54.86
ET-SURFACEI 4.79
ET-CANOPY mE  307.33
AQUIFER RECHARGHE S 309.15
PRECIPITATIO N 1 661.46

Hydrological Components

0.00 100.00 200.00 300.00 400.00 500.00 600.00 700.00
values (mm/yr)
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FLOWBASE Precipitation partitioning

=t FLOWDIRECT
ETSURFACE St
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AQUIFER
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45.45%

= AQUIFER RECHARGE = ET-CANOPY s ET-SURFACE
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Generally, plotting the mean annual water balance for the simulation based on observed and global
precipitation for Gheba baspresented in the figure 66.
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The Baseline Climate Scenario represents the current precipitation conditions based on historical
observations. The 16¢ear stochastic hourly rainfall dataset was generated and subsequently
aggregated to daily values to align with the temporal resolofitme HECHMS hydrological model
calibration. This approach ensures that the precipitation input accurately reflects observed climate
variability while maintaining modetonsistency. Théydrological simulation under the baseline
scenario provides a refarce for comparing future climate change impacts. Key hydrological
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components such as runoff generation, infiltration, evapotranspiration, and streamflow responses
were assessed using the HB®S model. Theesults from the simulation under baseline conditions
seefigure (67-68).

B CURRENT CLIMATE

FLOW-DIRECT mm 20.21
FLOW-BASE mm 20.07
FLOW mmmm 40.28
ET-SURFACEI 3.23
ET-CANOPY I 209.28
AQUIFER RECHARGHE GG 180.93
PRECIPITATION I 503.91

Hydrological Components

0 100 200 300 400 500 600
values (mm/yr)
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Under current climate conditionsyean annuaibtal precipitation over the 100yrs is 598 mniyr,
partitioned primarily into evapotranspiration ET canopy 57% and aquifer recharge 34%, with direct
flow 4% and base flow 4% contributing relatively small amounts. This indicates a balanced
hydrological system, where most precipitation is either evapoaatedrcolates into groundwater,
with minimal runoff.

PIOPIO=R® ~ Ox [N§ Bl ®Kele?EA NEWf 9AE LEEWE9E Af
A 10% increase in mean annual precipitation and a 17% increase during the peak rainy season (July
September)The Moderate increased scenario results are presented in the following (Gpuad
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B SCENARIO-1

FLOW-DIRECT mm 22.14
FLOW-BASE mm 23.75
FLOW mmmmm 45.89
ET-SURFACEI| 2.46
ET-CANOPY I  313.15
AQUIFER RECHARGH S 213.77
PRECIPITATION 1 553.62

Hydrological Components

0 100 200 300 400 500 600
values (mm/yr)
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EFEAGE Precipitation partitioning

4.13% FLOWDIRECT
: 3.85%
ETFSURFACE
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= AQUIFER RECHARC=:ET-CANOPY® ET-SURFACI= FLOW-BASE= FLOW-DIRECT
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Scenario 1 applies a 10% increase in mean annual precipitation and a 17% increase during peak rainy
months, leading to a 10% rise imean annuatotal precipitation (5582 mno ) tompared to the
baseline (5031 mmiyr). This increase contributes to an 18% rise in aquifer recharge and a 5%
increase in ET canopy. Flow components also see a moderate increase, with total flow rising by 14%,
base flow increasing by 18%, and direct flow increasing by 10%. The ET surfacercamp
decreases by 24%, suggesting @idditional precipitation is being absorbed into storage rather than
evaporating directly. Overall, Scenario 1 maintains a similar partitioning structure to the baseline but
enhances storage components, indicating a moderate but stable shift in hyarblaigicce without
significantly altering the surface runoff response.

PIOPIOE® ~ Ox [N§ Bl RESNE Ef [ fE?2WA fb|[ xxWE9E

The 24hour mean precipitation was increased by 30%, reflecting a wetter future climate, while the
24-hour variance was increased by 50%, amplifying the intensity of extreme rainfall &ents.
Intensified rainfall scenario results are presented in the follofignges (1 - 72)
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m SCENARIO-2

FLOW-DIRECT mummmm 79.24
FLOW-BASE mm 36.52
FLOW mmmm 115.76
ET-SURFACEm 20.55
ET-CANOPY I  336.45
AQUIFER RECHARGHE S  330.63
PRECIPITATION 1  /75.78

Hydrological Components

0 100 200 300 400 500 600 700 800 900
values (mm/yr)
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Precipitation partitioning
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= AQUIFER RECHARG® ET-CANOPY » ET-SURFACE= FLOW-BASE = FLOW-DIRECT
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Scenario 2 represents a more extreme wet climate, with a 30% increase in mean precipitation and a
50% increase in variance, simulating intense and frequent rainfall blilanean annuabtal
precipitation increases to 7.78 mniyr, a 54% increase compared to the baseline. Gldgsge
compared to the current climagggnificanty increase to a substantial rise in aquifer recharge (83%
increase) and ET canopy (12% increase). Surface flow components experience the largest changes,
with total flow increasig substantially(187% increase), base flow rising (82% increase), and direct
flow surging to (292% increase). These shifts indicate a much greater proportion of precipitation
contributing to runoff, increasing flood risks. ET surface increases significantly, {&3m8nyr to

20.55 mniyr, further confirming the presence of shduration highintensity storms that result in

higher evaporation losses.

PIOPIOME® ~Ox [N§ Bl PAHSxS§ ] E?2 W2 AGUIE9E At g

Scenario 3 introduces a 30% reduction in mean precipitation and increased dry fraction, leading to a
43% decrease in total precipitation (2B mniyr) compared to the baseline. This reduction
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translates into a 53% drop in aquifer recharge, severely limiting groundwater replenishment. ET
canopy falls by 3% dueto reduced moisture availability, further emphasizing the drying trend. Flow
components are drastically reduced, with total flow dropping 19¢,4fse flow declining to.87

mm/yr (-52%), and direct flow decreasing t0.49 mniyr (-43%). These changes indicate a severe
decline in available water resources, increased risk of hydrological drought, and reduced streamflow
sustainability

m SCENARIO-3

FLOW-DIRECT H 11.49
FLOW-BASE H 9.67
FLOW mE 21.15
ET-SURFACEI 3.02
ET-CANOPY I  188.76
AQUIFER RECHARGHI NN 385.78

Hydrological Components

PRECIPITATION I, 287.13
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values (mm/yr)
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HydrologicalComponents CURRENT SCENARIO1 SCENARIO2 SCENARIO3
Mean annual for 100yrs  CLIMATE (mm) (mm) (mm)

(mm)
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Aquifer Recharge NY MK® O =ENOKTT OOMIXZ O YPIOTY
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Flow-Total MVv=Y NP Y ®© NNPIOT = =NIONP

Comparing Scenario 2 with Scenario 1, the intensified rainfall pattern leads to a 40% increase in
precipitation beyond the moderate increase scenario. This results in an&&%4se in aquifer
recharge (from 2137 mmmm/yr to 33063 mmmm/yr), indicating that a significant portion of the
excess rainfall is stored as groundwater. However, direct runoff sees the most dramatic shift, with
Scenario 2 producing nearly four times the direct flow of Scenario .24#anlyr vs. 2214 mm

mmvyr). This indicates that Scenario 2 presents a much more volatile hydrological balance, shifting
towards flash flood conditions. The increase in total flow fron8@4%nmmm/yr in Scenario 1 to

11576 mmmm/yr in Scenario 2 (152% increase) suggests that excess rainfall in Scenario 2 does not
translate proportionally to groundwater recharge, highlighting a higher risk of rapid surface runoff
and potential erosion.

When comparing the moderate increase scenario (Scenario 1) with the prolonged dry scenario
(Scenario 3), the contrast in water availability becomes evident. Scenario 3 has 48% less total flow,
60% less aquifer recharge, and significantly lower ET canopgek) reflecting the impacts of
extended dry conditions. While Scenario 1 enhances storage and maintains a stable hydrological
balance, Scenario 3 shifts the system into a state of extreme water scarcity, where both surface and
groundwater supplies are rexed.

Comparing Scenario 2 with Scenario 3 highlights the two extreme ends of hydrological response.
Scenario 2 experiences &% increase in total flow compared to Scenario 3, emphasizing intensified
runoff and flood risks, whereas Scenario 3 faces water scarcity and reduced groundwater recharge.
ET canopy in Scenario 3 is 44% lower than in Scenario 2, reinforcing the stresgetatioa and
reduced atmospheric moisture exchange. Direct flow in Scenario 3 is 85% lower than in Scenario 2,
demonstrating the shifrom flood-prone conditions to extreme drought.

The comparative analysis shows that Scenario 1 presents a balanced increase in water availability,
improving groundwater storage while maintaining a stable hydrological system. Scenario 2
introduces extreme rainfall patterns, increasing flood risks arfig@cgurunoff, potentially leading to

soil erosion and water management challenges. Scenario 3, in contrast, highlights severe reductions
in water availability, emphasizing the vulnerability of the Gheba Basin to prolonged dry conditions.
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These findings underscore the need for adaptive water resource management strategies to mitigate
the risks associated with both extreme wet and dry climate futures.

While the hypothetical scenarios were designed to represent different hydrological extremes, the
resulting simulations reveal some deviations from initial expectations. For instance, Scenario 3 was
structured to introduce a 30% reduction in mean predipitayet the total precipitation decrease
observed in the stochastic simulations was 43%. This discrepancy likely arises from the inherent
variability in the 100year synthetic dataset, which is based oryaar observed precipitation record.
Stochastic gneration introduces fluctuations that may not always align perfectly with the predefined
scenario assumptions, particularly over shorter sample periods. These variations highlight the
complexity of hydrological responses and emphasize the importanderpfeting results within the
broader statistical context of lofigrm climate simulations.

The imposed scenario modifications aimed to simulate distinct hydrological responses, yet the model
outputs showed some deviations from expectations. In Scenario 1, the 10% precipitation increase led
to a 9.9% rise, closely aligning with expectations

Scenario 2 (Intensified Rainfall): The impos&@Po increase in 2hour mean precipitatioimposed

and 50% increase in 2dour variance likely contributed to the largbanexpected 54% increase in

total precipitation instead of the intended 30%. This suggests that the model's stochastic structure
amplified extreme rainfall events more thani@pated. The increase in variance essentially made

the precipitation distribution more uneven, favouring kiglensity rainfall events, which explains

the strongesurface runoff response rather than proportional groundwater recharge.

Scenario 3 (Prolonged Dry Period§hie imposed 30% precipitation reductemd10i 25% increase

in dry fraction likely intensified the effects of the 30% reduction in mean precipitation, causing the
actual total precipitation to drop by 43% instead. This suggests that more frequent and prolonged dry
spells were generated
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The Gheba Basin exhibits highly variable rainfall patterns with strong seasonal fluctuations, making
accurate precipitation estimation crucial for hydrological modeling and water resource management.
The evaluation of global precipitation datasets revetidlatt CHIRPS and TRMM performed best,

with CHIRPS showing lower bias and a strong correlation (0.74 at Adigudom station), while TRMM
overestimated light rainfall and underestimateténseevents. ERA5 and TerraClimate datasets
exhibited significant biasesmiting their suitability for hydrological simulations this region The
HEC-HMS model was successfully calibrated using observed precipitation, achieving a Nash
Sutcliffe Efficiency (NSE) of 0.719, demonstrating strong model performance in simulating
streamflow dynamics.

A 100-year hourly precipitation dataset was generated using a Baslsis stochastic model,
calibrated with interpolated precipitation from HE®AS simulationdor the 19992002 period. The
statistical properties of the generated dataset were compared against observed precipitation, showing
strong agreement in mean, variance, andadmgtycle patterns. While thgeenerator underestimated
extreme events, it effectively captured seasonal variability, confirming its applicability irasemi
environments.

The HEGCHMS model was validated using observed streamflow data from the Gheba statidn (1999
2002), with results demonstrating strong mode|
simulated peak discharge (83.5 m3/s on 27 July 2000) closghedliwith observed peak discharge
(104.5 m3/s on 2 August 2001). The total simulated volume (200.55 mm) was slightly higher than the
observed 195.09 mm, showing a good match in overall water balance. Th8 Nelsfifie Efficiency

(NSE) of 0.719 and a pembias of-12.36% indicate a strong ability to capture general flow
dynamics despite minor underestimations of extreme peak flows.

Simulations using CHIRPS and TRMM precipitation datasets were also conducted to evaluate the
applicability of global datasets. CHIRR@Ased simulations yielded a peak discharge of 94.5 m?3/s,
with an NSE of 0.557, indicating moderate model performancelighit ®verestimations in total

flow (219.44 mm, compared to 195.09 mm observed). TRbédged simulations performed better,

with a simulated peak discharge of 116.6 m3/s and an NSE of 0.578, demonstrating reasonable
accuracy in water balance representatimeamflow analysis across different datasets confirmed
that CHIRPS consistently produced lower streamflow values, while TRMM tended to overestimate
peak flows. Despite discrepancies, all three datasets captured seasonal variations effectively,
reinforcingtheir utility in hydrological assessments for the Gheba Basin.

For thestochastic experimentthe baseline water balance results indicated that evapotranspiration
(ET canopy 57%) and aquifer recharge (34%) dominated precipitation partitioning, while direct flow
(4%) and base flow (4%) contributed less. This highlights the Wiatgéed nature of théasin, where

most rainfall is lost through evapotranspiration rather than streamflow.

Scenario 1 (Moderate Increase, RCP8.5) resulted in a 10% increase in precipitation, leading to an
18% rise in aquifer recharge and a 5% increase in ET canopy. While total flow increased by 14%, the
relative proportions of direct flow and base flow remairsdble, indicating that additional
precipitation contributed mainly to storage rather than increasing flood risks.

Scenario 2 (Intensified Rainfall Scenario, +30% mean, +50% variance) resulted in a 54% increase in
precipitation, dramatically increasing aquifer recharge (83%) and total flow (187%), with direct flow
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surging by 292%. This indicates higher flood risks and a shift towards rapid surface runoff, which
could lead to flash floods and erosion hazards.

Scenario 3 (Prolonged Dry Scenar®8)% mean precipitation, increased dry fraction) led to a 43%
decline in precipitation, causing a 53% reduction in aquifer recharge and a 37% drop in ET canopy.
Total flow decreased by 48%, and direct flow fell by 439ghlghting severe reductions in water
availability, streamflow depletion, and increased drought stress.

Comparing Scenarios 2 and 3 reveals the extremes of hydrological response. While Scenario 2 leads
to excessive runoff and flood risks, Scenario 3 results in severe water shortages, emphasizing the need
for adaptive water resource management strategies.

These discrepancies between the imposed scenario changes and the model outpuigsnaick lexp
consideringhat the 106y/ear baseline datasgénerated is just one of the infinitambersof possible
realizations While the models calibratedto preserve on averagekey statistical properties of the
observed data single stochastic generation may exhibit significant deviations from this avdrage

use of multiple stochasticsimulations would likely yield results that align more closely with
expectations. Nonetheless, this study provides valuable insights into hydrological shifts under
differentc | i mat e scenarios, demonstrating Gheba Ba
conditions. Theefindings reinforce the importance of adaptive water resource management, ensuring
resilience against increasing climatic variability in semd regions.

Y QAUE N1



TROE9S§~~E ? Nf§ E

Given these findings, integrating advanced technologies into precipitation estimation, hydrological
modeling, and climate adaptation planning is crucial.

Flood risk mitigation strategies should be enhanced through watershed conservation, reservoir
optimization, and improved flood forecasting systems, particularly under intensified rainfall
conditions. Conversely, drought resilience measures such as rairveatesting, groundwater
recharge projects, and precision irrigation techniques must be prioritized to ensure sustainable water
availability under prolonged dry conditions. Hydrological model projections should be integrated into
regional water managemeplicies to develop climateesilient infrastructure and sustainable water
allocation frameworksSuch hydrological projections should expand on the analyses presented here,
by exploring multiple scenarios from a whole set of climate models, in order to produce an ensemble
estimation of possible changes in the hydrologic balance associated witlcatinaaiges, along with

a measure of uncertainty.

This study underscores the critical role of accurate precipitation dataset selection, stochastic weather
generators, and climate scendv@sed hydrological modeling in sustainable water resource
management. The findings emphasize the need for proacsineipg, improved dataset integration,

and innovative technological approaches to mitigate both extreme rainfall and prolonged drought
conditions in semarid regions.
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This appendix presents the raw output from the stochastic model calibration process used in this
study. The dataset, identified as GHEBA_MODEL2.DA%hich was the observation daily
precipitation data over the study basin aab processed through an iterative calibration procedure

to estimate key statistical parameters for each month.

These values were used to fiume the stochastic precipitation generator, ensuring that the simulated
precipitation patterns align with observed historical data.
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https://drive.google.com/drive/folders/1PQJJkkF8hJZDZleqCUW5R9DVJU8w90_q?usp=sharing
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