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RESUME
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souffrira de stress hydrique modéré. Dans un contexte de climat enutdwo) il est tout a fait
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conventionnelle utilisée pour répondre a cette question repose essentiellement sur la
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comme entrées de modeles hydrologiques. Cette appe classique reste difficile & mettre en

place, car elle nécessite une expertise particuliere qui la rend inaccessible pour beaucoup de
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aux incertitudes combirgs des modéles du climat, des modeles hydrologiques (calage et
structure) et des méthodes de peshitement des données. Afin de diminuer la longueur de
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uniquement.
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(IM, dérivés des données de précipitation et de températutedies indicateurs hydrologiques

RQS U A I5Ghi§ 30@nk ¢ hernaux et estivaux soit les minima des débits saisonniers moyens

sur 7 et 30 jours) qui soient valables tant en climat actuel que futur. Par la suite, la méthode
proposée vient quantifier QA Y OSNI A G dzRS NB3IAAdalyd 1 YSiK2
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tout en démontrant ses atouts par rapport a la méthode conventionnelle. La méthode
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f afprovisionnement en eau de la Ville de Québec.

Les résultats obtenus démontrent la viabilité de cette méthode alternative par rapport a la
méthode conventionnelle appliquée avée modeéle hydrologique semrdiistribué HYDROTEL. A

partir de 22 IM et 42 simations climatiques baseés sur le scénario SRESpecial Report on
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les bassins versants de la Bécancour et de la Yamaska. Le cumul de la demande climatique (P
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mémes données sur huit (8) mois expliquent respectivement Fa/'88 59/55% de la variabilité

mediane des;Qmin et 30Qmin €Stivaux pour les climats passés (120D0)/ futurs (20412070).

Ces résultats montrent également que les tendances détectées dans les IH sont reproduites



dans les IM pour 70% des simulationsneliiques au moins, démontrant la possibilité de ceurt
OANDIzZA GSNJ £ Y2RStAalGA2Yy Ke@RNRf23IAljdzS RIya f

[ QAYLI OG0 RS tQSIdATAYITAGS Sy Y2RStAalGAZ2Yy K¢
(10) bassins versants du Québec mémdil. Les résultats illustrent la nécessité de la prise en
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reliée est comparable, ou plus importante, que celle due au choix de la fonction objectif pour

les praessus hydrologiqgues modélisés (épaisseur du manteau neigeux, évapotranspiration
réelle et contenu en eau du sol superficiel).
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circuitant la modélisation hydrologique, elle permet une évaluation rapide de la sensibitézy
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la chaine de modélisation. Son approchemplifiée» permettra certainement de répondre au

besoin du monde municipal de tenir compte des changementstclink Ij dzZS& RIFya f QF )
vulnérabilité de leurs sources en eau de surface, assurant ainsi une gestlon plus durable, tout
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évolutions des modélisations et des données. Elle a été appliquée aux scéPRE&OMMe

w/tX YFEAA LIRANNIAG LIN £F AdzAdS AyOf daNB f QAyC
Sy O2yaARSNJI yQidzy  vi20RASEEASA | B dz@ WB RIj dzQl , 5wh¢ 9 [ &
f QF LILX AOFGA2y SGFAG fAYAGSS | dzE SGALF3IASEAT YI A&

crues et de leurs tendances hydrologiques par exemple.
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QUMMARY

Wordwide freshwater resources should be enough for 7.6 billion pedftavever,uneven
distributions of populatiors and resources, increasy demographic pressure, and sometimes
guestionable managemerstrateges have ledhe UNESC@® estimate that by 2025 two third

of the population will suffer from moderate water stresSivenchanging climateconditions

and current hydroclimatic modehg results pointing towardkighly probable decreasean low
flows, this water stress wilh all likelihood heightenin this context, it becomes paramount to
ascertain the sustainability of drinking water supplusing theconventionnal hydroclimatic
modeling framework This approach combines the use of a hydrological model with- bias
corrected outpus of climate simulations, buthe frameworkremains challenging and cannot
be readily applied bynost water organizationgiven the required expertise and underlying
uncertainties. The latter uncertainties are associated with: (i) the existence of many local
optima (equifinality) arising during the calibration of a hydrological modelth@)numerous
climate simulations, (iii)ias correction methods, (ithe structure ofhydrological model, and

(v) the challenges associated with modeling low flowZonsidering thse challengesand
anticipatedwater shortages likely to occur wovldde, there is a need to develop robust tools
that do not require hydrological modeling and could be readily used by any water utility
organization.To limit the length of the modeling chainhi$ thesis proposes a statistical
frameworkto assesghe future sensitivityof surface water supmsto low flows solely from
climate data.

The poposed methodological framework requires identificationpafst statistical relationships
between climate data indices (CDIs, computed from precipitation and temperature data) and
hydrological data indices (HDIs, winter and summgmin and 304Qmin ¢ MiNimum average
seasonal flows over 7 and 30 days) adidaion of these relationships undduture climate
conditiors. In this thesis, le uncertainties associated with theconventionnal
hydroclimatological modelg framework are then assessed, including those arising from
equifinality which hasyet to be considered The proposed framework andstatistical
relationshipsare then used to assesBiture sensitiviy of surface water supplie® low flows
using climate data while comparing the results with th@forementioned conventionnal
modeling approachThewhole framework is applied to the surface water supply of Québec
City.

Results demonstratk the viability of the proposed statistical framework compared to the
conventionnalhydroclimatological modelingpproachusing the semdistributed hydrological
modd HYDROTEIWsing 22 CDIs and 42 climate simulations under the gheeise gas
emissions sagrio SREB2 (Special Report on Emissions Scenarios), resultseshibvat the
statistical relationships between CDIs and HDsre valid under past and future climee
conditionsfor the Bécancour and Yamaska watershedes: a socalled hydrologicasummer,

the 7¢Qmin and 304Qmin Were paired with the cumulative difference between rainfall and PET over
the pastfive months and théffective Droughtridex ED) computed from the latter difference
over eight months, respectively. These CDIs explained 55/53% and 59/55% of the p@gian
and 30Qmin Vvariabilities over past (1972000)/ future (20412070) climate conditiors,
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respectively. Furthermore, observed trés in HDIs were attributed to trends in the
aforementioned CDIs for at least 70% of the climate scenarios, demonstrating the ability of the
proposed framework to indicate whether or not a HDI will increase or decrease without
requiring the use of a hydrogical model.

The impact of equifinlgy arising in thecalibrationof hydrological models, namely HYDROTEL in
this study, was assessed for ten southern Québec watersheds of the St. Lawrence River.
Although model performance are primarily governed by thgective function used for model
calibration, gasonalresults suggested parameter uncertainty could be greater than objective
function uncertainty for specific seasons or yearstfoee hydrological vaebles that issnow

water equivalent, actual evapanspiration, and shallow ground water variation§hus,
parameter uncertaintyshould be accounted for,particulaly in impact assessmentstudies
where the variables of interest are not daily flovesit rather hydrological indices or variables.

For the drinking water supply of Québec City, results demonstrated the viability of both
frameworks (i.e. from hydrological modeling and CDIs) for assessing summera@l Qo
(annual minimum of -day low flow with return periods of two and ten yearsha ensuing
pressure on drinking water resources using climate simulations built forR@® scenarios
(Representative Concentration Pathways) and 16 climate modiaks.main advantage dhe
statistical frameworkresides inthe by-passing of the hydrologat modeling step. Indeed, this
allows for a quick assessmenttbe sensitivity ofa drinking water supply system while limiting
the sources ofuncertainy associated with hydroclimatological modeling. Furthermore,
application of thed & A Y LJffranfevkoSk Raéuld contribute to the early implementationof
sustainablemanagement practiceend to the advancement of knowledge about low flow
generating processed his could certainly be useful small municipalitiesvhich do not have
the capaciy to conduct the conventionnal hydroclimatologtal modeling approach. The
proposed statisticaframework can be adapted easilyndeed,it was designed with the intent
of accounting for recent advances in climate reseaashtwas corroborated using both SRES
and RCRemissions scenariog-uture work wl include the use ohydrologicalmodek other
than HYDROTED order to account fortheir structural uncertainty Last, in this thesis,
applications were limited to low flowsbut the statistical frameworkcould potentally be
adapted for assessirfgture trends inhigh flows.

Keywords: Watershed Equifinality, Low flows,7-day low flow, 3éday low flow,Uncertainty,
Indices Climate modelHydrological model
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INTRODUCTION

[ S& NB & SNDSaud2ayeRELINGS & SKQ Sy i | dzS oz RAvect QS| dz
une population globale estimée a preke 7,6 milliards le 20 otobre 2017(United States Census

Bureau, 201Yil devrait mathématiquement y avoid dzF FA &1 YYSy G RQSIF dz LR 4}
monde. En effet, 1700n* R Q Sdoulze par personne et par arfWorld Water Assessment
Programme, 201Rseraient suffisarg LJ2 dzZNJ O2 dz@NA NJ QA (@anestiduésf A 0 S F
industriels et agricolés soit un besoin globay S NBLINBaSy il yi fj@&kdz LIS
contenwe dans les lacs et gerivieres (ressource renouvelabledu 012% def QS+ dz R2 dzOS
souterraine(lgor, 1993. Pourtant,R Q A O Af CH rbH@p{orfidhwWater Assessment Programme,

2012 estime que 23 de la population souffrira de stress hydrique modéaéages a000 a 1700

m/an) et que 1,8 milliard de personnes ot sous le seuil de rareté absolue (508/am).

Cettea A lidz GA2YS | dzaaiA oO0ASY RdzS t 1 3J&andgeley Kdzyl
ONB SI | dz2 2ddaN#hSdasizbirels SadflitSinternationaux, nationaux, régionaux et

méme locaux] S& 3JdzSNNB&a RS f QSldz yS aRrydS LA ZA HyOa 8B
§G fQF YLIX SdzNJ RSa £ Syyaaaspudylj Bl d2nBEAAB68TEZY Ay
t QSOKSEES RSA olé @ra dng AolutBrd pidietteyise Bated & ¥Ig 2008 En

quelques mots, un bassin versantdd 3y S f QSy aS Yo f SicieRedmouteSadINRA G 2 A N.
RNJ AYS LI N dzy O2 dzNBEndiRg@Qe&Ia dgestiGhiintégré désipne Tafpies ghi a
O2YLIGS RS f QAY G SINI fsh inQustridR S r@créatiga Imanigaux oet I NA O 2
environnementaux)/ QS a { nar2lgnent,f Q dzy A-hy@ograpBique« bassin versant

qui va permettref QI (i (i SS/ldel 2(dk 2ty NB &2 € dzil A 2tyQRISkE O2y ¥t A G a

Ce contextea conduit & & mise en place deadres législatifs dprotection et de gestionde la
ressourceeneau QS OK St £ S R S atraders dednbndait pl@ Partiuligfeinant du

c6té des pays w Nord économiquejui, contrairement auxa priori, ne sont pas épargngsar

f Sa O2y T.LER BuiopER Ofdtd | IENB Ol A B S) parleReNIS ociodmN2080@9 | dz o
permis de donner une cohérence communautaire aux différentes lois déja existdotamnal

Officiel des Communautés Européennes, 2@&u France, 20)4Elle fixe ainsi des objectifs
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guant a la préservation & la restauration des eaux superficielles et souterrainespuids 1972,

leSAY SNA OF Ay a y Q2 y (iCléarbVilaieSActRI©Iale Brifikng Watdr Scke 1974

(EPA, 2004LJ2 dzNJ FAY I €t SYSY G F02dziANE Sy wmddpc t I
LRaGFrotS GSttS jdzQ2y I depuigly® In @ del-deidyinatoR @eK dzA @t
f QS dz LIEicdizdNaRertdrd)OMario en mai 2000qui a causéept mortset quelques

milliers de blességEssex Region Source Protection Area, 202 Conseil Canadien des
aAyAaiuNBa RS QY AINKRWS/ SISy YA 8/ 8§89 LI I OS RQd
multiples (CCME, 2002LJ2 dzNJ LINB@SY A NI t I O2y Gt YAyl GA2Y RS
population.Cette approche consiste@S G G NE Sy LI I OS dzy &adzAa A RS f
oFaaAry O@GSNBIFIYyG SiG | dzadBlRy SRS NI © @aravisiénadinsnty &Ml R
etaF2NX¥YSN) £ Sa 3FSadAz2yylrANBa RS fQSlhdzd ! Ayarz a
assumera son réle de protection. Depuis |ldes,Ontariens ont renforcé la protection de leurs
a2dz2NDSa RQSI dz LIZaloisarflaSaldHING R SRIZE  tf @S\ l&dia llaksir 6 £ S ¢
f QS dz al AgSuékeg/ luiHest arcrabard. La Stratégie de protectiate@bnservation

RSa a2dz2NDSa RSadAysSSa t fQFLINRGAAAZ2YYSYSyY
continuitt deQF NE Sy I f f SIAaf | (A BRRSBE 2 QA)RRBAIAaRE H NN M
adzNJ £ ljdzZl £ AGS RE@) dé 121%i sdzle ld&éidppeiedt darable (200#)(3)

de la Loi affirmant le caractére collectif des ressources en eau (20@pendantdepuis la

cléture de la consultation publique en juin 201&ouvernement du Québec, 201 Xeul le

Reglement sur le prélévemened eaux et leur protection a été édicté en 2QQuUébec, 201%

puisen 2015 pour donner la responsabill S RS f Ql ylfe&asS RS @dz ySNI 6
Ydzy AOA LI ft AGSad 9t f SavriiRe82b,NBsetiidesFd? dohBiabiNE de R@d OA
a2dz2NDSa RQStHdz LGl of So

Ces stratégies ontoutes RSa 202SOGATFa O2YYdzya ihkifsi dque yid f Q
f QFYSEA2NI GA2Y S@SyGdzSttS RS fQSille GRH& YI a4
RQSELISNI A Aeyii § NB 28ddNS N/ S P2  Jziaffirde/R QR de fqi@SlazN®k G 6
LINEAINBaaA2yY RSa &S OKS Ndbteiactai poSradeiXXIsigd®, ot risqués S G ]
I OONXz RS LISYydzNAS RQFfAYSyida Siorigmeshyddgie eRS Y §
alimentaire (Bates et al., 2008 Dans un contexteuf S& dzal 3Sa RS f QSt dz | @
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les usages sur place constituent des enjeux sécanomiques majeurs, ou le changement et la

variabilité des conditions climatiques médnt les paramétred A 2 OKA Y A |j daides RS f Q
modélisations hydroclimatiques indiquent une baisseitré LINP 6 6f S RSa RSo6AGa
f QFdzAYSyidlFdA2y RS fF LINBaairzy | YIGKNRLAIdAzZS o6Rd

une diminution relatie de la disponibilité en ealh f Sald LINAY2NRAFf RS a
conséquencs du processus de réchauffement.

[ S LINr2Sd RS (GKsasS R2yd At Sad ljdzSadazy REya
entre enjeux de développement économigieS a4 &2 0ASiSax>x RS NBaLISOL R
O02YYS RNRAG T 2A¢sRmbéS @Eénérdle deslNdtlons Qnies (2G0dans un

contexte dechangements climatiques (C@Qi vient modifier la maniére dont les ressources
environnementales doivent étre gérées pour le bien de toDstte thésed QI { G&ihsljadaS
problématique de QA Y LJ- Ol laBispéanibilité de & dedkburce en eau potable de surface
pendant les périodes de pldigible disponibilté.

/'S YIFydzZzaONRG SabFyd dzyS (KS§ aiba QUNGIaAS/Mat SSS | ad2did2adzy
parties bien distinctes. La premiére dressesgnthese du projet de recherche. Elle comprend

(i) une revue de littérature, exposant les concefsdamentaux sukesquels reposé QI LILINR OK S
scientifique proposée(ii) une descriptiondu projet de recherche, précisant la problématique

ainsi que les objectifs de recherche de la th€§g;une synthese des résultats, explicitant les
retombées majeuss des travaux derecherche et i) une conclusion, proposant un bilan

général ainsi que les perspectives de recherche identifiées lors de ce projet doctaral.
deuxieme partie présemtles articles publiés ou soumis dans des revues avec comité de lecture.

Elle comprend & L2 Ay 0da YSGK2R2ft23AljdzSa RSaGlFAffsSa Si

projet de recherche.
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t NBRAOGAZ2Y RS fQSOF G FdzidzNJ RS f QF LILINE ¢
ahadsS ldz LRAYUG RQdzyS YSiUiK2deS RQSOI f d

a partir de données climatiques

PARTIH : SYNTHESE



REVUE DE LITTERATURE

1 H 5wh[ hDL9 BEN SAGESTIQN D

[ QSUALF IS LISdzi syNBSRBFAYNdS2YYS (XBdza ol a F3GasS
point donné» (Roche, 198k il est généralement caractérisé par le débit minimal annuel ou les

minima des débits moyens sur 7 et 30 jou&in €t 30Qmin). Cette section deécrit la typologie

des sécheresseset détaille les répercussions environnementales relatives aux usages

associées &uroccurrence.

1.1 Typologie

[ QS(GSaBESt Qdzy S RS& YIYATSaGlI GA2y dandmrg (1883Y 2 YS Y
considéraitcomme un déficit pluviométrique sur une période relativement longue, résultant en

dzy Yl yljdzS RQSI dz LJ2dzNJ dzyS | OGABAGSET dzy 3INERdzLIS
Cette sécheresse est ensuite classée en quatre catégorie8Vhaite and Glantz (1985 (i)

sécheresse météorologiqueii)(agricole, i{i) hydrologique et i) socieéconomique. Cette
classification est toujours usité@iu et al., 201pet permet de distinguer une déviation des

normales saisonniéres induisant un asséchement de surfacEupeRsfuation ou la teneur en

Stdz Rdz a2t yQSaid LX) dza adzFFAal yich ndtdPadghs cé dzo Sy
deuxiéme type de sécheresse peut avoir lieu méme si les précipitations sont normales a cause

des conditions du sol par exempleu destechniques agricoles utilisée 2 dz YsYS RQdzy
de culture inagquat (comme & mais ou le riz, tréegrandsO2y a2 YY Il (1 SdilE RQS
sécheresse hydrologique, quant a elle, est reliéex aébits des rivieres, amiveau des

réservoirs et des lacs dans bassin versant donnédiij, elle est trés souvent initiée par un

manqgue de précipitationgt persiste aprés que la sécheresse météorologique soit terminée.

Enfin, la sécheresse sopO2y 2YAljdzS Saild RAFTFSNBYyGS RSa +d
déterminersii 2 dzi Sa f Sa RSYlFyRSa Sy Sl dz LISdz8y i s iGNB



1.2 Impactset gestion

[ QSTFSG €S L) dza RANBOG RQdzft suppbder, 8s dne aREY S at
RN} aGAljdzS Rdz RSO A.GS { BS  @lyEkankz mo¥ickioh de R Qualitédz

RS tQSldz Si 0ASYy a2dzoSy inéme rédsats. Las)SadilbmzNbalblé A 2 Yy F
LINEF2YRSdzNI @2y G NI LIARSYSyYyd &S NBOKI dzZF FSNJ a2 dza
du rayonnement solaire. Les siems habituellement turbulentes seront moins oxygéneées,

créant méme un déficit pour les couches inférieures. La diminution du débit va entrainer une
augmentation artificielle des concentrations étféments chimiques disssuet risque donc de

provoquer lamort de certaines espéces ou populationsngh, sur la riviere des Milldeb au
vdzS6S0r tSa RSO AEE 20008 (1MIAAE RS mwonp Yy G 2dza G A
de la riviere en amont du barrage du Grakdulin pour assurer un débininimal de 25 a 30

mka Si SYLISOKSN t£tS&8 O02yOSyidNIydGAzya RQIT 2GS |
(COBAMIL, 2032Que ce soit dans les régions généralement bien approvisionnées en eau de

pluie comme la Wallonie en Belgig(€RDG, 20)3Iou dans les régions plus arides comme le
RAAGNROG RQEPANey &t al, 2008 LIRBE NBAGNAOGA2Yya RQdza
AYLRZNIOFYyGSa azyid YAasSa Sy LI I O&uadiwtf SRdEO U A 2 Y
O2yasSljdsSyoSa O2yadlisSa adzaNdZ RSREANSRI aA2W0IRS
eau potable (qualitatip [ Qdzi At Aal GA2y RS fQSkdz £t RSa TFAya
LINBf § 3SYSy(a LJ2dzNJ € LINPRdAzOGAZ2Y RQSt SOUNROAGS
baisse. Enfin, pour ngas perturber la faune et la flore, les usages récréatifs comme le kayak

la baignadgpeuvent étre interdits.

Pour étre efficace, la gestion des étiages doit étre intégrée, planifiée et les restrictions
proportionnées a la gravitée la situation AinsiSy 9 dzNR LSS fI B5ANBOGA D!
(Parlement Européen, 2000visait a obtenir en 2015 un bon état chimique et écologique des

eaux de surface. Elle a reconnu leségheresses prolongéescomme un phénomeéne de force
YIF2SdzNB LIR2dzgFyi 2dzaidAFTASN dzy S YRSIFIBNG@ER hdhQ8Yy O
A Y Lddzi | Gt Bembre (Ehétry et al., 20080 / SGGS RANBOGAGS | FAya

étiages et a entrainé une amélioration de leur gestion. De ce fait, la surveillance des cours



RQS$VWzZLI NI AOdz ASNI £ £ QSUOAI3SsE Sald RS@PSydzS A YL
et de gestion des eaux (SDAGESEA ISy i f I RSTFAYAGAZY) &Bits RS0 A {:
minima qui devraient étre garantis en tout temg@nema, 201D De plus, on voit la mise en

LX I OS RS tflyad RY® BREFEAZBARBRAFGNISNEYGHBDD I 84 AY 4
entre ressource et prélevements et favorisent la mise en place de systemes économes en eau

(CG Tarn, 200DREAL Midryrénés, 2013.

AuxBats-Unis, lesWater Quality Standardsermettent aux états de déterminer quelles masses

RQSI dz ySOSaaAidSyid RQsGNB LINRPGSIASSa 2dz NBadl dzN
des politiques de réduction de polluants et des programiRe | (i (i S § rdettré én Plsce en
fonctiondes pd SY G A St & RQdza | 3 SEauridrSet 8D, 2G0EFA, 2082 @si, BQ S | dz
fixent le cap a tenir pour la restaation et la protection des bassins versants sur le lemme.

Le Clean Water Acte 1972 a introduit la notion dé&otal Maximum Daily Loa(fMDL. Cette

notion fait partie de programmes de dépollution et lemnise en placeest obligatoire depuis

octobre 2011(California Environmental Protection Agency, 2012es TMDLs représentent « la

guantité totale de polluants de sougcponctuelle, diffuse ou naturelle qui peut étre admise

RI'ya dzy O2dz2NE RQSI dz al (Gdriéppét did HDOBELARIS estidatidlisS R Qdz
LI2dzNJ £ Sa LRfftdziAzya LRyOGdzStt Sa ai&ye colpBeSy i LINA
des charges rejetées maximal@dinnesota Pollution Control Agency, 2006

[ S48 SESYLX S48 RS UsTidddusye yE NSRS & t Qdzlifaltadesi | G A2y
R2yySSa RS RSoA(Gad |yS GSttS dziAatAal dAazy &dzLld
f QS@2ftdziA2y RSa RSOoAGAXI SO LJ dz& LI NI A OdzZf A 8§ NB
oFaairya @GSNEIyGaod / QSal xpetisé dydrigiedd@ Quibew (EEHRS O
exploite un réseau @nviron 230 stations hydrométriques dont plus de 205 transmettent leurs
données en continCEHQ, 2013aCe réseau permet a toute personne, citoyen ou organisme

RS 4dzZA ONB £ QS@2ft dziA2y RSa LI | yeia pR@iSle dalcih of & i NHzY
fF OFNI23INILKAS RSa&a RSOAGEEHR XSk 6nHEE chlaldes RA F T ¢
pour deux périodes, soit annuelle *(Jjanvier au 31 décembre) et estivale®(Juin au 31
20020NB52 Sldz f AONBOST SG LI2dzNJ dNRPA& QI NRAIFOf Sa

de période de retour deux et dix ans,(fEt Qo7 et sur une plage de 30 jours consécutifs de



période de retour cing ans (Qy. Ces donnéesiennent compléter la #olitique des débits
réservés écologiques pour la protection du poisson et de ses habitatdoptée par le
gouvernement du Québec en 199Cette politique doit permettre le respect des DOE et limiter

les prélevements en eau afiregrotéger la biodiversité des systémes aquatiques.

Dans le cadre de la thése, il est principalement question des sécheresses hydrologiques et de

f QAYLI O RS&a SGAF3ISA adz2NJ £+ RAALRYAOATAOGS RS
eau potabled ¢ 2dziSF¥2Aa3x Silyd R2yyS fQF LLWINPOKS RS
O2YLIWIS RSa | dziNnSa dzal 3Sa RS tQSldz adzNJ €S ol aa

restrictions et contraintes que cela entraine.

2 ETIAGES ET VARIABUESEOROLOGUES

Etant donné les impacts environnementaux et relatifs aux usages (voir séjtiesétiages, il

Sald LINAY2NRALFf RQSYy 02 YLINBY NS Ddnthdiere@endrals a S
dzyy SGAIF3AS Sad t fQ2NAIAAYS LINR@2jdzS LI NI RSa NB
A8 0KS 2dz LISYRFIYy(d ft QKAGSNI aA fSa LINBOALMKRGIOAZY
précipitations (sécheresse météorogique) et/ou une évapotranspiration plus élevée que la

normale en été notamment(Waylen and Woo, 199® 5Fya 1 £ A GG SN (dz
prépondérante des précipitations comme des températuaans la génération des étiages fait
O2yaSyadzz YsYS air dzyS (&Lt 2vanlson Rrisl&/ananan; 3 S a
2012. Cette influence est presque unanimement mesurée par la corrélation linghdre

Pearson

2.1 Etiages et précipitations

9y J/ KAYyS> SyuNB wmppc Si wHnnnI RI YRSAASH®H | RGAS\YA
Sad NBtASS t fmajenzsYabnyidllds (dd gréCipit&i&@ian et al., 2011
Respectivement dans le Nedampshire (Nouvelle Angleterre) etn Mayenne (France),
Hodgkins et al. (200®tde Witetal. (200y2 y G Y2y i NB 1ljdzS fF @I NRIFGA2Y

débit moyen estival (6 moisgst expliguéee a environ 50% (corrélation de A, par la



précipitation de juilletaolt et la déviation des précipitations estivales par rapport a la
moyenne. Au Québedssani etal. 20)JNB t A Sy i dzyS | dzZ3YSy i IQKA S NRS 2
Si RQSGS o6t 1 22dz2NBUO t fQldAYSYyillrGA2y -eBS& LINB
du bassin du Saidtaurent.] I RAYAydziA2y RS f{ Qofdstdu E&in &ua G A O f
SaintLaurentest, quant a elle, reliée a une augmentafio RS f QS @ LJ2 (G NI ¥ & LIA NI
2dzSa0 P 9YTAY I tGe btQlISEDRRSduticEnmMEYauydtdals @AQBapportent

RSa O2NNBfldA2ya AYLRNIIYyGSa SyaNB Sa LINBOA
suivant.

[ S4 NBflFiA2ya RSO2dz@SNIISa LISNXSGGSYyd RS RSTAY
j dzI y G olution futQrs des étiages. Par exempleang Delus et al. (20pproposent la mise

Sy LI OS RQdzy AYRAOI GSdzNJ 6 & S: seuiteeprécitationzy dzf R
LJ2 dzNdoric€dtla gestion desétiagesséveresp /| S AYRAOS dziAft AaS f QF dz=
RSa Odzydz & RS LXdzAS SG RS fI FNBIldzSyO0OS RS RS
sont alors indiqués par un cumul des pluies de janvier a juin particuliéerement faible (fréquence

au non dépassesnt inférieure ou égale a 0,3). Sur la riviere Cent Fonts en France, les étiages
remarquables (inférieurasu5 h 90 yS &aSNRBYy(l 20aSNWSa [dzS aAr f

inférieur a 340 millimetreg-énart, 2011

2.2 Etiages et températures

Df 20 f SYSyids> tQSFFSG RS& (GSYLISNI GdzNBa& adzNJ f ¢
précipitations.de Wit et al. (200), Ge et al. (201 Hodgkins et al. (20Q0%t Yang et al. (2002
concluent tous a une corrélation faible, mais tout de méme significative, entre un débit de la

période estivale et une plage de températuresrooe le montre leTablealw?.1.



Tableau2.1: Corrélations observées dans la littératuentre la variable de débit et des plages de températures

. I Variable Corrélation .
Variable débit . p-value Riviére Source
température (R)
- . . Température
Débit estival (mai estivale (mat -0,34 <0,001 Meuse, Europe (de Wit et al., 200y
- octobre)
octobre)
. . Température
Epage e§t|val estivale (mat -0,37 0,0017 Nouvelle (Hodgkins eal., 2009
journalier Angleterre, USA
octobre)
Etiage estival Température de Nouvelle )
journalier juillet 0,32 0,0082 Angleterre, USA (Hodgkins etal., 2005
o . Température Yukon, Canada et
Débit de mai ROl &NR 0,45 Alaska (Ge et al., 201
Débit de juin Tempera_ture de 04 Yukon, Canada et (Ge et al., 201p
mai Alaska
Débit de mai Temp;r;‘it”re de 0,45 Lena, Sibérie  (Yang et al., 2002
Débit de juin Tempf;;‘it”re de -0,36 Lena, Sibérie (Yang et al., 2002

Lf S&G LINRPolofS 1jdzQdzyS GSYLISNI GdzNB LINARYGF YyASN
YySA3AS NILARSZT IdaAYSyYyidlryd RQldzillyld £S&a RSoAlA
débits estivaux (corrélation négativejela expliquerait les corrélations positives ou négatives
observées dans les différentes études (sur des bassins a régime nival ounplal)idout en

O2YLX Aljdzl yG f QAY Tt dzSYyO0S RS I GSYLISNI (dzNB & dzN
sur une zoe non instrumentée, la température du mois delgtilpermet de déterminer si un
bassinversant(B\6ad t SGAlF3IS R2YAYylLyid Sy SGS 2dz Sy KA
(Engeland and Hisdal, 200Dans un cas, QS @ LJ2 (G NI y & LIA NI) pr&vauf et LJ2 G Sy |
f QSGAF3IS + t£ASdz Sy SGSZ RlIya fQlFdziNBX fS&a LINB
a2t ARS SO f QS (iCeta3psct illustré la Siffrerfte/ deKméeabisidds générateu

des étiages saisonniers et incite, dans le cadre de cette {ld3ésensidérer les étiages estivaux

distinctement des étiages hivernaux.

2.3 Indices de secheresse

Les indices de sécheresse sont des outils utilisés principalement en relation avec les sésheres
agricoles ou météorologiques. lls doivent permettre de détecter le début, la durée et la sévérité

des périodes seches. Cependant, certaines études suggeérent la possibilité de relier ces indices



directement aux débitsChoi et & (2013 ont relié lePalmer Drought Severity IndéRD Sl aux
RS0AGA YSyadzSt & QRD@E&pr§dr BIFAdebradliiSde Bfgarman rho=0,83

p<On MU ® [ Qdzi A f A & Btdndlagdifed Oracipibafioyf $1&4SPR elzde la demande

climatique (P¢ ETP) a permis Ratineanu et al. (200pde caractériserdes problemes de

jdz- yGAGS RQSIHSPI etyemewsadeY HeyhanBe climatique < 20@/an). Ces

exemples montrent que les indices de sécheresse pourraient étre détournés de leur utilisation
initiale afin deda SNIJA NJ RQAYRAOI SdzZNAE RQSGAFISd® ¢NRBAA Oc
les soussections qui suivent.EG G S t AaGS vy Qdlleisé limitd alux irfliEek ledpiusi A S T
dzGAf A&asSa 1jdzS f Q2y LIS dzis gédyrdpkioieis,Sde) tepdratird &l A NJ R S
LINBOALIGFGAZ2Y OLI & 22dzNy € ASNJ 2dz LI dza 3INI YR

1% v A

231 [ QAYRAOS SPaling PR MEnari186% R S

[ S t5{L S&d dzy AYRAOS Odzydz  GAF YSyadzSt dziAf A
aux USA et dans le monde entier. Il combine des paramdt®si S2 N2t 23AljdzSa SaG R
sol (Heddinghaus and Sabol, 199dour classer la sécheresse selon sa sévérité de-9 a

o fclele symétrique de 0 aétant utilisée pour les périodes humides). Le PDSI utilise un bilan

hydrique sur un sol a deux couches selon la formule sui@ttei et al., 2013

Frdt h s -+ (1)
ouzZS&ail dzy AYyRAOS RS f QK deatad Hes Salcuisdzst dighdnibledtangNI S
f Sa { Ndeddihgeitis aRdBabol (1991

~ 1%

232 [ QAYRAOS RS LINE GR(MBKéeletiah, 29093199% NX I £ A & S

[ S {tL LISdzi siNB OlFItOdzZd S t fQSOKStfS GSYLEZN
ASOKSNBaaS YSUS2NR({ 23A | da9pds’ Hef différebce art&und sdriey 2 Y 0 N.
de valeurs observéeX a un endroit précis et sa moyenre sur une certaine période
(Paltineanu et al., 20Q09Le SPI est darstatistiquement équivalent au-gtore(Giddings et al.,

2005 :



HOLCHT 1 3 (2)

Un score supérieur a 0 indique une période relativement humide (précipitations supérieures a
lamoyenned dzNJ f I LISNA2RS OK2AaAS0 |f2NBR [[dzQAf AYR]
cas contraireh y y 2 G SNI | dzQS yR QO 2d¥iLBIIANG AAay2R/A OSBSSO £ S {t L
b OF f Odzf SNJ LJdzA &1j dzQAf yS &S ol & $renj paSenzamgte t S& R
des paramétreK @ RNR f 2 3Alj dzS&a SaaSyidAasSta 02YYS (LSO L2
et al., 2012, il a été déclaré indice le plus apte (parmi 14) pour détecter les sécheresses
meétéorologiques et méme hydrologiquéKeyantash and Dracup, 2002t ce grace a une

demande en donnés limitée, une capacité de travail a différentes échelles temporelles et une
NBfFGADBS FLEOATAGS RQAYUSNIINBUI GA2Y D

233 [ QAYRAOS RS a S ryGnaddanfie, BIPF SOGATFY 951L

[ S OFt OdZ RS fQ95L Said ol as &R conSistelidFalyfed A LIS R

OKI ljdzS§ 22dzNJ £ ljdzr yGAGS RQSI dzrédpRadion2désijoutsS Sy
passés on peut aussi bien choisir 15 jours que 3@fvec un poids décroissant.

AE BE Bl EA 3

AAE AE EAE (4)

AAE AAE AAE (5)

aveci la durée de la sommation (15 jours ou méme 38%),la précipitation m jours avant le

jour ouERest calculéPERsertt. O £ Odzf SNJ € S YU yljdzS 2dz £ S &dzNLX
date donnéeMEPf | Y 2 & EPgoyirin jRufcalendaire donné,(DE® f QS Ol DEP G & LIS
pour chaque jour calendaire.

DNNOS | dzE Sljdzk (A 2y & EDINGBtGIdrBngldgecorfespand a @lieldd Sy i ¢
SPI(Roudier, 2008p [ S O IEDIQel#f étreReffectiéMans lenonde entier car il est
indépendant des caractéristiques climatiques et des lieux pour lesquels il est q@guiéand

Wilhite, 1999.h y vy 2 G4 SNI  |j dzQ dzy, $0 jdulS pak ex&npl€] berntddi drakadler

Fdz LJa RS GSYLlaA | INEye ¥rhdp difis élevé 2colime B6dzgpbdey LI &
permettrait de détecter le début et la fin de la saison des pl(fResudier, 2008



3 GHANGEMENSCLIMATIQUES

Af QSOOI NI RS& O2YLX 2-écanorBidescinhtififfuds)d@ daBsansusiguirnt @la O 2
réalité desCCest clair.

«Le réchauffement du systéme climatique est sans équivoque, et depuis les ah98@s

beaucoup de changements observés sont sans précédent sur les dernieres décennies a
YATf SYFANBETE doSy8OS KdzYF AyS adzNJ £ S aeaidsysS Of A
RSGSOGSS RIya €S NBOKIFdAdzZFFSYSy i Rebts du®@yclé ¥e2 & LIK § N
f QStdz LXFyYySOFANB: 1 FT2yGS RSa ySiaasSa Sia 3tr o
OSNIFAya SEGNBYSa OftAYLF(GAldzSad Lt Sa0G SEGNE Y
cause principale du réchauffement observé depei milieu du XXe sieck{IPCC, 2014b

Cette section décrites scénarios sociéconomiquesa labase de lanodélisation desCC elle

SELX AOAGS OS [[dzQSaiG dzy Y mkane® ddRidgonOdbtanvds fes (i 2 dzi

projections futures.

3.1 Scénariosocioéconomiques

[Sa // &a2yd fI O2yasljdzsSyO0S RANBOGS RS f Ql dAY!
(GE8 RlIya fQFIiY2aLKSENBED [ S&a & 200cisiHns gisant b DnitadzS € £ S &
fSa /1 6Sy NBRdzAalyd fSa Syraairzya RS D9{
vulnérabilité des systemes naturels et humains) ou en subir les é@etisarch and Rozenberg,

2013d t 2dzNJ OS FFANBI Silyid R2yyS 1 O02YLX SEAGS
approche par scénarios SREgecial Report on Emissions Scenpda&é proposée par le GIEC

a la fin des années 1990 pour quantifier les émissions futures possibles. Ces scC&I&EGOS
économiquesh Y 1§ ANBY (G f QS@2ft dziAz2y RS&a SO2y2YASa ylI .
la croissance démographique. lls songn@upés en quatre grandes familles (Al, B1, A2, B2)
NBadzZ GFyd RS tI O2Yo6AylArazy RS RSdzE 2SdzE RQKe
SO2Yy2YAljdzSa 2dz SY@ANRYYSYSyiGlfSa RQdzyS LI} NI=X
ONBA &ALl yparE RQI dzi NB

10



Depuis lors, le contexte soeé&xonomique a grandement évolué notamment avec le
développement rapide et imprévu avant 2000 des pays émerg&dgsplus, ertains pays ont

adopté des politiques environnementales infléchissant leurs émissions de GESjadoles

SRES ne comprenaient pas la mise en place de politiques climatiques. Les projections
démographiqueLJ2 dzNJ f QK2 NAT 2y wmnn 2yG SiS NBGdsSa t f
du climat (compréhension physique et avancées informatiques)e développement des

St dzRSa RQAYLI OG Si RQI Riffdrdiatiodsinduyelled deindrnk e Sy G dz
échelle plus fingue celles fournies par les SRES. Ainsi, le GIEC a adopté (BeREsentative
Concentration Pathways globalenent comparables aux SRERlfleau3.1), qui quantifient

cette fois directement et explicitement le forcage radiatif (mesure en watts par metre carré de

la modificatoy Rdz 0Af Iy Sy SNINIANS) dRSS RABYIIYNRRIIKS NE (S|
choix de développement de nos sétéis. On notera que seul le profil RCP 2.6 qui integre les

effets optimisésde la mise en place de politiques climatiques lestize 2 dzsLR€pbtizXxle

limiter le réchauffement planétaire a 2°Ce profil RCP 8.5 peut étre considéré comme le

scénario dubusiness as usil Af Yy QAy Of dzi LI & RS LIt AGAI dzS

augmentation de la température de prées de 5°C.

Tableau3.1: Correspondances et descriptions des scénarios SRES et RCP en termes desfoachajis et
RQS YA aa A2adapté di¥osy ehal. (20105 IPCC (2019a

SRES RCP Forgage radiatif Emissionen CQ

RCP 2.6 Pic a 3.1 W/m2 puis diminution jusques2 Emissiongn diminution dés 2020
2 KkYuy BIOAOA H

SRES B1 RCP 4.5 Stabilisation & £W/m?2 peu aprés 2100 Augmentation Iégére jusqu2040 puis déclin

SRES B2 RCP 6  Stabilisation a 6 W/m2 peu aprés 2100 Pic en 206@ supérieuresde 75% aux
émissions actuelles
Puisd YA y dzil A 2 Y a@dssugiez) t
émissions actuelles

SRES A2 - Augmentationg 2 a 3 fois les émissions
actuelles en 2100
Relativement comparable a RCP 8.5 en term
de développement des sociétés

SRES A1F1 RCP 8.5 85W/m2en 2100 Augmentation 3 fois les émissions actuelles

en 2100

3.2 Modeéles du climatet projectionsfutures

Les modéles climatiques sont des modéles numériques construits a partir de principes

physiquesincluant entre autres les équatisrfondamentales de la mécaniqdes fluidesmais

11



SAFEfSYSyld RS fI O2YLINBKSYaA2y SYLANRIdzS |jdzS f
les différents processus nécessaires a la simulation du climat. Cependant, les équations
physiques ne peuvent actuellement pesprésenter tous les processusoit parce que leur
O2YLINBKSyaAz2y Sald AyO2YLX 8§GS 2dz LI N&BeleljrdzS f QS
simulation numérique en des tempsaisonnables. Par exemple, les processus physiques,
OA2t 23aAljdzSa SG OKAYAIl dzSa NI B sort pag frierf corgp@?2  dzi A 2
directement dans les modele#s sont paramétrisé. Ces paraméagespermettent, a travers

des modéles mathénimues empiriqgue€ R Q| LIUaNBrEcks¥US [Wlysiques. Mais étant

donné la diversité des modeles mathématiques existants pour représenter ces phénomeéenes
dans toute leur complexitéétant donné les limitations des données observéegtant donné

les appoximations qui doivent étre faiepour respecteres limites de calcul imposégar la

technologie informatique de nombreux modéles du climat sont & méme de fournir une
représentation plausible du systéme climatique et de son fonctionnement passé etfou f

Chacun de ces modéles a ainsi des forces et faiblesses inhérentes a ses @ayesnétr

Les modéles du climat sont séparés en deux groupes delomcouverture spatiale les

modeles climatiques globaux (M@t les modéles régionaux duincht (MRQ. Au fur et a

mesure des avancées informatiques et de la compréhension plus poussée des phénoménes
physiques, ces modeles se s@omplexifiéspour prendre en compte de nombreuseariables
OGSYLISNI (dzZNBE RS QI enfs? épaidkedirNis la adquise S.9. Cai&mt v & >

OF £ Odzf SS&a adzNJ £t Sa LRAyida RQdzyS INREES K2NAT 2y
MCG offrent une couverture globale a une résolution de 100 a 300 km tandis que les MRC sont
limités a we région plus restreinte mais offrent amésolution de 10 a 5@m. On notera que
lesMRCn& QI FFNJ y OKA & & Spgrinettedt uaiquéhteditde &ravdilldr & une &chelle

plus fine6 § SOKY AljdzS RS RSaO0OSy (S RQJronkeses $p&ialespay SU Il y
des données climatiques issues des MCG. Ce processus diildeage» contraint le MRC a ne

LI & & QSft gajeadoir&iNposeSparld MG@ais permet une meilleure prise en compte

de latopographienotamment.

Les scénar® SRES et RCP sont basés sur des hypothéses de développemeit@uminiques

j dzZA  LISNXSOGGSyd RS RSUSNNYAYSNI f QAYyTFEdzSyOS Kdzy
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anthropiques (émissions de gaz a effet de serre notamment) sur le systeme climdigue.

systeme climatique répond aux forcages par des variations de températures déterminant ainsi

f QS@2t dziA2y Rdz Ola kavidbilité natdesilezid climkbayfeRdadce dj rdaSqué

cette évolution Les différents modeles du climat fourrées un jeu de représentations

plausibles du climatt de sa réponse aux forcages anthropiques. Pris ensemble, ces modeles du
climat, associés aux scénarios se&ionomiques LISNXY SGGSy i RQS@I f dzSNJ dz
projections des différentes variables future$ leurs ncertitudes A court terme (quelques
RATFAYSE RQIFIyySSaox tS O NI Oinaundlereprésertait lalj dzS Rd
&2 dzNDOS RQAY OSNI A Gadti &s difttssded2fofcRges\NdntifrdpBues dretment le
RS&aadza S f dffrémstsiéadriamerthgt aldksSde caractérisde changement

moyen de la température globale.y y 2 3G SNI 1jdzS f QAYLRNIFYyOS NBf I
RQAYOSNI A GdzRS A ,o&dd¢pars édalente deflvariatfe drkidérée.

4 MODELISATIONYDROCLIMATIQUE

Etant donné les impacts des étiages et leur liaison avec les variables météquekygétant

donné la réalité de€Cévaluée par des scénarios seéiconomiques couplés a des modéles du

Oft AYFdxX Af Sald ysSOSaalANB RQSOIfdzZSNI f QS@2 ¢ dz
potentiels. La modélisation hydrologique permet de faire le lien enwe donditions
météorologiqueset le comportement hydrologiquees bassins versantsais ajoute une étape
supplémentaire dans la chaine de modélisatiQette section présente doricQ I LILINE OK S dzii A
L2 dzNJ f AYAGSNI £ Sa AYOSNIAGAZRSA RS déslprojectorsSt A 4l

fiablesde disponibilités futures de la ressource en eau

4.1 Incertitudes et équifinalité

Pour les raisons évoquées a la sectlh@, il a été établi,et ce depuis la publication du
j dz G NR 8§ YS NI LILI2 NI (MéeR st@l, 2odap (j 828y f Rdzi PL 8 & GA2Y R
de modéles permettait de faire de meilleures évaluations des effetsCdlaux échelles

saisonnieres, interannuelles et méme décenngkRalmer et al., 2004Hagedorn et al., 2005

13



En effet, ces ensembles permettent de tenir compte de différentStiip R QA y BGISwkihsA ( dzR S &
and Sutton, 201}

- Incertitude de développement sociéconomique: IQdziG A f A &l GA 2y RS LI dza
SP{kw/t LISNY¥Si RQSY GSYyAN O02YLI S
- Variabilité naturelle du climat: elleestLINA &S Sy O2YLIGI S LI NJ € Qdzi.
modele climatique lancé avec des conditions initiales différentes (on parlesa de
YSYONBA RQdzy Y2RS§f S0
- Incertitude liée a la structure (plus ou moins complexe) et aux choix de paraagétr
propres achaque GCML f & QlF 3A G (2dzi RQIFI02NR RQdziAf A &S
sont utilisés, de les piloter avec plusieurs GCM pour prendre en compte cette
incertitude
- Incertitude liée & la résolution spatialdes processus modélisé§ Qdzi Af A al GA2y O
RS D/a SG RS w/a ldz aSAYy Rdz YsYS SyaSyot S
Cette philosophie de modélisation par ensembles de modaldsnné lieu a la créatiorde
NBEINRdzZLISYSyia RS Y2Rs8tSad [ S NBINRUWHSYISY (i | &:
GIEC est le CMIFGoupled Model Intercomparison Proj&dtase 3 Il regroupe les simulations
de 24 GCM créés par 17 groupes de 12 pays diffé{¢faehl et al., 2007pselon les scénarios
{w9{® [S /aLtp Sad S NBINRBdAzLISYSYyild | aa20AS I c
base sur les scénarios RCP et regroupe pres de 50 modéles issus de 23 glooatiques
(Taylor et al., 2012 On notera que cette philosophie ne permet pas, de par les contraintes
financiéres et informatiques (temps de calcul ebntraintes de stockage des données)
notamment (Lambert and Boer, 2003 RQSELJ 2NBNJ ft QAYGSANI t AdS RS
des modéles. Enfin, comme les projections futures des précipitations notammemepeu
grandement différer pour une méme région et ce méme pour la direction du changement
(Randalletal., 2007 f QdziAf Aal A2y RS I Y2&8SyyS RSa Y2I
cacher les dparités entre les modéle@ingston et al., 2001 Ainsi dans ce projet de thése, les
résultats issus des ensembles climatiques sont présentés en termes deneedia tous les

résultats et associés auf &t ™ déciles de leur distribution.
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Les modeles hydrologiques permettenine fois les modélisations climatiques réalisées

RQSOI f dzSNJ £ NIBVEYOS HEGHF SNVt SiRYSYS IRIBSGI 6t A
conditionsmétéorologiquesd dzNJ f Q2 OOdzNNBy OS RS&a SEGNBYSE KeéeR
[ QF22dzi RS OSGdGS SidlFLS RiEya tF OKkFknyS RS

ROQAYOSNIAGdzZRSa®d 9y S 3 Rilables B spridesdayteldsINBcliaS NJ G Sy
sont débiaisées. Cette étape consiste & reconnaitr@ SEA 4GSy O0S RS oAl A&
modéles climatiques. Pour un modéle donné, les propriétés statistiques des variables simulées

sur la période de référence peuvent étre significathent différentes des observatiof€EHQ,

20121h. La correction de biais permet alors de modifier une variable climatique simulée afin de

la rendre statistiguement semblable aux observatiopsuxfamilles principales denéthodes

peuvent étre utilisées a savda correction de biais et la perturbation des observati(@EHQ,

2013h. La correction de biaidéfinit des facteurs de correction en comparant les propriétés
statistiques des variables simulées pour la période de référence a celles des observations
historiques. Ces facteurs de correction sont atesappliqués aux simulations climatiques pour

les périodes de référence et futurp.l  LINAY OA LI £ S O2y iN}AYyGS tASS
O2yaSNBS LI a tSa oAflya RS YILaasS Si RQSYSNHA
constant dans le tems, de la période de référence a la période future, peut également étre
contestable.Les méthodes de perturbation des observations définissent quant a elles des
facteurs de perturbation en comparant les variables climatiques simulées pour les périodes de
référence et future. Ces facteurs de perturbation sont ensuite appliqués aux observations

Of AYIF(AljdzSa KA&AG2NRI|jdzSa FFFAY RQSY LINR RdzA NB

[ QAYO2y@BSYASYid RS 0Sa YSUK2RS&a Said ljegsasst t Sa vy
prise en compte du changement dariance que cela indyit De plus, le biais est supposé

constant dans le temps comme pour la correction de biais.

les modéleK 8 RNRB f 2 3AljdzSa s | dzQA {1B), 2D DU rBéyné 3Ddr¢stem Hes Sy & A 2
simplifications de processus complexes aboutissant a une représentation imparfaite de la
NBIfAGS® ! AYAAZI | dz YsYS GA G NpalaESagddesMZ® S NI A § c
une incertitude liée a la structure etu parameétiagedes modéles hydrologiques exig{@obler

et al., 2012 Teng et al., 2012 La modélisation spécifique desiagges apporte sonot de
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difficultéset RQA Y OSNI A G dzRS&a NBf ASSa& | dz OgiAcibreRIE | F:
modéled YSadzZNBE RQdzyS OSNIIFAYS RA&aGlIYyOS SyiNB fSa
la variable considéréelu sur-paramétrage des modéles et méme a leur structure interne
(Smakhtin, 2001 Staudinger et al., 203® 9y FAY X f QI RSl dzr GA2¥la RQdzy
réalité est assurée par le processus de calage/validation. Une partie des données est utilisée
pour, manuellenent ou automatiquement, fixer les valeursesl parametres de calage du

modéle de maniére a ce que les données simulégmrésententau mieux Ils données

observées selon une fonction objectif donnée. Le reste des données est utilisé pour vérifier la
O2yFALYOS jdzS fQ2y LISdzi | @2AN) RIya flF Y2RSf
OSYUNIAYSYSylod !'yS RAFTTFAOdZ (GA OB dzLAskor MO F W | A N
f QSEAaGSYy 0SS Rdz LIK(Beieh¥rdyFider, RADBeyeizA2d0Bpgelon |eglies il

existe non pas un jeu de parameésreptimal permdtant le calage du modeéle hydrologique
YFEA& dzyS FLYAEES RS 2S8SdzE RS LI N} YSGNBa LISNY
mémeF 2y Ol A2y 202SOGATFTOD® t 2dzNJ NBOF LA GdzA SNE € Sa

u

w»

hydrologiques dans le cadrédes CC sont les suivantes

[ QA Yy OS NI A G dzR S : eflexéSufle desdefreurR deyimgspBeila précision des

appareils, des traitementsappliqués aux données ou encoredes méthodes

danterpolation.
- [ QAYOSNI A GdzRS & dzNJ fdle r&ulteNdle® Simglisatiorsdet dé2 RS £ S
approximations faites lors da représentation des processus physiques
- Incertitude liée a la fonction objectif elle découle de la fonction mathématique choisie
pour quantifier la distance séparant les valeurs observ&esimulées de la variable
R QA ylar§dvkalage du modéle.
- Eyuifinalité :St £ S RSO2dz S RS f QSEA&AGSYOS RQdzyS Tl Y

R Q2 o la $1¢hfe performance de calage pour une fonction objectif donnée.
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4.2 Disponibilité future de la essource en eau

9y HamMpXIZ dzy LINPIANI YYSdedXnhad A ySia i RSHillireds di ldZzS9 CH
LISNBE2YYy Sa yQl @I A Sy (R€ulgérés EnQddte SEcutit©OMSS 201)=tSNII A OS &
oy YAffAFNR RS LISNER2YYSa omm: RS € LJ2LJzL I (A?2
service en eau de base (accés est défini commRka L2 yAoAf A0S RQldz Y2A
LISNE2YYS S LI NJ 22dzNJ RFya dzy NI &2y yR GafrgsRIOA f 2 Y
FRSIdz-rd £ €QSFdz FRRAGAZ2YYSS t dzyS Ke3IASYS YSF
aSt 2y (Bat&shena]., 20080MS, 201Y Dans ce contexte, le monde est confronté a une
augmentation des difficultés & + QI LILINE @A Bates ¢halS 3098 CéllesSne S| dz
sont pas nécessairement liées a0 ONB A a4l yOS RSY23INI LIKAIjdzSs Yl
accentués par la variabilité de la demande dans des zones urbanisées en expansion, défis liés a

f I I32dz8SNYy I yO0OS RS fQSldzx X0 /Sa OKFy3aSYSy
supplémentaire &onsidérerdanst S& & SNIWAOS&a RQI LILINRGAEAA2YYSYS)
sont difficiles a prévoir maigsdifférents scénarios de SRES ou RCP (sektlppermetent a

travers les modeéles du climatt  ONB I 0 A 2y R QdzgpdurpiEpaseSe flRus. LINR 2 S Ol

Globalement, les projections indiquent que f®mbre deLJISNB 2y y S& |jdzA a2 dzF ¥
augmentation du stress hydrique seentre 04 et 11 YA f f A I NR20,tentré DE2NRA | 2y  +
YAEfEALI NRE b f QKReNFul 2v\A f Mg NRS((BafstalKR200#Vbriely H ny n
Water Assessment Pgoamme, 2012 Une réduction de la disponibilité en eau peut étre

causée par certains effets diCntroduits auTableau4.1.
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Tableaud.1 : Effets observédu CCet incidencespotentielles, extraits de Bates et al. (2008

Effet observé Incidencesobservées/possibles

Le recul des glaciers induit la diminution de la disponibilité en eau comme d
les villes des Andes en Amérique du BAmies, 1998Kaser and Osmaston,
2002

- Réductions de la teneur en oxygene dissous et diminution des capacités
YIEGdzNBttSa RQFdzli 2 SLIzNF GAZ2Y
-1dAYSyGlrGA2y RSa TtSdz2NA RQSI dz

Augmentation de la température
atmosphérique

1dAYSyidlGAzy RS f1
de surface

Elévation du niveau de la mer Salinisation des aquiféres cotiers

Changement dans la disponibilité en eau associé a la modification des péric
Décalagealu régime des précipitations RS NBOKINHS RSa yI LJJSa az2dziSNNI AyS
f QSO LRGN YALANI GAZY

Augmentation de la variabilité Maltrise des crues et gestion des réservoirs plus dificde qui limite les stocks
interannuelle des précipitations RQSI dz R2 dzOISS WlH y (h af- 3 SLISNA2RSa RQA

- Réduction de la disponibilité en eau
1dAYSyGlrdAaz2y RS f Q! - Salinisation des ressources
- Diminutiondu niveau des eaux souterraines

ONHzS& Ay ¥t dzSyOSyid fF ljdzZ £t AGS
F@2NRaSyld t QAYONRBRdAzOGAZ2Y RS LRt
- less SOKSNB&aasSa AyTtdsSSyOSyid RANDB

u»
Q)¢

1dAYSyidldiA2y RS Q. °

. . N -« t
fréquence des phénoménes extrémes

us

(@]

/ Sa LINBaaiAzya | OGdzsStfSa Sik2dz LRGSYGAStt Sa ad:
projection future des étiages en tant que péricdie plus forte vulnérabilié pour s systemes
RQILILIINR OAaA2YYySYSyid Sy Sldz LRGIofSd t N SESYL
le projet IMAGINER2030(IRSTEA, 2012 R y & arfadidndz®avers lédconsortiufacific

Climate Impacts Consortiu(PCIC)Boer et al., 20160u au Québec a travers le comsom
Ouranos(Ricard et al., 2002t S& SuGAl 3Sa az2yd SiddzRASa SiG LINR2S
HMan LR2dzNJ Sy RSTFAYAN £Sa AYLI OGta t fredgsd G SNY
étiages et la mise en place de mesures de gestion adaptées. lls nécessitent des réseaux de
mesures de plus en plus étendus. Ainsi, Biaxs-Unis OQS & dzy NBaSI dz RS LI dz
KERNBYSUONRI dzSa |jdzA LISNX S nBrsmehtdzFaionde, 2006 RSO A U
Les impacts potentiels des CC sur les débits ont été &pdigcipalementa partir de scénarios

du CMIP3t sont globalement cohérents entre les différents modeéles et étydmbayashi et

al., 2008 Doll and Zhang, 201@ung et al., 20LMurray et al., 20120kazaki et al., 201dang

and Lettenmaier, 20L2Veiland et al., 2012Arnell and Gosling, 2018lakaegawa et al., 2013

Schewe et al., 2034 Les débits moyens journaliers devraient augmenter soashiutes
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latitudes et les régions humides des tropiquesis diminuer dans les régions seches. On note

G2dzi STF2Aa 1jdzS t QAYOSNIAGAdZRS o0YsYS RIEya fI RAN
NEIA2ya 02YYS I [/ KAYSI y&E RQARY RNEA lfd2S aRAB {SdiR ©®
BV, les impacts potentiels dépendent tres largement de la sensibilité des bassins. Cette
sensibilité est majoritairement fonction du ratio débit/précipitation; un petit ratio indique une

grande sensibilité etvice versa.Les changements dans les débits moyens annuels sont
proportionnellement 1 a 3 fois ceux projetés pour les précipitations annudéliesg and
Lettenmaier, 2012 Les changements saisonniers quant a eux varient principalement en
fonction des changements saisonniers projetés pour |€ipitations qui varient a leur tour

selon les scénariddiménez Cisneros et al., 2014

[ QS@2f dzi A 2y R ®lagigaes darsIeNRite S EC, U B soit en termes de débits

dans les rivieres ou de réserves souterrajreété globalement peu étudécontrairement aux
sécheresses météorologiques et agricaéglal et al., 2012Collins et al., 203,30rlowsky and
Seneviratne, 2013 En effet, il y a peu de séries de débits naturels (sans modificatieawu
interventions humaines) suffisamment longues. Des tendances a la baisse ont été observées
LI2dzNJ £ S& RS0 A Gy (RS iMbasS Sk  BVEIOWEINPAUIRE BHIS S
fQoaidx YIAa | dzOdzyS Yy QN2 NRI 2 O2e6RSEMIEES. S2019.\Un 9 dzN2 LI
Oz2yaSyadza SEAaAGS OSLISyREFEyG SiG LISNYSGE RQI FFANY
AN A0S RS&4 &4SOKSNBaasSa VYSUS2NRf23AldzSa Sa |
LI dzdA2YSGONRS Siék2dz RS f QiordEh2@®¢, dlod I8 &cgharie SREE QS O |
A2 (le plus pessimisiguant a notre capacité a limiter le réchauffemgrit est probable que les

périodes de sécheresse affecteront des surfaces 10 a 30 fois supérieures alors que la fréquence

et ladurée moyenned®Sa &aSOKSNBaasSa aSNIASyld ldAYSyGasSSa
6 (Bates et al., 2008

[ QAYVOSNIAGAZRS NBAARS ljdzh yi sSif QK HAA BukIBSSa RS 7
SUAIFIISas t£Sa NBaAaSNWSa a2dziSNNIAySa 2dz £S yADS
des sécheresses, méme sicelled y QS@2f dzZ- ASyd LI aszx @I FdzaAYSyYy (S
f I @dzt YSNI 0Af AGS RSamena ét adé Slay PréssiorR Odmbdgrdpigder a A 2 Y
(Kundzewicz et al., 2014En Europe, edmérique du Mrd (excepté les provincd® S uésf), h

19



en Améique centrale, dans leord-est du Brésil et lesdzZR RS f Q! FNRAI dzSzZ S
AQF33INF OSNRY GO [+ ljdSadAazy NBEFGAGS | dE  OF LI
RQI LILINRPGAAA2YYSYSyYyld Sy (Riussédset NB6OGiIBEN SikdSrysR Iy U
et al., 2014.
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PROJET DEECHERCHE

Cechapitrerelie les concepts fondamentaux introduits précédemmaeuntprojet de recherche
de cette théseentantlj dzS (St ® Lt &aQlF 3IAd RQSYy LINBOAASNI f I

décrire les méthodes principales utilisées pour y répgend

5 PROBLEMATIQWEOBJECTIFS DE RECHERC

La revue de littératurepointe clairement vers I@tiage comme la période de plus forte

@dzt YSNF oAt AGS O6GFyd ljdzh yGAGE GABS 1jdzS ljdzt € Ad L G
potable de surfacésection1). Dans un contexte G f QF dzZ3YSy il A2y RS fI L
6RdzS t fQldAYSyGlrdGAz2y RS I LRLzFGA2y 0 LINR @2
eau, ol le monde est confronté a une augmentation des difficulRe® | LILINE O A Batesy y SY Sy
etal., 2008 lesCCINR @2 1j dzSy G (GNB & LINRPolofSYSyd dpgtS ol A&
exercent une pression supplémentaire sous la forme dediibh 2 Y4 0 A 2 OKA YA lj dzS a
MoRAFASSad / QSald RbdélBatiod SydradgigublBistrijuéeS codplée a la
modélisation climatiquea été presque systématiquement utilisé@Bloschl and Montanari,

2010 Todd et al., 201k F Ay R @2 @oje&igha déh dponibilité future de la ressource
eneauSUi RS fQS@2fdziAz2y RS& LINEROBYKamuzewick tRINR f 2 3 A
2007 Todd et al., 20ithy NBFSNBN} t OSGGS YSGK2RS &a2dza |
dans la suite de ce documentependant, cette chaine de modélisation hydroclimatique est
entachée de nombreuses incertitudes (sect@rdont certaines ne sont pas prises en compte
(équifinalité et incertitude observationnelle). De pllsmise en placé&le cette chaineécessite

une expertisgellelj dzS &2y dziAf Aal GAzy (QSTFREYWWIEE RSES MISE
f QS/F@ARA G L2 dzNJjdz2A OS LINRP2SG R20G2N}ft @AasS | dz
mettant a profit les relations documentées entre les phénoménes météorologiques et les
étiages (sectio®)® [ QAYUSNB G Rdz RSOSt 2 LIISYS ygadrRpledzy S G S
OAO0 fI Y2RStA&lIGAZ2Y KEeRNREf23IAIdzZS AyaAr ljdzsS f
déploiement seraient courtircuitées;(ii) son approche gimplifieée» permettrait certainement

une meilleure pénétration dans le monde municipal, assurant gestion plus durable des
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ressources en eau de surface; germettrait (i) une évaluation rapide de la vulnérabilité
jdzt yGAGFGAGS RSa aeadsyvySa Riditantlaiisi dgonbra ®yasS Y Sy i
ol la méthode classique devrait étre dépémyLa thése est développde LJ- NIi A NJ RQdzy S

situationsur desBVqdzS6 SO2A a4 t f QFARS Rdz Y2 R2D PriadparR M2t 2 3

est atteint par la réalisation des trois objectifs spécifiques suivants

 Objl: 5S @St 2 LILISNI dzy S uathors des aeRdancerR My@dlbgiques des

étiages qui ne fasse pas intervenir la mo@&@ltion hydrologique(section12, Article I)

[ LI2AAAOATAGS GRASA fdSNARSOBERIDJIRRAPIHR ARD S G A IS
LI NI AN RQAYRAOI (i S)dziNduléssefoin BLddihéed dba dp@zdias climatmues

Yy QI enchregté étudiée. A partir des liens recensés dans la littératureestds débits, ou

certains indiesR QS (i A | TéhditiorBimététraogiques ou certains indiesde sécheresse,

un cadre de travail statistique est proposgour évaluer directement les tendances
hydrologiques des IH saisonnig|Gmin et 30Qmin (Saisorhivernale des glaces et saison estivale a
écoulementlibre Lt &aQlF IAG RQSUGFO6fANI £ Sa O2NNBf I A2y a
IH en climat actuekt de vérifier leur validité en climatutur pour un jeu de scénarios
climatiques donnéstationnarité des corrélationd t 2 dzZNJ OS FI ANB=Z Af | 02«
fSa LI FdzidzNB t fQFARS RQdzy Y2R$8tS KE@RNRf 23A
a0l GAaGAdsS | @l yi -Riroutdrdede étdpg devdsldisial B Sssu@e dzNJi

f Qdzy AGSNEIft AGS RS {1 Y S(cakudeR 8 SpartidzgeS doanSeNJd& R QL
températures minimales te maximales et des précipitations) été sélectionnéedans la

littérature RS Yl YASNBE t 02 dzONA NJ f QA ydeSéHagdsiCedtrgvalk S a LI
ont été réalisé pour deuxBVdu Québec méridionah savoir les bassins Bécancour et Yamaska.

Le modéle hydrologique HYDROTEL a été upitisé générer les débits futurs de 2001 a 2100 a

partir de 42 simulations climatiques ba&sesur le scénario SRES(Nakicenovic et al., 2000

Environnement Canada, 20110

 Obj2: Démontrer f QA Y hdh @dgligeableRS f QS dZA FAY I f A0S & dzNJ

différents processusydrologiqguesmodélisegsectionl13, article I1)
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La conception selon laquelle il existerait un unique jeu de parametres de calage optimal est tres
répandue en sck¢ OSa RS f QSY@ANRYYySYSyid Si SyO2NB LX d
distribués ou semidistribués, a base physique, cette idée est biewréae dans les mentalités

pour les deux raisons suivante§) la possiblité méme dé QS E A & pllBigués Slesdptns
SljdZALINRP Ol 0f S& RQdzy aeaiasyS NBStE ONBS dzyS | YOA
RS f QSESNDA OS (Bdveh, 2008 R S S & [0iAM20y £ NBOKSNOKS Y
parametres optimal est déja colteuse (algbmiquement parlant)l f 2 Ndne rictizfxhe
FdzG2YFGALdzS yS F2dzNYyANI AG 1jdzQdzyS | YS@Bdu@aNd G A2y
et al, 20130 / Sa NI A&az2ya SELX Al dzSy (la méthdabliglazfiue 2 dzi |j
hydroclimatique &té principalement utilisé selon le paradigme du calage optimal unique sans
évaluera poseriori les conséquences de ce choika Q I d8rk idi de démontrer en termes

pratiques et quantifiable§ipactR'S QS |j slzAleb hayidblesidé 8ébits modélisés mais
€galement sur les processus internesxamodeles hydrologiques. Cette évaluation est faite

pour le modele hydrologicetHYDROTHIors du débat technicphilosophique débuté en 2006

(Beven, 200602008 a propos du choix des méthodes purement statistiques (DREAM) ou non
(GLUE) qui peuvent étretilisées pour quantifeccet impact Pour celaHYDROTEst mis en

place sur 10 BV du Québec méridional etalé dzi 2 YI G AljdzSYSy i t f Ql ARS
dynamically dimensionned sear¢BD$ selon une procédure volontairement limitée dans sa

OF LI OAGS t SELX 2NBNJ f QSIdAFTAYFEAGS LizA &1j dzZQSE €
Cette procédure permet de proposeiiffgrents jeux de parameétres équiprobaux, pour les
fonctions objectifs KlingGupta efficiency (KGEet Naskf 2 3> S RS ljdzk YOG A FAS
f QS| dzAstirdey Variablds $tIH simuléssuivants (i) les débits journaliers; (ii) les débits

RQS Gde ¥ & 30 jours et les débits maximx (i) QS 1j dzA @ t S yaiheigs YEEN§iv)dz RS

les variations du autenu en eau du saduperficielS i 6 @0 QS @I LIR2EM™RIAY & LIA NI
termes, we telle procédure devraipermettre de convaincre les utilisateurs (non convaincus

dans la derniére décennie) de mmre en compte le phénoméne QS |j dzA FA ¥ £ A G'S
conséquencesur les processus modélisés sont avérées méme selon ce cadre de travail limité.

Cet objetif permettra alor§ QF YSt A2NI A2y RS I YSUiK2RS Of I a2

de ses limites feignant ainsi la problématique de la thése et permetttant la considération
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RQdzyS &2dz2NDOS RQAYOSNIAGdzZRS 02y gddsSclasiitugsiet £ | O
FfGSNYFGADS LINRPLIR2ASS £ £Q202SO0GAT oo
 Obj3:/ 2 Y LJ NXB Ntorf d@ I8 gehsibitizk future dé QI LILINRE A aA 2y Yy SYSy

surface pendant les étiagesn faisant intervenir ou non la modélisation hydrologique

(section14, article 111)

350,000 personnewivent dansé BVde la riviere Sain€CharlesBrodeur et al., 2009eaet sont

réparted Rl ya fSa OAf f Skorefe®t LadSHOISDI D f [QF YIONISY Y SRQS
RQ9 I defa@dcvidvihementn eau potable de plus de 2000 personnegBrodeur et al.,

2012.0r,f Sa SOAlF3ASa 22dz2Syd dzy NS GNB& AYLRNILFY
adZA 4GS t dzy SGAF IS LI NI AOdzt A 8§ NBYSy-ondsadp #6 NS R
SaintCharles (utilisé comme réservoir) ont di étre réalisés panir en soutien aux débits
RQSGAFIS SO Faadz2NENI t QF t ASaby, A008iUn 2anypluStitmasst dz L2 {
aussi en 2010, deséd A 14 RQSUGAI AISRAAgTFENFEGMNE £ umeNBYA &S
ancienre station de pompage de la riviere Jacqi@zstier pour soutenir leglébits. Le 8

septembre 2002, le déba méme atteint un record de 08 nt/s. La législation impose alors le

respect dedébits minimaux écologiques de60,09 et 13 m’/s respectiement en hiver

(décembre a mars), en été (juin a aout) et en période de fraie des saumons (octobre). Ces
débits ne sontbien sirpas toujours respectésiAinsi sir la période 2012016, les débits

SO2ft 23X | dzSté respér@s/pdur 106 durnBesoit 10,9% des journées réglementées

A

(Ouranos, 2016 ; Gl yi R2yyS OS O2yiGSEGS LI N3 &daft A SNE
ol A&a4S (GNBEA LINPOIOtS REMSNSIN(G A SHAIHMIEAEDS RBS
en eau futuede la Ville de Québe¢ 2 YYS I LIR2a&aA0AtAOS RQSOFOE AN
L LI NGAN RS R2yysSSa OtAYIFGALdzZSa yQl LIa Syozl
RIya fl@écthabilr) PdurStablir les tendances hydrologiques, mais également quantifier

f QS @2t dzii A 2,0 Estivaudtzith 3 ndvénbredst utilisée En parallée, la méthode

classique est mise en place avec le modéle HYDROTEL pour comparer les résultats que les deux
méthodes fourniront SG &G F G dzSNJ ljdz2r yd t £ QAYLI O RSa R
intervenantsdans le calcdd [ QSlj dzA-F)lest évald 8 SLIO BRI EQARSY GATFTAOI (A

LI NJF YS (G NB A& Sl dzA LINR 0 | erEmethst ¥ Groiilsén caracter@dtothasiquk S 55
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O2YUNI ANBYSYyU t OS | dzA. P8ud ia métbede lalasius, les Beoiedl) £ Q2 6
futurs sont générés de 2001 a1 a partir de 32 simulations climatiques basées pour moitié

sur le RCH.5 et pour le restant sur le RGB

6 MATERIEL & ETHODES SCIENTIFIQPR®POSEES

Cette section décrit leprincipales méthodes utilisées pour répondre a chacun des trois
objectifs S OA FAljdzS& Rdz LINRP2S0i RS NBOKSNOKS® [/ KI Odyz
FNOAOEf ST &SdzS fQSadaSyOS LINAYOALIES RSa YSic¢

disponibles aux sectiori® a 14.

6.1 Mise en place de la méthode alternative (Qlb)

La méthode proposée pour mener a terme ce premier objectif spécifique peut se résumer a la
Figure6.1. Le succés de la méthode réside dans la démonstration de la conservation des
corrélations entre IH et IMentre le climat actuelet le climat futur. Le cas échéant, les
tendances futures des IM, calcek a artir des données climatiques extraites des scénarios

Of AYIF(AljdzSas R2AQGSYy(d LISNX¥YSIGUGUNB f QSQOlfdzr GA2Y

f QF LILX AOFOoAEAGS RS fF YSUK2RS:E S Y2R8§tS KeR
climatfuturetgén®l 3 NJ £ Sa &ASNASA RQLI L}2dzNJ dzyS ASNAS RS
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. . . Modele hydrologique
Scénarios Climatiques CalageiBaalidation
)
Données climatiques ENTREE { Modele calé ]
SObTIE
Indicateurs Météo Caleul des Indices
(IM) Hydrologiques (IH)

= =

Evaluer les |H a partir des IM

Analyse de corrélation
(passé =» futur)

Analyse des tendances et
corrélations partielles

Figure6.1: Schéma méthodologique de la mise en place de la méthode alternative

6.1.1 Données. scénarios climatiques eindicateurs météorologiques

DeuxBV des bases terres du Staurent(Figure6.2) sont caractérisés par des étiages trés

séveres et ont donc été utilisés pour mettre en place la méthode altematigur proximité
3S2LKEAA2IANI LIKAILdzS SG €S FFEAOG jdzS f QSO2dz SYSy
celui de la Yamaska est partiellement régpErmet RQSELX 2 NBNJ f | L2 &&A0AC
méthode alternativeen exportant IS & NI & dzf assinliddun &uednltefds, cette idée

L2 dzNNJ s (i NB SELX 2NBS LXdza Sy | @lyd RlIya €S8 Fo
f QSO02dzf SYSy (i \ReferameIsiydrorRetiic BaEiriN&iwRHBN (Environnement

Canada, 2012LJ- NJ SESYLX S SiG RS o6l aairaya Rz2yla t QSTTFS
OStdzA RS fF ,LFYFall RQI dziNB LI NI
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6.1.1.1 Scénarioglimatigues

Pour étulh SNJ £ QSTFSG RSa // &dzNJ £ Sa SiAhsandkie>

RQSGdzZRS | dz vdzS6S0=z

climatiqgue (cQ)? produit par le consortium Ouran@Suay et al., 2015 Ces simulations

couvrent 19732000 (climatpassé et 20422070 (climat futur). Ellesont basées sur le scénario

RQS YA & a-AZ2 (gectipnd.D gt proviennent duCMIP3(Meehl et al., 2007a du North
Ameiican Regional Climate Change Assessment ProghtRCCARMearns et al., 201Ret

des simulations opérationnelles ddodele Régional Canadien du ClinfstRCC version 4.)

qui elles couvrent 1972100 en continMusic and Caya, 200de Elia and C6té, 201Paquin,

2010. Ces simulationsT@ableau6.1) considérentles incertitudesdu climat (Hawkins and

Sutton, 201) présentées a la sectiod.1l (excepté celle relative au développement sBCi
SO2Yy2YAljdzS0 LlzAa &4lj dzQSt f S MCGAnjfiddiséslzavgd dest carattitiohs A & | U

différentes (1 a 5 membres pMCQ et 4MRC Les modeles ont de plus été sélectionnés pour

eviter lesinterdépendances travers des parentés communes
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Tableau6.1 : Description des 43imulations climatiques

#Simulation #MCG #MRC SRES
CMIP3 23 12 0 A2
NARCCAP 8 3 3 A2
OURANOJS 1 1 1 A2
OURANOS* 10 2 1 A2

®MCG utilisés: BCCR_BCM2.0; CSIRO_MK3.0; CSIRO_MK3.5; CCCMA_CGCM3.1; GFDL_CM2.0; CNRM_CM3;
IPSL_CM4; INGV_ECHAM4; ECHAM5; MIUB_ECHO_G; MIROC3.2_MEDRES; MRI_CGCM2.3.2a

"MCGutilisés: CCSM; HADCM3; CCCMA_CGCM3.1; GFDL_KIR@uilisés HRM3RCM3; WRFG

‘MCGutilisé : CNRM_CM3VIRCutilisé: MRCC4

*Simulationsproduitespar leMRCC4ntre 1961et 2100en continu(MCGutilisés CCCMA_CGCM3.1; ECHAMD5)
Les données climatiques a proprement pargont obtenues apres la correction des biais des
données de sortie des modeles climatiques (sectdbh). La méthode appliquée est une
méthode de correction des @untiles, daily translation methodMpelasoka and Chiew, 2009
La correction des précipitations eshultiplicative tandis que celle des températures est
additive. Le lecteur est invité a consulter les références suivantes pour plus de (&aid et

al., 2004 Lopez et al., 200WMpelasoka and Chiew, 200Guay et al., 200)50n notera que la
O2NNBOUAZ2Y RS oO0AFAA FLILIX AljdzSS LISdzi S3AFESYSyl
des données des simulations climatiques.

6.1.1.2 Indicateurs météorologiques

Les températues journalieres maximale et minimale ainsi que les précipitationt été

extraites des scénarios climatiques et utilisées pour calculer les IM passés et @aarbviont

été divisés en quatre catégoriesTdbleau 6.2) a savoir ceux calculés(i) a partir des
LINBOALIGFGA2Y AT O0AAUL nRISge dds SI¥NnERNIprieadphaBoisT et 0 A A A (
G SYLISNI (i dzNB & és deSséichedess® (voir ReRtfdy3R® O5 QI dzi NS & La LJ2 dz
utilisésa GAQfF AA aal A G R Q8 diftrRitsEINEe Guies anséntestre B igibilité

de la méthode proposée. Les ibmt été O £ Odzf Sa t LI NIANJ RS € RIGS
hydrologique en remontant le tempsle 1 a 6 jours, de 1 & 3 semaines, de 1 a 6 mois, et pour 8,

10 et 12 mois)
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Tableau6.2 : IM extraits de la litérature pour leurs liens potentiels avec les débits

Catégories IM Groupes IM1-14 Sourceqnon exhaustives)

1. Accumulation ds totaux depluie, neige ou précipitationZaidman et al. (20Q1Lang Delus et al. (20}

Précipitations (3IM) Tian et al. (201t Souvignet et al. (2033

Yang et al. (2002Hodgkins et al. (2005

2. Températures minimales moyennes et maxiales(3 IM) Engeland and Hisdal (200%e et al. (2012

Températures 3. Degrémégaifs et positifs cumulésempérature

maximele et températurescumulées depuis la derniére N.A.

neige(4 IM)

4. ETR1IM) Asani et al. (2011

o Paltineanu et al. (20Q7Paltineanu et al.

Données 5. Demande climatique™ETH (1IM) (2009; Institution Adour (2011
melangees 4 conte de la neigél IM)

7.Somme de la fonte et de la pluig1 IM) Girard (1979

8.Pluie + Fonte ETR1 IM)

McKee et al. (19931995); Roudier (2008 Liu

9. SP(LIM) etal. (2012

10. EDI (AM) Byun and Wilhite (1999
Indices de 11 EDkalculé a partir de la pluie el la fonte (1 IM)
sécheresse 12. EDkalculé a partir de la demanddimatique(1 IM) NA

13. EDkalculé a partir de la pluie et de la fonte en retirar '

f Q 91eM)

14. PDS(1 IM) Palmer (196F Choi et al. (2013

P: pluie, ETP. évapotranspiration potentielleSPL indice de précipitation normalis&DI: indice de sécheresse effect?DSI
indice de sécheresse de Palmid : Indicateur météorologique

6.1.2 Evaluer les indiateurs hydrologiquesx partir desindicateurs météorologiques
6.1.2.1 Analyse de corrélation

Les coefficients de corrélation de Spearman et Pearson ont été catntl® les quatre éries
RIE ¢4Qmin €t 304Qmin hivernaux et estivauyxet les IM des 4 groupes présentés aliableaus.2.
Pour chacune deguatre catégoriesRIM, le «meilleurIM », O Q $-diré celui ayant la meilleure
corrélation (maximum des valeurs absolues de la médiar@our les 42 scénariog des
coefficients), et la fréquence a laquelle il a été calcutint été identifiés. Pour prendre en
compte le fait qudescorrélationsentre IM et IHpourraient étre dues a la changaombreux
IM calculés a différentes fréquencesin rééchantillonage par bootsasuivant la méthode de

Monte Carlo(Livezey and Chen, 1988 été appliqué aux couples Ml comme suit
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(1) Une annéea été sélectionnée au hasard dans le jeu de données pour le tlima
R QA y fugriob passe

(i)  Les valeurs pariéesiM-L1 0 RS €t QlFlyySS &asSft SOauireyyssS
échantillon.

i) [Sa SdrFrLSa oA0v Si O6AAO 22éChantiBriable MBRIS G Sa ¢
YV2YONBE RS R2yySSa jdzS f QSOKIYyGAftt2y AYAQA

(iv)  Lacorrélation ces valeurs pariéesudré-échantillon a été calculée et enregistrée

Les étapes (i) a (iv) ont été répétées 1000 fois de maniere a obtenir une distribution du
coefficient de corrélation a partir des 1000-@éhantillons. Cette distribution perret la
RSUSNNAYIFGA2Y RQdzy XNy RINID2ASTSF ARDS Sy RS yORINNG
initial (typiguement intervalle a 90 ou 95%). Si le minimum de cet IC est supérieur a 0, alors la

corrélation initiale était significative statiguement(Livezey and Chen, 1983

Par la suite, le test signé des rangs de Wilcqktéann and Whitney, 1947a été appliquéaux
meilleurs couples IMHLJ2 dzNJ G S&GSNJ) f QK@ LR 1 KsaS ydZ tS asStzy

(pour les 42 scénarios) seraient égales entre les climats passdsrst fu
6.1.2.2 Analyse des tendances et corrélations partielles

Le test non paramétrique de MarKendall(Kendall, 1938Mann, 1945 Kendall, 1975Gilbert,

1987) a étéutilisé pour détecter les tendances linéaires demtrea SNA S&a RQLI S RS
IM qui y sont associés. Ce test a été largement utilisé pour détecter les tendances de seéries
temporelles de variables hydroclimatiquékettenmaier et al., 1994Lins and Slack, 1999

Douglas et al., 200@hang et al., 20Qhang et al., 20QIYue and Wang, 20Q0R®ovotny and

Stefan, 2007Lietal.,, 2000Lf S&0G o0l &asS adzNJ f QKeLlRGKs§asS ydzZ tS
SG ARSYGAIdzSYSy(d SRAx A iy dzed S Q& LYK §jadzQAt SE
données. Le lecteur est invité a consulter les références précédentes et plus particulierement
celle deNovotny and Stefa2007) pour plus de détds. On notera que le test appliqué aux IH

SG La | SGS Y2RAFTAS L}RdzNJ LINBYRNBE Sy O02YLIi S f
(Hamed and RamachandraRao, 1p98
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Comme pour les corrélations dans la s@estion précédente, la détection des tendances dans

fSa aSNASa RQLI Si& La L)XSdzi siGNB RdzS |dz KI &F NR
Dans ce cad,ivezey and Chen (1988roposaient de prendre en compte la corrélation croisée
FFFSOGFylG LlRaaAirotSYSyd €Sa NBadzZ GFda RQdzy Sy
locdisations (dans notre cas une série deemporalité» sous forme de scénarios climatiques)

et de détermine le pourcentage de tests qui seraient positifs simplement par chance. Un
rééchantillorage suivant la méthode de Mont€arlo a donc été appliqué powhacun des

scénarios selon les étapes présentées & la se@i@2.1SEOSLII S L3R dzNJ f QSi+ LIS

comme suit

(iv)  Le test de ManKendall a été appligué aux données rééchantillonées pour chacun
des scénarios et le pourcentage de tefd&S 2SI yi f QKL GKsasS y

significativitéh a été enregistréh( étant typiquement fixé & ou 10%)

Les étapeqi) a (iv) ont été répétées 1000 fois de maniére a obtenir une distribution des
pourcentages de scénarios indiquant une tendance au 8eldil partir de cette distribution, la
valeur dépassée%du temps (typiquement 5 ou 10%) a été définie comme la valeur critique.
représentele seuil de signification global. Cette méthode a été appliquéebBan and Hag
Elnur (2002, Burn et al. (2004)et discuté en détails dariRenard et al. (2008

Par la suite, en complément des corrélations de Pearson et de Spearman, suite au test de
tendances, les corrélations partielles entre les IH et IM ont été calculées en contpdlanta

variablede temps. Autrement dit, la corrélatioa étécalculéeindépendammentdes évolutions

temporelles (tendancesile chacune des variablese qui LIS dzi LISNXYSGGNB f QI i
tendances observées dans les séniles IH aux tendances des IkBurn et al., 2004aBurn,

2009. On notera que la méthd LINRPLI2ZASS &aSNI dzyAljdzSYSyid t
stationnarité de la force de la relation linéaire -I sans présupposer une quelconque

stationnarité du modele linéaire INH.
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62 LYLI OGa RS fQSIdAFAYIfAGS2SY Y2RSt Aa

La méthode asociée a la réalisation de ce deuxieme objectif spécifique se résume au calage
automatique du modeéle hydrologique HYDROTEL, puis a sa validation, pour IBY 10
sélectionnégFigure6.3) et a la génération des jeux de parameétres équiprobaux nécessaires a

f QS@IfdzZ A2y RSa D¥uxIBOGNEEERBISIE @B Ghawlurie dgsrégians S @
hydrographiquesdu Québec batant le fleuve Staurent.] S f SOG SdzNJ I+ NRSNIF ¢
fQ202SOGAT yQSald LIa RQSOIFfdzZSNI €S GOSNAGFo6fS |
YsYS Riya S OFla RQdzy OFftF3AS Fdzi2YlFGAldzS &Sy
utilisateur € LISNA YSY G ST t QAYLI O RS fQSIdAFAYIEAGS vy

ol = —  Watershed boundaries %
9 '3 ‘ REE 51| 1 .-pBatiscan 4 ANy
% st 2 - Bécancour 84" '
60r g 3 - Chamouchouane W
Sy 50 4 - Chéateauguay / \ﬁ
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Figure6.3: Localisation desBV RQS (i dzRS Fdz vdzS6SOs [/ FYylIRIFE® [S& LRAYyGa
hydrométriqueséloignées des exutoiresdebast A ya RQSUdzRS @

6.2.1 Données météorologiques et hydrométriques

Les données météorologiques observées proviennent de Ressddate®lles @nada pour la

période 19812002; elles ontété associées a une grille der8; x Q75° par krigeage isotr@p

(Poirier et al., 2012 Chaque point de grille a été considéré comme une station meétegique

dans HYDROTEL. Les débits ont été extraits de la base de données du CEHQ qui inclut prés de
230 stations hydrométrique€CEHQ, 2013ales stations utilisées ont été sélectionnées selon la
RAALIRYAOAEAGS RSa R2yySSa Si f SEMNIQINBARSYA Uy
pour lesbassins Batiscan (#0503042,4° long, 46° lat]), Bécancour (#02400772,3° long.,
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46,2° lat.]), Chateauguay (#03090%3,8° long., 433° lat.]) et Rouge (#04020474,7° long.,
451 c ftFd®80x fSa adl GA 2 yrogures.d)yTandisiogud pour leINBSOIRSS & R S
Chamouchouane (#0619017p,5° long., 4&° lat.]), Chaudiere (#0234027],2° long., 46°
lat.]), Du Loup (#05280573,2° long., 465° lat.]), Gatineau (#040830675,8° long., 471° lat.]),
Mistassini (#062102-72,3° long., 48° lat.])et Yamaska (#0303047R,9° long., 4%° lat.]),les
a0l GA2ya az2yid LI dza St 2A3IRpeé&3 RS f QSEdzi2ANB S

6.2.2 Calage/validation et génération des jeux de parametres équiprobaux

[ S OFfF3S RQI ,5wh¢9[ F SGS (TNEoh &nd ShSemakerf2907 A RS R
OS ljdzA LISNXSG dzy OFtFr3S K2Y238yS 6YsYS YSiK2
calage automatique até réalisé par la maximisation dgliatre fonctions objectif (FPévaluées

par rapport aux débits observés(i) KGE; (i) Bishf 2 3 3 -a-dd& & FONashSutcliffe
efficiency(NSk) calculée a partir du logarithme des débits; (iii) HFHE (iv) NSk calculée a

partir de la racine carrée des débits. DDS aeMécutéune fois pour chaque BV et FO avec un

budget de 5000 répétitiong la solution initiale de chacune desécutionsétait la méme pour

garantir la comparabilité des résultats entre BXaur chaune des @&écutions, de maniére a

SOOIt dzSN) f QAVOSNIAGdzRS LI NF YSGNRIjdzS SG €t QAYLI O
250 jeux de parametres offrant les meilleswvaleurs de FO ont été sauvegardés (10 BV fois 4

FO). On notera que cette méthode de sélection des jeux de parametres ne prend
volontairement pas en compte la nature stochastique de DDS psunier» ce qui est fait

f 2NE RQdzy OF f | 3Slj &¢$ ydz5Y S SASIRBW 29I NEINNB YA 3454z
yQSald LIka yS3ItAISIotSd /SO FNBdzYSyd RSONI AU
systématique du paradigme du calage optimal unique.

Pour simplifier la présentation des résultats, daeste théese comme dans la sectidrB, seuls

les résultats relatifs aux FO KGE et Naghsont présentés. En effdf valeur ajoutée des deux

autres FO est minimale qut a la détermination des importances relatives des types
ROAYOSNIA(GdzRSad [ Sa NBadzZ Gl Ga 200Sydzaaukd2dzNJ b
alentours des débits de crublSk , quant a elle représente un compromis entre KGE et Nash

log. Se conadrer sur les FO KGE et Ndsf fournit une procédure de calage qui priorise
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respectivemert les hauts puis les bas débits et offre donc un portrait suffisamment contrasté

A

RSa ST¥FSdia RS tQSIdAFAYLIEAGSO

~

£ e A "l (6)
ou r est le coefficient de corrélation linéaire entre les débits observés et simlésst une
mesure de la variabilité relative des donnéamées p NJ NJ LILJ2 NI | dzkdir@lé & SNIJS !

rapport des écartdypes eti représente le biais) Q $-diré le rapport de moyennes simulée

et observée.

Nash-log O 1@ 1w i7" 171TH (7)
ou| eti  sont respectivement le coefficient de corrélation linéaireugie mesure de la
variabilité relative entre les débits simulés et observést correspondau biais normalisé

RSa f23FNAIKYSRAREE {RRSHNILAR NGQRSE Y@pbyy Sa y2
[ I LISNA2RS RS Ol tldée&nbra 82ali 306vandre RETSoit R dnnées
KERNRf23IAljdzSad [ @I f A°RIEcénmbey99E RIS A0inovendieRad2 SS S
(les données météologiquesde 19951996 étant indisponibles) soit 8 années hydrologiques.

Dans tous les cas, une année rdelageest utilisée aant les périodes de calage et validation

LJ2 dzNJ a4 QF a4 dzZNBNJ Rdz 62y NBYLIX A&aal3dS Rdz Y2RS8ftSo
de «redémarrage» LJ2 dzNJ a8 Ql 44 dzZNBENJ Rdz 62y NBYLIX Aaal3IS Rdz
sans données de 199896, lesdonnées de 1993994 ont été utilisées pouéviter que les

bassinme se videntle leur eau.

Douzedesdix-huit LJ- NI Y§ G NS & RS Qprédsén@BSdarkR @ lsectioh.B.4.% du

ont été ajusté par DDS sixparametres relatifs au module de neiggngau module de sol, et

dzy O2STFTAOASYLSROAWNBENBIENBEGEA 22 (0 LI N¥YA fSa
(Turcotte et al. 2003), et leur sélection permet de limiter le risque gurparamétiageen se

basantsur: (i) les informations fournies par les analyses de sensibilité antéri¢Bess Nasr,

2014 Bouda et al., 204(i)1ISa O2yyl Aaal yoSa | Ol dpéatdanelleJSy Rl y |
RQI , 5 wTurtdltg et al., 2008et (i)t QSELISNA Sy OS | OljdzA &S LISy Ry
Atlashydroclimatique agnii LJ2 dzNJ 2 6 2 S O {ick poterie @@ OCCt sdefedestoDrie¥ LIl

Sy Sldz £ f QK2 NAI Pef méridiopah (CEHR, d2BI3a2055),. Medz&utres
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parametres ont été fix@selon: (i) une étude de régionalisatiorfTurcotteet al. 2007b) (ii) les
NBadzZ dFda RS f QlF LILX A OF (i A(RigarddR 42 aafJmisa énlacépsraA S RS
leCEHQet (iR QI LINB & RS LINSBOSRSyia SESNDODAOSE RS OFtl

P, o~

6.3 Evaluation de la sensibilitcRS f QI LILINR GA aA2Y Y SYSy
durant les étiagegObj}-3)

La méthode associée a la réalisation de ce troisieme objectif spécfejuesume a la mise en

place, a partir des données de modeles climatiques et de stations hydrométriques, des
méthodes classique et alternativéElles permettronRé&aluer comparativement la sensibilité
FdzidzNBE RS 1 adlridAaz2y RS GNFXAGSYSyd RQSIEdz LRGI
BV de la riviere Saw@harlegFigure6.4). On notera que la méthode alternative est appliquée

dlya RSOSE2LIISNI £ Sa O2NNBf I GA2ya £ LI NGAN RS

mais bien en se basant uniqguement sur les catiéhs observéesHiguret.5).

Station hydrométrique

@ rrise deau

Des Hurons

St-Charles

Figure64: [ 20t Aal A2 y RS fI LINR B¥de R vidle 8aintCKaNd5 ééccdnpdéé(bﬁ I dz R y
sousbassins.
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16 GCM

Données hydrométriques Données météo RCP-4.5 & RCP-8.5
observées (2001-2015) observées (2001-2015) 32 Simulations
climatiques
Indica?teurs , ,Indicat_eurs Données climatiques
Hydrologiques (IH) Météorologiques (IM) (2016-2075)

|

Distribution des IM
futurs

Relations statistiques Evaluation Distribution des IH
entre IM et |H futurs

Analyse des corrélations

Figure65:{ OKSYlI RSGFIAffS RS fI YAaasS Sy LIl OS RS f QI LILINROKS

6.3.1 Données. scénarios climatiques et stations hydrométriques

t 2dzNJ S dzRA S NI les(¥8afes, B0 sinkildtins isgues A&AGIMCG ont été utilisées
(Tableau63)® 9ft S&a 2yid SiGS SEGNXAGSa RS fQSyas
Ouranos a pdir des simulations du CMIP5. Elles sont basées sur led B@Rahi et al., 2011

et -8.5 (Clarke et al., 20Q7Wise et al., 2009 Thomson et al., 20)1 Les MCG ont été
sélectionnés en fonction des plages de données disponibles et des probl@ideers
YIyljdzr yias SNNB dzNjiii  onR Spu  @tref Qagiyfiostés (http://cmip -
pcmdi.linlgov/cmip5/errata/cmipSerrata.html

Tableau6.3: Liste des MCG sélectionnés

BCACSM11-m CMCE&MS IPSECMSAMR MPFESMLR
BCACSM1 GFDICM3 IPSECMSBLR MPFESMMR

CanESM2 GFDIESM2G INMCM4 MRICGCM3
CMCE&CM GFDIESM2M MIROCS NorESMiM

I 2YYS LIdzNJ f Q202SO0AF wm3>X fSa R2yySSa RSa

méthode de correction quantil@Mpelasoka and Chiew, 20D9
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http://cmip-pcmdi.llnl.gov/cmip5/errata/cmip5errata.html
http://cmip-pcmdi.llnl.gov/cmip5/errata/cmip5errata.html

6.3.2 Approche classique Calage/validation et génération des jeux de parametres
équiprobaux

[ QF LILINE OKS Of I aaAljdzS O2yairaidsS t eddivatigfuésid f Sa |

RQdzy Y2RS8tS Ke@RNERTf 23A Il dz& gartif d8s dBnBdey/ mégedidlo§igués OI f S

et hydromeétriques observées puis utiliseé pour générer les series;@gs futurs a la station

«SaintCharles> Figure6.40 = a il GA2y I L) dza LINROKS t f QI gI €

[ S& LI NI} YSGONBa ljdzA 2y i SiGS 6.02 Ife 8adagezn 2ty éifeciuSd Ys Y

f QF ARS RS 55 {logZJjaudgNiui st la FOhNading: caldalée a partir des moyennes

RSa RSoAGA t 1 22dz2NB aSftz2y I suvandydzt S o0 OSNRAA 2
B 17 e T84

Nash-log ST T T e e (8)

ou0 estla moyenne des débitgj observésh est le débit7j modéliséau temps t et0 est

le débit7j observé au temps. représenteune moyenne.

Le calage et la validation ont été réalisés de maniere séquentielle pour des périodies das

entre 1985 et 2016. Cette séquence est la suivafite (i 2 dzii Rifpdee? déRousBS a

amont (Nelson, Des Hurons et Jaune) sont calés/vatinsltanément puis le BV Sai@harles

fQSad t a2y G2dz2N» hy NBFSNBNI t OSGdGS asSldsSy
OFt3S &qQSs Xinovenibrs YOR20a6 31 Raipbre 2016 pour tousdesisBV sautelui

de la riviereJaune qui a été oalentre novembre 1990 et octobre 994. Les périodes de
validationse sont étendues de 1985 a 1989 pour Jaune et de 2007 a 2011 pour lessautses

BV. Une validation supplémentaire a été effectuée entre 2002 et 2006 paouleBV Saint

Charles. Dans taules cas, une année de démarragétédzi A f A 4 S S LJ2 dzNddag® | & & dzNJ

Rdz Y2R8tS Sl tfAYAUGUSNI £ S& SNNBdzZNBE RQAYAGAITAAlL
DDS a été executé selon les directives et les étapes propasgesla mise en place de la

méthode DDSAU(Tolson and Shoemaker, 2008S Y I YA SNBSS Lt ljdzZt yGAFASNI f
f QF OOSLIiFGA2Y Rdz O2yOSLIi RQSIHAATFAYFEAGSD 51 y2
3t 206l dzE RSa Ch RS OKIIljdzS .+ I SGS S¥FFSOGdzsSS S

jeux de parameétressoit une unique exécution de 100 répétitions.
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- Etape I En raison du temps de calcul associé & HYDROTEL, le budget total du nombre
de répétitions (optimisations) est fixé a 10,000 et le nombre makide jeux de
parametres représentatifdghaviora) est ixé a 100. Ainsi, le nombre de répétitions par
exécution de DDS a été de 100 (10,000/100)dzt Yy R f S& RANBOUA DS & ad:
3 a 7D, avec D le nombre de parametres a caler (12 dans notre cas).

- FEtape 2 DDS a été exécuté 100 fois (la solutioitiate de chaque exécution étant
différente, mais reproductible grace a un générateur de nombres aléatoires) alors que
les directives suggéraient 100 a 200 exécutions (en fonction du temps de calcul associé
au modéele hydrologique notamment)

- Etape 3 Les éapes 1 et 2 sont des choix subjectifs qui permettent la détermination de
jeux de parametres représentatifs. Un jeu est considéré représentatif quand la valeur
FAYFES RS fF Ch L32dz2NJ dzy§ SESOdziazy RS 55¢
global.

- Etaped4:t 2dzNJ £ S RSNV ASN) OK2AE &4d2o2SOGAFT L FI AN
RS LI N}YSGNBa NBLNBaSyildlFrdATa ARSYGATAS Sa
O2yaiGAaiddsS tQSadAYlFdiAaAz2y RS& YIEAYL 3f 206 dzE
parameétres non représentatifs aprés 100 répétitions peuvent étre raffinés en autorisant

DDS a utiliser des répétitions supplémentaires.

De maniére a prendre en compte le biais éventuel de la modélisation hydrolodeguétiages

avec HYDROTEL, la médiane g@sin simulés a été corrigée selon la mediane dgQmin

observée. Contrairement a la méthode de correction quantile appliquée aux simulations
climatiques, seule la médiane a été corrigée puisqu@2 6 2SO0 AT LldzA 41j dzS S A& i

étiages futurs médins sur des horizons temporels de 5, 10 et 30 ans.

6.3.3 Approche alternative

[ QF LILINR OKS | f GSNY I GA @GS RR2g%o a3 SO ORY O LIS $MIIG YR
tendances des IH directement a partir de celles des IM en suivant la méthode préselatée a
Figure6.1® t 2dzNJ £ NBI fAal GA 2y R mfeizaoxdBuBleArbn o3 A f

pas uniqguement leurs tendances, a la statio®aintChares» (Figure6.4). Les débits entre
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2001 et 201%nt été utilisés pour déterminer les corrélations linéaires, ainsi que les coefficients
de régression linéaire, entrees débits et les IMobservés Pour le futur, les 32 scénarios
climatiques (sectior.3.1) ont été utilis& pour genéer les IM et évaluer legQnin estivaux a

partir des coefficients de régression linéaires.

Pour cet objectif, les IM calculés & partir des températufesbleau6.2, 2™ catégorie IM)

y Q2 pas été utilisés puisque leurs corrélations avec les dkhient systématiquement

inférieures a celles obtenues pour les autres catégories. Etant donné tiewaites de
LINBRAOGAZ2Y |aaz20ASa t tQdziAftAAlGA2Y RQdzyS NB-=
YSGK2RS FfOSNYFGAGBS yQIF LI a L}RdzN 2062SOGATF RS
2yl0 SGS dziAf AAdASSa LI dzNibnpassideszfeNH suSdes perigdesSdeB, £ £ S
mMmn Sd on Ftyao /StlF F LISN¥YAA RQFraaz20ASN fSa
confiance puisque la variable prédite est une médiane et non une valeur individuelle associée a

plus de variabilité.

6.3.4 Evalation de la sensibilité future face aux étiages
[ QSO f dzF GA2Y RS ubelstdidn3gLANPORdZONIGAS2 YT dataiskEiagBs®? (| 0 f
I SGS NBIftA&ASS LINI S OFfOdzZ RQdzy AYRAO

prochedes§oA(a RQSGAFIS SO LXdza I LINBaarzy S

w o E

ol Pest le prélévement estival journalier moyen(s), IP; référe a indce de pression 1

/| SiG AYRAOS RS LINEaa estyitlisé paSlémpistédetia DéieloppedienD S |j d:
RdzN> 6f ST RS f QI9YyOGANRYYSYSyid Si REVUDDELOGodei G S O2
SOFt dzSN) aA dzy LINBf S§@SYSyld LISdzi gubDEECC Z0EES O dzS

| TAY RQSOAGSNI RQlF22dzi SNJ dzy S &2 dzNOS RQAYOSNI A
Q7 (minima des débits saisonniers moyens suolrs de période de retour 2 ahsnt été

obtenus a partir de fréquence empirique pour les périodes 20045 (horizon 2030) et 2046
HnTp OK2NART 2y HncnO S y2y :t LI NIAN RQdzyS RAA

- Etape 1 les débits sont triés par ordre croissant
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Etgpe 2: les fréquences de non dépassement sont calculées a partir de la formule de

Cunnane (1978

. I h
E "E F] (10)

Etape 3 Q.7 est évalué a partir des fréquences cumulées
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SYNTHESE DES RESUSTAT

Ce chapitre proposene synthese des résultats, explicitant les retombées majeures des travaux
de recherchepour chacun des trois objectifs spécifiques du projet. Ces résultats ayant fait
fQ202S0 RQdzy | NIAOfS>S Af a VY SlLesiddtgils sontklisponiBlé3A RS €

aux sectiond2a14.

7 MISE EN PLACE DEMEATHODE ALTERNATIVE

La ckf de vdite de la mise en place de la méthode alternatiéside danda démastrationde

la stationnarité2 dz f QA & lchiklatigh©&htre IH et IMAinsi,les résultats relatifs a la

capacité du modele hydrologiqué représenter fidelement lesH ne sont pas présentésd.e

f SOGSdzN) Sald AYy@GAlGS L iclOR(sedidat2)itSINNIOSIA NI#KAGA D | R
GSyRIyOSa S& €S Ol t Od RSa O2NNBflGA2ya LI N
tendances futures deBH a partir de celles détectées dans les Ow. rappelle que ces résultats

ne démontrent pas la stationnarité du modele de régression $acsnt aux corrélations.

7.1 Conservation desorrélations

Les IMextraits de ldlittérature (Tableau6.2) ont été calculé pour les horizons passés (1971

2000) et futurs (2042070) pour chacun des 42 scénarios climatiquiesbleau6.1). Les IH

passés et futurs ont été générés grace au modele HYDROTEL. Il est trés vite apparu, comme la
littérature le laissait suggérdsection2.2), que les corrélations entre les IM calculés a partir des
températures ou des précipitations et les IH étaient moins €levées que celles obtenues pour les
autres catégoriess S LJ dzaxX f QlFylrfeasS RSa O2 MMBohfiiméA 2y a R
(Assani et al., 20)1e caractere strictement linéaire de la relation entre IH et Mr{exe ). Les

résultats ciapres mentionnés se concentrent donc sur ¢esrélations linéaires devl mixtes

et de ceuxcalculés a partir des indices de sécheresss. indices classiques que sonPRBSI,

{tL Sd tQ95L F2yiG (2dza LI NIAS Aypegnsiedtgei S RS

détecter le début et la fin des périodes séches comme des périodes huetide® donc un
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potentiel explicatif avéré pour les débibs 9y LINJ (0 i §ydSnatiquieehty(dour ®us |
les scénarios) mieux corrélé avec les IH que les autres indices. En fait, les IM calculés a partir
des cumuls de précipitati@avaient des corrélations similaires a celles du SPI et du PDSI. Ainsi

en termes de corrékion linéaire avec les I1He SPI ete PDSY Q 2 T fFadlde yaleur ajoutée.

LaFigure7.1 présente les meilleures corrélations pour chacune des catég&I® avec les
différents IH saisonniers. Les IC présentés sur cette figure ont été obtenus par
rééchantillomage des 42 scénarios climatiques suivant la méthode de Monte Carlo tandis que
des tests de Wilcoxon attestent si les médianes des corrélations sont différentes lest
climats passget futurs. Les résultats du bassin Yamaska ne sont pas présétaas donné

leur similarité(corrélation et IM identifi€ avecceux du bassin Bécancour.

0.9 ‘ Saison hivernale ' 0.9 ' Saison estivale
0.85r v 1 0.85r
0.8 v . 08 - v V-
® v v
v
0.75 1 0.75 ® . 1
%) A » . (O]
= = A
S 077 A 1 S 07} A
© @ © A
5065 50657
o A o
0.6 1 0.6
055 1 0.55r 1
0.5 3 mois 12 mois 0:5:p [ 4 mois 6 mois
0.45 : : 0.45 : :
1- Pluie+Fonte 2- EDI (Pluie+Fonte-ETP) 1- Pluie-ETP 2- EDI (Pluie-ETP)

Figure7.1: Médianes desorrélations de Pearson et IC & 95% pour le bassin Bécancour

Les corrélations sont indiquées pour min (gris) et lezoQmin (NOIr) pour les climats passé et futur (médiane

entourée) pour les saisons hivernale (gauche) et estivale (droite) pour leggates IM mixtes (1) et indices de

sécheresse (2). Les meilleurs IM de chaque catégorie sont nommés ainsi que les fréquences auxquelles ils sont

OF t Odzf Sad [ tA3yS NRdAS AYyRAIdzS I dzS t SesicSralation®&s 2 Af O2E
climats passé et futur égales).

On peut retenir que les IC a 95% attestent de la significativité des médianes des corrélations de
Pearson. Cellesi ne sont pas dues au hasard et les vraies valeurs des médianes sont toutes

(saison, IH et climat passé dutur) supérieures a ,086. Ce dernier chiffre exclut les IM pour
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lesquels le test de Wilcoxon détecte une différence significative entre les climats passés et
futurs puisque ces IM particuliers neérifiey’ i LI & f QK@ L2 0 KS A SdeNa/ A GALI €
corrélation (environ ¥4 des IM seulement)les médianesles corrélationsen tant que telles

indiquent que les IM expliquent 46,882) & 61% (@8) de la variabilité desll5 QF A f f SdzNE > |
les deux BV, legQmn KA BSNY | dzE 2y G SiGS O2NNBf S& Fdz YA SdzE
SG RS I F2yiS Y2Aiya f Q% cthiycRriclgsiavemla méma A & | f
IM a une fréquence de 12 mois. Ce décalage dans les frégsiescplutodt logique éant donné

j dz§ f QSO A Inbbiise R Da N IdABmIhtellenre Plusdimportantes. La
corrélation, similaire en termes de médiane pour le climat passé, observée avec le cumul de la
pluie et de la fonte sudeux (2)ou trois @) mois indique qu yid t StfS f QAYLR
considérer des fréquences différentes pour les IM. Cela pourrait également indiquer la
possibilité de travailler dans un contexte multilinéaire pour mieux représenteariabilité des

IH. En été, les IH étaient corrélés au mieavec la demande climatiqueciuatre @) mois ou

f Q95L OF t Odaf ddmahde dlihadiues &4 ERrBois, indiquant dans les deux cas

f QAYLRNIFYyOS RS I O2yaARSNIGA2Y RS tQSilda |
SGALFISE& kautBponibla poiir R Ruisdel@ment.

7.2 CQorrélations partielleset attributions des tendances

Les corrélations médianes obtenues entre les IM et IH sont du méme ordre de grandeur que
celles qui avaient été relevées dans la littérature (secBiprCependant, ces derniéres faisaient
principalement intervenir des débits mensuels au mieux, voire saisonniers. Le travail réalisé a
partir des IH, plus variabkdeque les débits mensuelge seraitce que par la variabilité
temporellel LISNXYSGi R2y O RQSYy @A &l 3SNJ ft QSELX AOF GA2Yy
celles des IM et ce malgré des corrélations médianes aux alentours de 50%. Pour cela, il faudrait
pouvoir étabh NJ RS a | NBdzYSy i a causalitd éneSatediamcesdaysentédsSy RS

pour lesIM futurset les tendances del.

A ces fins,les corrélations partielles (indépeadtesRS f QS @2t dziA2y (SYLR NBf
SYyaNB La Sd& LI 2y i SGS Ol f Odz# SSa Si tf QSEAA
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RQAYRAOFGSdzNE SgI t dipr@lal pdult 188) silnBationsSopéiiatiom8lles adli Y y
MRCC (sectiof.1.1). En moyenne, les corrélations partielles ne different que ,@&63ableau

7.1) avec lescorrélations médianes de Pearson, ce qui indique une corrélation indépendante de

la variabletemporelle.5S  LJ dza f S& GSYyRIFyOSa fAySdokNSa RS
mémes,a 100% que celles détectées pour les IH (80% pour le bassin YamasSka)me

f AQnexe Ile laisse envisager, les tendances hivernales sont probablement liees a une
augmentationdu nombre d@pisodes de gealégel ou de périodes chaudegt donc a une
modification de la dynamique de fonte de la neige. Ces arguments quantifiés, et leur
reproduction pour les scénarios climatiques sélectionnés, permettent $&lon et al. (2004a

Burn (2008R Q S ( | beh plaNgibleyitre les tendances détectées dans les IM futurs avec les

tendances des IH.

Tableau7.1: Médianes des corrélations partielleentre les IM et les IHpour différentes périodes (climat
passé/climat futur/19712070)et tendances des indicateurdu bassin Bécancour

Bassin Bécancour

Saison hivernale Saison estivale
EDI Plui nte- .
Hg?:" " TendanceIM-IH PluieETP Tendancs IM-IH
7Qmin 0,74/065/0,68 10-10 0,71/0,61/0,68 g'-g"
36 min 0,69/0,62/0,64 1010 0,70/0,73/0,70 88"

Les coefficients de corrélations partielbesnme les tendancesont significatifs @,01. Les + et indiquent

respectivement les tendances positives et négatives.

7.3 Pertinenceet robustessade la méthode

La correction des biais associés aux simulations climatiques suppose un biais similaire pour les
climats passés et futurs. La modélisation hydrologique a été &abla St 2y QK& LJ2 (i K:
calage sur la période de référence valide en climat futur. Enfin, une hypothese similaire a été

faite quant aux corrélations observées en climat passé et a leur conservation en climat futur.

Ces hypotheseelatives a la stationn&é doivent étre discutées en relation avec les conditio

Oft AYFGAljdzSa SG fQ200dzZLlJ A2y Rdz az2f o
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9y LINBYASNI ft ASdzs tSa GSaiGa RS 2 At Gatoanghité2 y i |
de la corrélation entre IM et IH. Il pourrait toule méme étre envisagé de relaxer cette
hypothése en étudianiies corrélations du climat futur ane évolution de la fréquencge calcul

desIM était autorisée Par exemple, pour la saison hivernale et le climat passé, le cumul de la

pluie et de la fonte sur 3 mois tean des meilleurs IM pour lgyQmin. Pour le climat futur, le

méme IM calculé sur 2 ou 4 mois pourrait étre utilisé. Qmbamettrait RQS @ £ dzS NJ LJ
ALISOATAIdzSYSy G f 1 gt ARAGS RS f QKehdule{ieks§aS R
utilisations duif SNNA G2A NS S f Q200dzLJ A2y Rdz a2t 2yi0 S
LISNA2RS&4 RS NBFSNBYOS® [QAYyTidzSyOS RSa OKIy3S
Sy RSTAyYyAadalyld RS& aoOSyl NRA23a Savry dzidBE(0§nt £ Q2 OO0
FAYaA Y2yOUNB 1jdzS QS @2 tpdail &t priseReéh cam@elad® trlJ G A 2 y
modélisation hydrologiqueS i S ELJ A lj dzS8 f Q Sdés2 déhliisand your le&ant.J2 NB f ¢
modifier le fonctionnement hydrologique deBV. En effet,la conservation des parametres de

calage du modéle a tout de méme permis la reproduction fidele des diéisitsriques Yaleurs

de Nash supérieures 3T de 1976 a 2003 Un tel résultat suggére une conservation des

relations entre les débits eesconditionsmétéorologiquesS G LISNX S RQF FFA NN SNJ
O2YLIGS RS ftno@aeRf did3 2y Qdzi At A &l (A 2 yifieraR dgas (1 S NNJ
drastiqguement les résultat obtenus dans ce premier objectif relativement aux corrélations

entre IMetIH/ SG4GS SGdzRS @ASy(d S3IAFESYSyd Sy | LIz t
aux parameétes de calage du modéle HYDROTEL eR& | dzi | yqie lesJidazdées
climatiques futures présentent des intervalles de variations similaires aux données de
références pour les moyennes annuelles/saisonniéres des températures et des précipitations
(Annexe).9 Y FTAY X GF yid | dzQHaalNIGMEBRS/NAIENIR (1SdzS 2i/A AYS dRIS a
de saisons hydrologiqueparticulieres dans le projet proposé. En effetles saisons
hydrologiques calendairegg S a2y d LI & | RI LJi S S adrologigtiesdgns &2RS RS
cadre des C@uisque ces dernies sont amenés a évoluer du climat passé vers le climat futur
Pourcontournercette difficulté,dans ce projetles saisons hydrologiquestivale et hivernale

ont été définies selondes limitesR Q9 B2bdzNJ & QlF &4 dzNBENJ RS f Qdzy A F21I
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hydrologiques associés a ces saisons méme dans le cadre de@eilC@etails a la section

12.2.1.2.

La méthode statistjue proposée a travers ce premier obje@st particulierement pertinente
pour le Québec dans le cadre de la mise en place de la Stratégie de protection et de
O2yaSNBI GA2y RS&a &a2dz2NOS& RQSI| dz R&deindmeg 8uda ¢
Québec, 201R La considération des bassins Bécancour et Yamaska aux régimes hydrologiques
respectivement naturel et partiellement contr6lé par desvrages de rétention, évoque la
LI23aA0ATAGS RQdzyS OSNIIFAYS NBIA2YLFEAALFGAZ2Y 0.
versants dont la régularisation est plus prononcée et pour des bassesrégions
hydroclimatiques différentes.ds projets eurpéens, ameéricains et ontariensimilaires a la
Stratégie québécois@ y i (2dza Ay Ofdza €I ljdzSadAizy RSa [/ 1/
YIaaSa RQSIFdz SG RS € SdzNJ dzi A t Knditéralt fe Aofmtbre delcas Y S i K 2
ol la méthode clasique devrait étre déployéd QA f SiGlF A0 RSY2Yy G NB LI NJ
LI2AA0ATA 2dz ySAFGAFTa NBEFGATAE £ € QFGGNROGdzOA 2y
RQI dziNB& ol aaiya 1jdzS fSa& R Pametrag égBieftand [ | Y
é f dzl GA2Yy NI LARS RS (1 @dzt Y SN 0Af AGS  ljdzk yi,
municipaux 6 4 dz2SG RS dan@ 2e0 @KRMIOYB KRB Y2y a i NI deAl2 y |j dzS
stationnarité des modéles de régression sgacents aux corrélationdDe plus, la méthode
Ff GSNYyFGAGBS Said RQ2NBa SG RS2t [TRIFLWGSS | dzE R
CMIP5, et sa simplicité de mise en place la quaifigiori pour une utilisation combinée aux
données climatiques issues des prochains ensembles climatiques prduitd QI A f £ S dzN
f Qidatioh des ensembles climatiqupsut étre critiquée(Kingston et al., 20)Jpour son effet
de masquage de la variabilité existant entre les résultats issus des différents m{Raretall
etal,200Jf 2NAljdzQAf a az2yd LINBaSyidsSa az2dza F2NX¥S RS
Cet inconvénienest contourné par la présentation des résis des £ et 9°™ déciles et non
pas uniguement des résultats moyens ou médiatens ce projet doctoralOn notera

& R2yysSSa
¥

également que le role de la qualité du pastNJ A G SY Sy (i o
tflF YAaS Sy L

R
idzZk YGATFAS LlzA &1 dzQAt + tASdz | Oy

affecter les deux approches.
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8 Lat! / ¢{ 5 9ALITERN MQDELISABION HYRRGIQUE

Un ensemble de jeux de paramétres équiprobaux a été généré pour les FOCBY (iddzR S

province de Québec a partir du calage automatique du modeéle HYDROOEEs FO KGE et

Nashlog. Cesexercices de calagent permisla quantification relative des incertitudes liées a

f QS dATAY I AGS <Stvaliadies &K Aijlds déRi& jourr@liers; Ziiyizdk) débits

RQS (de T 3 jours et les débits maximx (i) t EEN (iv) les variations du etenu en eau

du ol superficie(CEpet (VIEPR [ QS dZA FAYFE A0S LI NI} YSGONRI dzS S
des valeurs de chacun des parameétres calés du modele hydrologique relativement a la plage
physique plausible qui lewa étéattribuée. Lesncertitudesrelativest. f QS| étladxF@ Il £ A G S
référent respectivementl dzE 02y aSljdzSy 0Sa &dzNJ fSa az2NIlASa

paramétriqueet du choix de FO

8.1 Equifinalité paramétrique

[ S Y2R8tS Ke@RNRt23AljdzS | SiS OFtS Fdzi2Yl GAldz
calage deneuf @ F yasd® [ S OFftF3S STFFSOGdzS | LISN¥Aa Q2
SIdZALINRO | dzE L2 dzNJ OKI Odzy RS&a .+ RQSekaizR&S dSii RSz
calage 20 au total,a générérespectivementdes valeurs moyennes des FO del16 et Q84

pour les FOKGE et Naslog. De plus, dans tous les cas, les valeurs des FO associées aux 250
28dzE RS LI NI YSGNBaA | LILI Nen@ypy Sy asydz SARGSE S NDI
FO ne différent au maximum que de 0,01) / SOA RSY2y (iNB o6ASy> YIf3aAN
choix et au nombre de parametres calés automatiquemeguoe le paradigme du calage optimal

dzy A lj dz8 y QS a i Laqdesk 25y GRS HEICBAYOLOISORT RS f QSEA &GSy
parameétres est ensuite explorée.

5Fya fQSyasSyof Sz f @8 hsdek Rmitdé lpdisqué 1@ coldieriide YeJaiphdelj dzS
LK@ AAljdzS RS OKIF Odzy RSa LJ NI Y$§ (G NBrsiderRIBdL A5G & S NI
valeurs obtenues par calage. Pour dizssBVet les deux FOce sont les parametres de fonte de

la neige des foréts de conifes€seuil et taux)qui ont couvert la plus grande part de la plage

physique qui leur était associéparamétresB et EFigure8.1). Ce résultat rejoint celui obtenu

47



par Bouda et al. (2004qui, £ LJ- NJi halyseRIO skgsBilitédlassaent le seuil de fonte des
foréts de coniféres comme le 1% parametre le plus sensible (sur 18pur les bassins
Montmorency et Beaurivage au Quéhenit un de ceux dont la valeur datmoins importane
LJ2 dzNJ f QS Tatage@insD paiirdeB\Rldza Yamaskaour la FO KGE, le seuil de fonte

pour les coniferegparameétre En couvert 45%% de la plagehysique autorisédFigure8.1).

A - Limite pluiefneige (*C) [-5 9]

E - Taux de fonte, coniféres (mmi) [0.520]

- Taux de fonte, feuillus {mmi]) [120]

O - Taux de fonte, milieu auvert (mmij) [1.33 26 A]
E - Seuil de fonte, coniferes(*C) [-3 8]

F - Seuil de fonte, feuillus (°C) [-3 3]

5 - Seuil de fonte, milieu auvert () [-3.86 2.04]
H - Coefficient multiplicatif ETP [0.21]

| - Profondeur de sol couche 1 (m) (001 1]

J - Profondeur de sol couche 2 {m) (001 1]

K.- Profondeur de sol couche 3 (m) [1.01 2]

L - Coefficient de recession [1.10-8 1.104

Figure8.1: 5AF INI YYS | NI A3IySS RSa& wpn 2SdzE RS wmu LI NFYSGN
fQFt I2NAGKYS 55{ IpudeENSOKKGE 6 a8aAy FYl &gl
[ § LI NFYSGNB ! Said dzy LI NFYSGUNB RQAYUGSNILRtI GAZ2Y X

neige, les paramétresi a L sont relatifs au module de sol.

Cette équifinalité paramétriquelutot limitée est une conséquence directe de la méthode de
sélectty RS& 2S8SdzE RS LI NI} YSGNBE& SIdALINROI dzEd 9y

j dzQdzy S aSdzf S F2Aa LI2dzNJ OKI ljdzS O2y FAIdz2NI GA2y R
de parametres associés a la meillewadeur de FO pour chaque configtion. Cette méthode

avait pour butR Q A Yuk éafdéImanuel, par 1a méme ignorant la nature stochastique de DDS
aSt2y f11jdzSttS t Qdzii A§debutéas A @ey solRtiBnsilmfesidiffarSe=NE S E S
permettrat RQ2 06 G SY A NJ RS & eafddiféreRtS (TolsbnMihd YShaerivaRer 2008)
{St2y OS YsYS LINAYOALISI tQdziAft A&l A2y RQdzyS a
de paramétres globalement regroupés autour du méme optimum global de ld FD&& i

dernier point qui permet @F FFANYSNJI [[dzS I aStSOGA2Yy RS& Hp
calage manuel. De plu§, I &GN} §S3IAS RS OF f | 30DS(Folshfandj dzSS |
{K2SYI 1SN wannto LINRPOSRS Qdzy S Y IQAMB8aN)Sau & A YA f |

¢
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démarrage deQSESNDAOS RS Ot 38 o6Rlya €S48 LINBYASNI
LJ N} YSGNB& Rdz Y2R8tS a2yl Y2RAFTASA aAyYdZ GFysSyY
et (ii) par la suite, lorsque les espaces potentiellement associés a un optimum saligésc

pour éviter de faire diminuer la valeur de la FO obtenue, les paramétres sont modifiés un a un.

8.2 Incertitudes des processus modélisés

Le parti pris de la méthode de sélection des jeux de parametres équiprobaux avait pour objectif

de monterque mémea Sf 2y OS& LINBYAaasSasz f QAYLI Oén RS f Q!
ui-Ys YS Silk2dz Sy O2YLI NI Aazy | @S0 Cdsimpat®BHNI A (i dzR
résumeésdans les paragraphes qui suivent

t 2dzNJ £t S& RSo0AGA 220ANPET A SNRSI 6zRX ¥ OSNX & 8§ HzR B dz8l5
validation des deux FO, est tres faible (quasiment intégralement sous la barreldamfjour

pour le débit spécifique). Elle peut tout de méme atteindre des valeurs prochesrdae/fbur,

notamment pur la fonction Nashiog aux alentours des débits de credzNJ y i (G 2dziS f QI
f QSEOSLIIAZ2Y RS  RAYBIRRZREIZRRS NS @NBX&ND fois dz OK 2
AdzLISNRA SdzNBd® 5QF Aff SdzNAR X LJ2dzNJ £ QSy aSicéefe RS a
automne et durant le pic printanier. Cette différence entre les FO peut certainement

& QS E LJX Aldudn&ting. Edleffek, les hauts débits sont moins bien représentés par le FO
Nashlog que les baslébits ne le sont par la FO KGE. Cette diffégetienlj dzQA Y G NRA y & § |j «
LISNYSG RQSOfFANBNI RATTSNBYY SRl fautpauge@eStolti A G dzR S
simplement considérer le fait que la FO Ndet) ne doit pas étre utilisée pour étudier les hauts

débits.

Pour lesiH ¢Qmin, 30Qmin, Qnay) Saisonniers  f QA Y OSNI A GdzRS NBfF 0AGS ¢t
pour le calage ou la validation des deux FO, est faible (ne dépasse pas 10P6 d&@ | £ SdzNJ RS
et relativement constante dans le temps. Ms$sa part quelgues exceptions (bassins) qui
pedz@SyYy i sUiNB YAasSa adzNJ S O02YLIIS RQdzyS LISNF 2 NY
t QS dAFAYIEAGS Sa0G AAYAEFANDB LI2dNJ £ 8a RSdE C
pour les Quax hivernaux que les @S & G A @ dzE ©@ 5 Qlques daSelleNditeindrkung & |j dz
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Gl £ SdzNJ O2YLI NI o6fS t fQAYOSNIAGAdZRS NBf éstiA dS |
O2yaidlydS RFEya €S GSYLBA S LXdza AYLRNIFYyGS |
L2 dzNJ f QSGSZ p £ mn F2A4a LIdzNJ £ QKAGSND @

PodzNJ f Q99 b I fld3 9ésuliats Sdnt diffiSilemerst §énéralisables et ne peuvent étre
regroupés selon les caractéristigues des bassins versggéophysiographie, classes
climatiques) Ce qui reste appareniTableau 8.1) O Q Sqlidi pour tous les processus
hydrologiques modélisésauff Q99 b > f QAYOSNIAGdzZRS NBfF A GBS t f
O0SttS NBftIGAGBS | dz OK2AE RS& Cho /St AYLI Al dzf
limité, que le meilleur choix serait de prioriser la prise en compte de plusieurs FO glaét

plusieurs jeux de parametres de calage. Ce résultat renforcerait ainsi le choix fait dans la
RSNYASNB RSOSYYAS RQ2LISNBNJ I, 5wh¢9] asStzy €8S
L2 dzNJ £ Q99b X f QAYOSNIAGdzRS NibdomparkbEeS cdlle dueaf lj dzA T A
choix de FO pour huit (8) des dix (10) BV étudié®.dzNJ f Q9¢w S S /9{ X &
YFEA& S3IFESYSyd tF &alAazy RQAYGSNBgaemerité®eh y OS NI -

plus importante que celle relagvaux FO.
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Tableau8.1: ¢ @ LIS RQAY OSNIIi A (1 dzRS BWSE (f d3R/S1  LUA2ddxNIHIOSEEHise@iryNAR- Soaf Sa S

Débits  7j-et 30-

journaliers Qmin Qmax EEN ETR CES

Batiscan

Bécancour

Chamouchouane
Chéteauguay
Chaudiere

Du Loup
Gatineau
Mistassini

Rouge
Yamaska

Incertitude relative aux FO
Incertitudescomparables
LYOSNIAGdzZRS NBt I GA¢

8.3 Que recommander?

Les résultats proposés dans cette partie mettent en avant, pour les processus hydrologiques
Y2RSfA4Sa | dziNnBa 1ljdzS fSa RSoAGasz fF LI2aaArAoAf)
pas négligeable devant celle relative au choix de FO. Ce résgit@btenubien queles FO

utilisées (Nastiog et KGE) aient favorisé une incertitude relative a la FO élevée et que

f QAYVOSNIAGdzS NBtFGAGBS +t fQSIdATFAYFEAOGS yQl LI
sélection des jeux de parameétres). On rmatgue la considération des A5k ,ou NSk aurait

NBRAZA G t QAYOSNIAGdzZRS NBf I GABS FdzE Ch YIAa LI a
auTableau8.1.

Lamise en place de la méthode 8 4 2 OA S S tmorfr@ qué BBiskleh Eompte de
f QS dZA FAYF € AGS lydBStit LI L3S dain] @& avpoataiieerit Qels
effets tangibles sur les résultatde modélisations Or, dans le cadre es CC depuis la
publication des rapports du GIEC et la prise de conscience des mondesfigaestiet
L2t AGAldzZSA ORIFya dzyS Y2AYRNB YSads2NBE OSNIFAYS
multiplient.; 4y R2yyS fSa NBadzZ dFda LINBaSyisa AOAZ

directement la variable de débits, il serait recommandé de prermireompte les deux types
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RQAYOSNIA GARS|j 95 ISNI A @dzid A f A & (A 2tyde &8x FRSdzE 2
adéquatesEn effet LI NJ SESYLX S L2 dzNJ £ S& RS delativéiawRFEDS (G A | 3 S ¢
serait appropiré @ considérer les FO Naklg et NSk, connues pour offrir de bonnes

performances en étiage.

Les résultats proposédans cete sectionpourraient certainement étre repris, cette fois en

utilisant une procédure de sélection des jeux de parametres équiprobaux qui tiendrait compte

de la nature stochastique de DDS (secthB.2) @ / St LISNXSGIONIAG RQS@I
NEtASSa | dz OK2AE RS Cch Si t tQSldATFAYILIEtAGS S

paramétrique.
9 EVALUATIONDE LASHILITEFUTUBE [ Q! tt wh NOENLhb b9 a9

EAU DE SURFACE

[ AaSY&aAo0AfAGS Fdzidz2NE RS f QFLIINRBGAAAZ2YYSYSyl
fl adldiAz2y /KNGSIdz RQ9ldz I SGS SOOI fdzSS LI NJ f |
Of FaaAljdzSa SaG It GSNYySahogE MR ab QYO INMYALIIASR SLIF RS
modeles de climat et deux RCP (4.5 et 8.5). Les débits futurs sont spauld$DROTEL pour la
YSGK2RS OflaaildzS Sid f QS dzeEplatetdd laséthdda DDSLINRA a S
AU qui, en comparaisna la méthode présentée a la secti@n tient compte de la nature

stochastique de DDS.

9.1 Modélisationclassiquehydroclimatique FOet équifinalité

Etant donné les résultatsbtenusa la sectioBlj dz yi + f QAYLI OG RS f QS| dz
f QAVOSNIAGAZRS RSa AYRAOI GS dNGEA | KRSR Napf £ S2 IR Q) ddtaSAAE AY
Ch FAyaA 1dzS RS LINBYRNB Sy O2YLIiS fQSljdzA TAy
paramétres. Cependant, comnfiel @ NA I &RISS yR A NGB I DNFE R RS dRSS BAIH
estival (juin & novembre) moyen sur 7ujs consécutifs, la FO Nakly-7j (section 6.3.2

apparaissait commalandidatcidéaket dziAf AASNI ! AYaAs y2dza | g2y a
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cette FO etRQA Yy Of dzZNB f QS @I f dz2t 6 A2y RS f QSljdzAc-AWY | f Al
(Tolson and Shoemaker, 208 I RI LI SS t y20(8B82.0a RQS{HdzRS 62

Le modele hydrologique a été calé automatiquement f QI A R& le R&Ssins/drsant de la

riviere SairtfCharles tandis que 16 jeux de paramétres équiprobaux ontidggtifiés par la

méthode DDSAU. Les valeurs moyennes de la FO en périodes de calage-2Q03p et

validation (20072011 et 20022006)ont été respectivement de,89, 0764 etQr yn ® [ QS Sy R
des intervalles incluant les FO associées aux 16 jeux de paramétres était infériejd4, a 0
démontrant une fois de plus que le paradigme du calage optimal unmpieserait plus
envisageablesi démonstration était faitele QA Y F fsignfiga®éR S t QSEA 4GSy 0S8 RS
LI NF YSGNBA SIdALINROI dzE & dzNB fB& WOSFKE SYSES R QA
paramétriqgueissue des 16 jeux de parameétres est assez importéfigure9.1), surtout en
comparaison de cellebtenue a la sectiorB. Ainsi, mis a @rt pour le coefficient multiplicatif de

f Qoct R2y G f QS dzA T ke\alpéide 5% dd.Ja Nlhgy Bhydighel] alubrisé€ 2 dzd N.
f QSyaSyof S RS dssotish e eqdfinait® dépassant 25% de leur plage physique.

Les seuils de fonte des milieauverts et foréts de feuillus ainsi que les profondeurs de sol des
couches 2 et Zouvrentprés de 100% de la plage physique qui leur était assaméqui
AYVRAILdzZSNI AdG € SdzNJ Y2AYRNB AYLR2NIFYyOS Sy GSN¥YSa
contNI ANBZ S O2STFFAOASY (G YdzZtf GALX AOFGATF | aaz20AS
expliquer les valeurs de la E@arametre H) ce qui pourrait éventuellement inciter a explorer la
L2aaAoAfAlS RQSGSYRNE f Sa . QegfrésdtStsirejoigiiérd delij dzSa R
proposés parBouda et al. (2014qui classaient ce coefficient comme le pinfluent ou le

deuxiéme plusnfluentLJ2 dzNJ £ Sa ol daAya az2yidY2NByOes . SI dzNJ
lIsrejoignentégalement les résultats associés a la méthode alternative puisqueccédentifie

f S OdzydzZf RS fF LXdzAS Y2Aya fQ9¢t &diNQ REMIEdziVR A
RSa RSo0AGA RQSGAIFAS L 1 22dzNE D
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A- Limite pluie/neige (°C) [-6 5]
B - Taux de fonte, coniféres (mm/j) [0.5 20]
C - Taux de fonte, feuillus (mm/j) [120]
D - Taux de fonte, milieu ouvert (mm/j)  [1.33 26.6]
E - Seuil de fonte, coniféres(°C) [-3 8]
3 F - Seuil de fonte, feuillus (°C) [-3 3]
G - Seuil de fonte, milieu ouvert (°C) [-3.96 2.04]
H - Coefficient multiplicatif ETP [0.7 1.3]
| - Profondeur de sol couche 1 (m) [0.01 1]
J - Profondeur de sol couche 2 (m) [0.01 1]

K - Profondeur de sol couche 3 (m)
L - Coefficient de récession

Diagramme araignée des62 SdzE RS MH
de la méthode DD®\U pour leBVde la Riviere Sair€Chaies.
[ § LI NIFYSGNB ' Said dzy
neige, les parametresia L sont relatifs au module de sol.

t I

Figure9.1:

LaFigure9.1S &

LJ- NI} Y& (G NBa

RSY2yaiGN)I GA2y @AradsStfS RS

[1.012]
[1.10°% 1.10

R @ar apglidatod S R QI | &

LI NF YSGUNB RQAYGSNILREFIGAZY S

t QA YLIZ N

9.2 Sensibilité future selon la méthode classique et alternative

[ § Odzvdz RS €1 LX dA & Y27K5/5 ARBYtI A Fdig) Dy SY 2
SELX Al dzSNJ Q. maeld néthdde sfterratfvél Pour la période de référence (2001

2015), la corrélation obtenue entr 7Qmin S (1M teqtifié était de 082, ce qui a permis
RQSGIFof AN dzy S NBIAINBaaAzZzy ahnussBORSNB I BB QNP Rdzi 51 ¢
linéaire a par la suite étdzG A f A 4SS LJ2dzNJ ISYSNBN) £ S& ASNASa

climatiques sélectionné$(3.1).

[ $4 &SNASA R Gsparled dainini@thathes ol ey MdScomparer les évolutions
futures des horizons 2030 (2018045) et 2060 (204€075) par rapport a la périodde
référence(2001:2015) Il ressort de cette comparaison que les résultats médians obtenus sont
similaires.En effet, pour les RGR5 commeRCP8.5, les deux méthodes estiment une baisse
statistiguement significative (test de Wilcoxon, p8®) des;Qmin. Ces baisses sont cependant

assez faibles en comparaison de la variabilité interannuelle estimée ce qui indiquerait pour les
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- A s osoAa

3Sa0A2YYyIFANBAE RS fQStdz ljdzQt OSG0GS SOKSttS (SY
du climat masque le signal doiC On notera que la méthode alternative reproduit par nature

lesrelationsmoyennes entre;Qmin et IM.

[ QS @2 dzii A 2 Vv étadies pardles NASHEthd-i&E des périodes deingansmontre
également beaucoup de similitudeBigure9.2). Les trajectoires médianes associées aux deux
méthodes décroissent de maniére significative (test de MEendall, p<@1), indiquant par la
méme que le signal de CC est tout de méme apgarealigre la variabilité interannuelle et que
fSa 3SAadA2yYyl lemBoac s&kBeépdreR & dettlz barsSedit@A On notera que
cette baisse est significative pour les deux RCP, malgré dessauts> assez importants

observables pour le R&E5 entre les quinquennats 6 et 7 puis 11 et 12 dEi¢aure9.2.

13 RCP-4.5 13 RCP-8.5
' ‘ ®— Données observées '
1.2 I Intervalles de confiance | | 12!

—8— Approche classique
Il Intervalles de confiance
e | Approche alternative || 117 o
¢ ] Intervalles de confiance

” AN k\f\w\

o
o]

bits(m3/s)
=

Dé

o
~

2016-2045 2046-2075 2001-2015; 2016-2045 2046-2075
-2 0 2 4 6 8 10 12 -2 0 2 4 6 8 10 12
Périodes de 5 ans (2016-2075) Périodes de 5 ans (2016-2075)

Figure9.2: Evolution des médianes degQmin pour les méthodesclassique (noir) et alternativécyan) pour les
RCP4.5 et-8.5, pour 16 MCG

LaFigure9.2A Y RAljdzS S3I t SYSyid t QSEA&GSYOS RQdzyS RA T
Les intervalles de confiance associéaadthode alternative sont plus larges que ceux associées
L £+ YSGUK2RS Of I &4aAlj dzS dded MCS suR I8Nl SINtER RNBIF/TSS (LS Y]
RQI dzi RE (JQIST) pdek B méfhode klasgqueudef QA Yy OSNI A GdzRS RSa LI
régressionpour la méthode alternativeOn notera toutefois que lors de la mise en place de la

YSGK2RS Of I &4&A | dzS Ja siruathrey ddSmiishes aRdogidudsi(sedih) @ S ¢
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YOI LI &a SiS LINARAS Sy O02YLIWS LidzaaljdzS t Q206025040
circuiter la modégation hydrologique. L&igure92 Y2y i NB S3I f SYSy G |j dzS
observationnellgplage roséeassociée aux données observées est comparable a celle associée

a la méthode alternative. Or, cel®A NBTFE § 1S  A-lypelabsSed Sk (sérids @S O NI
débits minimums de 7 jours conseécutifs utilisées pour calcules@as estivaux Ainsi, on peut

affirmer que si cette méme incertitudebservationnelleétait représentée a ldigure9.2 pour

la méthode classiqudes incertitudes associées a chacune des méthodes seraient semblables

ce qui est démontré a laigure9.3.

RCP-4.5

®—Données observées
1.2} 3 I Intervalles de confiance | - 12+
i —e— Approche classique
111 Il ntervalles de confiance | |
’ R Approche alternative
i Intervalles de confiance

RCP-8.5

0.6}
0.5 1 0.5} \
‘2001-2015‘ 2016-2045 2046-2075 2001-2015; 2016-2045 2046-2075 l
04 1 : : : : o 04! : : ; : : —
-2 0 2 4 6 8 10 12 -2 0 2 4 6 8 10 12
Périodes de 5 ans (2016-2075) Périodes de 5 ans (2016-2075)

Figure9.3: Evolution des médianes degQni, pour les méthodes classique (noir) et alternatieyan) pour les
RCM4.5 et-8.5, pour 16 MCG.
[ GNI 2SOG2ANBE FdzidzNBE | 33420ASS ¢t I YSGiK2RS Ofl a3

9.3 Pertinence etpotentiel de la méthode

Df 201 f SYSyGs> 1jdzS tQ2y O2yaARSNBE fSa NBadzZ Gl G4
pressionsfutures sur la ressource en eau de surface disponible pendant les étiages est plutét
inquiétante. En effet, les résulta{dableau9.l) associés au REPS (section3.1, scénario du

business as usualindiquent une diminution respective trés probable (90% des modéles

indiquentune d YA y dzii A 2y 0 RIB1 peun lesiizons P30 eRR28Bpar @pport a la
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période de référence (2062015) Cette période de référence de 15 ans est anormalement

O2dzNIIS LJ2dzNJ NBLINBaSYyiSNI €S Ot AYFG | OGdzSt  LidzA .
utilisées. Cependant, ce choix a étaitfpour garantir un fonctionnement hydrologique
K2Y238yS Rdz ol aaiAy OSNAEIFIY(G Rdz2NYyld dzyS LISNA2RS

évoluée(Roche, 20102014 Blanchette et al., 20)8De méme, le choix de calculer le signal de
OKIy3aSYSyid OfAYFGAILdzS RQLt M &dz§) LI NDI6AS RE20F
fournir un outil opérationnel aux municipalités qui cowitcuiterait la modélisation
KeERNRE23A1jdzZS§ SG R2yO tQ20d0SyliA2y RS& &aSNASA R
fait quele biais éventuel de la modélisation hydrologiqies étiages avec HYDROTEL a été pris

en compte par une correction du biais denulation de la médiane demi, sur la période de

référence (section6.3.2. Pour les deux horizonfuturss OSf |  O2y RdzA G t dzy S
inférieure a 1A Y RAlj dzt v dzy§ AyadzFFAaltyOs RS 1 NB&a&2d
RS I +#AffS RS vdzS6SO t LINIGANI RS tF adridArzy

retour 2 ans. Ces résultats devraient donc pousser la Ville & évaluer I8 3tratSa R QF R LJG |
Ll2aaArof Sa LIR2dzNJ tAYAGSNI £ S adNBaa adaNJ £+ NBaa:
YrasSa Sy LI OS yQayOftdzSyid LI a tF LINRBolotS | dzA
Tableaud.1: E f dziA2y RS f QAYRAOS RS LINB&aA Dyt 206@ Reloh i cliReBa Of A Y

de la périodede référence (2002015)

RCM4.5 RCPR8.5
Classique Alternative Classique Alternative
IP1 IP1 IP1 IP1
Ref 1.19 1.19 1.19 1.19
Variation (%) -20% -1% -22% -19%
¢
2 & Vvar. positive 4 7 4 3
N N
Var. régative 12 9 12 13
& 10 Variation (%) -37% -12% -38% -33%
S S Var. positive 4 3 2 2
N N
Var. régative 12 13 14 14
[ Sa O2yOfdzaAzya | 3a20ASSa t tQS@2ftdziAzy RS f

Ville de Québec apparaissetammeinéluctables. En effet, les diminutions évaluées Bitpure

92 1SY2A3y Sy

RQdzy S
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respectivement les scénarios de développement sociaux €économiques optimistes et
LISadAYAaGSad [ Sa RAFTFSNBYyOSa SyiaNB aoOSyl NA2a
[ YSGK2RS fG0SNYyFGAGS G(SttS 1jdzQSttS Said SELR
230 stations hydrométriquedlu réseau du CEHQ (sectiar?) ou méme au réseau de000

stations duUnited States Geological Sur\@glcone, 2011p 9y 2 olzsdNE&e adaimisé Q

Sy LXIFOS RS f QF LIINROKS t OCGMEIR003, N& potentetizf ( A LI
RQI LI AOF6AEAGS RS fF YSGK2RS ITfOdSNYIGAGDS LIN
Trentesix Source Protection Areamt été créées en 2006 de maniere a mettre en place la
LINEGSOGA2Y RSa a2dz2NDOSa& dn Ontadi® ChicSri desS36 doSuinents | 4 & A y
techniques rédigés (500 pages en moyenne) et approuveés au plus tard en jand@aent&tait

f QARSYGATAOIGA2Y RSa& Hed ¢nSau hRiGiquasieNttdreebnadést 2y S
conditions de sécheressge période de retour 2 et 10 ang. QA Y G SANIF €t AGS RS OFS
ySOSaaAaas fF YaasS Sifydradiniatgde. QR @ tBE Sranve2nijSri@A)a | G A 2 v
YOIl LI a GCRIEYAENK I'f Y RSt A&l A2y SG || O2y,fdz t ¢
méme en ce qui concerne les tendancpar la méthode classique étant donné le manque de
données lydrologiques & physiographiqusetf Ql 6 8 Sy 0OS RS OSNAFTFAOIGA2Y
contexte, la méthode alternative proposée dans ce projet de thaseit certainement été
positivement accueillie. Toutefois, comme cela a été évoqué a la settipni les résultats de
fQFNGAOES L yA fSa NBadzZ GFrda RS fQFNIAOCES LL
de régression sougcent aux corrélations. La démonstrati@st faite de maniére indirecte

RFya fQFNIAOES LLLX LlzA&ljdzS fSa NBadzZ GlFda 206
AAYAT I ANBa Sy GSN¥Sa RS GSyRIyOSasz RQI YL Al dzR
étaiges futures. Cette démonstiion pourrait étre faite par la mise en place d@Qdzy S
régression entre IM et IH a partir des données issues de la méthode classique et par

f QF LILX AOFGA2Y RQdzy G4Sad RS

§ adlaA2yyINRGS R

0«
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CONCLUSIOBE. PERSPECTISE

10 CONCLUSIONS

WS FdzaAYSyYydliA2y RSA& RATTAZupGableebtipSaiced QI L
travers le mondgBates et al., 2008 Cellesci ne som pas nécessairement liées aux, @tais

peuvent étre expliquéga la foispar la croissance démographique, les manques chroniques
RQSFdz  OOSyddzSa LI NIt @FNRARFOoAfAGS RSetles RSY!
défis nationaux et internationdzE f A Sa t I 32 dz@dS NY leyédutioRsS t QS|
représentent simplement une charge supplémentaire a prendre en compte pour les services
RQFLIINB PAAA2YYSYSy(d Si OS Qtiidfe d2Q $Hlé Nelichigedat A § NB Y
annuel lep dza ol a FGGdSAYy G LI N dzy >ORaeBE198R &Sduidz Sy
constitue le pointcritique de disponibilitéde la ressourcelLes effets locauassociés a ces
changementssont difficiles a prévoir maikes différents scénarios SRES ou RCP (se8tifn

permetient, a travers les modéles du climat, ONBI GA2Yy RQdzyS o6l asS R
préparer le futur5 QF A f £ SdzNBE OSa LINRP2SO0A2ya AyRAIldzSy
sécheresses a court et moyen termes appeléet. | dzZAYSY G4 SNJ SO NARaljdzS RQ
effets néfastes a différentes échelles spatiales. (ocale, régionale et mondialg)liménez

Cisneros et al., 20)4Dans ce contextesuite ala démonstration deSmakhtin (2001Lselon

laquelle la compghension clais RS f QK@RNRf23IAS RSa&a SOAl 3Sa
SESYLX S5 RS f Ql LILINREipale) dey gll&N0Ssydés reSspurcésl edzeal dz

(L2 dzNJ €t QANNA I GA2Yy 2dz £ Sa 0Saz2Aya AYyRdAZAGNARSE a0
la com SN GA2Y RS ol @Sly fAundlBt g B Yide/ de nombreuses études
RQAYLI OO 2y G SiS NBKanizavdcs ét alt 20Qirdidd &t &INBODIICEs Y2 Y R S
études ont suivune méthode quasstandard(Bléschl and Montanar201Q Todd et al., 201)1

la modélisation hydroclimatique debassins versant€ette approche utilise les sorties des

modéles climatiqueg¢Cunderlik and Simonovic, 2006loke et al., 20L0CEHQ, 20132015

comme entrées de modeéles hydrologiques, HYORGQans cette gse./ S LIS Yy RappyodhgE  Q

classique reste difficile a mettre en place, car elle nécessite une expertise particuliere qui la
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NEYR Ayl OO0OS&aaArofsS LRdzNJ 6SIF dzO2dzLd RS LINR RdzO( S dzN
modélisation en casca&dest sujette aux incertitudes combinées des modeles du climat, des
modeles hydrologiques (calage et structu¢@makhtin, 2001Staudinger et al., 203 Dobler et

al., 2012 Tenget al., 2012 et des méthodes de podtaitement des données. Afin de diminuer

la longueur de cette chaine, cette theagroposéde mettre en place une méthodaternative

RQISt@dzZl G A2y RS I &ASYaAoAftAdS FdzidzNBE RSa aeais
partir de données climatiques uniquememhf démarche suivie a essentiellement reposé sur les

points suivants
T [ YA&aS Sy LXIFOS RQdzy OFRNB RS (NI @FAf |t

A partir de 2L IM rapportésdans la littérature, une liste de couples IM/IH a été produjieur

deux bassins versants du Québaselon & valeur de dur corrélation de Pearson pour 42
simulations climatiques selon le scénario SRESPour la saison hydagique hivernale sur le
oFraairy RS I NAGASNBE .SOFyO2dz2NE fS& RSoAdGa |
Fad20ASa t fQAYRAOS RS aSOKSNXaasS 95L OF f Odz
neige moins celles deE@P sur une période dix et douze moiset au cumul de la pluie et de la

fonte de la neige sur trois mois. Ces IM expliquaient respectivement 55/46% et 53/58% de la
variabilité médiane des IH pour ledsimats passé$19712000)futurs (20422070). Pour la

saison hydrologique ésale, les;Qmin et 30Qmin €taient respectivement associés aumul de la
RAFFSNEBYOS SyiGNB f Sa defpsrigdessaquareet didhaigktdt SG5 RQ9 ¢
appliguéa ces mémes données ssix mois Ces IM expliquaient respectivemebb/53% et

59/55% de la variabilité¢ médiane dg&min et 30Qmin €Stivaux pour les climats pas#ésurs.

[ QAYGSANI EAGS RS OSa NBfIFOGA2ya a éthtivalidetant lj dzSa =
en climat passéue futur (pas de différence de médiane significative statistiquement selon le
GSat RS 2Aft02E2y 03X O2yTAdetatigninarité deg éoiélaio@hag L2 ( K §
base de la méthodologie alternativ®e plus, les résultats ont démontré que, mérmeur

fQSGF LIS RS GFHEARFGAZ2Y aLI GAFESET €S OF RNS

puf
(0p))
c

des IH a partir de celles détee pour les IM susmentionnés. Polilf0% des scénarios
climatiques utilisés,pour le bassin Bécancoutes tendances obseées des IH ont été

attribuées avec succes a celles des IM, selon une analyse des tendances et des corrélations
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partielles.Pour le bassin Yamaska, ce sont 80% des scénarios qui ont permis cette attribution ce
i dzA & 2dzZ § S 1 |jdzSagARYARS 2 @A YLMHAOG yRIE G X F dzE
faudrait évaluer pour un panel de bassins versants plus large.
Globalement, ce2 6 2S OG A T S (séctibhIlioit diroBuit + B & 8 O & &dre e dzy
travailS T FA OF OS ljdzA LISNXSUO RQS@IfdzSNI £ Sa G§SyRIyOS
Of AYF(OAljdzSad /S OFRNB LIdzNNI AG aQlF gSNBENJ dziAf S
eau sera remiseen causeLJr NJ £ S& OKIFy3aSySyida OfAYIFGAILdzSSa &
techniques et/ou financieres de mettre en place la méthode classique. En effet, il fournit une
évaluation rapide des bassins versants a risque qui pourraient bénéficier de la miseende
f QI LILINIR Onfoélisation hydroclimatique tout en identifiant les phénoménes
météorologiques critiques générateurs des étiages. Enfin, le fait de -couditer la
modélisation hydrologique permet de limitef S& & 2 dzZNXD S & de RaQchaim®dE& NI A G dzR
modeélisation tout en assurant leeproductibilité de la méthode pour les jeux de simulations
climatiques futurs.

T [F LINARaAaS Sy O2YLIIS RS tQSldATAYI{fAGS RIya
I OOSLIISNI £t QSEA &G Sy 03 afidz NBR2GR2O/S/LIIN (RGBS Ijf deAATYAG/S: NIAA(
RQdzyS FlLYAfttS RS &az2fdziAzya R2yylyd RSa NBadz
F2yOlAz2zy 20602800GATd al faINB ft QSEA&EGSYOS RS YSil
modeéle hydrologique HYBOTEL a été principalement utiligdza Ij dzQt  Yselonyled Sy | y i
paradigme du calage optimahique sans évaluea posterioriles conséquences de ce choix
/| QSad L2dzNJjdz2A Rlya OSGGS § Ké&ditddEs agdclégsia 1aR2 Y Y S
méthodeOf | AaAljdzS2 Af Sl Aélaludtidhrdet NRAI fO (1 R R d4 INEKIDA &E S
parameétres optimisés sur certaines variables et indicateurs hydrologiques simulés, a savoir: (i)
f S48 RSoAGa 22dNYIFfASNET 6 A xébitstmaximauwR(@)6EEN,{iv) RQS i A
les variations duCESpeu profondet (v) f Q OHYBROTEL été mis en place sur diBV du
Québec méridionaéntre 1982 et 2002Pourchacune des FBIGE et Nasliog, et chacun des
ol daAiAyas f Qddptinsddsi2AX NI ¥YSENBa RS Cek gehéESH0o RQI |, 5y

jeux de parametrestquiprobaux Les résultats de calagent démontré que, malgré une
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stratégie de sélection des jeux de parametres similaire a un calage mdeseipnctions

objectif de chaque modeéle présentient des valeursgales & 1% pré$. A y A A > f Qdzi A f A 2
LI Ny RAIYS Rdz OFfl3S 2LIAYIFE yQSad L) dza Sygaal
RQAY Tt dzSyO0S RS f QSEA&iGSyO0S RS&a 2S8dzE RS LI NI Y
f QS { dzBl&alement, pour tous les processus simulsE OSLIG S L2 dzNJ £ Q99b =
relative aux FO était plus importante que celle relative aux jeux de paramétres. Mais, les
résultats saisonniersnt suggérdj dzS f QA y OS NJi A gbae&t8épashenelied @A |j dzS

FO dans cedines conditions particulieres.

Il AyaAs Sy LI NIGAOdzZ ASNI LJ2dzNJ £ S& SiédzZRSa RQA YL
RQAYUGUSNB G a2yl indidhleyfsOhydrdllofides Ssiniilést R&3pas les débits
journaliers,seR y f Sa NBadz GFGa aaz2O0ASas) quilSdtaille 6 2S00
f QS dAFAYFIEAGS RSONI sOGNB LINAaS Sy O2YLWiSo t
 4420ASS | dzE RSoAGaszs fSa NBadzZ (lemed étrd dear@é NB y
au profit de la considération de différentes FDoutefois, ce résultat a été obtenu hors du

débat technicephilosophiquedébuté en 2006(Beven, 200602008 a propos du choix des
YSOUK2RS&a LINBYSyd adlraAradAaljdzsSa 2dz y2y |ljdzhi LISc
f QS dZAFAYIEAGS SO &dzh gl gfjéux dzypSram@t@dl dndldieéllesR S & St
utiliséest 2 NA R Qdzy OF f I 3 S NGO @1ddSE OF dzIANBAS  Af Eiliskil2 d2NENJ A
une procédure de sélection des jeux de parameétres équiprobaux qui tiendrait compte de la

nature stochastique de DDS (sect@B.2).

1T [ QSO tdd GA2y RS f1 &SyYaAoAtAGS TFdzidNB RS f

les étiages

Etant donné les pressions historiques et actuelles exercées par les étiages sur les activités
NEONBI GA@Sa Si f Ql Iphtake @tard Hadné yeS YrSjgtilons $lg baiSsk dz
proposées par les modeles climatiques pour le Sud du Québec, il y a lieu de se demander si les
pressions sur la ressource en eau vonalement augmenter dans le futdr / QS & G LJ2 dzNJj dz2
OSGiS GKsaSs fSa FLIINROKSA FftaGSNYyFraGaA@gSa Sa  Of
RS &dz2NFI OS RS I +#AftfS RS vdzS6SO t LI NIAN RS
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Sy O2YLIi S LI NI t Qdzilimbtiguas-sélon Beyix sBéBarios RCPYRERESI5S &
NBaLISOGAGBSYSyil 2LIAYAaGSa Si LSaaavyraadsSaoe [ S
été réalisé selon la méthode D® (Tolson and Shoemaker, 2008ui tient compte de la
YyIEGdzNE a020KIadiipdz8 yRSE Qf QIR P RE 4 d8ubhilMenlal A O

L dzAS Y2Aya fQ9¢t &dzNJ dzyS LISNA2RS RS ;&5dzE Y24
estivaux observés. Leur corrélation était dg @ OS ljdzA | LISNXA & f QdziAf .
linéaire associée pour év@uNJ f QS @2 f dzi R IS aF bz R$S& W0 f S dzNA
pour chacune des simulations climatiqgues. Globalement, les résultats obtenus lesur
méthodesOf | aaAljdzS SaG | £ SNV Qb @Slimitdig rgférende veis®es @2 £ dzl
horizons futurs (201@2045 et 204€2075) étaient similaires. Les médianes degQmin

dmnuaiSy & RQdzy K2NRART 2y @OSNAE S & defa@dluy élevée fueA a f |
fI RAYAYydziAzy RS& YSRALIYSAa3I Ay RAMjdézBOans, le§ dzQt (
variations interannuelles relatives a la nature chaotique du cliétaient prépondérantes face

au signal de CGur des périodes de cing ans, les deux méthodes ont évalué une diminution
AAIAYATAOIGAGBS RSa YS RklleyeSignal du GCRitjtazjoyfsiappiaree £ O S
et ce plus particulierement pour le RGF. En ce qui concerne les IC associés a chacune des
YSGK2RSa OflFaaaljdzS Sd Tt GSNYylFIGA@Ss Afa NBLNBA
RS QA RDENIDSNLIE 1dzRS | 8a20AS I dzE O2STFFAOASY (3
f QF LIWINROKS O2y @SyitAraz2yyStftS SGFASyd ySGaSYSyi
alternative.hy y 23 SNI OSLISYRIYy(d 1ljdzS tF O2y aARININIA 2y
type associé aux séries de débits minimums de 7 jours consécutifs utilisées pour calculer les
7Qmn SAUADBI dZEOZ y2y O2Yy&aARSNBS t f QKSdzZNB | O dzS
classiquerend les IC comparablesinsi malgré cette différencégs deux méthodestaienten

accordY f I LINB&a&A2Y FdzidzNBE SESNIOSS LI N £ QFtAYSy(
durant les étiages est inquiétante. En effet, pour le BER des diminutions de 20% (20616

2045) et 35%20462075) sont prévuesvec confiance (prés de 90% des modeles sont en
FOO2NR ljdzZkyd £ fF RANBOGA 2 Vice ReSpdessiorkIPLy[@iuuB y G a |
rappel estle rapport du S0 Rdz RSO60AG RQSI| dz LINBf St setnit as YS
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ainsi inférieura 1, indiquant une insuffisance tres probable de la ressource en eau pendant les

étiages de période de retour deux ans.

Df 20l fSYSyidsx tF YAasS Sy LXIFOS RS tF YSGK2RS |
résultats similaires a la méthode clagst. Elle pourraiioncpotentiellementétre appliquée a

chacun des bassins versants dont les données météorologiques et hydrométriques sont
disponibles. En particulier pour les différents BV du Québec, elle permetiade quant a la

qguestion de lanécessité de mettre en place la méthodtassiqueEnfin la méthode alternative

pourrait permettre la diffusion de méthodes de gestion durables de la ressource en eau tout en
fAYAGErYG fSa o0SazAaya Sy AYyUSNBSydGAz2y eRQdzNHS

populations.

11 PERSPECTIVES DE ERCHE

Ce projet de thése a mis en place la méthode classique a partir du modéle hydrologique

| . 5wh¢9[ dzyAljdzSYSy G Lidzi aljdzS f Q2062SO0GATF- LINRY O,
circuitant la modélisation hydrologigu® /S FlL A&l yixX € QAYOSNIAGdzRS
Y2R8fSa4 KeéRNRf23IAldzSa yQlF R2yO LI & Si%en02yaAiR
AYO2NLIZ2 NI yi f QdziAft Aal (A2 yEtaRdhndziaNBrgeptivh2de daf S& K
méthode altenative, celleci est applicable aux différents types de données climatiques issues

RSa &aO0SylINA2a {w9{ SO w/tod {I OGSNAEIGATAGS LI«
leurs tendances hydrologiques futures a partir de simulations climatiquegiement. En effet,

les mécanismes générateurs de crue étant certainement liés aux conditions météorologiques,
OSGGS I @SydzS RS NBOKSNODKS LIR2dz2NNFAG siGNB LINRYS
cette thése pourraient étre révisésu utilisésdans des modéles multivariesn@ourrait méme

y intégrer des indicateurs climatiques a grande échelle comesendcillatiors Atlantique,

Pacifique ou celle liée a El Nifio dont les valeurs ont déja été mises en lien avec la fréequence des
étiages au Canad®onsal and Shabbar, 2008 O2 Yy RAGUA2Y RS &4Ql 8adz2NB RS

sont pris des modéles climatiques.
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Une piste de recherche encoreJt dza @I 4GS Ise dappald la frobléamatiqie @& y

f QI LN GAEAA2YYSYSy Ul Sy Flguelllp &n &fét,Ses Bystgies a | 3
RQI LILINRP GAAA2YYSYSyld Sy Sldz az2yad O2yaidAaiddzSa |
alimentant les réseaux de distribution. Leur mission est de proposer un seiteLc de
F2dz2NYV A GdzNBE RQdzyS Sl dz LRGF6fS RS ljdzZ €t AGSP [/ 2 YD
sections de laevue de littérature de cette thése, les étiages, en plus de constituer le point de
disponibilité critique de la ressource en eau, sontfégaY Sy i | 8a20ASa t dzyS
AYVFSNRASAINE £ fF y2N¥YIES |f2NR [jdzS ,coimela/ NI a
f AGGSNI GdzNB  &dz33sNB t QSEA&AGSYy 0SS RQdzy tASy ¢
météorologiquesla problématique qug G A G G A @S RS t QFfAYSY Gl dAazy !
étiages traitée dans cette thégmurrait étre associée a son pendamalitatif. Les IM utilisés

dans cette theseO2 YYS RQI dziNB&d AYyRAOI 0SdzNE (Sta €S yz2
sans pluiepourront étre mis en relation (par analyse des corrélations et corrélations partielles

RS tSINAR2Y S RS {LISINXYIYO | @SMesurS i una giitgeA OF (0 S
RQSlIdz LRGIFotS RS RSIzZNF aSdudnde Brvidits Ndtfindzigaux,
Escherichia Cali)X En complément de la régression appliquée dans cette these, une régression
logistique (Kateka, 201PLJ2 dzNNJ A G s G NB | LI AljdzSS | dz @2t Sa |
fSa& LINPolIoAfAGSAE RS RSLI aaSYSyd RQdzy ONXG8§NE
déterminer. A terme,la poursuite de cette pistet sa combinaisoh f QS @I f dzr G A2y RS
de leurs tendances hydrologiques futures a partir de simulations climatiques uniquement
pourraieni | 602dzi AN £ fI O2yaiGAaiddziAz2y RifkdgoBale YSG K2 |
6lidz yGAGEFGAGS SG ljdzr t AGFGAGSO RS&a aegaitsySa RQ
f QF LIWINRPOKS OflaaAaljdzS ol aSS &adzNJ £ Y2RSt A&l GAZ
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Résumeé

Les étiages sont généralement provoqués par des conditions météorologiques de court ou
moyen terme ou des conditions climatiquaplus long terme. €la peut amener a se poser la

question suivante a partir de scénarios climatiques, ¢stt )2 a3dA0f S RW@B& G A YSNI
b LI NIGAN RQAYRAON GSdzNA ¥% (i § 2NRIH IEZE £ NHz8 &@zND £ @0 LIl
qui consiste a utiliser les dodas des modeles climatiques comneatrées de modeles
hydrologique&k ! y'S & S NJc&8culée®padir des d@dé8s de 42 scénarios climatiques
couvrant les années 1961 & 2100 pour deux bassins versants du Québec, Cafidda/ I f @ 8 S R $
corrélations ente IM et indicateurs hydrologiques (Hfmin, 30Qmin  hivernaux et estivaux soit

les minima des débits saisonniers moyens sur 7 et 30 jourss LISNX¥YA & RQARSYy
A32dzO8SNY I yiG € QS@2ftdziAz2y RSa S GKendalSdodifiego@ | LILIE A C
AYGSANBNI f QSFTFSH RS idedlifiezie’ @adndNGS flinéaish ragisgant | LIS N
f QS@2ft dziA2y (SYLR2 NE UfeSnalgsé de® éorrélatayisJartisife fermisS NA S a
RQI G0GNROGdZSNI f Sa dasBhakklteidakcds dadh BDeSpLE $eS Esultats ont
RSY2YUNB 1jdzSE YsYS LRdzNJ §t QSGlF LIS RS GFfARFGAZ2)
YsYS RQS@IfdzSNJ £t Sa GSYyRIFIyOSa RSa LI £ LI NIANJ
Effective Drought IndefEDI)calculéa partir des données de pluie et de fonte de la neige moins
OStftSa RS fQSOIFILRINI YALANI GAZY 09¢t 0 &adzNJ dzy S
OAAUV S OdzvydzZ RS fI RAFTFSNBYOS SyiaNB fSa R2yy
en saison estivale. Pour 80% des scénarios climatiques utilisés, les tendances observées des IH
ont été attribuées avec succés a celles des IM. Globalement, cet article introduit un cadre de
OGN} @FAf STFAOFOS ljdzA LISNX SO QOFBS@GS® IASard NI LD NI G b b
pour plusieursi OSYy F NA2a Of AYIFGAljdzSad /S OF RNE LJ2 dzZNNJ A

gestion desessource®n eau sera remise en cause par les changements climatiques.
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Abstract

Low flow conditions are governdaly shortto-medium term weather conditions or long term
climate conditions. This prompts the question: given climate scenarios, is it possible to assess
future extreme low flow conditions from climate data indices (CDIs)? Or should we rely on the
conventinal approach of using outputs of climate models as inputs to a hydrological model?
Several CDIs were computed using 42 climate scenarios over the years 1961 to 2100 for two
watersheds located in Québec, Canada. The relationship between the CDIs and gigdtolo
data indices (HDIs;-7and 30day low flows for two hydrological seasons) were examined
through correlation analysis to identify the indices governing low flows. Results of the-Mann
Kendall test, with a modification for autocorrelated data, cleadgniified trends. A partial
correlation analysis allowed attributing the observed trends in HDIs to trends in specific CDlIs.
Furthermore, results showed that, even during the spatial validation process, the
methodological framework was able to assess trema low flow series from: (i) trends in the
effective drought index (EDI) computed from rainfall plus snowmelt minus (P&ential
evapotranspirationpmounts over ten to twelve months of the hydrological snow cover season

or (ii) the cumulative differece between rainfall and potential evapotranspiration over five
months of the snow free season. For 80% of the climate scenarios, trends in HDIs were
successfully attributed to trends in CDIs. Overall, this paper introduces an efficient
methodological frameork to assess future trends in low flows given climate scenarios. The
outcome may prove useful to municipalities concerned with source water management under

changing climate conditions.

Keywords:

effective drought index; -day low flow; 3@day low flow;HYDROTEL,; trends; climate model

71



12.1 Introduction

A persistent lack of precipitatio(meteorological drought) caaffect soil moisture (agricultural
drought) as well as groundwater and surface fldWallaksen and Van Lanen, 208shra and
Singh, 201)) resulting in a hydrological drought and low flows. The frequency of short
hydrological droughts is likely to increase due to climate change, and thus, it is expected to
have a strong impact at various spatial scales (i.e., local, regional, and gldea) Giaénez
Cisneros et al., 20)4Given this context, studies around the world have looked at low flow
hydrological idices (HDIs) and associated temporal variability from observed series of data
(Zhang et al., 20Q1Svensson et al., 200khsanzadeh and Adamowski, 20®&haliq et al.,
2009 Fiala et al., 201,0vang et al., 20tMMasih et al., 2011 But, asSmakhtin (200)Lclearly
demonstrated in his review, a clear understanding of low flow hydrology can help resource
specialists manage, for example, municipal water supply, water allocations (i.e., fatiomig

and industrial activities), river navigation, recreation, and wildlife conservation. Observed
trends in low flows need to be explained and attributed to their underlying causes. Worldwide,
there are few related studies and most of them linked tremadsmonthly or yearly flows to
cumulative precipitation or temperature at the same temporal sc@iéavrommatis and
Voudouris, 2007Khattak et al., 201;1Ling et al., 201;3Huang et al., 2014.i et al., 2014Kour

et al., 2019. In Canada and the USA, trends in low flow HDIs have actually been linked to
specific climate data indices (CDIs) computed from cumulative rainfall, prempitat degree

days over the course of one month up to a y€dang et al., 20QBurn et al., 2004aBurn et

al., 2004h Cunderlik and Burn, 200#odgkins et al., 200&\bdul Aziz and Burn, 2008ovotny

and Stefan, 2007Burn, 2008 Assani et al., 203Mash et al., 2011 Assani et al., 20)2For
example, Assani et al. (20)1linked, for the soutkeast region of the St. Lawrence River
watershed, an increase in summeiday low flows to an increase in summer precipitation. In
the Zagros Mountains of Iran near Ghore Baghedtéasih et al. (201)llinked a decline of the

low flow conditions (1 and 7 days minima) to a decline in precipitation during April and May. It
is noteworthy that, links between HDIs and laiggale climate indicesuch as NAO or ENSO are
beyond the scope of this study.
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All the aforementioned studies that locally linked HDIs to CDIs have relied on a statistical
framework. As such, they required series of flow data to predict how changing climate
conditions would affet hydrology at the watershed scale. However, it is possible to use a
hydroclimatological modeling framework to anticipate this effect; combining a hydrological
model and climate scenarid€underlik and Simonovic, 2005loke et al., 203,0CEHQ, 2013a
2015. This approach remains challenging and cannot be readily applied by any water
organization because of the required expertise. Moreover, it combines uncertainties associated
with climate simulations, bias correction as wedl laydrological modelin¢gDobler et al., 2012

Teng et al., 2002and the specific challenges associated with the modeling of low flows
(Smakhtin, 200;1Staudinger et al., 2031

¢t2 (GKS 0Sad 2F GKS FdziK2NEQ (y26fSR3ISsT y2 aic
assessing HDI tresdgiven climate scenarios. To fill this gap, this paper combines the two
aforementioned frameworks in creating a statistical framework that captures past statistical
relationships between CDIs and HDIs and apply the latter relationships into the future.
Demonstrating the effectiveness of this novel approach required computing HDIsS using a
hydrological model in order to show that it worked before actually bypassing this modeling

step. To ensure that the drougimducing mechanisms were well covered and ttret method

was as universal as possible, the proposed methodology relied on a broad set of
complementary CDIs computed for time steps varying from one day to a year using daily

precipitation and minimum and maximum temperatures.

This paper is organized four sections: (i) Material and methods, (ii) Results, (iii) Discussion,
and (iv) Conclusion. The proposed methodology was developed using a case study in Québec,
Canada for which: (future climate was built from the IPCC greenhouse gas emissions gcenar
SRE®2 (Nakicenovic et al., 200&nvironnement Canada, 201for the 20022100 period, (ii)
uncertainty of the climate change signal was addressed through the use of 42 climate

simulationsand (iii) future flows were simulated using a distributed hydrological model.
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12.2 Materials & Methods

The organization and mapping of the Materials and methods and Results sections are
introduced inFigure12.1. Throughout the paper, and in accordance W@EHQ (2013bIPCC

(2013 GaAYdzZ FGA2yé 2N aOfAYFGS &AYdzZ | GA2yE NX
G{ OSYI NR2¢ 2NJ aOf A YI-pr&essedSmlated, ®hich iNBsinBIatEn fai 2 |
which a series of specific choices have been made (study region amub pspatial and
temporal resolutions, biasorrection method). White boxes present how the climate scenarios
were obtained from 42 different biasorrected climate simulations. Grey boxes introduce the
methodological framework proposed in this paper. éguired computing CDIs from climate

data extracted from the aforementioned climate scenarios and HDIs from simulated
streamflows using a calibrated hydrological model. Afterwards, the statistical relationships
between CDIs and HDIs were assessed througtoreelation analysis followed by trend
detection and partial correlation analyses. Black boxes refer to the results of the application of
the methodological framework to a case study in Québec, Canada described in the next

subsection.
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Figurel2.1: Detailed schematic of the methodological framework and mapping of the sections of this paper.
White boxes stand for the computing of climate scenarios; grey boxes refer to the Material and
methodssection; and the black boxes refer to the Results section.
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12.2.1 Case study

12.2.1.1 Study area

Recent studies have predicted a decrease in summer flows for southern Québec, Canada
(Minville et al., 2008CEHQ, 20132015. More especially, the Yamaska River is characterized

by very low flow conditions durgysummer, as indicated by flow recor@@@udel et al., 2016

For this study, the proposed methodgly was developed using two watershe&g(rel2.2) of

the St. Lawrence Lowlands (Québec, Canada): (i) Bécancour and (i) Yamaska. They were chosen
for their geophysigraphical proximity and to demonstrate the application potential on: (i) an
unregulated watershed and (ii) a watershed with partially regulated flows. This provided a
framework well suited for comparing results and getting insights into the possibiligxport

the captured statistical relationships from one watershed to another.

1 o
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- CANADA 4$6-
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Figurel2.2: Location of thetwo study watersheds in: (a) the province of Québec and (b) the St. Lawrence River
Lowlands

The Béancour River drains a 2,6:n2 watershed(Labbé et al., 2001 More than half of the
landscape is forested and interspersed with agriculture areas (30%), wHilen uarea
represents 5.2% of the watershed with a population density of 25 people per km2. The
population of the watershed is approximately 64,000 inhabitants and is concentrated in

Thetford Mines (25,790 inhabitants in 2011) and Plessiville (6,688 in).20d4 flows typically
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happen between July and September and around February while the spring flood starts in
March and peak flow is often reached in April. This matches a transient snow regime (mixed
rain and snow) which entails spring high flows and swmand winter low flowgMorin and

Boulanger, 2006

The Yamaska River drains a 4;k8# watershedLabbé et al., 200)1The watershed is mostly
agricultural (52.4%) and forested (42.8%) while the urban area is comparable to the Bécancour
watershed (3.1%). There are 250,000 people in the watershed (52 people per km?2) mostly
concentrated in Granby (66,000 inhabitants in 2J)18aintHyacinthe (54,500 inhabitants in
2014) and Cowansville (13,000 inhabitants in 2015). Low flows typically occur at the same time

as those of the Bécancour watershed.

St. Hyacinthe and Riviére Noire, two towns located in the Yamaska watershedduhte deal

with a critical water availability problem one year out of five (based on the -P®0D period).

For the 20412070 time periodC6té et al. (2018ndicated that in all likelihood it would be the
case one year out of two. Since water shortages are likely to occur in other towns throughout
Quebec and elsewhere in the world, therefore, robtmsbls that do not require hydrological

modeling and could be readily used by any water utility organization are needed.
12.2.1.2 Hydrological seasons

Temporal changes in the hydrology of a watershed can be accounted for through the definition

2T GOKERNRPILBARPA@BRAPY (GKS &SN AYyG2 ROudisiAyOd
2006. Two hydrological seasons were defined according to climate variability and signal
characteizing the length of the study period (19€1.00): (i) a snoviree (SF) season, and (ii) a
snow-cover (SC) season. They were defined in terms of snow water equivalent (SWE) according

to the following rules. SC season starts on the first ddyeyond August that satisfies the

following condition:

A T OonAA AAA  THUATTE "HIH (11)

Namely, the SWE needs to be greater than 10 mm aod decreasingfor at least eight
consecutive dgs for the SC season to begin. The SC season ends on the ficsthd@yneets

the following condition:
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nAA T QnRAA ARA  THHITN "HIH (12
Namely, the SWE is less than 10 mm aatlinaeasingfor at least eight consecutive days. The

SF season startsn the day after SC endH the SF season does not end before the calendar
year, it continues onto the next one until conditions are met for the SC season to start, meaning
that some yearsespecially in the future, may not have a SC season. The SWE threshold value
(10 mm) and the number of consecutive days (8 days) were selected after sensitivity tests
(included in supporting materi@nnexe ). In more mountainous regions such as the Alps or the
Rocky Mountains, these two parameters would need to be calibrated to reflect local
hydrological processes and to differentiate low flows during the ice coggod from the open
water period.Rousseau et al. (2014nd Klein et al. (201p6also chose a X&hm threshold to
assess whettr a precipitation event was occurring in summer/fall (SWExh®) or in spring
(SWE>10nm).

12.2.2 Climate simulations

To investigate the effect of global warming on low flows, two IPCC greenhouse gas emissions
a0SYyLFNR2Aa 6SNB dza S Rv¥enta2és & BNIWI2GOR Geyiod @rdl SRER S H n
(Nakicenovic et al., 20QEnvironnement Canada, 201€r the 20022100 period. The A2
emission scenario was used because observations gla@sphericglobal emissions are at

the high end of the plausible IPCC SRES emissions projg&eunsach etl., 2007 Rousseau

et al., 2014. The selected simulations represented 42 of the 87 original simulations from a
climate ensemble dked (cQ)? and produced by the Ouranos consorti(Buay et al., 2015

They consisted of simulations from the World Climate Research Programme phase 3 (CMIP3)
(Meehl et al., 2007g the North American Regional Climate Change Assessment Program
(NARCCARMearns et al., 201R and the Canadian Regional Climate Model (CRMNMgic and
Caya2007 de Elia and Cote, 201Paquin, 201Poperational runs supplied by Ouranos. The 42
simuldions introduced inTable12.1 are based on 14 global climate model (GCM) runs with
different initial conditions (one to five members) and four different regionahate models

(RCMs). They were selected to avoid dependencies between models while covering all sources
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of climate uncertainty apart from the emissions scenario uncerta{itgwkins and Sutton,

2011), whichis discussed later on.

Table12.1: Description of the 42 climate simulations extracted from the (cQ)?2 project and generated by CRCM

version 4
#Simulation #GCM #RCM SRES
CMIPS 23 12 0 A2
NARCCAP 8 3 3 A2
OURANGS 1 1 1 A2
OURANOS* 10 2 1 A2

®GCM used: BCCR_BCM2.0; CSIRO_MK3.0; CSIRO_MK3.5; CCCMA CGCM3.1; GFDL_CM2.0; CNRM_CM3;
IPSL_CM4; INGV_ECHAM4; ECHAM5; MIUB_ECHO_G; MIROC3.2_MEDRES; MRI_CGCM2.3.2a

®GCM used CCSM; HADCM3; CCCMA_CGCM3.1; GFDL_R®1.0sed: HRM3; RCM3; WRFG

‘GCM usedCNRM_CM3. RCM used: CRCM4

*Simulations generated by the CRCM4 that cover 1961 to 2100 continuously (GCM used: CCCMA_CGCM3.1;
ECHAMDS)

Simulation data were corrected using the daily translation metlfglpelasoka and Chiew,
2009 which is a quantilguantile mapping technique removing the bias of climate model
outputs. The temperature correction is additive while the correction for precipitation is
multiplicative. The reader is referred to the following publications for more deféilsod et al.,

2004 Lopez et al.,, @9 Mpelasoka and Chiew, 200%uay et al., 2005 This method
conserves the different characteristics and dynamics of each individual climate model. Each
climate simulation has a temporal sequence of meteorological events wisiatifferent
between member simulations. The pgstocessing method assumes the biases to be of equal
magnitude in the future and reference periods; that is the relationship between simulated and
observed data is still applicable in the futufiduard, 201)9. The reference period 1962000

and observed precipitation data came from a-Kid grid covering southern Canada, that is
south of 60°NHutchinson et al., 20Q%veraged on the RCM or GCM grid before application of
the bias correction methodology. Finally, besides the ten simulations supplied by Ouranos
covering the 1962100 period continuouslypther simulations (32) were available for two
temporal horizons: (i) the past horizon (192@00) and (ii) future horizon (2042070). As a

consequence, the following methods and results are presented for two temporal horizons.
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12.2.3 Climate data indiceg CDlIs

Daily precipitation and minimum and maximum temperatures at two meters of elevation were
retrieved, from the climate scenariofifure12.1). Table12.2 introduces the CDIs used in this
study; they were taken from the literature based on their widespread use, data requirements,
and potential to corroborate (assessed through &neorrelation coefficients) with low flow
HDIs. The CDls are divided into four categories with respect to the type of input data needed
for their computation, that is computed from: (i) precipitation data, (ii) temperature data, (iii)
blended data (both gecipitation and temperature), and (iv) drought indices formulas. Other
CDlIs could be included if other HDIs were to be studied, illustrating the flexibility of the
methodology being developed in this paper. The CDIs used are computed starting on tHe day o
occurrence of each individual HDI and continuing backward in time, providing a framework for

future work on forecasting extreme flow conditions.
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Tablel2.2: Overview of the CDI groups used

Input Variable

DI Gr 4 r
Cakgory CDI Groups-15 Sources
Zaidman et al. (2001Yang et al. (2002Hodgkins et al.
Precipitation 1. Cumulative rainfall, snowfall, and (2005; Lang Delus et al. (20p&le Wit et al. (200); Assani
data precipitation amounts (3 CDIs) et al. (201); Tian et al. (201} Ge et al. (2012 Souvignet
et al. (2013
2. Minimum, mean, and maximum Yang et al. (2002Hodgkins et al. (2005de Wit et al.
temperatures (3 CDIs) (2007); Engeland and Hisdal (200%e et al. (201
Temperature
data 3. Cumulative freezing degrees, cumulative
degrees above 0°C, maximum and cumula NA
temperature since last snowfall @DIs)
4. PET (1 CDI) Assani et al. (2091

Paltineanu et al. (20Q7Paltineanu et al. (2009Institution

5. Climatic demand (RET) (1 CDI) Adour (2011

Blended data 6. Snowpack depth, snowmelt (1 CDI)

7. Snowmelt and rainfall amounts @ac

8. Snowmelt and rainfall minus PET amoun Girard (1979

(1 CDI)

9. Z scorgl CDI) Giddings et al. (2005

10. SP(1 CDI) McKee et al. (19931995); Roudier (2008 Liu et al. (201
11. EDI (1 CDI) Byun and Wilhite (1999

) 12. EDI computed from rainfall and snowm:
Drought Indices amounts(1 CDI)
13. EDI computed from climatic demand

(1 CbI) NA

14. EDI computed from rainfall and snowm:

minus PET amount& CDI)

15. PDS(1 CDI) Palmer (196F Choi et al. (2013

R stands for rainfallPETfor Potential evapotranspirationSPIfor standardized precipitation indeX¥Dlfor effective drought
index,PDSfor Palmer drought severity index.

The PDSI and SPI are two normalized drought indices that allow detection of dry aswell
periods. The PDSI is a cumulative index, computed on a monthly(Hasidinghaus and Sabol,
1991 and has been linked to monthly flows (r=0.83, p<0.01)Ctwpi et al. (2013 The SPI
assesses short term water supply deficit or surplus asagdibngterm groundwater supplies. It

is computed as a rainfall departur@Vilhite and Glantz, 1985Liu et al., 201pfrom any
timescale. The climatic demand computes the difference between precipitation and PET (thus
in the blended data type). In Romania, it has been combined to the SPI to identify water

quantity issuegPaltineanu et al., 2007 The EDI is a drought recursive index based on the
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effective precipitation concep(Byun and Wilhite, 1999 It takes into account antecedent
rainfall conditions and is computed on a daily basgisle accounting for past (from 15 to 365
days) rainfall amounts with a decreasing weight. Because it does not consider any location or
climate characteristics, it can be used anywh@eudier, 2008Akthari et al., 2009Deo et al.,

2016).

Except for the Z score which is conceptually equivalent to the SPI (standardized anomaly of the
precipitation), the SPI, and the PDSI that were computed on a monthly basis, the CDIs
introduced inTablel2.2 were all computed for 18 time steps starting on the day of occurrence

of each individual HDI and going backward in time (one to six days, one to three weeks, one to

six months, eight, ten and twelve months).

12.2.4 Hydrological model

In this paper, HYDROTEL is the hydrological model calibrated from observed data and used to
generate the series of past and future HDFsg(re12.1). It is a procesdased, continuous,
semtdistributed hydrological moddFortin et al., 2001pTurcotte et al., 2003Turcotteet al.,

20073 Bouda et al., 2012Bouda et al., 2014 and currently used for inflow forecasting by
Hydro-Quebec, Quebe® major power utility, and the Quebec Hydrological Expertise Centre
(CEHQ). It was designed tseuavailable remote sensing and GIS data at eithehaBa daily

time step. It is based on the spatial segmentation of a watershed into relatively homogeneous
hydrological units (RHHUs, elementary subwatersheds or hillslopes as desired) and
interconneced river segments (RSs) draining the aforementioned units. A-@etomatic, GIS

based framework called PHYSITEUrcotte et al., 200lRousseau et al2011;, Noél et al.,

2014 allows easy watershed segmentation and parameterization of the hydrological objects
(RHHUs and RSs). The model is composed of six computational modules, which run in
successive steps. Each module simulates a specific hydrological process and the reader is
referred toFortin et al. (2001pand Turcotte et al. (2007gfor more details on these aspects of

HYDROTEL.
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12.2.4.1 Calibration and validation

The main calibration parameters of HYDROTRL be grouped Table 12.3) into snow
parameters, soil parameters, and interpolation coefficients for temperature and precipitation.
Interpolation is computed as thaverage of the three nearest meteorological stations weighted
by the square of the inverse distances between a RHHU and the stations (Redpstaate

Squared method).

Tablel12.3: HYDROTEL key parameters

Type Parameters Units
Melt factor for evergreen forests mm/d.°C
Melt factor for deciduous forests mm/d.°C
Melt factor for open areas mm/d.°C
Threshold air temperature for melt in evergreer °C

Snow forests

parameters  Threshold air temperature fanelt in in °C

deciduous forests
Threshold air temperature for melt in open aree °C
Melt rate at the snowsoil interface mm/d

Compaction coefficient -

Potential evapotranspiration multiplying factor -

Depth of the lower boundary cfoil layer #1 m
Depth of the lower boundary of soil layer #2 m
Soil parameters Depth of the lower boundary of soil layer #3 m

Recession coefficient m/h
Extinction coefficient -
Maximum variation of humidity -
Threshold aitemperature for partitioning solid °C

Interpolation and liquid precipitation

coefficients  Precipitation vertical gradient mm/100m
Temperature vertical gradient °C/100m

®For a complete description of snow parameters, the reader is referré@iuccotte et al., 2007a

For a complete description of soil parameters, the reader is referrgBadin et al., 2001p

Using the methodology introduced Biyurcotte et al. (2008 manual calibration and validation

of HYDROTEL was performed over-figarperiods acording to available observed climate
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data provided by the CEHQ for each subwatershed over the-2090 period. As reported by
Bouda et al. (2014 when compared with an automatic calibration, the structured, teat-

error, procedure proposed byurcotte et al. (200B8can achieve very similar performances.
Indeed, Bouda et al. (204have shown that automatic aaration could provide a marginal
improvement over manual calibration (less than 4.2% in terms of {$asdliff Efficiency, NSE).
This manual calibration used both NSE and RMSE)(as objective functions. The modeling
performance for low flows was assesl using the Naslog (NSE computed from log
transformed flows) objective function which is acknowledged as the best objective function for
low flow modeling(Krause et al., 2005In each case, a ongear spin up was used to minimize
initialization errors. Observed climate data were computed on a grid {ar&852point grid for

the Bécancour and Yamaska watersheds, respectively) by isokoging following the method
described inPoirier et al. (201Rusing data collected through the Climate Surveillance Program
of the minsitére du 3 @St 2 LILISYSY G RdzNI 6f ST RS f QIYDPANRYY
changements climatique@MDDELCC). Flow data were extracted from the CEHQ data base
(CEHQ, 20124hat includes around 230 hydrometric stations throughout Quebec.

The Bécancour and Yamaska watersheds were respectivelyediivido 1813 and 1299
hillslopes a.k.a. RHHUs with mean areas of 143 ha and 369 ha and 736 and 513 river segments
with mean lengths of 1885 and 3475 m (excluding lakes), defining three regions of interest for
parametrization. These regions were used toideflocal parameter sets of consistent values

for the calibration of HYDROTEL. The discretization of both watersheds provided a good
representation of the spatial heterogeneity of the landscape while allowing for a reasonable
computational time. Three spédic river segments and hydrological stations (Seble12.3)

were selected for the calibration and validation of each watershed.
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Figurel2.3: (a) Bécancour and (b) Yamaska parametrization regions agydrblogical stations used for the
calibration and validation of HYDROTEL. Red, green, and blue colors stand for upstream, median,
and downstream subwatersheds, respectively. # indicates the gauging stations reference number.
TR indicates the river segmers number.

Data from these stations (#24003, #24014, #24007, and #30302, #30304, #30345 for Bécancour
and Yamaska, respectively) were deemed suitable for this study because they are all validated
(except for the current year), readily available, and usedydrological and hydroclimatic
impact studieCEHQ, 2013&ousseau et al., 2013Rousseau et al., 201€EHQ, 201%0ssey

and Rousseau, 2016Klein et al., 2016Trudel et al., 2016 Measured flows on the Bécancour
watershed are natural while they are partly regulated on the Yamaska watershed. The impact

of this regulation will be discussed later on.
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12.2.4.2 Computation of the hydrological data indiagsiDIs

The HDIs considered in this paper are the seases@hin and 304Qmin, Which refer to the
seasonal minimum of the 7 and 30 consecuiily moving average flow, respectively. These
HDIs were selected because the MDDELCC ugses(Zyear annual minimum of the 7
consecutiveday average flow) to assess whether water can be abt#d from a specific
source(MDDELCC, 201%AIso, the MDDEP uses thg,@ or Q.7 to evaluate the exceedance of

water quality critera for the assessment of pollutant discharge perM®DEP, 2007

Once calibrated, the sendistributed hydrological model HYDROTEL was used to generate past
and future seasonal HDIs (for each of the 42 selected climate scenarios) as shbignre

12.1, with the parameter values computed during the calibration/validation process. Indeed,
we assumed a similar quality of model responses to future conditisn®r the bias correction
method for climate models. Precipitation and minimum and maximum temperatures came
from the climate scenarios. They were extracted from the nearest ten-pgints of the
watershed boundaries before using a Thiessen polygoninmeuto compute values for each
RHHU.

To further characterize the capacity of HYDROTEL to simulate flows inducing the observed HDISs,
the latter were plotted against HDIs calculated using the calibration/validation dataset. The
HDIs computed using the 42 mkte scenarios were used to assess the capacity of these

selected scenarios to encompass observed values.

12.2.5 Assessing HDIs from CDlIs
12.2.5.1 Conditions governing low flovgsCorrelation analysis

Pearson as well as Spearman correlation coefficients were calculatedéss the relationships
between the four series of seasonal HDIRYin and 304Qmin for the SC and SF seasons) and the
associated CDIsTéble 12.2). For this study, the pogirocessing method is based on the
following assumptions: (i) the relationships between simulated and observed data for the past
period (19732000) will still be applicable in the future (262070); and (ii) the calibrated

paranmeter values are valid over the future time horizon as well. For sake of consistency, a
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similar assumption was made regarding the relationship between HDIs and CDIs, but verified
through what can be seen as a calibration and validation phase of the coorekatalysis as is
done for hydrological models. The Wilcoxon ramn test(Mann and Whitney, 1947was
applied b test whether median correlations between HDIs and CDIs were statistically different
between past and future temporal horizons. The validity of these assumptions from the
perspective of climate conditions as well as land use and land cover is examaweddiis in the

discussion section of this paper.

In short, for each one of the 15 CDI groups introduce@iahle12.2 and each of the 42 climate
scenarios, correlatioroefficients were computed individually for each HDI and each season.
Then, the best median correlations (maximum absolute median value of the correlation
coefficients) for the four CDI categories introduced able12.1 were identified along with the
frequency at which they occurred. Afterwards, the statistical relationships were validated over
the future temporal horizon. To account for the fact that many CDIs westd against each

HDI and that correlations could be due to chance, a bootstrap resampling method based on
Monte Carlo simulations was appligdivezey and Chen, 198® every CDHDI couples as

follows:

0] A year was randomly selected from the temporal horizon of interest (past or future).

(i) The paired value (CBIDI) for the selected year was added to the resampled data
set.

(i)  Steps (i) and (ii) were repeated until the regaled data set had the required
number of years of data. The required number was set equal to the number of years
in the initial data set.

(iv)  The correlation computation was applied to resampled data set and the result was

saved.

Steps (i) to (iv) were repeadl 1000 times, resulting in a distribution of the correlation
coefficients computed from the 1000 resampled data set. The distribution allowed for the
determination of the confidence interval (CI) of the correlation coefficient computed from the
initial se of data (typically 90 or 95% CI). If the CI minimum was greater than 0, the correlation

was then statistically significant.
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12.2.5.2 HDI trends ad governing drivers trend detetion and partial correlation analysis

Long term linear trends were analyzed using tionparametric rankbased ManrKendall test
(Kendal] 1938 Mann, 1945 Kendall, 1975Gilbert, 1987 for the four series of HDIs and the
associated CDIs obtained through the correlation analysis. The #andall (MK) test has
been widely used to detect a trend in hydroclimatic time sg(leettenmaier et al., 1994 ins

and Slack, 199Douglas et al.,, 200hang et al., 20QZhang et al., 20Q1Yue and Wang,
2002 Novotny and Stefan, 20QLi et al., 200Q The test is based on the null hypothesis that a
sample of data is indepemrdt and identically distributed. The alternate hypothesis is that a
trend exists in the dataTo get more details about this testhe reader is referred to the
previous references and especially thatNdvotny and Stefai2007). In the presence of serial
correlation or autocorrelation, the assumption of serial independence is violated. The existence
of positive serial correlation increases the probability that the MK test detects a trend when
none exiss (von Storch, 1999 whereas a negative autocorrelation makes it too difficult to find

a significant trenqHamed and RamachandraRao, 1998e and Wang, 2002 he MK test can

be modified to obtain the true variance of the Mtorrelation under the autocorrelation
structure displayed by the daf@lamed and RamachandraRao, 1p98&sts were condied for

each series of HDIs and CDIs as well as both temporal horizons using the modified MK test to

account for autocorrelation.

Partial correlations were calculated between each HDI and associated CDIs while controlling for
the time step variable. Thiallowed for the identification of the correlation between variables
independent of any common temporal trend signal and for the attribution of the observed
trends in HDIs to trends in COEBurn et al., 2004aBurn, 2008. As for the caelation analysis
described in the previous stgection, trends, especially when they are analyzed for the same
CDiHDI couple for 42 different climate scenarios can be due to chdngezey and Chen
(1983 indicated the need to consider fieklgnificance of the outcomes of a set of statistical
tests. It accounts for the observed cressrrelation in the data for a collection of locations
(which in our case was a aaition of temporality or climate scenarios) and allows for the
determination of the percentage of tests that are expected to show a trend, at a local given

significance level, purely by chance. The bootstrap resampling method based on Monte Carlo
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simulations was thus applied for each scenario following the steps described in the previous

subsection except for the fourth step that became:

(iv)  The MannKendall test was applied to the data from each scenario in the resampled
data set and the percentage of results that were significant af'tgnificance level

was determined? being the local significance level (typically 5 or 10%)

Steps (i) o (iv) were repeated 1000 times resulting in a distribution of the percentage of results
that were significant at thé level. From this distribution, the value that was exceedé# of

the time (typically 5 or 10%) was selected as the critical valus.referred to as the global
significance level. This method was similarly applieBum and Hag Elnur (200Burn et al.
(2004b and discussed in details Renard et al. (2008

12.3 Results

12.3.1 Hydrological model

This subsection illustrates using the calibration and validation results the capacity of the model
to: (i) represent flows in general and low flows in particular and (ii) produce a distribution of
HDIs that includes at best the observed values. Presemtaticlimate data characteristics was

beyond the scope of this paper; as such it can be found in supporting matfemiadxe ).
12.3.1.1 Calibration and validation results

Model performances for calibration and validation periods of the two study watersheds are

given inTable12.4. For each river segment, according to the hydrologic nhaagformance

rating of Moriasi et al. (2002 (G KS NBadz G§a LINEP OA RBeentobsérded 2 R F A
YR &AYdzZ I SR Fft26a IyR S@GSy | aGa@SNER -BR2R TA
values vouch for the good representation of low flows with values ranging from 0.65 to 0.70

and 0.74 to 0.78 for the calibration period for the Béaaumc and Yamaska watersheds,
respectively. There is no clear decline in performances between the calibration and validation
periods, most even increase between the two periods. This validates the choice of calibration

parameters as highlighted Beven (2006a More especially, Naslog values are larger for the
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validation period and range from 0.72 to 0.77 and from 0t@2.76 for the Bécancour and

Yamaska watersheds, respectively.

Table12.4: Model performance for the calibration and validation periods

River segment Ce:)lii)rzggon NSE Nashlog (E]l;/ISSlI)E V?)I(iadr%t(ijon NSE Nashlog (I;IQASSJ)E
Béc TR55 20052010 0.76 0.70 14.7 20002005 0.86 0.77 10.0
Béc TRLO2 20052010 0.67 0.65 34.5 20002005 0.72 0.75 30.1
Béc TR0 19952000 0.76 0.65 30.8 19901995 0.76 0.72 31.8
Yam TR40 20052010 0.76 0.77 16.9 20002005 0.74 0.72 14.4
Yam TF63 20052010 0.68 0.74 27.1 20002005 0.71 0.72 21.4
Yam TF61 20052010 0.77 0.78 47.1 20002005 0.77 0.76 39.0

12.3.1.2 Computation of the HDIs

The capacity of HYDROTEL to correctly reproduce the HDIs was assessed for the river segments
with observed values closest to the outlet of the study watersheds that{80Té&d TF61 for

the Bécancour and Yamaska watersheds, respectiFajurel2.4 and Figurel2.5 introduce the

boxplots of the seasonal HDIs computed using the results of the hyidcalomodeling of the

climate scenarios (pogirocessed simulations) for the Bécancour and Yamaska watersheds,
respectively Figurel2.4 shows that the distribution®f HDIs over 199Q000 (calibration and
validation periods) include almost every observed as well as modeled HDIs from the
calibration/validation dataset. In fact, for the SC season (Sgerel2.4a andFigurel2.4b),

only the observed;(Qmin for 1996 is not included in the computed distribution. For the SF
season, three;qQmin are not included in the distribution (1991, 1996 and 1999) while all

observedsodQmin are included in the computed distribution.

Because the past temporal horizon (192000) does not cover the calibration/validation
period (20062010) for the Yamaska watshed,Figurel2.5 only shows the distributions of the
HDIs computed from the 10 climate simulations supplied by Ouranos (available between 1961
2100). For the SC s&an, except for the 20064Qmin, the computed distributions cover the
observed values. ModelegQnmin for 2001, andsedQmin for 2001, 2002, 2004, and 2006, are not

included in the computed distributions. For the SF season, 50% of the observed HDIs are not
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included in the computed distributions while 27 (3/11) and 36% (4/11) of the modeled HDIs are

not included in the distributions for the 7Z&nd 304Qmin, respectively.
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Figurel2.4: Boxplots of the HDIs computed from the modeling of the 42 climate scenarios for the Bécancour
watershed: (a) SC seasofiQmin; (b) SC seasoryQmin; (€) SF seasonQmin; and (d) SF season
30d@min. Blue and red dots stand for the HDIs computed during tiaibration/validation process
from the observed and modeled flows, respectively.
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Figurel2.5: Boxplots of the HDIs computed from the modeling of the 10 Ouranos climate scenarios for the
Yamaska watershed(@) SC seasopQmin; (b) SC seasosQmin; (€) SF seasopQmin; and (d) SF
seasonzoQmin- Blue and red dots stand for the HDIs computed during the calibration/validation
process from the observed and modeled flows, respectively.

12.3.2 Assessing HDIs from GD

This subsection introduces the characterization of the statistical relationships between HDIs
and CDls. First, it consists in assessing the strength and significance of the relationships
(through correlation coefficients and 95% CI), their linear or-lnoear character, and their
consistency over temporal horizons (Past and Future) and locations (Bécancour and Yamaska).
Then, it is about verifying whether the identified CDIs governing low flows: (i) complied with the

hypotheses made in the methodologideamework and (ii) provided insights about the HDIs.

12.3.2.1 Performances of the CDI groups

The previous subsection established that the modeling of the 42 scenarios for the past
temporal horizon effectively, and in a satisfactory manner pending some assumptions

represented low flow HDIs for the Bécancour and Yamaska watersheds, respectively. Thus as

92



illustrated inFigurel2.1 and in the Materials and Methods section, CDIs were computed over
one to six days, one to three weeks, one to six months, eight, ten and twelve mdingjuse

12.6 introduces the performances of the CDI groups with respect to the four categories
introduced inTable12.1. Results are displayed using the median of the Pearson correlation
coefficientsr between the HDIs and the CDIs. Meanwhile, the specific CDIs having the better
correlations with the HDIs are reported in subsectibp.3.2.2 A Monte Carlo resampling
approach was applied to compute the 95% Cls of each correlation coefficient. A Wilcoxen rank
sum test was applied to test whether median correlations were differerttvben past and
future temporal horizons. Results are presented for the Bécancour watershed only because
those of the Yamaska are similar (detailed results for both watersheds available in supporting

materialsAnnexe ).
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Figurel2.6: Pearson median correlations r [95% confidence interval Cl] for the Bécancour watershed, for the
SC (blue) and SF (green) seasons, for4@,, (solid triangles) andyQmin (hollow triangles), and
for the past (left side) and future (right side) tempordlorizons. The 95% CI was computed through
Monte Carlo resampling of the 42 climate scenarios. The red dotted line stands for Wilcoxon tests
that rejected the null hypothesis (median correlations are equal between past and future horizons)
at the 5% signitance level.

12.3.2.1.1 Past horizon

The median correlations obtained for the precipitation data CDIs for the 42 scenarios over the
past temporal horizon for the SC season are at least 0.62; meaning that 38% of the variability of
low flows is explained through a ba<CDI, namely cumulative rainfall over six or three months
for the 7¢Qmin and 304Qmin, respectively. For the SF season, the correlations are similar and
explain at least 31% (0.562) of the variability; these are obtained for the cumulative rainfall over
two months. The literaturgYang et al., 2002Hodgkins et al., 20Q5de Wit et al., 2007

Novotny and Stefan, 200Ge et al., 201Preported linear correlation coefficients around 0.7
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which coincides with the 8 or 9" decile (available irsupporting materialAnnexe ) of the

computed coefficients for both the Bécancour and Yamaska watersheds.

The median correlations obtained for temperature datal€CBre much lower and, thus, less
interesting within the framework of this paper. The explained variability ranges from 15 (0.392?)
to 22% (0.472). These figures as well as the negative and positive correlations reported for
warmer and colder months respeeely are in agreement with the literatur@’ang et al., 2002

Hodgkins et al., 200%le Wit et al., 2007Ge et al., 201p

The median correlationsbtained for blended data as well as drought indices are higher than
those obtained for either precipitation or temperature data. They explain at least 49% (0.702) of
the variability. The classical SPI and PDSI indices, as well as the EDI were aheahtonfght
indices groupTable12.1). In theory, the three indices were comparable; they could all be used
to detect dry spells as well as wet spells, like all the CDIs introduceabie12.2. In practice,

the EDI has been found to perform systematically (for all scenarios) better than the other
indices. In fact, results (not shown) showed that the PDSI, the SPI as well asctire did not
perform better (correlation difference not statistically gsificant) than the basic CDlIs
(computed from either precipitation or temperature data). In terms of linear correlation with

the HDIs, they did not provide added value.

The 95% Cls (sdegure12.6) demonstrate that all Pearson median correlation coefficients
were significant and not obtained by chance. Indeed these ranges for the true values of the
correlations were computed from 1000 resampling of the @Dl couple$or every scenarios.

The lower bound indicates the lowest possible median correlation given a 5% chance of error.

For the blended and drought indices data, these lower bounds are all greater or equal to 0.66.

In addition to this linear method, the ndmear method based on the computation of
Spearman median correlatiomho was also used, but because median correlations of both
types were systematically similar, it is not presented here (results available in supporting
material Annexe ). In itself, this result indicates that the HODi#relationship is mostly linear,
which corroborates findings reported bpssani et al. (20)1who also considered this

alternative.
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12.3.2.1.2 Future horizon

Results for the future horizon introduced gurel2.6 illustrate, for the same CDIs used in the
past temporal horizon, the median correlations obtained for the 42 scenarios. Median
correlations for the precipitation and temperature data CDIs remain of the same order of
magnitude, but the 95% €bet mostly larger. The Wilcoxon tests were unable to reject the null
hypothesis that median correlations are equal between past and future horizons for aH@DI

couples besides the SC season precipitation data CDIs.

Blended data and drought indices dian correlations remained approximately the same
between past and future horizons (mean difference under 5%). Except for Rhee&on

blended data;¢Qmin CDI, the Wilcoxon tests were unable to reject the hypothesis that median
correlations are equal beteen past and future horizons. 95% Cls also got larger (decrease of

the lower bound). Overall, not accounting for the CDI that passed the Wilcoxon test, median
correlations still explained between 46 (0.682) and 59% (0.772) of the variability in the future
temporal horizon. This result is quite important because, it confirms that the linear relationship
detected between CDI and HDI for the past remains valid in the future, thus it can be used to
gain insights on the CDI governing low flows in the future RIS NY 2 NB =X G2 (GKS
knowledge, no study has carried out correlation analyses from past horizons to future horizons

using climate scenarios.

For the remaining of the article, because of their superior performances (larger median
correlations and/or nerower 93 Cls), results are limited to the CDIs computed from blended
data and drought indices. For this specific case study, they are more appropriate to work with
than the two other CDI groups. Also, the CDIs that passed the Wilcoxon test are nob wgstd t
insights about the future HDIs as they did not verify one of the methodological framework

hypotheses.
12.3.2.2 CDI governing low flows

Table12.5 introduces the result®btained after application of the methodological framework
introduced inFigurel2.1. The Bécancour watershed was first considered as the reference and

the CDIsvere exported onto the Yamaska watershed for a spatial validationvacelversa
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Table125: Pearson median correlations (Past temporal horizon/Future temporal horizon) after application
of the methodological framework using (a) Bécancour as the reference watershed and then (b)
Yamaska as the reference watershed

(@) Bécancour (Reference) Yamaska (Spatial Validation)
SC SF SC SF
Blended data N.A. 0.74/0.74 N.A. 0.70/0.67
Qi Drought Indices 0.74/0.68 0.78/0.75 0.76/0.72 0.73/0.70
Blended data 0.72/0.77 0.73/0.75 0.71/0.70 0.67/0.68
a0dQni Drought Indices 0.70/0.69 0.75/0.74 0.68/0.74 0.75/0.73
(b) Bécancour(Spatial Validation) Yamaska (Reference)
Blended data 0.69/0.68 0.73/0.69 0.69/0.63 0.70/0.65
Qi Drought Indices 0.74/0.71 0.78/0.75 0.76/0.74 0.73/0.70
Blended data 0.65/0.77 0.70/0.62 0.73/0.75 0.76/0.77
30dQmin i
Drought Indices N.A. 0.75/0.74 N.A. 0.75/0.73

N.A.stands for CBHDI couples that passed the Wilcoxon ramikn test and thus did not respect the hypothesis
according to which median correlations should remain the same between past and future horizons

Overall, when Bécancour was thefesnce watershed, the explained variabiliti)(for the
Yamaska watershed was greater than 45% (0.672) for&kin and the 304Qmin for both
temporal horizons. When Yamaska was used as the reference watershed, the explained
variability for Bécancour s horizon varied between 42 (0.652) and 61% (0.782). Meanwhile
for the future horizon, it varied between 38 (0.622) and 59% (0.762). The differences between
parts (a) and (b) ofablel2.5, where the watersheds were in turn used for calibration or spatial
validation, are not statistically significant, except for the SF segsQnin blended data CDI for

both temporal horizon ad the future only respectively for the Yamaska and Bécancour
watersheds, according the Wilcoxon rasikim test at 5% significance level. This means that it
cannot be asserted that performances are significantly different for the same watershed,
whether itis used as the reference or export watershed. This result can hardly be seen as a
proof that the statistical relationship captured on a watershed is applicable to another, but it

provides a good insight as for the potential of this method for regionatimagtudies.

Moreover, the differences in performances might be larger if the considered watersheds were

in different geological areas or further away from each other physiographically speaking. These
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two points would mandate for the application of the meitological framework on other
watersheds to assess the robustness with regards to physiographical differences. However, in
terms of hydrologic model performance ratiflyloriasi et al., 200y the median Pearson
O2NNBfFGA2y O2STFFTFAOASYGa 6SNBE O2yaiARSNBR al O
(Santhi et al., 200Van Liew et al., 2003even for the great majority of*ldeciles.

As anticipated, the results are quite similar for the two studied watersheds. Indeed, the study
focused on identifying the main governing indices of low flows while building on the
assumption that physical links between HDIs and CDIs remained time invdrédween past

and future horizons). As such, this approach may be viewed as the temporal equivalent of the
global calibration strategy of distributed hydrological modéRicard et al., 2013 It was
notably used INCEHQ (2013a2015 to ensure the spatial consistency of the calibration
parameter sets in largecale hydological modeling applications. Meanwhile the choice to work
with best median correlations for each type of input data in this paper ensured that the

identified CDls in subsectid?.3.2.2were valid for each of the 42 climate scenarios.

Following the methodological framework introducedfigurel2.1, the CDIs from the blended

data and drought indices groups that are better correlated with the HBigufe 12.6) are
identified hereafter. For both study watersheds, the severity alay low flows of the SC
season was best correlated with the EDI computed from rainfall and snowmelt minus PET
amounts over 10 months. SC seasonrda9 low flows were best ceelated with the same
index, but over the course of 10 and 12 months for the Yamaska and Bécancour watershed,
respectively. The latter result is rather logical, given thada@low flows can mobilize more
water reserves than-daylow flows. It is notewrthy that the accumulation of rainfall and melt

over three months and rainfall plus melt minus PET over two months are also correlated with
the 30day low flows of the Bécancour and Yamaska watersheds, respectfully. This would
highlight the importance ofvorking at different time scales as CDIs computed from blended
data seem best correlated at lower frequencies than drought indices CDIs. Indeed, the same

observation can be made for the CDIs computed for the SF season.

SF season-and 30daylow flows weae correlated with cumulative climatic demand over four

to six months, indicating that lower rainfall amounts or higher PET amounts would translate

98



into lower low flows. The specific case of the inclusion of melt in the CDI computed for the
Yamaska watergd for the SF seasafQmin may be startling. But in fact, this result is linked
with the depletion of groundwater storage. Accumulation of rainfall over a month is the
primary CDI driver (for precipitation data CDI)3efQmin With @ median correlation ©00.72
(shown in supporting materignnexe ) and £'and 9" deciles of 0.35 and 0.83. Accumulation
of rainfall and snowmelt over a month is the primary CDledri{for blended data) 0£04Qmin

with a median correlation of 0.76 ((Bable12.5) and £' and 9" deciles of 0.52 and 0.84. The
difference in median correlations is not significant, but the difference in theekiles is. This
could be interpreted as follows: When meltcurs shortly (less than a month) before the date
of occurrence of theyQmin, the stored amount of snowmelt helps relieve the severity of low
flows, but this happened rarely over the 42 scenario§' (ecile difference). Another
explanation could be tHaman-made reservoirs are mainly filled thanks to snowmelt. Last but
not least, this result could not be random for two reasons: (i) this phenomenological
observation, however less important, manifested also for the Bécancour watershedafhg
125), the correlations forzpdQmin blended data are 0.70 and 0.62 for the past and future
horizons); and (ii) the 95% CI for the true value of the median correlation coefficie the

Yamaska watershed is [0.€2.81] (supplemental material 4).

Otherwise, SF season @nd 30day-low flows were best correlated with EDI computed from

climatic demand over 6 months for both watersheds.

12.3.3 HDI trends and their possible driverstrend detection and partial correlation analysis

Trend analyses of the HDI and associated CDI series were undertaken to check for long term
changes, thanks to the modified MK tegHamed and RamachandraRao, 1P9&ield
significance was assessed, applying a bootstrap resampling method based on Monte Carlo
simulations. Both local significance and field significance were set aih%verview of the
results for the ten continuous scenarios is givermable12.6. Indeed, data from the 32 nen
continuous scenarios came in two-28ar temporal lorizons, which in most cases prevented

the detection of positive or negative trends altogether
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Table12.6: Trends detected in the HDI and CDI series for the (a) Bécancour and (b) Yamaska watersheds for
the 10 scenarios by Ouranos over 192D70. CDI1 stands for the CDI computed from blended
data, while CDI2 stands for CDI computed from drought indices. Bold figures indicate significant

trends.
(a) Bécancour
Snow Cover Season Snow Free Season
7dein 30dein 7dein BOdein
HDI¢ CDI1g CDI2 HDI¢ CDI1g CDI2 HDI¢ CDI1¢ CDI2 HDI¢ CDI1¢ CDI2
Positive trends 10¢N.Ac10 10¢ 10¢ 10
Negative trends 8¢8CN.A. 8¢8¢c8
Significant trends
(positive & 10¢N.A.c 10 10¢10¢ 10 8¢8¢N.A. 8¢8¢8
negative)
(b) Yamaska
Snow Cover Season Snow Free Season
7dein BOdein 7dein SOdein
HDI¢ CDI1¢ CDI2 HDI¢ CDI1¢ CDI2 HDI¢ CDI1¢ CDI2 HDI¢ CDI1¢ CDI2
Positive trends 9¢N.Ac10 10¢10¢ 10 0glgO
Negative trends 7¢8¢10 7¢2¢9
Significant trends
(positive & 9¢N.Ac10 10¢10¢ 10 7¢8¢10 7¢3¢9

negative)
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Table1l2.7: Pearson median partial correlation coefficients r (Past horizon/Future Horizon/120r0) forthe
Bécancour and Yamaska watersheds for the CDIs obtained after application of the methodological
framework for the 10 scenarios by Ouranos. CDI1 stands for the CDI computed from blended data,
while CDI2 stands for CDI computed from drought indices.

(a) Bécancour Watershed

SC season SF season

CDI1 CDI2 CDI1 CDI2
7dQmin N.A. 0.74/0.65/0.68 0.71/0.61/0.68 N.A.
30 min 0.77/0.75/0.73 0.69/0.62/0.64 0.70/0.73/0.70 0.66/0.66/0.66

a (b) Yasmaka Watershed

CDI1 CDI2 CDI1 CDI2
7dQmin N.A. 0.78/0.71/0.74 0.73/0.71/0.66 0.62/0.63/0.58
2300 min 0.74/0.78/0.73 0.73/0.75/0.72 0.73/0.72/0.63 0.71/0.63/0.61

All partial correlation coefficients are significant at 0.001.

Both Bécancour and Yamaska &Gnin as well assodQmin have increasing linear significant
trends (Table12.6) as indicated byCEHQ (20)5for most of southern Québec with a high
confidence level. These trends are probably linked to an increase in freeze/thaw events or
warm events during the SC season (included in supporting mateniaxe ) and as a direct
consequence, modified snowmelt dynamics. The associated CDIs, whether computed from
blended data or drought indices, also displayed these increasingdr@iathle12.6). They were

in almost perfect agreement with the HDI trends. Meanwhile, the partial correlations removing
the temporal trends were not only significantdble12.7 and 95% CI available in supporting
materialsAnnexel), but quite high as well. Indeed, the CDIs explained more than 48 (0.69%) and
38% (0.622) of the HDI variability for the Bécancour watershed over the past and future
temporal horizons, respéively. Values were even larger for the Yamaska watershed with at
least 53 (0.73?) and 50% (0.712) of the HDI variability explained for the past and future horizons,
respectively. Overall, compared to median Pearson correlations for the same CDIs arid the 1
continuous scenarios, median partial correlations (supporting matéraiexe ) were only

3.2% smaller on average with a maximum difference of 6.8% for the&&GrsBécancour CDIs.
These partial correlations values are large, the lower bound of the 95% CI (supporting materials
Annexebh Aa adAftft O2 ylardeRtSaNB HSanthl eDdd S2001Mamd lfie® &t alg
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2003) in terms of hydrologic performance ratir(§yloriasi et al., 200y and the associated
trends in the CDIs were in almost perfect agreement with the HDI trefdlsl€12.6). Given
these results, it is then possible to attribute the observed trends in SC low flows to trends in the

CDils identified in subsectidr?.3.2.2for 80 to 100% of the climate scenarios.

The same reasoning can be made about the SF season low flows. 70 and 80% of the decreasing
trends in HDIs were significant and concurred with results report€&@BRQ (20)30r southern
Québec. The associated CDIs had matgtrends (except for the CDI computed using blended
data for the Yamaska{Qmin in Tablel12.6), while the partial correlations between the HDIs and

CDIs were high (above 0.62 for the past temporal horizon and above 0.61 for the future

temporal horizon) and the lower bounds of theit’™®5 / L NBYI Ay SR al OOSLJil o

results, it is then possible to attribute the observed trends in SF low flows to trends in the CDlIs

identified in subsectiori2.3.2.2for 70 to 100% of the climate scenarios.

12.4 Discussion

The following section deals with the relevance of the main assumptions made throughout the
paper, more specifically it: (i) shows how sources of climate uncertainty were considered while
selecing the climate simulations and emissions scenarios; (i) examines the validity of the
assumptions regarding the stationarity of climate conditions, land use, and land cover; (iii)
details how HDIs and (iv) CDIs actually captured what is observed; (\9sdisdche robustness
of the results; and (vi) argues the proposed methodolbgg potential to be applicable to

watersheds with regulated flows.

12.4.1 Choice of climate simulations

It has been established since the Fourth Assessment Report of the IntergoveairRantel on
Climate ChangéMeehl et al., 2007pthat using a multmodel ensemble approach provides
better estimates of climate on seasortatinterannual and centennial time scaléalmer et

al., 2004 Hagedorn et al., @05). In this paper, the climate ensemble (cQ)? was used. It was put

together while taking into account the individual performances as well asntiependencies
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of the models. The climate ensemble was built to cover all sources of climate uncertainty
(Hawkins and Sutton, 20)1but the emissions scenarios. Natural climate variability was
covered through the use of different initial conditions (members) for the same GCM. Different
GCMs were used to drive the same RCM to account for the uncertainty arising from the climate
modeling. GCMs and RCMs were used together in the same ensemble to accotin¢ for
uncertainty arising from the spatial resolution of data (dynamical downscaling). Lastly, the
premise to work with only the SRR scenario was based on the following elements: (i)
emissions scenarios other than SR¥2Sare noressential to cover the ncertainty of the
climate change signal (see supporting matedainexe )} and (ii) small or even negligible
uncertainty arises from emissions scenarios for afjioes and lead time within the CMIP3
multi-model ensemble(Hawkins and Sutton, 2011However, simulations of a muithodel
ensemble cannot span the full range of possible model configurations due to constraints in
resources(Lambert and Boer, 2001 Furthermae, the use of ensemble means/medians can
mask the variations between mode(&ingston et al., 20J1 Indeed, projections of future
precipitation often disagree, even in the direction of charfBandall et al., 2097 That is why,

this paper considered the model ensemble resorting to median to summarize the results, but
providing the distribution or the St and 9" deciles to avoid masking model differences. In a
future implementation of the methodology, the different sources of uncertainty could be

assessed.

12.4.2 Non stationarity issue
12.4.2.1 Calibration/validation

Nonstationarity is an inherent issue of the calibration/validation process for hydroclimate
studies. In this paper, meteorological data were the only varying characteristic of the modeling
set up. We assumed that nestationarity should not impact the wads of the model
parameters considering that: (i) only one calibrated parameteglated to evapotranspiration

¢ was linked to variation in meteorological data and (ii) relatively similar ranges of mean
annual/seasonal temperature and precipitation wekhd for both the calibration/validation

period and the future period (see supporting materainexe ).
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12.4.2.2 CDI/HDI statistical relationship

The stationarity assumption made with respect to climate conditions, applied to the link
between CDIs and HDIs, was tested in subsedtibB.2 Overall, ¥ of th&Vilcoxon ranksum

tests failed to reject the hypothesis that median correlations were equal between past and
future horizons at the 5% significance leveiglire12.6). That is why it was assumed that the
stationarity assumption was valid with respect to the captured statistical links. Nonetheless, it
could prove useful in a future paper to challenge this assumption by allowing the frequency at
which CDIs are computddr the past horizon to change. This would allow assessing the effect

of climate change on lags between the occurrence of the HDIs and the building of the CDIs.

In this study, it was assumed that land use and land cover would remain stationary in the
future. The exact influence of any changes in these watershed attributes, however, could be
accounted for by defining future land cover scenarios, but this was beyond the scope of the
paper. Nonetheless, as shawby Savary et al. (20Q9 significant changes in land use and/or
land cover can occur over a long periagg(, 30 years) and, as illustrated using distributed
hydrological modeling, modify stream flows. However, these changes would not nullify the
intrinsic relationships between flows and weather data. Indeed, the evaluation of the impact of
land use and land e@r modifications performed b$avary et al(2009) was carried out with

the same sets of parameter values without impeding the calibration results. This is definitely an
argument to be made in favor of asserting that land cover and land use modificatamrid not

dramatically change the developed QMDI correlations.
12.4.2.3 Postprocessing of climate data

As for the posprocessing method, a change factor approach could have also been used. It
consists in computing the difference between raw climate modepatg for the future and
NEFSNBYOS LISNA2RA&X NBadzZ GAy3a Ay GOtAYIGS | y2)
observational datasefWilby et al., 2004Karyn and Williams, 2010
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12.4.3 Computation of the HDIs

The goal of this paper is not to predict seasonal HDIs accuraiehather to establish whether

it is possible or not to evaluate their trends and governing CDIs computed using climate data.
The observed HDIs are properly captured for the Bécancour waterstguar€12.4), but less so

for the Yamaska watershe&igure12.5c and d). Indeed, for the SF season, the obser¥Bis

are greater than the modeled HDIs. This may be attributed in part to the presence of small
martrmade reservoirs used for water supply. Indeed, these were not explicitty modeled by
HYDROTEL, although they are currently used to support low flows (dsp#oea Choiniere
Reservoir, se€igure12.3b) which would explain that observed low flows are larger than those
modeled. Moreover, this would explain the better agmeent between observed and modeled
HDIs over the SC season when the reservoirs are not used to either support low flows or
mitigate floods. The underlying assumption is that this supporting/mitigating function does
neither alter the CDIs governing low flsywnor modify the trends of HDIs. This assumption is
validated by the results obtained when exporting the CDIs identified for the Bécancour

watershed to the Yamaka watershebaplel2.5).

12.4.4 CDI driving low flows

The CDls identified as the drivers of low flows (see subsed&foB 2 concurred with those
reported in the literature (Table 12.2) and deemed responsible for low flow generating
processegWaylen and Woo, 198%Sushama et al., 2006Low flows generally result from: (i)
storage depletior{following below freezing temperatures) in winter and (ii) lack of precipitation
and increased evapotranspiration during summer. As for the associations between CDIs and
HDIs, it should be kept in mind that association does not always imply causatioougtitthe
discussion of this issue is beyond the scope of this paper, the reader is referkatl (9965

who proposes a series of questions to differentiate association and causation:

- Strength: Is the correlation between HDIs and CDIs identified in subsedtihB.2
sufficiently stronger than the correlation between HDIs and any CDI taken from the
literature?

- Specificityls the association with HDIs limited to a few specific CDIs?
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- Consistency:Has the association been repeatedly observed in different places,
circumstances and times?

- Plausibility and coherenc¥Vas the association hydrologically plausible? Did the cause
and effect interpretation of the data conflict with the generally known famft$ow flow

hydrology (coherence)?

12.4.5 Trend detection

The detected trends in SF and SC low flows were attributed to the corresponding trends in CDIs
through partial correlation analysis and modified MK test. These trends appeared more often
that one could expct from chance alone. Assessing the trends and their attribution for the 42
scenarios, instead of the 10 supplied by Ouranos, would improve the confidence in the stated
results. Indeed, the 10 CRCM simulations used two GCMsTaitje(2.1) and are not enough

to establish any measure of climate uncertainty. But they are enough to get a first idea about
the variability of the direction of changes considering the metémgical variations they
propose. Indeed, they were deemed representative of a myriad of potential climate changes
using the cluster metho(Hartigan and Wong, 1979Plus, the two selected GCMs are very well
rated (Gleckler et al., 2008vhen compared to models of the CMIP3 ensemble. These-GCM
RCM combinations are commonly uggsrillakis et al., 201IRousseau et al., 201Eossey and

Rousseau, 2016&lein et al., 2016and were therefore deemed suitable for this study.

Velazquez et al. (2@) showed that the choice of a hydrological model can affect the detected
changes from past to future horizons, especially for low flow indices. But they did not work with
trends at all. Nonetheless, for a more comprehensive study it would be usetidetalifferent
hydrological models to compute the studied HDIs and their matching CDIs. Despite these
shortcomings in trend detection, the attribution of trends in HDIs to trends in CDIs is rather
important, as it illustrates the potential of using solelyetmore recent climate continuous

simulations of CMIPg&5uay et al., 20130 assess HDI trends.
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12.4.6 Regulated flows of the Yamaska watershed

The flows of the Yamaska watershed are partly regulated. Stations 030302, 030304 and 030345
(seeFigurel2.3b) respectively measure monthly and daily regulated flg@GEHQ, 20)7These
regulations are of different kinds. Over the watershed, there are 149 dams of more than one
meter in height(COGEBY, 20LBut the only one that has me than a local effect on flows
(COGEBY, 201 the Choiniere reservoifFigure12.3b). Some dams are used for irrigation
purposes while othergeceive water from agricultural drainage systen@té et al. (2018
developed a low flow arning system prototype for the Yamaska watershed. They decided to
model the watershed with HYDROTEL while removing the effect of the Choiniére reservoir (by
setting the outflows) to model natural flows (at least with respect to the flow regulation from
this dam). This resulted in calibration and validation results not exceeding NSE values of 0.46
and 0.53 at river segment T8 (Figure12.3b), respectively. These rdssi are clearly not as

good as those obtained ihable12.4. Plus, the results obtained in this paper for the Yamaska
watershed are comparable to those of the Bécancamatershed, suggesting that flow
regulation may be limited or at least that the calibration was able to account for it. On top of
that, the issue of regulated flow is one that needs addressing. Over the 9000 USGS hydrometric
stations, more than % are aedst partly regulatedFalcone, 2011 For these reasons, the
Yamaska watershed was modeled without removing the effect of the Choiniére reservoir, with

only the meteorological data input varying from past to future horizon.

Results with respect to thearhaska watershed throughout this paper are comparable to those
obtained for the unregulated flows of the Bécancour watershed. Pearson median correlations
(Figure12.6) were of similar for all types of CDIs, the CDIs identified as governing low flows
were almost identical between watersheds, even the trend detection and attribution analyses
(Table 12.6 and Table 12.7) gave really similar results. Overall, this paper shows that the
statistical framework introduced in this paper has potential todpplicable to watersheds with
regulated flows. This topic of course needslapth research and will be further reinforced in a
future paper dealing with more watersheds from different hydrological regions of Québec
including a distinct pang process, lastering watersheds according to their physiographic

descriptors.
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12.5 Conclusion

This paper introduced the development of a statistical framework to assess future trends and
forcing phenomena associated with low flows at the watershed scale using solelyectiata.

From 22 CDls, reported in the literature, a list of -@DI couples was produced according to
their relationship captured through Pearson linear correlation coefficients for 42 climate

scenarios (post processed simulations) under the greenhouseméssions scenario SRES

For the hydrological SC season of the Bécancour watershedy@hg and 304Qmin Were paired

with the EDI computed from rainfall plus snowmelt minus PET amounts over ten months and
the cumulative rain and snowmelt over three months, respectively. These CDIs explained
55/46% (r=0.742; r=0.682) and 53/58% of th@min and 304Qmin OVer the past/future temporal
horizons, respectively. For the SF season, #§@mnin and 304Qmin Were paired with the
cumulative difference between rainfall and PET over five months and thedbiuted from

the latter difference over eight months, respectiveljhese couples had median correlations of
0.74/0.73 and 0.77/0.74. These results correspond to the median performances obtained when
applying the methodology to 42 climate scenarios of the {@@)ject (Guay et al., 2015 The
statistical relationships remiaéd valid for the future horizon (no difference between median
correlations of past and future temporal horizons according to a Wilcoxon test), statistically
significant and not due to chance (the lower bound of the 95% CI for each median correlation
coefficient remained at least above 0.6), and were applicable to the second study watershed

with no significant loss in performance.

Furthermore, significant trends between 1971 and 2070 in the HDIs extracted from 10
scenarios supplied by Ouranos were attribdii® trends in the matching CDIs. This finding was
assessed using linear trend and partial correlation analyses. For both watersheds, observed
trends in SC and SF low flows were attributed to trends in the aforementioned CDls for 80 to
100% and 70 to 100%f the climate scenarios, respectively. SF season trends indicated a
downward tendency, while SC season trends indicated an upward tendency. These four
assessed trends agreed with the results presented ®gHQ (20)5who did use a

hydroclimatological modeling framework. This is rather important as it detnates the ability
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of the proposed framework to indicate whether or not a HDI will increase or decrease without

requiring the use of a hydrological model.

The developed methodology can be adapted easily. Indeed, in this paper, we worked with 22
CDls; chosebecause of their known relationships with low flows. Working with other HDIs or
in another field of study could entail working with other indices. The methodology was
designed with the intent of accounting for recent advances in climate research and loeul
further corroborated using the CMIP5 simulatio(BCMDI, 2016 carryng out the same
framework and obtaining a score based on a larger number of continuous scenarios.
Furthermore, application of the proposed methodology would lead to a screening assessment
of future droughtprone-watersheds; that is those that could bertefirom an indepth

hydroclimatic modeling study.

Overall, this paper contributes to the advancement of knowledge in the climate phenomena
governing low flows. When compared to the conventional approagh ¢ombining climate
scenarios with hydrologicahodels) widely used to assess future low flows at the watershed
scale, this paper, based on a limited case study with a single hydrological model, introduced a
relatively simple methodology to assess hydrological trends using solely climate data and

proposd, for a future temporal horizon, statistical relationships between CDIs and HDIs.
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sont principalement degdicateurs hydrologiques simulés non pas les débits journaliers.
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Abstract

Accepting the concept of equifinality may result in larger uncertainty associated with model
predictions than that of the optimal parameter set paradigm. Despite the existence of
uncertainty characterization methods, the setistributed hydrologicamodel HYDROTEL has
been used within the latter paradigm. What is the impact of hypothesizing an optimal
parameter set? This paper focuses on the assesment of the impact of equifinality of calibration
parameters with respect tonodelledhydrologicalariables and indices, namely: (i) daily flows;

(i) seasonal severand thirty-day low flows; and maximum flow; (iii) snow water equivalent
(SWE); (iv) shallow ground water variations; and (v) actual evapotranspiration. This assessment
is presented for ten sabhern Québec watersheds of the St. Lawrence River. The watershed
models were calibrated and validated for 198291 and 1992002, respectively. Automatic
calibration was performed using the Dynamically Dimensioned Search (DDS) algorithm based on
the maximzation of two objective functions (OFs): (i) the Kiihigpta efficiency and (ii) the
Nashlog. DDS was executed to calibrate 12 hydrological parameters for one optimization trial
for each watershed and each OF with a budget of 5000 model runs. To apalys®eter
uncertainty and resulting equifinality, 250 sets of parameters were extracted from each trial
run. Calibration performances for both OFs were between 0.75 and 0.95, while the selected 250
best sets of parameters had OF values differing by lems 186. Results showed that the overall
OFuncertainty was larger than the parameter uncertainty for all modelled processes except the
SWE. Nevertheless, seasonal results suggested parameter uncertainty could be greater than OF
uncertainty for specific seass or years, although it was not possible to make a general
outcome stand out. In particular for impact studies where the variables of interest are not daily
flows but rather hydrological indices or variables, parameter uncertainty will need to be

accounted for.
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13.1 Introduction

The equifinality concept refers to the existence of many parameter sets (and multiple model
A0NHzOGdzNBav Faaz20Al GdSR g AGK ((BeSen and ¥Fréer, 200130 A Y |- f
Beven, 2006p Within a realistic parameter space, for a given mechanistic model of a complex
environmental system, many local optima may exist. Despite the computational costs,
equifinality has been revealed for any types of models and especially for rainfathoff
models(Beven and Binley, 199Puan et al., 1992Beven, 1993Romanovicz et al., 1994Li et

al., 2012 Zhang et al., 20%2.inhoss et al., 201F%u et al., 2015Futter et al., 2015Prada et al.,

2016 Zeng et al.2016

The main consequence of accepting the concept of equifinality is that the uncertainty
associated with model predictions might be larger than that assessed within the optimal
parameter set paradigm. Different types of approaches allow to deal with sucmeartainty

(Vrugt et al., 2009a Some approaches have their roots within a formal statistical (Bayesian)
framework, but require irdepth understanding of mathematics and statistcs well as
experience in implementingFisher and Beven, 1996reer et al., 1996these methods on
computers(Vrugt etal., 20090. This probably explains the success of the generalized likelihood
uncertainty estimation (GLUE) method Beven and Binley (1992t operates within the
context of Monte Carlo analysis coupled with Bayesian or fuzzy estimation and propagation of
uncertainty. It is relativley easy to implement and requiresmodifications to existing codes of
simulation models. More recently,Tolson and Shoemaker (200presented how the
dynamically dimensioned search (DDS) optimization algorithnida@place random sampling

in typical applications of GLUE. They also introduced a more efficent uncertainty analysis
methodology called DSapproximation of uncertainty (DD&U) that differs from the
automatic calibration and uncertainty assessment using response surfaces (ACUARS) methods
(Mugunthan and Shoemaker, 2006 'he former approach requires many optimisation trials

while the latter approach uses only one trial coupleith a declustering technique.

The idea of an optimal parameter set remains strong in environmental sciences and even

stronger in hydrological modelling. For a physciebged, semdistributed, model such as
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HYDROTEEortin et al.,2001k Turcotte et al., 2003Turcotte et al., 2007.aBouda et al., 2012

Bouda et al., 2014 this frame of mind is rooted in two perceptions: (i) multiple feasible
descriptions of reality lead to ambiguity and are possibly viewed as a failure of the modelling
exercice(Beven, 20060 YR O6AAO0 | YlydzZt aSINOK F2N Iy a
expensivgTurcotte et al., 200Bwhile an automatic search may provide only a slight increase in

model efficiency in comparison with the latter manual calibrat{Bouda et al., 2014 This is

why in the last decade, at the risk of avoiding important issues of model acceptability and
uncertainty (Beven, 2006p HYDROTEL has almost always been applied within the optimal

parameter set paradigm.

For example, in several studi@Sortin et al., 2001aQuilbé et al., 2008Minville et al., 2009
Khalili et al., 20L1Aissia et al., 203 Dreiller et al, Rousseau et al., 2013bossey et al., 2015
Fossey and Rousseau, 20l&cFossey et al.,, 20)6HYDROTEL has been manually calibrated
following the fourstep, triatand-error, processoriented, multipleobjective calibration strategy
introduced byTurcotte et al. (2008 It has also been calibrated using the shuffled complex
evolution algorithm (SGHA) designed byDuan et al. (1993to find the optimal set of
parameters while avoiding local optinfaudwig et al., 20Q09Ricard et al., 2013Bouda et al.,
2014 Gaborit et al., 2015Trudel et al., 2016 But two exceptions emerge from the litterature,
Poulin et al. (201t Bouda etal. (2012 both used the SCBA algorithm to generate multiple
parameter sets and assesed the uncertainty of hydrological modelintigr the equifinality
assumption.Poulin et al. (201)] based on one snowominated watershed, concluded that
model uncertainty (conceptual modele&rsusmore physicalbased models for emple) can

be more significant than parameter uncertainty. MeanwhiBguda et al. (2012 from their
work on two watersheds, stressed the need for further research that may lead to the
implementation of a systematic undainty analysis in an operational hydrological forecasting
system. Nevertheless, they both highlighted the need for additonal validation of their results on

additional watersheds.

It is important to mention that the techniephilosophical debate startedni 2006 (Beven,
2006k 2008 about the methods that should or should not be used to estimate the

uncertainties associated with hydrological forecasting is beyond the scope ®fptper.

115



Indeed, the debate is still ongoing about the relative performances of formal (DREAM) and
informal (GLUE) Bayesian approaches in estimating the consequences of equif&ligy,

2009 Vrugt et al., 2009c) and about the multiple sources of uncertainty and p&tationarity

in the analysis and modelling of hydrological systéBes/en, 2016Nearing et al., 2026 In this
paper, equifinality is simply explored through the implementation of the automatic calibration
algorithm DDSTolson and Shoemaker, 200%hich has been reported as being superior to
SCHEJA (Arsenault et al., 2014Yen et al., 2016 Our contribution builds on the work carried

out on hydrological uncertainty to show in practical terms why equifinality does need to be
taken into account by answering one simple questiakein out of the technicghilosghical
debate: what ae the consequences of not accounting for equifinality while calibrating
HYDROTEL for an environmental impact studgfe, hydrological uncertainty (defined by the
spread resulting from multiple calibrations) is assessed for five modelled hydrologicéllesria
and indices: (i) daily flows, (ii) seasonal hydrological indices such as thedsgvkw flow (7d
Qmin), 3@day low flow (30eQmin), and the maximum flow (Qmax), (iii) snow water equivalent
(SWE), (iv) shallow ground water content variations (GW@) (&) actual evapotranspiration
(AET). Innovation resides in three elements. A calibration strategy close to that of manual
calibration was used in order to demonstrate the need to account for equifinality in impact
assessment studies aside from the temwphilosophical debate started in 2006. Moreover,
using 10 watersheds across Québec avoided limiting the significance of the results to a specific
region. Last, the relative importance of OF uncertainty and parameter uncertainty were
differentiated accoding to the variable being considered and its temporal scale (yearly or

seasonal).

The next two sections of this paper introduce the modelled watersheds and the methods, the
results and ensuing discussions. Throughout the paper, readers should keep inhatiride
results do not aim at assessing the formal statistical uncertainty associated with the
hydrological processes, but rathat showing the concrete consequences of equifinality on

modelled hydrological processes.
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13.2 Study area and data

This study wasarried out in southern Québec (Canada) on ten watersheds spread out in five
hydrographic regions of the St. Lawrence Rivgyrel3.1). These ten watersheds, namely (i)
Batiscan, (ii) Bécancour, (iii) Chamouchouane, (iv) Chateauguay, (v) Chaudiére, (vi) Du Loup, (Vii)
Gatineau, (viii) Mistassini, (ix) Rouge, and (x) Yamaska have modelled drainage areas ranging
from 855 up to 15,042 knménd various land cover pattern§able13.1 indicates all watersheds,

but Yamaska, have a forested (evergreen + deciduous trees) area covering more than 90% of
the mocelled land cover. Yamaska is the only watershed with a significant portion of urban
area. Batiscan has over 40% of evergreen while Gatineau, Chaudiere, Rouge and Du Loup have
17, 21.5, 25.6 and 28.4% of evergreen, respectively, and the remaining fiveshederhave an
evergreen area representing less than 10% of their total land cover. It is also noteworthy that
Chéateauguay, Bécancour and Chaudiere have 17.0, 8.2 and 3.9% of cropland while the

remaining seven watersheds have less than 1%.

According to avéable meteorological data (1981002, 1995 and 1996 being unavailable) from
National Resources Canada, the region surrounding the St. Lawrence River delindatgadn

131 is characterized by a mean annual temperature of 1.8°C and mean annual total
precipitation of 940 mm. All watersheds are sndaminated with peak flow occurring in
spring. A summary of the hydroclimatic characteristics of the watersheds is pdoindeable

13.2 and Table13.3 for two hydrological seasons, that is summer (JuffealNovember 38)

and winter (December®ito May 3f"). While the mean summer rainfall is 545 mm and quite
homogenous among the watersheds (standard deviation of 30 mm), mean winter rainfall is
more heterogeneous with a mean of 208 mm and a standard deviation of 64 mm. Meanwhile,
mean snowfall is 271 mm with a standard deviation of 52 mm. Mean summer (10.8°C) and
winter (-4.8°C) temperatures are also quite variable with respective standard deviaifoh8

and 2.8 °C. This shows that in terms of climate characteristics, the studied watersheds are quite
heterogeneous. In terms of hydrological characteristics, mean summer and winter daily flows
are 1.2 and 1.9 mm, respectively, with standard deviatioh8.44 and 0.23nm. Winter flows

are higher than summer flows on average because winter includes the snow melt and thus the
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spring peak flows. Higher variability in the summer flows is attributed to summer rainfall and

convective storms that are more vable than snowfalls. The hydrological indices mean values

indicate that the watersheds, despite being somewhat located along the St. Lawrence River,

have heterogeneous characteristics with meanQ@uhin ranging from 2 up to 156 3t and

from 4 to 120 mis* for summer and winter, respectively. Heterogeneity is even higher for mean

Qmax; ranging from 29 up to 595°st and from 84 to 1350 fAs* for summer and winter,

respectively.
Tablel3.1: Land cover of the ta studied watersheds in southern Québec, Canada
Evergreen Dedicuous tree:  Water Urban Farms Total
km?2 % km?2 % km?2 %  km2 %  km? % kmz2
Batiscan 1816 419 2264 523 187 43 O 0 67 16 4334
Bécancour 255 97 2144 816 16 06 O 0 214 82 2629
Chamouchouane 817 54 13156 875 1040 69 O 0 29 02 15042
Chéateauguay 112 50 1722 774 13 06 O 0 379 170 2227
Chaudiére 1229 215 4206 734 71 12 O 0 223 39 5728
Du Loup 243 284 557 651 55 64 0 0 1 o1 855
Gatineau 1159 170 5298 778 353 52 O 0 0 0 6810
Mistassini 569 61 8341 897 384 41 O 0 1 0 9295
Rouge 1401 256 3791 692 285 52 0 0O 2 0 5480
Yamaska 23 17 2050 767 2 02 5 04 289 211 1389
- Watershed boundaries
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Figurel3.1: Location of the study watersheds iQuébec, Canada, and around the St. Lawrence River
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Table13.2:

Summary (1982002) of the climate characteristics of the study watersheds

Rain (mm) Snow (mm) Mean Temp(°C)
Summer Winter Annual Summer Winter

Min  Mean Max i Min Mean Max i Min Mean Maxi Min Mean Max; Min Mean Max
Batiscan 337 558 645 97 180 403286 356 41684 103 115 -77 -54 -31
Bécancour 392 585 809129 260 490169 260 3721103 119 133; 50 -29 -10
Chamouchouane { 293 518 690 8 131 248219 290 38364 8.6 100;-114 -87 -56
Chateauguay 402 512 620174 269 4291137 193 2521124 138 152} -38 -1.1 09
Chaudiére 421 590 794 179 253 3921216 266 316% 95 112 125} 54 -33 -15
Du Loup 423 547 643 154 233 4801178 224 247185 102 115 -75 -53 -30
Gatineau 324 519 6718 145 2421224 290 350i{79 97 114, -88 -6.4 -36
Mistassini 278 515 729 81 126 236}224 300 38459 82 97 i-120 -92 -61
Rouge 372 529 6131100 175 3331248 327 368192 108 119 69 -44 -20
Yamaska 476 577 7431180 305 526!122 204 2941116 131 145{ 39 -15 06
Table13.3: Summary (1982002) of the hydrologicatharacteristics of the study watersheds

Q (mm/day) Qmax (m3/s) 7d-Qmin (m3/s) 30d-Qmin (m3/s)
Summer Winter Summer Winter Summer Winter Summer Winter

Min Mean Max Min Mean MaxiMin Mean Max {Min Mean MaxiMin Mean Max{Min Mean MaxiMin Mean MaxiMin Mean Max
Batiscan 09 16 2414 21 3111140 265 528{349 558 837i17 31 57i{18 24 35i22 37 7219 26 43
Bécancour 06 1.1 19i15 21 29169 203 40229 494 848i 2 7 21i{7 120402i3 10 32i8 13 21
Chamouchouane 1.1 1.8 2612 15 191404 781 1370{610 1350 2159i112 156 199: 60 78 102i128 184 24561 81 116
Chateauguay {03 0.6 1311 18 26:i27 168 623193 460 1091i 2 4 10{6 10 18i2 6 17;7 12 32
Chaudiere o5 11 o21i16 22 301:i236 646 1318/847 13392140{ 4 10 26{12 19 3215 17 45i14 23 47
Du Loup 03 0.8 13i10 16 23112 29 79i5 84 130{1 2 6i{3 4 511 3 7i3 4 6
Gatineau 10 15 24111 17 251202 425 1200{413 731 150019 38 56 {20 32 46i21 50 92i22 34 48
Mistassini 12 1.9 27113 17 231314 595 959604 1257 2050158 92 129i27 39 67i70 119 159i28 41 76
Rouge og8 1.2 17113 20 29i118 243 376i381 588 914i11 27 45i{24 36 50i6 32 61i25 39 59
Yamaska 04 08 17112 20 27144 142 239118 320 5591 1 3i{2 4 7411 2 6.2 6 13
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13.3 Material & Methods

13.3.1 Hydrological model

HYDROTEL is a proebased, continuous, semrdistributed hydrological mode{Fortin et al.,

2001k Turcotte et al., 2003Turcotte et al., 2007.eBouda et al., 201,2Bouda et al., 2014hat

is currently used for inflow forecasting by Hydf@uebec, Quebd8 major power utility, and the
Quebec Hydrological Expertise Centre (CEHQ) which is in charge of the management and safety
of publicly owned daméTurcotte et al., 2004 It was designed to use available remote sensing
and GIS data and use either ah@ur or a daily time step. It is based on the spatial
segmentation of a watershed into relatively homogeneous hydrological units (RHHUS,
elementary subwatersheds or hillslopeas desired) and interconnected river segments (RSSs)
draining the aforementioned units. A sedamitomatic, Gl$ased framework called PHYSITEL
(Turcotte et al.,, 2001 Rousseau et al., 201INoél et al., 2014 allows easy watershed
segmentation and parameterization of the hydrological objects (RHHUs and RSs). The model is
composed of seven computational modules, which run in successive steps. Ealthe m
simulates a specific process (meteorological data interpolation, snowpack dynamics, soil
temperature and freezing depth, potential evapotranspiration, vertical water budget, overland
water routing, channel routing). Readers are referredrtitin etal. (20010 and Turcotte et al.

(20073 for more details on these aspects of HYDROTEL.

The main parameters of HYDROTEL can be subdivided into three groupsiit=E3.4). The

first group includes the snow parameters and the second group includes the soil parameters.
The last three individual parameters are related to the interpolationgewohperature and
precipitation according to the average of the three nearest meteorological stations weighed in
by the square of the inverse distances between the RHHU and the three stations (a.k.a. the

ReciprocaDistanceSquared method).
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Table13.4: HYDROTEL key parameters

Type Parameters Units
MFEF Melt factor for evergreen forests* mm/d.°C
MFDF- Melt factor for deciduous forests* mm/d.°C
MFOA- Melt factor for open areas* mm/d.°C
Snow TEF Threshold air temperature for melt in evergreen forests* °C
parameters  TDF Threshold air temperature for melt in deciduous forests* °C
TOA- Threshold air temperature for melt in open areas* °C
Melt rate at the snowsoil interface mm/d

Compactiorcoefficient

PETF Potential evapotranspiration multipglation factor
z1- Depth of the lower boundary of soil layer #1*
z2- Depth of the lower boundary of soil layer #2*
Soil parameters z3 Depth of the lower boundary of soil layer #3*
RC- Recession coefficieht
Extinction coefficient
Maximum variation of soil moisture content

(% 1 1 % 3 3 3 1 1

TSL: Threshold air temperature for partitioning solid and liquid
Interpolation  precipitation*
coefficients  Precipitation vertical gradient mm/100m
Temperature vertical gradient °C/100m

*Parameter calibrated in this paper
4For a complete description of snow parameters, the reader is referredrtmtte et al. (2007a
For a complete description of soil parameters, the reader is referredrtm et al. (2001p

13.3.2 Data acquisition

Observed climate data for 1984002 were computed on a 0.75° x 0.75° grid by isotropic kriging
following the method described iRoirier et al. (201Rusing the meteorological data provided

by National Resources Canada. Eachgpidt served as a meteorological station in HYDRQO
Flow data were extracted from the CEHQ data base; which operates around 230 hydrometric
stations (CEHQ, 2013aStations were selected for their data availability and proximity to the
outlets of the watersheds. For Batiscan (#050302 /° long, 46.6° lat]), Bécancour (#024007
[-72.3°long., 46.2° lat.]), Chateauguay (#03094i3[8° long., 45.3° lat.]) and Rouge (#040204 |
74.7° long., 45.7° lat.]), stations were located at the outlet of each watershed while for
Chamouchouane (#0619017R.5° long., 48.7° lat.]), Chaudiere (#0234621[2° long., 46.6°
lat.]), Du Loup (#05280573.2° long., 46.6° lat.]), Gatineau (#04083(5[8° long., 47.1° lat.]),
Mistassini (#062102-72.3° long., 48.9° lat.]) and Yamaska (#030302.9° long., 45.5° lat.]),

the nearest stations were selected é&sigurel3.1).
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13.3.3 Calibration/validation and parameter sets generation

Model calibration on each watershed was carried out using a global optimization algorithm,
DDS preented inTolson and Shoemaker (200Tt allows systematic and impartial calibration

of HYDROTEL through all the watersheds using a fixed methodology. The shuffled complex
evolution (SCE) algorithifbuan et al., 1992Duan et al., 1993Duan et al., 1994was also
considered; viewed as the dominant optimization algorithm before 2007 with more than 300
different applications referring to the original set of SCE papers. However, it has since been
proved that DDS is better suited for distributed watershed models requiring extensive
computational time(Tolson and Shoemaker, 2Q0rsenault et al., 2014Yen et al., 2016 DDS
performs a low number of model evaluations before converging to a good calibration solution.
According toYen et al. (2006 DDS outperforms other optimizatiored¢hniques in both
convergence speed and searching ability for parameter sets that satisfy statistical guidelines
while requiring only one algorithm parameter (perturbation factor, default value 0.2) in the

optimization process. This default value was usetthis paper.

Automatic calibration was performed based on the maximization of four objective functions
(OFs) computed from observed flow data: (i) Kligpta efficiency (KGE); (ii) Ndsl; that is

the NashSutcliffe efficiency (NSE) calculated onti@gsformed flows; (i) NgFand (iv) NSk
computed on root squared flows. DDS was executed for one optimization trial for each
watershed and each OF with a budget of 5000 model rutie trial was initiated from the
same random set of parameter valugs every watershed. To analyse parameter uncertainty
and resulting equifinality, the 250 sets of parameters resulting in the best OF values were
extracted from each trial run. Then each model was run over a validation period using the
corresponding 250 ¢e of parameters (10 models times 4 OFs). However, this paper solely
focused on two of the four OFs studied namely KGE and-Ngsbecause including the two
other functions would not help distinguishing the dominant type of uncertainty. Indeed, overall
results for NSE are close to KGE results except around peak(Baysa et al., 2008while

NSk represents a tradeff between KGE and Na#bg. Using the combination of KGE and
Nashlog provides a contrasted calibration proeed that in turn favors high flows and low

flows.
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E €A "l (13
where r is the linear correlation coefficient between simulated and observed valuds' a
measure of relative variability in the simulated and observed values, that is the ratio between
simulated and observed standard deviations; andstands for the bias, that is the ratio

between the mean simulated and mean observed flows.

Nashlog O t@b 1w i 1w 1 17H (14)

where | andi are the linear correlation coefficient and measure of relative variability
between the log transformed simulated and observed flows, respectivelyf and stands for

the ratio between the bias of log transformed simulated and observed flows, normalized by the

standard deviation of observed values.

The calibration period extended from Decembél 1982 to November 38 1991; that is nine
entire hydrologicalyears. The validation period started on Decemb&r 1991 and ended on
November 38, 2002 (remembering that the 1998996 meteorological data series were
unavailable); that is eight complete hydrological years (hydrological years¢glP8dember T,

199 to November 38, 1995, and 199%5December 1, 1995 to November 30 1996 were
unavailable), corresponding to nine summers and eight winters (January to the end of May
1997 is used as a spup to make sure that the model is on the right track). In each case, a 1
year spiaup period was used to minimize initialization @rs. During the 1998996
meteorological data gap, the model was fed with data from 12994 to prevent the rivers
from drying out. These simulation periods (calibration and validation) followed thesspiiple
strategy applied to the available meteorgjical and hydrological data. The length of the
calibration period was not so long as to increase computational costs too much, but not so
short as to have issues related to the interannual variability of climate data compared with the
validation period Figurel3.2 illustrates the appropriateness of this approach in terms of mean
annual and seasonal temperatures and precipitations. For the calibration and validateon, th
simulation periods were relatively similar: precipitations améan temperatures are within

[614, 911 mm] and-L, +6°C], and [646, 845 mm] ar@.R, 6.4°C], respectively.
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Out of the eighteen (18) key calibration parametefalfle 13.4), twelve (12) were actually
adjusted in this study: six (6) snow parameters; five (5) soil parameters; and one (1)
interpolation coefficient. Sensitivity analyses were not formallyried out for any of the
watersheds beforehand, but these calibrated parameters are amongst the model most sensitive
parameters(Turcotte et al., 2008 This selection of parameters was based on: (i) information
provided by previous analysé@Ben Nasr, 2018Bouda et al., 2014 (i) knowledge built through

the operational use of HYDROTEurcotte et al., 200dand (iii) experience gained during the
development of a Hydroclimatic Atlas conveying the potential impact of climate change on
water resources for the 2050 horizon over Southern Quéf@EHQ, 2013a2015. The
remaining parameters were fixed according to: (i) a regionalization sflidycotte et al.,
2007D), (ii) results from the application of a global calibration stratéigigard et al., 200)3used

in CEHQ (201352015, and (iii) from previous manual calibration exercises.
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Figurel3.2: Relationship between mean annual and seasonal temperatures and precipitations for the
calibration and validation periods

13.4 Results

As previously mentionediodel uncertainty related to parameters used for the calibration of
HYDROTEL and to the choice of the OF was adséissmigh five modelled hydrological
variables and indices: (i) modelled streamflows, (ii) hydrological indices computed from the
latter, and three internal variables, namely (iii) snow water equivalent (SWE), (iv) actual
evapotranspiration (AET) and @jallow ground water content variations (GW®@) this paper,
parameter equifinality refers to the range that each calibration parameter covers within the
predefined physical limits attributed to each parameter. Meanwhile parameter uncertainty
refers to theconsequences of parameter equifinality with respect to the model outputs. Finally,
OF uncertainty refers to the effects of using two different functions on the model outputs. For
each subsection, a different watershed is used as a showcase while therotteeand their
related figures are referred to as alternate watersheds and available as supplemental

information upon request to the corresponding author. This choice was made to focus on the
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global picture conveyed by this paper instead of focusing an dharacteristics of a single

watershed.

13.4.1 Parameter equifinality

Figurel13.3 shows the range covered by the 250 sets of parameters used in setting up the 20
models in HYDROTEL. The figure was computed by putting together for each model a radar plot
of the calibration parameter values. For every set of parameters, a line was doavk every
individual parameter. The computation of the 250 lines made it possible to picture the range
covered by the selected sets of parameters within a predefined physical interval that limits the
automatic calibration algorithm. These limits wer@aded on the information provided by

previous sensitivity analyses, operational experience, and previous calibration exercises.

For most watershed models, the parameter equifinality is limited. Indeed, parameter
equifinality for the Batiscan watershed, fthe KGE OF, covers a maximum of 9.2% of the
physical range for the deciduous melting threshold parameter (&guarel3.3), but about 5%

for the rain/snow limit (An Figure13.3) for example. The maximum parameter equifinality is
obtained for the evergreen melting threshold on the Yamaska watershed for the KGE OF with
anequifind A& O2@SNAY3I npodc: 2F (GKS LIKEaAOlFf NI¥y3
are the evergreen melting rate (B kigurel3.3) and threshold (E iRigurel3.3).
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Figurel3.3: Radar plots of the twelve parameters used in the automatic calibration of HYDROTEL for each
study watershed. Parameter A is part of the interpolation coefficients, parameters B through G
relate to the snow model, and parameters through L relate to the sib group of parameters. The
dark blue diagrams refer to the KGE OF while the light blue diagrams refer to the IMasDF.

13.4.2 Streamflows

A tangible evidence of the equifinality of the 20 models is displayed by the narrow ranges of OF
values resulting from th 250 calibrations and validations. This was expected despite the careful
consideration given to the number of calibration parameters used to avoid over
parametrization and limit the possibility of equifinalifyigure13.4 shows the KGE and Nakiy

values obtained in calibration and validation for the Chamouchouane watershed. KGE as well as
Nashlog calibration values belong to equally narrow ranges [0.9464, 0.947@][@&9064,
0.9072]. For the validation period, ranges are larger, but still quite narrow with 100% and 68%
of KGE and Nadbg values fitting in the equally narrow ranges [0.8225, 0.8305] and [0.6340,

0.6420], respectively. Model performances are not asdyin validation as in calibration. But as
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Tablel13.6 shows, differences in performances overpass a 15% difference only three times out
of the 20 models. Moreover, the validation period performances either increase or as decrease
in comparison with calibration values, and that vouches for the-splitple stategy chosen.
Indeed, Table13.6 introduces the median loss of performances computed from the individual
losses of each of the 250 calibrations/validations which difeerent from what could be

computed fromTablel3.5.

Tablel3.5 shows thatresults ofFigurel3.4 are also valid for the alternate watersheds included

in this paper. Indeed, for the calibration period, both KGE and {ashalues can be
constrained in a 0.01 interval while, for the validation period, they are within a 0.15 interval.
What is notable is that ranges seem larger for the Naghthan for the KGE OFs. Also, the
performances in calibration using the Ndsly OF ardower; whereby the mean of the KGE
values is 0.916, the mean of the Ndsely values is 0.840. For validation, this gap widens with a
mean KGE of 0.823 and a mean Neghof 0.679. This important difference may be attributed

to the relative inability of lshlog to represent high flows. Indeed, high flows are less correctly
reproduced by Nastlog when low flows are assessed using the KGE OF. This explains the

observed difference in performances.

The simulated streamflow envelopes shown kigure 135 clearly illustrate parameter
uncertainty with respect to the Rouge watershed. The hydrographs were computed according
to the following steps: (i) for every 250 simulated flow series, meanegalvere generated for
each day of the year, over the calibration (9 hydrological years) and validation periods (8
hydrological years); (ii) then for each model and simulation period, daily minimum and
maximum values were taken from the entire set of mesmies and plotted in order to obtain
streamflow envelopes. As depicted kigure13.5 which introduces the individual streamflow

uncertainty envelopes for the alteate watersheds, the impact of parameter uncertainty is:

- small (most of the time under 0.1 mm/day) for both simulation periods and OFs,
- concentrated around the spring peak flow for the Ndsy OF (reaching a maximum of

1 mm/day).
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The OF uncertainty is showby the global envelope that encompasses individual bands
associated with the KGE and Ndsf series of modelled streamflowsigurel3.5 and alternate
figures showthat OF uncertainty is more important than parameter uncertainty most of the
year (except during the recession of the spring peak flow where the envelopes overlap).
Moreover, the spread of the global envelope for the ten watersheds reveals that OF untertai

is generally more pronounced in the fall and the spring peak flows.
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Figurel3.4: Distribution of the OF values for the Chamouchouane watershed: (a) KGE calibration period; (b)
KGE validation period; (dYashlog calibration period; (d) Nasfog validation period
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Table13.5: Summary of the KGE and Nakig values for the ten watersheds over the calibration and validation periods

Calibration Validation
KGE Nashlog KGE Nashlog
1st decile  Median 9th decile | 1st cecile Median 9th decile | 1st cecile Median 9th decile | 1st cecile Median 9th decile
Batiscan 0.946 0.946 0.947 0.894 0.896 0.897 0.799 0.805 0.810 0.670 0.674 0.694
Bécancour 0.872 0.874 0.875 0.795 0.799 0.801 0.797 0.807 0.814 0.701 0.706 0.717
Chamouchouane 0.947 0.947 0.947 0.907 0.907 0.907 0.823 0.826 0.829 0.632 0.637 0.641
Chateauguay 0.859 0.860 0.860 0.767 0.768 0.768 0.763 0.767 0.775 0.692 0.695 0.699
Chaudiere 0.916 0.916 0.916 0.805 0.810 0.815 0.869 0.871 0.875 0.695 0.709 0.721
Du Loup 0.944 0.945 0.945 0.842 0.842 0.842 0.792 0.796 0.802 0.700 0.703 0.704
Gatineau 0.907 0.907 0.907 0.827 0.828 0.828 0.766 0.768 0.771 0.684 0.686 0.691
Mistassini 0.955 0.955 0.956 0.904 0.905 0.905 0.873 0.875 0.876 0.646 0.652 0.660
Rouge 0.947 0.947 0.947 0.887 0.887 0.887 0.876 0.878 0.880 0.700 0.702 0.704
Yamaska 0.828 0.832 0.835 0.761 0.762 0.764 0.833 0.839 0.845 0.609 0.626 0.637

Table13.6: Median of the KGE and Nadbg loss of performance (positive values) between the calibration and validation periods

KGE Nashlog
Batiscan 15% 14%
Bécancour 8% -8%
Chamouchouané 13% 20%
Chateauguay 11% -14%
Chaudiére 5% -6%
Du Loup 16% 1%
Gatineau 15% 0%
Mistassini 8% 18%
Rouge 7% 9%
Yamaska -1% -6%
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Figurel35: Streamflow uncertainty envelopes for the Rouge watershed: (alibration (3year mean) and (b)
validation periods (8year mean). The black and green envelopes stand for simulated flows under
the KGE and Naslog OFs, respectively, while the blue line depicts the observed values.

13.4.3 Hydrological indices

Figure 13.6 introduces, for the Chamouchouane watershdatie boxplots of the seasonal
hydrological indices for each OF. The two boxplots per year represent the pamamet
uncertainty (250 sets of parameter) for the KGE and NaghOFs for each hydrological index.
The reunion of the two boxplots represent the OF uncertainty. Results do not show the 30d
Qmin distributions as they are quite similar to the-@anin distributons, their median being

just slightly greater and their interquartile range being similar.

Figure 13.6 shows that the impact of parameter uncertainty is rather sndring both
simulation periods (calibration and validation). Indeed for both OFs and both simulation
periods, differences between the®land 3° quartiles remain under 5% of the hydrological
indices values. Parameter uncertainty is more important for &inNashlog hydrological
indices than for KGE values, whereas they are comparable for summer indices. The impact of
OF uncertainty is for all hydrological indices, for almost every year, and for both simulation
periods more important than that of the paragter uncertainty. It is especially the case for

winter 7dQmin and 30eQmin where the uncertainty is at least five (5) times larger than the
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parameter uncertainty. This also applies to winter Qmax where it is at least twice as much

important. The main finehgs characterizing almost all watersheds are the following:

1 Parameter uncertainty is :

(0]

(0]

(0]

quite stable across years and simulation periods,
smaller in summer than in winter especially for Qmax,
similar for both OFs, both seasons and all hydrological indioesides a few

exceptions related to the performance of the calibration).

1 OF uncertainty is:

o

(0]

rather stable across years for every individual seasonal hydrological index,
more important than parameter uncertainty across the years, simulation
periods, andseasons,

larger in winter than in summer and more important for-Qanin and 30eQmin.
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Figurel3.6: Boxplots of the seasonal hydrological indices for the Chamouchaoune watershed foc#fieration (1) and validation (2) periods: (asl) and
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observed values.
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13.4.4 Srow water equivalent

Figire 13.7 shows the SWE uncertainty envelopes for the Yamaska watershed for the
calibration and validation periods as well as the two OFs. Thelepes were computed using

the same method as that used for the streamflows, except that since HYDROTEL is a semi
distributed model, mean areal values over the RHHUs were first computed to produce a single

data series for each calibrated parameter set aagh simulation period.

Figure 13.7 shows that parameter uncertainty relative to SWE is less important at the beginning
and the end of the snow season while being at a maximum at the peak where the envelopes
are the widest. OF uncertainty for SWE, contrary to that for streamflows, istsstant than
parameter uncertainty as the individual envelopes overlap almost the entire snow season.
Parameter uncertainty is more important for the Nasiy OF than for the KGE OF. However,
these observations cannot be generalized when examining inildethe results for the

alternate watersheds. Nonetheless, the overall results can be separated into six groups:

0] For Yamaska and Chateauguay, parameter uncertainty is larger than the OF
uncertainty for the whole year with individual envelopes being widértlze
beginning of February and at the end of March. SWE is higher for theldssDF
than for the KGE OF.

(i) For Chamouchouane and Mistassini, parameter uncertainty is larger than the OF
uncertainty for the whole year with individual envelopes overlappihg entire
year.

(i)  For Gatineau, parameter uncertainty is larger than the OF uncertainty from
November to the end of February. OF uncertainty then becomes larger than
parameter uncertainty with individual envelopes not overlapping anymore.
Individual envelope are quite narrow throughout the year and KGE simulated SWE
is slightly more important than the Nagbg simulated values.

(iv)  For Batiscan, results are similar to those of group (iii); differing only with respect to
the fact that individual envelopes becomsghtly wider indicating a more important

parameter uncertainty
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(v) For Du Loup and Rouge, results indicate a larger OF uncertainty for the whole year
with narrow individual envelopes not overlapping. KGE simulated SWE values are
higherthan NasHog valuewith a maximum difference of 50 mm at peak values.

(viy  For Bécancour and Chaudiére, results are similar to those of group (v) differing only
with respect to the fact that individual envelopes become wider, indicating that

parameter uncertainty is larger.
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Figure 13.7: SWE uncertainty envelopes for the Yamaska watershed: (a) calibratioye@ mean) and (b)
validation periods (8year mean). The black and green envelopes illustrate the distribution of
simulated fows under the KGE and Nas$tg OFs. The line indicates the period of overlapping
between the uncertainty envelopes.

13.4.5 Actual evapotranspiration

Figurel3.8 depicts the seasonal AET for the Bécancour watershed obtained for both simulation
periods and OFs. They were computed as the sum of AET over each hydrological year and
season after applying the same methodology as that for the areal SWE in gettingeadsitay|
series. Parameter uncertainty can be assessed through the amplitude of each boxplot while OF
uncertainty is assessed through the combination of the KGE boxplots (black) andoilash

boxplots (green).
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Figurel3.8 shows that parameter uncertainty for the summer season covers around 5% of the
AET values for both simulation periods and OFs; but for winter goes as far as 50%. For summer,
OF uncertainty is less sigodnt than parameter uncertainty for many years as illustrated by
the overlapping of the individual boxplots (1981, 1983, 1985, 1986, 1987, 1988, 1992, 1994,
1998, 2000 and 2002). Nevertheless, OF uncertafoty winter is more important than
parameter unertainty for all years but for 1990. Also, it is noteworthy that parameter
uncertainty is less variable across years during summer than winter; indeed boxplots have the
same width. Last, Nadbg summer parameter uncertainty is comparable or larger than
summer KGE parameter uncertainty whereas it is the opposite for winter. However, these
observations cannot be generalized when examining in details the results of the other
watersheds (alternate watersheds). Nonetheless, the overall results can be separtiesix

groups:

(i) For Batiscan, Chateauguay, Du Loup and Yamaska, both types of uncertainty are
constant across simulation periods, years and seasons. OF uncertainty remains around
5% and does not go beyond 10% of the simulated AET values and is moreaimport
than parameter uncertainty, while parameter uncertainty is similar for both OFs.

(i) For Rouge, results are similar to those of group (i) differing only with respect to OF
uncertainty being larger, around 10%, for both seasons of the simulation periodalland
years.

(i) For Gatineau and Mistassini, results are similar to those of group (ii) but have a larger
parameter uncertainty for Nastog simulated values than for KGE values. This behavior
iS more pronounced in summer than in winter, and more so for Mstashan for
Gatineau.

(iv) For Chaudiéere, results are similar to those of group (ii) but have an OF uncertainty that
flirts with 20%.

(v) For Chamouchouane, results are similar to those of group (i) because of the constant OF
and parameter uncertainties. The difence is that OF uncertainty is nonexistent as

individual boxplots overlap for all seasons, years and simulation periods. Parameter

136



uncertainty related to the Naslog OF is more important #n that of KGE simulated
values.

(vi) For Bécancour, results were adetbed in the previous paragraph and are different from
the other groups as they display variability across years and seasons that other

watersheds do not show.

The only result, apart from the relative consistency across the years highlighted in group
(vi), that stands across all watersheds, but Bécancour in summer and Yansmgskat
simulated AET values are higher for all years and all seasons under théotl&@R. This is

not a surprising result as it pertains to the nature of the OF with respect ¢ovihter
balance. That is, if a smaller percentage of precipitations gets discharged through rivers
(Nashlog vs KGE), another way to balance the equation for HYDROTEL is to increase water

output through evapotranspiration.
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Figurel3.8: SeasonalAETfor the Bécancour watershed: (a) summer calibration; (b) summer validation; (c)
winter calibration and (d) winter validation. The black and green boxplots stand for simulated AET
distributions under the KGE andllashlog OFs, respectively. The outliers are represented by red
crosses. The superscripts w and d on thexs stand for the wettest and driest years of each
simulation period, respectively.

13.4.6 Shallow groundwater variations

Figure 13.9 shows the envelopes of areal GWC variatiéms the calibration and validation
periods as well as the two OFs for the Du Loup watershed. The envelopes were computed using

the same methodhs that used for the areal SWE.

Figure13.9 shows that parameter uncertainty is small and constant for both OFs throughout
the whole year with a maximum uncertainty under 2 mm. On the contrary, OF uncertainty is
substantial for the whole year (20 to 40 mm for the calibration period, 10 to 20 mnthéor

validation period), but between January and March. For this latter period, the shallow ground
water reserves are at their lowest point and individual envelopes overlap during the calibration

period or are close to overlapping during the validationipgrHowever, these observations do
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not hold when examining in details the results for the alternate watersheds. Nonetheless, the

overall results can be separated into six groups:

(i)

(ii)

(iii)

(iv)

(v)

For Rouge and Mistassini, the GWC variation patterns are similar to tHoBe o
Loup. Maximum reserves are reached in early May after the snow has melted; they
continuously decrease until early September where they reach their minimum to
increase until the end of the fall season in early December. Finally, they decrease
again toa near minimum value around early March at the onset of melt season. OF
and parameter uncertainties were described in the previous paragraph.

For Batiscan, results show similar GWC variation patterns to those of group (i). The
difference lies in the paranter uncertainty that covers most the OF uncertainty, but
still remains under 10 mm. Indeed, for the calibration period, OF uncertainty is less
important than parameter uncertainty from November until the end of September.
For the validation period, the oviapping is reduced from December until the end of
May. Still, even in the remaining months, OF uncertainty is less important than that
of group (i); incidentally not getting larger than 20 mm.

For Chamouchouane and Gatineau, results show similar GWQioranatterns to
those of groups (i) and (i), but behave almost at the opposite of group (i) with
respect to OF and parameter uncertainties. OF uncertainty isexgtent for the
whole year, but for a few days around peak value. Parameter uncertairsyadl

(less than 2 mm) and individual envelopes overlap.

For Bécancour, results show similar GWC variation patterns to those of group (i)
apart from the decrease during the snow season that is less pronounced. Parameter
uncertainty is more important for kb OFs as that of group (i); it represents a
maximum of 10 mm for both OFs in the calibration period, but around 5 mm and
close to 10 mm respectively for Nakig and KGE simulated GWC. OF uncertainty as
a result is still more significant than parametercentainty despite a lag between

the OFs that make the individual envelopes overlap around peakflow values.

For Chaudiére, results show similar GWC variation patterns to those of Bécancour

(group (iv)) but is clearly different from any other watershed wekpect to the OF
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and parameter uncertainties. The Nalgly parameter uncertainty covers almost all
KGE values and has 40 and 20 mm wide intervals, respectively, for the calibration
and validation periods. The KGE parameter uncertainty is less than 2 mihefo
whole year which results in a naxistent OF uncertainty for the calibration period
while still being significant between August and December for the validation period.
(vi)  For Chateauguay and Yamaska, the GWC variation patterns differ from those of
groups (i) to (v). The GWC is at a minimum around the end of August. The reserves
are then replenished from September until the end of November, before decreasing
only slightly, as opposed to groups (i) and (ii), during the snow season and attaining
their maxmum values after the snow has melted. Parameter uncertainty is small,
under 2 and 5 mm for KGE and Nds simulated GWC, respectively, and relatively
constant across the year. OF uncertainty is more important (maximum of 20 and 30
mm for calibration andvalidation, respectively) for the whole year, but just after
peak value (May and June) for the calibration period and around peak value (April)

for the validation period

It is noteworthy that the two variation patterns relative to GWC, highlighted in abeve
groups, reflect the geographical location of the watersheds. Indeed, Bécancour, Chateauguay,
Chaudiere and Yamaska are located on the south shore of the St. Lawrence River, while
Batiscan, Chamouchouane, Du Loup, Gatineau, Mistassini and Rougeaded lon the north

shore.

140



Soil water content variations (mm)
o
\‘s}
Soil water content variations (mm)
o
==
”~
—

NDJFMAMUJJASO NDJFMAMUJJASO
Months Months

Figure13.9: Shallow groundwater content uncertainty envelopes for the Du Loup watershed: (a) calibratien (9
year mean) and (b) validation periods {@ar mean). The black angireen envelopes illustrate the
distribution of simulated flows under the KGE and Nakig OFs, respectively.

13.5 Discussion

13.5.1 Automatic calibration with DDS

In the Material and Methods section, it is mentioned that DDS is better suited thatUSCE
(Duan et al., 1992Duan et al., 193; Duan et al., 1994for distributed watershed models
requiring extensive computational time and, thus, leading to & loumber of model
evaluations before converging to a good solutidolson and Shoemaker, 2Q00&rsenault et

al., 2014 Yen et al., 2016 This is mostly due to DDS dynamically adjusting the neighborhood of
the best solution by changing the dimension of the segblson and Shoemaker, 200Tn

other terms, DDS mimics manual calibrations of watershed models as follows: (i) early in the
calibration exercise, a number of model parametare modified to overcome relatively poor
solutions, and (ii) later, to avoid losing the current gain in objective function values, parameters
are modified one at a time. To avoid introducing a bias in the search algorithm, this paper used
a random initialsolution, but used the same random solution for every watershed in order to

keep the experiments consistent.
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The stochastic nature of DDS means that multiple optimization trials initialized with different
initial solutions can terminate at different finablutions(Tolson and Shoemaker, 2008 obe
consistent with the framework described in the introduction, that is a majority of the
HYDROTEL application studies involved manual calibration, we decided to work with only one
optimization trial and a budget of 5000 model runs to answer the researastepn with
respect to equifinality given this framework. Besides, the radar plots of parameter equifinality
shown inFigure13.3 do not seem to behee in a pattern related to the geographical location,

the climate, or geological characteristics of each watershed. Indeed, the study watersheds are
part of three different geological provinc€$Shériault and Beauséjour, 20t Zi) the Greenville
Province made of allochtonous material north of the St. Lawrence River; (ii) the St. Lawrence
platform around the River; and (iii) the Appalachian provincelenaf Humber material south

of the River. They also belong to three climate classes definadtynyski (1988put mostly to

class 14 that stands for moderate temperature, subhumid precipitations and long growing
season. As a consequence, parameter redimation is not obvious. This was pointed out as
well byRicardet al. (2013)who showed that a global calibration strategy over southern Québec
was preferable although in some cases the performances of watershed calibration using

HYDROTEL was reduced whempared to local calibrations.
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13.5.2 OF uncertainty

Overall, results for all the studied hydrological processes suggest that OF uncertainty is more
important than parameter uncertainty. In other words, OF uncertainty is seen when the largest
of the individualenvelopes or boxplots relative to each objective function (KGE and-INggsfs
smaller than the reunion of either envelopes or boxplots. Readers should note that results
obtained for the NSgand NSk OFs are in complete agreement with the previous statet.
Figure13.5 and alternate figures do not clearly show the impact of OF uncertainty because
individual envelopes often overlap. However, when considering the osedishydrological
indices Figurel3.6 and alternate figures), the SWEidure 13.7 and alternate figures), the AET
(Figure 13.8 and alternate figures), and the GWEidure 13.9 and alternate figures), OF
uncertainty is overall ckrly highlighted.

Some studies highlight the importance of model structure uncertainty over parameter
equifinality (Poulin et al., 2011Futter et al., 2015Mockler et al., 2016Shoaib et al., 2006

Poulin et al. (201lused HYDROTEL and HSAMI to assess the effects of model structure and
parameter equifinality on the uncertainty related to hydrological modelling. Their study
revealed that the impact of hydrolegal model structure was more significant than the effect of
parameter uncertainty (assessed through 68 sets of parameters). Yet, the uncertainty
attributed to model structure with respect to streamflows and SWE were of the same order of
magnitude than the OF uncertainty assessed in this paper. This would mandate the
combination of both studies to clearly assess whether the impact of model structure and OF
uncertainty are equivalent or complementary in assessing the consequences of considering the

effects d equifinality on modelled hydrological processes.

Figurel3.6 and alternate figures showed the boxplots of the seasonal hydrological indices for
both OFs (Results section). They also indicated observed values as blue dots; less than 50% of
the latter are not included within the interval of the simulated values for any of the hydrological
indices (Qmax, ADmin, and 30elQmin). This could be seen as dilmation performance issue,

but results suggest otherwise. Indeed, all observed values and all, but one, are included within

the interval of the simulated values for the summer-Q@din for the Chateauguay and
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Yamaska, respectively; which have the lowestfgrmances for both OFs (refer Table13.5).

This would rather suggest that KGE and NaghOFs are not able to force the model to
represent the hydrological indés properly. This may be related to the nature of both OFs that
are computed over daily dataersushydrological indices computed over a period of time
(seven and 30 days for @min as well as 30@min, respectively). However, for Qmayx, this is
simply rehted to the misrepresentation of maximum flows. This result is rather important as
hydrological indices are often used in impact assessment studies. This would mandate the use

of specific OFs related to low or high flows or even the use of folbjéctivefunctions.

13.5.3 Parameter uncertainty

Despite the fact that the OF uncertainty is overall more important than the consequences of
parameter equifinality, parameter uncertainty relative to SWE (Results section) is generally
more important than OF uncertaintyindeed it is more important for the whole year for
Chateauguay, Chamouchouane, Mistassini and Yamaska and, for a few months (November until
the end of February), for Gatineau and Batiscan. Seasonal results also suggest that parameter
uncertainty can be imgrtant or more significant even than OF uncertainty for specific seasons

or years Figurel3.6, Figurel3.8 and alternate figures). To get a better understanding of the
reasons why parameter uncertainty would prevail only for a few years, driest and wettest years
were defined as the hydrological years with the least total amounpreficipitation for the
simulation periods (indicated on theaxis of seasonal hydrological indices and AET figurds as
andw). The effects of driest and wettest years were assessed in terms of prevalence of any of
the two types of uncertainties and magmiles of uncertainties on both types of years, but also

on the following year. Nothing particular stood out that could be construed as a general result
that could have given insights about the evolution of the prevalence of the two types of
uncertainties m the following years. To get this type of insight, we would probably need to
perform calibrations under different sets of contrasting conditions (gegsuswet years). This

refers to parameter identifiability as researched Wjlby (2005 on snowless watersheds, or to

the application of testing schemes such as those performe8dijer et al. (202) and inspired

byYf SYS~). omdpyc
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13.5.4 Parameter equifinality

Ben Nasr (204as well aBouda et al. (2014pointed out in sensitivity analyses carried out for

two snowdominated watersheds in southern Québec (Beaurivage and Montmorency modelled
using HYDROTEL), that the depth of the lower boundary of the three soil layers (z1, z2, z3), the
potential evapotranspation multiplying factor (PETF), and the recession coefficient (RC) were
consistently amongst the most sensitive parameters (referTable 13.4). In both studies,
sensitivity was assessed from an initial optimal solution and parameter values were modified
(£25%), but variations af6.25% already gave substantial flow modifications. These results are
within the same order of magnitude as the equifinality measured thgiouhe proposed
methodology and explain why some parameterg-igurel3.2 are more equifinal than others.
Typically, parameters that were identifidmy Ben Nasr (2014and Bouda et al. (204) as the

most sensitive parameters are less equifinal than others. This result is not surprising as it
pertains to the following statement: the more sensitive a parameter, the least uncertain it can

be around a global optimum for the OF to remain apim.

The choice to work with 5000 model runs ensured that the OF values remained within a 0.01
interval (refer toTable13.5) for 250 sets of parameters that captur@drameter equifinality.
Neither did working with 500 sets of parameters provide a larger parameter equifinality, nor
did working with 100 sets of parameters provide the complete parameter equifinality. This is
important asPoulin et al. (201)reported that parameter uncertainty increases with increasing
numbers of calibration parameters and/or calibrations. This allows us to go beyond their
research in making sure that our conclusions cdnv® disputed with respect to the impact

that parameter equifinality has on global or individual uncertainty envelopes.

To make sure that working with one optimization trial did not impair the possibility of capturing
the equifinality of the parameters, the smallest watershed model in terms of modelled area (to
minimize computational time) with the smallest parameter equfity was calibrated for
another 5006simulationoptimization trial started at a different initial random solution. As
shown inFigure13.10, this demonstrates that grameter equifinality can be increased if the

calibration methodology is modified. Nonetheless, the covered part of the physical range does
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not come close to the maximum equifinality obtained for the Yamaska watershé&igure

13.3. Thus, it can be assumed that the results introduced in this paper would not be drastically
modified by a change in the calibration methodology. Plus it would contradict the choice made
not to conduct a formal uncertainty analysis as this methodology of using two or more

optimization trials would get closer to the DIA® methodology introduced byolson and

Shoemaker (2008

A - Rainfsnow limit {*C) E - Evergreen melting threshold("C) | - Soil depth 21 (m)
[-5 5] [-38] [0.011]
B - Evergreen melting rate (mm/day) F - Deciduous trees melting threshold 1-Soil depth 22 {m}
[0.520] (‘Q [0.011]
C - Deciduous trees melting rate [-33] . K - Soil depth Z3 (m)
{mm/day) G - Open area melting threshold (*C) [1.01 2]
[120] [3.96 2.04] ’
. o . L - Recession coefficient
D - Open area melting rate (mm/day) H - PET multiplying coefficient [1.10%1.10%]
[1.33266] [0.51]

Figure13.10: Radar plots of the twelve parameters used in the automatic calibration of HYDROTEL for each
study watershed. Parameter A is part of the interpolation coefficients, parameters B through G
relate to the snow model, and parameters! through L relate to the sib group of parameters.
Figure (a) refers to the KGE OF; and (b) to the NlaghOF. The dark and light blue data refer to the
first optimization trial of Figurel3.3, black data to the second optimization trial.

To summarize, it could be said that this paper shows the consequences of the existence of
many good sets of parameters on modelled hydrological processes around a global optimum
rather than prgerly evaluating their formal statistical uncertainty. If that were the aim, the

methodology would have entailed working with one optimization trial per set of parameters
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which would have resulted in a total of 1PB0 simulations (250 sets of parameterss®0
simulations) since DDS typically needs 500 simulations to find a good global solution (compared
to 10,000 for SCHA). Note that the computing time for a 4@ar calibration period (with a

prior 1-year spirup), one optimization trial of 5000 simulatis already took an average 45
hours (on a 64bit computer with a quaetore 2.53 GHz processor) for each watershed and
every OF, resulting in a total calibration time of 900 hours or 37.5 days (45 hours * 10
watersheds * 2 OFs) for the results presentedhis paper (excluding the two OFs that were

left out of this paper).

13.6 Conclusion

In the last decadellYDROTEL has almost always been applied within the optimal parameter set
paradigm at the risk of avoiding important issues such as model acceptabilityreadtainty
(Beven, 2006p This paper builds on the work carried out on hydrological uncertainty by
assesing the impact of equifinality and OF related uncertainty fose modelled hydrological
variables and indices: (i) daily flows; (ii) seasonal hydrological indic&dn(t 30dQmin, and
Qmax); (iii) snow water equivalent (SWE); (iv) shallow ground watget variations (GWC);

and (v) actual evapotranspiration (AET). This assessment was carried out for ten watersheds
spread out in five hydrographic regions of the St. Lawrence River and spread across southern
Québec (Canada).

Overall, as introduced iflable13.7, the results for all the studied hydrological processes, but
the SWE, suggest that OF uncertainty is more important than that arising from parameter
equifindity. This would mean that within the context of a study with a limited budget, it would

be advisable to prioritize using different objective functions to using many sets of optimal
parameters. This result is rather important as it reinforces the choicdemia the last decade

with HYDROTEL. Nonetheless, parameter uncertainty with respect to SWE is more important
than OF uncertainty for eight of the ten studied watersheds for four up to seven months of the
year (snow season less thaAmbnth long). Plus, dapite satisfactory performances for both

simulation periods, parameter uncertainty with respect to streamflows is rather small during
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the whole year, except around spring peak flow; while OF uncertainty is generally more
pronounced in the fall and durindné spring peak flows. Overall, this shows that one type of
uncertainty or the other is rather significant during half of the year. Seasonal results with
respect to hydrological indices and AET also suggest that parameter uncertainty can be
important, or mae significant even, than OF uncertainty for specific seasons or years. These
results are of the utmost importance for impact assessment studies where the variables of
interest are not solely the daily flow data used for calibration, but rather hydrolbgidaces or
internal variables. This would mean that parameter uncertainty does need to be taken into
account or at least needs to be further researched to better understand the mechanisms
behind the phenomena. This study demonstrates, using a substastiabf watersheds; that
aside from thetechnicophilosiphical debate started in 2006, equifinality is not so technical to
take into account and has tangible significant effect on the uncertainties associated with
modeled hydrological processes. As su@e recommend that future work systematically
include equifinality by using at least two sets of equifinal parameters without forgetting to

assess OF uncertainty.

It is noteworthy that the methodology applied in this paper for the HYDROTEL model can be
replicated for other hydrological models. Uncertainty associated with OFs and parameter
equifinality still needs to be better understood and studied. To improve our understanding of
HYDROTEL, and other physically based hydrological models, future work shaouwsdoh
identifying or using OFs tailored for hydrological indices relevant to impact assessment studies.
Finally, for a specific assessment, there is a need to consider as well the question of the

uncertainty associated with model structure.
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Table13.7: Dominant type of uncertainty for each study watershed for the five modelled hydrological
variables

Daily 7d-and 30d

Streamflows Qmin Qmax SWE AET GWC

Batiscan

Bécancour

Chamouchouane
Chéteauguay
Chaudiere

Du Loup
Gatineau
Mistassini

Rouge
Yamaska

OF uncertainty
Comparable uncertainties
Parameter uncertainty
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Résumeé
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et al. (2018. Cette méthode alternative capture les relations statistiques ewles indicateurs
météorologiques, comme le cumul des précipitations, et des indicateurs hydrologiques (IH),
O02YYS £Sa RSoAGa RQSGAFIAS t 1 22dzNBRX S | LILIX
futures des étiages et de la pression exercée sur a2 dzZNOS® [ QA Y OS NI A (0 dzR
changement climatique esincluseLJ: NJ f Qdzi Af A &l (A 2 y (Rep@senkadzE & O S
Concentration Pathwayset de 16 modéles du climab Df 20+ f SYSy iz f QS @2 dzi
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méthodes est trés similaire. La pression sur la ressourSed | £ dzSS t LI NI ANJ RQ
pression(P1f S NJ LILJB2 NII Rdz RSR&ILIRRSIGEVSYy L RQSIWaE 194
en eau potablg est inquiétante quelle que soit la méthode utilisée. En effet, pour le&R&P

les deux méthodes évaluent avec une grande confiance (pres de 90% des modéles sont en
accord quant a la direction du changement) une diminution de 20% ¢2046) et de 35%
(2046HNT PO RQLtM® / SA& RAYAYydziAzya AYLIX ALdzSSyas Y
yS aSN} LI a adzFFAAlFIYGS b fQFLIINROAAAZ2YYSYSY
retour 2 ans. La similarité des résultats obteiawsc les deux méthodexS @ | { aznantke2 y

toute la pertinencede la méthode alternative a identifier les bassins versants a risque pour
lesquels la mise en place de la méthode conventionnelle peut étre avantageuse. De plus,

f QI LILINENQIfESN LINP L2 &aSS LISNXSGUONI OSNILF MuaBly Sy i R
de la ressourcepour les municipalités ne disposant pas des ressources nécessaires a

f QF LI AOFGA2Y RS fI YSGK2RS O2y@SyiaAazyyStftSo
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Abstract

The fiture sensitivity of the surface water supply of Québec City is assessed in this paper using
two methodologies:the methodology that has prevailedsince the publication of the AR4
report, the hydroclimatological modeling framework, and an alternative approach adapted
from Foulon et al. (2018 This alternativeapproach captures past relationships betwee
climate data indices (CDIs), such as cumulative rainfall, and hydrological data indices (HDIs),
such as tlay low flows, and appligbeserelationships to assess future trends. Future clinsate
were built for two emission scenaripfRCP4.5 and-8.5, andthe uncertainty of the climate
change (CC) signal was addressed through the use of 16 climate models. hathall,
methodological frameworkgredicted similarlow flow trends for the reference and future
horizons (201&€045 and 204&075). The future pressure on the surface water supply of
Québec City, computed from a pressure index (PI1, citibyear low flowto water abstraction

rate) should raise concerndndeed, for RCB.5, resultsindicated a decreasén the PI1 values

of around 20% (20:8045) and 35% (204B075) with a fairly high confidence (around 90% of
models agresng on the direction of change); leading t@luesless than 1 even in the near
future; indicating an insufficient wateugply with respect to available water duringy2ar low

flows. These results demonstrate the capacity of the method to provide a screening assessment
of future droughtprone-watersheds; that is those that could benefit from an-depth
hydroclimatic modetg study. Furthermore, the application of the alternative approach, given
climate simulationswould helpearly implementation ofjood management practices even for
small municipalities that do not have the capacities to conduct the mooaventional

hydroclimatological modeéhg approach.

14.1 Introduction

Freshwater resources in Quebec, Canada, are plentiful and represent 3% of the global reserves
(MDDELCC, 1999still, 95% of the population lives in Southern Quélfistitut de la
statistigue du Québec, 20)5vhile renewable water resources are mainly located in Northern

Québec, which obviously leads to local water stress conditions. The St. Lawrence River supplies
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drinking water to more than 30% tiie population(MDDELCC, 2018Vieanwhile future flows

at the outlet of Lake Ontario, the headwater of the St. Lawrence River, are projected to
decrease by 4 to 24% on avera@iefaivre, 200bby 2050. In Quebec, summers 2001, 2002,
2005, 2010 and 22 have all been characterized by extremely low flows; leading to drinking
water stresses and, in one instance, requiring mandated excavation works on the Mille Tles
River to maintain flows above a specific threshold (ZE{MDDEP, 201ICOBAMIL, 2040
ensure adequate drinking water supply (summer low flow reaching 1#/8 im 2010). Rivers

and lakes supply around 40% of theNR2 @ ApgpDI&tion(MDDELCC, 20L6According to
CEHQ (20)5summer Q7 and Qo7 (anrual minimum of 7day flow with return periods of two

and ten years) are projected to decrease (ranked as highly probable) for the 2050 horizon for all
Southern Québec (betweetl0% to-45%for RCP4.5 and up ta50% for RGB.5). The Yamaska
River water spply system of St. Hyacinthe has had to deal with critical water availability
problems one year out of five (based on the 12000 period). For the 2042070 time period,

Coté et al. (201Bindicated that in all likelihood it would be the case one year out of two. The
SaintCharles and Montmorency Rivers provide water for 75% of the population ofe@u@ity.
During summers 2002 and 2010, the water stress was so intense that an old pumping station
from the Jacques Cartier River had to be turned back on to relieve the ¢Desanos, 2016

Given thesemultiple problematic situationsthat is current and historical sensitivities of
recreational activities and water supply to low floidantel, 2006 Bérubé, 2007 MDDELCC,
2014), and the projected downward trends for low flows in Southern QuéeeEHQ, 2013a

2015, there is a need to assess whether these sensitivities will locally increase in the future.

Smakhtin (200L demonstrated that a clear understanding of low flow hydrology can help
resource specialists manage, for example, municipal water supply, water allocations (i.e., for
irrigation and industrial activities), river navigation, recreation, and wildlife coasierv. Since
publication of the IPCC AR4 rep@BIEC, 2007 several impact studies have been carried out
throughout the world(Kundzewicz et al., 2007odd et al., 201)1following a quasstandard
methodology (Bloschl and Motanari, 2010 Todd et al.,, 201j the hydroclimatological
modeling framework. This approach combines the use of a hydrological model with bias

corrected output of climate simulations, but remains challenging and cannot be readily
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applied by any water organization because of the required expertise and undgrlyin
uncertainties. The latter uncertainties are associated with: (i) the existence of many local
optima (equifinality) arising during the calibration of a hydrological m¢Belven and Freer,
2001, Beven, 2006x (ii) climate simulations, (iii) bias correction methods, (iv) hydrological
model structure(Dobler et al, 2012 Ehret et al., 2012Teng et al., 2012 and (v) challenges
associated with modeling low flogSmakhtin, 2001Staudinger et al., 2031

Considering the aforementioned challenges, since water shortages are likely to occur in other
cities, towns, and villages throughout Quebec and elsewhere in the world, there is a need to
develop robust tools that do not require hydrological modeling andi¢de readily used by

any water utility organizationFoulon et al. (2018proposed a statistical framework that
captures past relationships between climate data indices (CDIs), such as cumulative rainfall, and
hydrological data indices (HDIsuch as -day low flows, and ap@d the latter relationships to
assess future trends. This framework has the major benefit to bypass the hydrological modeling
step by assessing HDI trends from CDIs; limiting the required expertise as well as underlying

sources of ncertainty.

¢2 GKS 0Said 2F (0KS FdziK2NERQ (1y26fSR3IST y2 ai
assessing sensitivities of future water supply given climate simulations. To fill this gap, this
paper builds on the methodology proposeg Foulon et al. (20180 assess future summer low

flows and compare them with drinking water intakes. Carrying out the same exercise using the
conventional hydroclimatological approach provides a mean to compare results in terms of

magnitudes, uncertainties and trends for different future horizons.

This paper is organized in four sections: (i) Material & Methods, (ii) Results, (iii) Discussion, and

(iv) Conclusions. It is based on the case study of the surface water supply for the maimgdrinki

gl 0SSN ONBFGYSYG LXIyd 2F vdzSoSO /AdGes [ KNGS
emission scenarios from representative concentration pathways &R&Rnd -8.5). The

uncertainty of the climate change signal was addressed throhghuse of & climate models

and future flows were simulated using a hydrological model. Finally, equifinality was assessed

through the use of calibration parameter sets identified through behavioral models.
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14.2 Materials & Methods

This section introduces the case study Which future water sensitivity to low flows is assessed
by computing future summefsQmin (@annual minimum of the 7 consecutiday average flow)
through the application of two methodologies: (i) the conventional hydroclimatological
modeling approach and the (ii) statistical approach proposeé&anlon et al. (2018 Then,
Québec man water treatment plant sensitivity to low flows is computed as a pressure index (PI)

derived from the Q.

14.2.1 Case study

350,000 people are living in the SafDbharles River watershe@rodeur et al., 2009h which

includes, at least partially, the towns of Québec City, Ancidrorette and La®elage. Chéateau

RQ9l dz Aad vdzS6SO /AdGeQa YIFAY 6l GSNI Ayidl1S FyR
people (Brodeur et al., 2012 The intake is 11 km downstream of Lake S@imarles and is

supplied surface war from a 366km?2 drainage area (sdegureld.1l). The watershed is mostly

forested (74%) and interspersed with wetlands (6%) and agricultural areas (0.8%), white urb

area and lakes represent 6 and 2.7% of the area, respectively. This distribution of landcover has
not changed much since 20@Roche, 20102014 Blanchette et al., 2008 At the intake, the

mean raw water flow is 1.7 s according todata provided by Québec City for the period

20062017 at a hour time step.
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Figureld.1l: Location and landcovefRaimbault et al., 201pof the study watershed in the province of Québec

Low flows play an importartd2 £ S F2NJ 0 KS / KNGSl dz RQ9lFdz ¢ (SN
flows mandated the dredging of part of Lake Sdiarles to keep enough water flowing out of

the lake into SainCharles Rive{Salou, 2009 A year earlieand again in 201@&n old pumping
station from the nearby Jacques Cartier River had to be turned back on to ensure enough water
was availableBrodeur et al., 2012 In both cases, the hydrometric station located 6.4 km
downstream of the inlet recorded flows lower than /m Flows even reached a minimuoh

0.08 nt/s on September 8, 2002. The river minimum flows are regulated. They must be
maintained above ecological minimum flow limits set at 0.6, 0.9 and /8 for the winter
(December to March), summer (June to August), and salmonids spawning (October) periods,
regpectively. But, these conditions are not always met. In fact in 2015, recorded flows at

the hydrometric station downstream of the inlet were smaller than ecological flows for 116
days(10.9% of regulated day$Puranos, 2016 Given that the lowest flows occur duriniet
summer for the Saint Charles River, this paper focused on the assessment of sw@mer
summer being defined as the hydrological season starting in June and ending at the end of

November.
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14.2.2 Climate simulations

To investigate the effect of global warngiron low flows, 32 simulations from 16 different
GCMs were used. These simulations were retrieved from a climate ensemble called (cQ)? and
produced by the Ouranos consortium from CMIP5 simulations for two RCPs, namety5SRCP
(Riahi et al., 20))1and RCR.5 (Clarke et al., 20QAWise et al., 2009Thomson et al., 201
standing for their respective radiative forcing of 4.5 and 8.5 W/i&ble 14.1 presents the
GCMs that were selected to investigate model uncertainties after removing models for which
there were data gaps or reported issues  http://cmip -

pcmdi.llnl.gov/cmip/errata/cmip5errata.htm).

Table1l4.1: List of the selected Global Climate Models

BCACSM1il-m CMCE&CMS IPSECM5SAMR MPLESMLR
BCACSM11 GFDECM3 IPSECM5BLR MPFESMMR

CanESM2 GFDEESM2G INMCM4 MRICGCM3
CMCe&CM GFDIESM2M MIROCS NorESMiM

Simulation data were corrected using the daily translation metifgpelasoka and Chiew,
2009 which is a quantilguantile mapping technique removing the bias of climate model
outputs. The temperature correction is additive while the correction for precipitation is
multiplicative. Readers are referred to the following publications for more deféitsod et al.,
2004 Lopez et al.,, 20Q9Mpelasoka and Chiew, 200%uay et al., 2005 This method
conserves the different characteristics and dynamics of each individual climate nicatd.
climate simulation has a temporal sequence of meteorological events wisiatifferent
between member simulations. The pgstocessing method assumes the biases to be of equal
magnitude in the future and reference periods; that is the relationshippveen simulated and
observed data is still applicable in the futufiduard, 2019 The reference period 1962000
and observed precimtion data came from a X8m grid covering southern Canada, that is
south of 60°N(Hutchinson et al., 20Q9averaged on the GCM grid before application of the

bias correction methodology.
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14.2.3 Hydrocimatologicalmodeling conventionalapproach

This conventional approach is based on the correction of climate simulations that were
introduced in the previous subsection and the use of a hydrological model. The latter is
calibrated/validated from observed weather angdrometric data and then used to generate
the series of future summesyQnmin at the hydrometric station closest to the inlet of Chateau

RQ9 | dzod
14.2.3.1 The hydrological model HYDROTEL

HYDROTEL is a proebased, continuous, sendiistributed hydrological modefFortin et al.,
2001k Turcotte et al., 2003Turcotte et al., 2007.aBouda ¢ al., 2012 Bouda et al., 2014hat

is currently used for inflow forecasting by Hydpaiebec and for the management and safety of
publicly owned damgTurcotte et al., 204) by Quebec Hydrological Expertise Centre (CEHQ). It
is based on the spatial segmentation of a watershed into relatively homogeneous hydrological
units (RHHUs, elementary subwatersheds or hillslopes as desired) and interconnected river
segments (RSsYlraining the aforementioned units. The model is composed of seven
computational modules, which run in successive steps. Each module simulates a specific
hydrological process (meteorological data interpolation, snowpack dynamics, soil temperature
and freezang depth, potential evapotranspiration, vertical water budget, overland water
routing, channel routing). Readers are referred Rortin et al. (2001pand Turcotte et al.
(20079 for more details about HYDROTEL.

The main parameters of HYDROTEL can be subdivided into three groups presehaddein
14.2. The first group includes snow parameterglahe second group includes soil parameters.
The last three individual parameters are related to the interpolations of temperature and
precipitation according to the average of the three nearest meteorological stations weighed in
by the square of the invse distances between a RHHU and the three nearest stations (a.k.a.

the ReciprocaDistanceSquared method).

159



Table14.2: HYDROTEL key parameters

Type Parameters Units
MFEF Melt factor forevergreen forests* mm/d.°C
MFDF- Melt factor for deciduous forests* mm/d.°C
MFOA- Melt factor for open areas* mm/d.°C
Snow TEF Threshold air temperature for melt in evergreen forests* °C
parameters  TDF Threshold air temperature for melt in deciduous forests* °C
TOA- Threshold air temperature for melt in open areas* °C
Melt rate at the snowsoil interface mm/d

Compaction coefficient

PETF Potential evapotranspiration multiplication factor*
z1- Depth of the lower boundary of sddyer #1*
z2- Depth of the lower boundary of soil layer #2*
Soil parameters z3 Depth of the lower boundary of soil layer #3*
RC- Recession coefficient*
Extinction coefficient
Maximum variation of soil moisture content

(% 1 1 % 3 3 3 1 1

TSL: Threshold air temperature for partitioning solid and liquid
Interpolation  precipitation*
coefficients  Precipitation vertical gradient mm/100m
Temperature vertical gradient °C/100m

*Parameter calibrated in this paper
4For a complete description of snow parameters, the reader is referredrtmtte et al. (2007a
For a complete description of soil parameters, the reader is referredrtm et 4. (20010

Figure14.2 represents the SainCharles River watershed and the subwatersheds that were
modeled in HYDROTEL. The Jaune, Nelson, andChairies supply the intake while the Des
Hurons River dischargasto Lake SainCharles. Since the grey drainage area does not supply
the drinking water intake, it was not modeled. The watershed was divided into 1505 hillslopes
a.k.a. RHHUs with mean areas of 36.8 ha and 668 river segments with mean lengths of 968 m
(excluding lakes), defining four regions of interest for parametrization. These regions were used
to define local parameter sets of consistent values for model calibration. The discretization
provided a good representation of the river network and of thetsdeheterogeneity of the
landcover while allowing for a reasonable computational time. Four specific river segments and
gauging stations (Sak@harles River + one per each tributary) introducedrigurel14.2 were

selected for calibration and validation.

160



Gauging station

@® Water intake

Des Hurons

Jaune

Nelson

St-Charles

N

Figureld.2: SaintCharles watershed. Green, blue, yellow and red illustrate the Neldbas HuronsJaune and
SaintCharles modeled subwatershedsespectively.

14.2.3.2 Calibration/validation and parameter sets generation

Out of the 18 key parameterJ @blel14.2), 12 were actually adjusted in this study: six (6) snow
parameters; five (5) soil parameters; and one (1) interpolation coefficient. Sensitivity analyses
were not formally carried out beforednd, but these calibrated parameters are amongst the
model most sensitive parameter@urcotte et al., 2008 This selection of parameters was
based on: (i) information provided by previous analy®sn Nasr, 2018Bouda et al., 2014 (ii)
knowledge built through the operational use of HYDRO(Mkkcotte et al., 200dand (iii)
experience gained during the development of a hydroclimatic Atlas conveying the potential
impact of climate change on water resources for the 2050 horizon ®aerthern Québec
(CEHQ, 20132015. The remaining parameters were fixed according to: (i) a regionalization
study (Turcotte et al., 2007} (ii) results from the application of a global calibratistnategy
(Ricard et al., 2003used in CEHQ (2013a2015, and (ii) previous manual calibration

exercises.
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Calibration/validation were performed sequentially over fiyear periods according to
available observed climate data provided by the CEHQ for the-2086 period. First, the
upstream subwatersheds (Nelson, Desdhs, and Jaune) were calibrated/validated, then the
SaintCharles watershed using the calibrated flows of the upstream watersheds as inflows.
Later on in this paper, this sequential exercise is referred to as one (1) calibration. The
calibration period etended from November %2012 to October 31, 2016 for all watersheds

but Jaune, which was calibrated from Novembgy 1990, to October 34, 1994. Validation was
performed over 1988989 for Jaune, 2002011 for all the other watersheds, batlditionally

over 20022006 for SainCharles watershed. In each caseyear spirup period (not included

in the mentioned calibration/validation periods) was used to minimize initialization errors.

HYDROTEL was calibrated automatically using a glgbahization algorithm, dynamically
dimensioned search (DDS) presentedTmlson and Shoemaker (2007t allows systematic
impartial and calibration based on the maximization of the Nlagjp7-day objective function
(OF or pseudolikelihood function in statistical terms), which is the {$agbliffe efficiency

(NSE) alculated on log transformed-Gonsecutiveday average flows as follows:

Nash-log (15

where 0 is the Zday mean of observed flows a tinusing the 7 days prior to tim@, 0 is

the 7-day mean of modeled flow at time and0 is the Zday observed flow.  stands for

average over the whole series.

DDS was executed following the guidelines and implementation steps providBalson and
Shoemaker (2008to quantify prediction uncertainty resulting from the acceptance of the
equifinality concept. Prior to implementing these steps, an estimate of the maximum of the
pseudolikelihood function was established using 1% of the model evaluation buggat100

repetiontrial.

- Step 1. Because of the computational time associated with HYDROTEL, the total
number of model evaluations for analysis was fixed to 10,000 and the maximum
required number of behavioral samples to identify was set to 100. Thus, the number

of model ewluations per DDS optimization trial was 100 (10,000/1Q0Nhen
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guidelines suggested using from 3D to 7D, where D is the number of uncertain
parameters (12 in this paper)

- Step 2: DDS was executed for 100 optimization trials (each trial was initiatedafrom
different random set of parameter valuesstill replicable thanks to two random
seeds provided to the algorithm by the user) when 100 to 200 was suggested in the
guidelines.

- Step 3: Steps 1 and 2 are subjective choices that allow the identification of
behavioral solutions. A set of parameter is deemed behavioral if the
pseudolikelihood value identified in one -@€petionttrial is higher than the
estimated maximum pseudolikelihood.

- Step 4: This leads to the last subjective decision to be made: is thmeruof
behavioral parameter sets identified acceptable? If not, the threshold of the
estimated maximum pseudolikelihood can be lowered or nonbehavioral DDS

solutions can be refined.
14.2.3.3 Computation of the hydrological data indiagkIDls

Once calibrated, HY@REL was used to generate future summgd,, for each of the 32
selected climate simulations, with the different equifinal sets of parameters values computed
during the calibration process. Precipitation and minimum and maximum temperatures came
from the climate simulations. They were extracted from the nearest ten-gaghts of the
watershed boundaries before using an average of the nearest three neighbors routine to
compute values for each RHHU. To further characterize the capacity of HYDROTELate simul
flows inducing the observegQmin, the latter were plotted againsyQmin Series calculated using

the calibration/validation dataset as well as the equifinal sets of parameters. This allowed for
the characterization of a possible bias in the mode}g@min. As this paper focuses on the
assessment of future ranges aQmin and not prediction of annual values, this bias was then
corrected, only for the medianQmin to match between modeled and observed values and not
to correct the whole distributioras is done for the climate simulations with quanijeantile

mapping techniques
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14.2.4 Statistical framework: alternative approach

14.2.4.1 Setting of the methodology

This alternative approach allows for the assessment of HDIs directly from CDIs following the
methodolagy introduced inFigure14.3. It was applied to assess future summeQmin at the
aldladazy Oft2aSaid G2 GKS Ayt S alElimatekddt it RQ9 |
period 20012015, which is then later referred to as the reference period, were used to
compute the series of observed summg®nin and CDIs. Correlations were computed between
the observed CDIs andQmin to capture their statistical relationship following the methodology
introduced inFoulon et al. (2018 For the future period, the 32 selected climate simulations
were used to compute the distributions of future CDIs that were in turn usedsgess the

distribution of future;¢Qmingiven the statistical relationship derived from observed values.

Observed Hydrometric Observed Climate Data R cp-iesicgﬂcsp-g 5
Data (2001-2015) (2001-2015) 32 Climate Simulations
Hydrologic Data Indices Climate Data Indices Climate Data
(HDIs) (CDlIs) (2016-2075)

| |

Distribution of future

Correlation Analysis CDIs

A

Statistical relationship Assessment Distribution of future
between CDIs and HDlIs HDIs

Figurel4.3: Detailed schematic of the statistical framework, adapted froRoulon et al. (918

This methodology is based on stationarity assumptions with respect to landcover, and derived
statistical relationships between CDIs and HDIs. The same assumption is used for the
conventional approach with respect to the calibration parameter validsese are discussed

later on in this paper.
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14.2.4.2 Climate data indices

Daily precipitation and minimum and maximum temperatures at two meters of elevation were
retrieved from the climate simulation§.able14.3 introduces the CDIs used in this study. They
are divided into three categories with respect to the type of input data needed for their
computation, that is CDIs computed from: (i) precipwatidata, (ii) blended data (both
precipitation and temperature), and (iii) drought indices formulas. Other CDIs could be included
if other HDIs were to be studied, illustrating the flexibility of the methodology. Readers are

referred toFoulon etal. (2018 for more details.

Tablel14.3: Overview of the CDI groups used

Input Variable

Category CDlIgroups1-11 Sources
Zaidman et al. (2001Yang et al. (2002Hodgkins et al.
Precipitation 1. Cumulative rainfall (2009; Lang Delus et al. (20D@le Wit et al. (200); Assani
data 2. Cumulative snowfall et al. (201); Tian et al. (201 Ge et al. (2012 Souvignet et
al. (2013
3. PET Assani et al. (2011

4. Climatic demand (RET) Paltineanu et al. (20Q7Paltineanu et al. (2009Institution

Blended data Adour (201}
5. Snowmelt
6. Snowmelt and rainfall Girard (1970
7. Snowmelt and rainfall minus PET
8. EDI Byun and Wilhite (1999

9. EDtomputed from rainfall and
Drought Indices ~ snowmelt
10. EDI computed from climatic demal Foulon et al. (2018
11. EDI computed from rainfall and
snowmelt minus PET

Rstands for rainfallPETfor Potential evapotranspiratiorEDIfor effective drought index.

The CDIs introduced ifable14.3 were computed over one to six days, one to three weeks, one
to six months, and for eight, ten and twelve months. They were then used to compute the
Pearson correlations with observed;qQmin Over the reference period. To further characterize
the capacityof the CDIs to assess futugmin from meteorological data, Pearson correlatians
between with the modeled CDIs over the reference period were also computed and compared

to the observed correlations through a Wilcoxon rasum test(Mann and Whitney, 1947
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Once the CDI that best reproduces observg®min, in terms of explained variability, is
identified, a linea regression is computed in order to assess futw@m, from modeled
meteorological data. As the alternative method is not intended as a replacement for the
conventional approach but rather as a cheaper faster less time consuming labour and technical
intensive method, the regression is not used to predict futy®@nmin Values but rather assess
future ranges of;¢Qmin. As such, future ranges are associated with their confidence bounds
computed from mean distributions and not from prediction bounds compufed the

prediction of single values.

14.2.5 Evaluaton of source water supply sensitivity to low flows

Future water supply sensitivity to low flows is evaluated through the computation of a pressure
index. Pressure on the resource is higher when daily waltstraction is close to low flows and

is evaluated using the following index:

v E

where A is the summer daily mean water abstractior/é) Pk stands for pressure index one.

This pressure index is used because thensitere du Développement durable, de

f QVYPANRYYSYSyld SiG RS I [ dziNDDELCR)YseNBe @ S& OK
assess whether wataran be abstracted from a specific water sou(MDDELCC, 20L5Also, it

was used in(Nantel, 2006 Bérubé, 200y to evaluate historical pressure on surface water

resources across Québec.

To avoid adding another source of uncertainty to the modeling chain used in this paper,
probability distributions were not used to fit the series@Qmin. INstead, Q.7 was obtaned for

the periods 2018045 (referred to as horizon 2030) and 2€2®/5 (referred to as horizon
2060) following these steps:

- Step 1: Flows are sorted in ascending order
- Step 2: Non exceedance probability is computed from the empirical probability

function introduced byCunnane (1978
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wherer andN stand for the rank and the number of observations, respectively.

- Step 3: Qris assessed from the empirical cumulative frequencies

14.3 Results

14.3.1 Hydrological modeling and behavioral models

This subsection illustrates the impact of parameter equifinality on calibration and validation
results while demonstrating the model capacity to: @present summer low flows and (ii)
produce a distribution of HDIs that includes at best the observed values. Presentation of
climate data characteristics was beyond the scope of this paper; as such it can be fabed in

supporting materiaAnnexe |l
14.3.1.1 Parameter equifinality

Following the automatic calibration and parameter sets generation methodology introduced in
subsection14.2.3.2 estimates of the pseudolikelihood function for each subwatershed were
established they were equal td.800, 0.850, 0.746 and 0.785 for Des Hurons, Nelson, Jaune,
and SainMCharles, respeately. 16 optimization trials lead to the identification of behavioral
solutions. This number was deemed sufficient on account of: (i) the range covered by the 16
behavioral sets of parameters introduced ifrigure 144 and (i) the ensuing

calibration/validation resultsTeble 14.4).

Figurel4d.4 shows the range covered by the identified 16 behavioral sets of parameters used in
modeling the SainCharles River watershed. The figure was computed by putting together a
radar plot of the calibration parameter values. For every set of parametersg avlis drawn to

link every individual parameter value. The computation of the 16 lines made it possible to
picture the range covered by the selected sets of parameters within a predefined physical

interval that limited the automatic calibration algorithmhdse limits were based on the

167



information provided by past sensitivity analyses, operational experience, and calibration

exercises.

Except for the PET multiplying coefficient and the recession coefficient (H arkiduial4.4),
which range covered less than 5% of the physical range, all parameters covered at least 25% of
it. Parameters related to deciduous trees and open area melting thresholds (F anBigurie
14.4) as well as the depth of the second and third soil layers (J andFiune 14.4) were

particularly equifinal as the 16 behavioral sets covered the whole physical range.

A A - Rain/Snow limit (°C) H - PET multiplying coefficient
T [-5 5] [0.7 1.3]

B - Evergreen melting rate {(mm/day) I - Soil depth Z1 {m)
[0.5 20] [0.011]

C - Deciduous trees melting rate (mm/day) I - Soil depth 2 (m)
[120] [0.011]

D - Open area melting rate (mm/day) K - Soil depth z3 (m)
[1.33 26.6] [1.012]

E - Evergreen melting threshold(°C) L - Recession coefficient
[-38] [1.10° 1.10%]

F - Deciduous trees melting threshold (°C)
[-33]

G - Open area melting threshold (°C)
[-3.96 2.04]

Figureld.4: Radar plot of the twelve parameters used in the automatic calibration of HYDROTEL for the- Saint
Charles River watershed. Parameter A is part of the interpolation coefficients, parameters B
through G relate to the snow model, and parameteksthrough L relde to the soil parameters.

14.3.1.2 Calibration and validation results

Model performances for calibration and validation periods are givehable 14.4. A tangible

evidence ofthe equifinality of the model is displayed by the narrow ranges of OF values
resulting from the 16 sets of behavioral parameters. This was expected despite the careful
consideration given to the number of calibration parameters used to avoid over
parametization and limit the possibility of equifinality. For each river segm@&iblé 14.4),

according to the hydrologic model performance ratingMdriasi et al. (200) all results, but

F2N) GKS QGFLEARFGA2Y 2F Wk dzy S -aiN®dggvausRoeldng a @S NB
to ranges narrower than 0.03 and 0.04 for calibration and validation, respectively.

Performances exhibited a maximum difference of 3% between calibration and validation.
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Moreover, the validation performances sometimes increased in commparwith calibration

values; Des Hurons validation performances were even a median 2% better than those of the

calibration period (negative median performance los$éhle 14.4). These results vouch for the

quality of the identified behavioral solutions as highlighte®even (2006p

Table 14.4: Model performances for the calibration and validation periods

River segment

Calibration
period

Nashlog-7-day

Validation
period

Nashlog-7-day

Performance
loss (median)

Des Hurons

Jaune

SaintCharles

20122016
19901994
20122016

20122016

0.810[0.801¢ 0.825]
0.750 [0.747 0.752]
0.855 [0.85X; 0.858]

0.790 [0.786 0.796]

20072011
19851989
20072011

20072011
20022006

0.826 [0.804 0.832]
0.735 [0.722; 0.749]
0.830 [0.813; 0.840]

0.764 [0.743; 0.783]
0.787 [0.78X 0.795]

-2%
2%

14.3.1.3 Duplication of the observed HDIs

The capacity of HYDROTEL to correctly reproduce the low flows for the river segment with

20aSNPSR

behavioral models with observed meteorological data. It shows that the distributions of

modeled 74Qmin over 20022016 (calibration and valation periods) represent fairly well the

gl t dzS a

Ot 2asSad

(i Psse$sd that i§ {S&aharlesT
gauging stationKigurel4.2). Figurel4.5 introduces boxplots computed using the 16 different

/ KN i

observed values. Indeed, out of the 15 years, the modeled distribution covered the observed

values (taking into account their inherent error due to the standard deviation of the average

flows on 7 days) for 12 yemout of 15; that is 80% of the observed values. In details, modeled

7dQmin for years 2007 and 2008 overpassed observed values with a median ratio of 0.8 and 0.35,

respectively. For the year 2009, modelgQmin are smaller than observed values with a nadi

ratio of -0.7. It is also interesting to note that interannual tendencies (whether the observed

values increase from one year to the next) are mostly replicated. Indeed, apart from the

transition from 2006 to 2007, 2009 to 2010 and 2&P®RL 4, interannuhevolutions of observed

values were reproduced by the computed distributions. Last, the positive bias (23%) exhibited

by the modeled distributions over the observed values were corrected as defined in subsection

14.2.3.3
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Figurel4.5: Boxplot of the HDIs computed using 16 sets of parameter values for the Salrdrles River
watershed during thecalibration/validation period. Blue dots stand for the HDI computed from
observed datawhile triangles represent the error associated with observed values.

14.3.2 Statistical framework: alternative approach

This subsection illustrates the results obtained aftgplécation of the first part of the statistical
framework (white boxes) introduced iRigure14.3. It identifies the CDI that best reproduced
observed summer -day lowflows before computing the linear regression used to assess the

distribution of future7¢Qmin.

The CDIs introduced ifable14.3 were computed over one to six days)eto three weeks, one

to six months, and for eight, ten and twelve months. To ascertain that observed correlations
were reproduced by models, they were computed for each of the input categ@rasel4.3)

and for the 32 climate simulations. Modeled correlations are presented as medians. Observed
correlations were at least 0.6T#éble14.5). For blended data CDIs, observed correlations were
as high as 0.82 for the cumulativePET over 2 months; that is 67% of the variability of the
observed;¢Qmin explained by a cumulative CIAIl observed correlations were reproduced by

modeled CDIs. Indeed, the Wilcoxon resikn test was not passed by any reference/modeled
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correlation, thus stating, at the 5% significance level, that median modeled and observed

correlations were not differen

Tablel14.5: Pearson correlations and median Pearson correlations between observed summ@&i, and CDIs
computed from observed and modeled meteorological data, respectively.

Input Variable DI Reference: Modeled:
Category 20012015 20012015
Precipitation data 1. Cumulative rainfall 8 months 0.62 0.66
p 2. Cumulative rainfall 10 months 0.61 0.62
4. RPET 2 months 0.82 0.87
Blended data 5. RPET 3 months 0.75 0.81
. . 0.71
Drought Indices 6. EDI from climatidemand 8 months 0.68 0.71
7. EDI from climatic demand 10 months 0.70 '

The Wilcoxon rankum test failed to provide evidence (at the 5% significance level) that median modeled and
observed correlations were different

Given the results introduced ifiable14.5, the CDI FPET over 2 months was used to compute a
linear regression with the observegQmin. Figure 14.6 shows that all observed:Qmin were
reproduced by the linear regression but for two values that correspond to years 2007 and 2009,
as for the duplication of the observed HDI within the conventional approach. It is to be noted
that the regression was carried out under the constrainbefng positive to comply with the

physical reality of nomegative flows.
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Figureld.6: Linear regression between the observegQmi, and the cumulative RPET over 2 months.ringles
represent the error assciated with observed valueConfidence bounds are presented at 95%.

14.3.3 Conventional and alternative approaches

The last two subsections established how the conventional and alternative approaches were
applied to ascertain their respective capacity to asdessre summerzqQmin. This subsection

now focuses on the evolutions between the reference period and the two future horizons 2030
and 2060 as well as foryear periods before evaluating the sensitivity to low flows of the
surface water supply to the maidrinking water treatment plant in terms of Q, Q7 and

derived pressure indices.
14.3.3.1 Low flow evolutions from reference to future horizons 2030 and 2060

Figureld.7 shows that modeledqQmin, for the conventional approach as well as the alternative
approach, were not statistically different (p<0.05 for Wilcoxon tests) from observed values nor
from one amther for RCRL.5 and RGB.5, which is not surprising given thaQmin issued from

the conventional approach were bias corrected for each climate simulation as introduced in
subsection14.2.3.3 Both the conventional and alternative approaches assess a significant

decrease in mediandQmin from the reference period to the future horizons 2030 and 2060
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(p<3.10%. Although there was a significant difference (p<(.b8tween the modeled medians

of each approach for both RCPs and both future horizons, these differences are relatively small
(the maximum difference was 0.18 between approaches in 245 for RCH.5) compared

to the whole boxplot range or even to thaterquartile range that arose from interannual
variability. Last, with the exception of the conventional approach in Zfb, the two
approaches computed significant differences (p<Z)1between similar horizons for R@®

and RCH.5.
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Figurel4.7: Boxplots of the,¢Qmin computed for the reference period (2062015), and two future periods
(20162045 and 204&075) from observed flow data (pink), the conventional approach (black),
and the alternative approach (cyan) for R&@B%5 and RCB.5.

Interannual variabilities are apicted by boxplot ranges. Despite being able to reproduce the
median obtained from the conventional approach, the alternative approach did not replicate
well this interannual variability. This can be seen as the inherent limit to the use of a regression
model that is, by definition, computed to best reproduce the mean relationship between

variables.
14.3.3.2 Equifinality and confidence intervals

Figure 14.8 introduces the futwe 74qQmin Mmedians assessed using the conventional and
alternative approaches for R&@&F5 and RGB.5. Magenta, black and cyan shaded areas were

computed to cover the observational uncertainty, equifinality, and confidence intervals of the
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regression coeftients, respectively. Observational uncertainty was comparable to that of the
regression while uncertainty arising from equifinality was much smaller for all the study period
and both RCPs. As was the case for the previous subsection, evolutions @thender RCP

4.5 and RCGB.5 were similar for both approaches. Indeed, the evolution trajectory and bounds
predicted by the conventional approach were almost entirely included within the bounds of the
alternative approach (except in 20945 for RCHR.5). Last, both trajectories, even that
computed from extreme lines for the alternative approach, indicate a significant decrease in

five-year7¢Qmin medians (p<0.01 for ManKendall tests).

Figure14.8: Median future ,4Qmi, assessed using the conventional (black) and alternative (cyan) approaches for
RCPM4.5 and RCB.5.

14.3.3.3 Sensitivity to low flows of the surface water supply

This subsection provides a framework to summarize the results for both approaches in terms of
0KS TFdzidzNE aSyardArAgraie G2 t2¢ Tt2a680imdBFesiKS &

were transformed into hydrological data indices associated witktarn period Tablel14.6).
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