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AVANT-PROPOS 

Le format de these par articles en annexe a ete privilegie au detriment des articles en corps de 

texte. Cette presentation, sous forme de these classique abregee, facilite la lecture. Elle 

permet aussi d'etablir des liens directs entre les articles pour une plus grande fluidite. 

L'auteure est consciente de la dispersion des informations qu'entraine le choix d'une these 

par articles et s'excuse aupres du lecteur s'il y a desagrement encouru. Elle croit toutefois 

qu'il s'agit d'une excellente altemative a la these traditionnelle, de par sa contribution a I'etat 

de I'art pendant la progression des travaux. En effet, les travaux dont font I'objet cette these 

se pretaient bien a la publication de resultats intermediaires en raison de leur caractere 

lineaire. 

Cette these presente en corps de document les grandes lignes du projet de recherche : la 

problematique, la revue bibliographique, le domaine d'etude, un resume de la recherche et les 

recommandations. Le resume des travaux est un complement aux articles situes en annexe. 

Dans cette partie, 1'accent est mis davantage sur la methodologie des travaux et les resultats 

intermediaires complementaires. Les principaux resultats sont done explicites dans les 

articles et n'y sont pas repetes, a I'exception des elements cles. Les figures et tableaux ne 

sont pas repetes dans le resume, sauf pour les resultats principaux. De plus, les figures qui 

impliquaient de nombreuses projections climatiques sont presentees pour un seul sous-bassin 

representatif des autres, afin d'alleger la presentation. 

Les appendices qui succedent les articles presentent les graphiques et figures 

supplementaires, qui ne sont pas juges essentiels a la comprehension. Les resultats y sont 

regroupes par themes. La liste de references a la fin de la these renferme les ouvrages 

consultes pour la redaction de la these et des articles. La these etant en fran^ais et les articles 

majoritairement en anglais, les references citees sont dans la langue correspondant au texte 

duquel elles proviennent. La structure et la mise en page des articles en annexes ne sont pas 

uniformes car ils respectent les regies imposees par les joumaux ou ils ont ete soumis. 
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POTENTIEL D'ADAPTATIO N AU X CHANGEMENTS CLIMATIQUE S D E LA 
GESTION D'U N SYSTEM E HYDRIQU E EXPLOIT E POU R LA PRODUCTIO N 

HYDROELECTRIQUE :  ETUDE DE LA RIVIERE PERIBONKA (QUEBEC , 
CANADA) 

MINVILLE, Marie 

RESUME 

Des tendances significatives dans les regimes hydrologiques ont ete observees au cours des 
dernieres decennies et elles pourraient s'accentuer au cours du prochain siecle. Les 
exploitants de systemes hydriques devront envisager d'ajuster la gestion afm d'attenuer les 
effets des fluctuations du climat. Cependant, I'incertitude des changements climatiques, 
I'inertie des organisations et les habitudes des exploitants freinent I'adaptation. 

Les rares publications parues a present sur le sujet se sont consacrees aux impacts sur la 
gestion, sans consideration explicite de I'adaptation et de I'incertitude. La presente recherche 
vise a evaluer le potentiel d'adaptation aux changements climatiques d'un systeme hydrique 
d'apres plusieurs projections climatiques. L'etude est realisee pour la riviere Peribonka 
(Quebec, Canada), exploitee pour la production hydroelectrique par Rio Tinto Alcan. 

Les impacts des changements climatiques sur la gestion du systeme hydrique ont d'abord ete 
quantifies en ne modifiant pas la gestion actuelle. Les principaux resultats demontrent que les 
reservoirs seraient moins fiables, que la production hydroelectrique diminuerait et que les 
deversements non productibles augmenteraient sous la plupart des projections climatiques. 
Par la suite, le potentiel d'adaptation sur la periode 2010-2099 a ete investigue en modifiant 
les regies de gestion avec un modele d'optimisation dynamique et stochastique. Les regimes 
hydrologiques qui ont servi d'intrants ont ete simules scion deux approches : (i) modelisation 
hydrologique conceptuelle globale et projections climatiques scion la methode des deltas, et 
(ii) modelisation hydrologique distribute a base physique et projection climatique d'un 
modele regional de climat. 

L'adaptation de la gestion se manifesterait par des modifications saisonnieres des niveaux 
d'eau moyens des reservoirs. De plus, la production hydroelectrique annuelle change de -2 a 
+22 %  par rapport a la periode de reference, dependamment de la projection climatique, du 
modele hydrologique et de I'horizon. Les deversements non productibles moyens annuels 
augmenteraient pour toutes les projections climatiques, malgre des baisses d'hydraulicite. 
Cette situation serait consequente aux changements de variabilite des apports hydrologiques. 

La principale conclusion de la recherche est que I'adaptation de la gestion du systeme 
hydrique de la riviere Peribonka pourrait attenuer les effets des fluctuations du climat dans le 
futur. L'adaptation pourrait aussi ameliorer sa performance par rapport a la periode de 
reference 1961-1990. 

Mots-cles : changements climatiques, adaptation, incertitude, systeme hydrique, hydrologie, 
production hydroelectrique, gestion des reservoirs 



ADAPTATION T O CLIMAT E CHANG E O F A WATER RESOURC E SYSTE M 
EXPLOITED FO R HYDROPOWER : 

STUDY O F THE PERIBONK A RIVE R (QUEBEC , CANADA ) 

MINVILLE, Marie 

ABSTRACT 

Significant trends in the hydrological regimes were observed during the last decades and they 
will be accentuated during next century. Water resource systems' owners will have to adjust 
their management to mitigate the effects of climate fluctuations. However, the uncertainty of 
the climate changes slows down the adaptation process. 

The papers published thus far have dealt with the impacts on management, without 
considerating the adaptation strategies and uncertainties. The present research aims to 
evaluate the potential of a water resource system to adapt to climate changes, according to 
several climate projections. The study is carried out on the Peribonka River (Quebec, 
Canada), exploited for hydropower by Rio Tinto Alcan. 

The possible impacts of climate changes on water resource management were initially 
quantified with no modifying of current operating policies, with several climatic projections. 
The main results show that the reservoirs would be less reliable, hydropower would decrease 
and unproductive spills would increase. The potential of adaptation over the period 2010-
2099 was investigated thereafter by modifying the operating rules with a dynamic and 
stochastic optimization model. The hydrological regimes in the context of climate change 
were simulated according to two approaches: (i) lumped hydrological modeling and climate 
projections according to the delta change approach, and (ii) distributed hydrological 
modeling and climate projection of a regional climate model. 

The adaptation is manifested by seasonal modifications of the reservoirs' average water 
level. Moreover, the armual average hydropower changes from -2 to +22%) compared to the 
base period, depending on the climate projection and horizon. Annual mean unproductive 
spills increase for all climate projections, even combined with a decrease in hydropower. 
This situation is consequent with the changing variability of the hydrological regimes. 

The overall conclusion of the research is that adaptation of the Peribonka water resource 
system could mitigate the effects of future climate fluctuations. Adaptation could also 
improve its performance in the future, compared to the base period 1961-1990. 

Keywords : climate change, adaptation, uncertainty, water resource system, hydrology, 
hydropower, reservoirs 
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INTRODUCTION 

Des tendances significatives dans les regimes hydrologiques des moyennes a hautes latitudes 

ont ete observees au cours des dernieres decennies (Regonda et  al,  2005; Whitfield et 

Carmon, 2000). La communaute scientifique internationale reconnait que ces tendances 

s'accentueront au cours du prochain siecle (GIEC, 2001a; GIEC, 2007b). Des changements 

dans I'hydrologie des bassins versants auraient necessairement des repercussions sur la 

performance et la gestion des systemes hydriques. 

En 2004, la province du Quebec, au Canada, etait le quatrieme producteur mondial 

d'hydroelectricite, avec 7 % de la production Internationale (Gouvemement du Quebec, 

2004). La production hydroelectrique etant modulee par la ressource en eau, les exploitants 

devraient envisager d'adapter la gestion pour attenuer les effets des fluctuations du climat. 

Cependant, un facteur freinant l'adaptation est I'incertitude des changements climatiques et 

des modeles qui interviennent dans la simulation des apports et la gestion du systeme 

hydrique. 

Les publications parues a present sur le sujet se sont interessees aux impacts des 

changements climatiques sur la gestion de systemes hydriques ou tout au plus a une analyse 

de sensibilite du potentiel d'adaptation. Elles ne consideraient ni I'adaptation de la gestion 

selon des approches d'optimisation, ni I'incertitude des projections climatiques. 

Dans ce contexte, la presente recherche vise a evaluer le potentiel d'adaptation aux 

changements climatiques d'un systeme hydrique en milieu nordique, selon plusieurs 

projections de changements climatiques et approches de modelisation hydrologique. L'etude 

est realisee pour le systeme hydrique de la riviere Peribonka (Quebec, Canada), qui est 

exploite pour la production hydroelectrique par Rio Tinto Alcan. 

Ce rapport se divise en sept sections majeures. Les cinq premieres parties constituent les 

chapitres de la these : problematique de recherche, revue bibliographique, domaine d'etude, 

resume de la recherche ainsi que contributions et recommandations. La sixieme partie 

correspond aux annexes qui comprennent les articles. Les appendices renferment des 

resultats complementaires qui ne sont pas indispensables a la comprehension. 



Le chapitre 1, qui porte sur la problematique de recherche, enonce les motivations et les 

objectifs des travaux. Les repercussions des changements climatiques sur la ressource en eau 

et les moyens actuels pour evaluer le potentiel d'adaptation sont mis en evidence. L'interet 

du bassin versant de la riviere Peribonka est ensuite justifie. Les objectifs et les hypotheses 

de recherche sont enonce s. 

Le chapitre 2 comprend une revue bibliographique. II fixe le cadre theorique des travaux en 

les situant parmi les articles scientifiques publies sur le sujet. Les etudes qui se sont penchees 

sur la gestion de systemes hydriques en contexte de changements climatiques sont recensees. 

Les differents moyens de considerer les sources d'incertitudes des changements climatiques, 

des projections climatiques, de la modelisation hydrologique et de la simulation de systemes 

hydriques, sont exposes. 

Le chapitre 3 presente le domaine d'etude. Les principales caracteristiques du bassin versant 

de la riviere Peribonka sont abordees et son contexte hydroclimatique est resume. Les 

composantes du systeme hydrique sont detaillees et les principes guidant sa gestion sont 

expliques. 

Le chapitre 4 resume substantiellement la recherche. Les principaux jalons de la 

methodologie sont presentes et les resultats sont synthetises. Les sujets abordes sont 

essentiellement les projections climatiques, les regimes hydrologiques qui en resultent et les 

impacts sur les indicateurs de gestion. Une discussion permet de formuler des reponses a la 

problematique en regard aux resultats obtenus. 

Le chapitre 5 souligne la contribution originale de la recherche et les principales 

recommandations. La contribution est presentee, avec en perspective la revue 

bibliographique du premier chapitre. L'apport a I'avancement des connaissances dans le 

creneau de recherche conceme est aussi mis en lumiere. Les principales recommandations 

touchent les aspects qui ne faisaient pas partie des objectifs de la recherche, mais qu'il est 

recommande d'investiguer en reaction aux resultats obtenus. 

La sixieme partie de la these comprend les articles scientifiques qui font ou feront I'objet de 

publications. II s'agit des annexes 1 a 6. Le premier article decoule de I'examen doctoral 



realise avant I'execution des travaux. II justifie I'importance de s'adapter aux changements 

climatiques, en plus d'attenuer les gaz a effet de serre. Le second article presente les regimes 

hydrologiques resultant de nombreuses projections climatiques. Le troisieme article propose 

une analyse croisee des simulations realisees avec les differentes combinaisons de modeles 

hydrologiques et projections climatiques, afin de mettre en evidence les incertitudes 

transmises aux regimes hydrologiques. Le quatrieme article est dedie a revaluation des 

impacts des changements climatiques sur la performance d'un systeme hydrique, dans la 

situation ou les regies de gestion ne seraient pas adaptees aux nouveaux regimes 

hydrologiques. Le cinquieme article evalue le potentiel d'adaptation aux changements 

climatiques de la gestion d'un systeme hydrique. L'approche de modelisation hydrologique 

preconisee est globale et les projections climatiques multiples sont issues de la methode des 

deltas. Le sixieme article traite aussi de I'adaptation aux changements climatiques de la 

gestion d'un systeme hydrique, mais selon une approche de modelisation distribuee et une 

projection climatique issue d'un modele regional de climat. 

Enfin, la demiere partie de la these renferme des resultats complementaires, mais qui ne sont 

pas essentiels a la comprehension. lis sont regroupes par themes aux appendices A a C. 



CHAPITRE 1 

PROBLEMATIQUE DE RECHERCHE 

Ce chapitre met en perspective le projet de recherche. En premier lieu, la problematique est 

exposee. En second lieu, les objectifs du projet en regard a cette problematique sont enonces. 

En troisieme lieu, les hypotheses qui ont servi de base a la recherche sont presentees. 

1.1 Problematiqu e 

Jusqu'a recemment, le climat de la terre fluctuait selon la variabilite naturelle. La gestion des 

reservoirs s'appuyait et s'appuie toujours sur la variabilite naturelle du climat du passe 

recent. Ils sont operes en presumant que les apports observes sont representatifs de ceux du 

futur. Or, les observations climatiques des dernieres decennies ne s'inscrivent plus dans cette 

variabilite en raison des emissions accrues des gaz a effet de serre (GES) d'origine 

anthropique (GIEC, 2007a). 

La situation actuelle est qu'une hausse de la temperature moyenne mondiale de 0,7 °C a ete 

enregistree depuis un siecle (GIEC, 2007b). Ce rechauffement a perturbe le systeme 

climatique et les processus du cycle de I'eau. Au Quebec, les variations se sont repercutees 

sur les regimes hydrologiques. Au cours des demieres decennies, des cours d'eau ont 

presente des baisses de debits en ete et des hausses en hiver, en plus de crues printanieres 

prematurees (Whitfield et Cannon, 2000). 

En ce qui a trait au futur, les modeles de circulation generale suggerent que les temperatures 

et precipitations annuelles continueront d'augmenter au Quebec, avec d'importantes 

variations saisonnieres et spatiales. Dans ce contexte, un cnjeu conceme la perturbation des 

regimes hydrologiques et de la gestion des systemes hydriques (Lemmen et  al,  2008). Des 

etudes effectuees sur des systemes hydriques aux Etats-Unis et au Canada ont evalue la 

performance potentielle future de la gestion des reservoirs avec les regies d'operation 

actuelles. Ces etudes ont conclu que les systemes hydriques seraient moins performants et 

plus vulnerables, a moins que leur gestion ne soit adaptee. 



Un facteur majeur freinant la mise en place de mesures d'adaptation des regies d'operation 

des reservoirs est I'incertitude des changements climatiques et des modeles qui interviennent 

dans le processus. Les principales sources d'incertitude sont les scenarios d'emissions des 

GES, les projections de climat des differents modeles climatiques et techniques de reduction 

d'echelle et, consequemment, les debits simules par les modeles hydrologiques utilisant ces 

intrants. Les approches multiscenario et multimodele constituent des manieres de considerer 

ces sources d'incertitude. Les resultats de ces approches pourraient servir de guide aux 

gestionnaires de systemes hydriques pour I'elaboration de politiques de gestion a long terme. 

La detection de tendances pourrait indiquer les tangentes a envisager pour I'adaptation de la 

gestion et ainsi deloger I'inertie organisationnelle quant aux habitudes de gestion. 

1.2 Context e d'applicatio n 

Le contexte de la problematique etant regional, le projet de recherche I'aborde pour le bassin 

versant de la riviere Peribonka. 

Un premier interet repose sur I'usage principal de la ressource en eau au bassin versant de la 

riviere Peribonka : la production hydroelectrique. L'energie produite par les centrales sert a 

alimenter les usines de production d'aluminium de la compagnie Rio Tinto Alcan. Cet usage 

specifique fait en sorte que la demande est moins influencee par les changements 

climatiques, comparativement aux besoins energetiques residentiels ou commerciaux. 

Un second interet de ce bassin reside dans la disponibilite et la qualite des donnees 

necessaires a I'accomplissement des etudes hydrologiques et de gestion du systeme hydrique. 

La collaboration avec les gestionnaires de Rio Tinto Alcan contribue largement a 

I'accessibilite de ces donnees. 

Enfin, un troisieme interet du domaine d'etude est dans sa situation geographique dans la 

province du Quebec. Les resultats obtenus seront necessairement representatifs des 

consequences des changements climatiques sur d'autres systemes hydriques a proximite 

(Saguenay, Mauricie et Cote-Nord). 



1.3 Objectif s de s travau x 

A la lumiere de ce qui precede, la recherche vise ultimement a evaluer le potentiel 

d'adaptation aux changements climatiques du systeme hydrique de la riviere Peribonka, sous 

plusieurs projections climatiques. Ce potentiel d'adaptation est estime en simulant le 

comportement du systeme hydrique soumis a divers regimes hydrologiques en contexte de 

changements climatiques. Les indicateurs de production hydroelectrique, de rendement des 

centrales, de deversements non productibles et de fiabilite des reservoirs permettent de 

quantifier la capacite du systeme hydrique a s'adapter. 

Le produit final de ce travail constituera une reference methodologique pour les travaux 

futurs qui porteront sur revaluation des impacts des changements climatiques sur la gestion 

de systemes hydriques et sur le deploiement de strategies d'adaptation. De plus, les resultats 

seront un indicateur des tendances dans le centre du Quebec, au cours du prochain siecle, de 

la gestion de I'eau et de la performance eventuelle des systemes hydriques existants. 

En ce qui a trait aux objectifs intermediaires, ils consistent a generer des scenarios de 

changements climatiques regionaux, a evaluer les regimes hydrologiques sous ces scenarios 

et a simuler les operations des reservoirs. Ces objectifs sont abordes de maniere a considerer 

les incertitudes par I'entremise d'une approche multiscenario et multimodele. D'une part, 

deux approches distinctes interviennent pour la production des scenarios de changements 

climatiques applicables a I'echelle d'un bassin versant: la methode des deltas et la reduction 

d'echelle dynamique. D'autre part, deux modeles hydrologiques sont utilises pour la 

simulation des regimes hydrologiques resultant de ces scenarios climatiques : HSAMI, un 

modele conceptuel global, et HYDROTEL, un modele distribue a base physique. 

Pour l'etude d'adaptation de la gestion du systeme hydrique, le modele global est jumele aux 

projections de changements climatiques de la methode des deltas, alors que le modele 

distribue est associe a la projection de la reduction d'echelle dynamique. La premiere 

combinaison est conceptuelle, alors que la secondc est physique. De plus, les modeles 

hydrologiques et les projections climatiques sont combines, dans le cadre d'analyse croisee, 

pour investiguer I'incertitude des projections climatiques et des modeles hydrologiques dans 

les etudes d'impacts hydrologiques des changements climatiques. 



1.4 Hypothese s d e recherch e 

Les hypotheses de recherche ont permis d'orienter et de circonscrire les travaux de la these. 

Elles sont de trois types : hypotheses initiales, hypotheses sur le domaine d'etude et 

hypotheses methodologiques. 

1.4.1 Hypothese s initiale s 

Le developpement du sujet de la these s'est articule des le depart autour de quatre hypotheses 

initiales. 

La premiere hypothese est que les changements climatiques auront des consequences sur 

I'hydrologie des bassins versants, qui se repercuteront sur la performance et la gestion des 

systemes hydriques. Ces changements seraient a I'echelle annuelle et saisonniere. 

La seconde hypothese initiale est que I'adaptation de la gestion des systemes hydriques 

pourrait attenuer les effets des fluctuations du climat dans le futur. 

La troisieme hypothese est que sous certaines projections climatiques, l'adaptation pourrait 

ameliorer la performance du systeme hydrique, par rapport a la periode de reference. 

La demiere hypothese est que les resultats d'une approche de modelisation hydrologique 

distribuee et d'une projection de reduction d'echelle dynamique, seraient dans la plage 

d'incertitude des resultats de nombreuses modelisations hydrologiques globales avec des 

projections climatiques de la methode des deltas. 

1.4.2 Hypothese s su r le domaine d'etud e 

Le systeme hydrique de la riviere Peribonka fait partie du systeme du Saguenay-Lac-Saint-

Jean. Plus particulierement, la gestion des operations du systeme hydrique de la riviere 

Peribonka est liee a la gestion du systeme hydrique de la riviere Saguenay et du Lac-Saint-

Jean, situe en aval. Les travaux de cette these considerent celui de la riviere Peribonka 

comme une entite independante et font abstraction des autres systemes hydriques. Cette 

hypothese est admissible dans la mesure ou les impacts des changements climatiques sont 

compares a un passe recent simule et non aux observations. La capacite des modeles a 

reproduire les observations est tout de meme validee pour justifier leur utilisation. 



La seconde hypothese sur le domaine d'etude est que les travaux ne considerent pas la 

centrale hydroelectrique recente, mise en service par Hydro-Quebec en 2008, pour exploiter 

le potentiel hydroelectrique residuel. Les raisons de ce choix sont multiples. D'abord, aucune 

donnee observee n'etait disponible pour valider le modele hydrologique du bassin versant 

intermediaire. Ensuite, cette centrale influencerait peu les apports en eau aux centrales situees 

en aval car elle est au fil de I'eau. 

De plus, la derivation partielle de la riviere Manouane, en vigueur depuis 2003 vers le 

systeme hydrique Bersimis, a aussi ete negligee en raison de I'absence de donnees 

historiques pour la validation des modeles. 

1.4.3 Hypothese s methodologique s 

Les hypotheses d'ordre methodologique touchent les contextes d'application des modeles. 

En particulier, il est suppose que les modeles hydrologiques calibres avec les donnees 

meteorologiques du passe recent sont transferables dans le futur. La premiere hypothese 

methodologique est que les equations des differents processus hydrologiques ne sont pas 

extrapolees a I'exterieur de leur domaine d'application. Les differentes combinaisons de 

modeles hydrologiques globaux et distribues, des projections climatiques des deltas et de la 

reduction d'echelle dynamique, sont done appropriees pour projeter les changements de 

regimes hydrologiques en contexte de changements climatiques (Chartier, 2006). 

Une seconde hypothese est qu'il y a davantage d'incertitude dans la projection climatique 

que dans la modelisation hydrologique. 

La troisieme hypothese methodologique est que les contraintes de gestion en contexte de 

changements climatiques seraient les memes que celles du passe recent dans les modeles de 

simulation du systeme hydrique et d'optimisation des regies d'operation. Les capacites des 

equipements, tels les groupes turbine-altemateur et ouvrages de regularisation, demeurent 

aussi inchangees. 

Enfin, les objectifs de gestion, qui visent la maximisation de la production hydroelectrique 

sans contrainte dans la demande, restent aussi les memes. 



CHAPITRE 2 

REVUE BIBLIOGRAPHIQU E 

Ce chapitre introduit dans un premier temps les etudes publiees se rapprochant le plus des 

travaux proposes, c'est-a-dire qui ont pour but d'evaluer les impacts des changements 

climatiques sur la gestion de systemes hydriques. Dans un deuxieme temps, des etudes qui se 

sont consacrees a revaluation des incertitudes des changements climatiques, de la 

modelisation hydrologique et de la simulation des systemes hydriques, sont recensees. 

II est a noter que les revues bibliographiques propres aux articles en annexe sont davantage 

precises et detaillees. 

2.1 Impact s de s changements climatique s su r les systemes hydrique s e t strategies 
d'adaptation 

Cette section synthetise dans un premier temps les etudes qui ont tente d'evaluer les impacts 

des changements climatiques sur les systemes hydriques et la production hydroelectrique. 

Dans un deuxieme temps, celles, plus rares, qui ont suggere des strategies d'adaptation sont 

resumees. 

2.1.1 Impact s su r les systemes hydrique s 

Les gestionnaires de systemes hydriques devront developper des plans de gestion pour 

attenuer les effets des fluctuations du climat anticipees avec les changements climatiques 

(Snover et  al,  2003). Actuellement, la ressource en eau est geree en supposant que les 

statistiques des evenements historiques sont un bon estime des probabilites des evenements 

futurs (Salathe era/., 2007). 

Deja, les observations des demieres decennies en Amerique du Nord presentent des 

tendances dans les variables hydroclimatiques. Kaira et  al.  (IQQl)  ont realise de nombreux 

tests statistiques pour detecter les tendances et les changements dans les debits et 1'equivalent 

en eau de la neige aux Etats-Unis, pendant la periode 1951-2002, a I'echelle annuelle et 

saisonniere. Leurs resultats indiquent qu'il y a une tendance graduelle a 1'augmentation des 
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debits dans le nord-est et dans Test des Etats-Unis. De plus, des changements de debits 

moyens annuels et printaniers statistiquement significatifs ont ete detectes dans la region des 

Grands-Lacs. Toutefois, aucune tendance ou changement significatifs dans I'equivalent en 

eau de la neige n'a ete observe. 

Dans le meme ordre d'idees, Stewart et  al.  (2005) ont analyse les crues printanieres de 1948 

a 2002 au nord-ouest des Etats-Unis. lis ont constate des devancements de cruc printaniere 

statistiquement significatifs de I'ordre d'une a quatre semaines. Ils ont aussi conclu que les 

variations interannuelles dans 1'amplitude de la crue etaient correlees avec les hausses de 

temperatures hivemales et printanieres. 

Le climat etant en changement a I'echelle globale depuis 1960 (Ouranos, 2004), quelques 

recherches ont ete effectuees pour verifier si les regies actuelles seraient appropriees dans le 

futur. La plupart des etudes se sont limitees aux impacts des changements climatiques sur 

certains indicateurs de gestion avec les regies actuelles. Tout au plus, une analyse de 

sensibilite a ete effectuee afin de mesurer la reponse du systeme sous de nouvelles regies 

arbitraires. 

Dans ce sens, Christensen et  al.  (2004) ont lie un MCG a un modele hydrologique distribue 

pour une etude de changements climatiques au vaste bassin versant de la riviere Colorado. La 

methodologie a d'abord consiste a preparer des scenarios de changements climatiques selon 

l'approche des deltas pour un scenario de GES. Ensuite, ces scenarios ont ete introduits dans 

un modele hydrologique. lis ont evalue les impacts sur le systeme hydrique du bassin en 

entrant les series d'apports potentiels futurs dans un modele de simulation programme pour 

les besoins de l'etude, ou les regies d'operation actuelles etaient integrees. Les criteres 

analyses pour l'etude d'impacts etaient la production hydroelectrique, I'approvisionnement 

en eau et le controle des inondations. Leur principale conclusion est que des baisses de 

production hydroelectriques se produiraient en contexte de changements climatiques avec 

leurs scenarios d'apports hydrologiques. 

Markoff et Cullen (2008) ont etudie les impacts des changements climatiques sur la 

production hydroelectrique des installations du Pacific Northwest Power and Conservation 

Council aux Etats-Unis. En tout, 35 projections climatiques fabriquees selon la methode des 
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deltas, pour les horizons 2020 et 2050, ont ete incorporees a un modele hydrologique a 

grande echelle. Les apports hydrologiques futurs ont par la suite ete incorpores a deux 

modeles de gestion des reservoirs, de concert avec les regies de gestion non adaptees, afin de 

determiner les impacts des changements climatiques sur la production hydroelectrique. Ils 

concluent que la production hydroelectrique diminue pour la plupart des projections 

climatiques dans le futur. Toutefois, ils precisent que les resultats sont pessimistes, en raison 

de leur methodologie qui n'optimise pas les regies de gestion avec les regimes hydrologiques 

futurs. 

2.1.2 Adaptatio n de s systemes hydrique s 

L'adaptation aux changements climatiques de la gestion des systemes hydriques est un sujet 

peu aborde dans les publications scientifiques. Un rapport redige par Amell et Hulme (2000) 

avance que les Etats-Unis, la Chine, la Grece, la Suisse et 1'Allemagne ne tenaient pas encore 

compte des changements climatiques dans les procedures d'evaluation de la securite des 

barrages. Ceux-ci ont propose une serie de recommandations. lis affirment que les 

evaluations des effets des changements climatiques sur la gestion de la ressource en eau 

devraient etre effectuees a partir de plusieurs modeles et qu'il devrait etre considere de 

replanifier les regies de gestion des reservoirs existants afm de les adapter en optant pour une 

approche adaptative basee sur plusieurs scenarios. 

L'une des strategies d'adaptation de la gestion de la ressource en eau est par le changement 

des regies d'operation des systemes (GIEC, 2001b). L'etude realisee par Payne et  al  (2004) 

est l'une des rares qui ont tente d'adapter concretement les regies d'operation des reservoirs 

dans un contexte de changements climatiques par 1'utilisation successive de modeles 

climatique, hydrologique et de gestion des systemes hydriques. lis n'ont toutefois pas eu 

recours a des techniques d'optimisation des operations. lis ont suivi sensiblement la meme 

methodologie que Christensen et  al (2004), dans le cadre d'un article « compagnon » resume 

a la rubrique 2.1.1, mais pour le bassin versant de la riviere Columbia dans le sud-ouest 

canadien. Les apports futurs ont ete introduits dans le modele de simulation de la ressource 

hydrique, de pair avec des regies d'operation modifiees par I'entremise d'une analyse de 

sensibilite (non optimisees). Payne et  al  (2004) ont done propose un avant-gout de mesures 
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d'adaptation pour contrer la baisse de perfonnance de la gestion en regard aux nouvelles 

situations hydrologiques anticipees. lis ont analyse les impacts sur les criteres de fiabilite, de 

dommages causes par les inondations et de revenus provenant de la production 

hydroelectrique. Ces pistes de solution se rapportaient a des changements dans les dates de 

remplissage et de vidage des reservoirs pour contenir la crue, des modifications quant a la 

saisonnalite de la demande en energie, et des augmentations des niveaux d'emmagasinement 

minimums. 

2.2 Incertitud e e n impacts e t adaptation 

Les publications rapportees a la section precedente sont les plus avancees sur les impacts et 

l'adaptation de systemes hydriques. Ces etudes ne tiennent pas explicitement compte de 

I'incertitude a plusieurs niveaux, attribuable aux changements climatiques, a la modelisation 

du climat et des regimes hydrologiques ainsi qu'a la simulation des operations des systemes 

hydriques. Or, I'incertitude s'amplifie a chaque etape de modelisation, comme schematise a 

la figure 2.1. 
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Figure 2.1 Amplification des  incertitudes dans  les  etudes d'impacts. 

Source : GIEC (2001b) 

Dans le cas d'une etude d'impacts des changements climatiques sur un systeme hydrique 

considerant explicitement les incertitudes globale et partielles, les travaux de Schafli (2005) 

constituent une reference. Une methode est proposee pour quantifier I'incertitude pour un 

petit bassin versant dans les Alpes suisses. Particulierement, I'incertitude liee a chaque etape 

et I'incertitude totale sont quantifiees en combinant successivement les diverses sources liees 



13 

aux projections climatiques, aux scenarios climatiques et aux apports. Les incertitudes sont 

representees avec les criteres de performance de vulnerabilite, fiabilite, resilience et 

production hydroelectrique. Aucune mesure d'adaptation n'a ete suggeree, compte tenu du 

fait que le systeme hydrique etudie n'est pas gere selon des regies d'operation rigoureuses. 

De plus, les consequences sur les debits de I'utilisation d'un MCG et de scenarios 

d'evolution de GES en particulier ne sont pas illustrees. Les statistiques associees aux 

resultats de I'ensemble des scenarios sont plutot montrees. 

En bref, les etudes d'impacts sont soumises a des sources d'incertitude et cette section 

propose des avenues pour les considerer. Ces exemples ne sont pas necessairement dans un 

cadre de travaux sur les changements climatiques ou d'impacts sur les systemes hydriques. 

Neanmoins, il est specule qu'elles beneficieraient a ce contexte. 

2.2.1 Changement s climatique s 

Une source d'incertitude relevant des changements climatiques provient du comportement 

des societes et par consequent de revolution des emissions de GES. A ce sujet, le Groupe 

d'experts intergouvememental sur revolution du climat (GIEC, 2000) a elabore des 

scenarios d'emission de GES equiprobables. Une fa9on de quantifier cette incertitude est par 

I'utilisation de projections climatiques decoulant de plusieurs families de scenarios 

d'emissions de GES. Le choix d'un scenario d'emissions de GES s'avere une source 

d'incertitude d'importance moindre par rapport au choix du modele climatique (Schafli, 

2005). 

2.2.2 Modele s d e circulation general e 

L'incertitude des projections climatiques se manifeste par la reponse d'un modele unique ou 

de plusieurs modeles. 

Les MCG sont differents les uns des autres en raison de leur parametrisation et equations 

internes reproduisant le systeme climatique et scs interactions. L'incertitude d'un modele 

unique provient de la parametrisation du modele. Elle peut etre ceraee en effectuant des 

simulafions Monte-Carlo, c'est-a-dire en generant plusieurs combinaisons de parametres 

internes des modeles climatiques en leur attribuant des densites de probabilite. Prudhomme et 
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al. (2003) mentionnent que les erreurs de ce type dans les simulations de la periode de 

reference seront du meme ordre de grandeur que pour les simulations futures. 

Une fafon de limiter le nombre de projections climatiques dans une etude d'impacts 

hydrologiques est la methode d'encadrement des incertitudes. A ce sujet, Croley (2003) 

suggere d'utiliser quatre modeles, soit a tendances plus ou moins chaudes et plus ou moins 

humides. Cette methode pemiet de maximiser le champ des realisations hydrologiques 

potentielles. 

2.2.3 Reductio n d'echell e de s donnee s 

Les MCG generent des variables climatiques a grandes echelles consequentes a des for9ages 

radiatifs. lis ne permettent pas de capturer les effets regionaux occasionnes par exemple par 

les montagnes ou les variations de I'utilisation du sol, s'ils sont en-de9a de la resolution des 

modeles. 

Les methodes de reduction d'echelle des dormees etablissent le lien entre le climat global et 

les impacts locaux (Salathe et  al,  2007). Une part de l'incertitude des impacts hydrologiques 

des changements climatiques provient de la technique de reduction d'echelle utilisee. Les 

techniques de reduction d'echelle sont statistiques ou dynamiques. 

Selon Salathe et  al.  (2007), les techniques de reduction d'echelle statistiques ont comme 

avantage, par rapport a la reduction d'echelle dynamique, d'exiger moins de ressources 

informatiques et de permettre une plus large gamme de scenarios climatiques. La methode se 

base sur I'etablissement de liens entre les predicteurs a grande echelle des MCG et les 

variables dependantes a petite echelle (observations aux stations). Un inconvenient est 

qu'elle repose sur la supposition que le lien etabli selon le passe et valable dans le futur. En 

ce qui a trait a la methode dynamique, les modeles regionaux de climat (MRC) en sont 

1'application meme. Un inconvenient de cette methode est que les MRC transportent 

I'incertitude des modeles globaux, car ils y sont emboites. Bref, la qualite de ces modeles est 

aussi limitee par les incertitudes des modeles globaux. Toutefois, leur interet repose sur la 

simulation du systeme climatique a plus petite echelle que les MCG selon les lois de la 

physique et de la thermodynamique. 
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II importe de mentiormer qu'une approche elementaire, ni statistique ni dynamique, a ete 

developpee afin d'utiliser les resultats des modeles globaux a une echelle regionale. II s'agit 

de la methode des deltas. Cette technique applique aux donnees journalieres historiques la 

difference entre les donnees mensuelles simulees futures et de la periode de controle. Son 

principal reproche est qu'elle ne modifie pas les structures temporelles et spatiales de 

precipitations et de temperatures (Diaz-Nieto et Wilby, 2005; Fowler et  al, 2005). 

Neanmoins, une demarche visitee par Mareuil et  al (2007)  et Minville et  al  (2008) consiste 

a lier les scenarios provenant de la methode des deltas a un generateur stochastique de climat, 

afin de produire plusieurs series synthetiques representatives de la serie originale. Cette 

approche combinee pemtettait de tenir compte en partie de la variabilite naturelle du climat, 

done d'une plus grande variabilite interannuellc. 

2.2.4 Modelisatio n hydrologiqu e 

La transferabilite dans le futur d'un modele hydrologique est une incertitude fondamentale 

(Salathe et  al,  2007). Les modeles hydrologiques jouent un role central pour revaluation de 

la disponibilite de la ressource en eau et il est pertinent de se questionner sur I'utilisation des 

modeles calibres selon le passe a des etudes futures (Bergstrom et  al,  2002). Selon Odgen et 

Julien (2002) et Wigmosta et  al  (2002), les modeles numeriques a base physique sont 

superieurs aux autres types en ce qui conceme la prevision des conditions hydrologiques 

futures produites par les changements climatiques ou par des modifications dans 

I'amenagement du territoire, puisqu'ils s'appuient sur les proprietes du bassin. Jones et  al. 

(2006) soutieiment que bien qu'il est souvent statue que les modeles a base physique sont a 

privilegier pour des etudes en contexte de changements climatiques, cette hypothese n'a 

jamais ete rigoureusement testee. Les modeles conceptuels distribues ou globaux peuvent 

aussi etre utilises en verifiant leur applicabilite dans le futur, notamment en evaluant le 

comportement des modeles specifiquement pour des evenements extremes observes dans 

I'historique (Dietterick et  al,  1999). Carpenter et Georgakakos (2006) mentionnent que 

meme si les modeles distribues offrent un bon potentiel pour ameliorer les simulations 

hydrologiques, ils sont plus sensibles a la qualite des donnees de patrons precipitations. 
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Dans un autre ordre d'idees, Prudhomme et  al  (2003) mentionnent que la plus grande 

incertitude pour une etude d'impacts hydrologiques releve du modele climatique. Toutefois, 

il y a des incertitudes liees a la modelisation hydrologique et elles sont de trois ordres : la 

parametrisation interne des modeles, la reponse d'un seul modele et de plusieurs modeles. 

En premier lieu, les incertitudes liees a la parametrisation interne des modeles peuvent etre 

limitees en ayant recours a plusieurs arrangements de parametres, notamment en effectuant 

des simulations Monte-Carlo, de concert avec des analyses bayesiennes, afin de determiner 

les combinaisons offrant de bomies performances a I'etalonnage (Engeland et  al,  2005; 

Kuczera et Parent, 1998). Afm de diminuer les incertitudes de I'etalonnage des parametres 

des modeles hydrologiques, Bergstrom et  al. (2002) proposent une methode pour calibrer sur 

d'autres observations, telles la hauteur de neige ou I'humidite du sol, a divers endroits du 

bassin versant. Cet etalonnage permet d'abaisser les sources d'incertitudes liees a des 

resultats qui sont acceptables globalement, mais qui peuvent dissimuler des problemes lies a 

la representation des processus internes bassin versant (Bathurst et  al, 2004). 

En second lieu, l'incertitude liee a un modele unique provient des processus simules et de sa 

stmcture (sa discretisation par exemple). Booij (2003) propose d'abaisser les sources 

d'incertitude liee a la modelisation hydrologique en choisissant la discretisation optimale de 

la grille des modeles distribues. Dans ce sens, il presente une methodologie afin de choisir 

une resolution pouvant saisir le processus dominant du bassin versant simule. Une autre 

fa9on de diminuer l'incertitude liee a la reponse d'un modele unique est par l'approche 

multistructure de Butts et  al  (2004). Cette methode consiste a produire plusieurs modeles 

pour lesquels les resolutions et les equations utilisees pour decrire un processus hydrologique 

sont differentes. 

En troisieme lieu, une maniere de limiter les incertitudes de la modelisation hydrologique est 

par l'approche mulfimodele (Georgakakos et  al,  2004; Regonda et  al,  2006). II s'agit 

d'utiliser plusieurs sorties de modeles et de considerer 1 moyenne comme etant la certitude, 

afin de quantifier l'incertitude d'un modele en particulier au detriment des autres. 

D'un tout autre point de vue, Pietroniro (2001) remet en cause la fa9on traditionnelle de lier 

les donnees climafiques aux modeles hydrologiques, communement appelee couplage 
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unidirectionnel. Bien qu'un grand nombre de recherches aient ete effectuees selon cette 

approche, Hu (1997) et Pietroniro (2001) la qualifient de trompeuse puisque certains 

processus atmospheriques et hydrologiques de surface y sont independamment et doublement 

traites. lis avancent que l'approche de liaison de modele est inadequate et que les etudes 

futures devront incorporer une methode prenant en charge la retroaction a 1'interface 

atmosphere-surface. Pour cette raison, I'utilisation du couplage unidirectionnel peut etre 

substituee par l'approche du couplage bidirectionnel (Pietroniro, 2001). Le couplage 

bidirectionnel est le couplage d'un modele climatique a un modele hydrologique par 

I'entremise d'un schema de surface commun pour simuler les interactions a I'interface. Bien 

que cette approche soit tres attrayante pour obtenir des donnees plus realistes et ainsi 

diminuer les sources d'incertitudes (Pietroniro, 2001), les modeles couples ne sont 

accessibles qu'aux organisations qui developpent les modeles de climat et qui disposent 

d'equipements informatiques relativement performants. 

2.2.5 Modelisatio n de s systemes hydrique s 

Les sections precedentes ont convert les outils pouvant etre utilises conjointement afin 

d'evaluer les impacts des changements climatiques sur les regimes hydrologiques. Dans le 

cas ou les apports sont regularises par des ouvrages, cette approche ne mene pas a une fin 

puisque les ecoulements sont naturels et controles. Les bassins geres font done intervenir des 

outils de gestion des systemes hydriques : des modeles d'optimisation et de simulation. lis 

sont bases sur differentes approches mathematiques, statistiques et physiques. Jusqu'a 

recemment, peu de chercheurs se sont interesses a 1'application de ces modeles dans le cadre 

d'etudes de changements climatiques. lis sont tout de meme presentes succinctement car ils 

doivent necessairement etre utilises pour mener a terme une etude d'impacts et d'adaptation 

de systemes hydriques. L'accent est mis sur leur applicabilite en contexte d'incertitude. 

D'un point de vue general, les modeles de gestion sont source d'incertitude puisqu'ils 

requierent des simplifications (discretisation, regroupement d'usagers ou de reservoirs). La 

modelisation est aussi limitee par les ressources informatiques, particulierement en raison du 

« curse of dimensionality » (Karamouz et  al,  2005), c'est-a-dire la presence d'un trop grand 

nombre de variables qui empechent la resolution d'un probleme d'optimisation complexe. 
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2.2.5.1 Model e d'optimisatio n 

II existe plusieurs fa9ons de calculer des regies de gestion d'un systeme hydrique. Labadie 

(2004) dresse I'etat de I'art des methodes. 

Les problemes de gestion de reservoir sont plus souvent statues comme etant des problemes 

d'optimisation. Les buts sont varies : maximisation de profits lies a la distribution a des 

usagers (production hydroelectrique, approvisionnement en eau ou irrigation), minimisation 

de deversements, optimisation de certains criteres de performance associes au controle des 

inondations et bien d'autres. Leur solution est compliquee en raison de la grande quantite de 

variables impliquees, la non-linearite des systemes dynamiques et la nature stochastique des 

variables (Mousavi et  al, 2004). 

Les modeles d'optimisation permettent de deduire des regies d'operation de reservoirs qui 

determinent la quantite d'eau a relacher ou a transferer a un autre reservoir (Wurbs, 1993). 

Concretement, une regie d'operation de reservoir peut se presenter sous forme de graphiques, 

d'equations ou de tableaux. Ces operations peuvent etre sur des bases saisonniere, mensuelle, 

journaliere ou horaire (Karamouz et  al,  2003). Karamouz et  al.  (2003) les classifie en deux 

categories, soit statique ou dynamique. 

Une regie statique ne considere pas I'etat du systeme et les conditions hydrologiques. Elle 

sert generalement de guide pour les gestionnaires et I'experience de ces demiers est le 

principal moteur de decision quant aux operations. L'un des desavantages des regies 

statiques est qu'elles ne tiennent pas compte des apports et de leur incertitude ainsi que de la 

presence d'un systeme a plusieurs reservoirs. En effet, 1'envirormement des systemes 

hydriques est dynamique de par leur nature, I'economie, les lois et les sciences (Brass et 

Schumarm, 2003). 

Une regie dynamique peut se presenter sous forme d'un tableau dictant les deversements en 

fonction de I'etat d'emmagasinement et des apports prevus (Karamouz et  al,  2003). Ce type 

de regies est utile afin de tenir compte de ces fluctuations parce que la gestion de I'eau peut 

etre affectee par la variabilite du climat, la demande et le marche, (Georgakakos et  al, 2005) 
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Les modeles mathematiques qui resolvent les problemes d'optimisation sont lineaires, non-

lineaires, dynamiques, deterministes, stochastiques, discrets ou continus. Les modeles 

dynamiques et stochastiques a variables discretes permettent de considerer l'incertitude des 

apports (nature stochastique), I'etat du systeme dans le temps (dynamique) et se resolvent 

plus aisement (variables discretisees). Pour ces raisons, il est juge qu'ils constituent une 

avenue a privilegier pour une etude en contexte de changements climatiques. 

2.2.5.2 Model e d e simulatio n 

Les modeles de simulation sont une representation du systeme hydrique qui sert a simuler 

son comportement selon des regies d'operation preetablies par un modele d'optimisation 

(Oliveira et Loucks, 1997; Rao et  al,  2001; Wurbs, 1993). Ils pemiettent done de faire 

cheminer I'eau d'un systeme hydrique de I'amont vers I'aval. 

Malgre le developpement de modeles d'optimisation, la majorite des etudes portant sur la 

gestion des reservoirs se base sur un modele de simulation uniquement (Lund et Guzman, 

1999). Les scenarios d'operation sont effectues selon une technique d'essais et erreurs et le 

but est d'obtenir une solution quasi optimale (Loucks et  al, 1981; Rao et  al, 2001). 

En resume, les modeles de simulation utilises conjointement avec plusieurs scenarios dans un 

processus iteratif constituent une alternative aux modeles d'optimisation. Srikanthan et 

McMahon (2001) soutiennent qu'une difficulte majeure dans les operations des systemes est 

la quantification des incertitudes qui resultent de la variabilite naturelle du climat, c'est-a-

dire la nature stochastique des apports. Pour les systemes complexes, la fa9on de tenir 

compte de cette incertitude est par 1'incorporation de la nature stochastique implicitement 

dans le modele, en generant des series d'apports synthetiques a entrer en tant que series 

deterministes, afin de rechercher un optimum local (Rao et  al,  2001). Les regies de gestion 

peuvent aussi etre fabriquees de maniere explicite en tenant compte de la variabilite des 

apports par le biais de densite de probabilites (Labadie, 2004). Turgeon (2005) a integre cette 

methode dans un modele d'optimisation de la gestion. 



CHAPITRE 3 

DOMAINE D'ETUD E 

Ce chapitre expose le domaine d'etude, en particulier les caracteristiques du bassin versant et 

du systeme hydrique de la riviere Peribonka. Les donnees historiques sont aussi presentees. 

3.1 Bassin versant de la riviere Peribonk a 

Le bassin versant de la riviere Peribonka est localise dans le centre-sud de la province du 

Quebec au Canada (figure 3.1), au nord du Lac-Saint-Jean. Sa superficie est de 27 000 km et 

son altitude varie entre 50 et 1000 m. II est subdivise en quatre sous-bassins principaux : 

Passes-Dangereuses (11 000 km^), Lac-Manouane (5 000 km^), Chute-du-Diable (9 700 km^) 

et Chute-a-la-Savane (1 300 km^). 

Canal Bonnard 

Reservoir Passes-Dangereuse s 

Riviere au Serpen t 

Riviere Peribonka 

Centrale Chute-a-la-Savane 

Passes-Dangereuses 
J 52 ° 

lac-Manouane 

j s r 
Reservoir Manouan e 

Riviere Manouane 

Chute-du-Dlablen j  50 ° 

Centrale Chute-des-Passe s 

Chute-i-la-Savane 

Centrale Chute-du-Diabl e 

L 
72° 

L 
71° 

L 
70° 

50 100 k m 

J 49° 

Figure 3.1 Sous-bassins, reservoirs  et  centrales hydroelectriques  au  bassin versant  de  la 
riviere Peribonka. 
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3.1.1 Occupatio n e t utilisation du sol 

Le territoire du bassin versant de la riviere Peribonka est occupe majoritairement par des 

forets (figure 3.2). Des forets resineuses occupcnt le nord du 50*̂  parallele alors que des forets 

mixtes sont au sud. L'embouchure de la riviere Peribonka est en milieu rural et elle est 

encerclee de champs agricoles. L'utilisation du sol est neanmoins essentiellement pour les 

activites forestiercs. 

Les donnees sur faffectation du territoire sont tirees de la Base de donnees topographiques 

du Quebec (BDTQ), de resolution 100 metres (Ministere des Ressources naturelles et de la 

faune du Quebec, 2006). 
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Figure 3.2 Occupation  du  sol au  bassin versant  de  la riviere Peribonka. 

3.1.2 Type s de sol 

Les depots de surface sont majoritairement du till non differencie. Le sol est a affleurement 

rocheux dans le secteur du reservoir Manouane. La region pres de fexutoire est caracterisee 

par la presence de depots organiques. 
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Les types de sol sont identifies a partir des cartes de depots de surface, a I'echelle 1 :50 000 

(Ministere des Ressources naturelles et de la faune du Quebec, 2003). 

3.1.3 Donnee s hydroclimatique s historique s 

Les stations meteorologiques pour lesquelles les donnees de precipitations et de temperatures 

minimales et maximales etaient disponibles sur et a proximite du bassin de la riviere 

Peribonka sont enumerees au tableau 3.1. 

Le climat de la region est tempere, avec une temperature moyenne annuelle de 0,5°C. Les 

precipitations moyennes annuelles sont de 1010 mm, dont 40 %> tombent sous forme dc neige 

selon I'historique de 1953-2003. La periode de gel, ou les temperatures moyennes 

journalieres sont inferieures a 0°C, s'echelonne sur environ six mois entre novembre et avril. 

Tableau 3.1 

Stations meteorologiques au bassin versant de la riviere Peribonka 

1 Latitude 
50,73 
49,84 
48,75 
49,06 
51,53 
50,89 
50,66 
49,37 
48,84 
48,76 
48,67 

Longitude 
71,03 
71,17 
71,70 
72,59 
71,11 
71,83 
70,53 
71,94 
72,55 
72,02 
71,53 

Station meteorologique 
Bonnard 

Chute-des-Passes 
Chute-du-Diable 

Hemon 
Lac Benoit 
Machisque 

Manouane Est 
Mistassibi 2 

Normandin CDA 
Peribonka 

St-Leon de Labrecque 

Historique 1 
1961-01-01 
1960-03-01 
1951-07-01 
1963-11-01 
1985-11-15 
1983-10-01 
1989-10-15 
1983-10-22 
1936-07-01 
1951-08-01 
1963-01-01 

2002-12-31 
2002-12-31 
2002-12-31 
2002-01-31 
2003-12-31 
2002-12-31 
2002-12-31 
2002-12-31 
1992-08-31 
2002-11-30 
1997-07-01 

Les donnees hydrometriques historiques utilisees sont les debits a la riviere au Serpent et les 

apports naturels a chaque sous-bassin de la riviere Peribonka. L'historique de la riviere au 

Serpent (bassin versant de 2220 km ), un affluent de la riviere Peribonka sur le sous-bassin 

Chute-du-Diable, etait disponible de 1979 a 1984. 

Les apports naturels controles ont ete calcules et fournis par les gestionnaires du systeme 

hydrique de la riviere Peribonka (Rio Tinto Alcan) pour la periode 1953 a 2003. Les debits 
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printaniers comptent pour 43 % du debit moyen annuel, alors que les apports hivemaux 

comptent pour 10 % et ceux de I'ete-automne pour 47 %. 

3.2 System e hydriqu e d e la riviere Peribonk a 

Tel qu'illustre a la figure 3.3, le systeme hydrique de la riviere Peribonka est compose de 

reservoirs et de centrales hydroelectriques en serie sur le cours de la riviere Peribonka. Les 

amenagements sont exploites et geres par Rio Tinto Alcan. 

Apports du sous-bassi n Lac-Manouan e , 

Apports du sous-bassi n Passes-Dangereuse s , 

4. 

Reservoir Lac-Manouan e 

Reservoir Passes-Dangereuse s 

Centrale Chute-des-Passe s 

Apports du sous-bassi n Chute-du-Diabl e 

Apports du sous-bassi n Chute-a-la-Savan e 

\1 
Centrale Chute-du-Dlabl e 

Centrale Chute-^-la-Sauan e 

Figure 3.3 Schema du  systeme hydrique  de  la riviere Peribonka. 

Trois centrales hydroelectriques sont disposees en serie sur la riviere Peribonka : Chute-des-

Passes, Chute-du-Diable et Chute-a-la-Savane. La puissance installee est 1165 MW. Les 

centrales Chute-du-Diable (224 MW) et Chute-a-la-Savane (245 MW) sont gerees au fil de 

I'eau alors que Chute-des-Passes (833 MW) est a reservoir. 

Deux reservoirs de tete alimentent ces centrales : Lac-Manouane (2700 hm^) et Passes-

Dangereuses (5200 hm^). Le reservoir Lac-Manouane se situe en amont de la riviere 

Manouane. L'ecoulement y est derive vers la riviere Peribonka par le canal Bonnard depuis 

la fin des annees 1950. Les eaux deversees du reservoir Lac-Manouane alimentent le 

reservoir Passes-Dangereuses, situe en amont de la centrale Chute-des-Passes. L'eau chemine 
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ensuite vers les centrales au fil de l'eau Chute-du-Diable et Chute-a-la-Savane. Le temps de 

parcours entre les amenagements est inferieur a sept jours (Alcan metal primaire, 2004). 

L'usage principal de la ressource en eau est pour la production hydroelectrique. Les 

reservoirs amenages pour cet usage servent aussi aux activites recreatives, telles la navigation 

et la peche. 

3.2.1 Operation s d u systeme hydriqu e 

La gestion du systeme hydrique est etroitement liee au contexte hydrologique a trois saisons 

distinctes : hiver, printemps et ete-automne. L'hiver s'etend de decembre a mars, le 

printemps d'avril a juin et I'ete-automne de juillet a novembre. Le systeme hydrique est gere 

de maniere a maximiser les niveaux d'eau dans les reservoirs tout en minimisant les 

depassements du niveau normal d'exploitation. 

L'annee hydrologique debute l'hiver, alors que les temperatures moyennes journalieres sont 

sous le point de congelation. Les precipitations neigeuses s'accumulent au sol et ne 

contribuent pas au ruissellement. Quelques evenements pluvieux peuvent survenir et 

augmenter le debit de base. Les apports aux reservoirs sont minimums et les reservoirs sont 

maintenus a leur niveau normal d'exploitation, pour ensuite etre abaisses graduellement pour 

contenir la crue printaniere. Au printemps, les temperatures remontent au dessus du point de 

congelation et la neige au sol fond et ruisselle vers le reseau hydrographique. Les apports aux 

reservoirs au printemps constituent une grande part des debits moyens annuels. 

L'ete et I'automne, les fluctuations de debits sont occasionnees par des evenements pluvieux. 

Les reservoirs sont alors geres de maniere a maximiser leur niveau d'eau tout en deversant 

lorsque des evenements risquent de compromettre la securite des ouvrages. 

3.2.2 Donnee s d e gestion historique s 

Les dormees relatives aux operations disponibles pour cette etude sont les debits turbines et 

deverses, les niveaux d'eau des reservoirs et la production hydroelectrique journaliere a 

chaque installation, de 1990 a 2005. Elles ont ete foumies par la division Energie electrique 

de Rio Tinto Alcan, les exploitants du systeme hydrique. 



CHAPITRE 4 

RESUME DE LA RECHERCH E 

Ce chapitre presente un resume substantiel de la recherche. Dans un premier temps, les liens 

entre les articles composant cette these sont etablis. Dans un deuxieme temps, la 

methodologie suivie pour completer les travaux est presentee. Dans un troisieme temps, les 

principaux resultats obtenus sont illustres et commentes. 

La methodologie et les resultats sont separes en categories : projections climatiques, 

simulations hydrologiques et simulations du systeme hydrique. De plus, certains aspects des 

travaux, qui appuient la demarche mais qui n'ont pas ete abordes dans les articles, sont 

incorpores en guise de complementarite. Tout au long du resume de la recherche, le lecteur 

est dirige vers les articles en annexes pour davantage de precisions. 

4.1 Lien s entr e les article s 

Le developpement de strategies d'adaptation aux changements climatiques devra etre 

complementaire aux mesures d'attenuation des GES selon les principes d'equite et de 

developpement durable {Voir  Minville (2007) a I'annexe 1). 

La ressource en eau figure parmi l'un des secteurs les plus potentiellement touches par les 

changements climatiques et qui necessitera le deploiement de mesures d'adaptation. A ce 

sujet, le GIEC signale que les pratiques de gestion actuelles seront manifestement 

inadequates pour reduire les effets negatifs des changements climatiques sur 

I'approvisionnement en eau, les risques d'inondations et l'energie (Kundzewicz et  al, 2007). 

Minville et  al  (2008c), a I'annexe 4, appuie cette position en demontrant que la perfonnance 

du systeme hydrique de la riviere Peribonka diminue en contexte de changements climatiques 

si les regies de gestion des reservoirs ne sont pas adaptees aux regimes hydrologiques 

potentiels futurs. Ces changements dans les regimes hydrologiques sont au niveau des debits 

moyens annuels et saisonniers et dans leur variabilite (Voir  Minville et  al  (2008a) a I'annexe 

2). En revanche, la simulation des operations avec des regies de gestion adaptees a des 
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regimes hydrologiques potentiels futurs reduit les impacts et peut meme ameliorer la 

performance. Les simulations des operations des reservoirs avec des apports hydrologiques 

decoulant de deux approches de modelisation (approche globale, voir  Minville et  al  (2008d) 

de I'annexe 5 et approche distribuee, voir  Minville et  al.  (2008e) de fannexe 6) permettent 

de tirer cette conclusion. 

L'incertitude des projections climatiques et de la modelisation hydrologique est consideree 

avec les approches de modelisation multiscenario et multimodele. Les regimes hydrologiques 

futurs sont incertains, en raison de differences significatives dans leur tendance, moyenne et 

variance {Voir  Minville et  al.  (2008b) a I'armexe 3). 

4.2 Methodologi e 

La presentation de la methodologie est subdivisee en quatre sections : vue d'ensemble, 

projections climatiques, simulations hydrologiques et simulations du systeme hydrique. II 

s'agit d'un resume des principales etapes de la demarche suivie pour completer les travaux. 

Pour plus de details, le lecteur est dirige vers les publications en annexe. 

4.2.1 Vu e d'ensembl e 

L'idee generale est d'evaluer le potentiel d'adaptation de la gestion du systeme hydrique de 

la riviere Peribonka selon deux combinaisons d'approches de modelisation hydrologique et 

de fabrication de projections climatiques : HSAMI-Deltas et Hydrotel-MRCC. Ces approches 

se distinguent par le degre de complexite des outils utilises. 

Pour parvenir a cette fin, une sequence d'operations doit etre realisee : fabrication de 

projections climatiques, simulations des impacts hydrologiques, simulations du systeme 

hydrique et adaptation de la gestion du systeme hydrique. 

D'abord, des projections climatiques sont produites selon deux approches (Deltas et MRCC). 

Ces projections sont introduites dans des modeles hydrologiques (HSAMI et Hydrotel 

respectivement) afin de determiner les impacts hydrologiques. Les apports hydrologiques 

sont engages dans un modele de simulation du systeme hydrique (ResSim), avec les regies de 

gestion actuelles, pour evaluer la performance du systeme hydrique en contexte de 
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changements climatiques. Enfin, les regimes hydrologiques sont utilises avec un modele de 

simulation du systeme hydrique (SimETS) et des regies de gestion adaptees aux changements 

climatiques. Ces regies sont generees avec un modele d'optimisation (OptPoly). 

Par la suite, une analyse des regimes hydrologiques est effectuee afin d'evaluer l'incertitude 

des modeles hydrologiques et des projections climatiques. Les simulations hydrologiques 

decoulant de combinaisons de deux modeles hydrologiques et deux projections climatiques 

(HSAMI-MRCC, HSAMI-Deltas, Hydrotel-MRCC et Hydrotel-Deltas) sont comparees. 

La figure 4.1 offre une vue macroscopique de la methodologie. 

'^<'?f 

PROJECTIONS 
CLIMATIQUES Deltas 

SIMULATIONS 
HYDROLOGIQUES 

SIMULATIONS DU 
SYSTlME HYDRIQUE 

-SAMI 

ResSIM 

MRCC 

HYDROTEL 

Figure 4.1 Vue  macroscopique  des travaux de recherche. 

4.2.2 Limite s temporelles de l'etude 

La periode de changements climatiques etudiee s'etend de 2010 a 2099. Cette periode est 

fractionnee en trois horizons de 30 ans : 2020(2010 a 2039), 2050(2040 a 2069) et 

2080 (2070 a 2099). 

Les differentes variables en contexte de changements climatiques sont comparees a celles de 

la periode de controle (1961-1990). Cette periode, aussi appelee periode de reference, 

constitue une base pour comparer les resultats en contexte de changements climatiques. 
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4.2.3 Projection s climatique s 

Les projections climatiques sont les donnees de temperatures et de precipitations journalieres. 

Elles proviennent de variables a grande echelle des modeles de circulation generale (MCG), 

qui ont ete reduites d'echelle pour etre applicables a I'echelle d'un bassin versant. 

Dans le cadre des travaux de recherche, les projections climatiques sont produites selon deux 

approches : les deltas et la reduction d'echelle dynamique. La premiere methode suppose que 

le climat est stationnaire sur chaque horizon de 30 ans, alors que le climat evolue en regime 

transitoire sur la periode etudiee avec la seconde. 

Cette sous-section decrit les deux approches utilisees pour la fabrication des projections 

climatiques. 

4.2.3.1 Approch e de s delta s 

Les informations propres aux projections climatiques de la methode des deltas sont detaillees 

dans Minville et  al. (2008a) a I'annexe 2. 

En resume, la methode des deltas consiste a appliquer la difference, pour les temperatures, ou 

le quotient, pour les precipitations, entre les donnees simulees par un MCG a la periode de 

reference et a chaque horizon climatique. Cette difference, appelee delta, est appliquee aux 

donnees journalieres historiques de la periode de controle pour former une projection 

climatique. II s'agit d'une maniere de perturber les moyennes mensuelles, sans toutefois 

modifier la variance, afin de preparer les scenarios futurs joumaliers utilisables en 

modelisation hydrologique. L'application de la methode est simple et pennet d'obtenir une 

large gamme de projections climatiques rapidement. Une altemative a la methode, qui permet 

de tenir compte de la variance, consiste a perturber le delta en fonction de la variance intra-

mensuelle des MCG (Shabalova et  al,  2003). Toutefois, la variance a ce pas de temps n'etait 

pas disponible lots de la preparation des projections. 

Les projections climatiques disponibles proviennent de cinq MCG pour trois scenarios 

d'emissions de GES differents. Les combinaisons sont presentees au tableau 4.1. Les 
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numeros referent aux identifiants des projections climatiques reutilises dans les figures et 

tableaux. 

Tableau 4.1 

Projections climatiques de la methode des deltas 

MCG 

HadCM3 
ECHAM4 

CSIRO 
CCSRNIES 

CGCM3 

A2 
1 
3 
5 
7 
9 

GES 
31 

10 

32 
2 
4 
6 
8 

Ces MCG ont ete choisi selon les criteres etablis par I'lPCC Data distribution center (2005): 

• Etre un modele couple atmosphere-ocean 
• Avoir ete documente dans la litterature 
• Avoir ete initialise par une simulation de controle sur plusieurs siecles 
• Avoir participe au second projet d'intercomparaison des modeles couples (CMIP2) 

Les MCG HadCM3, ECHAM4, CSIRO, CCSRNIES, CGCM3, GFDL et NCAR-PCM 

repondaient a ces criteres. Ces demiers sont decrits et compares dans Lambert et Boer 

(2001). GFDL a ete disqualifie puisque les temperatures moyermes seulement etaient 

disponibles, et les modeles hydrologiques requierent les temperatures minimales et 

maximales. NCAR-PCM a aussi ete elimine car la Bale d'Hudson n'y est pas representee et 

cela induit un biais sur les temperatures en raison de I'effet regulateur de ce plan d'eau. Pour 

ce qui a trait aux scenarios de GES, ils sont choisis en fonction de la disponibilite des 

dormees. 

L'etape qui a suivi la fabrication des projections climatiques par la methode des deltas a 

consiste a generer des series climatiques synthetiques representatives de chacune des 

projections climatiques avec le generateur stochastique de climat WeaGETS (Caron, 2005), 

base sur l'approche de Richardson (1981). Cet outil permet de decrire les donnees 

climatiques en distribution de probabilites et de les employer afin de produire une serie 

chronologique synthetique de temperatures et precipitations d'une duree quelconque. La serie 
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comporte les memes proprietes statistiques que la serie originale. En tout, 30 series 

synthetiques de 30 ans chacune ont ete generees, pour chaque projection climatique et 

horizon, ainsi que pour la periode de reference. 

L'interet des dormees synthetiques est de simuler les regimes hydrologiques sous plusieurs 

series climatiques representatives d'une projection climatique. La variabilite naturelle du 

climat est alors consideree en partie. 

4.2.3.2 Reductio n d'echell e dynamiqu e 

Les informations propres aux projections climatiques de la reduction d'echelle dynamique 

sont detaillees dans Minville et  al (2008e) a I'annexe 6. 

La reduction d'echelle dynamique est effectuee par des modeles regionaux de climat (MRC). 

Les MRC sont des simulateurs informatiques qui reproduisent les principales caracteristiques 

du systeme climatique avec des equations de la physique et de la thermodynamique. 

Les projections climatiques proviennent du Modele regional canadien de climat (MRCC) 

(Caya et Laprise, 1999; Plummer et  al,  2006). Les conditions aux frontieres sont prescrites 

par le modele de circulation generale CGCM3 A2. Le choix du pilote repose sur la 

disponibilite des donnees. Les donnees climatiques sont disponibles au pas de temps 

joumalier pour la periode 1961 a 2099, sur une grille d'environ 45 kilometres de resolution, 

pour un total de 30 points de grille sur et a proximite du bassin versant de la riviere 

Peribonka {Voir  figure 4.2 (a)). 

Les donnees climatiques bmtes du MRCC n'ont pas ete utilisees directement dans le cadre 

des travaux, car elles presentaient un biais par rapport aux observations de la periode de 

reference 1961-1990. Les observations qui ont permis cette comparaison sont des donnees 

climatiques interpolees par krigeage a partir de stations meteorologiques (Tapsoba et  al, 

2005). Elles etaient disponibles sur une grille de 10 km de resolution {Voir  figure 4.2 (b)). 

La correction du biais a pour consequence de detmire les bilans de masse, d'energie et de 

momentum, qui sont au coeur de I'avantage de I'outil de reduction d'echelle dynamique. La 

correction du biais aurait pu etre evitee en supposant que le biais aux horizons de 
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changements climatiques est le meme que celui a la periode de reference. Les analyses 

peuvent generalement etre realisees avec des comparaisons de changements (relatifs au 

detriment d'absolus) pour les impacts hydrologiques des changements climatiques. Cette 

methodologie aurait ete privilegiee si les impacts hydrologiques des changements climatiques 

seulement avaient ete evalues. Toutefois, l'etape supplementaire concernant les etudes sur la 

gestion du systeme hydrique a jusfifie la correction du biais. II aurait ete plus difficile de 

justifier les impacts sur la fiabilite et la vulnerabilite des reservoirs en terme relatifs car 

1'introduction d'un biais aurait pu induire de fausse tendance. Par exemple, un doublement 

du missellement en ete (tel que remarque en ne corrigeant pas le biais) aurait pu conduire a 

des baisses de fiabilite importantes autant a la periode de reference et aux horizons de 

changements climatiques, alors qu'elle est pres de 100 % si le biais est ajuste. La meme 

remarque s'applique pour les deversements non-productibles. 

(a) MRCC (b) Obs 

72.0'W 7 1 5 ' W 71 0 W 7Q S" W 7D 0 W 720 w 7 1 , 6 ' w 71 0 W 7 0 5 W 7D 0 W 

Figure 4.2 Grilles des donnees climatiques (a) du modele regional canadien de climat 
(MRCC) et (b) des observations (obs) interpolees par krigeage. 
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Les donnees de temperatures et de precipitations du MRCC ont ete corrigees sur la periode 

1961-2099, de fa^on a en retirer le biais entre le MRCC et les observations a la periode 1961-

1990. La methode suppose que le biais du MRCC dans le futur est le meme qu'a la periode 

de controle. 

La correction des biais a ete effectuee pour les temperatures mensuelles minimales et 

maximales {Biais_T)  du MRCC (equation 4.1). Pour la periode de reference, les temperatures 

mensuelles a chaque tuile du MRCC {TMRCC),  et la moyenne des observations correspondant 

a cette tuile {Tobs),  ont ete calculees. La difference entre la moyenne des temperatures 

observees et la moyemie des temperatures simulees pour la periode de controle 1961-1990 a 

ete appliquee aux donnees du MRCC 1961-2099 (equation 4.2). Cette technique fait en sorte 

que les donnees climatiques joumalieres simulees par le MRCC a la periode de controle, 

corrigees du biais a chaque tuile {TMRCC  ajustee), ont les memes moyennes mensuelles que les 

donnees climatiques moyermes observees sur cette tuile. 

Biais_T= 7;,„„, - To,^  (4.1) 

TMUCC ajustee  = ^AfflCC + BiaiS  _T  (4.2) 

Les donnees de precipitations (PMRCC)  ont ete corrigees du biais selon la methode LOCI 

(equation 4.3) adaptee de Schmidli (2006). Chaque tuile du MRCC a ete couplee a la 

moyenne des observafions correspondant a cette tuile afin d'ajuster localement les frequences 

et les intensites mensuelles de precipitations. La methode necessite dans un premier temps 

d'egaliser les frequences mensuelles du MRCC (fraction mensuelle des jours pluvieux) aux 

frequences des observations. Pour ce faire, le nombre moyen de jours pluvieux observe dans 

un mois (precipitafions journalieres superieures au seuil PoWDT  de  1 millimetre) est calcule 

et le seuil des precipitations joumalieres du MRCC PsWDT,  qui permet d'obtenir le meme 

nombre de jours pluvieux, est determine. Dans un deuxieme temps, un facteur mensuel s  est 

calcule pour egaler les moyennes de precipitations mensuelles du MRCC de la periode de 

controle 1961-1990 a la moyenne des precipitations mensuelles des observafions. Dans un 

troisieme temps, les seuils {PsWDT)  et facteurs {s)  mensuels qui ont permis d'ajuster les 

precipitations de la periode de controle sont reutilises pour ajuster les precipitations de la 

periode 1990-2099. 
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p 
•* MRCC ajustee 

Si P,,,,,  >  PoWDT 
PoWDT + . (P,,,,,  -  PsWDT)  ^^  ^^ 
autre 
0 

Cette methode fait en sorte que les precipitations mensuelles corrigees du MRCC a la periode 

de controle ont les memes intensites et frequences moyennes mensuelles que les 

observations. La methode suppose que le biais du MRCC dans le futur est le meme qu'a la 

periode de controle. 

4.2.4 Simulation s hydrologique s 

La simulation des regimes hydrologiques a ete realisee avec les modeles hydrologiques 

HSAMI et Hydrotel. II s'agit de modeles utilises pour la prevision des debits a Hydro-

Quebec et au Centre d'expertise hydrique du Quebec (CEHQ) respectivement. Le recours a 

ces modeles hydrologiques est done justifie par le fait qu'ils constituent les principaux outils 

pour la prevision des apports aux reservoirs dans la province du Quebec. lis ont fait leurs 

preuves pour les simulations hydrologiques en region nordique. 

4.2.4.1 Modelisatio n hydrologiqu e global e 

Le modele hydrologique HSAMI est utilise de maniere operationnelle par Hydro-Quebec 

depuis une vingtaine d'annees. II permet de simuler les apports naturels d'un bassin versant 

gere ou les debits a fexutoire d'un bassin ou les ecoulements sont naturels, selon les 

observations ou previsions de variables meteorologiques tels les temperatures minimales et 

maximales, les precipitations et I'ensoleillement. II s'agit d'un modele conceptuel global 

constitue de trois reservoirs lineaires en cascades qui generent le ruissellement a partir de 

deux hydrogrammes unitaires. Les processus simules sont I'evapotranspiration, 1'interception 

de la pluie et de la neige, 1'infiltration ainsi que les ecoulements verticaux et horizontaux 

(Bisson et Roberge, 1983; Fortin, 2000). II est con9u pour fonctiormer a un pas de temps 

d'une heure a une joumee. 

Les resultats de I'etalonnage et de la validation du modele hydrologique HSAMI pour les 

quatre sous-bassins sont presentes au tableau 4.2. Une valeur negative represente une sous-
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estimation du modele par rapport aux donnees observees. Les ecarts pour le debit et de temps 

de pointe, ainsi que pour le volume annuel, sont pour la periode d'etalonnage et validation. 

Tableau 4.2 

Criteres d'etalonnage et de validafion du modele hydrologique HSAMI 

Sous-bassin Nash-Sutcliffe 

Debit de 
pointe de 

Temps de 
pointe de 

crue 
Hour) 

Volume 
annuel 

.^.,„A.ijAi,^.UsS! 4JJaaiim!XM/.M^~iM^^^i«i<0/iij^ 
Chute-a-la-Savane 
Chute-du-Diable 
Lac-Manouane 

Passes-Dangereuses 

0,78 
0,92 
0,68 
0,81 

0,68 
0,89 
0,51 
0,77 

- 3 
- 2 
- 11 
- 5 

0 
- 3 
+ 4 
+ 1 

-12 
+ 8 
-10 
-3 

L'etalonnage est effectue pour chaque sous-bassin du bassin versant de la riviere Peribonka 

avec une serie meteorologique moyenne fabriquee avec les donnees historiques 1984-2003 

des stations meteorologiques envirormantes. Ces series ont ete moyennees selon la methode 

des polygones de Thiessen pour chacun des sous-bassins. 

4.2.4.2 Modelisatio n hydrologiqu e distribue e 

Le modele Hydrotel (Fortin et  al,  2001a) est developpe par 1'Institut national de recherche 

scientifique secteur Eau terre et envirormement. II est implante de maniere operationnelle par 

le Centre d'expertise hydrique du Quebec pour la prevision des apports hydrologiques de 

certains ouvrages hydrauliques du domaine de I'etat. 

Hydrotel est un modele distribue a base physique qui opere selon six sous-modeles : 

I'interpolation des donnees meteorologiques, revolution du convert nival, I'evapotranspiration 

potentielle, le bilan d'eau vertical, l'ecoulement sur la partie terrestre du bassin et 

l'ecoulement dans le reseau hydrographique. Differentes options sont offertes a I'utilisateur 

pour la simulation des processus hydrologiques. Dans le cadre des travaux presentes, les 

donnees meteorologiques ont ete importees sous forme d'une grille prealablement interpolee 

par krigeage (Tapsoba et  al,  2005). Les autres processus hydrologiques ont ete simules avec 

les options des sous-modeles au tableau 4.3. 
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Tableau 4.3 

Sous-modeles pour la simulation des processus hydrologiques dans Hydrotel 

Sous-modeles 
Interpolation des dormees 
climatiques 

Options 

Importation d'une grille exteme 

Evolution du convert nival Approche mixte degre-jours et bilan thermique 
Evapotranspiration Hydro-Quebec 
Bilan d'eau vertical BV3C 
Ecoulement sur la partie 
terrestre 

Onde cinematique 

Ecoulement dans le reseau 
hydrographique 

Onde cinematique 

La performance d'etaloimage et de validation du modele hydrologique Hydrotel pour les 

quatre sous-bassins est montree au tableau 4.4. Les ecarts pour le debit et de temps de pointe, 

ainsi que pour le volume annuel, sont presentes pour la periode d'etalonnage et validation. 

Une valeur negative represente une sous-estimation du modele par rapport aux observations. 

Tableau 4.4 

Criteres d'etalonnage et de validation du modele hydrologique Hydrotel 

Sous-bassin Nash-Sutcliffe 
Debit de 
pointe de 

crue 
(%) 

Temps de 
pointe de 

crue 

(jour) 

Volume 
annuel 

(%) 
iCalibration V'alidatid 

Chute-a-la-Savane 
Chute-du-Diable 
Lac-Manouane 

Passes-Dangereuses 

0,70 
0,85 
0,54 
0,76 

0,66 
0,78 
0,47 
0,69 

- 11 
-18 
- 10 
-8 

0 
+ 5 
+ 2 

0 

-2 
0 

- 14 
-5 

4.2.4.3 Modelisatio n hydrologiqu e e n contexte de changements climatique s 

Les simulations des debits pour les etudes d'adaptation de la gesfion ont ete completees en 

introduisant, d'une part, les projections climatiques de l'approche des deltas dans le modele 

hydrologique HSAMI (HSAMI-Deltas), et d'autre part, en incorporant la projection 
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climatique issue de la reduction d'echelle dynamique dans le modele hydrologique Hydrotel 

(Hydrotel-MRCC). 

En plus des simulations specifiquement realisees pour le volet adaptation de la gestion de la 

ressource en eau de la these, d'autres modelisations ont ete realisees afin d'investiguer 

l'incertitude des modeles hydrologiques et des projections climatiques dans les etudes 

d'impacts. Pour ce faire, les projections climatiques de l'approche des deltas et de la 

reduction d'echelle dynamique ont ete introduites dans les modeles hydrologiques HSAMI et 

Hydrotel, pour un total de quatre combinaisons : HSAMI-Deltas, HSAMI-MRCC, Hydrotel-

Deltas et Hydrotel-MRCC. Les projections climatiques de chaque approche etaient basees sur 

le modele de circulation generale CGCM3, force avec le scenario de GES A2. L'utilisation 

d'un meme MCG et scenario de GES pour les deux approches permet de tenir compte de 

l'incertitude de la reduction d'echelle. 

Les debits des combinaisons de modeles hydrologiques et de projecfions climatiques ont ete 

compares afin de mesurer l'incertitude de la projection et du modele a I'echelle saisonniere. 

4.2.5 Simulation s de s operations du  systeme hydriqu e 

Le ruissellement au bassin versant de la riviere Peribonka est controle par des barrages et 

ouvrages de regularisation des debits. Les apports hydrologiques naturels simules avec les 

modeles hydrologiques sont retenus dans les reservoirs. Le chcminement de l'eau vers I'aval 

du systeme hydrique s'effectue avec un modele de simulation des operations. Les regies de 

gestion, incorporees au modele de simulation, dictent les apports controles a soutirer des 

reservoirs. Les debits soutires sont turbines par les centrales hydroelectriques, ou deverses 

lorsque le soufirage suggere par la regie excede la capacite hydraulique des centrales. 

Les simulations du systeme hydrique ont d'abord ete effectuees avec le modele HEC-

ResSim. Le but etait d'analyser la gestion des reservoirs de la riviere Peribonka, soumis a des 

scenarios hydrologiques futurs, en conservant les regies de gestion actuelles. La gestion 

simulee a aussi ete comparee a la gesfion observee. 

Par la suite, le comportement du systeme hydrique a ete etudie en utilisant de nouvelles 

regies de gestion optimisees avec les apports en eau en contexte de changements climatiques. 
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Un modele de simulation developpe specifiquement pour les travaux a ete utilise avec des 

regies de gesfion adaptees. Le modele ResSim n'a pas ete utilise en raison de I'impossibilite 

de lui arrimer dans sa structure le format des regies de gestion optimisees. 

4.2.5.1 Impact s de s changements climatique s su r la gestio n 

Les informations propres a la gestion du systeme hydrique avec les regies de gestion 

actuelles sont presentees dans Minville et  al. (2008c) a I'annexe 4. 

La modelisation du systeme hydrique a ete dans un premier temps realisee avec le modele de 

simulafion ResSim du US Army Corps of Engineers (2003). II s'agit de la demiere 

generation du logiciel HEC-5 largement utilise pour la gestion des systemes hydriques de 

domaine public aux Etats-Unis. Les etapes de simulation du systeme hydrique comprennent 

I'etalonnage du modele avec les apports observes et revaluation des impacts des 

changements climatiques sur la gestion avec les regies d'operation actuelles. 

ResSim est un modele de simulation des reservoirs qui permet de simuler les debits turbines 

et deverses ainsi que la production hydroelectrique selon des regies d'operation, des 

contraintes et des objectifs specifiques. C'est un logiciel modulaire qui offre a I'utilisateur de 

combiner differentes configurations de systemes hydriques, geometries de reservoirs, 

contraintes, conditions initiales et scenarios d'apports hydrologiques. 

Les principales donnees d'entree sont les apports naturels aux reservoirs, les proprietes 

physiques des cours d'eau et reservoirs, la capacite d'evacuation des ouvrages ainsi que les 

caracteristiques des centrales hydroelectriques, notamment la capacite installee, leur 

efficacite ainsi que les courbes de tarage. 

Le modele de simulation du systeme hydrique est valide avec les apports naturels observes 

aux quatre sous-bassins durant la periode 1990-2003 et selon les contraintes de niveaux, les 

objectifs de production hydroelectrique, les volumes cibles a maintenir dans les reservoirs 

ainsi que selon le temps de laminage moyen entre les reservoirs. 
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4.2.5.2 Impact s e t adaptation d e la gestion au x changements climatique s 

Les informations propres a la gestion du systeme hydrique avec les regies de gestion adaptees 

sont presentees dans Minville et  al (2008d) et Minville et  al (2008e) en annexe 5 et 6. 

La modelisation du systeme hydrique a ete dans un deuxieme temps realisee avec des regies 

de gestion adaptees. Le potentiel d'adaptation aux changements climatiques de la gestion du 

systeme hydrique de la riviere Peribonka a ete evalue pour les scenarios d'apports 

hydrologiques des approches HSAMI-Deltas et Hydrotel-MRCC. L'outil utilise pour la 

generation des regies de gestion est le meme pour les deux approches. Neanmoins, il subsiste 

des differences methodologiques dans son application. 

Generalites sur la production des regies de gestion 

Les regies de gestion des reservoirs ont ete produites avec un modele d'optimisafion 

dynamique et stochastique (Turgeon, 2005). L'interet des modeles d'optimisation dynamique 

reside dans le fait qu'ils permettent de decomposer un probleme non-lineaire a plusieurs 

variables, comme la gestion de reservoirs multiples, en sous-problemes resolus a chaque pas 

de temps (Yeh, 1985). La composante stochasfique du modele d'optimisafion permet de 

considerer l'incertitude des apports a venir pour I'etablissement de la regie optimale, ce qui 

est un avantage indeniable pour une etude en contexte de changements climatiques. 

Concretement, la regie de gestion dicte la quantite d'eau a soutirer de chaque reservoir de 

tete. Elle est fonction de la semaine consideree, de I'etat du systeme (volumes d'eau dans les 

reservoirs) et des apports hebdomadaires a chaque sous-bassin. II suggere la meilleure 

operation en fonction de I'etat actuel et des gains potentiels aux pas de temps subsequents. 

Un avantage d'une regie dynamique en contexte de changements climatiques est qu'elle est 

adaptative. 

Le modele d'optimisation necessite en entree une serie d'apports hydrologiques et un fichier 

decrivant le systeme hydrique. Ce dernier inclut les caracteristiques des groupes turbine-

altemateur, les courbes de production, la capacite hydraulique des ouvrages de regularisation, 

les contraintes d'operation, les penalites des violations de contraintes et les caracteristiques 
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des reservoirs. La fonction benefice est la production moins les couts de violations des 

contraintes d'exploitation. 

Les operations des reservoirs ont ete simulees a un pas de temps hebdomadaire avec le 

modele programme dans 1'envirormement Matlab pour les besoins de l'etude. Les 

caracteristiques des ouvrages et des centrales y sont incorporees. II fait appel aux regies 

d'operation generees par le modele d'optimisation pour simuler les operations du systeme 

hydrique soumis a des series d'apports hydrologiques hebdomadaires. Le modele de 

simulation distribue l'eau du systeme hydrique selon les principes de conservation du bilan 

hydrique. 

Les simulations des operations en contexte de changements climatiques n'ont pas ete 

comparees avec les operations observees. Elles ont plutot ete comparees aux operations 

simulees avec les conditions climatiques de la periode de controle. Cela permet entre autres 

de reduire le biais du modele hydrologique. Toutefois, il est important de mentiormer que le 

modele reproduisait la gestion observee sur la periode 1990-2005 (periode de disponibilite 

des observations) pour le critere de production hydroelectrique moyenne annuelle, avec une 

surestimation de 1 %. 

Pour les simulations des operations du systeme hydrique, aucune demande energetique n'a 

ete specifiee, ni a la periode de controle, ni pour les simulations futures. 

Specificites de l'approche HSAMI-Deltas 

Les regies de gestion avec l'approche HSAMI-Deltas ont ete produites pour chaque 

projection climatique a chaque horizon. Un ensemble de regies hebdomadaires a ete genere 

pour chacun des 30 scenarios d'apports hydrologiques futurs et pour le scenario d'apports 

representatif de la periode de controle, pour un total de 31 ensembles de regies de gestion 

hebdomadaires. 

A chaque horizon, les regimes hydrologiques sont consideres statioimaires. Les 900 annees 

d'apports hydrologiques composant chaque projection climatique sont done utilisees pour la 

generation de chaque ensemble de gestion. Neanmoins, les regies de gesfion sont en pratique 

actualisees chaque annee. Cette approche n'a pas ete exploitee pleinement avec la methode 
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HSAMI-Deltas car il etait considere que cet effort de calcul ne serait necessaire qu'avec des 

regimes climatiques transitoires. 

La methodologie est detaillee dans Minville et  al (2008d) a I'annexe 5. 

Specificites de l'approche Hydrotel-MRCC 

A I'instar de l'approche HSAMI-Deltas, les regies de gesfion des reservoirs avec l'approche 

Hydrotel-MRCC ont ete actualisees annuellement pour la periode 1990-2099, pour un total 

de 110 ensembles de regies de gestion hebdomadaires. Cette strategic a ete privilegiee pour 

exploiter le plein potentiel des donnees climatiques du MRCC en regime transitoire. 

L'actualisation de la regie de gestion chaque annee reflete la realite. En pratique, les regies 

de gestion sont rafraichies au debut de l'annee en ajoutant les apports observes de l'annee 

precedente. L'historique en entier est utilise lorsque les donnees sont stationnaires. 

Or, en contexte de changements climatiques, les tendances dans les debits moyens annuels de 

1990-2099 montrent qu'ils respectent I'hypothese de stationnarite sur des plages mobiles de 

35 ans (test de Marm-Kendall). Les regies de gestion ont done ete produites chaque annee en 

n'utilisant que les 35 dernieres annees de l'historique des debits, et non I'historique en enfier. 

La methodologie est detaillee dans Minville et  al. (2008e) a I'annexe 6. 

4.3 Resultat s 

La presentation des resultats est subdivisee en trois sections : les projections climatiques, les 

simulations hydrologiques et les simulations du systeme hydrique. II s'agit d'un resume des 

principaux resultats des articles. Pour plus de details, le lecteur est dirige vers les publications 

en annexe. 

4.3.1 Projection s d e changements climatique s 

Les projections climatiques issues de la methode des changements des deltas et de la 

reduction d'echelle dynamique sont maintenant exposees. 
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4.3.1.1 Method e des deltas 

Les statistiques des projections climatiques realisees avec la methode des deltas sont 

detaillees dans Minville et al. (2008a) a I'annexe 2. 

Les ecarts annuels et saisonniers des variables climatiques de temperatures et precipitations 

des MCG, entre les horizons de changements climatiques et la periode de controle, sont 

presentes a la figure 4.3. Las figures A.l a A.3 de I'appendice A montre les deltas mensuels. 

II s'agit des deltas qui ont ete appliques aux donnees joumalieres historiques. 
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Figure 4.3 Deltas annuels et saisonniers pour les horizons 2020, 2050 et 2080. 

La tendance annuelle au bassin versant de la riviere Peribonka est univoque : toutes les 

projections proposent des augmentations de temperatures et de precipitations. L'amplitude 

des changements s'accentue avec le temps, avec des augmentations des temperatures 

moyennes annuelles de I'ordre du 2 a 10 °C et des precipitations de 2 a 28 %. les differences 

intermodele est aussi plus grande avec le temps : les changements de temperature en fonction 

des changements des precipitations sont de plus en plus disperses a chaque horizon. 
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A I'echelle saisonniere, la majorite des projections climatiques montrent des augmentations 

saisonnieres des precipitations, a I'exception d'ECHAM4 au printemps qui projette des 

diminutions de moins de 1 %. Pour la majorite des projections futures, les plus fortes 

augmentations de temperature surviendraient l'hiver. A I'horizon 2080, les temperatures 

hivemales pourraient augmenter jusqu'a 12 °C sous CCSRNIES A2 et les precipitafions 

jusqu'a 47 % sous CGCM3 A2. 

Le tableau 4.5 montre les dates moyennes de passage de la temperature sous et au-dessus du 

point de congelation, tirees des cycles annuels des temperatures. La duree de la periode de 

gel pourrait passer de six mois pour la periode de controle a environ trois mois a I'horizon 

2080. Les cycles annuels de temperatures, pour chacune des projections climatiques a chaque 

horizon, sont presentes a la figure A.4 de I'appendice A. 

Tableau 4.5 

Dates moyennes de passage du point de congelation 
Exemple pour le sous-bassin Chute-du-Diable 

1 Period e 
Controle 
2020 
2050 
2080 

21 octobre 
7 novembre 
21 novembre 
15 decembre 

Dates 1 
15 avril 
7 avril 
21 mars 
7 mars 

Dans le meme ordre d'idees, la figure A.5 de I'appendice A expose, pour la periode de 

controle par rapport aux projections de changements climatiques, la repartition de la 

precipitation pluvieuse par rapport a la precipitation neigeuse en hiver. Elle montre que les 

precipitations hivemales tendent a augmenter entre 2020 a 2080 avec toutes les projections. 

En 2020 et 2050, les quantites de precipitations sous forme de neige ne seraient pas 

inferieures aux quantites de la periode de controle. L'excedent tomberait sous forme de pluie. 

En 2080, les quantites de precipitations neigeuses diminueraient de pres du quart par rapport 

a la periode de controle. Les precipitations hivemales sous forme de pluie pourraient 

augmenter de plus d'un facteur de 10 par rapport a la periode de controle. 



43 

4.3.1.2 Reductio n d'echelle dynamique 

Les biais mensuels entre les donnees climatiques du MRCC et les observations a la periode 

de controle 1961-1990 ont d'abord ete calcules. Ensuite, les donnees du MRCC sur la 

periode enfiere 1961-2099 ont ete corrigees de maniere a reduire le biais. 

Biais entre les donnees du MRCC et les observafions (1961-1990) 

Une analyse des moyennes mensuelles des precipitations et des temperatures de la periode de 

controle 1961-1990 du MRCC (pilote avec CGCM3 A2) par rapport aux observafions 

demontrait qu'elles presentaient des differences. Les biais et moyennes mensuelles sont 

illustres a la figure 4.4. 
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(a) Temperatures mensuelles minimales et maximales des donnees observees (obs) et du 
MRCC. (b) Precipitations moyermes mensuelles des donnees observees (obs) et du MRCC. 

(c) Biais des temperatures et (d) des precipitations. 

Figure 4.4 Temperatures et precipitations moyennes sur Vensemble du bassin versant pour 
la periode de  reference, comparees aux moyennes observees (MRCC). 
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D'une part, les temperatures minimales mensuelles du MRCC, par rapport aux observations, 

sont sous-esfimees tons les mois, jusqu'a 6°C en avril. Les temperatures maximales sont 

sous-esfimees a l'ete et a I'automne jusqu'a 4°C en aoiit. Les precipitafions sont surestimees 

au printemps, en ete et en automne, jusqu'a 25 % en juin, et sous-estimes en hiver, jusqu'a 

18 %) en decembre. 

Projecfion climatique corrigee du biais (1961-2099) 

Les donnees climafiques du MRCC sur la periode 1961-2099 ont ete ajustees en fonction des 

biais. Apres cette operation, les donnees climatiques du MRCC presentaient les memes 

moyennes que les observations a la periode de reference. Les precipitations du MRCC 

avaient de surcroit les memes frequences mensuelles. 

Les statistiques des variables climatiques du MRCC sont detaillees et discutees dans Minville 

et al (2008e) a I'annexe 6. 

En resume, la tendance a 1'augmentation des temperatures moyennes armuelles et 

saisonnieres est significative (test de Mann-Kendall). L'evolution des temperatures, de 1961 

a 2099, a I'echelle annuelle et saisormiere, est illustree a la figure 4.5. Aux echelles annuelle 

et saisonniere, les changements de moyennes et de variances des temperatures, par rapport a 

1961-1990, sont statistiquement significatifs aux periodes 2010-2039, 2040-2069 et 2070-

2099 (t-test et f-test respectivement). 

La tendance a 1'augmentation des precipitations moyennes amiuelles et saisonnieres est aussi 

statistiquement significative, generalement a partir de I'horizon 2050. L'evolution des 

precipitations, de 1961 a 2099, a I'echelle annuelle et saisonniere, est illustree a la figure 4.6. 

Des changements statistiquement significatifs dans les moyermes et variances des projections 

climatiques ont aussi ete detectes avec des t-test et f-test respectivement. En resume, les 

augmentations de precipitations sont plus marquees en hiver et au printemps. A I'ete-

automne, il n'y a pas de changement statistiquement significatif 
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La courbe superieure de chaque graphique presente la temperature maximale et la courbe 
inferieure, la temperature minimale. Le trait bleu indique que la tendance a la hausse est 

statistiquement significative. Les boites grisees indiquent la dispersion des temperatures pour 
tons les points du MRCC sur le bassin versant. 

Figure 4.5 Temperatures  moyennes annuelles et saisonnieres sur I'ensemble du bassin 
versant, pour la periode 1961-2099 (MRCC). 
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Le trait noir indique un regime qui respecte I'hypothese de stationnarite et le trait bleu une 
tendance statistiquement significative a la hausse. Les boites grisees indiquent la dispersion 

des temperatures pour tous les points du MRCC sur le bassin versant. 

Figure 4.6 Precipitations moyennes annuelles et saisonnieres sur I'ensemble du bassin 
versant, pour la periode 1961-2099 (MRCC). 
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4.3.2 Simulation s hydrologique s 

Les sections suivantes presentent les resultats des modelisations hydrologiques des deux 

approches preconisees dans les travaux pour les etudes portant sur la gestion : HSAMI-Deltas 

et Hydrotel-MRCC. De plus, les resultats des analyses croisees sont aussi resumes. 

4.3.2.1 Modelisatio n hydrologique globale (HSAMI) - Method e des deltas (Deltas) 

Les resultats de la modelisation hydrologique avec HSAMI et les projecfions climatiques de 

la methode des deltas sont illustres et discutes dans Minville et al (2008a) a I'armexe 2. 

La figure 4.7 presente les hydrogrammes moyens au sous-bassin Chute-du-Diable pour toutes 

les projections climatiques a chaque horizon. lis sont compares a I'hydrogramme moyen 

annuel, simule avec les donnees climatiques de la periode de reference, en trait noir gras. 
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Exemple pour le sous-bassin Chute-du-Diable. 

Figure 4.7 Hydrogrammes moyens annuels des horizons 2020, 2050 et 2080 (HSAMI-
Deltas). 
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Les hydrogrammes moyens montrent qu'il y a une tendance a 1'augmentation des debits 

hivernaux (novembre a avril) pour tous les MCG a tous les horizons. Une diminution est 

remarquee a I'ete-automne (juin a octobre) pour certains MCG en 2020 et 2050, et pour tous 

les MCG, sauf CCSRNIES A2. en 2080. La pointe de crue printaniere moyenne est precoce 

jusqu'a deux semaines en 2020 et jusqu'a six semaines en 2080, dependamment du MCG. 

Quant au debit moyen de pointe de crue printaniere, les MCG CGCM3 et HadCM3 

proposent des augmentations pour tous les horizons alors que les autres MCG proposent des 

diminutions ou le statu quo. Le modele CCSRNIES se demarque avec de plus importantes 

diminutions du debit de pointe de crue, augmentations des debits hivemaux et pour sa 

precocite dans la pointe de cme printaniere. Les debits non-moyennes de chaque projections 

sont representees aux figures B.l a B.3 de I'appendice B. Les changements de volumes de 

cme printaniere sont presentes a la figure B.4 de I'appendice B. 

4.3.2.2 Modelisatio n hydrologiqu e distribue e (Hydrotel ) -  Method e d e reductio n 
d'echelle dynamiqu e (MRCC ) 

Les regimes hydrologiques decoulant de la projection climatique du MRCC ont d'abord ete 

analyses pour la periode de controle. Les hydrogrammes moyens avec les donnees 

climatiques observees ont ete compares aux hydrogrammes moyens avec les donnees 

climatiques simulees. Ensuite, les hydrogrammes moyens des periodes futures (2010-2039, 

2040-2069 et 2070-2099) ont ete compares aux hydrogrammes moyens de la periode de 

controle (1961-1990), simules avec les donnees climatiques du MRCC. 

Hydrogrammes de la periode de controle 

En premiere analyse, les hydrogrammes moyens de la periode de reference 1961-1990, 

generes avec les dormees climatiques observees et les donnees climatiques du MRCC 

corrigees de maniere a reduire le biais, ont ete superposes (figure 4.8). L'interet etait de 

comparer les hydrogrammes resultant de series climatiques ayant les memes moyennes 

mensuelles. 

Des differences au niveau des temps de pointe moyens de la crue printaniere ont ete 

remarquees pour les bassins versants Chute-du-Diable, Lac-Manouane et Passes-

Dangereuses. La crue printaniere moyerme a la periode de controle, simulee avec les donnees 
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du MRCC, est precoce d'une semaine par rapport a la crue observee de la meme periode. 

Une analyse approfondie a permis d'identifier que les differences entre la variabilite des 

donnees de temperatures du MRCC et des observations en etaient la cause. La correction du 

biais des temperatures s'effectue sur la moyerme mensuelle seulement, et ne permet pas 

d'ajuster la variabilite journaliere a I'interieur du mois. 

Dans un autre ordre d'idees, la figure 4.8 montre, pour le sous-bassin Chute-du-Diable 

seulement, I'hydrogramme moyen sans la correction du biais des donnees du MRCC (trait 

pale gris). 
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Figure 4.8 Hydrogrammes moyens annuels, pour la periode de reference 1961-1990 
(Hydrotel-MRCC). 
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La sous-estimation des temperatures du MRCC au printemps engendre une cme printaniere 

tardive de deux semaines. La surestimation des precipitations en ete provoque des debits plus 

eleves. Cet hydrogramme demontre la necessite de corriger les biais des donnees climatiques 

du MRCC pour des etudes d'impacts hydrologiques au bassin versant etudie. Une autre 

remarque conceme la cme printaniere moyenne ecretee des simulations par rapport aux 

observations, due a I'effet combinee des precipitations moyennees sur la tuile du MRCC et 

de l'utilisation d'un modele hydrologique distribue, 

Hydrogrammes des periodes futures et de la periode de controle 

Des analyses statistiques des changements de moyenne et de variance des regimes 

hydrologiques, ainsi que sur la detection des tendances, sont effectuees et commentecs dans 

Minville et al (2008e) a I'annexe 6. 

Les hydrogrammes moyens sur 30 ans de chaque sous-bassin pour la periode de reference 

1961-1990 et les periodes futures 2010-2039, 2040-2069 et 2070-2099 sont presentes a la 

figure 4.9. 
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En contexte de changements climatiques, les debits moyens estivaux et automnaux diminuent 

davantage pour les sous-bassins situes plus au sud (Chute-a-Ia-Savane et Chute-du-Diable). 

Ces sous-bassins presentent aussi des debits hivernaux plus eleves et un devancement moyen 

du debut de la cme plus important que les sous-bassins plus au nord (Lac-Manouane et 

Passes-Dangereuses). 

4.3.2.3 Modelisation s hydrologique s croisee s (HSAMI-MRCC, Hydrotel-MRCC , 
HSAMI-Deltas e t Hydrotel-Deltas ) 

Les resultats des simulations hydrologiques croisees avec les combinaisons de modeles 

hydrologiques et de projections climatiques sont detailles dans Minville et  al.  (2008b) a 

I'annexe 3. 

L'analyse des regimes hydrologiques des quatre combinaisons de methodes de reduction 

d'echelle et de modeles hydrologiques (HSAMI-MRCC, Hydrotel-MRCC, HSAMI-Deltas et 

Hydrotel-Deltas) montre que I'incertitude liee a la reduction d'echelle (avec CGCM3 A2) est 

plus importante que celle associee au modele hydrologique. Toutefois, le modele 

hydrologique engendre aussi des incertitudes. La figure 4.10 montre les hydrogrammes 

moyens annuels des quatre combinaisons a la periode de controle et aux horizons 2020, 2050 

et 2080. Les enveloppes des debits de chacune des combinaisons sont presentees a la figure 

B.4 de I'appendice B. 

En contexte de changements climatiques, la crue printaniere est conditionnee par la 

projection climatique. Toutefois, le modele HSAMI engendre plus de variabilite pour la crue 

et la decrue que le modele Hydrotel. La precocite etait identifiee a I'etalonnage et a la 

validation. Cette variabilite s'accentue avec le temps. En ete, le modele HSAMI simule des 

debits proches avec les deux projections climatiques alors que le modele Hydrotel amplifie le 

sens du changement de HSAMI. Les differences proviendraient de la simulation du processus 

dominant en ete, I'evapotranspirafion. 
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Figure 4.10 Hydrogrammes moyens  de  la periode de  controle 1961-1990  et  les horizons 
2020, 2050  et  2080, pour chaque  combinaison  de  projections climatiques  et  de modeles 

hydrologiques 

4.3.3 Simulatio n de s operations du systeme hydriqu e 

Les resultats des simulations des operations du systeme hydrique en contexte de changements 

climatiques se scindent en deux categories majeures : avec les regies de gestion actuelles et 

avec les regies de gestion adaptees. Ensuite, l'etude avec les regies de gestion adaptees se 

subdivise de nouveau en deux approches en ce qui a trait aux scenarios d'apports 

hydrologiques employes : HSAMI-Deltas et Hydrotel-MRCC. 

4.3.3.1 Gestio n ave c le s regies actuelle s 

Les simulations avec les regies de gestion actuelles ont ete realisees avec le modele HEC-

ResSim pour I'horizon 2050. Elles avaient pour but de verifier le comportement du systeme 

hydrique soumis a des regimes hydrologiques differents, sans adaptation de la gestion. 
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Les resultats detailles de ces indicateurs sont presentes dans Minville et  al.  (2008c) a 

I'annexe 4. Les indicateurs de gestion analyses pour evaluer le comportement du systeme 

hydrique de la riviere Peribonka sont la production hydroelectrique, les deversements non 

productibles et la fiabilitedes reservoirs. 

En resume, la production hydroelectrique moyenne totale decroit par rapport a la periode de 

controle pour toutes les projections climatiques, jusqu'a 12 % annuellement, a I'exception de 

la simulafion sous CGCM3 A2 qui propose une augmentation de 2 % (figure 4.11). 
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Figure 4.11 Production moyenne  annuelle  et  saisonniere en  fraction de  la production de  la 
periode moyenne  annuelle  de  la periode de  reference, pour  la  periode de  reference 1961-

1990 (cp)  et  les projections climatiques  (1  a 10) a I'horizon 2050  (HSAMI-Deltas-ResSim). 

A I'echelle saisonniere, la production moyenne en hiver et a I'ete-automne augmente avec 

toutes les projections a I'exception d'ECHAM4 A2 et B2. La production moyenne diminue 

au printemps sous toutes les projections climatiques sauf la simulation avec CGCM3 A2. 

Pour ce qui est de la production annuelle a chaque centrale prise individuellement, la 

tendance est a I'augmentation aux centrales au fil de l'eau et a la diminution a la centrale 

geree par reservoir. Les centrales au fil de l'eau beneficient des augmentations d'hydraulicite 

et/ou des differences intersaisons moins marquees dans les debits, alors que la centrale par 

reservoir n'est pas geree de maniere optimale pour la crue printaniere. 
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La tendance generale des deversements non productibles moyens annuels est a 

I'augmentation, a I'exception des simulations avec ECHAM4 A2 et B2. Cet accroissement 

est imputable aux importants deversements au printemps par rapport a la periode de controle 

et a la regie de gestion actuelle qui n'est pas optimisee pour la gestion de la crue. En realite, 

les gestionnaires du systeme hydrique de la riviere Peribonka optimisent la periode ou le 

niveau des reservoirs doit etre abaisse au printemps. Toutefois, le modele ResSim ne permet 

pas d'optimiser la gestion et ainsi, il ne represente pas fidelement la realite a cette saison.Les 

deversements non productibles diminuent aux autres saisons pour la plupart des projections 

climatiques. 

Les simulations des operations du systeme hydrique avec les apports hydrologiques en 

contexte de changements climatiques ont demontre que les reservoirs etaient moins fiables 

(les niveaux depassaient le niveau maximal d'exploitation) annuellement de 1 % pour la 

projection climatique CGCM3 A2. Les reservoirs Lac-Manouane et Passes-Dangereuses 

etaient vulnerables (les niveaux depassaient le niveau normal d'exploitation) avec cinq et 

trois projections climatiques respectivement. 

4.3.3.2 Gestio n ave c les regies adaptee s 

Le comportement du systeme hydrique en contexte de changements climatiques avec des 

regies de gestion adaptees a ete investigue avec les apports hydrologiques des approches 

HSAMI-Deltas et Hydrotel-MRCC. Dans les deux situations, les criteres d'analyse sont la 

modification des niveaux moyens, la production hydroelectrique moyenne armuelle et 

saisonniere, le rendement des centrales, les deversements non productibles, la fiabilite et la 

vulnerabilite des reservoirs. 

Comme menfionne dans la methodologie, les simulafions de l'approche HSAMI-Deltas 

differaient de l'approche Hydrotel-MRCC au point de vue de la production des regies de 

gesfion. Avec l'approche HSAMI-Deltas, les regies de gestion sont opfimisees pour chaque 

projection climatique a chaque horizon, en utilisant les 900 annees d'apports de chaque 

horizon. L'approche Hydrotel-MRCC, avec les donnees du MRCC transitoires, permettait 

d'actualiser les regies de gestion chaque annee. 
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Approche HSAMI-Deltas 

Les resultats des simulations des operations du systeme hydrique selon l'approche HSAMI-

Deltas sont detailles dans Minville et al (2008d) a I'annexe 5. 

Les regies de gestion sont representees avec les niveaux moyens des reservoirs, tel qu'a la 

figure 4.12 ci-apres. 
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Figure 4.12 Niveaux moyens des reservoirs, pour la periode de reference 1961-1990 
(control period) et les projections climatiques (1 a 10) aux horizons 2020, 2050 et 2080 

(HSAMI-Deltas-SimETS/OptPoly). 

En resume, I'adaptation de la gestion se manifeste par un rehaussement progressif des 

niveaux moyens du reservoir Lac-Manouane de 2020 a 2080 en hiver jusqu'au debut de l'ete, 

par rapport aux simulations de la periode de controle. A l'ete et a I'automne, I'inverse se 

produit, c'est-a-dire que le niveau du reservoir est abaisse. Les niveaux d'eau sont aussi 

hausses plus tot a la fin du printemps. 

La tendance au reservoir Passes-Dangereuses est moins univoque que pour le reservoir Lac-

Manouane selon les projections climatiques. L'adaptation de la gestion s'effectue en 

devan9ant la date de vidage du niveau du reservoir au printemps avec la plupart des 

projections climatiques. De plus, I'adaptation de la gestion au reservoir Passes-Dangereuses 

se manifeste par un changement dans le niveau moyen minimum du reservoir au printemps. 
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Ces changements s'accentuent davantage plus la periode est eloignee de la periode de 

reference 1961-1990. 

En ce qui a trait a la production hydroelectrique moyenne annuelle (figure 4.13), la tendance 

est a I'augmentation aux trois horizons de changements climatiques. La projection climatique 

ECHAM4 A2 en 2020 fait exception, avec une diminution d'environ 1 %. 
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Figure 4.13 Production totale moyenne annuelle et saisonniere, pour la periode de 
reference 1961-1990 (periode de reference) et les projections climatiques (1 a 10) aux 

horizons 2020, 2050 et 2080 (HSAMI-Deltas-SimETS/OptPoly). 

Les gains de production se produisent majoritairement au printemps pour I'ensemble des 

projections en 2020, pour se deplacer progressivement en hiveren 2080. La saison estivale-

automnale presente les moins importants gains en production. Des diminutions par rapport a 

la periode de controle sont aussi simulees avec les projections climatiques ECHAM4 A2 et 

B2 a tous les horizons. 

Les deversements non productibles moyens armuels et saisonniers presentent une tendance a 

I'augmentation par rapport a la periode de controle. Ces augmentations s'accentuent aussi 

plus I'horizon envisage est loin. A I'echelle saisonniere, le printemps, et dans une moindre 

mesure l'hiver, se demarquent particulierement pour les augmentations de deversements non 

productibles. Les simulations avec des apports des projections climafiques HadCM3 et 

CGCM3 se distinguent pour leurs importants accroissements de deversements, jusqu'a 300 % 
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par rapport a la periode de controle. Ces projections sont aussi celles qui provoquent des 

depassements du niveau maximal d'exploitation au reservoir Passes-Dangereuses. 

Approche Hydrotel-MRCC 

Les resultats des simulations des operations du systeme hydrique selon l'approche Hydrotel-

MRCC sont detailles dans Minville et  al  (2008e) a I'armexe 6. Les tendances et les 

changements dans les moyennes et variances des indicateurs sont compiles et commentes. 

Le changement dans la regie de gestion a ete analyse selon les niveaux moyens 

hebdomadaires aux periodes 2010-2039, 2040-2069 et 2070-2099, par rapport a 1961-1990. 

La figure 4.14 montre les niveaux moyens des reservoirs Lac-Manouane et Passes-

Dangereuses a ces periodes. Deux modifications dans la gestion des reservoirs ressortent: le 

decalage temporel des niveaux au printemps et le changement dans les niveaux moyens 

saisormiers. Ces modifications s'accentuent davantage plus la periode est eloignee de la 

periode de reference 1961-1990. 

Figure 4.14 Niveaux moyens  des  reservoirs,  pour  la  periode de  reference 1961-1990  et  les 
horizons 2020,  2050  et  2080 (Hydrotel-MRCC-SimETS/OptPoly). 

De plus, le niveau est plus eleve au printemps au reservoir Lac-Manouane a toutes les 

periodes futures. II augmente en ete-automne de juillet a novembre en 2010-2039 et en 2070-

2099. En 2070-2099, le niveau decroit de juin a novembre. L'hiver, il est davantage abaisse 

aux periodes 2040-2069 et 2070-2099 qu'a la periode 1961-1990. Le niveau est maintenu 

plus bas en 2070-2099 afin d'eviter les violations de contraintes resultant du depassement de 
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la cote maximale d'exploitation, dues aux periodes de redoux plus frequentes. lis sont 

davantage abaisses en ete en 2010-2039 afin d'elever la hauteur de chute au reservoir Passes-

Dangereuses, consequemment aux baisses d'hydraulicite a cette saison. 

Le reservoir Passes-Dangereuses suit les memes tendances que le reservoir Lac-Manouane, 

sauf que le decalage de la periode de rabaissement au printemps est plus prononce. En 

consequence au decalage du debut de la crue de 10, 20 et 30 jours pour les periodes 2010-

2039, 2040-2069 et 2070-2099 respectivement, la periode de vidage du reservoir est 

devancee d'environ les memes durees a chaque periode. L'ete-automne, le niveau est plus 

eleve. L'hiver, il est maintenu en moyenne aux periodes futures comme a la periode de 

controle. 

La production hydroelectrique totale au systeme hydrique et individuellement a chaque 

centrale est illustree a la figure 4.15. La production hydroelectrique totale au systeme 

hydrique presente une tendance a la baisse jusqu'en 2030, et par la suite a la hausse jusqu'en 

2099, la limite temporelle de l'etude. La tendance a la hausse est statistiquement significative 

(test de Mann-Kendall). 
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Le trait noir indique un regime qui respecte I'hypothese de stationnarite, le trait rouge une 
istiquement significative a la baisse et le trait bleu une tendance statistiquemen 

Le trait noir indique un regime qui respecte i nypotnese ae stationnarite, le trait rouge une 
tendance statistiquement significative a la baisse et le trait bleu une tendance statistiquement 

significative a la hausse. 

Figure 4.15 Production hydroelectrique moyenne de 1961-2099 (Hydrotel-MRCC-
SimETS/OptPoly). 
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La baisse de production au systeme hydrique est due a la baisse de production statistiquement 

significative aux centrales au fil de l'eau (Chute-du-Diable et Chute-a-la-Savane) jusqu'en 

2030. La centrale a reservoir (Chute-des-Passes) ne presente pas de baisse significative de 

production hydroelectrique moyenne. A I'echelle saisonniere, il apparait que les baisses dans 

la production moyenne annuelle surviemient en ete-automne aux centrales Chute-du-Diable 

et Chute-a-la-Savane. Aux autres saisons, la production hydroelectrique est a la hausse a 

toutes les centrales. Les tendances sont significatives a partir de la periode 2040-2079. En 

plus des changements dans les moyennes de production, des changements de variances sont 

aussi simules. La variance dans la production hydroelectrique moyerme augmente sauf en 

hiver. La plus forte variabilite est au printemps. 

Les deversements non productibles moyens annuels et saisonniers presentent une tendance a 

I'augmentation aux periodes futures par rapport a la periode de controle. Les deversements 

moyens triplent entre la periode 2070-2099 et la periode de reference 1961-1990. A I'echelle 

saisonniere, le printemps, et dans une moindre mesure l'hiver, se demarquent pour les 

augmentations de deversements non productibles. 

La fiabilite moyenne du reservoir Lac-Manouane, au cours des 139 annees, est de 99,99 %. 

Pour ce qui est du reservoir Passes-Dangereuses, sa fiabilite est de 100 %. 

4.4 Interpretatio n de s resultats e t discussion 

Les travaux de recherche s'articulaient autour d'hypotheses methodologiques et initiales. Les 

resultats sont interpretes et discutes en fonction de ces demieres. 

Hypothese methodologique 1 

Les modeles  hydrologiques  calibres  avec  les  donnees  meteorologiques  du  passe recent  sont 

transferables dans  le  futur. Les  differentes  combinaisons  de  modeles  hydrologiques  et  de 

projections climatiques  sont  appropriees  pour  projeter  les  impacts  hydrologiques  des 

changements climatiques. 

Aucune aberration n'a ete remarquee avec les combinaisons de modeles hydrologiques et de 

projections climatiques employees pour mener les etudes d'adaptation de la gestion du 

systeme hydrique (HSAMI-Deltas et Hydrotel-MRCC). L'examen des variables d'etat des 
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simulations hydrologiques n'indique pas qu'un processus hydrologique ait pu etre limite par 

des parametres calibres des modeles hydrologiques. Toutefois, I'hypothese de transferabilite 

des parametres de calibration du modele HSAMI en contexte de changements climatiques 

n'est pas confortee lorsqu'il est utilise avec les donnees du MRCC dans le cadre des analyses 

croisees. 

L'analyse croisee des debits estivaux en contexte de changements climatiques montre qu'ils 

sont influences par la combinaison du modele hydrologique et de la projection climatique de 

laquelle ils sont issus {Voir  Minville et  al  (2008b) a I'annexe 3). Les debits moyens en ete 

avec le modele HSAMI different peu selon qu'ils resultent de la projection des dehas ou du 

MRCC, alors que les debits moyens estivaux avec le modele Hydrotel varient 

considerablement. Les debits sont faibles avec Hydrotel-MRCC et eleves avec Hydrotel-

Deltas. Ces differences proviendraient de la simulation du processus dominant en ete : 

I'evapotranspiration reelle. L'evapotranspiration potentielle est simulee par I'equation 

Hydro-Quebec (Fortin et  al,  2001a; Turcotte et  al,  2007) dans HSAMI et Hydrotel. La 

quantite d'eau evapotranspiree avec le modele HSAMI depend surtout de la disponibilite de 

l'eau dans le reservoir conceptuel de la zone non saturee. Un parametre de calibration du 

modele HSAMI est la capacite du reservoir de la zone saturee. Avec les deltas en contexte de 

changements climatiques, le reservoir de la zone non sature se comporte comme avec les 

observations qui ont permis de calibrer le modele. L'etat du reservoir fluctue 

«normalement», avec un niveau de saturation eleve au printemps et moyen en ete. 

L'evapotranspiration reelle n'est alors pas limitee par la capacite du reservoir. Cependant, 

avec les donnees du MRCC, le reservoir de la zone non saturee est plein du printemps a la fin 

de I'automne (les precipitations du MRCC sont plus constantes et elles contribuent a 

maintenir le sol humide). II est a noter qu'avec le modele Hydrotel, la teneur en eau dans le 

sol avec les donnees du MRCC etait plus elevee qu'avec les deltas {Voir  figure B.6 de 

I'appendice B), ce qui appuie le raisoimement. 

Les debits plus importants avec Hydrotel-Deltas par rapport a HSAMI-Deltas seraient le 

resultat de I'etalonnage du modele Hydrotel, qui avait la particularite de surestimer les debits 

a la periode de reference. 
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Hypothese methodologique 2 

II y  a  davantage  d'incertitudes  dans  la  projection  climatique  que  dans  le  modele 

hydrologique. 

La conclusion des auteurs qui se sont attardes aux incertitudes des modeles hydrologiques et 

des projections climatiques sur les regimes hydrologiques est que l'incertitude de la 

projection est plus importante que celle du modele (Dibike et Coulibaly, 2005; IPCC, 2001a; 

Pmdhomme et  al,  2003). Les travaux presentes dans cet article confirment partiellement 

cette affirmation. 

Le choix d'une projection climatique et d'un modele hydrologique influence la modelisation 

de la crue printaniere et les debits estivaux. Des differences souvent non statistiquement 

significatives dans les moyennes mensuelles de projections climatiques conduisent a des 

differences statistiquement significatives dans les regimes hydrologiques. Ces impacts 

seraient attribuables aux differences de variabilite statistiquement significatives des donnees 

climatiques, en plus des processus hydrologiques simules par les modeles. 

Les resultats des travaux indiquent que la cme printaniere est plutot conditionnee par la 

projection climatique. Le modele hydrologique influence toutefois la forme de 

I'hydrogramme, qui est systematiquement plus variable avec le modele conceptuel global 

HSAMI, peu importe la projection climatique. En ete, les modeles hydrologiques utilises 

presentent des comportements particuliers, ce qui permet d'affirmer qu'il y a davantage 

d'incertitude dans le modele hydrologique a cette saison, pour les raisons evoquees a 

rhypothese methodologique  I. 

Hypothese initiale 1 

Les changements  climatiques  auraient  des  consequences  sur  les  regimes  hydrologiques,  qui 

se repercuteraient sur  la  gestion de  systemes hydriques. 

Les resultats, peu importe la demarche poursuivie (HSAMI-Deltas ou Hydrotel-MRCC), 

montrent que la tendance generale, au systeme hydrique de la riviere Peribonka, est a 

I'augmentation des apports moyens annuels aux reservoirs. L'hypothese etait fondee puisque 

les resultats demontrent une modification des niveaux moyens des reservoirs. 
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Outre les changements annuels dans les regimes hydrologiques, les perturbations dans la 

saisonnalite ont aussi affecte la gestion. Dans Minville et  al.  (2008a) a I'armexe 2, il est 

demontre que les changements dans la moyenne des debits saisormiers sont significatifs a 

toutes les saisons et horizons avec l'approche HSAMI-Deltas. De plus, Minville et  al. 

(2008e) a I'annexe 6 concluent que les changements dans la moyemie des debits moyens 

saisonniers sont significatifs en ete-automne et en hiver selon l'approche Hydrotel-MRCC. 

Ces impacts saisonniers menent a des decalages dans la periode de remplissage et de vidage 

des reservoirs au printemps, a des modifications des niveaux moyens saisonniers des 

reservoirs, et parfois meme, a des deplacements dans les pointes de production saisonniere. 

Par exemple, la production etait maximale l'ete pour la periode de reference 1961-1990 avec 

l'approche HSAMI-Deltas {Voir  Minville et  al.  (2008d) a I'annexe 5), et cette pointe de 

production etait deplacee en hiver pour de nombreuses projections climatiques en 2080. 

Un autre indicateur de gestion perturbe par les impacts hydrologiques des changements 

climatiques conceme les deversements non productibles. Les deversements moyens annuels 

et saisonniers augmentent pour toutes les projections climatiques. Des augmentations ont 

meme ete simulees en ete-automne pour les projections climatiques qui entrainaient des 

baisses des debits. Cet exemple demontre que les changements dans les moyennes ne 

suffisent pas a expliquer les resultats. L'augmentation des deversements non productibles 

moyens resulte done du changement dans la variabilite des apports. Les debits moyens 

estivaux-automnaux diminuent en moyerme a chaque periode future, mais leur variabilite 

augmente {Voir  Minville et  al. (2008e) a I'armexe 6). 

Hypotheses initiales 2 et 3 

L'adaptation de  la  gestion  d'un  systeme  hydrique  attenuerait  les  effets  negatifs  des 

fluctuations du  climat.  Certaines  projections  climatiques  amelioreraient  la  performance du 

systeme hydrique  par  rapport  a  la periode de  reference 1961-1990. 

Les simulafions du systeme hydrique a I'horizon 2050 avec les regies de gestion actuelles 

{Voir Minville et  al.  (2008c) a I'annexe 4) engendraient une baisse de production 

hydroelectrique annuelle de 1 a 12 % pour la majorite des projections. Une seule projection 

anticipait une hausse, et elle etait de 2 %. 
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A 1'oppose, les simulations du systeme hydrique avec les regies de gestion adaptees {Voir 

Minville et  al,  (2008d) a I'annexe 5 et Minville et  al,  (2008e) a I'annexe 6) engendraient, 

pour la totalite des projections climatiques au meme horizon, des hausses de production 

hydroelectrique armuelle, de I'ordre du 1 a 14 %. Une seule projection provoquait une baisse 

de 1 %. Ces resultats demontrent clairement que les regies de gestion adaptees aux 

changements climatiques doivent etre utilisees dans les etudes d'impacts et d'adaptation, afin 

d'illustrer le plus justement possible les consequences des changements climatiques sur la 

performance des systemes hydriques. 

Des simulations qui n'ont pas fait I'objet d'une publication appuient cette constatation. Les 

figures C.l et C.2 de I'appendice C exposent les gains et les pertes en production 

hydroelectrique a utiliser des regies de gestion optimisees avec les regimes hydrologiques 

futurs par rapport aux regies optimisees avec les regimes de la periode de reference 1961-

1990. II appert que I'adaptation de la gestion ameliore la production moyenne annuelle et la 

fiabilite des reservoirs. Ces resultats demontrent aussi que l'adaptation du systeme hydrique 

maximise les installations en place et peut meme ameliorer la performance du systeme 

hydrique par rapport a la periode de reference 1961-1990. 

Hypothese initiale 4 

Les resultats  d'une  approche  de  modelisation  hydrologique  distribuee  et  d'un  seul  MRC, 

seraient dans  la  plage  d'incertitude  des  resultats  de  nombreuses  modelisations 

hydrologiques globales  avec  des  projections climatiques  de  l'approche des  deltas. 

Les differents resultats des simulations des variables hydroclimatiques et de gestion de 

systeme hydrique des approches HSAMI-Deltas et Hydrotel-MRCC ont ete compares. 

Les changements des debits moyens annuels, par rapport a la periode de controle avec 

l'approche HSAMI-Deltas, varient de -2 a +14 % en 2020 et -20 a +30 % en 2080, selon les 

projecfions climatiques. Pour ce qui est de l'approche Hydrotel-MRCC, ils varient de +7 % 

en 2020 a +21 % en 2080 pour la seule projection climatique utilisee. L'hypothese est done 

verifiee en ce qui a trait au debit moyen armuel. Toutefois, un element important a ete 

remarque lors de la comparaison specifique entre la projection climatique du MRCC (pilotee 

par le CGCM3 A2) et la projection climatique realisee selon la methode des deltas avec le 
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MCG CGCM3 A2, lors des analyses croisees. Bien que la projection du MRCC ait ete 

pilotee avec le CGCM3 A2, elle differe neanmoins de son homologue produite selon les 

deltas. Avec la methode des deltas, les plus importantes augmentations des debits resultent 

des projections climatiques produites avec CGCM3 A2 (14 %, 19 % et 30 %, respectivement 

en 2020, 2050 et 2080). Par contre, avec le MRCC, les hausses sont plus conservatrices (7 

%, 14 % et 21 %). L'analyse croisee des projections climatique et des modeles hydrologiques 

montrent que l'incertitude pourrait decouler de I'effet combine de la methode de reduction 

d'echelle et du modele hydrologique. La correction du biais du MRCC peu aussi avoir 

contribue a rompre le lien entre les methodes de reduction d'echelle. 

Ces ecarts se repercutent sur la production moyenne annuelle, qui change de +11 %, +14 % 

et +20 % en 2020, 2050 et 2080 par rapport a la periode de reference sous HSAMI-Deltas 

pour CGCM3 A2 et qui change de -2 %, +9 % et 18 % sous Hydrotel-MRCC. Ces 

differences sont attribuables a la methode de reduction d'echelle utilisee et au modele 

hydrologique. 



CHAPITRE 5 

CONTRIBUTIONS E T RECOMMANDATION S 

Ce chapitre expose dans un premier temps la contribution de la recherche a I'avancement des 

connaissances. Elle est mise en valeur dans le cadre d'une discussion en egard a 

rinterpretation des resultats et aux recherches anterieures sur le sujet. Dans un deuxieme 

temps, les recommandations pour la poursuite des travaux sont identifiees, en parallele avec 

les limitations des travaux. 

5.1 Contribution s d e la recherch e 

Les etudes qui se sont consacrees recemment aux impacts des changements climatiques sur la 

gestion de systemes hydriques (Christensen et  al,  2004; Markoff et Cullen, 2008) 

concluaient qu'ils seraient moins performants en contexte de changements climatiques. 

Toutefois, ces conclusions risquent d'etre pessimistes puisqu'elles sont basees sur une 

methodologie qui n'incorpore pas les regies de gestion adaptees aux regimes hydrologiques 

en contexte de changements climatiques. En effet, les travaux publies ont eu recours, pour les 

simulations des operations du systeme hydrique, aux regies de gestion actuelles combinees a 

des regimes hydrologiques potentiels futurs. Ces travaux ne refletent pas la realite, car en 

pratique, les regies de gestion sont rafraichies avec les donnees observees de l'annee 

precedente. 

Dans le meme ordre d'idees, d'autres etudes avaient analyse la sensibilite des regies de 

gestion des reservoirs (Payne et  al,  2004; VanRheenen et  al,  2004). Ces travaux 

demontraient qu'il etait possible d'ameliorer des indicateurs de gestion en modifiant, 

toutefois de maniere non optimisee, la gestion des systemes hydriques. La demarche par 

analyse de sensibilite n'etait cependant qu'un premier pas vers revaluation du potentiel 

d'adaptation. 

A la lumiere de ce qui precede, les travaux qui font I'objet de cette these completent la 

demarche amorcee dans ces publications ; le potentiel d'adaptation de la gestion d'un 

systeme hydrique est evalue en optimisant les regies d'operation selon des regimes 
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hydrologiques possibles futurs. Les travaux confirment les suppositions des recherches 

anterieures, qui avan^aient que l'adaptation des regies de gestion d'un systeme hydrique a de 

nouveaux regimes hydrologiques ameliorerait sa performance, par rapport aux simulations 

des apports futurs avec les regies de gestion actuelles. 

En egard a ce qui precede, la principale innovation des travaux releve du volet adaptation de 

la gestion du systeme hydrique {Voir  Minville et  al.  (2008d) et Minville et  al  (2008e) en 

annexe 5 et 6). L'etat de I'art en ce qui a trait aux operations des systemes hydriques en 

contexte des changements climatiques se limite a revaluation des impacts sur les operations 

avec les regies de gestion actuelles, ou tout au plus a une analyse de sensibilite de ces regies 

avec des regimes hydrologiques. Les travaux de cette these mettent done en lumiere le 

comportement du systeme hydrique adapte a des regimes hydrologiques potentiels futurs. 

II s'agit d'une premiere etude qui s'interesse a l'adaptation de la gestion d'un systeme 

hydrique. Elle incorpore toutes les etapes prealables, de la production de scenarios 

hydrologiques a I'optimisation des operations d'un systeme hydrique, en passant par la 

modelisation des regimes hydrologiques. 

En outre, le recours a un modele d'optimisation qui tient compte de I'incertitude des apports, 

de par la composante stochastique, est aussi une innovation pour une etude d'impacts des 

changements climatiques. Bien qu'il soit demontre que la performance d'un systeme 

hydrique s'accroit avec une regie stochastique (Karamouz et  al,  2005), la gestion actuelle 

des systemes hydriques est generalement effectuee avec des regies deterministes. 

Globalement, une contribution des travaux reside aussi en I'integration des approches 

multiscenario climatiques (Pmdhomme et  al,  2003) et multimodele hydrologiques 

(Georgakakos et  al,  2004). Cette demarche permet de generer un large eventail de 

projecfions climatiques et de regimes hydrologiques afin d'apprecier I'incertitude des 

projections sur la reponse hydrologique. De nombreux scenarios hydrologiques ont servi a 

evaluer le potentiel d'adaptation de la gestion du systeme hydrique, pour ainsi generer une 

gamme de comportements potentiels du systeme hydrique en contexte de changements 

climatiques. 
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De plus, I'incertitude du modele hydrologique et de la projection climafique a ete investiguee 

afin de faire ressortir le signal confere aux regimes hydrologiques par ces modeles et 

projections {Voir  Minville et  al  (2008b) a I'annexe 3). Avant cette analyse, il etait avance 

que la projection climatique avait davantage d'impacts sur les debits simules (Dibike et 

Coulibaly, 2005; Prudhomme et  al,  2002; Prudhomme et  al,  2003). Les travaux confirment 

partiellement cette conclusion, mais demontrent toutefois que le modele hydrologique 

confere une part d'incertitude aux regimes hydrologiques, notamment lorsque les parametres 

calibres conceptuels ne sont pas transposables a d'autres projections climatiques. II avait ete 

remarque que les differences de variabilite dans les donnees climatiques issues de la 

reduction d'echelle dynamique, par rapport aux observations (ou les deltas), faisaient en sorte 

que les parametres calibres du modele limitaient la modelisation de I'evapotranspiration 

reelle. 

Plus particulierement, un autre aspect innovateur et qui repondait directement a une 

recommandation du GIEC (Kundzewicz et  al,  2007) est la consideration de la variabilite 

naturelle du climat pour une etude d'impacts. L'utilisation d'un generateur de climat pour 

induire de la variabilite naturelle a des scenarios de changements climatiques avait ete 

experimentee par Mareuil et  al.  (2007) pour des analyses frequentielles. La methode a ete 

reprise pour une etude d'impacts et d'adaptation de gestion d'un systeme hydrique avec de 

nombreuses projections climatiques {Voir  Minville et  al. (2008a) a I'annexe 2). 

Une autre innovation du projet repose sur la proposition d'une approche pour generer des 

regies d'operation applicables a un climat en evolution. Actuellement, les regies d'operation 

des reservoirs sont generees en les actualisant chaque annee avec l'historique entier des 

debits. La ressource en eau est done geree en supposant que les statistiques des evenements 

historiques sont un bon estime des probabilites des evenements futurs (Salathe et  al,  2007). 

Cette procedure suppose que les debits de l'historique sont stationnaires. Or, certaines 

projections climatiques sont produites selon des simulations transitoires, ce qui ne correspond 

pas a l'approche actuelle pour la gestion de l'eau. La methodologie developpee propose 

d'etudier les series d'apports hydrologiques afin d'estimer la duree pour laquelle les debits 

sont stationnaires. Ainsi, chaque armee, les regies de gestion sont actualisees en ne 
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conservant les debits que sur la duree ou ils sont stationnaires, c'est-a-dire 35 ans, au 

detriment de l'historique complet. 

Pour faire suite a la contribution precedente et introduire la section suivante portant sur les 

recommandations, il est avance que les regies de gestion auraient pu aussi etre fabriquees, 

pour une annee donnee, en utilisant les 17 ans d'apports observees precedentes et les 17 ans 

d'apports potentiels futurs resultant d'une projection climatique. II s'agirait d'une autre fa9on 

de tenir compte de la duree de 35 ans sur laquelle les apports sont statiomiaires. La gestion 

etant basee sur la maximisation du profit dans le futur, cette technique utiliserait le plein 

potentiel du modele de gestion dynamique et stochastique. II s'agirait d'une adaptation 

preventive, par rapport a celle suggeree dans les travaux qui est reactive. 

5.2 Recommandations , limitation s e t pistes de recherch e 

Les recommandations pour la suite des travaux sont formulees en mettant en parallele les 

limites de I'etude. Elles ont trait aux differentes sources d'incertitude qui jalonnent une etude 

d'impacts et d'adaptation aux changements climatiques de la gestion de systemes hydriques. 

Aussi, les changements de variabilite climatique que laissent entrevoir les travaux menent a 

des recommandations, specifiquement a propos de l'adaptation de la gestion de systemes 

hydriques. 

Avant d'aborder les recommandations sur ces sujets, des recommandations d'ordre general 

sur la gestion de systemes hydriques en contexte de changements climatiques sont formulees. 

5.2.1 Gestio n d e systemes hydrique s e n contexte de changements climatique s 

Les travaux anterieurs a cette recherche (Christensen et  al,  2004; Markoff et Cullen, 2008; 

Payne et  al,  2004; VanRheenen et  al,  2004), qui s'interessaient aux impacts des 

changements climatiques sur la gestion de systemes hydriques, concluaient que la 

performance de gestion diminuait en contexte de changements climatiques. Leur demarche 

n'incluait pas d'adaptation de la gestion. Suite aux conclusions de la recherche, il est 

recommande d'evaluer les impacts des changements climatiques sur la gestion des systemes 

hydriques en adaptant systematiquement les regies de gestion. Une methodologie qui ne tient 

pas compte de l'adaptation entraine des conclusions pessimistes. Pour le cas specifique de la 
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riviere Peribonka, la gestion sans adaptation mene a une tendance claire vers la diminution de 

la production hydroelectrique. A I'oppose, une hausse marquee de la production 

hydroelectrique est simulee avec les regies de gestion adaptees, consequemment a 

I'augmentation annuelle des apports hydrologiques aux reservoirs. 

Cette recommandation mene done a la recommandation ultime, c'est-a-dire qu'il sera 

necessaire d'adapter la gestion des systemes hydriques aux changements climatiques. En 

effet, les simulations ont demontre que les effets potentiellement negatifs dus aux baisses 

d'hydraulicite des changements climatiques a certaines saisons etaient attenues avec 

l'adaptation de la gestion, et que les effets positifs resultant des hausses des debits a d'autres 

saisons etaient capitalises. 

Les autres recommandations concement la capacite des evacuateurs de ernes et les 

contraintes de gestion. Les simulations en contexte de changements climatiques, avec les 

regies de gestions adaptees, ont mene a des depassements de niveaux qui ont compromis la 

fiabilite et accm la vulnerabilite du systeme hydrique. En revanche, les simulations des 

operations ne menaient a aucun depassement de niveaux d'exploitation a la periode de 

reference. Ces resultats montrent que des etudes devraient etre menees pour justifier ou non 

la pertinence de hausser la capacite hydraulique des ouvrages d'evacuation. 

Outre cette proposition, il pourrait aussi etre envisage de realiser des simulations en 

modifiant les contraintes d'exploitation, afm d'eliminer les depassements de niveaux qui 

pourraient mener a des bris de digues ou equipements. II est suggere de modifier les 

contraintes a rechelle saisonniere, par exemple en abaissant les cotes d'exploitation au 

printemps. 

Aussi, il est recommande d'effectuer des etudes sur les avantages a tirer de changements 

stmcturaux aux centrales hydroelectriques, notamment I'augmentation de la capacite 

installee, afin de recuperer les debits qui sont autrement deverses. Toutefois, I'implantafion a 

court terme de telles mesures n'est pas recommandee en raison de l'incertitude des resultats. 

Dans une perspective plus generale, il est recommande d'investiguer les consequences de 

I'adaptation au-dela des regies de gestion. Notamment, l'adaptation des barrages, digues. 
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centrales et evacuateurs de recherche seraient des sujets de recherche complementaires aux 

travaux. 

5.2.2 Source s d'incertitud e 

Une source d'incertitude des travaux derive des projections climatiques. Les MRC 

foumissent des projections climatiques a I'echelle d'un bassin versant a fine resolufion. 

Cependant, ces projections ne sont pas largement distribuees, car elles sont en 

developpement. II est recommande d'avoir recours a plusieurs projections climatiques de 

MRC des qu'elles seront accessibles. En attendant, les etudes d'impacts devraient etre 

realisees en incorporant I'ensemble des projections climatiques disponibles selon des 

methodes de reduction plus simples comme les deltas. Fronzek et Carter (2007) parviennent a 

la meme conclusion. Dans leur etude, la gamme des impacts potentiels des MRC est 

comprise dans les impacts des MCG combines a la methode des deltas. Ils recommandent 

aussi d'utiliser la methode des deltas afin de balayer I'ensemble des impacts potentiels des 

changements climatiques. 

Une seconde source d'incertitude provient du modele hydrologique utilise. Minville et  al 

(2008b) a I'annexe 3 ont releve que les modeles hydrologiques conceptuel global et distribue 

a base physique se comportaient differemment en ete en contexte de changements 

climatiques. Le modele conceptuel global simulait des debits similaires avec des projections 

climatiques differentes, alors que les debits en ete avec le modele distribue a base physique 

differaient largement selon la projection climatique. II a ete demontre que les parametres 

calibres du modele global limitaient le processus d'evapotranspiration reelle, lorsqu'ufilise 

avec une projection climatique de variabilite differente que celles des observations ayant 

servis a etaloimer le modele. Ces resultats menent a la recommandation d'analyser les etats 

des modeles hydrologiques conceptuels globaux resultants de simulations en contexte de 

changements climatiques afin de deceler des comportements qui ne survenaient pas avec les 

observations climatiques ayant permis d'etalonner. Cette operation permettrait de deceler les 

limites du modele et d'eviter de mauvaises utilisations qui conduiraient a des conclusions 

possiblement erronees quant aux regimes hydrologiques potentiels futurs. Une autre 
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recommandation serait d'etalonner le modele hydrologique directement avec les donnees du 

MRCC pilote par les reanalyses. 

5.2.3 Changemen t dan s la variabilite 

Les changements dans la variabilite dans revaluation des impacts des changements 

climatiques peuvent affecter les niveaux de risque (Fronzek et Carter, 2007). La suite des 

recommandations fait reference aux changements de variabilite des differentes donnees 

hydroclimatiques et des indicateurs de gestion qui sont ressortis des travaux. 

La premiere partie des travaux recourait a de multiples projections climatiques realisees selon 

la methode des deltas. Des series climatiques synthetiques representatives de ces projections 

ont par la suite ete produites avec un generateur stochastique de climat. Cette operation 

permettait de tenir compte en partie de la variabilite naturelle du climat en generant des 

donnees climatiques ayant les memes proprietes statistiques que la serie initiale. 

A un autre point de vue, la methode de deltas permet de perturber les moyennes des variables 

climatiques mensuelles observees. Toutefois, elle ne change pas les patrons de precipitations 

et les occurrences mensuelles. Une recommandation serait done de recourir a une methode 

comparable pour tenir compte des changements de variabilite temporelle, tel que presente par 

Shabalova et  al.  (2003), qui incorpore I'anomalie de variance (en plus de la moyenne). 

Toutefois, les donnees joumalieres des MCG devraient etre disponibles pour I'appliquer, ou 

du moins la variance joumaliere des donnees mensuelles ou saisomiieres de la periode de 

reference et des periodes futures. 

Dans un autre ordre d'idees, il avait ete constate que les dormees du MRCC presentaient des 

biais par rapport aux observations a la periode de reference. Apres la correction des biais, les 

moyermes mensuelles des variables climatiques de chaque tuile du MRCC etaient exactement 

les memes que les moyennes des observations a la periode de reference. Les differences entre 

les variances etaient neanmoins statistiquement significatives, ce qui a engendre des 

differences dans les hydrogrammes moyens annuels. Cette constatation mene done a la 

recommandation d'investiguer davantage la variabilite des donnees climatiques dans les 

etudes d'impacts, en plus de I'habituelle consideration des moyennes. La correction 
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systematique de biais mensuels negatifs importants du MRCC entrainait davantage de 

temperatures journalieres elevees. Dans la region du bassin versant de la riviere Peribonka, 

cette particularite faisait en sorte que la crue printaniere moyenne etait devancee par rapport a 

la crue observee ou simulee avec la meteorologie observee. De plus, une autre remarque est 

que le modele HSAMI, etalonne avec les observations, limitait I'evapotranspiration reelle 

lorsqu'utilise avec les donnees du MRCC. Le reservoir de la zone non saturee, dont la 

capacite est un parametre de calage, etait toujours plein en ete et en automne. Ce 

comportement etait remarque aussi a la periode de controle, malgre le fait que les donnees du 

MRCC etaient corrigees du biais et qu'elles avaient les memes moyermes mensuelles que les 

observations. Le reservoir de la zone non saturee dans les simulations avec les deltas a la 

periode de controle et aux horizons futurs ne se comportait pas de cette maniere. Les deltas 

ont ete produits avec les observations et ils ont herite de la meme variabilite. 11 est done 

avance que les parametres calibres ne sont pas necessairement transposables pour des 

simulations avec des donnees climatiques qui ont une variabilite differente que les donnees 

climatiques ayant servi d'etalonner le modele. Toutes simulations qui rencontrent ces 

conditions devraient etre analysees avec soin afin de detecter des comportements du modele 

susceptibles d'abaisser la confiance dans les resultats. Dans un autre ordre d'idees, il est 

recommande de verifier si le biais remarque dans les donnees du MRCC resulte du pilote 

(CGCM3 A2) ou du modele. Cette verification pourrait etre effectuee en comparant les 

donnees climatiques du MRCC pilotees avec les reanalyses. 

Finalement, dans un tout autre registre, les changements de variabilite aux differentes phases 

d'une etude d'impacts et d'adaptation devraient etre analyses de plus pres. Par exemple, il a 

ete demontre que les deversements moyens annuels augmentaient notamment en ete-automne 

malgre la baisse des apports moyens projetes par certaines projections climatiques a cette 

saison. Consequemment a ces resultats, il est recommande d'analyser davantage les 

changements de variabilite saisonniers des variables hydroclimatiques et les repercussions 

sur les indicateurs de gestion. Les changements de variabilite dans les apports saisonniers aux 

reservoirs pourraient etre analyses afin de voir dans quelle mesure une plus grande variabilite 

interannuellc menerait les gestionnaires a maintenir les reservoirs plus bas par prevention, en 

acceptant le risque de connaitre des saisons de plus faible hydraulicite. 



CONCLUSIONS 

Les travaux de cette these avaient essentiellement pour but d'evaluer le potentiel d'adaptation 

aux changements climatiques, en contexte d'incertitudes, de la gestion des operations d'un 

systeme hydrique exploite pour la production hydroelectrique. L'etude, novatrice dans le 

domaine de l'adaptation de la gestion de la ressource en eau, a ete completee pour la riviere 

Peribonka (Quebec, Canada). 

La methodologie consistait a evaluer les impacts possibles des changements climatiques sur 

la gestion du systeme hydrique en ne modifiant pas la gestion actuelle et en recourant a 

plusieurs projections climatiques. Le potentiel d'adaptation aux changements climatiques de 

la gestion du systeme hydrique de la riviere Peribonka, sur la periode 2010-2099, a par la 

suite ete investigue en modifiant les regies de gestion des reservoirs avec un modele 

d'optimisation dynamique et stochastique. Les regimes hydrologiques en contexte de 

changements climatiques, utilises comme intrants, ont ete simules selon deux approches : (i) 

modelisation hydrologique globale et projections climatiques produites avec la methode des 

deltas, et (ii) modelisation hydrologique distribuee a base physique et projection climatique 

d'un modele regional de climat (MRC). En parallele, des simulations croisees avec la 

modelisation hydrologique globale et la projection climatique d'un MRC, ainsi qu'un modele 

hydrologique distribue et une projection climatique produite avec les deltas, ont ete 

completees. L'interet etait de detecter si les differences entre les regimes hydrologiques 

potentiels futurs etaient attribuables aux differentes projections climatiques ou aux modeles 

hydrologiques. 

Les regimes hydrologiques futurs influenceraient le potentiel d'adaptation aux changements 

climafiques de la gestion d'un systeme hydrique. Ces regimes hydrologiques sont simules 

selon une serie d'etapes prealables qui contribuent a amplifier leur incertitude. lis resultent 

des projections de changements climatiques, c'est-a-dire les variables climatiques mensuelles 

potentielles, telles les temperatures et les precipitations. Le climat du futur est inconnu, mais 

les modeles de circulation generale, perturbes avec des scenarios d'emission de GES, 

permettent de le projeter. Les differents modeles climatiques et scenarios d'emissions de 



73 

GES foumissent ces projections climatiques. De nombreuses incertitudes subsistent, 

notamment dans la simulation du systeme climatique et la reelle evolution des emissions des 

GES. La recherche presentee a recouru a une vaste gamme de projections climatiques, selon 

cinq modeles de circulation generale et deux scenarios d'evolution de GES. 

Aussi, les dormees climatiques de faibles resolutions ne pouvant etre utilisees a I'echelle d'un 

bassin versant, elles doivent etre ajustees avec des techniques de reduction d'echelle. Dans ce 

sens, les travaux ont ete realises selon deux approches de reduction d'echelle : la methode 

des deltas et un MRC. Enfin, une autre source d'incertitude transmise aux apports provient 

du modele hydrologique et de sa representation spatiale des caracteristiques du bassin 

versant, de la meteorologie et des processus modelises. Les projections climatiques ont done 

ete introduites dans deux modeles hydrologiques, l'un conceptuel global, I'autre distribue a 

base physique. 

L'incorporation de ces donnees et outils dans le cadre des travaux a mene aux conclusions 

suivantes, qui repondent a la problematique de recherche soulevee : 

1. Un  facteur  majeur  freinant  la  mise  en  place  de  mesures  d'adaptation  des  regies 

d'operation des  reservoirs  est  I'incertitude  des  changements  climatiques  et  des  modeles 

qui interviennent dans  le  processus. 

L'incertitude transmise aux apports hydrologiques par les projections climatiques et les 

modeles hydrologiques a ete analysee en effectuant des simulations croisees. 

Les travaux de recherche montrent qu'il y a des restrictions quant a l'utilisation du modele 

conceptuel global, etalonne avec les observations, pour des simulations avec les donnees 

du MRCC. L'analyse des etats du modele indique que les parametres calibres ne seraient 

pas transposables a ces donnees. 

Le choix de combinaisons de modeles hydrologiques et de projections climatiques s'avere 

cmcial sur les resultats. La liaison d'un modele hydrologique a une projection climatique 

devrait toujours etre realisee en prenant soin d'evaluer leur compatibilite et leur 

comportement en contexte different de celui ou le modele hydrologique a ete calibre. 
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2. L'adaptation  de  la  gestion  du  systeme  hydrique  de  la  riviere  Peribonka  attenuerait  les 

effets negatifs  des  fluctuations du  climat. 

La simulation des operations du systeme hydrique, avec les regies de gestion actuelles, 

resulte en une baisse de production hydroelectrique sous la majorite des projections 

climatiques. Or, l'adaptation des regies de gestion aux regimes hydrologiques potentiels 

futurs mene a des resultats opposes, c'est-a-dire que la production hydroelectrique 

augmente pour la plupart des projections climatiques. 

Les travaux anterieurs a cette recherche (Christensen et  al,  2004; Markoff et Cullen, 

2008; Payne et  al,  2004; VanRheenen et  al,  2004), qui s'interessaient aux impacts des 

changements climatiques sur la gestion de systemes hydriques, concluaient que la 

performance de gestion diminuait en contexte de changements climatiques. Leur 

demarche n'incluait pas d'adaptation de la gestion. 

Les travaux de la these montrent que la performance du systeme hydrique de la riviere 

Peribonka diminue aussi en contexte de changements climatiques avec les regies de 

gestion actuelle. Cependant, les simulations du systeme hydrique avec les regies de 

gestion adaptees aux regimes hydrologiques potentiels futurs montrent plutot que la 

performance du systeme hydrique augmente. 

Les resultats de cette recherche demontrent done la necessite de tenir compte de 

I'adaptation des regies de gestion des systemes hydriques, afin d'offrir un portrait juste 

des impacts potentiels. 

D'un autre cote, il est important de soulever qu'un effet negatif des changements 

climafiques n'est pas eradique avec l'adaptation de la gestion dans le cadre de la 

recherche : la baisse de fiabilite et I'accroissement de la vulnerabilite de reservoirs. D'une 

part, les simulations des operations des reservoirs avec les donnees climatiques de la 

periode de reference ne provoquaient pas de depassement des niveaux d'exploitation. 

D'autre part, des depassements sont simules en contexte de changements climatiques. 

L'adaptation de la gestion n'est done pas complete pour contrer les fluctuations du climat. 

II a done ete recommande d'ajuster les contraintes d'exploitafion ou d'evaluer la 
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pertinence d'augmenter la capacite des evacuateurs. Des analyses de faisabilite seraient 

alors necessaires afin d'evaluer le cout des mesures par rapport aux gains potentiels. 

3. La performance du  systeme hydrique  de  la riviere Peribonka  pourrait  s'accroitre  dans  le 

futur, par  rapport  a  la periode de  reference. 

L'adaptation de la gestion se manifeste par des modifications saisonnieres dans les 

niveaux des reservoirs. lis sont maintenus plus hauls l'ete et I'automne, pour contrecarrer 

les baisses des debits, et plus bas en hiver, pour composer avec les hausses des debits. Au 

printemps, les niveaux sont abaisses plus tot pour contenir la crue printaniere precoce. 

Les simulations demontrent que les installations en place pourraient etre optimisees pour 

produire davantage d'hydroelectricite en contexte de changements climatiques. Une seule 

projection climatique, a I'horizon 2020, proposait une baisse de production. Neanmoins, 

les analyses exposent le clivage entre les centrales au fil de l'eau et la centrale a reservoir. 

La tendance est plutot a la diminution de la production hydroelectrique pour les centrales 

au fil de l'eau a I'horizon 2020 avec Hydrotel-MRCC, et a I'augmentation par la suite 

jusqu'a la limite temporelle de I'etude. D'un autre cote, la production augmente a chaque 

horizon a la centrale a reservoir. La raison invoquee pour expliquer cette difference est 

que les apports estivaux-automnaux diminuent considerablement aux centrales au fil de 

l'eau, en raison de leur position geographique plus au sud, done exposees a une 

temperature plus chaude. Du reste, la centrale a reservoir, plus au nord, ne subit aucune 

diminution dans les apports a l'ete-automne jusqu'en 2099. 

4. Les  changements  dans  la  production  hydroelectrique  en  contexte  de  changements 

climatiques sont  incertains. 

Malgre la tendance generalisee a I'augmentation de la production hydroelectrique, 

l'amplitude du changement demeure incertaine. 

La production moyenne annuelle varie entre -2 % et +22 % selon l'approche utilisee et la 

periode future consideree. De plus, les changements dans la saisonnalite des apports 

menent a un decalage dans la pointe de production hydroelectrique saisonniere, la 
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depla^ant de l'ete-automne a la periode de reference et a I'horizon 2020, a l'hiver a 

I'horizon 2080. 

5. Les  changements  dans  la  variabilite  du  climat  se  transmettraient  a  la  variabilite  des 

debits, qui  pourraient se  repercuter  sur  les  deversements non  productibles. 

II a ete demontre que les diminutions des apports aux reservoirs a la saison ete-automne 

n'engendraient pas un changement dans le meme sens pour les deversements non 

productibles. En fait, la plus grande variabilite interannuellc des debits a cette saison fait 

en sorte que les regies de gestion suggerent de deverser. Cela contribue aux baisses de 

production hydroelectrique anticipees avec certaines projections climatiques. Les 

changements de variabilite sont done a considerer pleinement dans les etudes d'adaptation 

de gestion de systemes hydriques aux changements climatiques. 

Globalement, ces conclusions menent a la constatation que la gestion du systeme hydrique de 

la riviere Peribonka est influence par les changements climatiques. En raison des nombreuses 

sources d'incertitude, les travaux ne suggerent pas de mettre en place des mesures 

d'adaptation concretes a court terme. Cependant, les grandes tendances soulevees pourraient 

indiquer aux gestionnaires les tangentes a envisager pour l'adaptation de la gestion. 

L'inertie des grandes organisations oeuvrant dans le domaine de la gestion des ressources 

hydriques, ou l'adaptation est reactive plutot que preventive, sera sans doute un frein au 

deploiement de mesures d'adaptation. La presente recherche demontre que les exploitants 

pourraient tirer avantage des changements climatiques. Ils doivent neanmoins poursuivre les 

recherches sur le discemement de l'evolution du regime hydrologique des demieres 

decennies et sur les divers outils et methodes qui interviennent dans les etudes d'impacts. 

La demonstration des resultats aux exploitants de systemes hydriques, meme s'ils ne sont pas 

concretement transposables a court terme, stimulerait une conscientisation afin d'amorcer 

une ouverture pour revoir les habitudes de gestion. 



ANNEXE I 

Article 1: Minville (2007) 

Cet article a ete publie en mars 2007 dans la revue Vecteur environnement. 

Minville, Marie. (2007). Changements climatiques: Les attenuer ou s'y adapter? Points de 
vue economique, environnemental et equitable. Vecteur environnement, 40(2), 60-68. 
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RESUME 
La problematiqu e consist e h  infiriner , o u 

cautionner. l e couran t d e pensS e stipu -

lant qu'i l es t prifirab\e,  iconomiquemen t 

parlant, d e focalise r su r l'adaptatio n au x 

changements climatique s pluto t qu e su r l a 

reduction de s ga z ti  effe t d e serr e (GES) . A 

premiere vue, le calcul paral t simple . Le cou t 

aes changement s climatique s es t la somm e 

des montant s album s ^  I'attenuatio n de s 

GES e t de s mesure s d'adaptation , majorfr e 

des impact s no n Svit^s . S i I'attenuatio n es t 

exclusi/ement pr iv i l^gi i e a u detrimen t d e 

l'adaptation to u vic e versa) . Tactio n l a plu s 

profitable economiquemen t es t cell e don t 

le cou t e n plu s d e ceu x occasionne s pa r 

les impact s no n Svites , es t l e plu s faible . 

Partant d e c e fait , I'equatio n es t etudie e 

globalement, sou s l a consideratio n qu e l a 

decision final e a  une portS e planiitaire . 

La questio n es t d'abor d envisage e au  poin t 

de vu e economique . Un e revu e bibliogra -

phique men e au  consta t qu'i l n'es t pa s pos -

sible d e determine r clairemen t un e actio n 

i privilegie r e n raiso n de s incertitude s e t 

limites qu i empechen t d e compare r le s 

coCrts. Le s Incertitude s porten t principa -

lement su r I'ampleu r de s changement s 

climatiques anticipes , e t le s limites , su r 

les echelle s spatiale s e t temporelle s diver -

gentes de s approches. D u reste, les  recher -

ches recente s proposen t qu'un e juste dos e 

des deux mesure s serai t vraisemblablemen t 

plus rentable . 

Devant l a difticult e d e repondr e i  l a pro -

blematique, l a questio n es t envisage e d'u n 

point d e vu e environnementa l e t equitable . 

Selon le s principe s d'equit e e t d e deve -

loppement durable , l a problematiqu e es t 

un non-sens , c'est-^-dir e qu e tranche r e n 

taveur d'un e strategi e d'interventio n n'es t 

pas un e optio n :  I'attenuation e t l'adaptatio n 

doivent etr e complementaires . 

Mots-cles :  Changements climatiques . Atte -

nuation de s ga z a effet d e serre. Adaptation, 

Analyse economiqu e 

ABSTRACT 
The proble m i s to refut e o r suppor t th e cur -

rent thinkin g tha t i t i s preferable , economi -

cally speaking , t o focu s o n adaptatio n t o 

climate chang e rathe r tha n o n reductio n o f 

green hous e gase s (GHG) . A t firs t glance , 

the calculatio n appear s simple . Climat e 

change cos t i s th e su m o f th e amount s 

allocated to r th e attenuatio n o f GH G arrf j 

adaptation, i n additio n t o th e impact s tha t 

cannot b e avoided . I f eithe r mitigatio n o r 

adaptation i s privilege d exclusively , the n 

the mos t advantageou s economi c actio n i s 

that whic h i s les s expensive , includin g th e 

unavoidable impact s fro m eac h alterna -

tive. O n thi s basis , th e equatio n i s studie d 

overall, wi th th e consideratio n that th e fina l 

decision wil l hav e a  planetary effect . 

The questio n i s initiall y considere d interm s 

of economics . A  literatur e revie w show s 

that i t i s no t possibl e t o clearl y privileg e 

one actio n becaus e ther e ar e uncertaintie s 

and limit s tha t aris e fro m cos t comparison . 

Uncertainties relat e mainl y t o th e effect s o f 

anticipated climat e change , an d th e limit s 

of th e divergen t tempora l an d regiona l 

scales o f th e measures . However , recen t 

research suggest s tha t a  combinatio n o f 

both strategie s woul d probabl y b e mor e 

cost effective . 

The questio n i s als o considere d fro m a n 

equitable an d a n environmenta l poin t o f 

view. I t i s demonstrate d tha t accordin g t o 

the principle s o f equit / an d sustainabl e 

development, questionin g i s nonsense . 

Choosing on e strateg y o f intep/entio n i s no t 

an option : attenuatio n an d adaptatio n mus t 

be complementary . 

Keywords :  Climat e change . Mitigation , 

Adaptation, Economi c analysi s 

1. l l ' l lF iJCluCl lO d 

II exist e u n couran t d e pense e qu i arfirm e 

que l e cou t d'adaptalio n au x changement s 

climatiques serai t possiblemen t inferieu r 

au cDu t d e reductio n de s emission s de s 

gaz a  effe t d e serr e IGES ) (Reay . 2002) . I I 

serait done , d'un poin t d e vue economique , 

plus avanlageu x d e mettr e l'accen t su r 

l'adaptation plutdtqu e su r l a reduction de s 

emissions de s GES . Avan t l e rappor t d e 

Stern (2006) . pubh e a u momen t d'effec -

tuer le s derniere s revision s d e ce t article , 

les etude s consacree s a  l'analyse d e cett e 

question etaien t rare s e t incompletes . 

En principe , l e cou t de s changement s 

climatiques es t l a somm e de s montant s 

alloues au x strategie s d e reductio n de s 

emissions d e GE S e l de s mesure s d'adap -

tation. b  laquell e s'ajouten t le s cout s de s 

impacts no n evite s (Stern , ZOGb  : Wran g 

et al..  2005) . Dan s l e ca s ou  l a reductio n 

des GE S es t stnctemen t privilegie e au 

detriment d e l'adaptation lo u vic e versa) , la 

mesure l a plu s avantageus e economique -

ment es t cell e don t l e cou t d'implantatio n 

(en plu s de s dommage s no n evites ) es t 

minimise. 1 1 es t alor s possibl e d e dementi r 

(ou d'appuyer ) l e couran t d e pense e st i -

pulant iiu'i l serai t plu s avanlageu x d e 

s'adapter au x changement s climatique s 

plut6t qu e d'attenue r les  GES . 

Dans l e cadr e d'un e reflexio n similaire , l o i 

(2005a) s'es t pench e su r l a questio n sui -

vante •."  Est-cequ'undol lardedie a  reduire 

les emission s d e GE S diminu e davantag e 

les impact s de s changement s climatique s 

qu'un dolla r consacr e a  Tadaptation ?  ». Sa 

conclusion es t qu e l'adaptatio n es t dift ici -

lement comparabl e a  la reductio n de s GE S 

parce qu'ell e es t realisee , entr e autres . is 

des echelle s spatiale s qu i differen t de s 

actions d'attenuation . 

A l a lumier e d e cett e reflexion , l'analys e 

economique n e peu t etr e fonde e qu e s i l a 

decision final e d e s'adapter , au  lie u d'atte -

nuer. port e su r un e factur e globale . Cett e 

balise s e fond e su r l e fai t qu e l a porte e d e 
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la reductio n de s GE S es t planetaire , c'est -

a-dire qu e l e choi x d'injecte r de s fond s a 

I'attenuation pluto t qu' ^ l'adaptatio n peu t 

generer de s benefice s pou r I'ensembl e d e 

la planete. A I'oppose , l e choix d e s'adapte r 

plutot qu e d e reduir e le s emission s d e 

GES n'apport e qu e de s benefice s locaux . 

II faudrai t done , pou r repondr e a  l a ques -

tion initiale , corriparer le s cout s d'un e stra -

tegie d e reductio n de s GE S global e ave c 

les coQt s d'un e strategi c d'adaptatio n glo -

bale, maiore s d e leur s impact s no n eviie s 

respectifs 

L'evaluation du  cou t de s changement s 

climatiques a  fai t I'obie t d e recherche s 

depuis les  annee s 1990 . Le s rare s etude s 

qui on t tent e d e tranche r categoriquemen t 

sur l a mesur e preferabl e 3  adopte r (atte -

nuer ou  adapter ) pou r diminue r le s cout s 

des changement s climatique s son t contra -

dictoires. D'abord, Bosell o (anne e d e publi -

cation inconnue ) a  recouru a  une approch e 

emipinque pou r compare r le s cout s d'at -

tenuation e t d'adaptatio n I I a  compil e les 

coijts rapporte s dan s le s etudes , le s a 

ramenes su r un e bas e commun e (pou r u n 

rechauffement climatiqu e d e 0,93'C j ave c 

des interpolation s lineaire s e t i l a  etabl i 

des relation s entr e eux . S a conclusio n 

est cu e I'attenuatio n entrain e l e n-ioin s d e 

couts d'impact s qu e l'adaptatio n :  i l statu e 

qu'un milliar d d e dollar s invest i e n adap -

tation peu t reduir e le s impact s no n evite s 

de 0.0 3 % , tandis qu'u n milliar d d e dollar s 

invesli e n reduction des GE S le s reduit s d e 

I %.  Ensuite , Golkany(20D5a ) a  evalu e le s 

a'.'antages a  cour t term e e t i  moye n term e 

d'adapter (zone s cotieres , infrastructure , 

toret e t agriculture ) pluto t qu e d e stabi -

liser le s GE S d'u n poin t d e vu e global . E n 

se referan t ^  de s analyse s economique s 

de diverse s etudes , i l atfirme qu e jusqu'e n 

2085, i l serai t plu s a^/antageu x d'adapter . 

II conclu t qu e les  prochaine s decennie s 

devraient etr e consacree s a  developpe r 

des solution s econDmiquemen t efticace s 

pour reduir e les  GE S e t qu e ce s nouvelle s 

technologies de/raien i etr e implantee s 

ulterieurement. 

D'un autr e poin t d e vue . Wilbank s 1200b ) 

soutient qu e les  action s a'attenuafio n e t 

d'adaptation son t complementaire s pou r 

diminuer le s cout s de s changement s cli -

matiques. qu e c e soi t 5  I'echell e local e 

ou globale . I I jug e qu e I'attenuatio n es t 

essentielle pou r qu e le s impact s de s chan -

gements climatique s soien t l e plu s contro -

lables possible , tout e n assuman t qu'il s n e 

peuvent etr e totalemen t eviies . I I soutien t 

que l e developpemen t d'u n cadr e analy -

tique pou r integre r I'attenuatio n e t l'adap -

tation necessiter a beaucou p d e temps , d e 

recherches e t d e collaboration s d'expert s 

multidisciplinaires. U n ensembl e d'lnter -

ventions visan t I'attenuatio n e t l'adaptatio n 

pour reduir e le s coQt s de s changement s 

climatiques etai t un e recommandatio n d e 

la Convention-cadr e (Nation s Unies . 1992) . 

flu Group e d'expert s intergouvemementa l 

sur revolutio n d u cUmat (GIEC , ^W/)  e t du 

protocole d e Kyot o (Nation s Unies . 1996) . 

Une optio n qu i es t negligee dans les etude s 

economiques port e su r l e cout de s impact s 

en absenc e d'effor t d'attenuatio n ou 

d'adaptation, c'est-a-dir e lorsqu e l e cou t 

des changement s climatique s n e tien i qu' a 

une composant e :  le s impact s no n evites . 

Sous tout e reserve , un e tell e analys e glo -

bale n'avai t pa s fai t I'obie t d e publicatio n 

avant l e rappor t d e Ster n (2006 ) 

Ces position s etan t opposees . I'articl e 

debute ave c un e analys e d e l a problema -

tique au  poin t d e vu e economique . c'est-a -

dire ave c le s etude s qu i s e son t aftardee s 

aux composantes d u cout des changement s 

climatiques. D e plus , outr e l a considera -

t ion du  poin t d e vu e economique , l e choi x 

d'adapter pluto t qu'attenue r engendr e 

un questionnemen t plu s fondamenta l E n 

considerant qu e le s concentration s de s 

GES son t uniformemen t repartie s dan s 

I'atmDsphere, tous le s pays sont egalemc nt 

concernes pa r le s emission s de s autre s 

pays (fwleunier,2005) . i l es t done justifi e d e 

poursui'.Te. e n second e partie , l a reflexio n 

selon u n poin t d e vu e environnementa l 

et equitable . Enfin , de s conclusion s son t 

tirees a u regard d e l'analys e de s different s 

points d e vu e 

2. Attenue r o u adapter ? 
ij'n poin t d e vue economique 
La problematiqu e petr t etr e envisage e d'u n 

point d e vu e stricterrten t economique . 

Dans c e sens , l e cou t ce s composante s 

des changement s climatique s es t analys e 

et le s incertitude s e t limitation s son t mise s 

en perspectiv e 

2 1 Composante s d u cou t de s 

changements c l imat ique s 

Les cout s totau x on t et e relate s e n intro -

duction Toutefois . les  conclusion s contra -

dictoires nou s poussen t a  examine r le s 

etudes qu i s e son t penchee s su r les  com -

posantes individuelle s du  cout des change -

ments climatiques . c'est-a-dir e le s cout s 

d'attenuation e t d'adaptation , afi n de n tire r 

une conclusion . 

21.1 CoOt  de  reduction  des  GES 

Les coOt s d'attenuatio n representen t l a 

valeur de s ressources qu e l a societ e aban -

donnent pou r attenue r les  GE S pa r rappor t 

au fai t d e n e pa s le s attenue r iCollawa y 

ef ai..  1996) . Il s dependen t d e plusieur s 

facteurs. tel s les  niveau x a e stabilisatio n 

a atteindre , les  emission s d e referenc e 

Ihabituellement celu i d e 1990) . du scenari o 

de changement s climatique s employ e e t 

du deia i d'intervention . Il s son t decrit s e n 

dollars pou r un e concentratio n d e GE S 

visee, e n pourcentag e du  produi t interieu r 

brut IPIB ) futu r ou  e n cou t moye n o u mar -

ginal pa r tonne d e GES attenuee . Lexpres -

sion du  coij t sou s cett e dernier e unit e es t 

recommandee pa r l a Convention-caor e 

des Nation s Unie s su r le s changement s 

climatiques (Collawa y e t ai'. , 1996) . I I y  a 

plusieurs categorie s d e modele s econo -

miques qu i permetten t d'evalue r les  cout s 

lies au x changement s climatiques . I I s'agi t 

de modele s entrees-sorties , macroeco -

nomiques, d'equilibr e genera l e t hybride s 

(le lecteu r es t rSfer e au x chapitre s 7  e t 6 

du rappor t du  GIE C (2001a ) pou r l e detai l 

de ce s modeles) . li s son t compose s d'u n 
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ensemble d'equation s qu i sirr.ulen t et / 

ou optimisen t I'economi e (Boseft i et  al.. 

2006). 

Pour c e qu i es t de s coflt s d e reductio n 

des GE S eslimes A  partir d e ce s different s 

modeles. l e GIE C rapportai t e n 199 5 qu'i l 

en coQtcrait entr g 0, 5 %  a  2 Tfc du PI B pou r 

stabiliser les  GE S au  nivea u d e 1990 , soi t 

entre 6 0 e t 240 milliard s d e dollars pou r le s 

pays de I'Organisatio n d e cooperation el de 

de>.'eloppement econorrnque s (OCDE) . Plu s 

recemment. Ster n (2006 ) soule'vai t qu e l e 

coflt d e reduction de s GES entre 50 0 a  550 

parties pa r millio n (ppm ) pourrai t s e limite r 

a 1  % du PIB . Dan s l e mfm e ordr e d'idees . 

Tol (2005h ) a  recueill i l e coi} t margina l 

d'attenuation concl u pa r 2 8 etudes , pou r 

un total dun e centain e d'estiir-es . e t a  pre-

serve le s resultat s sou s form e d e densite s 

de probabilites . Ce s statistiquesproposert t 

une mediane descoOtsd e I'ordr e de14 dol -

lars partonn e d e GE S evites, une mioyenn g 

de 9 3 dollar s l a tonr>e e t u n 95 " percentil e 

de 35 0 dollar s l a tonne . D'u n autr e cote . 

les coQt s globau x d e stabilisatio n de s GE S 

a 55 0 ppm . evalue s pa r Leirr^bac h e t Tot h 

(200G), son t d e 60 0 milliard s d e dollars . 

Aux terme s d e c e qu i precede , l a figur e 1 

illustre le s coQt s estime s pou r evite r cer -

F It,,J'el 

tains seuil s d e concentration s de s GE S 

Elle indique , entr e autres . qu'i l coflterai l 

entre 7 5 e l 6 0 0 rriilliard s d e dollar s pou r 

empScher qu e le s concentration s d e GE S 

outrepassent 55 0 pp m e n 2100 . A  litr e 

indicatit. les  concentration s d e GE S (CO J 

etaient d e 27 0 pp m 6  I'er e preindustriell e 

el d e 36 6 ppm e n 2000 (GIEC . 2001b) . 

2.J 2  Coi)ls  d'adaptalion 

Les coOt s d'adaptatio n representen t l a 

valeur de s ressource s qu e l a societ e peu t 

abandonner afi n d'obteni r de s benefice s a 

s'adapter a u clima t pa r rappor t au  fai t d e 

ne pa s s'adapte r (Collawa y e ( at,  1998 ) 

lis sen t specifique s ^  de s secteurs . tel s 

I'agriculture, l a gestion . de l'eau . le s zone s 

cfltieres. l a sante , le s forets . l a demand e 

en energie e t les deplacement s massif s d e 

populations. D e plus , il s son t locaux , ca r 

les besoins d'adaptatio n son t specifique s a 

chaque region . Il s son t exprime s e n dollar s 

ou e n %d u PIB . 

Ringius et  al.  (2002) rapporten t qu e l a plu -

part de s modele s economiique s d'adapta -

tion on t et e elabore s dan s le s annee s 9 0 

Ces modele s (l e lecteu r es t refer e au x 

rapports d e Ringius e f ol. (2002) e t Stratu s 

Consulting Inc . (2005 ) pou r un e descrip -

Coul de  sloMisathn  des  emiishns  de  GES  (en CO^  equivalenO 

Adaptation dun  graphique  lire  de  GIEC(2001b) 

(^ -i>- i 
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tion complet e de s modele s d'adaptation ) 

evaluent le s coflt s d'adaptatio n (incluan t l e 

coQt de s impact s no n evites ) au x change -

ments clinriatique s pou r ie s secteur s cite s 

precedemment Plusieur s d'entr e eu x mte -

grent le s (onctions qu i permiettentd'evalue r 

divers secteur s i  l a fois . D e plus , certain s 

simulent le s coQt s d'adaptatio n quas i glo -

baux e n desagregean t enzone s d'interven -

tion un e grand e parti e d e l a planete . 

Pour s a part , Bosell o (2004 ) a  effectu e 

une re>/u e bibliographiqu e e t a  compil e 

les coQt s d'adaptatio n pa r secteu r e t pa r 

region. I I a  synthetis e ce s information s 

pour conclur e qu e le s coQt s d'adaptatio n 

jusqu'er» 2050 seraien t d e 292 rrfilliard s d e 

dollars (0,1 5 %  du  PI B iTiondial ) pou r un e 

augirientation de s temperatures d e 0.93 ' C 

Seuls le s coiit s d'adaptatio n relativemen t 

a de s secteur s e t a  de s region s limitee s 

sont compri s dan s l e montan t avance . 

Selon Pachaur i e t Tanlguch i (1999) , i l y  a 

eu pe u d e progr^ s realise s quan t a  reva -

luation de s cout s d'adaptatio n pa r rappor t 

aux coQt s d'attenuatio n de s GES . Recem -

ment. Watkis s et  at  (2005 ) on t SDule>; e l a 

meme reflexio n e n effectuan t un e revu e 

des travau x su r le s coflt s d'adaptation . li s 

rapportent qu e pe u d'attentio n es t porte e 

aux coflt s d'adaptatio n e t qu e le s modele s 

ne fon t generalemen t aucun e distinctio n 

entre le s coflt s d'adaptatio n e t le s imipact s 

non evites . Ils recommrandent. entre autres , 

qu'il y  ai t plu s d'etude s su r le s coflt s d'im -

plantation de s nriesure s d'adaptatio n e t su r 

leurs benefices . A  c e suje t Ster n (2006 ) 

propose qu e l e cofl t de s dommage s du s 

i I'lnactio n (impact s no n evites ) serai t 

equivalent b  une pert e d e 5  4  20 %  du PI B 

mondial, suivan t leventai l d e risque s e t d e 

consequences pri s e n compte . 

2,2 Ana lys e d e l a revu e 

b ib l iographique 

La compilatio n de s coflts de s changement s 

climatiques rrre t e n evidence l e fai t qu e le s 

etudes publiee s apporteri t de s element s 

de solution s partielle s a  requalion du  cofl t 
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des changement s climatiques . notamimen t 

en ce qu i a  trait ti  l'adaptation . E n resume . 

les publication s annoncen t u n cofl t globa l 

de reductio n de s emission s d e GE S com -

pris entr e 6 0 e t 80 0 milliard s d e dollar s 

et u n cofl t d'adaptatio n au x changemienl s 

climatiques d c 29 2 milliard s d e dollars . De 

plus, deu x publication s resumee s e n inlro -

duction apportaien t u n element d e repons e 

formiel S  la problem.atique . Cependant , leu r 

bilan respecti f etai t contradictoir e ;  Bosello 

(annee d e publicatio n inconnue ) affirmiai t 

que I'attenuation es t moins coflteuse , tandis 

que GoIkan y (2005a) defendai t plutS t l'ide e 

que l'adaptatio n entraTnerai t moin s d e 

coOtS- A  l a lumiier c d e ce s informations , i l 

n'est pa s possibl e d e tire r un e conclusio n 

tranche quan t a  I'avantag e economiiqu e d e 

s'adapter au x changement s climatique s 

plutflt qu e d'attenue r le s emission s d e 

GES, ca r certaine s incertitude s e t limite s 

empechent d e parveni r b  une conclusion . 

2.2.1 Incertitudes 

Les incertitude s constituen t l e coeu r d u 

probleme dan s revaluatio n de s coflt s 

d'attenuation e t d'adaptatio n (Collawa y 

et al.  1998) . Elle s emanen t de s scena -

rios d e changemrent s climatiques , de s 

hypotheses sous-jacentc s au x contexte s 

technologiques e t economiique s futur s 

et de s problemis s miethodologique s lie s a 

revaluation. 

2.2.1.1 Changerr.ent s clirpatiquo s 

L'evolution reell e d u clima t es t incertain e 

et le s scenario s d'evolutio n d e GE S son t 

nombreux. Or , un e mem e etud e econo -

miique refer e raremen t i  different s scena -

rios climatique s afi n d e balaye r un e plag e 

d'incertitude d e l'evolutio n du  climia t su r 

les coflts . D e plus , pe u d'etude s specifien t 

le scenari o d e changemient s clim.atique s 

utilise, c e qu i ren d encor e plu s ditficile s 

les intercomparaisons . Dan s le s ca s oi l le s 

scenarios son t specifies , il s son t l a plu -

part du  temp s pou r u n clima t stationnaire . 

L'imprecision d e ce s scenario s es t trans -

mise au x coflts , le s scenario s i  requillbr e 

n'etant pa s realiste s (To l et  al.  1996) . 
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2.2.1.2 Ccntexte s futur s 

L'economiie mondial e depen d de s tech -

nologies e t de s contexte s economii -

ques regionaux . Un e hypothes e dan s le s 

modeles economique s es t qu e l a techno -

logie e t le s economie s son t stationnaires . 

c'est-S-dire qu'elle s n'evoluen t pa s dan s 

le temp s Or , ce s contexte s progressen t 

rapidement. E n consideran t qu'u n miodel e 

peut simiule r I'economi e su r un e period e 

d'environ 5 0 ans . cett e hypothes e indui t 

necessairerrient d e l'incertitud e au x coflts . 

A c e propos . Stern (2006 ) soutien t qu e le s 

etudes economique s n'etablissen t pa s d e 

lien Clai r entr e le s coflt s de s changemient s 

climatiques e t re';olulion i de s technologie s 

Par exemple , de s technologie s &  faible s 

emissions d e GE S pourraien t etr e implan -

tees dan s l e futu r e l le s modele s n e le s 

considereraient pa s e.xplicitemen L 

2.2.2 Limites 
Les limitation s son t le s cause s pou r les -

quelles le s coflt s prevu s son i difficilerrien t 

comiparables. 

2 2. 2 1  Modeles Gccncrrique s 

Selon Collawar y etol.  (1998) . un e limiitatio n 

^ revaluatio n de s coflt s de s changemient s 

climatiques decoul e d e l a structure intern e 

des modeles economiques . Envlronnemien t 

Canada (2002 ) exprimi e qu e pe u im.port e 

le miodel e economiiqu e utilise , i l exist e d e 

grands ecart s entr e le s hypothese s e t l a 

fa,gDn reell e don t fonctionn e I'ecQ'nomie . 

Malgre l e fai t qu e le s modeie s foumissen t 

un apGr{; u d e I'economie dan s u n context e 

de changement s climatiques , le s reper -

cussions predite s son t incompletes . U n 

exemple d e mauvais e evaluatio n dcscoQt s 

qu'Environnemient Canad a (2002 ) reme -

miore es t celu i d u prograrrirri e amiericai n 

contre le s pluie s acides . E n effet , le s esti -

mations ecoi>omique s etaien t initialemien t 

de 4  S  10 foi s superieure s au x coflt s reel -

lemient encourus . 

2.2.2.2 Echell e teirporell e divcrgent e 

Les echelle s temporelle s di^/ergente s dan s 

les etude s emipechen t I'lntercomiparaiso n 

des coQt s d e reducbo n e l d'adaptatio n 

entre eu x ains i qu e de s coOt s d e reductio n 

par rappor t au x coflt s d'adaptation . 

A ce t egard . l a comiparaiso n de s coflt s d e 

reduction de s GE S entr e eu x es t laho -

rieuse puisqu e certaine s etude s presen -

tent le s coflt s pou r atteindr e u n nivea u d e 

concentratiorvvise e n 2012 (lorsque l e pro -

tocole d e Kyot o viendr a ii  echeance) . tandi s 
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que d'autres devoilen t plutS t de s coflt s pou r 

d'autres horizons , soi t pou r les  annee s 

2050. 210 0 e t meme 2200 . 

Pour c e qu i est d e l a comparaison de s coflt s 

d'attenuation e l d'adaptation . Wilbank s e f 

Ol' (2003 ) evoquen t qu'il s n e peuven t fon -

damientalement s e compare r e n raiso n du 

delai d e leur s effets . tattenuatio n etan t 

^ lon g terme , alor s qu e l'adaptatio n es t ^ 

court e t e moyentermes. Cette limitation fai l 

notamment referenc e au  tau x d'escompt e 

En effet . ^applicatio n du n tau x d'escomipt e 

fait e n sort e qu'un e consequenc e futur e a 

une plu s petit e valeu r s i ell e es t considere e 

aujourd'hui. c'est-a-dir e s i ell e es t ramiene e 

b l a valeur present e (Newel l el  aL  2004 ) 1 1 

n'existe actuellemen t pa s d e consensus su r 

la valeur du  taux d'escompt e a  utiliser dan s 

les calcul s du  cofl t de s changemienl s climia -

tiques pou r favorise r le s action s a  prendr e 

maintenant qu i auraien t d e reel s avantage s 

economiques dan s l e futur . 

2.2.2.3 Echell e spatial e divergciil c e t 

niveaux d'interventio n distincl s 

Tol (2005a ) mentionn e qu e les raisons pou r 

lesquelles le s strategie s d'adaptatio n n e 

peuvent etr e comparee s ecorLomiquemien t 

a celle s d'attenuatio n son t l a dh'ergenc e 

d'echelle spatial e e t d e niveau x d'interven -

tion. E n effet , I'attenuation es t a  la bas e u ne 

affaire gouvememen t ale dan s u n context e 

de negociations Internationales , l'adaptatio n 

etant pluto t d'intere t pou r le s gestionnaire s 

locaux e t organisation s pnvee s dan s u n 

contexte d'economi e regionale . 

2.2.2.4 Avantage s c t coflt s accessoire s 

Le GIE C (2001c ) a  soulev e qu e les  politi -

ques d e reductio n de s GE S peuven t avoi r 

des consequence s indirecte s (positive s ou 

negati';es) su r le s coflt s reels . E n general , 

ces politique s son t evaluee s e n respec t d e 

leurs coflts e t benefice s Toutefois . certain s 

benefices n e son t pa s considere s (RUb -

belke, 2003 ) ;  pa r exemiple , le s recherche s 

de van Vuure n et  al.  (2006) proposen t qu e 

les coflt s relie s au  contr&l e d e l a qualit e d e 

fair e n Europ e pourraien t diminue r d e 2 0 a 

30 % , el miSmie plu s s i l e protocole d e Kyot o 

etait respecte . 

2.2.2.5 Effet s combine s 

Tol (2005a ) soutien t qu e l'adaptatio n au x 

changemients climatique s e t I'attenuatio n 

des GES son t des politique s qu i peuven t s e 

subslituer puisqu'elle s contribuen t ^reduir e 

les impact s de s changement s climiatiques . 

Toutefois, i l precis e qu'elle s doiven t etr e 

analysees d e pai r dan s un e analys e econo -

mique. Cette recommandatio n entraTne done 

une complexit e a  l'analys e d u coflt . c'est -

e-dire dan s revaluatio n d e l a proportio n 

des coflt s d'adaptatio n qu i serai l diminue e 

s'il y  avai t reductio n de s GES . Wilbank s 

(2003) maintien t qu e I'integratio n de s deu x 

mesures dan s un e approch e uniqu e es t 

comiplexe. ca r ell e depass e l a comprehen -

sion conceptuell e ou  emipirique . 

2.3 D iscuss io n -

Point d e vu e economiqu e 

Wrang e t Bus k (2005 ) souieven t qu e reva -

luation du  cofl t de s changement s climati -

ques paraT t simpl e e n theorie . mai s qu'e n 

pratique, c'es t un e tSch e d'un e Ire s grand e 

com.plexite. L'analys e d e l a revu e biblio -

graphique, de s incertitude s e t de s limita -

tions dormen t un e ide e d e l a difficult e lie e 

a l'evaluatio n du  coQ t de s changement s 

climatiques. 

MSmie s i quelque s etudes , soi t di t e n pas -

sant contradictoires , posen t u n verdic t su r 

la strategi e b  privilegie r d'u n poin t d e vu e 

economique. i l es t impossible , e n analysan t 

les publications , d e porte r u n regar d neu f 

sur l a questio n e t ains i endosse r l'un e de s 

miesures E n effet. les changements climati -

ques induisen t beaucou p tro p d i n certitudes 

et l'etat actue l des connaissances n e permiet 

pas de repcusse r le s limiites . 

Les etude s economiique s recente s pro -

posent plutB t qu'un e approch e combinan t 

Tadaptalion e t I'attenuatio n serai t plu s ren -

table, san s toutefoi s justifie r l a propositio n 

monetairement, seulemien l qualitativemen t 

(e I'exceptio n d u rappor t d e Ster n (2006)) . 

Le jugemen t su r le s coQt s es t capita l puis -

qu'il es t possibl e qu e les  somimie s injectee s 

maintenant permietten t d'evite r d e debourse r 

ulterieurement de s montant s beaucou p plu s 

importants. Cependant . le s tentali>;e s d e 

determination d e ce s coflt s mienen t appa -

remmient a  un cul-de-sac . 

II es t don e avanc e qu e l a seul e conside -

ration d u poin t d e vu e economique , pou r 

•»KT£Ufi e-iviUi-v^-iici l >  Mali 200 7 >  65 
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prendre l a decision d'attenuer ou  d'adapter , 

mene actuellemen t a  un e impasse . E t s i 

le choix . s'i l es t legitime , n e devai t pa s 

reposer uniquemen t su r de s argumicnt s 

economiiques ? 

3. Attenuer o u atJapter ? 
Un point d e vue 
environnemental e t equitabl e 
Ce poin t d e vu e abord e dan s u n premie r 

temps requit e e t dan s u n deuxiem e temp s 

le developpement durable . U n regar d diffe -

rent su r l a problemiatiqu e es t pos e e l de s 

principes e  considerer e n complementarit e 

aux analyse s economique s son t suggeres . 

3,1 Equi t e 

« La consideratio n de s panicularite s de s 

individus e l de s groupe s pou r le s place r 

sur u n pied d'egalite »  (Office quebecoi s d e 

la langu e frani?alse , 2003 ) es t un e inter -

pretation du  princip e d'equite . E n conside -

rant qu e l e climia t es t u n «  bien > • commun, 

I'equiie impliqu e don e l a necessit e d'altri -

buer i t o u s le s humiain s l e droi t d e profile r 

de c e bie n (D'lelere n et  at  2004) . Le s 

concepts d e droit s historiques . d'egalit e 

des chance s e l d'egalit e economiiqu e e t 

soclale son l issu s d'autan t d e varianle s 

de cett e interpretatio n qu i n e seron t pa s 

abordees. A u sen s large , requit e refer e 

nolamimient a  I'egalii e entr e le s region s e t 

les generations . 

3.1.1 Equile inlerregianale 

Les GE S son t uniformiemen t reparb s dan s 

I'atmiosphere, ca r il s n'ont aucun e fronber e 

spatiale. Pa r contre . cett e uniformiit e geo -

graphique n'es t pa s rencontre e e n ce qu i a 

trait au x emission s de s GES , au x imipact s 

des changemients climiatique s e t a  la dispo-

sition economiqu e de s region s a  s'adapte r 

Alors qu e les principaux emietteur s son t le s 

pays industrialises , le s region s e n deve -

loppement son t le s plus vulnerable s d e pa r 

leur capacit e financier e limiite e a  s'adapte r 

(Goklany, 2005a) . D e surcroTl . 1 1 est jug e 

que ce s pay s on t attein i l e seui l optimia l d e 

temperature rendan t leu r economii e favo -

rable, notamimien t pou r leur s principale s 

activites economiques , telle s I'agricultur e 

et l e tourism e (GIEC , 2001d) . Autremen t 

dit. tou t rechauffemen t climatiqu e sup -

plem.entaire leu r serai t defavorable . Su r 

ce constat , i l es t jug e inopporhjn , sou s 

le princip e d'equite , d e considere r seu -

lement I'alternaliv e «  adaptation » . Cett e 

remarque introdui t l a notio n d e responsa -

bilite qu i constitu e san s dout e la dimiension 

de requit e l a plu s importanl e (D'lelere n et 

al. 2004) . Cette notio n engagerai l le s pay s 

responsables a  contribue r bnancieremien t 

e l'adaptation de s pay s e n developpement . 

Ce system e d'idee s qu i miotiv e factio n s e 

fonde sur l e concept d u just e e t d e I'injuste 

et rejoin t directemen t le s consideration s 

economiques evoquee s precedemimen t 

D'ailleurs. le s analyse s economique s 

du rappor t d e Ster n (2006 ) prennen t e n 

compte le s question s d'equite , c'esl-^-dir e 

que le s ecart s entr e l a capacit e d'adapta -

tion des pays envoi e d e developpemieni pa r 

rapport au x pay s developpe s son l compta -

bilises pou r tire r le s conclusions . 

3.1.2 Equite  inlergenerationnelie 

Les horizon s temiporel s e n miatier e d u 

climat s'etalen t bie n au-del a d e l a gene -

ration actuelle . Dan s c e sens , l a notio n 

d'equite n'es t pa s seulemen t valid e pou r 

les contemporains . Sou s l e princip e 

d'equite inlergenerationnelie , l a reductio n 

des GE S n e peu t etr e exclu e puisqu'ell e 

dimiinue certain s risque s pou r le s genera -

tions futures . Ces risques son t pa r exempl e 

des effet s environnemientau x a  lon g term e 

pouvant etr e Irreversibles , tel s l a dispa -

rition d'ecosysteme s uniques . Dan s ce s 

situations, aucun e strategi e d'adaptatio n 

ne pourrai t resoudr e l e probiemi e (GIE C 

2001b). Neanmoins, s i le s miesure s d'adap -

tation son t necessaire s pou r diminue r l e 

risque su r le s generation s actuelles , elle s 

ne peuven t etr e exclues . 

De plus , e n consideran t qu e l e temip s 

de residenc e de s pnncipau x GE S dan s 

I'atmiOsphere es t d e 1 2 a  20 0 an s (GIE C 

2001b) e t qu e le s changement s climati -

ques actuel s son t cause s pa r le s emis -

sions cumulalive s depui s l e dernie r siecle , 

il es t nature l d'attenue r ou  d e mainteni r 

les GE S e  un nivea u d e referenc e e n tout e 

connaissance d e caus e pou r le s genera -

tions futures . 

Le changemen t climatiqu e es t un e proble -

miatique b  long terme . L e princip e d'equite , 

lorsqu'il refer e au x droit s de s generation s 

futures, introdui t necessairemen t l a notio n 

de developpemen t durabl e 

3.2 Developpemen t durabl e 

Selon l e rappor t Brundtlan d (1987) . l e 

developpemieni durabl e «  est u n develop -

pemieni qu i repon d au x besoin s du  presen t 

sans compromettr e l a capacit e de s gene -

rations future s d e repondr e au x leur s » . 

Par extension , une interpretatio n possibl e 

de cett e definitio n serai t qu e l'adaptatio n 

esl un e mesur e e  adopte r pou r repondr e 

aux besoin s du  present , tandi s qu e I'at -

tenuabon de s GE S serai t un e actio n e 

prendre aujourd'hu i pou r l e bie n du  futur . 

Dans c e sens , l e GIEC t2001b ) enonc e qu e 

des strategie s d'attenuatio n e t d'adapta -

tion bie n coni;ue s peuven t enccurage r u n 

developpement durable . Ainsi , le s risque s 

dus au x changement s climiatique s pou -

vant alte r a  I'encontr e d u developpemien i 

durable seraien t de s dommage s cause s 

par le s exlrSmiG S climaliques , le s penurie s 

d'eau e t le s perturbation s e n agriculture . 

Golkany 12005b ) insist e su r l e fai t qu e le s 

changements climatique s entraveron t l e 

developpemieni durabl e e t qu e c'es t pa r l a 

mise e n plac e d e mesure s d'attenuatio n 

qu'il y  aur a moin s d c perturbations . 

Dans l e sen s du  developpemen t durable , 

l'application de s miesure s d'attenuation , 

et d'adaptatio n «  sans regre t »  es t un e 

approche a  developpe r (f^^cBea n et  aL 

2001). C e genr e d e miesure s preconis e l a 

mise enoeuvr e d'action s utile s qu i auraien t 

des impact s benefique s su r I'economi e e l 

renvlronnement, e l ce , miem e s i le s chan -

gemients climiatique s n e s'averaien t pa s 

etre d e I'imiportanc e anticipce . Un exempl e 

d'une tell e miesur e serai t d e limile r l a cir -
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culation automobil e dan s le s ville s (mom s d'emission s d e GES , 

mais auss i mioin s d e bruit , d'accidenls ou  d e pert e d e temps) . 

3.3 Discuss io n -  Poin t d e vu e envi ronnementa l e t equitabl e 

Les eiemients supplementaires rapporte s dan s le poin t d e vu e envi -

ronnemiental e l equitabl e remetten i e n caus e l e fondemien t d e l a 

problematique soulevee , inslnuan t qu'i l y  ai t u n choi x a  faire entr e 

les deu x solution s qu i l imitenl le s dommage s de s changement s cli -

matiques Bref , devan t le s principe s d'equit e e t d e developpemien i 

durable, l a problemiatiqu e es t u n non-sens , c'est-a-dir e qu e tran -

cher e n faveu r d'un e strategi e d'interventio n n'es t pa s un e optio n 

et que I'attenuatiD n e t l'adaptatio n doiven t etr e comiplemienlaires . 

La vision es t don e qu e de s mesure s d e reductio n de s GE S doi'ven t 

etre entreprlse s pou r l e respec t de s generation s future s e l qu e 

ladaptallon au x changemient s climatique s doi t etr e mis e e n plac e 

a I'echelle planetair e pou r limite r le s risque s auxquel s es t soumis e 

la generation actuelle . 

De plus , les etude s d e Meinshause n (2006 ) e t Stern (20fJ6) , publiee s 

au momen t d e fair e le s derniere s correction s d e ce t article , ame -

nenl u n elemen t nouvea u e  l a reflexion , h  savoi r qu'analyse r le s 

alternatives (attenue r o u adapter ) d'u n poin t devu e excluoi f n'es t 

pertinent qu e lorsque raugmentatio n de s temiperatures globale s es l 

inferieure b  2 'C . I I s'agi t du  seui l ou  le s consequence s pourraien t 

etre grave s e n ce qu i a  trait au x vivres . au x ressource s hydriques . 

aux ecosysteme s e t au x extreme s climatiques . 

Ces conclusion s menen t au  consta t qu e l e choi x «  attenuer o u 

adapter »  n'es t pa s un e option . L a seul e issu e es t «  attenuer e t 

adapter » . C'es t d'ailleur s c e qu e proposai t l e prolocol e d e Kyot o 

en 1997 , sans toutefois dispose r d e chiffre s b  I'appui . 

Pour tout dire , les notion s d'equit e e t d e developpemieni durabl e n e 

sont pa s etrangere s au x politique s Internationale s mise s e n plac e 

par l a Convention-cadr e de s Nation s Unie s su r le s changement s 

climatiques. A ce t effet , u n de s principe s ayan t guid e le s negocia -

tions du  prolocol e d e Kyot o es l : 

t Ihricombe  aw<Parties  de  prendredei meiures  de  firicautiori, pourpri-

voir, prevenir o u attiriuer (e s causes Jes it-aritfimenti  dimotiques  et  eri 

limiter les  effete nefa^tei. Qunndily  a  raque de  perturbattore graves  ou 

irriversibles, I'absencede  certitude  xieritipque  obsolue  rte doit pas servir 

de pritexte pour  dffirer  I'adoptiori  de  telles mesures.  itarit entendu  que 

les politiques et  mesures qu'appelknl les  chorigements climatiques requii-

rent un  bo.r, rapport coOt  .efficaati, de  maniire  a  garantirdes avantages 

globtjux ou  coOt leplus bos  possible. Pour atteindre  ce  but. il corivient que 

ces politiques et  mesures tienrieni  compte  de  la diverstte des  contextes 

sodo-6corcrr)iques, soierit  globaies.  s'ttenderi  a  toutes ies sources et  a 

tous les  punts et reservoirs de  qoz a effet de serre qu'H  conviendra. com-

prementdes mesures  d'adaptation et  s'oppliquentd tous  les secteurs ico-

rcmiques »  (Nations Unies , 1992). 

4. Conclusion s 
Considerantle poin t devu e economique. a I'effetquG le s analyses de 

coflts n e peuven t prouve r qu'i l y  aurai t u n avantag e a  s'adapter au x 

changemients climiatique s a u detrimient d e reduire le s emissions d e 

GES, ains i qu e l e poin t d e vue environnementa l e t equitable , c'est -

S-dire qu e choisi r exclusivemien t rattenualio n o u I'adaptatio n irai t 

b I'encontre da s principe s d'equit e e l d o developpemen t durable , 11 

va d e so i que d'adopte r un e approch e mixt e attenuation-adaptatio n 

pour limilte r le s imipact s de s changem,ent s climatique s es l a  privi -

legier. D'ailleurs , de s etude s recentes . notamimen t cell e d e Ste m 

(2006), von i dan s c e sen s e n alieguan i qu e cett e approch e serai t 

economiquement avantageuse . 
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Uncertainty o f the Impact o f Climate Change o n the Hydrology o f a Nordic Watershe d 

Marie Minville, ing. Jr 

Franfois Brissette. ing., Ph.D. 

Robert Leconte, ing., Ph.D. 

Abstract: The impact of climate change on the hydrology of the Chute-du-Diable watershed 

(Quebec, Canada) is studied by comparing statistics on current and projected future discharge 

resulting from a wide range of climate change scenarios. The use of 10 equally weighted 

climate projections from a combination of 5 General Circulation Models (GCMs) and 2 

greenhouse gas emission scenarios (GHGES) allows for the definition of an uncertainty 

envelope of future hydrologie variables. GCM data is downscaled using the change factor 

approach for 30-year time slices centered around years 2020, 2050 and 2080. 

To estimate natural variability, synthetic time series are then computed for each horizon and 

for each climate change scenario, using a stochastic weather generator (30 series of 30 years), 

and are entered into a hydrology model. Future hydrological regimes are then compared to 

the control period (1961-1990) using the annual and seasonal mean discharge, peak discharge 

and timing of peak discharge criteria. 

Results indicate a 1 to 14°C increase in seasonal temperature and a -9 to +55% change in 

seasonal precipitation. The largest increases in both temperature and precipitation are 

observed in the winter and spring seasons. The main hydrologie impact observed is a spring 

flood appearing 1 to 5 weeks earlier than usual and a modification of its amplitude from -40 

to +25%. Most scenarios suggest increases in the winter, spring and fall discharge, whereas 

summer is expected to see a decrease in discharge. While there is still a large scatter in 

projected values, the uncertainty analysis projects a better view of the most probable future 

hydrologie behaviour of the watershed. 
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Of all sources of uncertainty considered in this study, the largest comes from the choice of a 

GCM. Accordingly, all impact studies based on results from only one GCM should be 

interpreted with caution. 

1. INTRODUCTIO N 

In the future, water is the resource that will be most severely affected by climate change 

(Environnement Canada, 2004; 1996; Srikanthan et McMahon, 2001; Xu et Singh, 2004). 

Several studies (Whitfield and Cannon (2000); Muzik (2001); Risbey and Entekhabi (1996); 

among others) have shown that small perturbations in precipitation frequency and/or quantity 

can result in significant impacts on the mean annual discharge. Moreover, Christensen et  al. 

(2004) mention that modest changes in natural inflows result in larger changes in reservoir 

storage. Any changes in the hydrologie cycle will affect energy production and flood control 

measures (Xu et Singh, 2004) to such an extent that water management adaptation measures 

will very likely be brought in. 

Whitfield and Carmon (2000) have analyzed recent hydrologie trends in Canada (1976 to 

1995), and have observed that several regions display hydrographs with an early spring flood 

and increased winter mean discharge as well as smaller summer flows. Regonda (2005) did a 

similar analysis in the United Sates on North West basins and observed an advancing trend in 

the timing of peak spring flows, which he attributed to climate change. An increase in winter 

precipitations was also observed. This precipitation increase did not however translate into 

higher spring discharges, suggesting that the precipitation trend was offset by higher 

temperatures and increased winter seasonal melt and more liquid precipitation. 

Similarly, the IPCC (2001b) states that over the course of this century. North-American river 

inflows will rise in the winter season, while decreases will be observed in the summer. In the 

Canadian province of Quebec, the impact of such changes on hydropower is critical. In 

Northern Quebec, annual reservoir inflows are expected to rise (Ouranos, 2004). This is 

generally considered to be a positive impact, although it may not necessarily result in 

increased hydropower production. On the other hand, the projected increase in extreme 
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rainfall events in the southern areas, where most of Quebec's population is concentrated, will 

likely increase damage due to floods. Water management and design practices will face new 

challenges which will require a better quantitative understanding of potential changes; this 

understanding of the impacts of climate change is complicated by several sources of 

uncertainty linked to climate change. The uncertainty depends on both climate data and 

simulated hydrologie regimes (Prudhomme et  al,  2003). Climafic uncertainty is linked to 

greenhouse gas emission scenarios (GHGES) and especially to general circulation models 

(GCMs), whose representation of topography and climate processes is imperfect, in large 

parts due to computational limitations. The future climate uncertainty has recently been 

introduced into hydrology impact studies by using more than one climate projection obtained 

from the combination of GCM and GHGES. Recently Merritt et  al.  (2006) and Vicuna et  al. 

(2007) used 3 GCMs and 2 GHGES. Maurer (2007), also for an hydrology impact study used 

11 GCM and 2 GHGES, and although not all of the possible combinafions were used, this 

points to a tendency in using as many GCM and GHGES as possible to better encompass the 

uncertainty linked with climate projections. 

Downscaling methods also add uncertainty to climate data due to the limitations that are 

inherent in each technique. Hydrologie uncertainty results from the transferability of 

hydrological models to a future climate, and particularly with respect to model calibration. 

Considering all these sources of uncertainty, future hydrologie conditions can only be 

described by taking into account as much of this uncertainty as possible. As such, a precise 

deterministic prediction is not possible. 

The main objective of this work is to quantify the impacts of climate change on the Chute-

du-Diable watershed, while outlining the uncertainty linked to climate data by considering 

data from several GCMs and GHGES. This is the first part of a larger project that aims to 

propose adaptation measures for water management practices over the watershed. 

The paper first presents the main characteristics of the watershed. Climate data is then 

presented, followed by details on how climate change projections were constructed. The 

paper concludes with a presentation of results and a discussion. 
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2. STUDY AREA AND HISTORICA L DAT A 

The Chute-du-Diable watershed is located close to the geographical center of the province of 

Quebec (Figure 1) and is part of the Peribonka River watershed. It has a surface area of 9700 

km , with an elevation of between 100 and 700 meters. It is sparsely populated, and mostly 

forested. The watershed is used mainly for hydropower production and logging. The average 

annual rainfall in the area is 962 millimeters and the basin's armual average temperature is -

1°C. Snowfall accounts for over 36%o of the mean annual precipitation. Daily area-averaged 

meterological data was derived from a network of 6 gauges distributed throughout the 

catchment averaged over 26 years of historical data. River flows are regulated by two 

upstream reservoirs. Natural (de-regulated) inflows used in this study were obtained from 

the Energie Electrique Company, a division of Alcan Inc., a world-leading aluminum 

producer. Snow plays a crucial role in the watershed management, with 35%) of the total 

yearly discharge occurring during the spring flood. The mean annual inflow of the Chute-du-

Diable watershed is 212 m /s. 

This watershed was chosen since it contains 3 hydropower plants managed by a division of 

Rio Tinto Alcan. The work outlined in this paper is part of a larger project aimed at the 

evaluation of potential impacts of climate change on water management practices and 

hydropower production over the Peribonka River watershed. 

Figure 1 . Location ma p of Chute-du-Diable watershed with locatio n o f 

hydrometeorological station s (blac k circles ) 



92 

3. HYDROLOGICAL MODE L DESCRIPTIO N AN D CALIBRATIO N 

3.1 Hydrological model : HSAM I 

Hydrological modelling was performed with the HSAMI software model (Bisson et Roberge, 

1983; Fortin, 2000), which was developed by Hydro-Quebec, and as been routinely used in 

forecasting natural inflows for over 20 years. HSAMI is actually used in Quebec for daily 

forecasting of natural inflows on 84 watersheds with surface areas ranging from 160 km to 

69195 km . Verticals flows are simulated with 4 interconnected linear reservoirs (snow on 

the ground, surface water, unsaturated and saturated zones). The model takes into account 

snow accumulation, snowmelt, soil freezing/thawing and evapotranspiration. Water is 

transferred at the basin outlet through surface runoff, interflow and baseflow (see fig. 2). 

For each time step, the model goes through the following steps: 

1. Estimation of potential evapotranspiration 

2. Computation of net precipitation on reservoirs 

3. Simulation of interception and accumulation of rainfall and snow, interactions 

between rainfall and snow, snowpack freezing/thawing and aging 

4. Separation of available surface water between infiltration and runoff 

5. Simulation of vertical water movement (infiltration, interflow, evapotranspiration and 

movement between the saturated and unsaturated zones) 

6. Simulation of horizontal flows toward the outlet 

7. Computation of natural inflows or water discharge at the outlet 

HSAMI is a 23-parameter, lumped, conceptual, rainfall-runoff model. Two parameters 

account for evapotranspiration, 6 for snowmelt, 10 for vertical water movement, and 5 for 
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horizontal water movement. Model calibration is done automatically using the Shuffled 

Complex Evolution optimisation method (Duan, 2003). 

Surface 
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Intermediate 
storage 

Inflow 

Evapotranspiration • 

Unsaturated zone 

Saturated zone 

Figure 2. Flow chart of the HSAMI mode l 

The basin-averaged required daily input data for the model is: minimum and maximum 

temperatures, liquid and solid precipitations. Sunshine hours and snow on ground are 

optional inputs. A natural inflows or discharge time series is also needed for proper 

calibration/validation. 

3.2 Calibration/validation o f hydrological mode l 

As mentioned previously, since HSAMI is a lumped model, the initial step consisted in 

preparing basin-averaged data input. Six years were used for calibration (1978-1983), and 20 

years for validation (1984-2003). The more recent years were favoured because they provide 

calibration/validation for the warmest years on record. The uncertainty linked to model 
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calibration in a future climate was not considered in this study. The optimal combination of 

parameters was chosen based on the Nash-Sutcliffe criteria for both calibration and 

validation runs. The chosen set of parameters yielded values of the Nash-Sutcliffe criteria of 

0.92 for calibrafion and 0.89 for validation. 

Figure 3 presents the observed and modeled averaged hydrographs for the 1978-2003 time 

period. The model behaves well most of the year, with the exception of summer, when the 

modeled discharge is overestimated. 
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Figure 3. Observed and modelled averaged hydrographs for the 1978-2003 time period 

for the Chute-du-Diable watershed 

4. CLIMATE CHANGE PROJECTIONS 

4.1 Methodology 

Climate change projections used in this project are constructed in three steps. First, climate 

projections from GCMs and GHGES are selected, and then climate data is downscaled to 

allow its use at the basin scale. Finally, several synthefic time series of downscaled climate 

data are stochastically generated to take into account the natural year-to-year climate 

variability. 
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4.1.1 Genera l Circulatio n Model s (GCMs ) and Greenhous e Ga s Emission Scenario s 

(GHGES) 

The climate projections (Table 1) selected are obtained from 5 GCMs and 2 GHGES 

(Nakicenovic et  al,  2000). The chosen GCMs are the United-Kingdom Climate Model 

(HadCM3), the European Climate Model (ECHAM4), the Australian model (CSIRO), the 

Japanese Climate Model (CCSRNIES) and the Canadian Climate Model (CGCM3). 

HadCM3 

ECHAM4 

CSIRO 

CCSRNIES 

CGCM3 

A2 

Y 
V 
Y 
• / 

V 

Bl 

/ 

B2 
^ 

/ 

• / 

Y 

Table 1 . Climate projections use d 

These models have all been used in the Atmospheric Model Inter-Comparison Project (Boer, 

2004), with the exception of the third version of the Canadian Climate Model (CGCM3), 

which is more recent. All GCMs are able to simulate the climate and its variability, even 

though the atmospheric processes are not all perfectly represented due to the coarse 

computational grid of the models, and the still limited understanding of some processes 

(Boer, 2004). For the CGCM3 model, since results from the B2 scenario were not available, 

the Bl scenario (a more optimistic scenario) was chosen instead. Implications of this choice 

will be examined in the discussion section. 

4.1.2 Chang e facto r 

While some climate data is well represented by GCMs, certain other outputs (including 

precipitafion) are often not well reproduced (Roy et  al,  2001). The approach used in this 

work is the so-called change factor method (Diaz-Nieto et Wilby, 2005; Hay et  al,  2000), 

and was applied for 30-year series centered over the years 2020, 2050 and 2080. In essence, 

this method modifies the observed historical fime series by adding the difference between the 
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future and actual climate as simulated by a GCM. These perturbation factors are computed 

for each month at each time period (2020, 2050 and 2080). This approach is applied for 

temperature (minimum and maximum) and precipitation data. Monthly variables from GCMs 

are used to modify the daily time series needed for hydrological modeling. Equations 1 and 2 

show how this method is applied mathematically for minimal and maximal temperature 

(Eq.l) and precipitation (Eq.2). Indices are defined in the notation section. 

\ful.j,h ~  ^ohs.j  '^\Lful.m.h  Tcnnl.m) [1] 

^fiil.j.h ~  Poh.s.j  ^  {P.t"l."'.h  I  Pconl.m) [2] 

A region around the basin was defined to incorporate at least three grid points for each GCM. 

This common region allows similar averages to be defined for each GCM despite their 

distinct computational grids. Figure 4 shows the common region superimposed on the 

computational grid of the five chosen GCMs. 
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Figure 4. Interest zone with respect to the computational grid of the chosen GCMs 

An area-based weighting scheme for each grid is used to average monthly delta values for the 

basin. Equations 1 and 2 can be modified to take into account the weight of each grid point 

for all computational grids, to yield equations 3 and 4. Indices correspond to all grid points 

within the common region defined around the basin. 

T —  7̂ ^̂ ^ . + 0)^{Tfut.m.h  —Tcont.m)^  +  COjif  ful,m.h  —Tconl.mjj  +  ••• + 0)^{Tful.m.h —Tcont,m\  [ 3 ] 
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P =  P  X 
^ ful,j,h  ^obs.j  ^ 

ft>, (Pful.m.h  I  Pconlji,  ) , + COj  {P ful.mji  I  P  com  .m ) , + . . . + &>„ {Pjul.m.h I  P  com  ,m )„ [ 4 ] 

The monthly delta values obtained from Equations 3 and 4 are then applied to the daily 

observed historical data (precipitation and temperature). 

4.1.3 Basin-averaged weathe r dat a 

The hydrological model used in this study is a lumped model, which requires basin-averaged 

values of weather data. Minimum and maximum temperatures, as well as precipitation time 

series were averaged from observed data at all available stations. Delta minimum and 

maximum temperature values were directly added to basin-averaged series. 

4.1.4 Accounting fo r natura l variabilit y 

The next step consisted in taking into account the uncertainty linked to natural variability. 

Natural variability was introduced into time series (for the control period and all climate 

change projections) using a stochastic weather generator. The WeaGets weather generator 

(Caron, 2005) was used. It is a Richardson-type (1981) weather generator that uses a third-

order Markov chain for daily precipitation occurrence and an exponential distribution 

function for quantity. An autoregressive process is used to generate minimum and maximum 

temperatures, based on whether a day is dry or wet. The weather generator allows the 

production of infinite-length time series with the same statistical properties as those of the 

original series. Once entered in the hydrological model, these long time series allow the 

natural climate variability to be assessed, and thus takes into account the uncertainty 

associated with just a single trace of the climate. 

For each climate change scenario (and also for the observed historical time series) 30 series 

of 30 years were generated, giving a total of 900 years of daily synthetic climate data. It is 

important to note that these 900 years do not represent 900 consecutive years of evolving 

climate, but 900 years of climate with the same statistics as the 30-year series from which 

they were generated. Stationarity is an underlying assumption for each 30-year series. To 

sum it all up, eleven 900-year time series of daily minimum temperature, maximum 
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temperature and precipitation were generated (2 GHGES for each of the 5 GCMs, as well as 

for the control period data). 

4.2 Results 

4.2.1 Seasona l change 

Since the basin hydrology is closely linked to seasons, data analysis is performed on a 

seasonal basis. Projected precipitation and temperature change scatter plots are presented in 

Figure 5 for all climate projecfions and chosen fime slices (2020, 2050, 2080). 
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Figure 5. Scatter plots of temperature and precipitation seasonal changes for all 

combinations of GCM and GHGES, at the 2020, 2050 and 2080 time horizons 

Figure 5 indicates that for the chosen basin, all projections suggest a temperature increase for 

all chosen horizons. This increase varies from 1 to 4°C in 2020 all the way to between 4 and 

14°C in 2080, depending on the season, GHGES and GCM. At each horizon, the temperature 

increase is largest in the winter (DJF) and smallest in the summer (JJA). It should also be 
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noted that inter-model variability is largest in the winter (DJF) and spring (MAM) seasons. 

This is characterized by a larger dispersion on the scatter plots. 

For precipitation, the GHGES and GCMs projections suggest an increasing trend by as much 

as 20% for 2020 and 55% for 2080. However, a few projections resuhs in modest decreases 

in summer precipitation. For each time horizon, the maximum increase in precipitation is 

projected for the winter season (DJF). 

For each season, inter-model variability increases with each time horizon, as shown by the 

increase in scatter in Figure 5. In general, uncertainty linked with GCM is larger than that 

linked to GHGES. This is particularly obvious for the 2080 horizon. In other words, 

variability linked to GCM for a given scenario is larger than the variability linked to GHGES 

for that GCM. 

4.2.2 Temperatur e variabilit y 

Figure 6 presents the annual temperature cycle for all climate projections for the 2080 

horizon. 900-year averages (thirty 30-year series) are shown in comparison to the synthetic 

data from the control period, which also averaged over 900 years. 

It can also be seen from this figure that inter-model variability is greater than the variability 

induced by different emission scenarios. Temperature cycle graphs readily display the date 

on which average temperatures climb above - and descend below - freezing. Currently (bold 

line), these dates are April 15"" and November 1 '̂. Depending on the particular model and 

scenario, these dates could change to mid-March and mid-December respectively by 2080. 

The freezing season could then be shortened by up to 2.5 months (from 5.5 to 3). This change 

would affect the hydrology of the basin by reducing snow accumulation over the winter and 

spring snowmelt, accordingly. The snowmelt period would also begin earlier. 
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Figure 6. Averaged annual temperature cycle for all climate projections for the 2080 

horizon, and for the 1961-1990 control period for the Chute-du-Diable watershed 

4.2.3 Uncertaint y of future average temperature and annual precipitation data 

Figure 7 shows the uncertainty envelope of climate data as a function of each combination of 

GCM and GHGES. 

In building this envelope, it was assume that each climate projection had an equal probability 

of occurrence. Using the results from the thirty 30-year simulations from the stochastic 

weather generator, empirical probability density funcfions (PDFs) of the basin's armual mean 

temperature and annual precipitation data were constructed. The PDFs display the range of 

possible values for each variable and for each time horizon. The probability that each 

variable will be below a certain value is equal to the area under the curve to the left of this 

given value. The total area under each PDF is equal to 1. For example, for annual 

precipitation data representatives of the control period (bold black line in all three graphs of 
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the second row), expected values are between 650 and 1200mm. The median is 964mm 

(there is a 50%) probability of annual precipitation being greater or smaller than 964mm) and 

the mode (most frequent value) is 985mm. While each of the individual PDFs in Figure 7 

displays the natural variability inherent in each climate projection (as modelled with the 

stochastic weather generator), the bold black dotted line is the PDF which includes all 

uncertainties, incorporating natural variability with GCM and GHGES variability. 
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Figure 7. Probability densit y function s o f annual mea n temperature an d annua l 

precipitation dat a for all climate projections , and for the 1961-199 0 contro l period . 

PDFs are presented for the 2020, 2050 and 2080 time horizon s 

Figure 7 indicates that for both variables, uncertainty increases with time. PDFs also show 

that while all GCMs propose an armual increase in both temperature and precipitation for all 

projections, the magnitude of this increase varies greatly from one GCM to the next. More 

precisely, climate projections from HadCM3 and CGCM3 show the smallest temperature 

increases, of about 0.5 and 3.5°C for the 2020 and 2080 horizons, while the CCSRNIES and 

CSIRO models are at the other end of the spectrum, with increases of 2 and 8.5°C for the 

same horizons. The middle-ground model is ECHAM4, with projected increases of 1.5 and 

5.5°C for the 2020 and 2080 horizons. 
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The GCMs behave differently for annual precipitation. ECHAM4 suggests the smallest 

armual precipitation increase, from less than 10mm in 2020 to about 100mm in 2080, and 

CCSRNIES proposes the largest increase, all the way up to 400mm in 2080. The other 3 

GCMs (HadCM3, CGCM3 and CSIRO) yield similar results, with increases ranging from 

lOOnrni in 2020 to 200mm in 2080. 

The PDFs show that future average temperatures projected by GCMs will be fully distinct of 

the current natural variability by year 2050. This means that a cold year in the 2050 climate 

will be hotter than the current hottest year on record. This is not the case for precipitation, as 

can be seen from the overlaps between future climate PDFs and the one for the control 

period. This means that while the future is projected to become wetter over the basin, dry 

years will fall within the range of current observed values. By 2080, a very dry year would be 

one with precipitations close to the current mean of 962 mm. 

Figure 7 also shows that annual inter-model variability increases with time, for both 

precipitation and temperature. For precipitation, the within-model variability increases with 

time, as shown by PDFs that are flatter. This means that the variance in annual precipitation 

increases with time, indicating greater year-to-year variability. 

Changes in armual variability are the result of the bias correcfion method which is applied on 

a monthly basis. Accordingly, variability is preserved at the monthly scale. However, with 

more distant time horizons, monthly correction factors increase and display more seasonal 

variability. This results in an increase in annual variability, which results in flatter PDFs. 

5. HYDROLOGIC IMPACT S O F CLIMATE CHANG E 

5.1 Average hydrograph s 

Average hydrographs for each combination of GCMs and GHGES are presented in Figure 8 

for the three chosen fime horizons. The averaged hydrographs are computed using 900 years 

of data from the stochastic weather generator (thirty 30-year time series). The bold line 

represents 900 years of the control period (1961-1990). In this figure as well as in those that 



103 

follow, the control period will be represented by modelled data, and not real observed data. 

This is done to ensure that the slight bias observed in HSAMI simulations is taken into 

account when comparing the future to the control period. 

Figure 8 indicates that there is a general increase in winter flows (November to April) 

projected by all GCMs, and for all three time horizons. A decrease in summer flows (June to 

October) is observed in most cases for the 2020 and 2050 horizons, and in all cases, but for 

CCSRNIES A2, in 2080. Peak discharge is observed sooner in all cases and horizons. The 

lag varies from a few days in 2020 all the way to 6 weeks in 2080, depending on the GCM 

and GHGES selected. Results do not converge in the case of peak discharge magnitude. 

CGCM3 and HadCM3 propose an increase in peak discharge for all projections and time 

horizons while the other three GCMs project either the status quo or a decrease in peak 

discharge. In particular, the CCSRNIES model suggest a severe decrease in peak discharge 

(especially for the A2 scenario), with a very early occurrence, as well as a high average 

discharge over the winter. 

2020 
— Control perio d 
-"HaclCM3A2 
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— ECHAM4 A 2 
•- ECHAM 4 B 2 

CSIRO A 2 
CSIRO B 2 

-CCSRNIES A 2 
CCSRNIES 8 2 

— CGCM3 A 2 
CGCM3 B 1 

Figure 8 . Average hydrograph s fo r al l climate projections , and for the 1961-199 0 

control period . Results are for the 2020,2050 an d 2080 time horizon s 
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5.2 Annual and seasonal inflow s 

Total annual and seasonal inflows are presented in Figure 9 for all climate change projections 

as well as for the control period. Results are presented in %  of the simulated control period 

for all three time horizons. As mentioned before, a comparison is done with modeled inflows, 

and not with observed ones, in order to avoid any bias due to the hydrological model. As 

such, reconstructed inflows for the control period are always at 100%. 

For annual inflows, the only simulations that project a decrease come from the ECHAM4 

model. This decrease is projected for all three time horizons and varies from 1 to 7%, 

depending on the particular scenario and time horizon. For the other models, increases 

varying from 1 to 20% are projected. In addition to changes in mean annual inflows, a 

seasonal redistribution of inflows is also observed. At the seasonal scale, the largest 

increases are in winter (DJF), and the smallest in summer (JJA). The largest increase (290%) 

results from CCSRNIES A2 in 2080, and the largest decrease (30%) is projected by 

ECHAM4 A2, also in 2080. 
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Figure 9. Total seasonal and annual inflows for all climate projections and for the 

control period, in percentage of the inflows of the control period. Results are for the 

2020, 2050 and 2080 time horizons 
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All observed changes in annual mean inflows are statistically significant (5% level) for all 

projecfions and all horizons, with the excepfion of ECHAM4 A2 in 2050 and ECHAM4 B2 

in 2020 and 2080. Changes in variance are also significant (5% level) with the exception of 

ECHAM4 A2 and B2 for each horizon and CSIRO A2 in 2020. At the seasonal scale, 

changes in mean and variance are significant (1% level) for all seasons, projections and time 

horizons. Standard t-test and F-test were used as seasonal and annual inflows followed a 

normal distribution. 

5.3 Peak discharg e 

The snowmelt peak discharge is analyzed based on magnitude and time of occurrence 

criteria. Figures 10 and 11 present averages of these criteria for all climate change 

projections and time horizons. This data can also be extracted from Figure 8, but is more 

easily visualized in Figures 10 and 11. 

Figure 10 presents average peak discharge values expressed in percentage of reconstructed 

discharge. By 2020, HadCM3, under scenarios A2 and B2, suggest a 12% (median) increase 

in peak discharge, whereas ECHAM4 under the A2 scenario, propose a 2% (median) 

decrease. By 2080, the CCSRNIES model under the A2 scenario propose the largest decrease 

(40%) whereas the largest increase at 25% is projected by CGCM3 A2. All models predict 

an increased variability compared to the control period. 

The combined effects of temperature and precipitation changes influence peak discharge 

differently depending on the GCM. Models that predict the highest increases in winter and 

spring temperature (ECHAM4 and CCSRNIES) forecast a reduced peak discharge. Liquid 

winter precipitation rapidly contributes to runoff instead of being stocked in the snow cover, 

thus reducing the potential of a high peak discharge. Higher winter temperatures also 

contribute to episodic melting of the snow cover throughout the winter and early spring. The 

models HadCM3, CSIRO and CGCM3, which predict smaller increases in winter 

temperatures, result in increases in peak discharge. For these two models, increases in winter 

temperatures are not sufficient to offset the precipitation increase. In other words, more 
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abundant winter precipitation results in a thicker spring snowpack, despite the increased 

likelihood of winter rainfall and episodic snowmelt. 
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Figure 10. Snowmelt peak discharge for all climate projections, and for the 1961-1990 

control period. Results are for the Chute-du-Diable watershed at the 2020, 2050 and 

2080 time horizons 

For the time of occurrence of peak discharge. Table 2 indicates that models predict either no 

change or an earlier peak by a maximum of 12 days (from May 11 to April 30 for CSIRO 

A2) in 2020. The 2050 and 2080 fime horizons display much wider variabilities between 

projections with a time of occurrence as early as March 26 (CCSRNIES A2) and as late as 

May5''^(CGCM3Bl). 
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Control Period 
HadCM3 A2 
HadCM3 B2 
ECHAM4 A2 
ECHAM4 B2 
CSIRO A2 
CSIRO B2 
CCSRNIES A2 
CCSRNIES B2 
CGCM3 A2 
CGCM3 Bl 

2020 2050 2080 
11 May 
10 May (1) 
10 May (1) 
5 May (6) 
6 May (5) 
30 April (11) 
30 April (11) 
3 May (8) 
2 May (9) 
9 May (20) 
9 May (2) 

5 May (6) 
5 May (6) 
30 April (11) 
28 April (13) 
21 April (20) 
26 April (15) 
20 April (21) 
21 April (20) 
4 May (7) 
6 May (5) 

23 April (18) 
1 May (10) 
19 April (22) 
23 April (18) 
4 April (37) 
18 April (23) 
26 March (46) 
8 April (33) 
27 April (14) 
5 May (6) 

Table 2. Averaged tim e of occurrence o f peak discharge fo r al l climate projections , and 

for the 1961-199 0 contro l period . The number in parenthesis indicate s ho w earlier the 

peak discharge i s (in days) when compare d to the control period . Result s are for the 

2020, 2050 and 2080 time horizon s 

5.4 Uncertainty o f hydrologie variable s 

Probability density functions (PDFs) are shown in Figure 11 for the peak discharge (top 

row), the time of occurrence of peak discharge (middle row) and for the mean discharge (last 

row). The PDFs allow the uncertainty of each variable to be better quantified. 

Results show that uncertainty increases with time, as PDFs become flatter and inter-model 

variability becomes larger. A greater variance of the hydrologie variables is also observed as 

PDFs become generally flatter with time. 

For the time of occurrence, all projections suggest an early spring flood but 2 models predict 

particularly important changes in 2080. The spring flood occurs earlier by about 6 weeks by 

2080 with CSIRO A2, as its PDF is shifted to the left. Scenario CCSRNIES A2 also suggests 

a similar early flood, but its uncertainty is much larger than that of the other models, as 

shown by a very flat PDF. 

For the armual mean discharge, there is less variability as most models project a small to 

moderate increase. Two exceptions are ECHAM4 A2, which suggest a decrease in mean 



108 

discharge and CGCM3 A2, which propose a relatively large increase in mean discharge. In 

the latter case, half of the years produce a mean discharge larger than the maximum mean 

discharge currently observed. 
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Figure 11 . Probability densit y functions o f peak discharge (to p row), time of occurrenc e 

of peak (middle row) and annual mea n discharge (bottom row) , for al l climat e 

projections, and for the 1961-199 0 contro l period . PDF s are presented fo r the 2020, 

2050 and 2080 time horizon s 

6. DISCUSSIO N 

The analysis of the potential impacts of climate change on the Chute-du-Diable watershed 

first reveals that all projections show a temperature increase over the basin for all seasons. 

Projected changes in precipitation are not univocal, and vary depending on the GCM, 

GHGES, time horizon, and on the season. Hydrologie changes result from a combination of 

these variables. Most hydrologie simulations suggest an increase in annual mean discharge, a 

decrease in peak discharge as well as an early spring snowmelt. There is however much 

variability between models and scenarios, and this variability increases when an attempt is 

made to project events for a more distant future. For this reason, any climate change impact 
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study based on only one GCM or GHGES should be accompanied by a cautionary warning. 

It has been suggested that the use of two carefully chosen climate projections (dry/hot and 

wet/cold projections as an example) may be sufficient (e.g. (Brekke et  al,  2004; Singh et  al, 

2006)). However, the process by which climate projections become hydrologie variables is 

not a linear one, and notable seasonal variability may render the choice of projections 

incorrect. A good example is the CCSRNIES model. While most other models generate 

mean hydrographs that are similar in shape (Figure 8), those for the CCSRNIES model are 

markedly different, particularly in the winter and spring seasons. Figure 5 indicates that 

CCSRNIES is a 'very warm' and 'moderately wet' model over the winter and has its 

tendency reversed over the summer to 'moderately warm' and 'very wet'. On the scatter 

plots, the model is always at the outer edge of the clusters. The warm winters projected by 

the model drastically reduce snow accumulation and almost remove the spring peak 

discharge. Winter rainfalls and increased temperatures both result in higher winter runoff, 

and a reduced peak discharge. Another example of potential hydrological impact is outlined 

by the ECHAM4 model. Figure 9 shows that ECHAM4 is the only model that predicts 

decreasing mean annual inflows. ECHAM4 is a 'moderately warm' model that forecasts 

mild increases in annual precipitation (moderate increases or decreases on a seasonal basis). 

Even if annual precipitation is on the rise, annual inflows nevertheless decrease due to rising 

evapotranspiration resulting in a net water loss. 

There are several limits to the approach presented in this paper, and uncertainties that have 

not been taken into account, the most important one probably being the downscaling method. 

Like all downscaling approaches, the change factor method has its advantages and 

limitations. The main problem of the method is that it does not modify the temporal and 

spatial structure of precipitation and temperature data (Diaz-Nieto et Wilby, 2005; Fowler et 

al, 2005). For example, the time series of precipitation occurrence will remain unchanged. 

The change factor method will also not modify the variance of temperature data. In some 

applications, it may be just as important to evaluate changes in the variance of future climate 

variables and not only changes in the means (Semenov et  al,  1998). The weather generator 

was used to partly offset these downsides by allowing natural variability to be built into the 

analysis. Through the use of distribufion funcfions, a change in mean precipitafion will resuft 
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in a change in precipitation variance. Coupled with a stochastic weather generator, the 

remaining main weakness of the change factor method lies in the unchanged precipitation 

occurrence structure. While the method will yield precipitation occurrence time series that 

vary from one year to the next, the transition probabilities from a dry day to a rainy one (and 

from rainy to dry) remain the same. This means that the approach proposed in this paper 

would clearly be inadequate for a study on dry spells or water shortages in the dry season. 

However, for a study focusing on a basin where the most important hydrologie features are 

linked to snow accumulation and snowmelt, this weakness is not problematic. Diaz-Nieto and 

Wilby (2005) recommend the change factor method for a broad-brush high-level assessment 

of climate change impacts and suggest more complex statistical downscaling techniques for 

the investigation of more subtle changes in the temporal sequencing and persistence of daily 

events. 

On the other hand, the change factor method presents several advantages. It is a simple 

method to implement, and only requires information from GCMs at the monthly time scale. 

The change factor method readily takes this monthly information and brings it to the daily 

scale required for hydrological modelling. Most other statistical downscaling methods need 

data from GCMs at the daily time scale. Daily-scale data from GCMs is considered less 

accurate by many (Huth et  al,  2001; Palutikof er al,  1997). Bias correction and variance 

adjustment is needed to obtain merely adequate results, whereas with the change factor 

method, bias correction is implicitly built into the approach. Moreover, daily-scale GCM data 

is not available for many GCMs and GHGES. As such, the approach presented in this paper 

would not be feasible. The same can be said of dynamic downscaling methods (higher 

resolution climate models). While variables at the daily time scale from higher-resolution 

climate models are considered more reliable, such data is not easily available. Additionally, 

most higher-resolution climate models are not run over a global grid, and must use boundary 

conditions from GCMs. As such, they retain part of the bias of the GCM used to drive the 

simulation. For the work presented in this paper, changes in precipitation and temperature 

means are the key variables that need to be estimated and the change factor method is 

appropriate for this purpose. 
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The use of only two greenhouse gases emissions scenarios also constitutes a limitation for 

this study. In their special report on emissions scenarios, the IPCC (Nakicenovic et  al, 2000) 

presented 40 scenarios under four large families (Al, A2, Bl , B2). However, the computing 

cost of running all scenarios in GCMs is prohibitive. As such, the IPCC (Nakicenovic et  al, 

2000) recommends the use of the A2 (high emissions) and B2 (medium-low emissions) for 

inter-comparison studies. These two scenarios are the only ones that were common to all of 

the selected GCMs. The fact that inter-model variability is greater than inter-scenario 

variability also supports the choice of those two scenarios as being adequate. 

Another limitation to the approach presented in this paper is linked to hydrologie model 

calibration. The approach implicitly assumes that the calibration will hold in the future. Even 

though, calibration and validation were performed based on the more recent and hotter years 

on record. Following suggestions made by Dietterick et  al.  (1999) a careful examination of 

the performance of the hydrologie model over the existing record did not reveal any notable 

differences in performance between colder/wetter years and hotter/dryer years. This is an 

indication that the model may perform well for a future climate. 

The use of a more physically-based model may help reduce the uncertainty linked to 

calibration. However, Jones et  al.  (2006) have shown that a 10-parameter lumped model did 

perform just as well as a more physically realistic but complex spatially distributed model, 

with respect to annual inflows in a climate change study. A multi-model approach 

(Georgakakos et  al,  2004) may be the best approach to better understand the uncertainty 

linked to the choice of models. However, it is expected that the large variability induced by 

the different GCMs, as shown in this paper, will dwarf the one induced by the choice of one 

hydrological model or specific model calibration over another. That should (and currently is) 

be invesfigated in future work. 

Finally, it would be interesting to apply the methodology presented in this work to other 

basins in order to explore the uncertainty linked to physical characteristics, geographical 

location and climate zones. 
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7. CONCLUSIO N 

The objective of this work was to estimate the uncertainty respecting the impact of climate 

change on the hydrology of a Nordic Watershed. This work is the first step in a project that 

looks at adaptation measures for the Peribonka River basin. Future work will build on the 

results of this paper, and will look at the impacts of climate change on hydropower 

production and management practice over the basin. 

This work uses a multi-model, multi-projection approach to generate probability distribution 

functions of future hydrologie variables. This probabilistic approach helps to better define the 

uncertainty linked to future climate. Results indicate that a large uncertainty exists in all the 

projected future hydrologie variables. Of all the potential sources of uncertainty, the one 

induced by the choice of a general circulation model (GCM) is the largest. As such, any 

impact study based on data from a single GCM should be interpreted with great care. The 

probability distributions of future hydrologie variables allow the likelihood of future impacts 

to be estimated. Based on these, it is reasonable to say that the hydrologie behaviour of the 

Chute-du-Diable basin would be progressively modified over the next century. 

While it impossible to predict future flows, one thing that can be done, and should be done, is 

to include the increased uncertainty of future hydrologie variables into design and 

management practices. 
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9. NOTATIO N 

The following symbols are used in this paper: 

Pfutj,h ~  Future precipitation at dayy and horizon h 

Pobsj ^ Observed historical time series of precipitation at dayy 

Pfut.m.h =  Simulated future precipitation at month w and horizon h 

Pcont.m ^ Simulated actual precipitation at month m 

Tfuijn =  Future temperature at day 7 and horizon h 

T^tj^j =  Observedhistorical time series of temperature at day 7 

Tfi,i,m.h = Simulated future temperature at month m  and horizon h 

'^cont.m ~  Simulated actual temperature at month m 

co„ =  Weight of t h e « ' grid point 
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Uncertainties o f climate change projection s an d hydrologica l models : Effects o n 

Nordic watershed discharge s 

Marie Minville, Eng., Ph.D. 

Francois Brissette, Eng., Ph.D 

Robert Leconte, Eng., Ph.D. 

Abstract: The combined uncertainty of climate change projections and hydrological models 

on the annual and seasonal mean flows of a Nordic watershed is evaluated. Two climate 

projections are incorporated into two hydrological models, for a total of four hydrological 

simulations. Climate projections over the 2010-2099 period are determined from the detta 

change approach and dynamic downscaling. The anomalies of the delta change approach and 

the boundary conditions of the Canadian regional climate model are from the general 

circulation model CGCM3 for the greenhouse gas emission scenario A2. A conceptual and 

lumped HSAMI model and a physically-based and distributed Hydrotel model were used for 

the hydrological simulations. The main objective is to confirm or cancel earlier studies which 

affirm that the uncertainty of climate projection is greater than the uncertainty of a 

hydrological model. 

The first major conclusion is that climate projection presents a strong signal compared to the 

hydrological model for the spring flood simulation. The second conclusion is that a 

hydrological model can generate more uncertainty on the summer flows than the climate 

projection does. The flows with HSAMI vary little in summer with both climate projections. 
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whereas they differ considerably with the Hydrotel model. Modeling of the actual 

evapotranspiration is the most likely cause for this difference. 

The combination of a hydrological model and a climate projection is crucial on the 

hydrological impacts of the climate changes. The linking of a hydrological model to a 

climate projection should always be realized by evaluating their compatibility and their 

behaviour in contexts other than those in which the hydrological model was calibrated. 

Key words : Climate change. Climate projections. Dynamical downscaling, Hydrological 

impacts, Hydrological models. Uncertainties. 

LIST OF SYMBOL S 

The following symbols are used in this article: 

Biais_T= Monthly temperature bias between CRCM and observations at the control 

period 

P^^^^ ^ =  Control period precipitation simulated by GCM at month m and horizon h 

p 
fut.j.h = Simulated future precipitation at day j and horizon h 

Pfui,m,h ^  Simulated future precipitation at month m and horizon h 

PcRCMau^ieJ " CRCM daily tcmpcraturc, bias-correctcd 

PoWDT =  Precipitation threshold of observations 

p 
obsj =  Observed precipitation at day j 

PsWDT =  Precipitation threshold of CRCM 

'Pcom.m =  Control period temperature simulated by GCM at month m and horizon h 
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'fut.j.h 

T Jul,: mji 

T 

T 
^MRCC aju.uie 

T 

' obs,J 

= Simulated future precipitation at day j and horizon h 

= Simulated future temperature at month m and horizon h 

= CRCM daily temperature, direct output 

= CRCM daily temperature, bias-corrected 

= Daily observed temperature 

= Observed temperature at day j 

•̂  = Scaling factor 

INTRODUCTION 

The water resource sector would be affected by climate change (Environnement Canada, 

2004; 1996; Srikanthan et McMahon, 2001; Xu et Singh, 2004). For the Nordic watersheds, 

the impacts are generally quantified according to the changes in the annual and seasonal 

flows. 

Modeling of the hydrological impacts of climate change requires climate projections on a 

watershed scale, at fine resolution. These projections are obtained by downscaling the 

general circulation models' (GCM) climate data. As mentioned by Salathe et  al.  (2007), 

research aimed at understanding the climate dynamics at a regional scale has increased 

confidence in climate projections. Consequently, they conclude that climate modeling is 

adequate for various applications in hydrology, and that the challenge resides in linking 

climate projections to the various impact evaluations tools. 
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The uncertainty of the hydrological impacts of climate change according to several MCGs 

has been approached in the literature (Maurer, 2007; Minville et  al, 2008; Prudhomme et  al, 

2003). However, an analysis of the combined uncertainty of the hydrological model and a 

climate projection has received less attention. Prudhomme et  al.  (2003) suggest that the 

greatest uncertainty for a hydrological impact study is the climate model. They mention that 

a watershed's characteristics would not be sufficient to mask the geographical pattern of the 

climatic signal. However, their work referred to only one downscaling method and one 

hydrological model. The use of more downscaling methods was among their 

recommendations for future work. 

Hulme and Carter (1999) concluded that a systematic treatment of the climate projections' 

and hydrological responses' uncertainty is necessary for the development of water resource 

management policies. However, hydrological model validation under climate projections is 

problematic because of the absence of observations with which to establish comparisons. Xu 

and Singh (2004) propose that distributed and physically-based hydrological models are 

suitable, compared to empirical or conceptual lumped models, but that they require 

considerable parameterization. Jones et  al.  (2006) remark that, although it is often assumed 

that the physically-based models are to be privileged for climate change studies, this 

assumption has never been rigorously tested. 

Jiang et  al.  (2007) evaluated the potential impacts of climate changes with six monthly water 

balance models, for a watershed in subtropical climate. They concluded that all of the models 

adequately simulated the hydrological regimes for the current climate, but that great 

differences in the models' flows appeared with climate changes projections. A hydrological 
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models' uncertainty concerns their transferability in the future (Dietterick et  al,  1999). 

Hydrological models play a central role in the evaluation of future water resource 

availability. The relevance of using models calibrated according to the recent past climate for 

impact studies is to be questionable (Bergstrom et al., 2002). 

Jones et al. (2006) compared the sensitivity of three hydrological models to the precipitations 

and evapotranspiration changes, for watersheds in a tropical and arid climate. The sensitivity 

of the flows was calculated independently for precipitations and the evapotranspiration, in 

order to quantify the uncertainty of the hydrological model for the catchments that are not 

influenced by snow accumulation and snowmelt processes. 

The hydrology of a watershed in the mid and high latitudes is dominated by snow 

accumulation and snowmelt. It is influenced by the combined effect of the changes of 

temperatures and preciphations. This regime is conditioned in winter by the snow 

accumulation, in spring by the snowmelt and in summer-autumn by evaporation, 

evapotranspiration and rainy events. Dibike and Coulibaly (2005) concentrated on the 

hydrological impacts of climate changes for a Nordic watershed, according to the climate 

projections produced by two statistical downscaling methods. The hydrological impacts of 

these projections were evaluated with both a semi-distributed and a distributed conceptual 

hydrological model. They conclude that pairing the hydrological models with climate 

projections does not give uni vocal results for the annual mean flows. Moreover, they affirm 

that the choice of a combination of a downscaling method and a hydrological model is 

critical for the conclusions of a hydrological impact study. However, their study did not 
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investigate the share of uncertainty associated with the hydrological models and the 

downscaling methods, since the discussion was more centered on the downscaling methods. 

The purpose of the study presented in this article is to reveal the uncertainty that is inherent 

when combining a climate projection and a hydrological model, and how its effect on the 

annual mean flows of a Nordic watershed. Two climate projections are incorporated into two 

hydrological models, for a total of four hydrological simulations. The hydrological regimes 

of each combination of a climate projection and a hydrological model are analyzed. The 

evaluation is carried out by comparing the statistics of the mean annual and seasonal flows 

on three future periods. The interest is to confirm, or cancel, within the framework of a 

discussion, previous studies which state that the uncertainty of climate projection is greater 

than the uncertainty of the hydrological model. 

Climate projections are downscaled from the same general circulation model (MCG) and 

greenhouse gas emission scenario (GHGES). However, the "physics" subjacent of these 

climate projections is diametrically opposite. The monthly anomalies of the MCG are 

initially applied to the observations to produce the first climate projection according to the 

delta change approach. The second climate projection comes from a regional climate model 

(CRM) nested by the MCG for the same GHGES. The hydrological regimes are simulated 

according to conceptually and physically different modeling approaches. Each climate 

projecfion feeds a lumped conceptual hydrological model and a distributed physically-based 

hydrological model. 
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The article first presents the research background, and then the methodology is explained. In 

the third section, the climate data and hydrological regimes are presented, interpreted and 

discussed. The principal conclusions and recommendations comprise the last section. 

STUDIED AREA 

The Chute-du-Diable watershed, a sub-basin of the Peribonka river watershed (Figure 1), is 

located in the southern center of the province of Quebec, in Canada. Its surface is of 9700 

km and its territory is mainly uninhabited boreal forest. 
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Figure 1. Peribonka river watershed and principal sub-basins 

The climate of this region is moderate. According to the records for 1953-2003, the armual 

mean temperature is 0.5°C and annual mean precipitations is 962 mm, with 40% falling as 

snow. The period of freezing, when the temperature is under 0°C, is approximately from 

November to April. Thirteen meteorological stations are on or close to the watershed. 
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The basin is located in the mid latitudes and its hydrological regime is dominated by snow 

accumulation and snowmelt. The flows are controlled by two dams and hydroelectric stations 

located completely downstream and upstream on the Peribonka river. They are managed by 

Rio Tinto Alcan. The annual mean flow of the Chute-du-Diable basin is 210 mVs. The winter 

(DJF) flows account for 9%  of the annual flows, whereas the spring flows (MAM) account 

for 36%, those of summer (JJA) for 31% and the autumn flows (SON) for 24%. 

METHODS 

The methodology followed to complete this work is summarized in three major steps: 

i. Calibration and validation of the hydrological models 

• Conceptual lumped model (HSAMI) 

• Physically-based and distributed model (Hydrotel) 

ii. Climate change projection preparation 

• Deltas change method (Deltas) 

• Dynamical downscaling (CRCM) 

iii. Hydrological simulations 

• HSAMI-Deltas 

• Hydrotel-Deltas 

• HSAMI-CRCM 

• Hydrotel-CRCM 
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CALIBRATION AN D VALIDATION O F THE HYDROLOGICAL MODEL S 

HSAMI mode l 

The HSAMI model has been used by Hydro-Quebec to forecast flows for more than twenty 

years. It simulates the natural inflows of a managed watershed or the discharge of a basin 

where the flows are natural, according to observations or weather forecasts, such as of 

minimum and maximum temperatures, precipitations and sun radiation. It is a lumped 

conceptual model including three linear reservoirs in cascades which generate the runoff 

from surface and intermediary unit hydrographs. The main simulated processes are the 

evapotranspiration, the interception of the rain and snow, the snow melt and the vertical and 

horizontal flows (Bisson et Roberge, 1983; Fortin, 2000; St-Hilaire et  al,  2003). Simulation 

can be run on an hourly to a daily time step. 

Hydrotel mode l 

The Hydrotel model (Fortin et  al,  2001a; Fortin et  al,  2001b) was developed by the Institut 

national de recherche scientifique secteur Eau, terre et environnement (INRS-ETE). It is used 

operationally by the Centre d'expertise hydrique du Quebec (CEHQ) for forecasting the 

flows of hydraulic works managed by the government of the province of Quebec in Canada. 

Hydrotel is a distributed and physically-based model which integrates five sub-models: 

accumulation and melt of snowpack, potential evapotranspiration, vertical water budget, flow 

on the sub-watershed, and channel flow. Various options are offered to the user for the 

simulation of each of these hydrological processes. The hydrological processes were 

simulated with the options compiled in Table l.They were validated for the hydrological 

conditions of a Province of Quebec watershed (Turcotte et  al, 2007). 
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Table 1 . Models use d for simulation o f the hydrologica l processes i n Hydrotel 

Sub-model 
Accumulation and melt 
snowpack 
Potential evapotranspiration 
Vertical water budget 
Flow on sub-watershed 
Channel flow 

of 
Options 

Mixed approach: degree days and energy budget 
(Turcotte et al., 2007) 
Hydro-Quebec (Fortin et al, 2001a) 
BV3C (Fortin e? a/., 2001a) 
Kinematic wave equation 
Kinematic wave equation 

The meteorological data can be introduced into the model either in the form of 

meteorological stations or in a grid form. In this study, the data were imported in the form of 

a grid interpolated by kriging. 

Calibration and vaUdation 

The capacity of the hydrological models to reproduce the observations is crucial within the 

framework of this study, in order to verify that the differences in the flows are not only 

attributed to the bias induced by the calibrated parameters. Calibration of the hydrological 

models was carried out with the objective of representing the behaviour of the watershed on a 

seasonal base. The Hydrotel model calibration was performed manually by sensitivity 

analysis. The parameters of the HSAMI model were calibrated using an automatic procedure 

with the Shuffled Complex Evolution optimization method (Duan, 2003) implemented in the 

model. 

Table 2 presents the Nash-Sutcliffe criteria and the differences in percentage between the 

observations and simulations of the spring peak flow, and the times of peak and annual 

volumes over the period 1979-2003. The Hydrotel model reproduces annual volumes better 

than HSAMI model. However, the HSAMI model has a higher Nash-Sutcliffe criterion and it 

better reproduces the mean peak in spring. 
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Table 2. Calibration an d validation performanc e fo r the HSAMI an d Hydrote l 

hydrological model s 

Difference between observations and 
simulations 

Hydrological 
model 

Nash-Sutcliffe 
Spring peak 

flow 

Time of 
spring peak 

flow 
Annual 
volume 

HSAMI 
Hydrotel 

Calibration 
0,92 
0,85 

Validation 
0,89 
0,78 

(%) 
-2 

-18 

(jour) 
-3 

+ 5 

(%) 
+ 8 

0 

The mean armual hydrographs and the envelopes of the flows over the calibration-validation 

period are presented in Figure 2 for both hydrological models. 
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Figure 3. Envelopes of the observed an d simulated hydrograph s with two hydrologica l 

models: a) Hydrotel an d b) HSAMI. The line represents the mean hydrograph (full line for 

the observed flows and dashed line for the simulated flows), c ) Envelopes o f the 

hydrographs simulate d with Hydrotel an d HSAMI hydrologica l models . The lines 

represents the mean hydrographs ( "—" for HSAMI and "• • •" for Hydrotel). 

Figures 2a and 2b show the hydrographs simulated by the two models compared to the 

observations. The Hydrotel model underestimates the spring flows and over-estimates the 
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flows in summer and autumn. The HSAMI model over-estimates the flows in summer and 

autumn. Figure 2c presents the hydrographs simulated by Hydrotel compared to those by 

HSAMI. The HSAMI model has more variability than the Hydrotel model for the spring 

flood modeling. Moreover, it generates winter peaks, as well as higher winter flows. During 

summer and autumn, the Hydrotel model generates flows larger than those with HSAMI 

model. Analyses show that the mean seasonal flows in spring and winter are statistically 

different (T-test with p= 5%) between the models. 

CLIMATE CHANGE PROJECTIONS PREPARATION 

The climate data used come from observations and a regional climate model (CRM) grid, 

superimposed on Figure 3. The data observed were interpolated by kriging on a 10 km grid. 

The CRM climate data grid has a resolution of approximately 45 km. 

51 o^|-:-.-.-^Sr-.-.~.-.-.-C^.-.-| 
1 .;. o •:••  o  .;. c  o  •:•  o o  ' V : . 

'}• 0 o  o  O O .j ' • o o c f o \ 
1 •:• o o o o •:, .:, -̂, o J •:• ) 

'°-H:::.K:iyr^:i 
' f^jj  o o •rT'To .-J .J  y 

50.0°)' jl  l  yS^l  11  J  I 

" 'yj^  '• ' ^''''  '''  '/^^  ''' '" 
[ •^«' " V ' •'•  •-  ^  '•  •-' 

' ' • ' ] : : ; ^ A:: :«:: 
111 ipli I'iiil 
..' o ^ , / ^ o o (:  o ^ o c. o 0 C' 

4 9 , 0 y •:• ^ •;• / : o •:, .3 o  c  • 
..< •'.'  Q O  C  K.-'- ' '''  o  o  o o  o 

h o p o n e 0 o . o o c> o -:• 

4fl <;••,• '3 ^' •:• o  '-•  '•-•  o  V o r,  c.  •:• 

72,0' 71,6' 71 O' 705' 

^ CRCM 
O Observations (interpolated - kriging) 

Figure 4. CRCM an d kriging observation grid s 
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The mean observed climate data on each equivalent tile of the CRM were calculated, in order 

to obtain similar grids for the hydrological simulations and to compare the results. 

Delta change approac h 

The climate projections of the delta change approach (Diaz-Nieto et Wilby, 2005; Hay et  al, 

2000; Minville et  al,  2008; Prudhomme et  al,  2003) were carried out with the monthly 

climate data of the General circulation model CGCM3 (McFarlane et al., 1992) for the 

(GHGES) A2 greenhouse gas emission scenario (Nakicenovic et  al,  2000). An A2 scenario 

is a mean scenario which corresponds approximately to a CO2 tripling in the atmosphere in 

2080, compared to the control period 1961-1990. The monthly anomalies of the MCG, also 

called "deltas", between the control period 1961-1990 and the future periods 2020 (2010-

2039), 2050 (2040-2069) and 2080 (2070-2099) were extracted and added to the observed 

meteorology realised on each equivalent tile of the CRCM of the 1961-1990 period. Climate 

projections are stationary through each period. 

This technique applies to the observed data and the difference (or the quotient) between the 

future monthly data simulated for a given horizon and the simulated monthly data of the 

control period. It is a manner of disturbing the means, without modifying the variance, in 

order to prepare daily projections usable in hydrological modeling on a watershed scale. 

Equations 1 and 2 represent the delta change method for the temperatures (equation 1) and 

precipitations (equation 2). The indices are specified in the list of symbols. 

'Pscen.m.h = Pobs.j  + (T^':en,m,h  -  Tcom.m  )  r j -, 

Pscen,n,,h = -̂ oA.v,./ ^ {P^cen,m.h  "^ Pcom,m  ) ^ j 
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The monthly anomalies of the MCG, or deltas, were realised on several tiles of the MCG, as 

detailed in Minville et  al. (2008). 

Dynamical downscalin g 

The climate data used within the framework of this study come from the Canadian regional 

climate model (CRCM) (Caya et Laprise, 1999; Plummer et  al,  2006). The boundary 

conditions are prescribed by the Canadian general circulation model CGCM3 (McFarlane et 

al., 1992) under the GHGES A2 (Nakicenovic et al., 2000). The 1961 to 2099 climate 

projection is in a transitory regime. 

According to Fronzek and Carter (2007), using the direct data of a CRM in impact studies 

should be avoided because their bias is too strong. Indeed, the precipitations and mean 

temperatures of the control period of the CRCM compared to the observations have 

presented bias. The monthly minimal temperatures of the CRCM, compared to the 

observations, are underestimated every month, by up to 6 °C in April. The maximum 

temperatures are underestimated in summer and autumn — by up to 4 °C in August. 

Precipitations are over-estimated in spring, in summer and autumn, by up to 25% in June, 

and they are underestimated in winter, by up to 18% in December. 

The CRCM temperature and precipitation data were corrected over the period 1961-2099, 

adjusting for the bias between the CRCM and the observations at the 1961-1990 period. For 

the control period, the monthly temperatures associated with each tile of CRCM (TCRCM) and 

the mean of the kriging tile observations (TObs) were calculated. The bias (Bias_T) between 

the observed mean temperature and the simulated mean temperature (equation 5) for the 

control period was applied to the temperatures of the CRCM 1961-2099 (Equation 6). The 
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temperatures simulated by the CRCM, bias-corrected with each tile (adjusted TCRCM), have 

the same monthly means as the observation temperatures for each tile. 

Bias_T= T,.j,cM  -  T(ib..  [3] 

TajustcJCRcu =  TCRCM  +  Bias  _T [4] 

The precipitations (PCRCM) were bias-corrected according to the LOCI method (Equation 7) 

adapted from Schmidli et  al.  (2006). The frequencies and intensities of the precipitations for 

each tile of the CRCM were adjusted locally so that they correspond to the intensities and 

mean frequencies of the observations for that tile. The method initially requires that the 

monthly frequencies (monthly fraction of the rainy days) of the CRCM are equalized at the 

frequencies of the observations. The median number of rainy days observed in one month 

(daily precipitations higher than the PoWDT threshold of 1 millimeter) is calculated and the 

threshold of daily precipitations of the CRCM PsWDT is found, which makes it possible to 

obtain the same number of rainy days. Next, a monthly factor, s, is generated to equalize the 

monthly means precipitations of the CRCM at the control period to the monthly mean 

precipitations of the observations. The monthly thresholds (PsWDT) and factors (s) that were 

found to adjust the control period precipitations are then re-used to adjust the precipitations 

of the 1990-2099 period. 

if PCRCM  <  PoWDT 

PoWDT +  s  {P^,,cM  -  PsWDT) 
p 
^aju.'^tcdCRCM 

[5] 
else 
0 
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With this method, the CRCM corrected monthly precipitations have the same intensities and 

monthly mean frequencies as the observed precipitations of the control period. One 

disadvantage is that this method supposes that the CRCM bias in the future is the same as for 

the control period. 

HYDROLOGICAL SIMULATIONS 

Hydrological simulations were completed by combining the HSAMI and Hydrotel 

hydrological models with climate projections constructed with the delta change approach and 

by the adjusted CRCM, for a total of four hydrological simulations. 

The hydrological regimes with these combinations, for the control period and with the 

climate changes horizons 2020, 2050 and 2080, are compared and statistically analyzed 

according to the mean annual and seasonal flows. Moreover, the changes in monthly flows of 

each combination at the future horizons, compared to the control period, are calculated. 

RESULTS 

CLIMATE CHANGE PROJECTIONS 

Figures 4 and 5 show the monthly mean temperatures and precipitations at the watershed 

according to the CRCM, in black, and the delta change method, in gray. The boxplots 

represent the variability of the annual mean temperatures over the 30 years composing each 

period: the control period (1961-1990) and fiiture horizons (2020, 2050 and 2080). At the 

control period, the climate data with the delta change approach are the observations (before 

adjustment with the deltas anomalies). 
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Tables 3 and 4 complement figures 4 and 5 by identifying the annual and seasonal means and 

variances for which the differences between the CRCM and the deltas are statistically 

significant (with a threshold of 5%). 

Temperatures 

At the control period, the monthly mean temperatures of the deltas and the CRCM are the 

same because of the correction of the monthly mean bias. However, their annual and seasonal 

variability is different (table 3). The monthly temperatures of the CRCM in summer and 

autumn are more variable than the observations. 
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Figure 5. Monthly mean temperatures in the watershed for the control period 1961-

1990 and the future periods with horizons 2020, 2050 and 2080. The black boxplots 

represent the CRCM and the gray boxes represent the delta change approach. 

For the future horizons, the temperatures associated with both the deltas and the CRCM 

present tendencies, which are most accentuated in 2080. In spring and summer, the median 
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and the higher quartile of temperatures of the CRCM are higher than the projection with the 

deha change approach. In autumn and winter, the opposite situation occurs. The median and 

the last quartile of the monthly deltas' mean temperatures are systematically higher in the 

autumn and winter, in September to January, that projections with the CRCM. The median of 

the temperatures determined with the deltas is beyond the 75e percentile of the temperatures 

of the CRCM, which indicates that 25% of the monthly mean temperatures of the deltas are 

higher than those of the CRCM. The variability of the armual and seasonal mean 

temperatures of the deltas and the CRCM is statistically different at each of the horizons 

(table 3). The armual mean temperatures do not differ statistically, whereas they differ in 

certain seasons. 

Table 4. Comparison o f the annual an d seasonal mea n temperatures an d variances a t 

the control perio d 1961-199 0 an d for the future period s 2020, 2050 and 2080. "x" 

indicates that there is a statistically significant difference (T-test for the means and F-test for 

the variances, with p= 5%)  between climate projections resulting from the delta change 

method and those from the CRCM. 
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Precipitations 

At the control period, precipitations of the CRCM have the same means and monthly 

frequencies as the observations because of the bias correction. However, they do not have 
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same variability. Table 4 shows that the differences in variability on the annual and seasonal 

time scales are statistically significant at the control period. 
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Figure 6. Monthly mea n precipitations i n the watershed fo r the control perio d 1961 -

2099 and the future period s 2020,2050 an d 2080. The black boxplots represent the CRCM 

and the gray represent the delta change approach. 

At the future periods, mean precipitations with the deltas and the CRCM are generally not 

statistically different, with a few exceptions. Precipitations in autumn are greater with the 

deltas than with the CRCM in 2020 and 2050. In 2020, annual mean precipitations with the 

deltas are higher than with the CRCM. The variability of annual mean and seasonal 

precipitations is different at each horizon (table 4). 

Table 5. Comparison o f the annual an d seasonal mea n precipitations an d variances a t 

the control perio d 1961-199 0 and at the future period s 2020, 2050 and 2080. "x " 

indicates that there is a statistically significant difference (T-test for the means and F-test for 
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the variances, with p= 5%) between climate projections resulting from the delta change 

method and the CRCM. 
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HYDROLOGICAL REGIME S 

The impact studies of risk analysis of water resources must compose with the bias of the 

hydrological models. These studies require values of "absolute" flows, compared to relative 

changes with the control period, which can disregard the bias of the hydrological model (by 

supposing that a bias in the past is the same in the future). 

This section initially presents the annual mean hydrographs for the four combinations of 

hydrological models and climate projections. Thereafter, the mean armual and seasonal flows 

and the confidence intervals on the mean are shown in order to highlight statistically 

significant differences between the combinations. This representation also permits the 

importance of the model's effect and projection on the flows to be visualized. Lastly, the 

monthly relative changes of the flows in each period, compared to the control period, are 

presented. 

Annual hydrograph s 

Figure 6 shows the annual mean hydrographs for the hydrological combinations of models 

and climate projections, at the control period and at the 2020, 2050 and 2080 horizons' 
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climate changes. The purpose of analyzing the hydrographs is to detect if a climate projecfion 

or the hydrological model has more impact on the flows. 
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Figure 7. Means hydrograph s of the control perio d 1961-199 0 an d the future period s 

2020, 2050 and 2080, for each combination of climate projection and hydrologica l 

model. 

Control period 1961-1990 

The control period hydrographs illustrate the behaviour of the hydrological models subjected 

to the same monthly means climate variables, but resulting from different downscaling 

methods. These hydrographs allow the future hydrological regimes to be interpreted by 

relativizing them according to the bias of the hydrological models and the effect of climate 

projection. 
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The annual mean hydrographs (Figure 6) of the control period reflect the points identified 

between the hydrological models at the period of calibration and validation: over-estimation 

of the flows in summer and the beginning of the spring flood delayed with Hydrotel 

compared to HSAMI. There is little difference in the flows in summer and autumn with the 

HSAMI model, generated by the deltas method or by the CRCM. On the other hand, the 

flows at these seasons vary more according to the climate projections with the Hydrotel 

model. However, the hydrological models behave in the same maimer in relation to the 

climate projection. For example, the flows are always higher with the deltas than with the 

CRCM at the beginning of the summer with both hydrological models. 

Future periods 2020. 2050 and 2080 

The analysis of the hydrographs in winter indicates that the hydrological regimes are 

dominated by the climate projections. The flows are higher with the deltas than with the 

CRCM with both hydrological models. However, the reaction of the hydrological models to 

the climate projections is not the same - the Hydrotel model amplifies the direction of the 

change of climate projections. The flows with the combination Hydrotel-Deltas are higher 

than those of the HSAMI-Deltas, whereas the flows with the Hydrotel-CRCM combinafion 

are lower than those of the HSAMI-CRCMs. This serves to affirm that the HSAMI model is 

not very sensitive to climate projections and/or that the Hydrotel model amplifies the effect 

of climate projections. This behaviour of the Hydrotel model was not observed at the control 

period, which indicates that an uncertainty remains in the hydrological model at this season. 

The hydrographs of spring at the future horizons indicate that climate projection conditions 

the peak flow. The flows are more influenced by climate projection that by the hydrological 
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model. They increase more with the deltas than with the CRCM, with both hydrological 

models. Another remark is that the amplitude of the spring flood is systematically smaller 

with the Hydrotel model than with HSAMI for the same projection. Also, HSAMI presents a 

greater variability in the peak flow: the rising limb of mean peak flow is early and the falling 

limb is late. The peak flow precocity with the HSAMI model had been identified at the 

control period, but not the late-falling limb. This greater variability in the peak fiow is more 

accentuated with the CRCM data, which are also more variable. In short, a more variable 

mean peak flow would result from the combined effect of the hydrological model and climate 

projection. 

In the summer, the predominance of climate projection on the mean hydrograph is less 

obvious than at the other seasons, with the detriment of the hydrological model. The principal 

observation is that the HSAMI model is rather insensitive to the climate projection at this 

season, in particular in 2050 and 2080. Hydrographs with HSAMI and the two climate 

projections are located between the hydrographs with Hydrotel. The hydrographs with 

Hydrotel are thus very divergent according to climate projection. Hydrotel is thus more 

sensitive to climate projection than HSAMI in summer. The effect of the Hydrotel model is 

to amplify the impact of climate projection on the hydrograph. On the one hand, the flows are 

higher with Hydrotel-Deltas than with the other combinations, on the other hand, they are 

weaker with Hydrotel-CRCM than with the other combinations. In the summer, there is more 

uncertainty in the hydrological model than in the climate projection with the distributed 

physically-based Hydrotel model. This behaviour was not observed in the control period. 
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Statistical comparisons of annual and seasonal mean flows 

Figure 7 shows the annual and seasonal mean flows of the climate projection and 

hydrological model combinations. The circle represents the mean flow at each period and 

combination, and the line the confidence interval at 95%) on the mean. The confidence 

intervals highlight the statistically significant differences between the flows in several 

combinations: when the confidence intervals of combinations do not intersect, the mean 

flows are statistically different (significant at 5%). 
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Figure 8. Annual and seasonal mean flows and confidence interva l on the means of the 

combinations of climate projection and hydrological model in the control period 1961-

1990 and for horizons 2020, 2050 and 2080 
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Control period 1961-1990 

Figure 7 shows that the armual and seasonal mean flows are generally coherent with each 

other for the same hydrological model, with climate projections of different origins. For 

example, the flows with Hydrotel are higher than the flows with HSAMI with both climate 

projections, except in spring. These differences in the flows could be ascribable to the 

calibration of the models. 

Moreover, the mean flows for the control period of the four combinations are not statistically 

different. One exception is the mean flow in autumn with HSAMI-Deltas, which presents a 

statistically significant difference with the flows of Hydrotel-Deltas and Hydrotel-CRCM. 

This difference can be ascribed to over-estimation of the Hydrotel model at the calibration 

and validation period. The reason that the Hydrotel model would not have the same 

behaviour with the CRCM projection is discussed in detail in the section "Results 

interpretation and discussion". 

Figure 7 highlights that the relative differences between the combinations with the same 

climate projection in two hydrological models are equivalent. These can be attributed to bias 

due to model calibration. The seasonal flows with the CRCM are systematically higher than 

with the deltas method for the same hydrological model, despite the fact that of the climate 

data have the same means. 

Future periods 2020. 2050 et 2080 

At the future periods, the first observation is that despite the few significant differences in the 

armual and seasonal mean climate variables (tables 3 and 4), the mean annual and seasonal 

flows are statistically different for some of the hydrological combinations of models and 
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climate projections. The annual mean flows with Hydrotel-CRCM are statistically different 

from the flows of the other combinations, because of the lower seasonal flows. 

Another observation is that the flows with the deltas vary little in spring and summer 

according to the hydrological model used, compared to the flows simulated with the CRCM 

projection. The hydrological models are thus more sensitive to the CRCM. The models' 

calibration was carried out with the observations, which constitute the base of the deltas. This 

explains the varying different behaviour of the hydrological models with CRCM. The 

differences between the mean flows of HSAMI-CRCM and Hydrotel-CRCM at these seasons 

are statistically significant in 2020. Moreover, the flows in summer with Hydrotel-CRCM are 

different statistically from the flows of the other combinations. The opposite situation is 

noticed in autumn, because the hydrological models are less sensitive to the data of the 

CRCM than with the deltas, at all the horizons. The mean flows in autumn with Hydrotel-

Deltas differ (statistically significant) compared to the flows from the other combinations. 

Changes i n monthly mea n flow s 

The results described above offer an overall portrait of the flows from the combinations of 

hydrological models and climate projections. However, it could be argued that they do not 

take the bias of the hydrological models into account. Figure 8 exposes the relative changes 

in the monthly mean flows for each combination, compared to the same combination at the 

control period. Thus, if a model under- or over-estimated the flows at the calibration-

validation period, this "error" would be cancelled. This representation assumes that the bias 

of the model in the future is the same as at the control period. 
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The upper part of figure 8 illustrates the bias of the HSAMI and Hydrotel hydrological 

models, between the flows observed and the flows simulated with the observed meteorology 

at the control period. Observations similar to the analysis of the calibration and validation 

results arise: the HSAMI model over-estimates the flows each month, more so during 

summer. The Hydrotel model underestimates the flows from January to July, and over­

estimates them between July and December. The annual budget is null, suh as is reported and 

commented on in table 2 above. 
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Figure 9. Monthly mean flows, expressed as a percentage of the control period. The 

upper graph illustrates the differences between the observed and simulated flows of the 

control period 1961-1990. The lower graphs illustrate the differences between each future 

period 2020, 2050 and 2080, and the control period 1961-1990. 
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Graphics in the lower part of Figure 8 show the changes in the monthly mean flows of each 

combination at the 2020, 2050 and 2080 horizons, compared to the control period. A general 

remark is that all of the combinations tend to cause flow increases in winter and in spring 

compared to the control period, and reductions or the statusquo in summer. In autumn, the 

signal of the change is not univocal, with reductions or increases. These changes are 

amplified between horizons 2020 and 2080. 

More specifically, it appears that the HSAMI model involves changes of the same order of 

magnitude with different climate projections (except in winter), in particular in 2050 and 

2080. In direct contrast, the Hydrotel model produces flow changes depending on climate 

projections. The reduction in flows with Hydrotel-CRCM compared to the control period is 

more significant than the other combinations from May to September at each horizon. 

INTERPRETATION AN D DISCUSSION O F RESULT S 

The downscaling methods employed here generated statistically significant differences in 

variances for the annual and seasonal climate data. The means were generally not statistically 

different, except for isolated exceptions. Dissimilarities were foreseeable, given the great 

conceptual disparity of the downscaling methods used. The delta change method directly 

applies the anomaly of an MCG to the observations. It modifies their monthly mean, without 

modifying their variance (Diaz-Nieto et Wilby, 2005). In addition, the regional climate 

model uses the data of the MCG only to impose the boundary conditions. The climate 

processes are simulated at a fine resolution according to the physics and thermodynamics 

equations, and based on the geographical characteristics of the region. The delta change 

method, therefore, is a technique of simplistic downscaling compared to the more complex 
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(and thus more realistic) dynamic downscaling of the CRCM method (Fronzek et Carter, 

2007). 

Differences in the hydrological regimes were also anticipated because of the use of 

conceptually different hydrological models and because of the bias induced by the calibrated 

parameters. The lumped and conceptual HSAMI model simulates the hydrological processes 

with equations which require calibrated empirical parameters. The basin is considered as a 

homogeneous territory, where the climate variables are uniformly represented. The flows in 

the hydrographic network are not represented. The distributed physically-based Hydrotel 

model is based on simulation of the hydrological processes on small homogeneous sub-

basins. The equations describing the hydrological processes comprise measurable physical 

parameters. The heterogeneity of the territory and spatial distribution of the climate variables 

are considered, providing a more detailed model. 

In line with the problems stated in this study, the conclusion of authors that have analysed the 

uncertainties of hydrological models and climate projections on the hydrological regimes is 

that the uncertainty of projection is more important than that of the model (Dibike et 

Coulibaly, 2005; IPCC, 2001a; Prudhomme et  al,  2003). The work presented in this article 

partially confirms this assertion. For the climate projection of the delta change in both 

hydrological models, this assumption is consolidated. The signal of the relative changes in 

the mean flows varies little from one hydrological model to another. On the other hand, the 

use of the CRCM data in the hydrological models leads to more marked differences in flows 

in summer. Intermodel hydrological uncertainty can be higher than interprojection 

uncertainty. For example, the mean temperatures in summer with the deltas and the CRCM 
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methods were not statistically different. However, the changes of flows at this season for the 

Hydrotel-CRCM combination, at each horizon, were statistically different compared to the 

other combinations. This combination is particular compared to the others, with marked 

decrease of flows the summer, despite the over-estimation of flows in summer with the 

Hydrotel model over the calibration and validation period. Thus, the summer decrease here 

does not result from a bias in the hydrological model induced by the calibration at the control 

period. 

Several authors concur that physically-based models are better to simulate hydrological 

regimes for changing conditions, such as climate, than the lumped and conceptual models 

(Jones et  al,  2006; Ogden et Julien, 2002; Xu et Singh, 2004). The results here, however, 

show that the flows in summer with the lumped and conceptual hydrological model HSAMI, 

fed from two different projections, presented smaller differences than the Hydrotel model, 

subjected to the same climate projections. On the other hand, the distributed physically-based 

Hydrotel model amplified the consequences of climate projections on the flows, compared to 

the HSAMI model. 

Many authors also affirm that climate projections resulting from dynamic downscaling have 

a real advantage over the other downscaling methods (Fowler et  al,  2007; Fronzek et Carter, 

2007; Salathe et  al,  2007). The delta change method did not modify the variability of the 

observed data. The change of variability of the data of the CRCM is one of its advantages. 

On this subject, Fronzek and Carter (2007) and the Intergovernmental Group of experts on 

the evolution of climate (Kundzewicz et al., 2007) evoke the importance of taking variability 
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into account in impact studies. The changes in variability can involve changes in reliability in 

management of the water resource. 

As an extension of the preceding conclusions, combinations with the hydrological model 

Hydrotel (physically-based) and the climate projecfion of the CRCM (dynamic downscaling) 

would tend to be more robust. However, this combination is the one that is distinguished 

considerably from the others, particularly in summer. The dominant hydrological process in 

summer for a watershed in mid-latitudes is evapotranspiration. Thorough analyses were 

conducted in order to identify if this was a factor in the flow reduction. Figure 9 shows the 

evapotranspiration for the summer of each combination at all horizons. The same scheme is 

observed as for the summer mean flows: the Hydrotel-CRCM combination at the future 

horizons is particular, with greater quantities of water evapotranspirated. The HSAMI model 

generates less difference between projections, and the combination of Hydrotel-Deltas causes 

less evapotranspiration. The differences in the flows in summer would come from the 

modeling of the evapotranspiration. 

It is important to mention that the potential evapotranspiration (PET) is the same in both 

models since it is modelled with a Hydro-Quebec equation (Fortin et  al,  2001a; Turcotte et 

al, IQ^l).  The differences are in the determination of the real evapotranspiration (RET). On 

the one hand, the Hydrotel model simulates the RET in a physical manner inside the sub­

model of the vertical flows, ft is mainly a function of the water content in the ground and the 

root depths of the vegetation. In addition, the HSAMI model establishes the quantity of 

evapotranspirated water with calibrated parameters which represent the fraction of the PET 

and the capacity of the unsaturated reservoir zone. The unsaturated reservoir zone is saturated 
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in summer with simulations of the CRCM, and not with the deltas, which restricts the RET. 

The analysis of daily precipitations in summer indicates that precipitations are more constant 

with the CRCM than with the deltas, which contributes to maintain the unsaturated zone 

reservoir at a higher level. Moreover, the water contents are higher with Hydrotel-CRCM 

than with the deltas, which supports this reasoning. 
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Figure 10. Mean real evapotranspiration over the control period 1961-1990 and the 

horizons 2020,2050 and 2080 (summer months only). 

The parameters influencing the RET of the HSAMI model are calibrated with the 

observations, which were used to produce the climate projection of the deltas. It is necessary 

to quesfion the transferability of these parameters for the simulation of hydrological regimes 

with the projection of the CRCM, even at the control period, because of the differences in the 

variability of precipitations. Another research field is thus suggested: for conceptual models. 
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other sets of parameters which would give similar results to the calibration-validation, under 

the concept of equifinality (Beven, 2006; Beven et Freer, 2001). The interest would be to 

analyze the model states at the control period and at the future horizons, in order to identify 

behaviours with major incidences on the modeling of the processes, in particular the RET, 

and also the snowmelt for a Nordic watershed. 

The results showed that the HSAMI-CRCM combination is particularly dissociated from the 

other combinations at the future horizons, with more variable spring floods. One explanation 

of the differences is the greater variability of the daily temperatures in the CRCM in spring, 

induced by the correction of bias (noticed but not shown in this article). The most important 

bias in the temperatures at the control period was in spring, with an underestimation of the 

temperatures of the CRCM of 6 °C in April compared to the observations. At the control 

period, an analysis of the daily temperatures showed that the application of a systematic bias 

to all the data of the CRCM had contributed to generate more days when the temperature 

exceeded the threshold, causing the snowmelt. The median of the temperatures in April and 

March, during the peak flow, is higher with the CRCM compared to the deltas, which would 

explain this precocity. There are also lower temperatures (0-25ieme percentiles) with the 

CRCM in particular by 2020 and 2050, which explains the late falling limb of the 

hydrographs. Another reason that could explain the HSAMI differences is that it generated 

more variability in the spring flood than the Hydrotel model at the period of calibration and 

validation (Figure 2c). The combined effect of greater variability of both the HSAMI and the 

CRCM would make this projection dissociated from the others in spring. 
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CONCLUSIONS AN D RECOMMANDATION S 

The purpose of this study was to investigate if the differences between hydrological regimes 

were more ascribable to the hydrological models or to climate projections. Marked 

characteristics in the future potential flows were identified in the results section. Some were 

attributed to the hydrological models, others to the differences between climate projections. 

It can be seen from this work that the choice of a climate projection and a hydrological model 

influences the modeling of the flows. Differences often not statistically significant in the 

monthly means climate variables lead to statistically significant differences in the 

hydrological regimes. These impacts would be ascribable to the differences in variability of 

the climate data, in addition to some of the calibrated parameters of the hydrological models. 

The first, most obvious conclusion is that climate projection presents a strong signal 

compared to the hydrological model for the modeling of the spring flood. The amplitude of 

the peak flow is greater with the deltas than with the CRCM. The HSAMI model generated a 

more variable spring peak flow, and the hydrological model thus has an impact on the form 

of the hydrograph. The second major conclusion of the study is that the hydrological model 

can generate more uncertainty than climate projection, in particular in the summer season. 

The lumped conceptual model, HSAMI, reacts in the same manner, with both climate 

projections, by simulating similar summer flows with the deltas or the CRCM. On the other 

hand, the flows with the distributed physically-based Hydrotel model presented marked 

differences in summer according to the climate projection. It was shown that the simulation 

of the evapotranspiration process, dominating in summer, was at the origin of the differences 
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obtained. The variability within the month of the climate data and the calibrated parameters 

of the lumped conceptual model would be the main factors at the origin of these differences. 

The prediction of the spring peak flow, the means and the variability of the flows are key 

factors for the managers of Nordic water-resource systems, who must optimize the 

management of water to maximize the profits and/or to minimize the risks. The choice of 

climate projections and hydrological models to determine the potential impacts the climate 

changes can be decisive. The linking of a hydrological model to a climate projecfion should 

always be realized by previously evaluating their compatibility and their behaviour in 

different contexts than where the hydrological model was calibrated. 

ACKNOWLEDGEMENTS 

The authors want to thank Mrs Diane Chaumont from the Ouranos Consortium for providing 

the data necessary for the production of the climate projections. 

REFERENCES 

Bergstrom, S., Lindstrom, G. and Pettersson, A. (2002). Multi-variable parameter estimation 
to increase confidence in hydrological modelling. Hydrological processes, 16, 413-
421. 

Beven, K. (2006). A manifesto for the equifinality thesis. Journal of hydrology, 320(1-2), 18-
36. 

Beven, K. and Freer, J. (2001). Equifinality, data assimilation, and uncertainty estimation in 
mechanistic modelling of complex environmental systems using the GLUE 
methodology. Journal of hydrology, 249, 11-29. 

Bisson, J. L. and Roberge, F. (1983). Previsions des apports naturels: Experience d'Hydro-
Quebec. Paper presented at the Workshop on flow predictions, Toronto. 

Caya, D. and Laprise, R. (1999). Semi-implicit semi-Lagrangian regional climate model: the 
Canadian RCM. Monthly weather review, 127(3), 341-362. 



153 

Diaz-Nieto, J. and Wilby, R. L. (2005). A comparison of statistical downscaling and climate 
change factor methods: Impacts on low-flows in the river Thames, United Kingdom. 
Climate Change, 69, 245-268. 

Dibike, Y. B. and Coulibaly, P. (2005). Hydrologie impact of climate change in the Saguenay 
watershed: comparison of downscaling methods and hydrologie models. Journal of 
hydrology, 307, 145-163. 

Dietterick, B. C , Lynch, J. A. and Corbett, E. S. (1999). A calibrafion procedure using 
topmodel to determine suitability for evaluating potential climate change effects on 
water yield. Journal of the American water resources associafion, 35(2), 457-468. 

Duan, Q. (2003). Calibration of watershed models. In Q. Duan ,H. Gupta andA. N. 
Sorooshian (Eds.), Water science and applicationVol. 6, pp. 89-104. Washington D.C. 

Environnement Canada. (2004). Menaces pour la disponibilite de l'eau au Canada. 
Burlington (Ontario): Institut national de recherche scientifique. 148 p. 

Fortin, J.-P., Turcotte, R., Massicotte, S., Moussa, R., Fitzback, J. and Villeneuve, J.-P. 
(2001a). Distributed watershed model compatible with remote sensing and GIS data. 
1: Description of the model. Journal of hydrologie engineering, 6(2), 91-99. 

Fortin, J.-P., Turcotte, R., Massicotte, S., Moussa, R., Fitzback, J. and Villeneuve, J.-P. 
(2001b). Distributed watershed model compatible with remote sensing and GIS data. 
II: Application to Chaudiere watershed. Journal of hydrologie engineering, 6(2), 100-
108. 

Fortin, V. (2000). Le modele meteo-apport HSAMI: historique, theorie et application. 
Varennes: Institut de recherche d'Hydro-Quebec. 68 p. 

Fowler, H. J., Blenkinsop, S. and Tebaldi, C. (2007). Linking climate change modelling to 
impacts studies: recent advances in downscaling techniques for hydrological 
modelling. International journal of climatology, 27, 1547-1578. 

Fronzek, S. and Carter, T. R. (2007). Assessing uncertainties in climate change impacts on 
resource potential for Europe based projections from RCMs and GCMs. Climate 
change, 81,357-371. 

Hay, L. E., Wilby, R. L. and Leavesly, H. H. (2000). Comparison of delta change and 
downscaled GCM scenarios for three mountainous basins in the United States. 
Journal of the American water resources association, 36(2), 387-397. 

Hulme, M. and Carter, T. (1999). Representing uncertainty in climate change scenarios and 
impacts studies. Paper presented at the Eclat-2 Helsinki workshop, Norwich, UK. 



154 

IPCC. (2001). Climate Change 2001: Impacts, adaptafion and vulnerability. Flow of Working 
Group II to the Third Assessment Report of the Intergovenmiental Panel on Climate 
Change (Me Carthy, J.J, Canziani, 0., Leary, N.A., Dokken, D.J. and White, K.S.). 
Cambridge: Intergovernmental Panel on Climate Change. 967 p. 

Jiang, T., Chen, Y. D., Xu, C.-y., Chen, X., Chen, X. and Singh, V. P. (2007). Comparison of 
hydrological impacts of climate change simulated by six hydrological models in the 
Dongjiang Basin, South China. Journal of hydrology, 336, 316-333. 

Jones, R. N., Chiew, F. H. S., Boughton, W. C. and Zhang, L. (2006). Estimafing the 
sensitivity of mean annual runoff to climate change using selected hydrological 
models. Advances in water resources, 29(10), 1419-1429. 

Leavesly, G. H. (1994). Modeling the effects of climate change on water resources - a 
review. Climate change, 28, 159-177. 

Maurer, E. P. (2007). Uncertainty in hydrologie impacts of climate change in the Sierra 
Nevada, California, under two emissions scenarios. Climate change, 82, 309-325. 

McFarlane, N. A., Boer, G. G., Blanchet, J.-P. and Lazare, M. (1992). The Canadian Climate 
Centre second-generation general circulation model and its equilibrum climate. 
Journal od climate, 5, 1013-1044. 

Minville, M., Brissette, F. and Leconte, R. (2008). Uncertainty of the Impact of Climate 
Change on the Hydrology of a Nordic Watershed. Journal of hydrology, 358(1-2), 70-
83. 

Nakicenovic, N., J. Alcamo, G. Davis, B. de Vries, J. Fenhann, S. Gaffin, K. Gregory, A. 
Griibler, T. Y. Jung, T. Kram, E. L. La Rovere, L. Michaelis, S. Mori, T. Morita, W. 
Pepper, H. Pitcher, L. Price, K. Raihi, A. Roehrl, H-H. Rogner, A. Sankovski, M. 
Schlesinger, P. Shukla, S. Smith, R. Swart, S. van Rooijen, N. Victor and Dadi, Z. 
(2000). IPCC Special Report on Emissions Scenarios. United Kingdom and New 
York, NY, USA. 599 p. 

Ogden, F. L. and Julien, P. Y. (2002). CASC2D: A two-dimensional, physically-bsed, 
hortonian hydrologie model. In V. P. SinghD. K. Frevert (Eds.), Mathemafical models 
of small watershed hydrology and applicationspp. 950. Chelsea: Water resources 
publications. 

Plummer, D. A., Caya, D., Frigon, A., Cote, H., Giguere, M., Paquin, D., Biner, S., Harvey, 
R. and De elia, R. (2006). Climate and climate change over North America as 
simulated by the Canadian RCM. Journal of climate, 19(13), 3112-3132. 

Prudhomme, C , Jakob, D. and Svensson, C. (2003). Uncertainty and climate change impact 
on the flood regime of small UK watersheds. Journal of hydrology, 277, 1-23. 



155 

Risbey, J. S. and Entekhabi, D. (1996). Observed Sacremento Basin streamflow response to 
precipitation and temperature changes and its relevance to climate impact studies. 
Journal of hydrology, 184, 209-223. 

Salathe, E. P. j . . Mote, P. w. and Wiley, M. W. (2007). Review of scenario selecfion and 
downscaling methods for the assessment of climate change impacts on hydrology in 
the United States pacific northwest. International journal of climatology, 27, 1611-
1621. 

Schmildli, J., Frei, C. and Vidale, P. L. (2006). Downscaling from GCM precipitafion: A 
benchmark for dynamical and statistical downscaling methods. International journal 
of climatology, 26, 679-689. 

Srikanthan, R. and McMahon, T. A. (2001). Stochastic generation of annual, monthly and 
daily climate data: A review. Hydrology & earth systems sciences, 5(4), 653-670. 

St-Hilaire, A., Ouarda, T. B. M. J., Lachance, M., Bernard, B., Gaudet, J. and Gignac, C. 
(2003). Assessment of the impact of meteorological network density on the 
estimation of basin precipitation and runoff: A case study. Hydrological processes, 
17(18), 3561-3580. 

Turcotte, R., Fortin, L.-G., Fortin, V. and Villeneuve, J.-P. (2007). Operational analysis of 
the spatial distribution and the temporal evolution of the snowpack water equivalent 
in southern Quebec, Canada Nordic hydrology, 38(3), 211-234. 

Turcotte, R., Lacombe, P., Dimnick, C. and Villeneuve, J.-P. (2004). Prevision hydrologique 
distribuee pour la gestion des barrages publics du Quebec. Canadian journal of civil 
engineering, 31, 308-320. 

Xu, C.-Y. and Singh, V. P. (2004). Review on regional water resources assessment models 
under stationary and changing climate. Water resources management, 18, 591-612. 



ANNEXE I V 

Article 4 :  Minville et  al. (2008c ) 

Cet article a ete soumis le 31 aout 2007 pour publication dans le Journal of water resources 

planning and management. 

Minville, Marie, Brissette, Fran9ois et Leconte, Robert. (2007). Impacts and Uncertainty of 
Climate Change on Water Resource Management of the Peribonka River System 
(Canada). Soumis a  Journal of  water resources  planning and  management  le  31 aout 
2007. 



157 

Impacts an d Uncertainty o f Climate Change o n Water Resource Managemen t o f the 

Peribonka Rive r System (Canada ) 

Marie Minville, ing. Jr 

Francois Brissette, ing., Ph.D. 

Robert Leconte, ing., Ph.D. 

Abstract: The impacts of climate change on medium-term reservoir operations for the 

Peribonka water-resource system (Quebec, Canada) were evaluated with annual and seasonal 

hydropower production indicators and flood control criteria. According to simulations under 

the current operating rules in a climate change context, the tendency is for a reduction in 

mean annual hydropower production and an increase in unproductive spills, despite an 

increase in the armual average inflow to the reservoirs. A broad range of climate projections -

- a combination of 5 general circulation models with 2 greenhouse gas scenarios each — were 

used in order to evaluate the uncertainty of these future potential climates on floods and 

hydroelectric production. Climate projections were downscaled with the change factor 

method at the horizon centered in 2050. To represent natural variability, a stochastic weather 

generator was used to produce 30 synthetic climate series of 30 years each, representative of 

each climate change projection as well as the climate of the control period. The hydrological 

impacts of climate change were evaluated with a lumped hydrological model and the 

hydrological regimes were analyzed according to spring flood characteristics and the average 

inflows. In general, the projections indicate an increase in annual inflow, earlier peaks and 

greater volumes during the spring flood. 

The analyses show that power plant managed with a reservoir is sensitive to the operating 

rules and that these rules should be re-examined in order to take account of new potential 

seasonal hydrological contexts. 
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1. INTRODUCTIO N 

The scientific community supports the conclusion that climate change will have considerable 

effects on water resources. One of the most important aspects will relate to the availability of 

water resources on a regional scale with the modification of the hydrological cycle (Xu et 

Singh, 2004) . The changes in climate variables such as precipitations and temperatures will 

have hydrological impacts that will influence reservoir management. From the same 

perspective, drinking water supplies, floods risks, irrigation, and hydropower production will 

be affected at various levels (IPCC, 2001a). 

Some hydrological impacts related to the climatic changes on a global scale were reported by 

the Intergovernmental Panel on Climate Change (IPCC, 2007a). It is estimated that snow 

coverage has decreased by 10% and that the freezing season of rivers and lakes has decreased 

by two weeks since 1960. For the impacts observed in the mid-latitudes, Whitfield and 

Cannon (2000) analyzed recent climatic and hydrological variations in Canada (1976 to 

1995). They noticed that some regions, including some of the province of Quebec, presented 

hydrographs with an earlier spring flood, higher winter flows and lower summer flows. Their 

study reveals that small changes in precipitations and temperatures, often not statistically 

significant, nonetheless considerably affected the river discharge. Along the same lines, 

Christensen et  al.  (2004) support that weak changes in the inflows will have larger effects on 

a reservoirs' storage. Consequently, according to Xu and Singh (2004), energy production 

will be affected and the situation will require the adoption of adapted operation policies. 

Overall, there are many works devoted to the evaluation of the hydrological impacts of 

climate change. They present the impacts for watersheds throughout the world, with 

projections from one or more general circulation models (GCMs), greenhouse gas emission 

scenarios (GHGES), downscaling techniques and hydrological models. However, studies 
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dealing with the impacts of the hydrological changes on the management of reservoirs are 

rare. On this subject, Christensen et  al.  (2004), Payne et  al.  (2004), VanRheenen et  al. 

(2004), and Mimikou and Fotopoulos (2005) have completed work relating to the impacts of 

climate change on river systems. However, they have employed only to one to three climate 

change projections, which does not make it possible to represent the range of potential 

climatic changes. On this subject, Sharma and Shakya (2006) estimate that the evaluation of 

the hydrological impacts of climate change in a country is the first and the most important 

stage before planning for long-term management. In other words, it is important to consider a 

broad range of climate change projections to evaluate the hydrological impacts before 

evaluating the impacts on river system. 

In this context, the aim of this work is to quantify the potential climate change impacts on 

reservoir operations, including flood control and hydropower production, for a broad range of 

climate projections, in order to consider the uncertainty of climate change. 

Section 2 of this paper offers a short description of the studied catchment. Section 3 describes 

the methodology, i.e. the steps achieved for the climate change projections production, 

simulations of the hydrological regimes and the reservoir operations. Section 4 presents 

climate change projections, their impacts on hydrology and some aspects of reservoir 

operations such as hydroelectric production and flood indicators. A discussion of the results 

and recommendations for the next steps of the project follow in secfion 5. Section 6 is a 

conclusion and a return to the principal elements of the study. 

2. STUDIED WATERSHE D 

The Peribonka river basin is located in the center-south of the province of Quebec in Canada. 

Its area is 27 000 km^ and it is subdivided into 4 principal subbasins: Lake-Manouane (5 000 

km^), Passes-Dangereuses (11 000 km^), Chute-du-Diable (9 700 km^) and Chute-a-la-

Savane (I 300 km^). The site is mostly uninhabited forest, but close to the river's mouth the 

territory is mainly agricultural. 
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Figure 1 Peribonka water-resource system 

For the control period (1961-1990), the annual average temperature is 0.5°C, with a monthly 

mean temperature of-19°C in January and 16°C in July. The freezing period is, on average, 

between October 21 and April 21, a 6 months duration. Annual mean precipitafions are 1010 

millimetres. During the winter (DJFM), 5% of the precipitation is rain. 

The flows between each subbasin are managed using dams owned by the Rio Tinto Alcan 

Company (and Hydro-Quebec starting from 2008). Two large reservoirs, Lake-Manouane 

(2700 hm^) and Passes-Dangereuses (5200 hm^), store water in order to feed in water to 3 

power plants (Chute-des-Passes, Chute-du-Diable and Chute-a-la-Savane) disposed in series 

on the main river. The power plant completely upstream (Chute-des-Passes) is a reservoir 

power plant while those downstream, Chute-du-Diable and Chute-a-la-Savane, are run-of-

river power plants. Hydropower production is the principal use of the Peribonka River water-

resource system, with an installed capacity of 1165 MW. 

The annual average inflows are of 635 mVs. The hydrological regime can be subdivided into 

3 phases related to the seasons: winter, spring and summer-autumn. A large part (43%) of the 

reservoir inflows occur in spring (AMJ) during the spring flood. Also, flows are minimal 
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(10%) in winter (DJFM) and the inflows in summer-autumn (JASON) result mainly from 

rainy events and account for 47% of the annual discharge. 

3. METHODOLOG Y 

3.1 Climat e change projection s 

3.1.1 Genera l circulatio n mode l an d greenhouse gas scenario s 

The climate projections (Table 1) are obtained from 5 GCMs and 2 GHGES each 

(Nakicenovic et  al,  2000). The selected GCMs are the United-Kingdom model (HadCM3), 

the European model (ECHAM4), the Australian model (CSIRO), the Japanese model 

(CCSRNIES) and the Canadian model (CGCM3). These models have all been used in the 

Atmospheric Model Inter-Comparison Project (Boer, 2004), with the exception of the third 

version of the Canadian Climate Model (CGCM3), which is more recent. For the CGCM3 

model, since results from the A2 scenario were not available, the Bl scenario (a more 

optimistic scenario) was chosen instead. 

Table 1  Climate projections use d 

Number 

1 
3 
5 
7 
9 

GCMs-GHGES 
couple 

HadCM3 A2 
ECHAM4 A2 
CSIRO A2 
CCSRNIES A2 
CGCM3 A2 

Number 

2 
4 
6 
8 
10 

GCMs-
GHGES 
couple 
HadCM3 B2 
ECHAM4 B2 
CSIRO B2 
CCSRNIES B2 
CGCM3 Bl 

3.1.2 Downscalin g 

The data were downscaled according to the "change factor" (also called "delta-change") 

method (Diaz-Nieto et Wilby, 2005). This technique applies to the daily historical data the 

difference between the simulated monthly data of a future horizon (2050: 2040-2069) and the 

simulated monthly data of a control period (1961-1990). In the case of the minimum and 
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maximum temperatures, the difference between the simulated future monthly temperatures of 

a horizon and the simulated monthly temperatures of the control period are added to the 

historical data (equation 1). 

-' fui  ,1 ,h ~  •' oA,v ,7 ''" V •' fut  ,m ,h "  ^  com  ,m ) U J 

For the precipitations, the ratio of the simulated monthly precipitations of a horizon over the 

simulated monthly precipitations of the control period is mulfiplied by the observed daily 

precipitations of the control period (equation 2). 

"ful,j,h ~  Pobs,j^\Pful,m,h  '  Pcom,m)  W 

3.1.3 Syntheti c climat e series 

After the production of climate change projections for each subbasin, the next step was to 

produce synthetic series using a stochastic weather generator. The advantage of a synthetic 

series is to simulate the hydrology resulting from a projection according to several climate 

series in order to account for the natural variability of the climate, and at the same time, to 

limit the uncertainty related to a single time series. 

The weather generator used, the WeaGETS (Caron, 2005) is Richardson (1981) based, with 

third order Markov chains and exponential functions implemented to determine the 

occurrences and the quantities of precipitations, respectively. The generator makes it possible 

to construct synthetic climate series with a desired length and which have the same statistical 

properties as the original series. 

The synthetic data produced within the framework of this study are 30 series of 30 years 

each. For each 10 projections of climatic changes (5 GCMs X 2 GHGES X 1 time horizon), 

as well as for the reconstitutions of the control period, 900 years of synthetic data 

representative of these time series were generated under the stationarity assumption. The 
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climafic variables produced are minimum temperature, maximum temperatures and 

precipitations. 

3.2 Hydrological modelin g 

3.2.1 HSAM I mode l 

The HSAMI hydrological model (Bisson et Roberge, 1983) was developed and has been used 

by Hydro-Quebec for twenty years in an operational frame for short and medium term flow 

forecasting. HSAMI is actually used for daily forecasting of natural inflows on 84 watersheds 

with surface areas ranging from 160 km^ to 69195 km^. HSAMI makes it possible to simulate 

the naturalized inflows of a managed river or the discharge of a basin where the flows are 

natural, according to climate observations or weather forecasts of variables such as minimal 

and maximum temperatures, precipitations, radiations and snow level on the ground. It is a 

lumped conceptual model that is linear reservoir-based and which can generate the runoff 

from two unit hydrographs. HSAMI simulates evapotranspiration, precipitation, interception 

of rain and snow, and infiltration, as well as the vertical flow processes. It is designed to 

compute with one-hour to one-day time steps. 

3.2.2 Mode l calibratio n 

Because the HSAMI model is lumped, calibration must be carried out for each subbasin of 

the catchment, with an average climate series produced with the historical data from 1984-

2003 of the surrounding meteorological stations. Table 2 presents the calibration-validation 

results expressed with the Nash-Sutcliffe coefficient. 

Table 2 Nash-Sutcliffe coefficient s fo r each catchmen t 

Lake-Manouane 
Passes-Dangereuses 
Chute-du-Diable 
Chute-a-la-Savane 

Calibration 
0.68 
0.81 
0.93 
0.78 

Validation 
0.51 
0.77 
0.89 
0.68 
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3.2.3 Climate chang e impact s o n hydrological regime s 

The hydrological regimes resulting from climate change were evaluated with HSAMI and the 

synthefic climate series at the horizon 2050. Generating several series allows a greater 

variability of inflows to be captured. 

3.3 Water-resource managemen t simulation s 

3.3.1 ResSim mode l 

Modeling of the water-resource system was carried out with the ResSim model developed by 

the US Army Corps of Engineers (Klipsch, 2003). It is the new generation, in a Windows 

environment, of the HEC-5 software widely used in the management of the public domain 

water-resource system in the United States. ResSim is a reservoir simulation model that 

allows turbinated and spilled flows to be simulated according to imposed operating rules, 

specific constraints, and objectives. It is modular software, which makes the combinations of 

different configurations of water-resource systems, reservoir geometries, constraints, 

reservoir inflows and initial conditions possible. The principal input data are the naturalized 

inflows into the reservoirs, the physical properties of the rivers and reservoirs, the evacuation 

capacity and the characteristics of the power plants, particularly the installed capacity, their 

efficiency as well as the rating curves. 

3.3.2 Operating rule s 

Current annual operations are divided into three periods: Winter (DJFM: December 1st to 

March 31), spring (AMJ: April 1st to June 30) and summer-autumn (JASON: July 1st to 

November 30). During winter, the upstream reserve (Lake-Manouane and Passes-

Dangereuses reservoirs) is managed according to the anticipated spring flood. The operations 

are carried out according to a target objective of storage at April 1 '̂. In the spring season, 

management of the upstream reserves, which were lowered during the winter, is carried out 

with the objective to produce an acceptable level of hydropower. During the summer-autumn 

season, the production is modulated in order to ensure good performance over the whole 

system while maintaining the reservoirs at the normal operating zone to limit flood risks. At 
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every season, the upstream reserve is operated according to a ratio table of the monthly 

storage to maintain between Lake-Manouane and Passes-Dangereuses for a specified total 

storage. 

3.3.3 Impacts indicator s 

Climate change impacts on the management of this water-resource system are evaluated by 

entering the 30 series of 30 years of future inflows simulated with HSAMI under 10 

projections of climatic changes into the simulation model, while preserving the current 

operation rules, and compared with the simulations with the inflows of the control period. 

The reservoir level indicators (Simonovic et Li, 2003), i.e. reliability and vulnerability, are 

given for the Lake-Manouane and Passes-Dangereuses reservoirs. Briefly, as shown in 

equation 3, the reliability of a system is the probability that a reservoir is in a state considered 

satisfying and it is expressed as the relationship between the numbers of time steps when the 

state of a system is satisfactory and the number of time steps in a simulation. 

1 -^-^NS 
a -  — > , z, 

z = 1 Vz, e 5 
[3] 

z, = o Vz, € F I 

where a is reliability, Zt is the state of the system for the time step considered, S is a 

satisfactory state, F is an unsatisfactory state and NS is the number of time steps of a time 

period. In this study, a reservoir is reliable, for a given time step, if its level is under the 

overflow level. "Overflow level" is defined as the water level that would lead to a dam 

failure. 

Vulnerability is an indicator of the severity of an unsatisfactory state and it is the maximum 

difference between a reference value and a value exceeding this level. This criterion is 

annual, and the greatest variation measured during a year constitutes the vulnerability for that 

year, 
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A = 
| 0 if V,<  Vj 

[Max(V,-Vj) else 
[4] 

where Py is the vulnerability, Vt is a reference value (level or flow) and Vf is the value 

simulated or observed. Within the framework of this study, a reservoir is vulnerable when its 

level exceeds the normal operating level. 

Next, the impacts on hydropower production are evaluated on annual and seasonal time 

scales. 

3.3.4 Model calibratio n 

The ResSim model calibration was realized for the 1990-2003 period. This is the only period 

for which observed inflows and reservoir level data was available. The ResSim model 

reproduced the reliability indicator (observations versus simulations for the period of control) 

quite well, but it overestimates the vulnerability. The model overestimated the observed 

annual hydropower production by less than 1%. Seasonal hydropower production is 

overestimated by 8% and 2% for winter and summer-autumn respectively. This is offset by 

the spring production which is underestimated by 15%. Also, as shown in Table 3, ResSim 

simulated well all impact indicators for both reservoirs, despite an overestimation of the 

vulnerability for the Lake-Manouane reservoir and an underestimation of the reliability and 

vulnerability of the Passes-Dangereuses reservoir. The potential causes of these variations are 

explained in the section "Discussion and recommendations". 

Table 3 ResSi m calibratio n results . 

Comparison betwee n observed (obs ) and simulated (sim ) indicator s 

ReliabiHty (% ) 
Vulnerability (m ) 

Lake-
Manouane 
Obs 

100 
0.02 

Sim 

100 
0.07 

Passes-
Dangereuses 
Obs 

99.73 
0.03 

Sim 

93.35 
0 
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4. RESULTS 

4.1 Climate change projections 

The scatter plot of figure 2 shows the mean precipitations deltas as a function of the mean 

temperatures deltas for each climate change projection (annual and seasonal) at the horizon 

centered in 2050 compared to the control period. 
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Figure 2 Scatter plots of temperature and precipitation changes (annual and seasonal) 

for all combinations of GCM and GHGES, at the 2050 time horizon 

The annual tendency of the GCMs is univocal for the catchment of the Peribonka River: on 

the armual and seasonal scales, all of the projections suggest increases in temperatures and 

precipitations. The uncertainty between temperature projections is smaller at summer-

autumn, with differences of 3°C compared to 4°C at the other seasons. For precipitations, the 

uncertainty between projections is less in summer-autumn with a variation of 15% compared 

to 20 to 25% at the other seasons. 

For the climatic variables, the indicators of climate changes most likely to partly explain the 

impacts on the medium-term operations of a water-resource system in a Nordic area are the 

annual temperature cycle and the ratio of liquid compared to solid precipitations in winter. In 
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this context, figure 3 presents the annual cycle of temperatures. It shows the mean of the 900 

years (30 series of 30 years) of temperatures representative of the control period compared to 

the average of the 900 years (30 series of 30 years) of the temperatures of each climate 

change projection. 
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Figure 3 Averaged temperature for each climate change projection compared to 

reconstituted climate of the control period 

Relevant information to be extracted from the armual cycles is the period at which the 

average temperatures cross the freezing point. Figure 3 shows that compared to the 

temperatures representative of the recent past (dark bold line), where the passage dates of the 

average temperature over and below zero are approximately on April 21 and October 21, 

respectively, climate change projections show that these passage dates could, in the most 

extreme cases, occur at the end of March and mid-December by 2050. This situation would 

modify the regimes of winter hydrology, in particular by potentially decreasing the stock of 

snow to the basin, the volume of spring flood, and by advancing the snowmelt period. 
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4.2 Climate change impacts on hydrological regimes 

The average hydrograph for the Passes-Dangereuses is presented in figure 4 (results are 

similar for the other catchments). The bold black line is for the reconstituted flows and the 

lines in grey scale represent the 10 projections of climate change. For all of the subbasins, the 

tendency of projections is an increase in the winter flows and a reduction in the summer-

autumnal flows. Also, every projection shows an earlier spring flood. However, 

approximately half of the projecfions (CCSRNIES A2 and B2, CSIRO A2, ECHAM4 A2 and 

B2) anticipate reductions in the peak while the other half (HadCM3 A2 and B2, CSIRO B2 

and CGCM3 A2 and B1) anticipate increases. 

1200 

1000 

% 
800 

O) 
rj .c o w 

-o 
CD 
D) 

2 
> 
< 

600 

400 

200 

^ ^ C o n t r o l peno d 
— HadCM3A 2 
- - • H a d C M 3 B 2 

ECHAM4 A 2 
ECHAM4 B 2 
CSIRO A 2 

- " C S I R O B 2 
CCSRNIES A 2 

- - -CCSRNIES 8 2 
CGCM3A2 
CGCM3B1 

Figure 4 Averaged annual hydrograph for climate change projections compared to the 

reconstituted hydrographs of the control period (example for Passes-Dangereuses 

catchment) 
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4.3 Climate chang e impact s on the water-resource syste m 

4.3.1 Reservoi r level s 

As it shown in table 4, in the context of climate change, reliability is compromised for the 

Lake-Manouane reservoir under the 10.CGCM3 Bl projection and for Passes-Dangereuses 

under the 9.CGCM3 A2 projecfion. In both cases, the reliability of the reservoirs is 99%, 

with 1 year (out of 900) overpassing the overflow level for the Lake-Manouane and Passes-

Dangereuses reservoirs. 

For Lake-Manaoune, in the context of climate changes, the reservoirs are vulnerable under 4 

projections. The Passes-Dangereuses reservoir is also vulnerable in the context of climate 

change, with level exceedance under 3 projections. 

Table 4  Water-system indicator s i n climate change contex t 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Lake-Manouane 
Reliability 

(%) 
100 
100 
100 
100 
100 
100 
100 
100 
100 
99 

Vulnerability 
(m) 

0 
0 
0 
0 
0 

0.04 
0.01 

0 
0.1 

0.13 

Passes-E 
Reliability 

(%) 
100 
100 
100 
100 
100 
100 
100 
100 
99 
100 

>angereuses 
Vulnerability 

(m) 
0 
0 
0 
0 
0 
0 
0 

0.018 
0.85 
0.02 

4.3.2 Annual an d seasonal hydropowe r productio n 

The impacts on hydropower production are presented for the total mean production of the 

system, i.e. the sum of production at the 3 power plants (figure 5). The actual values of 

production are modified by a factor in order to preserve proprietary confidentiality. This 

factor makes it possible to bring the annual median reconstitutions back to 1. The same 

operation was done to the annual and seasonal production in order to illustrate the seasonal 
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proportions of the production. For example, as illustrated by the box plots of reconstituted 

data of the control period at each season, the productions reconstituted in spring (AMJ), in 

summer-autumn (JASON) and during winter (DJFM) correspond to approximately 0.67, 0.92 

and 1.35 times the armual average production. 

From the armual point of view, the first observation is that production decreases by 1 to 12%o 

for all of the climatic projections except under 9.CGCM3 A2, which would increase 

production by 2%o for the median. The reductions and the increases appear to be weak in 

general, but it is important to notice that the median of the production of all the decreasing 

projections is located under the first interquartile interval of the control period. This means 

that for the fiiture, more than half of the years would present an annual average production 

lower than that of the control period 25' percentile. The annual average productions that 

reveal an even greater reduction are from climate change projections 3.ECHAM4 A2 and 

4.ECHAM4 B2. 

ANNUAL DJFM 
1 5 

« o c 
™ -^ o 
5 = o 
t5 £ "D <0 

Q . ^ O 
— O  c 
™ ( - © o. .S c 
o o 

Ep E 3 B aa 1=3 B  E ^ E p B E^ 

Si O.5 L 

1 5 

0! 
W O 
ro — TO ;:: 

•^ c  -o 
3 ™  2 

•D <D Q. 

2 £ - o 
2 £- 0) 

1 2 3 4 5 6 7 8 9 1 0 
Reconstitutions (re ) and 

climate projection s (1 to 10) 
AMJ 

1.5 
ra o 
« o  c 
CO —  o 
S =  O  1 
2 c  3  ' T, ^  "a 
3 "  2 

"O 0 ) Q . 
2 £ - D 
f- 'S .o 0 5 
<". r-  O 

a. o o 
•o 

B E 3 S aa E^ E ^ E3 cp 5 E3 

J= 0. 5 

2 1 5 

^ Q EF eig 

re 1  2  3 4 5  6  7  8 
Reconstitutions (re ) and 

climate projection s ( 1 to 10) 
JASON 

9 10 

in o 
ra -

£= -O 
01 p 
o S 1 

1 2 3 4 5 6 7 8 9 1 0 
Reconstitutions (re ) and 

climate projection s ( 1 to 10 ) 

•D 

2±=-o 
Q.U- o 
— o c 
ro _ 0) 
o 5 ci 

2 0 5 

E? B B 
i E 3 [ p 

B B ^ ^ H 

r e l 2 3 4 5 6 7 8 9 10 
Reconstitutions (re ) and 

climate projections (1 to 10) 

Figure 5. Annual and seasonal total hydropower production for the control period (re) 

and for climate change projections (1 to 10) 
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For spring season (AMJ) production, variability between projections is more pronounced 

than for the other seasons. Compared to the reconstituted production of the control period, 

3.ECHAM4 A2, 4.ECHAM4 B2, 5.CSIR0 A2, 7.CCSRNIES A2 and 8.CCSRNIES B2 

projecfions resuh in lower producfion in spring, while projections l.HadCM3 A2, 2.HadCM3 

B2, 6.CSIR0 B2, 9.CGCM3 A2 and 10.CGCM3 Bl anticipate increases. Projection 

4.ECHAM4 B2 indicates the most significant reducfion, of-15% (compared to the median of 

the control period) and 9.CGCM3 A2 proposes the greatest increase, with 3%. An interesting 

observation is that the spring production, compared to the other seasons, shows a greater 

interannual variability for the climate projections, illustrated by the particularly long 

whiskers, as much for the production values under the 25"^ percentile as for values above the 

75'^ 

For the summer-autumn production (JASON), all climate projections propose increases up to 

7%, except for 3.ECHAM4 A2 and 4.ECHAM4 B2, which propose reducfions of 2%. The 

interannual production variability for this season is relatively the same as for the 

reconstitutions of the control period. From July to November, the increase in precipitations 

and the rising temperatures exert a positive influence on the production. 

For the winter season (DJFM), the general tendency is for an increase in production. The 

warmer temperatures and the precipitation increase lead to runoff increases almost 

systemafically for all of the climate projecfions, except for 3.ECHAM4 A2 and 4.ECHAM4 

B2. However, it should be noted that although there are production increases in the context of 

climate changes, when compared to the reconstitutions, more years have overall productions 

lower than the reconstitutions, as shown by the longer lower whiskers. 

Lastly, despite the fact that the annual production of the system decreases (as most of the 

projections show), another aspect must be considered: production from the run-of-river 

power plants (Chute-du-Diable and Chute-a-la-Savane) compared to the reservoir power 

plant (Chute-des-Passes) (figure 6). 
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Figure 6 Mean annua l production a t each power plant for the control perio d (re ) and 

for climate change projections (1 to 10 ) 

The results show that it is the production at the Chute-des-Passes power plant that influences 

the tendency towards lowered production. The power plants that are run-of-river however, 

show a marked increase tendency in average armual production, most evident for Chute-du-

Diable power plant. 

4.3.3 Unproductive spill s 

Figure 7 illustrates the box plot of annual and seasonal average values of 900 simulated years 

(30 series of 30 years) of total unproductive spills for the 10 projecfions of climatic changes 

compared to the reconstitutions of the control period. 
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Figure 7 . Annual an d seasonal unproductiv e spill s in percentage o f the control period , 

for the control period (re ) and for climate change projections (1 to 10 ) 

For the armual discharges, the general tendency of climate change projections compared to 

the reconstitutions is that unproductive spills would increase in the future. However, 

discharges under climate projections 3.ECHAM4 A2 and 4.ECHAM4 B2 are the exceptions 

for their reduction. These smaller discharges are related to the fact that these two projections 

are characterized by their modest increase in annual average precipitations (6 to 8%o) 

combined with higher rises of average annual temperatures (4 to 4.2°C), as illustrated in 

figure 2. These climatic conditions generated a reduction in the reservoir inflows compared 

to the reconstituted inflows of the control period. The general tendency of seasonal spills in 

the context of climate changes follows the tendency of reconsfituted spills of the control 

period, i.e. they are lower in winter and higher in spring. 

In winter (DJFM), climate change projections l.HadCM3 A2, 2.HadCM3 B2 and 

10.CGCM3 Bl are notable for their weaker spills compared to other projections, as shown by 

the interquartile variation of the years that are 0 m3/s, i.e. the majority of the 900 years under 
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these three projections present null unproductive spills. This can be explained by the fact that 

these models have the least-warmer projecfions (temperature increases of less than 3°C), and 

although precipitations are greater, they remain in solid form and contribute to the 

accumulation of snow cover, and thus are not available for runoff during these months. At 

the opposite extreme, unproductive spills under projection 5.CSIRO A2 are characterized by 

greater discharges. This climate projection is among the warmest and rainiest, which means 

that these precipitations are in liquid form during the winter and they contribute to runoff 

immediately. Compared to the reconstituted unproductive spills of the control period, median 

spills in the context of climate change are generally smaller in winter, although a greater 

variability leads to more frequent greater spills. 

In spring (AMJ), the medians of unproductive spills are higher in a context of climate change 

than the reconstituted unproductive spills during the same months. Moreover, the years with 

greater spills are more frequent - illustrated by the whisker that is definitely longer than for 

the reconstitutions of the control period. It should be observed that unproductive spills under 

projections l.HadCM3 A2 and 2.HadCM3 B2 are greater compared to those under 

3.ECHAM4 A2 and ECHAM4 B2, even though they anticipate relatively the same variations 

in temperatures and precipitations. Under the HadCM3 model (projections 1 and 2), the 

winter is not as warm as other projections, and therefore there was more snow accumulation. 

However, under ECHAM4 (projections 3 and 4), the winter is much warmer, and therefore 

with a less important winter snow cover available for the spring runoff For the less-warm 

winter projections, unproductive spills are greater in spring. 

Finally, for the summer-autumn period (JASON), unproductive spills in the context of 

climate change are of the same order as for the reconstituted conditions, but with a slight 

decrease. Unproductive spills under projections 3.ECHAM4 A2 and 4.ECHAM4 B2 remain 

the exceptions. These two projections anticipate slight increases in precipitations for this 

season, on the order of 3-4%, combined with relatively high rises of temperatures, of 

approximately 4°C. The increase of temperatures causes increases in evaporation and 

evapotranspiration, which, from the hydrological point of view, compensated for the increase 
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in precipitations. The average hydrograph (figure 4) under ECHAM4 (projections 3 and 4) 

showed a reduction of the flows for this season. 

5. DISCUSSION AN D RECOMMANDATION S 

The results presented suggest that climate changes could affect the water-resource system of 

the Peribonka River. While the analysis of the hydrological regimes showed a general 

increase in the annual inflows, a reduction in mean annual hydropower production and a 

general increase in unproductive spills was found. 

For the reconstitutions of the control period, whereas the reservoir levels are maximal at the 

begirming of winter, they are lowered gradually until May when they reach a minimal level. 

The reservoir operation model apparently behaved well during this season in the context of 

climate change by increasing production when the inflows were greater, while limiting 

unproductive spills. In general, the response of the water-resource system in winter is a 

production increase. 

In spring, however, there is no marked tendency either for an increase or reduction in 

hydropower production, despite a general increase in the spring average inflows. The 

analyses showed that the increase in the spring inflows was due to a combination of the 

snowmelt and especially of the increase in precipitations at this season. Spring operations 

being conditional with winter management, i.e. water levels lowered to contain flooding, so 

unproductive spills were proportional to the increase in the inflows in order to preserve 

acceptable water levels while awaiting the anticipated flood volumes. In the same way, the 

analysis of the unproductive spring spills combined with the hydropower production at this 

season allows for the projection that the current operation rules can be modified to increase 

spring production. Because spring floods are, in general, becoming smaller in terms of 

volumes, it will be necessary to modify the operating rules in order to decrease unproductive 

spills. For example, simulations of the water-resource system under projections ECHAM4 

A2 and B2 (projections 3 and 4) show that production would decrease by approximately 13%) 

in spring, with unproductive spills equal to the reconstitutions of the control period. This 
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variation is due to the fact that under ECHAM4, even if there are more solid precipitations 

during winter compared to the reconstitutions, the snow cover does not persist all winter 

because of the many warm spells. For example, the analysis of the snow on the ground 

variable in the hydrological model under the ECHAM4 projections showed that the 

maximum snow cover water equivalent was 15.8 cm compared to 26 cm for the 

reconstitutions of the control period. When we look at the winter results, it is important to 

specify that annual real management in spring is based on an algorithm that optimizes the 

water level to be reached on April 1 for maximum production. The model employed, HEC-

ResSim, does not optimize the levels to be reached on a given date, which is why the 

operation rules were calibrated for winter with the observed inflows to approach the average 

needed for real management. The climate change impacts on this season are thus compared 

with reconstitutions of the control period (none are optimized), which allows the 

intercomparisons. Therefore, simulations of this season should be viewed with caution. 

For summer-autumn operations, the results suggested the statu quo in production. These 

results should also be viewed with some judgment because of the downscaling method used 

to produce the climate change projections. The change factor method has the disadvantage of 

not modifying the temporal and spatial pattern of precipitations and temperatures (Diaz-Nieto 

et Wilby, 2005; Fowler et  al,  2005). It seems that the extreme events will be more frequent 

in a climate change context (IPCC, 2007b). The climate projections used only the modified 

monthly average climates of historical data, and not the extreme occurrences of events. The 

operations of the reservoirs under extreme events would undoubtedly be less optimistic. 

However, for a study focusing on a basin where the most important hydrologie features are 

linked to snow accumulation and snowmelt, this weakness is less relevant. Diaz-Nieto and 

Wilby (2005) recommend the change factor method for a broad-brush high-level assessment 

of climate change impacts, like the study presented, and suggest more complex statistical 

downscaling techniques for the investigation of more subtle changes in the temporal 

sequencing and persistence of daily events. 
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On an annual scale and for each hydropower power plant, the results show that the run-of-

river power plants compared to the reservoir-managed plant do not respond in the same way 

under future conditions. Indeed, for the Passes-Dangereuses power station, managed by 

reservoir, general reductions in production are projected, compared to the increases or status 

quo for the run-of-river power plants Chute-du-Diable and Chute-a-la-Savane. With a power 

plant managed by reservoir, an analysis of the variables suggests that it is mainly an effect of 

the reduction of the water head that causes the reduction in the production relative to the 

reduction in the turbinate flows. The increases of production for the run-of-river plants are 

related to the increase in the turbinate flows, since their smaller reservoirs are maintained, 

within the simulation, at the normal operating level. 

The power plants managed by reservoir will require that the operation policies are adapted to 

new climatic and hydrological realities. To accomplish this, a privileged avenue would be the 

use of an adaptive model that optimizes the reservoir operations, rather than only a 

simulation model with the current rules. The use of a dynamic and stochastic reservoir 

optimization model is recommended to validate if the hydropower production of a power 

plant with a large reserve capacity can be improved, compared to production in a non-

adaptive simulation process. 

Also, an aspect to be revisited in the concept of the operation rules relates to the dates 

separating the seasons. For example, if a very hot climatic projection would prevail in the 

future, it would be relevant to move the beginning dates of winter to January instead of 

December. Likewise, the begirming date of spring could be shifted as much as 1 month 

earlier in order to account for the earlier spring flood. Another solution would be to use 

weekly optimized operating rules based on inflows and reservoir states to replace seasonal 

rules. 

Under conditions where climate projections of the sort in CGCM3 A2 could occur (marked 

increase in the inflows at each season), it would be necessary to further study the relevance 

of modifying the power plant equipment in order to turbinate discharges which would 
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otherwise be unproductive spills. However, an analysis of inflows' interannual variability 

would be required so as not to oversize the equipment. 

6. CONCLUSIO N 

The results presented highlight that the operations of the water-resource system of the 

Peribonka River, according to the current operating rules, would be influenced by climate 

change. For example, from the flood control point of view, some projections suggest that the 

reservoirs would be less reliable and more vulnerable in the context of climate change. The 

exceedance of the overflow level was simulated one time for the Lake-Manouane and Passes-

Dangereuses reservoirs. Total hydropower production is assumed to decrease under all but 

one climate change projection — certain projections being more pessimistic with average 

annual reductions on the order of 13%o. However, the reductions in total production are 

mainly due to the power plant managed by reservoir. It can be surmised that the use of 

adapted rules, rather than current rules, could reverse the tendency since in general, an 

increase in the inflows is projected. 

In conclusion, this study was the first stage of a broader project that will propose adaptation 

policies to manage the Peribonka water-resource system in a climate change context. Work is 

currently in progress to quantify the water-resource system performance indicators under 

adapted operation rules resulting from a dynamic and stochastic optimization model. 
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8. NOTATIO N 

The following symbols  are  used  in  this paper: 

a =  Reliability 

^^ =  Vulnerability 

^ = Unsatisfactory state 

^^ =  Number of time steps of a time period 

p 
cont.m =  Simulated actual precipitation at month m 

p 
fut.j.h = Future precipitation at day j and horizon h 

/ui,m,h = Simulated future precipitation at month m and horizon h 

p 
obs.i = Observed historical time series of precipitation at day j 

^ =  Satisfactory state 

T cont.m = Simulated actual temperature at month m 

fut.j.h = Future temperature at day j and horizon h 

T fut,m,h ^ Simulated future temperature at month m and horizon h 

obs.i =  Observed historical time series of temperature at day j 

' = Reference value (level or flow) 

V 
f =  Value (level or flow) simulated or observed 

^' = State of the system for the time step t considered 
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Robert Leconte, Eng., Ph.D. 

In this paper, the behaviour of the water resource system of the Peribonka River (Quebec, 

Canada) is evaluated under various hydrological regimes, using different climate change 

scenarios. The hydrological regime of the recent past and the regimes of 30 climate 

projections are considered. The potential hydrological regimes are simulated for climate 

projections from five general circulation models (GCM) for two greenhouse gas emission 

scenarios (GHGES) and three temporal horizons (2020, 2050 and 2080). For each 

hydrological regime, weekly reservoir operating rules are calculated with a dynamic and 

stochastic optimization model. Simulations of the water resource system with adapted 

operating rules in these climate change contexts are compared with the water-resource 

system management of the control period (1961-1990). 

The analysis of simulations in the context of climate change shows, for the majority of 

climate projections, an increase in hydropower and in annual unproductive spills. These 

increases reach 22% and 300%, respectively, compared to the control period. Also, the 

reliability of a reservoir is compromised for half of the climate projections, with annual 

probabilities reaching above the maximum operating levels, up to 0.3%, whereas these 

probabilities were null for the control period. Despite the rise in production, the annual 

efficiency of the power plants would fluctuate between -5 to +8%), depending on the power 

plant, the climate projection and the horizon. 



185 

Keywords: Climate change. Adaptation, Water resource systems, Operating policies, 

Hydropower, Reservoir reliability 

INTRODUCTION 

The international scientific community recognizes that climate changes will impact water 

resources. Observations in the last decades reveal that climate change has already begun. 

Regonda et  al.  (2005) and Whitfield and Camion (2000) analyzed the recent hydrological 

tendencies in the United States and Canada, respectively. They observed that several areas 

presented an early spring flood and higher winter flows. Consequently, changes in the 

hydrological regimes will have effects on the storage and management of reservoirs 

(Christensen et  al.,  2004). The Intergovernmental Panel on Climate Change (IPCC) reports 

that these changes could have positive or negative impacts (Kundzewicz et  al,  2007). They 

specify that "current water management practices are very likely to be inadequate to reduce 

the negative impacts of climate change on water supply reliability, flood risk, health, energy, 

and aquatic ecosystems". Modifications in climate variables, such as precipitations and 

temperatures, will have impacts on the hydrological regimes, which will affect the 

management of water resource systems. 

The aim of the work is to evaluate the impacts of and the adaptations to climate changes in 

the management of the water resource system of the Peribonka River, a Nordic water 

resource system exploited for hydropower. The evaluation of these impacts was carried out 

by adapting operating rules according to the potential hydrological regimes of 2010 to 2099, 

and then comparing these rules with the management of the control period, 1961-1990. A 

dynamic and stochastic optimization model (Turgeon, 2005) is used. The model pre-

calculates the weekly reservoir operating rules according to the inflows distribution of a 

given hydrological regime and the levels of the reservoirs. These operating rules are then 

used with a water resource simulation model to simulate the management of the water 

resource system for each hydrological regime in a climate change context, and also for the 

control period. Management strategies resulting from the various hydrological regimes are 
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then compared according to the reservoir levels' trajectories, the hydropower, power plant 

efficiency and unproductive spills. 

Thirty hydrological regimes, simulated with 30 climate projections, were used to consider 

climate change uncertainty. These were developed from five general circulation models 

(GCMs), each forced with two greenhouse emission scenarios (GHGES) at three temporal 

horizons (2020, 2050 and 2080). Climate projections were downscaled according to the 

deltas change approach. Climate series representative of each projection, as well as for a 

control period (1961-1990), were then produced with a stochastic weather generator, in order 

to include, at least partially, the climates' natural variability. The flows resulting from each 

climate projection and the control period were then simulated with a lumped hydrological 

model. 

The first section of the article is a literature review, followed by an overview of the studied 

water resource system. In the third section, an overall portrait of the methodology is 

presented and the principal steps are described. The results of the hydrological and water 

resource system simulations are then presented. Lastly, a discussion is followed by a mention 

of limitations and the conclusion. 

LITERATURE REVIE W 

Many works have been published recently on the impacts of climate changes on the 

hydrological regimes of watersheds. In general, these studies incorporate one or more climate 

change projections into a hydrological model. Very few studies have investigated the impacts 

of climate changes on the management of water resource systems. 

However, among those few, Payne et  al.  (2004), Christensen et  al.  (2004) and VanRheenen 

et al.  (2004) realized, within the framework of companion papers, studies that make use of a 

similar methodology. Their objective was to evaluate the impacts of climate changes on the 

management of three water resource systems intended for multiple uses. These authors did 

not consider the adaptive character of the management of a water resource system and so 

they applied the current reservoir operating rules to the simulations with future hydrological 



187 

inflows. They evaluated the impacts on the annual average hydropower, the fish target and 

unproductive spills, in particular. Payne et  al  (2004) proposed a first-adaptation study to 

counter the decrease in management performance in the context of climate change. They 

carried out a sensitivity analysis of reservoir filling dates, energy demand and summer 

reservoir minima levels. 

Markoff and Cullen (2008) studied the impacts of climate changes on the hydropower of the 

installations of the Pacific Northwest Power and Council conservation in the United States. 

They prepared 35 climate projections, using the delta change method, for the horizons 2020 

and 2050, and incorporated them into a Variable Infiltration Capacity (VIC) hydrological 

model. The projected hydrological inflows were then incorporated into two reservoir 

simulation models, with current operating rules, in order to determine the impacts of climate 

change on hydropower. The principal conclusion of their study is that hydropower would 

decrease in the future for the majority of climate projections. However, they specify that this 

result is too pessimistic because their methodology does not optimize the reservoir operating 

rules with the future hydrological regimes. 

A dynamic approach to modifying the operation rules was employed by Carpenter and 

Georgakakos (2001) and Yao and Georgakakos (2001), who evaluated the impacts of one 

climate change projection with recourse to a decision support system that dynamically 

modified the operation rules. They concluded that adapted operating rules could substantially 

increase the performance of the management indicators, and that the dynamic approach was a 

promising avenue for climate change adaptation studies. 

The significant originality of the work presented is that climate change uncertainty is 

combined with evaluating the adaptive potential of management under various hydrological 

regimes over a 90-year period (2010-2099). 

STUDIED ARE A 

The Peribonka River watershed (figure 1) is located in the southern center of the province of 

Quebec, Canada. 
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Figure 1. (a) Peribonka river watershed and its components (b) Water resource system 

scheme 

The water resource is exploited exclusively for hydropower by Rio Tinto Alcan, with an 

installed capacity of 1165 MW. Power plants feed energy into the company's various 

Aluminum smelting facilities. The system is managed to maximize hydropower. Two large 

reservoirs store water (Lake-Manouane - 2700 hm and Passes-Dangereuses - 5200 hm ) and 

they feed three power plants laid out in series on the Peribonka river (Chute-des-Passes, 

Chute-du-Diable and Chute-a-la-Savane). The Chute-des-Passes power plant is adjacent to 

the Passes-Dangereuses reservoir. The Chute-du-Diable and Chute-a-la-Savane power plants 

are classified as run-of-river in the study, even though they have small reservoirs. 

The Peribonka river watershed (27000 km )̂ is subdivided into four principal subbasins, from 

upstream towards downstream: Lake-Manouane (5000 km^), Passes-Dangereuses (11000 

km^), Chute-du-Diable (9700 km )̂ and Chute-a-la-Savane (1300 km^). The watershed is 

mainly comprised of uninhabited boreal forest. 

This regions' climate is moderate, with an annual average temperature of -0.5°C and annual 

average precipitations of 1010 mm, with 40% falling as snow (according to the records for 
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1953-2003). The freezing period, when the average daily temperatures are lower than 0°C, 

spreads over six months between November and April. 

The watershed is located in the mean latitudes and its hydrological regime is dominated by 

snow accumulation and snow melt. The management of the water resource system is related 

to the hydrological context at three distinct periods: winter, spring and summer-autumn. The 

hydrological year begins with the winter, when the average temperatures are below the 

freezing point. Snow accumulates on the ground and does not contribute to the runoff. Some 

rainy events and rises in temperature episodes can occur, however, and contribute to 

increasing the base flow. Nevertheless, inflows to the reservoirs remain weak in general for 

this period. The level of the Passes-Dangereuses reservoir is held very close to its 

exploitation level so that the adjacent power plant benefits from a bigger water head. In 

spring, the temperatures rise above the freezing point and there is snowmelt. The Passes-

Dangereuses reservoir level must be sufficiently lowered at the end of winter in order to store 

the spring flood and to thus minimize spills. The fluctuations of flows during the summer-

autumn season are caused by rainy events. The Passes-Dangereuses reservoir is managed in 

order to prevent flood while maximizing the water head of the adjacent power plant. Since 

there is no power plant at Lake-Manouane, this reservoir is only used as a water reserve to 

fill the Passes-Dangereuses reservoir. 

The annual mean flow of the Peribonka river is 635 m3/s. Spring mean fiows (AMJ) account 

for 43% of the annual mean flow, whereas the winter inflows (DJFM) account for 10% and 

those of summer-autumn (JASON) for 47%. 

METHODOLOGY 

The methodology followed is summarized in five parts: 

i. Preparation of 30 climate change projecfions (5 GCMs x 2 GHGES x 3 time 
horizons). 

11. Generation of synthetic climate data representative of climate projections and 
the control period (30 series of 30 years for each of the 30 climate projecfions 
as well as the control period, for a total of 31 series totalling 900 years). 
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iii. Simulation of the hydrological regimes for each of the four principal sub­
basins with the 31 climate series. 

iv. Generation of 31 sets of reservoir operating rules for the 31 hydrological 
regimes. 

v. Simulation of the reservoirs' operations with the 31 hydrological regimes and 
the corresponding weekly operating rules set. 

CLIMATE CHANGE PROJECTIONS 

The decisions for the development of regional adaptation strategies of water resource system 

management are slowed down by the uncertainty of climate projections. The first stage to 

achieve is to be able to consider an uncertainty while trying to circumvent it, while accessing 

all the climate projections available for an area. 

The minima and maxima temperatures and mean precipitations used here are from five 

GCMs for two GHGES (Nakicenovic et  al,  2000). These climate data were drawn from the 

GCMs of the United Kingdom (HadCM3), Europe (ECHAM4), Australia (CSIRO), Japan 

(CCSRNIES) and Canada (CGCM3). They cover the period 2010 to 2099, which is split into 

three time horizons (2020: 2010-2039, 2050: 2040-2069 and 2080: 2070-2099). Monthly 

variations (usually called "deltas") of the climate data, between the control period (1961-

1990) and each horizon were extracted from each GCM. 

GHGES A2 and B2 were selected for each GCM, except for CGCM3, for which the Bl 

scenario was selected. The climate data under the B2 scenario were not available for 

CGCM3. The A2 scenario is an average scenario which corresponds roughly to a tripling of 

CO2 in the atmosphere in 2080, compared to the control period. The B2 scenario suggests a 

doubling for the same horizon and Bl predicts a return to the level of 1990 GHG. These 

projecfions are presented in Table 1. The numbers of the projections (1 to 10) will be referred 

in the text and in the figures. 

Climate data was downscaled to the daily time step according to the delta changes method 

(Diaz-Nieto et Wilby, 2005; Minville et  al,  2008). This method was applied to the historical 
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data of the control period, and to the deltas of temperatures and precipitations of the GCMs at 

each horizon. 

Table 1 . Climate projections use d 

Id 

1 
3 
5 
7 
9 

GCMs-GHGES 
couple 
HadCM3 A2 
ECHAM4 A2 
CSIRO A2 
CCSRNIES A2 
CGCM3 A2 

Id 

2 
4 
6 
8 
10 

GCMs-GHGES 
couple 
HadCM3 B2 
ECHAM4 B2 
CSIRO B2 
CCSRNIES 82 
CGCM3B1 

SYNTHETIC TIME SERIES 

The Intergovernmental Panel on Climate Change (IPCC) has stated that "improved 

incorporation of current climate variability into waters-related management would make 

fiiture adaptation to climate changes easier" (Kundzewicz et  al,  2007). In complete 

agreement this view, synthetic climate series representative of 30 climate projections and 

climate data for the control period were produced. For each one of these 31 series, 30 series 

of 30 years (900 years of data) were created with a stochastic weather generator. The climate 

data thus generated are the minimal and maximum temperatures, and precipitations at the 

daily time step. 

A Richardson-type (1981) weather generator was used (Caron, 2005; Mareuil et  al,  2007). 

One advantage of using a weather generator is that it produces synthetic climate series of 

theoretically infinite lengths. These series have the same statistical properties as the original 

series while partly accounting for a climate's natural variability. The synthetic series limit the 

uncertainty associated with a single climate series. However, variability is only partially 

considered since the decanal cycles are not simulated for the generated climate data. The 

creation of synthetic series implies that the data are supposed to be stationary at each 

temporal horizon. 
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HYDROLOGICAL SIMULATIONS 

Hydrological simulations were carried out for each of the 31 synthetic climate series (30 

representating the different projections and 1 representating the control period). The HSAMI 

hydrological model was used with a daily time step interval. The flows were then averaged at 

a weekly time step for simulations of the water resource system operations. 

HSAMI is a linear reservoir-based lumped conceptual model that can generate the runoff 

from two unit hydrographs. It can simulate the naturalized inflows of a managed river or the 

discharge of a basin where the flows are natural, according to climate observations or 

weather forecasts of variables such as minimal and maximum temperatures, precipitation, 

radiation and snow depth. HSAMI simulates evapotranspiration, precipitation, interception of 

rain and snow, and infiltration, as well as the vertical flow processes (Bisson et Roberge, 

1983; Fortin, 2000). It can simulate flows at hourly to daily time steps. The HSAMI 

hydrological model was developed and has been used operationally by Hydro-Quebec for 

twenty years for short- and medium-range flow forecasting. It is currently used for daily 

forecasting of natural inflows on 84 watersheds with surface areas ranging from 160 km to 

69195 kml 

OPERATING RULES GENERATION 

The reservoir operating rules were produced with a dynamic and stochastic optimization 

model (Turgeon, 2005). For each of the 31 climate regimes, 31 hydrological inflows were 

generated with the HSAMI hydrological model. The optimization model calculates weekly 

reservoir operating rules for each one of these climate regimes. The reservoir operating rules 

consist of the weekly regulated outflow of the reservoirs. Outflow will depend on the week of 

the year, the initial levels of these two reservoirs, and the inflows. Two assumptions are 

made: that the cumulative flows of the current week are known at the beginning of each week 

and that the inflows into the reservoirs are perfectly correlated. These reservoir operating 

rules maximize the goal of future profits, calculated as the monetary value of the production 

minus the cost of any violation of exploitation constraints. 
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The optimization model requires, for each hydrological regime, knowledge of weekly 

hydrological inflows as well as the characteristics of the water resources system: 

characteristics of the turbine-alternator groups, production curves, hydraulic capacity, 

operation constraints, reservoir characteristics and the penalties for the violation of 

constraints. 

W A T E R RESOURCE SYSTEM SIMULATIONS 

The reservoirs' operations were simulated with a weekly time step using a model specifically 

programmed for the needs of the study. The particular characteristics of the spillways and 

power plants are considered. Reservoir operating rules, generated by the optimization model, 

are used in order to simulate the operations of the water resource system subjected to weekly 

hydrological inflows. 

The simulations of the operations for the different projected climate changes were not 

compared with the observed operations, but instead, compared with the operations that were 

simulated with the control period. This strategy allows any bias from the hydrological model 

to the inflows to be eliminated. However, it should be mentioned, as an indication, that the 

simulation model reproduced the observed annual average production with an over-estimate 

of 1.5%. The history of the operations of the water resource system used for this comparison 

comprised 15 years of data. 

For simulations of the water resource system operations, no energy demand was specified ~ 

either at the control period or for future simulations. The simulations' objectives are to 

maximize the average weekly hydropower. 

RESULTS 

CLIMATE CHANGE PROJECTION S 

Figure 2 shows the annual deltas of temperatures and precipitations at each temporal horizon, 

compared to the control period. The scatter plot presents the changes of mean annual 

temperatures as a function of the changes in mean armual precipitations projected by each 

GCM. 
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The annual tendency of the MCG is univocal: each one projects rises in annual temperatures 

and precipitations. The amplitude of these increases is accentuated with time. The 

temperatures increase by 2 to 10°C and precipitations from 2 to 28%) between 2020 and 

2080. The changes in temperature as a function of the changes in precipitations are dispersed 

more and more at each horizon, which indicates that intermodel uncertainty is accentuated 

with time. 

Figure 2. Annual deltas of climate change projections 

The seasonal deltas are presented in figure 3. Most of the climate projections show seasonal 

increases in precipitations, except for ECHAM4 in the spring, which projects reductions of 

less than 1%. For the majority of projections, the largest increases in temperature would 

occur in the winter. For horizon 2080, the winter temperatures could increase by 12°C under 

CCSRNIES A2 and precipitations by 47% with CGCM3 A2. 
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Figure 3. Seasonal deltas of climate change projections. (DJFM: December, January 

February and March; AMJ: April, March and June; JASON: July, August, September, 

October and November) 

Three characteristics of the climate variables are particularly likely to have an impact on the 

reservoir operations as the climate changes: freezing period, winter precipitation and the 

proportion of winter precipitations falling as rain. Table 2 shows the starting and ending 

dates of the freezing period for climate projections compared to the control period. The 

freezing period, which is six months in the control period, could shrink to as short as four 

months under the climate projected by CSIRO A2 in 2080. 



196 
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Figure 4 presents the average winter precipitations at each climate change horizon and for all 

projections, compared to the control period. The quantities of winter rain are represented by 

the gray bar, and the quantities of snow, by the white. It is obvious that winter precipitations 

tend to increase between 2020 and 2080 for all projections. 

For the years from 2020 to 2050, the quantities of precipitation in snow form would not be 

lower than the quantities of the control period. The excess would fall in as rain. However, by 

2080, the quantities of snow precipitation would decrease by almost a quarter compared to 

the control period. Winter rain precipitations could increase by more than a factor of 10 

compared to the control period. 
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Figure 4. Mean annual precipitations. The quantities of winter rain are represented by 

the gray bar, and the quantities of snow, by the white. Numbers 1 to 10 refer to the 

climate projections of table 1. Representative example for the Passes-Dangereuses sub-basin 

The impacts of climate changes on the mean annual and seasonal flows are illustrated in 

figure 5. Flows are expressed as a percentage of the armual flow of the control period, for 

each climate projection and horizon. 
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Figure 5. Mean annual and seasonal discharge, as a percentage of the annual discharge 

of the control period 
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In 2020, climate projections generate increases in the annual and seasonal flows compared to 

the control period, except for ECHAM4 in summer-autumn. By 2050, this same tendency is 

more accentuated. Conversely, by 2080, mean annual flows decrease for projection 

ECHAM4 A2 and the spring, and summer-autumnal flows decrease for approximately half of 

the climate projections. The winter flows increase, and with projection CCSRNIES A2 they 

are almost quadrupled. As a comparison, these winter flows are equivalent to the annual 

mean flow of the control period. This projection is also unique for its important decreases in 

spring flows. CCRSNIES A2 is the climate projection that utilizes hydrological regimes with 

the most attenuated interseasonal differences. 

Table 3 synthesizes the median values of the spring flood starting dates and the peak flow 

under each climate projection. The flows are expressed as a percentage of the median peak 

flow for the control period. 

Table 3. Beginning dat e of the spring flood, and mean peak flow a s a percentage o f the 

control period . The beginning date for the control perio d i s April 30 

Horizon 

HadCM3 

ECHAM4 

CSIRO 

CCSRNIES 

CGCM3 

A2 
B2 
A2 
B2 
A2 
B2 
A2 
B2 
A2 
Bl 

2020 

Date 

30 April 
30 April 
23 April 
25 April 
18 April 
18 April 
21 April 
19 April 
28 April 
26 April 

Debit 
(%) 
136 
137 
100 
103 
117 
105 
98 
98 
129 
120 

2050 

Date 

25 April 
24 April 
19 April 
17 April 
8 April 
15 April 
8 April 
9 April 
23 April 
24 April 

Debit 
(%) 
133 
122 
103 
97 
115 
121 
92 
89 
141 
130 

2080 

Date 

13 April 
21 April 
9 April 
13 April 
18 March 
4 April 
19 March 
3 April 
15 April 
23 April 

Debit 
(%) 
134 
144 
99 
99 
107 
114 
53 
50 
159 
164 

In the control period, the spring flood began on average on April 30. By 2020, it could occur 

two weeks earlier under the CSIRO projections. In 2050 and 2080, the spring flood could 

start three to five weeks earlier, respectively, under the CCSRNIES and the CSIRO 

projections. In general, the spring peak flow tends to increase for most projections at each 

horizon, with the exception of projections where the increases in winter temperatures are the 
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highest. Higher winter temperatures, by projections CCSRNIES and ECHAM4, increase the 

winter runoff because of the rain and the warmer episodes. The stock of snow accumulated 

during winter, and consequently the quantity available for the spring flood is reduced, 

decreasing the spring flood peak. 

IMPACTS AND ADAPTATION OF THE RESERVOIR SYSTEM 

Reservoir operating rules 

The trajectories of the reservoirs' mean levels are illustrated in figure 6, which shows the 

mean levels of reservoirs Lake-Manouane and Passes-Dangereuses, resulting from 10 climate 

projections at the three horizons and for the control period. 

LAKE-MANOUANE PASSES-DANGEREUSES 

—Contro) period 
-HadCM3A2 
-HadCM3B2 

-ECHAM4 A2 
•-ECHAM4 B2 
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-CCSRNIES B2 
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• CGCM3B 1 
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Figure 6. Mean reservoir levels for the climate change projections, compared with the 

mean level of the control period (in the dark bold line) 

A first observation is that the levels of the Lake-Manouane reservoir are lowered later in 

winter in a climate changes context, and for the Passes-Dangereuses reservoir, they are 

generally lowered earlier. 

Specifically for the Lake-Manouane reservoir, a greater variability between climate 

projections is simulated for summer-autumn. This inter-projection variability grows more 

pronounced as the studied horizon is extended. In 2080, an inversion of the seasonality of the 
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mean levels occurs between the summer-autumn and spring compared to the control period: 

they are maintained higher in spring and lower in summer-autumn for most of the climate 

change projections at each horizon. 

For the Passes-Dangereuses reservoir, the impacts of climate projections on the mean levels 

were analyzed according to two indicators: the minimum level in spring and the mean week 

when this minimum level is reached. In the control period, the spring minimum occurred at 

week 18 on average. Comparatively, the level is at a minimum at week 16, 15 and 12 at 

horizons 2020, 2050 and 2080, respectively. Also, the minimum mean annual level of the 

reservoir is lower for half of the climate change projections. 

The trajectories of the mean levels with the CCSRNIES climate projection in 2080 are worth 

special mention. Under this projection, the level of the Passes-Dangereuses reservoir is 

lowered only a small amount in spring and the level in the Lake-Manouane reservoir 

fluctuates very little from one season to another. 

Annual an d seasonal hydropowe r 

Figure 7 shows the total annual and seasonal hydropower for 10 projections for horizons 

2020, 2050 and 2080. The results are expressed as a percentage of the annual mean 

production of the control period. The seasonal values are also presented as a fraction of the 

annual average production of the control period. This representation allows any seasonal 

changes which may occur to be easily highlighted. 

The first observation is that the annual mean production decreases only under climate 

projection 3-ECHAM4 B2 in 2020, and by 1%. For other projections, the increases in the 

armual average production vary between 1 and 22%. 

Another observation is that the seasonal variation changes with time. The production is at a 

maximum in summer-autumn for the control period and in 2020. In 2050 and 2080, it 

gradually reaches its maximum in the winter. Also, the seasonal mean production is almost 

always higher in the context of climate change, compared to the control period, except for 

projections 3-ECHAM4 A2 and 4-ECHAM4 B2. 
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Figure 7. Annual and seasonal mean hydropower, as a percentage of the annual 

production of the control period, cp is the control period an d numbers 1 to 10 refer to 

the climate projections of table 1 

Power plant efficienc y 

Power plant efficiency is the ratio of the hydropower to the sum of the spills and turbinated 

flows. Figure 8 presents the gain and loss in annual efficiency of each power plant, for each 

climate projection and future period, compared to the control period. 

The trend shows a reduction in the power plants' efficiency with time, which means that for 

the same quantity of water used in the future, there would be less production. The ECHAM4 

(3 and 4) projections are the exceptions, with an increase in efficiency up to nearly 5% in 

2080 for the Chute-a-la-Savane power plant. The losses in efficiency are most significant for 

climate projections CGCM3 (9 and 10), with decreases up to 8% in 2080 for the Chute-a-la-

Savane power plant. 



202 

In general, the decreases in efficiency affect the downstream more than the upstream power 

plants, except for projections CCSRNIES (7 and 8), for which the Passes-Dangereuses' 

decrease in efficiency is greater. 
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Figure 8. Gains and losses in annual efficiency, a s percentages of the annual efficienc y 

for the control period. 

Unproductive spills 

Figure 9 shows the mean annual and seasonal unproductive spills of the Passes-Dangereuses 

reservoir, for the control period and the climate projections. 

On an annual scale, all simulations of reservoir operations in a climate change context 

involve more spills than for the control period. Simulations under 3-ECHAM4 A2 and 4-

ECHAM4 B2 are, however, exceptions. 
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Figure 9. Annual an d seasonal mea n unproductive spills , as percentages o f the annua l 

spills for the control period (cp) . Numbers 1 to 10 refer to the climate projections of table 

1 

On a seasonal scale, the spills increase more in winter and spring. In winter, average spills 

are almost non-existent for the control period. They increase for all of the climate 

projections, and in particular by more than four orders of magnitude in 2080 with projections 

7-CCSRNIES A2 and 8-CCSRNIES B2. In spring, spills also increase with almost all the 

projections except for 4-ECHAM4 A2 in 2020, which is at the control level. The largest 

spring increases are with projections 9-CGCM3 A2 and 10-CGCM3 Bl in 2080, where the 

spills more than triple. The summer-autumnal spills decrease by half under projections 3-

ECHAM4 A2 and 4-ECHAM4 B2 in 2050 and 2080. Other projections propose increases, up 

to the quintuple of the control level with 10-CGCM3 Bl in 2080. Spills with 7-CCSRNIES 

A2 and 8-CCSRNIES B2 present less inter-season differences and tend to become more 

constant throughout the year. 
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Reservoir reliabilit y an d vulnerabilit y 

In this study, a reservoir is reliable, for a given time step, if its level is under the overflow 

level. The "overflow level" is defined as the water level that corresponds to the low point of 

the reservoir. Table 4 shows the results of reservoir reliability and vulnerability. The first 

value is the annual probability of going beyond this maximum level. The value between 

brackets is the maximum overflow simulated at each horizon and projection. The probability 

of overflow is obtained from the ratio of the number of years when there are overflow to the 

number of simulation years. 

Table 4. Reservoir reliabilit y an d vulnerability. Th e first values expres s the probabilit y 

of overflow a s a percentage an d the value in parenthesis i s the maximum simulate d 

overflow i n meters 

Control period 

HadCM3 

ECHAM4 

CSIRO 

CCSRNIES 

CGCM3 

A2 
B2 
A2 
B2 
A2 
B2 
A2 
B2 
A2 
Bl 

Lac-Manouane 
0(0) 
2020 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

2050 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

2080 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

Passes-Dangereuses 
0(0) 
2020 
0(0) 
0.2 (0.20) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0.1 (0.67) 
0(0) 

2050 
0.1 (0.34) 
0.1 (0.21) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0.1 (0.15) 
0.1 (0.26) 
0(0) 

2080 
0.1 (0.68) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0.2(1.76) 
0.3 (0.60) 

In summary, the levels of the Passes-Dangereuses reservoir exceed the maximum level in the 

context of predicted climate change, whereas they were not exceeded in simulations of the 

control period. Climate projections for which the reservoirs reliability is compromised are 

HadCM3 and CGCM3. However, projection CGCM3 is notable for larger and more frequent 

overflow. An analysis of the overflows showed that they occur in spring, between weeks 1 6 

and 24. 
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DISCUSSION 

The simulation of the operations of the Peribonka river water resource system, with the 

hydrological regimes using climate change models and operating rules adapted to these 

scenarios, shows that the system would be managed differently in the context of climate 

change. The trajectories of the mean levels indicate that an optimal management in the fiiture 

would be different than that for the control period. Despite the inter-projection variability, 

which is accentuated with time, certain tendencies can be observed in the trajectories. In 

spring, the average week for lowering the Passes-Dangereuses reservoir is earlier, while it is 

delayed for Lake-Manouane. The Passes-Dangereuses reservoir, located downstream in the 

water-resources system, is emptied so it can contain the spring flood in order to minimize the 

overflow. The Lake-Manouane reservoir, located upstream of the Passes-Dangereuses 

reservoir, is emptied later to in order to maximize the water head to the Passes-Dangereuses 

reservoir. In summer-autumn, the levels are maintained lower, on average, in both reservoirs. 

This modification of the rule is due to two characteristics of the hydrological regimes. Firstly, 

they are kept low when the inflows increase. This management allows the overflow to be 

minimized under projections which generate increases in flows. Secondly, the levels are 

maintained higher when the flows decrease, to ensure a maximum water head to the Chute-

des-Passes power plant. 

The adaptation of the reservoir operating rules is consequent with changes in the 

hydrological regimes. The changes in the hydrological regimes are reflected by increases of 

the mean annual flow in the context of climate change, compared to the control period. These 

annual increases generally produce rises in armual mean hydropower. However, the increases 

or reductions in seasonal flows compared to the control period do not necessarily involve 

change in the same direction for the seasonal hydropower, in particular in spring. For 

example, projections 4-ECHAM4 B2, 7-CCSRNIES A2 and 8-CCSRNIES B2 in 2080 

showed marked reductions in the spring flows compared to the control period. However, an 

increase in hydropower at this season is nevertheless projected, which can be explained by 

the reduction of the spring flood, making the inflows more uniform. This condition generates 
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higher mean levels in the reservoirs. Consequently, the water head is higher for the power 

plants with a reservoir. Also, the flow is more constant for the run-of-river power plant. 

However, the reductions and increases in the seasonal average production are coherent with 

the changes of sign in the flows in winter and summer-autumn. 

The increase in hydropower in the context of climate change is not accomplished without 

compromising the reliability of the Passes-Dangereuses reservoir. Whereas no overflow was 

simulated for the control period, the reliability decreases over time with the climate change 

predictions. An analysis of the reservoir level in the context of climate change was carried 

out. One observation is that all of the overflows occur in spring, simulated for climate 

projections that generate increases in spring mean flows from 10% to 35% compared to the 

control period. It is supposed that the operating levels are possibly not adapted to the future 

potential hydrological regimes of these climate projections 

Another aspect that was investigated is the impact of the annual hydrograph shape on the 

management indicators of the water resource system. For example, the seasonal mean flows 

for climate projections 7-CCSRNIES A2 and 10-CGCM3 Bl were compared. These 

projections differ largely in their hydrograph shape, but they anticipate rises of hydropower 

of the same order of magnitude. Their seasonal mean flows nevertheless differ in several 

aspects: 7-CCSRNIES A2 causes mean seasonal flows close to its annual medium flow 

whereas 10-CGCM3 B1 generates a hydrograph with a very marked spring flood, with weak 

increases in winter flows. The difference in the management indicators is that the inter­

seasonal hydropower is more uniform under 7-CCSRNIES A2 and it is markedly increased 

under 10-CGCM3 Bl . Also, projections 7-CCSRNIES A2 and 10-CGCM3 Bl in 2080 cause 

equivalent mean annual spills, but they are very different when analyzed on a seasonal scale. 

Projection 7-CCSRNIES A2 involves relatively uniform seasonal spills, whereas the 

differences between the seasons are very marked under 10-CGCM3 Bl. 

Lastly, it should be emphasized that the trend of increasing hydropower simulated with the 

future potential hydrological regimes does not necessarily lead to the conclusion that the 

performance of the water resource system increases. The power plants' efficiency changes 
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from -8 to + 5%  compared to the control period, depending on the power plant, climate 

projection and horizon. Reduction in efficiency means that more water is necessary to 

produce the same hydroelectricity. The climate projections that made the flows increase are 

those which involve the most marked decrease in efficiency. The water exceedances are then 

spilled instead of being turbinated. The run-of-river power plants are affected most by the 

efficiency decreases. 

LIMITATIONS AN D RECOMMANDATION S 

The methodology followed for the realization of this work is prone to certain limitations if it 

were to be used in other contexts. In the situation where there could be a persistence of 

climatic conditions, extreme events or a special importance is granted to the energy demand, 

other tools or criteria would be recommended, in particular: 

• A statistical or dynamic downscaling technique. The delta change method has been 
adapted for a seasonal study (Diaz-Nieto et Wilby, 2005). 

• A hydrological model that is distributed in order to better represent local events. 

• Daily time step inflows scenarios and reservoir operating rules to evaluate the impacts 
of the extreme events. 

• Various energy demand scenarios. 

In practice, the operating rules are refreshed at the beginning of each year by the addition of 

the data observed from the previous year. This modeling level will be relevant only when 

climate projections in a transitory regime are used, and so this process was not fully exploited 

within the framework of the present work. The study here carries out a comparison between 

strategies perfectly adapted to stationary hydrological regimes. It would be interesting to 

supplement this with a similar study with transitory climate projections by using annually-

adapted reservoir operating rules. This method would allow the evolution of the performance 

indicators of a water-resources system to be studied as the climate changes evolve. 

Moreover, the decreases in the reliability of the reservoirs leads to the prediction that the 

spillways do not have the hydraulic capacity to evacuate the increase in flows or that the 
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level constraints are not suitable. Other studies should be carried out in order to validate if 

the dimensioning of the current spillways is adequate under different hydrological regimes. 

Other solutions within the management practice could also allow the level overflow to be 

minimized. For example, the operating level or the penalties for the violation of constraints 

could be redefined in the optimization model. This sort of fine-tuning was not carried out in 

the optimization model within the framework of this study in order to preserve the same 

conditions, thus allowing the inter-comparison of the results between the future and the 

control period. Also, since unproductive spills are predicted to increase, it would be 

interesting to check if the installed capacity of the power plants could be upgraded. 

It is also necessary to question the current way that reservoir operating rules are adapted. The 

reservoir operating rules are adapted each year, optimized based on one additional year of 

flows; the indicators of climate changes can be lost by the length of this selected records. 

This subject deserves to be investigated. Possible solution tracks could be the use of a shorter 

history, where the climate is stationary, or the attribution of more weight to recent inflows. 

CONCLUSION 

The aim of the work was to evaluate the impacts of and the adaptation to climate changes of 

the water resource system management of the Peribonka River, a Nordic water resources 

system exploited for hydropower. 

It was shown that the management of the Peribonka river water resources system, adapted to 

future hydrological regimes, would involve increases in hydropower and in unproductive 

spills for most projections. However, one of the reservoirs would become more vulnerable 

and less reliable. These general results were obtained at each horizon, and they are 

accentuated as the horizon advances. Also, the efficiency of the power plants tends to 

decrease. 

In conclusion, having recourse to several climate projections allows the uncertainty of the 

potential impacts of climate change to be evaluated. As the climate evolves, the results could 
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be used as a guide to the managers of the Peribonka river water resource system to establish 

adapted management guidelines. . 
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Fran9ois Brissette, P.Eng., Ph.D. 

Stephane Krau, Ph.D. 

Robert Leconte, P.Eng., Ph.D. 

Abstract: The management adaptation potential of the Peribonka River water resource 

system (Quebec, Canada) is investigated in the context of the evolution of climate change. 

The objective of this study is to evaluate the impacts on hydropower, power plant efficiency, 

unproductive spills and reservoir reliability due to changes in the hydrological regimes. 

The climate change projections used here are from the Canadian regional climate model 

(CRCM) nested by the Canadian-coupled global climate model (CGCM3) forced with the A2 

greenhouse gas emission scenario. The hydrological regimes were simulated with the 

distributed hydrological model Hydrotel. They were incorporated into a dynamic and 

stochastic optimization model in order to annually adapt the operating rules of the water 

resource system, according to the evolution of the climate. The impacts were analyzed over 

the 1961-2099 period, which was split into four periods for comparison purposes: control 

period (1961-1990), horizon 2020 (2010-2039), horizon 2050 (2040-2069) and horizon 2080 

(2070-2099). 

The main results indicate that annual mean hydropower would decrease by 1.8% for the 

period 2010-2039, and then increase by 9.3% and 18.3% during the periods 2040-2069 and 

2070-2099, respectively. The trend to increase is statistically significant starting from 2061 

(Mann-Kendall with p=5%). The change in the mean armual production is statistically 

significant for the 2040-2069 and 2070-2099 periods (t-test with p=5%). Also, the change in 
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the variance is significant for the periods 2010-2039, 2040-2069 and 2070-2099 (F-test). 

Armual mean unproductive spills would increase from 1961-2099, but the trend is not 

statistically significant. However, the changes in the variance of the armual mean spills are 

significant in the periods 2010-2039, 2040-2069 and 2070-2099. And, the reliability of a 

reservoir would decrease as the climate changes. 

Keywords: Climate change, adaptation, water resource system, hydrology, regional climate 

model 

INTRODUCTION 

The Intergovernmental Panel on Climate Change (IPCC, 2007) recognizes that climate 

change will exacerbate the current stress on water resources. The consequences will include 

modifications in flow seasonality and hydropower. The changes in temperatures and 

precipitations will thus have impacts on the runoff, which will increase by 10 to 40% from 

2050 in the high latitudes, and decrease by 10 to 30% in the mid-latitudes. The beneficial 

impacts of the increases in runoff in some regions will be moderated by some negative 

effects, such as changes in the variability and seasonality. 

The managers of water resource systems must develop policies to mitigate the effects of the 

anticipated climate fluctuations. Trends have been identified in the hydroclimatic variable 

observations over the last decades in North America. Kalra et  al.  (2007) carried out many 

statistical tests to detect the trends and the changes in the streamflows and the snow water 

equivalent in the United States for the period 1951-2002. Their results indicate that there is a 

gradual trend towards an increase in the flows in the northeast and the eastern United States. 

Moreover, significant changes in annual and spring mean flows were detected in the Great 

Lakes area. However, no significant trend or change in the snow water equivalent was 

observed. Also, Regonda et  al.  (2005) and Whitfield and Canon (2000) analyzed the recent 

hydrological trends in the United States and Canada, respectively. They concluded that 

several rivers have presented an early spring flood and higher winter flows. 
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Consequently, changes in the hydrological regimes will have effects on the storage and 

management of reservoirs (Christensen et  al,  2004). The IPPC (Kundzewicz et  al,  2007) 

supports the view that changes in the hydrological regimes will have both poshive and 

negative impacts. They specify that « current water  management  practices  are  very  likely  to 

be inadequate  to  reduce  the  negative  impacts  of  climate  change  on  water  supply  reliability, 

flood risk,  health,  energy,  and  aquatic  ecosystems  ». The expected modifications in the 

climatic variables, such as precipitations and temperatures, will have impacts on the 

hydrological regimes, which will affect the management of water resource systems. Markoff 

and Cullen (2008) evaluated the impacts of hydrological regime changes on the hydropower 

of the installations of Pacific Northwest Power and Conservation Council in the United 

States. The main result of their study is that hydropower will decrease for the majority of 

climatic projections. However, they qualify their results as pessimistic, because their 

reservoir simulation model does not use optimized operating rules under the new 

hydrological conditions. It was a study with unadapted management to the climate change. 

The aim of the work is to evaluate the impacts of and management's adaptation to the 

projected climate change for a Nordic water resource system, here the Peribonka River 

(Quebec, Canada), a system exploited for hydropower. The study was carried out with annual 

adaptations to the reservoir management. A dynamic and stochastic optimization model 

(Turgeon, 2005) was used. This model pre-calculates the weekly operating rules according to 

the flows given by a hydrological model and the levels of the reservoirs which compose the 

water resource system. These operating rules are then used with a reservoir simulation model 

which simulates the operations. The adaptation of the water resource system management is 

analyzed according to the trajectories of the reservoirs' levels, hydropower, power plant 

efficiency and unproductive spills. The evolution of these variables over the period is 

analyzed in order to detect statistically significant trends. Also, the means and variances of 

the indicators at the future periods 2010-2039, 2040-2069, and 2070-2099 are compared with 

the indicators at the control period 1961-1990 in order to detect the statistically significant 

changes. 
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The article first describes the studied area. Then, the data used and the methodology followed 

are presented. In the third section, the results obtained for the climatic data, hydrological 

regimes and indicators of water resource management are described and discussed, followed 

by the main conclusions and recommendations. 

STUDIED ARE A 

The Peribonka River watershed (figure 1) is located in the southern center of the province of 

Quebec, Canada. The water is explohed exclusively for hydropower by Rio Tinto Alcan, 

with an installed capacity of 1165 MW. Power plants feed energy into the company's various 

Aluminium smelting facilities. Two large reservoirs store water (Lake-Manouane - 2700 

hm and Passes-Dangereuses - 5200 hm^) and they feed three power plants, laid out in series 

on the Peribonka River (Chute-des-Passes, Chute-du-Diable and Chute-a-la-Savane). The 

Chute-des-Passes power plant is adjacent to the Passes-Dangereuses reservoir. The Chute-du-

Diable and Chute-a-la-Savane power plants are classified as run-of-river, even though they 

have small reservoirs. 

(a) 

PASSES-DANGEREUSES CATCHMEN T 

CHUTE-DU-DIABLE CATCHMEN T 

CHUTE-A-LA-SAVANE CATCHMEN T 

LAKE-MANOUANE CATCHMEN T 

LAKE-MANOUANE RESERVOI R 

PASSES-.DANGEREUSES RESERVOI R 

ES-PASSES POWE R PLAN T 

PERIBONKA RIVE R 

CHUTE-A-LA-SAVANE POWE R PLANT^«;CHUTE-DU-DIABL E POWE R PLAN T 

100 

(b) 

Lake-ManouaneN 
catchment inflow s 

Passes-Dangereuses s 
catchment Inflow s 

'LAKE-MANOUANE 
RESERVOIR 

• PASSES-DANGEREUSE S 

Chute-du-Dlable s 
catchment Inflow s 

Chute-a-Ia-Savane s 
catchment Inflow s 

RESERVOIR 

CHUTE-DES-PASSES 
POWER PLAN T 

CHUTE-DU-DIABLE 
POWER PLAN T 

CHUTE-A-LA-SAVANE 
POWER PLAN T 

Figure 1(a ) Peribonka Rive r watershed an d it s components (b ) Water resource syste m 

scheme 
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The Peribonka River watershed (27000 km^) is subdivided into four principal subbasins, 

from upstream towards downstream: Lake-Manouane (5000 km^), Passes-Dangereuses 

(11000 km^), Chute-du-Diable (9700 km2) and Chute-a-la-Savane (1300 km^). The 

watershed is mainly comprised of uninhabited boreal forest. 

This regions' climate is moderate, with an annual mean temperature of -0.5'̂ C and annual 

mean precipitations of 1010 mm, with 40% falling as snow (according to the records for 

1953-2003). The freezing period, when the mean daily temperatures are lower than 0°C, 

spreads over six months between November and April. 

The annual mean flow of the Peribonka river is 635 m'̂ /s. Spring mean flows (AMJ - April, 

May and June) account for 43% of the annual mean flow, whereas the winter inflows (DJFM 

- December, January, February, March) account for 10% and those of summer-autumn 

(JASON - July, August, September, October and November) for 47%. 

The watershed is located in the mid-latitudes and its hydrological regime is dominated by 

snow accumulation and snow melt. The management of the water resource system is related 

to the hydrological context at three distinct periods: winter, spring and summer-autumn. The 

hydrological year begins with the winter, when the mean temperatures are below the freezing 

point. Snow accumulates on the ground and does not contribute to the runoff Some rainy 

events and raised-temperature episodes can occur, however, and contribute to increasing the 

base flow. Nevertheless, inflows to the reservoirs remain weak in general for this period. The 

level of the Passes-Dangereuses reservoir is held very close to its exploitation level so that 

the adjacent power plant benefits from a bigger water head. The Passes-Dangereuses 

reservoir level must be sufficiently lowered at the end of winter in order to store the spring 

flood and thus minimize spills. In spring, the temperatures rise above the freezing point and 

there is snowmelt. The fluctuations of flows during the summer-autumn season are caused by 

rainy events. The Passes-Dangereuses reservoir is managed to prevent flooding while 

maximizing the water head of the adjacent power plant. Since there is no power plant at 
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Lake-Manouane, this reservoir is only used as a water reserve to fill the Passes-Dangereuses 

reservoir. 

DATA AND METHOD S 

The methodology followed to perfomi this work can be summarized in four parts: 

i. Climate change projection preparation and bias-correction 

ii. Simulation of the hydrological regimes 

iii. Generation of the operating rules of the water resource system 

iv. Simulation of the water resource system operations 

The trends in the hydroclimatic variables and in the management indicators are analyzed 

using the Mann-Kendall test. The statistically significant changes in means and variances 

between the future periods 2010-2039, 2040-2069 and 2070-2099, and the control period 

1961-1990, are identified with the t-test and the F-test respectively. The normality of all 

indicators was verified before application of the statistical tests. 

CLIMATE CHANGE PROJECTION AND BIAS-CORRECTION 

Downscaling 

The impact studies generally used statistical downscaling or the simpler bias-correction 

method for the climatic variables of general circulation models (GCMs). CGMs are 

simulators of the climatic system which solve the equations of physics and thermodynamics 

on a grid with a resolution of approximately 350 km. These large-scale climatic data are 

widely diffused for many CGMs and greenhouse gas emission scenarios (GHGES). The 

downscaled variables, such as temperatures and precipitations, are used as inputs for impact 

studies on the water resources (Diaz-Nieto et Wilby, 2005; Prudhomme et  al,  2003). 
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Markoff and Cullen (2008) and Minville et  al (2008) used the delta change approach to carry 

out impact studies with about thirty climatic projections. Studies that use many projections 

can investigate a broad range of potential impacts. Multi-scenario impact studies are more 

common with these approaches, because they have the advantage, compared to dynamic 

downscaling, of requiring less computer resources and they produce a broader range of 

climatic scenarios (Salathe et  al,  2007). The delta change approach assumes that climate is 

stationary over a certain period (usually 30 years), and does not allow the evolution of 

hydrological and management impacts to be evaluated. 

Regional climate models (RCMs) are applications of dynamic downscaling. An interesting 

aspect of this method is that it simulates the climatic system at a finer resolution than CGMs 

— up to 50 times higher. The high resolution of the RCM allows the regional climatic 

variables to be represented in much more detail. Moreover, the data are in a transitory 

regime, and thus the evolution of the impacts on water resources can be evaluated. However, 

one disadvantage is that RCMs are nested into GCMs that specify lateral and lower boundary 

conditions. Also, the projections of RCMs are not widely diffused, which limits their 

application in multi-scenario impact studies. 

Climate data grid s 

The climatic projection used within the framework of this study comes from the Canadian 

regional climate model (CRCM) (Caya et Laprise, 1999; Plummer et  al,  2006). The 

boundary conditions are prescribed by the Canadian general circulation model (CGCM3) 

(McFarlane et  al,  1992) with the A2 greenhouse gas emission scenario (GHGES) 

(Nakicenovic et  al,  2000). The climatic data were available at the daily time step over the 

period 1961 to 2099, on a grid of approximately 50 kilometers of resolution. A total of 30 

grid points on and near the Peribonka River watershed were used. 

The CRCM climate data for the control period were compared with the climate observed for 

the same period. A 10-km resolution observation grid was used, interpolated by kriging. The 
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interpolations were carried out with data from the weather stations located on and close to the 

watershed. 

Climate variables bia s 

An analysis of the monthly precipitations and temperature means of the control period 1961-

1990 of the CRCM showed that they presented a bias compared to the observations. 

The monthly minimum temperatures of the CRCM, compared to the observations, are 

underestimated every month, up to a maximum of 6°C in April. The maximum temperatures 

are underestimated in the summer-autumn, by up to 4°C in August. Also, precipitations are 

over-estimated in spring and in summer-autumn, by up to 25% in June. In winter, the 

precipitations are underestimated by up to 18% in December. 

A bias-correction of temperatures and precipitations, as well as of frequencies of 

precipitations, was performed to adjust the simulated data with the observations at the control 

period, using the assumption that the monthly bias of the CRCM at the control period will be 

the same in the future. 

Bias correction o f temperature s 

A bias-correction of the monthly means was carried out for the temperatures of the CRCM. 

Each grid point of the CRCM was compared with the observations. The monthly mean 

temperatures of the CRCM and the observations for the control period were calculated. The 

difference between the monthly mean of the observed temperatures and the monthly mean of 

the simulated temperatures for the control period 1961-1990 was applied to the daily data of 

the CRCM 1961-2099. This technique ensures that the temperatures of the CRCM over the 

period 1961-1990, bias corrected at each grid point, have the same monthly means as the 

observed temperatures. The bias correction was performed for minimal and maximal 

temperatures. 
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Bias correction o f precipitation s 

The precipitations data were corrected for the monthly mean frequencies and the monthly 

mean intensities with the LOCI method, adapted from Schmidli (2006). With this approach, 

the adjusted monthly precipitations of the CRCM have the same frequencies and the same 

monthly mean intensity as the observed precipitation for the control period 1961-1990. 

The monthly frequency is the ratio of the number of rainy days exceeding a threshold during 

one month to the number of days in the month. The monthly intensity is the daily mean 

precipitation for one month. The adjustment was carried out initially by comparing each grid 

point of the CRCM with the observations. This method then requires a monthly threshold to 

be calculated, which allows the monthly frequencies of rainy days of the CRCM for the 

control period 1961-1990 to be adjusted at the same frequency as the observations. Next, a 

monthly factor is calculated to equalize the means of the CRCM's monthly precipitations for 

the control period 1961-1990 with the mean of the monthly precipitations of the 

observations. Lastly, the monthly thresholds and factors, which allow adjustment of the 

precipitations for the control period, are used to adjust precipitations in the 1990-2099 

period. 

HYDROLOGICAL SIMULATIONS 

Hydrological simulations were carried out with the physically based distributed model 

Hydrotel (Fortin et  al,  2001a). It is used operationally by the Centre d'expertise hydrique du 

Quebec (CEHQ) for forecasting the flows of hydraulic works managed by the government of 

the province of Quebec, Canada. 

Hydrotel is a distributed model which integrates five sub-models: accumulation and melt of 

snowpack, potential evapotranspiration, vertical water budget, flow on the sub-watershed, 

and charmel flow. Various options are offered to the user for the simulation of each of these 

hydrological processes. The hydrological processes were simulated with the options 

compiled in Table 1. 
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Table 1  Models use d for the simulation o f the hydrological processe s i n Hydrote l 

Sub-model Options 

Accumulation and melt of snowpack Mixed approach: degree days and 
energy budget (Turcotte et  al, 2007) 

Potential evapotranspiration Hydro-Quebec (Fortin et  al, 2001a) 
Vertical water budget 
Flow on subwatershed 

BV3C (Fortin g/g/., 2001a) 
Kinematic wave equation 

Channel flow Kinematic wave equation 

The calibration and validation results of the Hydrotel hydrological model for the four 

subbasins are synthesized in Table 2. The differences in flows and peak dates, as well as 

annual volume, are presented distinctly for the calibration and validation periods. A negative 

value must be interpreted as an undervaluation of the model compared to the observations. 

The flows were simulated with the grid of climatic variables of the bias-corrected CRCM 

climate projection over the period 1961-2099. 

Table 2 Calibration an d validation result s o f the hydrological mode l Hydrote l 

Sous-bassins 

Chute-a-la-
Savane 

Chute-du-Diable 
Lac-Manouane 

Passes-
Dangereuses 

Nash-Sutcliffe 

Calibration 
(1980-1985) 

0,70 

0,85 
0,54 

0,76 

Validation 
(1986-2003) 

0,66 

0,78 
0,47 

0,69 

Peak flow 
(%) 

• 11 

• 18 
• 10 

- 8 

Time of 
peak flow 

(jour) 

0 

+ 5 
+ 2 

0 

Annual 
volume 

(%) 

-2 

0 
- 14 

-5 

OPTIMIZATION O F THE OPERATING RULE S 

There are several ways of calculating the operating rules of a water resource system. Labadie 

(2004) draws up the state of the art of the methods. The stochastic and dynamic programming 
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approach (Turgeon, 2005) allows the calculation of operating rules that maximize the hope 

for future profits. In the case of a water resource system, the profit function is the production 

minus the costs of the violations of constraints. This approach is used when a water resource 

system requires the introduction of a restricted number of state variables, which is the case 

for the Peribonka River system. Two state variables describe the two reservoirs (Lake-

Manouane and Passes-Dangereuses). The other reservoirs are not modelled, given their small 

storage capacities. The flow times between the two reservoirs and between Passes-

Dangereuses and Chute-a-la-Savane are less than one week, so the problem of management 

is decomposable in a succession of one-week duration management problems. The operating 

rules are the weekly outflows to carry out for the two reservoirs, according to the week of the 

year, the initial levels of these two reservoirs at the beginning of the week and the flows 

during the week. The reservoirs' inflows are assumed to be perfectly correlated during the 

same week. 

Weekly operating rules of the two reservoirs are generated for each year of the period 1990-

2099, for a total of 110 weekly operating rules. During this period, the armual mean flows of 

1990-2099 present an upward trend but respect the assumption of stationarity on 35-year 

mobile periods (Mann-Kendall test). For each year, the weekly operating rules were 

produced while using only the flows of the 35 previous years in the history of the flows. 

SIMULATIONS OF THE WATER-RESOURCES SYSTEM 

The reservoirs' operations were simulated for a weekly time step with a model specifically 

programmed for the needs of the study. The characteristics of the spillways and power plants 

are introduced. The model calls the operating rules generated by the optimization model to 

simulate the operations of the water resource system, subjected to series of weekly 

hydrological flows. The operations' simulation model retains the levels of the reservoirs, the 

hydropower and the unproductive spills for each time step. 
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The simulations of the operations with the climate change projection were not compared with 

the observed operations, but instead, compared with the operations simulated at the control 

period. This strategy allows any bias from the hydrological model to the inflows to be 

eliminated. However, it should be mentioned, as an indication, that the simulation model 

reproduced the observed annual average production with an over-estimate of 1.5%. The 

operation records used for this comparison comprised 15 years of available data. 

For the simulations of the water resources system operations, no energy demand was 

specified, either at the control period or for future simulations. Energy is fed to the smelting 

facilities of Rio Tinto Alcan. There is no peak in demand as in the case of a water resource 

system exploited for residential or standard commercial use. 

RESULTS AND DISCUSSIO N 

The trends in the climate projection variables and the hydrological and management 

indicators were analyzed. The Mann-Kendall statistical test was performed to detect the year 

of a regime change. 

The changes in means and variances were also analyzed with the statistical t-test and F-test, 

respectively, after checking for the assumption of normality. The t-test was carried out by 

fixing the probability at 5%, so that the null assumption (the means do not differ) is rejected 

where this is true. The changes are studied for the future periods 2010-2039, 2040-2069 and 

2070-2099, compared to the control period of 1961-1990. 

CLIMATE CHANGE PROJECTIONS 

Figure 2 shows the annual and seasonal evolution of minimal (lower line) and maximal 

(higher line) temperatures in the watershed. The bold black lines represent the mean minimal 

and maximal temperatures over the basin. The envelope marks the spread of the temperatures 

at each point of the CRCM: the higher temperatures are representative of the area in the south 

of the basin and the lower temperatures of the northern area. 



224 

MINIMAL AND MAXIMA L TEMPERATUR E 
Annual 

2099 

Spring (AMJ ) 

1B61 199 0 2010 204 0 207 0 209 9 

30 

25 

20 

15 

10 

5 

ft 

Summer-Autumn (JASON ) Winter (DJFM ) 

-15 

-20 

-25 

161 1990 2010 2040 2070 2099 'ftei 1 990 2010 204 0 207 0 209 9 

Figure 2 Annual and seasonal temperature (minimal and maximal) over the 1961-2099 

period 

The minimum and maximum temperatures on annual and seasonal scales are not stationary 

over the period 1961-2099. The temperatures increase gradually over this period. On an 

annual and seasonal scale, the changes of means and variances of the minimum and 

maximum temperatures are statistically significant at the periods 2010-2039, 2040-2069 and 

2070-2099, compared to 1961-1990. 

Figure 3 illustrates the annual and seasonal evolution of mean precipitations for the period 

1961-2099. The general trend is an increase in annual and seasonal mean precipitations. 

However, the rate of increase in winter precipitations is greater than for spring and summer-

autumn. 
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The change in the color of the line on figure 3 shows the year of the beginning of a trend 

detected with the Marm-Kendall test. Annual mean precipitations respect the assumption of 

stationarity up to 2045. After this date, the annual mean precipitations trend is statistically 

significant. Seasonal mean precipitations respect the assumption of stationarity until 2043, 

2094, and 2037 in spring, summer-autumn, and winter, respectively. The increase in 

precipitation trends after these dates are significant. 

Table 3 compiles the means and the standard deviations (between brackets) of annual and 

seasonal mean precipitations at each period. The statistically significant changes are in bold. 

Table 3 Annual an d seasona l mean and standard deviatio n o f precipitation s 

Bold values indicat e a  statistically significan t chang e compared t o the control perio d 

1961-1990 
2010-2039 
2040-2069 
2070-2099 

Annual 

892(103) 
917(109) 
1015(102) 
1107(112) 

Spring 
(AMJ) 

Summer-
Autumn 
(JASON) 

Mean (standard deviation) in millimeters 
221 (45) 405 (57) 
235 (45) 
256 (52) 
273 (65) 

391 (62) 
414(72) 
436 (74) 

Winter 
(DJFM) 

264(49) 
289 (63) 
344 (65) 
396 (67) 

Changes in annual mean precipitations are statistically significant at the 2040-2069 and 

2070-2099 periods, compared to 1961-1990. The tests show also a change in variance at the 

2010-2039, 2040-2069 and 2070-2099 periods. 

HYDROLOGICAL IMPACTS 

Figure 4 shows the mean annual hydrograph of the control period 1961-1990, compared to 

the fiiture periods 2010-2039, 2040-2069 and 2070-2099, for each subbasin. 
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Figure 3 Annual and seasonal precipitations over the 1961-2099 period. The black line 

indicates a stationary regime, the light gray line a downward and the dark gray line an 

upward trend 

The same general trends are observed at all subbasins: early spring floods, flows decrease in 

summer-autumn and increase in winter. The spring flood is earlier by a mean of 10 days in 

the period 2010-2039, 20 days in 2040-2069 and 30 days in 2070-2099. Moreover, the mean 

spring flood peaks for the 2010-2039 and 2040-2069 periods at each subbasin are lower 

compared to the control period 1961-1990. ft is higher in 2070-2099 at all but the Chute-du-

Diable subbasin. Differences in the trends are also noticed between the basins in the north 

(Passes-Dangereuses and Lake-Manouane) and the basins more to the south (Chute-du-

Diable and Chute-a-la-Savane), where the spring flood is generally earlier and of less 

amplitude. Moreover, the winter flows increase more for the southern basins than for the 

northern basins. 
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Figure 4 Mean annual hydrographs for future periods 2010-2039, 2040-2069 and 2070-

2099, compared with the control period 1961-1990 in bold black line, for the four sub-

basins 

Figures 5 and 6 illustrate the evolution of the annual mean flows of two principal subbasins 

of the Peribonka River watershed between 1961 and 2099: Chute-a-la-Savane (located in the 

south) and Passes-Dangereuses (located in the north). These subbasins are selected in order 

to highlight the north-south cleavage in the hydrological impacts of climate change. The line 

changes colors where a trend is detected (Maim-Kendall test) in the hydrological regimes: 

black is for stationary, statistically significant trends are in gray (an increasing trend in light 

gray and a decreasing trend in dark gray). 
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1B61 199 0 2010 204 0 207 0 209 9 

Winter (DJFM) 

vi'M* 
1 199 0 2010 204 0 207 0 209 9 196 1 199 0 2010 204 0 207 0 209 9 

Figure 5 Annual and seasonal mean discharge at the Chute-a-la-Savane watershed, for 

the period 1961-2099. The black line indicates a stationary regime, the light gray line a 

decreasing trend and the dark gray line an increasing trend 

g,_400 

Spring (AMJ ) 

Annual 

Summer-Autumn (JASON ) Winter (DJFM ) 

^.|ie^ 199 0 2010 204 0 207 0 209 9 1̂ 6 1 199 0 2010 204 0 207 0 209 9 961 199 0 2010 204 0 207 0 209 9 

Figure 6 Annual and seasonal mean discharge at the Passes-Dangereuses watershed, for 

the period 1961-2099. The black line indicates a stationary regime, the light gray line a 

decreasing trend and the dark gray line an increasing trend 
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The comparison of the amiual mean flows of the two subbasins makes it clear that the 

southern region is influenced earlier by climate change. The upward trend is significant in 

2047 with the Chute-a-la-Savane subbasin and in 2067 with Passes-Dangereuses. The annual 

mean flow for the Passes-Dangereuses watershed also has a decreasing trend until 2030, 

however, this trend is not statistically significant. 

On a seasonal scale, the Chute-a-la-Savane subbasin presents different trends each season: 

the spring flows are stationary between 1961 and 2099, the flows in summer-autumn 

decrease with a significant trend from 2019, and the flows' increase is statistically significant 

in winter, starting in 1984. For the Passes-Dangereuses subbasin, only the winter season 

presents the same trend as Chute-a-la-Savane, with significant increases in the flows from 

2047. The spring flows increase and the trend is significant as of 2045. For summer-autumn, 

the trend is a decrease, but it is not statistically significant. 

The differences in the regimes of the two subbasins occur for various reasons. Initially, the 

warmer temperatures in the south, combined with the increase in precipitations, make for an 

earlier increase in runoff in winter at the Chute-a-la-Savane subbasin compared to Passes-

Dangereuses. Rain precipitations (instead of snow) are thus more frequent and the episodes 

of increases in temperature contribute to increasing the flows. The smaller increases in 

temperatures in the north do not create conditions favourable for the winter runoff This 

situation also explains the differences in the regimes' spring flows. The increasing trend in 

the spring flows at the Passes-Dangereuses subbasin compared to the absence of a significant 

trend at Chute-a-la-Savane is explained by the fact that in winter, there is more snow pack on 

the ground. 

The changes in the means and variances of the annual and seasonal mean flows were also 

investigated. They are presented in Tables 4 and 5. The bold values indicate that the 

differences are stafistically significant compared to the control period. 
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Table 4 Annual an d seasonal mean and standard deviatio n o f flows  for the Chute-a-la -

Savane subbasin . Bold values indicat e a  statistically significan t chang e compared t o the 

control perio d 

1961-1990 
2010-2039 
2040-2069 
2070-2099 

Annual 

28 (4.9) 
30 (4.7) 
32 (4.4) 
34 (4.8) 

Spring 
(AMJ) 

Summer-
Autumn 

(JASON) 
Mean (standard deviation) in va^ls 

46(12) 34(7.7) 
48 (10) 
49 (13) 
52 (13) 

29 (7.9) 
29 (7.9) 
26 (7.8) 

Winter 
(DJFM) 

13(4.4) 
19(4.0) 
25 (6.5 ) 
31 (8.2 ) 

Table 5  Annual an d seasonal mean and standard deviatio n o f flows for the Passes-

Dangereuses subbasin . Bold values indicate a  statistically significan t chang e compare d 

to the control perio d 

1961-1990 
2010-2039 
2040-2069 
2070-2099 

Armual 

186(20) 
183(26) 
204 (24) 
221 (30) 

Spring 
(AMJ) 

Summer-
Autumn 
(JASON) 

Mean (standard deviation) in m'̂ /s 
291(61) 246(33) 
315(56) 
364 (76) 
400 (76) 

215 (37) 
224 (40) 
220 (46) 

Winter 
(DJFM) 

73(13) 
78 (16) 
92 (19) 
114(31) 

The changes of the annual mean flows at Chute-a-la-Savane and Passes-Dangereuses are 

stafisfically significant in the periods 2040-2069 and 2070-2099, compared to 1961-1990. 

The changes of variance are significant for each of the periods of the subbasins. On a 

seasonal scale, the changes of mean are not statistically significant in all the future periods at 

the Chute-a-la-Savane subbasin and in 2010-2039 at Passes-Dangereuses. For summer-

autumn, the changes are also not significant. During winter, the changes of means are not 

significant for the Passes-Dangereuses subbasin in 2010-2039. However, the changes in 

variances are statistically significant on a seasonal scale for the two subbasins in all the 

future periods. 
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The differences in the hydrological regime changes within the Peribonka watershed show the 

importance of the link between the change in precipitations and temperatures. An increase in 

temperatures in winter, over a certain threshold, can strongly influence snow hydrology. In 

summer, the hydrological impact of the increase in precipitations can be cancelled by an 

increase in temperatures, because of the consequent increases in evaporation and 

evapotranspiration. 

IMPACTS AND ADAPTATION OF THE WATER RESOURCE SYSTEM 

Reservoir operating rules 

The change in the operating rules is initially analyzed for the weekly mean levels at the 

periods 2010-2039, 2040-2069 and 2070-2099, compared to 1961-1990. Figure 7 shows the 

mean levels of the Lake-Manouane and Passes-Dangereuses reservoirs at these periods. Two 

modifications arise in the management of the reservoirs: the shift in the timing of the low 

spring levels and the change in the mean levels at each season. These changes are 

accentuated the further the period is away from the control period 1961-1990. 

LAKE-MANOUANE PASSES-DANGEREUSES 
493 

J F M A M J J A S O N D 

441 

440 

439 

1 1 4 3 8 
_ i 

437 

436 

435 J M A  M  J A S O N D 

Figure 7 Reservoirs' mean levels in periods 2010-2039, 2040-2069, and 2070-2099 , 

compared to reservoir levels at the control period 1961-199 0 

For Lake-Manouane at all the future periods, the levels are higher in spring. This increase is a 

direct consequence of the increase in the flows at this season. The levels in summer increase 
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between July and November in 2040-2069 and 2070-2099. In 2070-2099, the reservoir levels 

decrease from June to November. These weak increases or decreases of the level in summer-

autumn are the consequences of the decrease of the mean flows at this season. During winter, 

the reservoirs' levels are lower at the 2040-2069 and 2070-2099 periods than at the control 

period 1961-1990 because of the runoff increase at this season. The levels are maintained 

lower in order to avoid the violations of constraints that could result from exceeding the 

maximum level of exploitation. 

The Passes-Dangereuses reservoir has the same trends as Lake-Manouane, except that the 

shift of the period of lowering in spring is more obvious. As a consequence of the shift in the 

beginning of the spring flood by 10, 20 and 30 days over the period 2010-2039, 2040-2069 

and 2070-2099, respectively, the levels of the reservoirs are also shifted approximately for 

the same durations at each period. The operating rules in spring thus take into account the 

change in seasonal variation of the flows in the reservoirs. In summer-autumn, the levels are 

maintained higher because of the decrease of flows into the reservoirs. The flows being less 

significant at this season, the levels are maintained higher in order to maximize the water 

head at the power plant with the reservoir directly downstream. In winter, the levels are 

maintained higher in the future periods, in order to maximize the water head during the low 

hydraulicity period. 

Hydropower productio n 

Figure 8 shows the evolution of the armual mean hydropower, both overall and at each power 

plant, for the 1961 -2099 period. The y-axis values are hidden to preserve the confidentiality 

of the owner of the water resource system. 

The trend shows a reduction in the annual mean production for the run-of-river power plants 

(Chute-du-Diable and Chute-a-la-Savane) before 2030. For the power plant with a reservoir 

(Chute-des-Passes), the trend is an increase. This trend is statistically significant in 2054. 
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The reduction in the hydropower for the run-of-river power plants before 2030 is attributable 

to the decreasing flows in the Chute-du-Diable and Chute-a-la-Savane subbasins in summer-

autumn, during the strong hydraulicity period. The increase in the production for the power 

plant with a reservoir, supplied by the Passes-Dangereuses and Lake-Manouane subbasins' 

inflows, is attributable to the absence of a significant trend of a flow decrease in summer-

autumn, and the increase at the other seasons. 

2 E 

Total 

1961 1990 2010 2040 

Chute-des-Passes Chute-du-Diable 

2070 

Chute-a-la-Savane 

2099 

1961 199 0 2010 204 0 207 0 209 9 195 1 199 0 2010 204 0 207 0 209 9 196 1 199 0 2010 204 0 207 0 209 9 

Figure 8 Mean annual hydropower, for the entire system (Total) and at each power 

plant (Chute-des-Passes, Chute-du-Diable and Chute-a-la-Savane), for the 1961-2099 

period. (The y-axis values are hidden to preserve the confidentiality o f the water 

resource system owner.). The black Une indicates a stationary regime, the light gray line 

a decreasing trend and the dark gray line an increasing trend 

Figure 9 shows the seasonal hydropower for the power plant with a reservoir (Chute-des-

Passes) and for the run-of-river power plants (Chute-du-Diable and Chute-a-la-Savane). The 

production at the run-of-river power plants has been summed, because the trends are similar 
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given their geographical proximity. The y-axis values are hidden to preserve the 

confidentiality of the owner of the water resources system. 

CHUTE-DES-PASSES 
Spring (AMJ) 

i{^A^fYhM\/y^^ 
1961 199 0 201 0 204 0 207 0 

Summer-Autumn (JASON ) 

2099 

1961 199 0 201 0 204 0 207 0 209 9 

Winter (DJFM) 

1990 201 0 204 0 207 0 209 9 

CHUTE-DU-DIABLE AND CHUTE-A-LA-SAVANE 
Spring (AMJ) 

1961 199 0 201 0 204 0 207 0 209 9 

Summer-Autumn (JASON ) 

1961 199 0 201 0 204 0 207 0 209 9 

Winter (DJFM) 

1990 201 0 204 0 207 0 209 9 

Figure 9 Mean seasonal hydropower, for the Chute-des-Passes power plant and the 

Chute-du-Diable and Chute-a-la-Savane (summed), for the 1961-2099 period. The y-

axis values are hidden to preserve the confidentiality o f the water resource system's 

owner. The black line indicates a stationary regime, the light gray line a decreasing 

trend and the dark gray line an increasing trend 

The trend in the seasonal hydropower shows an increase each season for the Chute-des-

Passes power plant. The increases in production are significant for this reservoir in spring, 

summer-autumn and winter, from 2054, 2058 and 2070 respectively. For the Chute-du-

Diable and Chute-a-la-Savane power plants, the increases are significant at the same seasons, 

but from 2074, 2030 and 2050, respectively. However, a decreasing trend is predicted until 

2030 for each season. This trend is significant in summer-autumn. 
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These results are in conformity with the trends of the seasonal mean flows. Indeed, figure 6 

shows that the flows at the Passes-Dangereuses subbasin, representative of the northern 

portion of the watershed, did not present any decrease in the seasonal flows. The watersheds 

in the north feed the Chute-des-Passes power plant with a reservoir, which explains the 

increase in production for the annual and seasonal scales. On the other hand, figure 5 shows 

that the flows at the Chute-a-la-Savane subbasin, representative of the south of the basin, 

dropped significantly in the summer-autumn, a period of strong hydraulicity. The subbasins 

in the south feed the run-of-river power plants, and so this drop in flows explains their 

significant production decreases at this season. 

The changes in the means and in the variance of the annual mean production for the future 

periods 2010-2039, 2040-2069 and 2070-2099, compared to the control period 1961-1990, 

were also investigated. The results are presented in Tables 6 to 9, where the statistically 

significant changes are emphasized in bold. The values are expressed as a percentage of the 

production of the control period, in order to preserve the confidentiality of the owner of the 

water resource system. 

Table 6 Mean and standard deviatio n of total hydropower, both on an annual and 

seasonal basis . Bold values indicat e a statistically significan t change , compared to the 

control perio d 

Armual Spring Summer- Winter 
(AMJ) Autumn (DJFM) 

(JASON) 
Mean (standard deviation) in % of the 1961-1990 period 

2010-2039 
2040-2069 
2070-2099 

98.2(127.4) 98.4(147.0) 99.3(106.1) 97.0(101.6) 
109.3(100.3) 115.2(147.9) 109.9(103.3) 104.9(67.1) 
118.3(145.6) 128.8(280.8) 120.6(121.3) 109.3(71.4) 
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Table 7  Mean an d standard deviatio n o f hydropower a t the Chute-des-Passes powe r 

plant, on an annual an d seasonal basis . Bold values indicat e a  statistically significan t 

change compared t o the control perio d 

2010-2039 
2040-2069 
2070-2099 

Annual Spring Summer-
(AMJ) Autumn 

(JASON) 
Mean (standard deviafion) in % of the 1961-

94.2 (124.9) 97.9 (117.4) 89.7 (97.1 ) 
102.8(93.1) 104.1(119.6 ) 96.0(76.1 ) 

110.1(129.9) 110.8(143.1 ) 100.9(94.2 ) 

Winter 
(DJFM) 

1990 period 
98.0(116.0) 
113.1 (114.3 ) 
125.2 (142.8 ) 

Table 8 Mean an d standard deviatio n o f hydropower a t the Chute-du-Diable powe r 

plant, on an annual and seasonal basis . Bold values indicate a  statistically significan t 

change compared t o the control perio d 

2010-2039 
2040-2069 
2070-2099 

Annual Spring Summer-
(AMJ) Autumn 

(JASON) 
Mean (standard deviation) in % of the 1961-

95.1(130.3) 99.1(121.8 ) 90.2(102.1 ) 
103.3(95.4) 103.8(120.0 ) 96.2(79.8 ) 

109.9(128.4) 109.2(135.7 ) 100.4(95.5) 

Winter 
(DJFM) 

1990 period 
99.3 (115.2 ) 
115.2 (114.6 ) 
127.6 (141.0 ) 

Table 9  Mean an d standard deviatio n o f hydropower at the Chute-a-la-Savane powe r 

plant, on an annual an d seasonal basis . Bold values indicate a  statistically significan t 

change compared t o the control perio d 

Annual Spring Summer- Winter 
(AMJ) Autumn (DJFM) 

(JASON) 
Mean (standard deviation) in % of the 1961-1990 period 

2010-2039 
2040-2069 
2070-2099 

96.8(136.3) 98.4(169.0 ) 95.5(105.2 ) 97.5(105.6 ) 
106.9(103.5) 110.2(164.8 ) 104.3(87.8 ) 107.9(71.1 ) 
115.2(150.0) 120.4(277.7 ) 112.5(111.8 ) 114.7(80.6 ) 

The changes in total mean annual production and in the annual mean producfion of the power 

plant with a reservoir (Chute-des-Passes) are stafistically significant in the periods 2040-2069 

and 2070-2099. For the run-of-river power plants, the changes are significant in 2070-2099. 
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The changes in the variance of the annual production are statistically significant for all the 

periods and power plants. 

On a seasonal basis, the changes in mean production are statistically significant in 2070-

2099. The changes in mean for winter production are significant for all the power plants in 

2040-2069 and 2070-2099. The changes of seasonal variances are significant for each power 

plant at all the future periods. 

In general, the significant changes in hydropower are consequent with significant changes in 

the hydrological regimes. The increases in the annual mean flows in the north lead to 

increases in the annual mean hydropower for the Chute-des-Passes power plant. The same 

observation applies on the seasonal scale. 

Power plant efficienc y 

The efficiency of a power plant is the ratio of the hydropower to the sum of the spilled and 

turbinated flows. The changes in means and variance of the annual mean efficiency at the 

future periods 2010-2039, 2040-2069 and 2070-2099, compared to the control period 1961-

1990, were also investigated. The results are presented in Table 10, with the statistically 

significant changes in bold. The values are expressed as a percentage of the efficiency of the 

control period in order to highlight gains and losses in efficiency. 

Table 10 Mean and standard deviation of the power plants' total efficiency, o n an 

annual and seasonal basis 

Bold values indicate a statistically significant change compared to the control period. 

Chute-des-Passes Chute-du-Diable Chute-a-la-Savane 
Mean (standard deviafion) in % of the 1961-1990 period 

2010-2039 100.2(111.6) 101. 1 (74.6) 101. 4 (73.7) 
2040-2069 99. 3 (192.5) 99.1 (128.5) 99.0(114.6 ) 
2070-2099 98. 7 (255.6) 98. 1 (186.9) 97. 3 (162.8) 
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The general trend is for a reduction in the efficiency of the power plants in 2050 and 2080. 

For the same quantity of water used in the future, there will be less production. However, the 

efficiency increases in 2020. The changes in the variance of the armual mean efficiency are 

statistically significant for all the power plants, at each future period. The changes of 

variances reach 255.6% of the variance of the control period for the power plant with a 

reservoir. The variability of the efficiency increases as the horizon considered is further from 

the control period. 

Unproductive spills 

The totals of unproductive spills, and those at each power plant, are presented in figure 11. 

The general trend of unproductive spills shows an increase. However, this trend is not 

statistically significant. 

Total 
200 

150 

Q 

100 

50 

1*2= 
961 

TUTLJ, J OOGI I l ^ l- IP I cfOO I oAoO I OO 
1990 

Chute-des-Passes 

•'t'oo'^oos't' 91 Q^9^t30 I  OQTOOOOOOOT '̂ ^^^^O'̂ VXOO^OO ,?.ToJyJyTl, loWyTolomT lll?J III! JQJT jt, 

15 

S, 1 0 

• 5 

2010 204 0 

Chute-du-Diable 

80 

60 

40 

20 

1B61 1990201 0 204 0 207 0 209 9 

100 

80 

60 

40 

20 

1961 1990201 0 204 0 207 0 209 9 

2070 209 9 

Chute-a-la-Savane 

1961 1990201 0 204 0 207 0 209 9 

Figure 10 Mean annual unproductive spills, totals and for each power plant, for the 

period 1961-2099 

Tables 11 to 14 compile the changes in mean and variance of the unproductive spills, in total 

and at each power plant. The changes of means in unproductive spills at the future periods 
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2010-2039, 2040-2069 and 2070-2099 are not statistically significant compared to the spills 

of the control period 1961-1990. However, the changes of variance in the annual and 

seasonal mean unproductive spills are significant for all the future periods. 

Table 11 Mean and standard deviation of total unproductive spills, on annual and 

seasonal bases 

Bold values indicate a statistically significant change compared to the control period. 

1961-1990 
2010-2039 
2040-2069 
2070-2099 

Armual 

0.5(1.8) 
10.4(16.1) 
15.5(20.4) 
26.4 (37.8) 

Spring 
(AMJ) 

Summer-
Autumn 
(JASON) 

Mean (standard deviation) in vcc'ls 
2.0 (7.4) 0 (0) 

31.1 (51.8) 
45.7 (64.7) 
78.8 (120.1) 

2.2 (6.6) 
3.2 (7.9) 

5.4 (14.4) 

Winter 
(DJFM) 

0(0) 
5.2 (0) 
8.3 (0) 

13.5 (28.6) 

Table 12 Mean and standard deviation of unproductive spills at the Chute-des-Passes 

power plant, on annual and seasonal bases 

Bold values indicate a statistically significant change compared to the control period. 

1961-1990 
2010-2039 
2040-2069 
2070-2099 

Armual 

0(0) 
4.0 (5.2) 
6.7 (7.7) 

10.8(12.9) 

Spring Summer-
(AMJ) Autumn 

(JASON) 
Mean (standard deviation) in m'̂ /s 

0 (0) 0 (0) 
11.5(18.7) 2.7(6.5) 
20.6 (27.8) 4.0 (8.8) 
31.6(46.2) 6.7(15.3) 

Winter 
(DJFM) 

0(0) 
0(0) 
0(0) 
0(0) 
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Table 1 3 Mean and standard deviatio n o f unproductive spill s at the Chute-du-Diable 

power plant , on annual and seasonal base s 

Bold values indicate a statistically significant change compared to the control period. 

1961-1990 
2010-2039 
2040-2069 
2070-2099 

Annual 

0.1 (0.4) 
1.3(2.8) 
2.6 (4.4) 
4.0 (7.5) 

Spring 
(AMJ) 

Summer-
Autumn 

(JASON) 
Mean (standard deviation) in m'ls 

0.3(1.7) 0(0) 
4.4 (8.9) 
8.2 (14.3) 
12.9 (24.0) 

0.4 (1.7) 
1.0(3.3) 
1.5(5.0) 

Winter 
(DJFM) 

0(0) 
0.1 (0.6) 
0.3 (1.4) 
0.4 (2.0) 

Table 1 4 Mean and standard deviatio n o f unproductive spill s a t the Chute-a-la-Savan e 

power plant , on annual and seasonal base s 

Bold values indicate a statistically significant change compared to the control period. 

1961-1990 
2010-2039 
2040-2069 
2070-2099 

Annual 

0.8 (2.4) 
7.2 (9.7) 

10.3 (12.6 ) 
18.4(24.0) 

Spring Summer-
(AMJ) Autumn 

(JASON) 
Mean (standard deviation) in m'̂ /s 

3.3(9.8) 0(0) 
22.9(37.1) 1.8(5.2) 
32.5 (46.0) 2.6 (6.7) 
58.7 (90.5) 4.4 (11.7) 

Winter 
(DJFM) 

0(0) 
2.2 (6.8) 
3.4(10.5) 
5.7 (17.3) 

The changes in unproductive spills are generally consequent with the increase in the annual 

and seasonal runoff However, spills at the summer-autumn season increase, despite a 

decrease in the armual mean flows, occurring much more in the south than in the north. This 

increase in discharges is explained by the increase in the flows' variability at this season. 

Reservoir reliabilit y 

Reliability is the probability that a reservoir is in a state considered to be satisfactory 

(Simonovic et Li, 2004). The Lake-Manouane and Passes-Dangereuses reservoirs are in an 

unsafisfactory state when their level exceeds their maximum exploitation level. 
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The mean reliability of the Lake-Manouane reservoir, over the 139 years evaluated, is 

99.99%. The maximum level of exploitation was reached once, with an exceedance of 0.09 

meter. This occurred during the winter, in the 51st week of 2053. To identify the cause of this 

exceedance, the temperatures, precipitations and flows for this period were analyzed. The 

exceedance occurred during a week with a rainy event of 21 millimetres over four days, 

whereas the mean temperature was 1°C. These conditions caused inflows in the Lake-

Manouane reservoir, whose level was maintained close to the normal level of exploitation in 

order to guarantee a water head during a low flow period. The operating rules under these 

conditions specify the allowance of spill flows to the maximum of the capacity of the 

spillway. 

The reliability of the Passes-Dangereuses reservoir was 100%. No exceeding of the 

maximum level of exploitation occurred within the 139 years of simulafions, while 

maintaining the current exploitation constraints. 

CONCLUSIONS AN D RECOMMANDATION S 

The aim of the work was to evaluate the impacts of and the adaptation to climate change of 

the water resource system management of the Peribonka River, a Nordic water resources 

system exploited for hydropower. 

Adaptating the management of a water resource system to climate change is necessary 

because of the hydrological regime changes. The operating rules generated by optimization 

allow their adaptation to the new hydrological regimes. The use of unadapted operating rules 

in the impact studies of climate change on hydropower give pessimistic results (Markoff et 

Cullen, 2008). 

This work used operating rules adapted annually to the new hydrological regimes, with a 

flows history of 35 years. This period was fixed according to a Marm-Kendall test of 

stationarity on armual mean flows, which indicated that the maximum period, for which the 
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assumption of stationarity was respected, is 35 years. This method allows the annual flows of 

the previous 35 years to be used in calculating the operating rules of a given year. 

The simulation of the operations of the water resource system, with the hydrological 

scenarios in the context of climate change and the adapted operating rules, shows that the 

adaptation of the management of the reservoirs appears as a change in the seasonal mean 

reservoir levels. In the spring, the level of the reservoirs is lowered earlier in order to contain 

an early spring flood. In summer-autumn, the levels are maintained higher to maximize the 

water head. In winter, the levels are lower in order to limit exceeding the maximum 

exploitation levels, leading consequently to an increase in the flows to the reservoirs. 

The conclusion of the study is that the hydropower for the Peribonka River water resource 

system would increase over the long-term for the climate projection used. The study reveals a 

decreasing (statistically significant) trend until 2030, and an increase (statistically significant) 

thereafter, until the temporal limit of the study, i.e. 2099. The production decrease is the 

consequence of the reduction in the runoff in the south of the watershed, where the run-of-

river power plants are. The annual and seasonal (summer-autumn and winter) hydropower 

presents an increasing trend. In addition to this trend, the changes of means in armual and 

seasonal hydropower are generally statistically significant in the future periods 2040-2069 

and 2070-2099. The changes in the variance are statistically significant throughout (it 

generally increases), which indicates to the managers that there would be more variability in 

the interannual production in the future. The changes of variability in the hydropower are 

greater in spring. 

The (non significant) trend in unproductive spills also shows an increase. The reservoir levels 

are higher because of the increases in the runoff, starting from the year 2030. These higher 

levels compromise the reliability of the reservoir in winter because of the increasingly 

favourable climatic conditions for runoff (rain and rise in temperature). The level of a 

reservoir exceeds the maximum level of exploitation and changes the reservoir's reliability to 

99.99%, whereas it was 100% for the control period 1961-1990. Because the reservoir's 
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maximum level of exploitation was exceeded, for future studies it is recommended to modify 

the constraints of exploitation of the reservoirs' levels in order to keep the reliability of the 

reservoir at 100%. 

The management indicators, such as levels, hydropower, efficiency and unproductive spills, 

are used to quantify the performance and the behaviour of the water resource system with a 

management adapted to climate change. Using a climatic projection resulting from dynamic 

downscaling would allow the evolution of these indicators to be followed, since climatic 

projection is transitory. The RCMs climate projections are not as easily obtainable as the 

GCMs. The work presented did not compare the hydrological regimes and the management 

indicators under several climate projections in order to determine the uncertainty. For future 

work, it is recommended to use more than one RCM and GHGES, according to the 

accessibility of the data. 
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Exemple pour le sous bassin Chute-du-Diable. 

Figure A.4 Cycles annuels des temperatures aux horizons 2020, 2050 et 2080, par rapport 
a la periode de controle 1961-1990 (Deltas). 
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Figure A.5 Precipitations hivemales aiix horizons 2020, 2050 et 2080, par rapport a la 
periode de controle 1961-1990 (Deltas). 
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Les teneurs en eau avec Hydrotel sont pour la deuxieme couche. La capacite du reservoir de 
la zone non saturee de HSAMI est un parametre de calibration. 

Figure B.6 Teneur  en  eau pour les  combinaisons Hydrotel-MRCC  et  Hydrotel-Deltas 
et etat du  reservoir  de  la zone non-saturee  pour  les  combinaisons HSAMI-MRCC  et 

HSAMI-Deltas, a  la periode de  controle 1961-1990  et  aux horizons 2020,  2050  et  2080. 
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Les diagrammes a barre a gauche presente la production hydroelectrique avec les regimes 
hydrologiques futurs et les regies de gestion de la periode de controle. Les diagrammes a 

barre a droite presente la production hydroelectrique avec les regimes hydrologiques futurs et 
les regies de gestion adaptees a chaque regime hydrologique. 

Figure C.l Production  moyenne annuelle et saisonniere totale aux horizons 2020, 2050 et 
2080, en pourcentage des volumes de la periode de controle 1961-1990 (HSAMI-Deltas). 
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Figure C.2 Gain  ou perte (regies  de gestion adaptees par rapport a non adaptees) en 
production moyenne  annuelle  et  saisonniere totale aux horizons 2020, 2050 et 2080, en 

pourcentage des  volumes de la periode de controle 1961-1990 (HSAMI-Deltas). 
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Tableau C.l. 

Fiabilite et vulnerabilite des reservoirs (HSAMI-Deltas) 
Le premier nombre indique la probabilite de depassement en pourcentage et celui entre 

parentheses le depassement maximal en metres. 

SITUATION 1  - REGLE S OPTIMISEE S AVE C LA PERIODE DE  CONTROL E 

Control period 

HadCM3 

ECHAM4 

CSIRO 

CCSRNIES 

CGCM3 

A2 
B2 
A2 
B2 
A2 
B2 
A2 
B2 
A2 
Bl 

Lake-Manouane 
0(0) 

2020 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

2050 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

0,1 (0,15) 
0(0) 
0(0) 
0(0) 
0(0) 

2080 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

0,1 (0,35) 
0,1 (0,14) 

Passes-Dangereuses 
0(0) 

2020 
0,2(0,18) 
0,4(1,87) 

0(0) 
0(0) 

0,1 (0,02) 
0(0) 
0(0) 
0(0) 

0,1 (0,67) 
0,3 (0,68) 

2050 
0,1 (0,71) 
0,1 (0,21) 

0(0) 
0(0) 
0(0) 

0,1 (0,06) 
0(0) 

0,1 (0,17) 
0,3(0,71) 
0,2 (0,53) 

2080 
0,4 (0,57) 
0,6 (0,50) 

0(0) 
0(0) 

0,3 (0,95) 
0(0) 
0(0) 
0(0) 

4,0(1,70) 
3,0(1,84) 

SITUATION 2  - REGLE S OPTIMISEE S AVE C L E SCENARIO D'APPOR T FUTU R 
CORRESPONDANT 

Control period 

HadCM3 

ECHAM4 

CSIRO 

CCSRNIES 

CGCM3 

A2 
B2 
A2 
B2 
A2 
B2 
A2 
B2 
A2 
Bl 

Lake-Manouane 
0(0) 

2020 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

2050 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

2080 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

Passes-Dangereuses 
0(0) 

2020 
0(0) 

0,2 (0,20) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

0,1 (0,67) 
0(0) 

2050 
0,1 (0,34) 
0,1 (0,21) 

0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

0,1 (0,15) 
0,1 (0,26) 

0(0) 

2080 
0,1 (0,68) 

0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 
0(0) 

0,2(1,76) 
0,3 (0,60) 
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