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THESE EN FRANCAIS - RESUME

PREFACE

Ce résumé en Francais reprend la structure du mémoire de thése et présente les princi-
paux résultats obtenus. Les différents chapitres y sont repris un a un, et les principales
expressions mathématiques, ainsi que les figures et tableaux, illustrant les aspects essen-

tiels du travail mené, sont tous repris et commentés.

0.1 INTRODUCTION

EN hydrologie, un grand nombre d’études ont porté sur ’amélioration de I'estimation
des quantiles de crues (débit maximum ou tout autre caractéristique de période de
retour donnée). Ce estimation repose généralement sur des séries de crues maximales an-
nuelles mesurées ou de valeurs dépassant un seuil. Cependant, les séries de données lo-
cales s’averent souvent trop courtes pour fournir des estimations fiables des quantiles de
périodes de retour intermédiaires (typiquement 50 a 1000 ans). Sans informations sup-
plémentaires pour affiner la forme de la distribution statistique, les résultats de 1’analyse
fréquentielle conduite s’averent généralement trés incertains.

Pour cette raison, les hydrologues ont tenté de faire usage de sources d’information
alternatives. Plusieurs approches développées consistent en une "extension temporelle" du
jeu de données, basée sur l'intégration des données historiques et préhistoriques (Hosking
et al.||1985b} |Hosking and Wallis| 1986ajb), |Stedinger and Tasker| 1986, Cohn and Stadinger
1987, Gary and Stedinger||1987, Sutclitfe| 1987, [Minghui and Stedinger||[1989| Sheffer et al.
2003, [Reis et al. 2005, |Werritty et al. 2006, Ribatet et al. 2007b; 2009, Neppel et al. 2010,
Payrastre et al||2011). D’autres approches couramment utilisées pour enrichir les jeux de
données disponibles pour 'inférence statistique correspondent a une "extension spatiale”,
et consistent en la fusion de données considérées comme statistiquement homogenes pour
construire un large échantillon régional de données (Hosking and Wallis||[1997, Charles and
Stedinger| (1999, Ouarda et al. |2001, Kjeldsen et al. 2002, Merz and Bloschl |2003, Seidou
et al. |2006, Ribatet et al.||2007a) [Norbiato et al.|2007, |Wallis et al. 2007, Kjeldsen and Jones
2009). La plupart de ces approches sont basées sur 1'hypothése du "simple scaling" qui
suppose que les distributions statistiques des débits de crues ont une forme identique au
sein d’"une région homogene, et different simplement par un facteur d’échelle spécifique a
chaque site : "I'index de crue" Dalrymple (1960). Pour permettre cette hypothese, les régions

considérées sont constituées de bassins versants qui se ressemblent climatologiquement et



These en Frangais - Résumé

qui ont des mécanismes de production de crues semblables. Ils sont susceptibles d’étre
géographiquement contigus. Les résultats sont bien valables a condition que les hypotheses
sur lesquelles ’analyse régionale des crues se fonde soient vérifiées. Malgré 1’extension des
jeux de données permise par ces approches, les quantiles estimés peuvent cependant rester
incertains, notamment pour les bassins versants relativement petits et exposés a des crues
de grande variabilité inter-annuelle.

Face a ce constat, Gaume et al.| (2010) a proposé une méthode permettant d’incorporer
au sein d’une analyse régionale des crues, en complément des séries hydrométriques, des
informations relatives aux crues extrémes observées sur des bassins non-jaugés. Ces crues
extrémes, parce qu’elles sont généralement les plus fortes connues sur une période assez
longue, constituent 1’équivalent d"une longue série d’enregistrements supplémentaires, qui
est susceptible d’améliorer grandement la précision d’estimation des quantiles de crue.
L’approche proposée pour incorporer ces données est toujours basée sur le principe de
I'index de crue |Dalrymple (1960). Toutefois, si une approche classique consiste a estimer
I'index de crue par la moyenne de l’échantillon observé sur chaque site (Hosking and Wal-
lis|[1997), le calcul de cette moyenne n’est pas possible sur des sites non-jaugés. L'approche
proposée par (Gaume et al. (2010) consiste par conséquent a calibrer une relation d’index
de crue, qui est une fonction des caractéristiques du bassin versant, sa surface en 'occur-
rence, et qui permet donc d’évaluer I'index de crue sur n‘importe quel site non-jaugé. Le
recours a cette relation d’index de crue représente une contrainte supplémentaire d’homo-
généité de la région considérée, sensée respecter la relation théorique. Le complément de
paramétrisation que représente cette relation (un parametre supplémentaire), combinée a
I'hypothése d’homogénéité de la relation au sein de la région considérée, est susceptible de
limiter les performances de cette approche, malgré le fait que des données supplémentaires
correspondant aux crues extrémes peuvent étre mobilisées.

Cette these a été 1'occasion de tester et d’évaluer les performances de cette approche
(nommée "approche proposée"” par la suite), par comparaison a une approche d’analyse ré-
gionale plus conventionnelle, et ceci dans plusieurs contextes de disponibilité des données
et d’hétérogénéité des régions considérées. Les travaux menés ont également permis d’in-
tégrer des développements supplémentaires a ’approche initiale développée par (Gaume
et al.| (2010). La suite de ce rapport présente une synthese des résultats obtenus, organisée

de la fagon suivante :

Le deuxiéme chapitre présente d’abord tous les concepts de base de I’analyse fréquen-




0.1. Introduction

tielle régionale des crues. Elle met notamment ’accent sur les différences entre 1’approche
proposée, basée sur une relation d’index de crue, et I'approche plus conventionnelle qui
a servi de référence pour l'ensemble des travaux (?). Le détail des méthodes d’inférence
développées dans la suite du mémoire est également présenté dans ce chapitre : inférence
basée sur la calibration d’une distribution GEV, les formulations de la vraisemblance des
observations, et enfin algorithme bayésien MCMC utilisé pour 1’estimation des parametres.
Enfin, les questions soulevées et les propositions d’améliorations développées dans le reste
de la these sont présentées en détail, toujours par référence a I'approche régionale de réfé-
rence d’Hosking et Wallis.

Le chapitre trois présente les évolutions méthodologiques mises en ceuvre sur l'ap-
proche proposée de fagon a répondre au mieux aux questions soulevées. Ce chapitre pré-
sente ensuite une premiere évaluation comparative des deux approches régionales présen-
tées dans la section 2. Cette évaluation est basée sur des simulations Monte Carlo. Elle
permet de tester la fiabilité des deux approches dans différents contextes de disponibilité
des données et de présence d’hétérogénéités au sein de la région considérée. Dans un pre-
mier temps, les deux méthodes sont comparées sur la base de jeux de données équivalents
et limités a des séries jaugées, en examinant spécifiquement 1'impact des hétérogénéités
présentes au sein de la région considérée. L'évaluation menée porte sur la qualité de l'es-
timation des quantiles 100 ans et sur la fiabilité des intervalles de crédibilité calculés dans
chaque cas. Elle permet de faire ressortir certains avantages ainsi que les principales limites
des deux approches de régionalisation considérées. La sensibilité a la présence d’hétérogé-
néités est examinée sous plusieurs formes : les hétérogénéités associées a la relation d’index
de crue et a la loi de probabilité régionale sont successivement considérées.

La chapitre quatre présente ensuite ’application des deux approches a deux études de
cas : la région de I’Ardeche (168 séries jaugées sur 5 sites et 18 crues extrémes non-jaugées)
et la région du Var (249 séries jaugées sur 9 sites et 4 crues extrémes non-jaugées) dans
le sud-est de la France. Cette application permet d’illustrer les avantages et les limites de
chaque méthode lors de l'application a des cas d’étude réels, et de confronter ces mé-
thodes a des approches locales (pouvant mobiliser ou non des informations historiques).
Elle permet également surtout d’illustrer un aspect supplémentaire : 'apport de l'infor-
mation relative aux crues extrémes recensées sur des sites non-jaugés, apport qui devient
possible grace aux évolutions méthodologiques introduites avec I'approche proposée. L'in-
térét de la mobilisation de ces informations sur les crues extrémes non-jaugées ressort assez

nettement des cas d’étude présentés.
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Enfin, la section cinq propose les conclusions et perspectives de ce travail.

DESCRIPTION DES METHODES D' ANALYSE REGIONALES ETUDIEES

Principe général des deux approches étudiées

Les deux approches considérées reposent toutes les deux sur le principe de 1'index de crue
Dalrymple| (1960). Ce principe revient a considérer qu’au sein d"une région statistiquement
homogene, I'ensemble des distributions statistiques des débits de pointes de crues sont
identiques moyennant un facteur d’échelle spécifique a chaque site : 'index de crue y;.

Ceci se résume par la relation suivante :

Q" = g™ @

ol i représente un site donné au sein de la région (i= 1,..,5), s est le nombre total de sites
dans la région, QET) est le quantile de débit de pointe de période de retour T sur le site i,
g7 est le quantile correspondant de la distribution régionale réduite, et y; est I'index de
crue du site i.

L’approche usuelle d’analyse régionale développée par [Hosking and Wallis| (1997)
consiste a évaluer y; par la moyenne des observations effectuées sur chaque site i. Par
construction, cette approche présente I'inconvénient d’empécher la mobilisation des infor-
mations disponibles sur des sites non jaugés, pour lesquels la moyenne locale des observa-
tions ne peut étre estimée. De fagon a pouvoir valoriser ces informations supplémentaires,
la méthodologie développée par Gaume et al.| (2010) prévoit d’estimer I'index de crue y; de

chaque site i constituant la région, a partir d’une relation du type :

i =S (2)

Dans laquelle S; représente la surface du bassin versant du site i, et f est un parametre
a déterminer.

Le recours a la relation (2) permet le calcul de y; y compris pour des sites non-jaugés,
et par conséquent d’'incorporer dans l’analyse les données relatives aux crues extrémes
observées sur ces sites. Dans les tests initiaux présentés par Gaume et al. (2010), la relation
(2) était calibrée a priori a partir des sites jaugés présents dans la région, et sa validité
vérifiée a partir d'un test de Wilcoxon, Mann et Withney. L'approche qui sera développée

ici est sensiblement différente puisqu’elle permet une estimation de B conjointe avec celle
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des autres parametres de la distribution statistique régionale réduite, ce qui permet une
prise en compte explicite des incertitudes inhérentes a la calibration de ce parametre.
Dans la suite du document, les termes d’approche proposée et d’approche de référence

(pour celle de Hosking et Wallis) seront utilisés.

Procédure d’inférence utilisée et formulation de la vraisemblance des données

La procédure d’inférence utilisée repose sur le calcul de la vraisemblance de I'échantillon

N

régional de données, a partir d'un modele statistique candidat correspondant ici a une
distribution GEV de paramétres (¢, «, «).

Dans sa forme la plus générale, I’échantillon D de données régionales considéré inclut :

— des séries de valeurs maximales annuelles de débit de pointe Q;; enregistrées sur s
sites i=(1,..,5), chaque série incluant n; années d’enregistrements (j=(1,..,1;)),

— des valeurs extrémes de dépit de pointe Qj observées sur h sites non jaugés
(k=(1,..,h)), chaque valeur Qj constituant la plus forte valeur de débit observée

sur une période de n; années.

La formulation classique de la vraisemblance de I'échantillon D prend alors la forme

ot =T1fTn (55| I G |11 )] o

ol fy et Fy représentent respectivement la fonction densité de probabilité et la fonction

suivante :

de répartition de la distribution GEV (cf. equation.4 et 5), les valeurs Q/u représentent les
valeurs réduites (divisées par I'index de crue) des débits de pointe mesurés sur chaque site,
et 0 représente le vecteurs des parametres a estimer. Ici,  inclut les trois parametres de la

distribution GEV : 0=(¢, «, x), et le parametre B dans le cas de I'approche proposée.

a>0

(5)

a>0
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Dans le cas de I'approche de référence d’Hosking et Wallis (1997), les crues extrémes

Qk ne pouvant pas étre mobilisée, I’expression (3) de la vraisemblance se limite au premier

terme [T}_; {H}ilﬁ? (%)}

Estimation des parametres a 1’aide d’un algorithme bayésien MCMC

L’estimation des parametres § du modele est réalisée en utilisant une approche bayésienne
MCMC (Monte Carlo Markov Chain) désormais relativement répandue pour des applica-
tions en hydrologie (Reis et al. 2005, Renard et al. 2006, [Neppel et al.| 2010, Gaume et al.
2010, Payrastre et al.[2011), et dont le principe est succinctement rappelé ici. Cette approche
repose directement sur I'application du théoreme de Bayes, qui fournit une estimation de
la distribution de probabilité des parametres 6 conditionnellement aux observations D :

p(e] D)= -2 B2 ©

Dans l'expression (6) p (0) représente l'information disponible a priori sur la distri-
bution des parametres, et p (D) est la probabilité du jeu d’observations D, qui est une
constante et n’influe donc pas sur le résultat obtenu. Ici aucune information a priori n’a été
considérée. Une distribution p (0) uniforme a donc été retenue.

L'estimation de p (6 | D) est réalisée en appliquant un algorithme MCMC, qui permet
d’échantillonner un grand nombre de vecteurs de parametres 6 dont la densité de pro-
babilité est p (6 | D). A partir du jeu de parametres 6 échantillonné, la distribution de
probabilité des quantiles de débits peut étre estimée en chaque site au sein de la région. Ce

qui permet de calculer des intervalles de crédibilité & 9o% sur chacun de ces quantiles.

Premiers tests réalisés par Gaume et questions soulevées

Les résultats présentés par Gaume et al|(2010) ont été obtenus en appliquant I'approche
proposée, décrite ci-avant, a plusieurs études de cas (régions du Gard et de I’Ardeche dans
le sud-est France, et régions de Slovaquie). La méthode d’inférence appliquée correspond
a I'approche Bayésienne MCMC présentée au paragraphe précédent. Dans chaque cas une
analyse de sensibilité a la nature des données mobilisées est conduite (avec ou sans infor-
mation issues des sites non jaugés). Ces quelques études de cas montrent clairement que
la mobilisation des informations sur les crues extrémes identifiées sur des sites non jaugés
peut conduire & une réduction trés importante de la largeur des intervalles de crédibilité

calculés sur les quantiles de périodes de retour supérieures a 100 ans.
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Si ces premiers résultats s’averent trés prometteurs, ils ont néanmoins été produits a
partir de relations d’index de crue calibrées a priori dans chacune des régions considérées :
les intervalles de crédibilité calculés ne tiennent donc pas compte de 'incertitude d’estima-
tion du parametre de cette relation. Par ailleurs, ces intervalles reposent sur une hypothese
d’homogénéité parfaite des régions considérées : cette homogénéité supposée concerne a la
fois relation d’index de crue calibrée, mais également la forme des distributions locales de
débits de pointe qui est supposée semblable sur 'ensemble des sites jaugés et non jaugés
au sein des régions considérées. Sur ce dernier point (forme des distributions locales), une
mesure d’hétérogénéité est proposée par ?, mais cette vérification se limite aux sites jaugés.

Certaines questions importantes, car susceptibles de remettre en cause les conclusions
initiales, restent donc en suspens a l'issue de ce premier travail d’évaluation. Ces questions

peuvent se résumer de la fagon suivante :

d’une fagon générale, quel est le degré de validité des intervalles de crédibilité calcu-
1és et dans quelle mesure ces intervalles représentent ils I'incertitude réelle ?

— quelle incertitude supplémentaire doit étre attribuée a la calibration de la relation
d’index de crue, qui représente un parametre supplémentaire par comparaison a

I'approche régionale de référence ?

quel est I'impact des hétérogénéités inévitables de la relation d’index de crue dans la
région considérée ? Si cet impact est important, il peut conduire a limiter fortement
I'étendue des régions considérées avec I’approche proposée.

— quel est impact d’hétérogénéités de la forme des distributions locales au sein de la
région considérée, sachant que cette I'hypothese d’homogénéité de ces distributions
ne peut étre testée que sur la base des séries jaugées et est ensuite appliquée aux sites
non-jaugés ? Cette hypothése nécessite une délimitation soigneuse de la région, fon-
dée par exemple sur la proximité spatiale et / ou sur les caractéristiques des bassins

versants, et peut, la encore, conduire a limiter 1’étendue de la région considérée.

Les résultats produits dans le cadre de la these ont pour objectif de répondre partielle-
ment aux questions soulevées ci-dessus. De facon a pouvoir estimer I'impact de I’hétérogé-
néité des régions considérées, ces résultats reposent assez largement sur des simulations,
dont le principe sera présenté dans la section suivante. Ils conduisent finalement, a partir

de nouvelles études de cas présentées en section 4, a mieux illustrer les avantages et les
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limites possibles de l'incorporation de l'information sur les crues extrémes non jaugées, a

partir de I'approche proposée par Gaume et al.| (2010).

EVALUATION DES DEUX APPROCHES A PARTIR DE SIMULATIONS

Cette section présente dans un premier temps les évolutions méthodologiques introduites
de fagon a permettre une meilleure évaluation des intervalles de crédibilité associés a I’ap-
proche proposée : ces évolutions permettent une évaluation commune des parametres de
la relation d’index de crue et de la distribution GEV régionale réduite, au sein de 1'algo-
rithme MCMC. L'introduction d"un paramétre supplémentaire a estimer souléve également
la question de la convergence des algorithmes MCMC mis en ceuvre : un paragraphe est
donc consacré a la vérification de cette convergence.

Dans un deuxieme temps, la section présente la méthode d’évaluation comparative des
deux approches d’analyse régionale décrites dans la section 2, développée a partir de simu-
lations et en considérant des jeux de données équivalents pour les deux méthodes. Cette
évaluation, outre la simple comparaison des deux approches, permet d’avoir un premier
apercu de l'impact possible des hétérogénéités de la région considérée sur les résultats
fournis par chacune des deux méthodes.

Enfin, les premiers résultats de simulation obtenus sont présentés et commentés, dans
un premier temps en considérant des possible régions parfaitement homogenes, puis en

mettant 1’accent sur les impacts de la présence d’hétérogénéités dans les régions étudiées.

Adaptation des formulations de vraisemblance
Cas de I'approche proposée

L’estimation commune du parametre  de la relation d'index de crue, et des parametres
(¢, a, k) de la loi GEV représentant la forme des distributions locales des débits, peut
étre mise en ceuvre assez simplement, mais nécessite une adaptation de I'expression de la
vraisemblance présentée dans 1’équation (3). La formulation qui a été utilisée dans la suite

du travail présenté ici est la suivante :
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¢, a, x),et les valeurs d’index de crue y; sur chaque site ne sont plus fixées a priori puisque
dépendantes du parametre p a estimer.

On peut également remarquer dans les deux premiers termes de 1’expression (7), que la
densité de probabilité fy (%) usuellement utilisée pour représenter des valeurs discretes de
débit a été remplacée ici par la probabilité d’observer une valeur dans un intervalle de £1%
autour de % A (1.01 * %) —F (0.09 * %) Cette modification s’est avérée nécessaire car
le rapport % étant décroissant en fonction du parametre g, la densité de probabilité f, (%)
croit en fonction de S, ce qui perturbe fortement le fonctionnement de 1’algorithme MCMC.
La valeur de la densité de probabilité n’est pas indépendante de l'ordre de grandeur des
débits réduits. L'algorithme d’optimisation MCMC conduit donc a une estimation biaisée
du parametre  (surestimation afin de maximiser la valeur des densités de probabilité) et
par conséquent des autres parametres calés. Afin d’éviter cet effet, la vraisemblance ne
doit comporter que des fonctions de répartition. A titre d’illustration, la figure 1 compare
les résultats de 1'estimation des parametres, selon 'expression de vraisemblance utilisée
(expression classique (3) ou modifiée (7)). Cette figure illustre tres clairement le biais d’es-
timation important de ce parametre et par conséquent des autres parametres lorsque la

vraisemblance repose sur l'expression (3).

Cas de I'approche de référence

Pour l'application de I’approche de référence d’'Hosking (1997), de fagcon a conserver des
formulations de vraisemblance homogenes entre les deux approches, la formulation de
vraisemblance qui a été utilisée par la suite correspond au premier terme de 1’'équation
(7). Néanmoins, dans ce dernier, cas le jeu de parametres a estimer se limite aux 3 para-
metres de la distribution GEV(¢, «, k), et les valeurs d’index de crue (estimées a partir des
moyennes locales) sont fixes :

((D]6) = f[ [ - [Fg (1.01 x f{é) —F (0.99 x ”?E(;))H 8)

i=1 [j=1
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FIGURE 1 — Comparaison des résultats d’estimation du parametre @ par 'algorithme MCMC, a partir d'un
jeu de données identiques, et suivant I'expression de vraisemblance utilisée : a) expression (3), et b) expression

(7).

Les résultats de 1'inférence statistique basée sur 1’expression 7 (ou 8) et sur I'expression

3 sont extrémement proches dans le cas de I'approche de référence.

Vérification de la convergence des algorithmes MCMC

Le recours a un algorithme MCMC pour l'estimation des parameétres 6, nécessite de vé-
rifier avec attention la bonne convergence de 1’algorithme, et ce a chaque application. Si
cette convergence posait rarement probleme dans le cas de I'approche de référence, ot
seuls les trois parametres de la distribution GEV sont a estimer, le passage a l'estimation
conjointe de 4 parametres avec 1’approche proposée est susceptible de poser des difficultés
de convergence bien plus importantes.

De fagon a pouvoir vérifier de fagon systématique cette convergence, le test de conver-
gence de |Gelman and Rubin| (1992) a été sélectionné. Ce test fait partie des plus couram-
ment utilisés, parmi les nombreux tests par ailleurs développés dans la littérature. Ce diag-
nostic est appliqué a chacun des parametres estimés, et basé sur une analyse de variance
de plusieurs chaines de Markov conduites en paralléele. Le test résulte dans le calcul d'un
coefficient R (rapport entre la variance des valeurs des parametres entre chaines et intra-
chaines), qui prend des valeurs significativement supérieures a 1 lorsqu’une absence de
convergence significative est détectée, et des valeurs proches de 1 lorsque la convergence
semble satisfaisante. Par la suite, une valeur seuil de 1.05 a été considérée comme repré-

sentative d’un niveau de convergence satisfaisant.
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0.3. Evaluation des deux approches a partir de simulations

La figure 2 présente 1’évolution des valeurs du coefficient R, pour des algorithmes
MCMC appliqués a un méme jeu de données, et en fonction du nombre d’itérations ef-
fectuées (de 40 000 a 300 000). Cette figure confirme d’une part que la convergence est
rapidement atteinte dans le cas de 'approche de référence (3 parametres a estimer). Dans
le cas de l'approche proposée, elle parait plus difficile a atteindre notamment pour un
nombre d’itérations inférieur a 60 0oo. En conséquence, dans la suite des résultats pré-
sentés, le nombre d’itérations des algorithmes appliqués a été fixé a 60 o0oo, et le test de
Gelman and Rubin| (1992) appliqué de facon systématique de facon a éliminer les cas de

convergence insatisfaisante.
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FIGURE 2 — Résultats du diagnostic de convergence de Gelman et Rubin’s appliqué a I'algorithme MCMC :

a) approche de référence; et b) approche proposée. Ces résultats correspondent aux séries jaugées de la région

de I’ Ardeéche

Principe général des simulations Monte Carlo
Cas d’échantillons homogenes

La procédure de simulations Monte Carlo développée pour l'évaluation comparative des
deux approches régionales (référence et proposée) consiste a générer 1000 jeux de données
régionales dont les caractéristiques (nombre et longueur des séries, surfaces des bassins
correspondantes) sont définies au préalable et peuvent par exemple correspondre a une
étude de cas a traiter. Les différentes séries de débits sont générées a partir d’une distribu-
tion régionale réduite et d’une relation d’index de crue toutes deux définies au préalable,
par exemple ajustées a partir des données réelles disponibles. La forme de la distribution
régionale considérée correspond ici systématiquement a une distribution GEV de para-
metres (Go, o, ko). La relation d’index de crue utilisée est celle présentée dans la section 2,
avec un parametre f.

Le cas de simulation le plus simple correspond a une région homogene. Dans ce cas,
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les échantillons de données générés respectent parfaitement la forme de la distribution
régionale des débits réduits, et de la relation d’index de crue (voir Figure 3). La procédure

de simulation est alors la suivante :

— une série de débits réduits g; ; est générée pour chaque site i de la région considérée.
La longueur n; (j=[1,..,n;]) de chacune de ces séries est celle fixée au préalable. Les dé-
bits réduits g; ; sont directement déduits de I'expression de la fonction de répartition

de la distribution GEV :

IXO K
=G0t |1 (~1og (F))"| ©)
Les probabilités de non dépassement F; étant générées par tirage aléatoire dans une
loi uniforme sur la plage [o,1],
— la série de chaque site i est ensuite remise a la bonne échelle en utilisant la relation

d’index de crue :

Qij = qij* 5530 (10)

Les deux approches d’analyse régionale ont ensuite appliquées a chacun des 1000
échantillons générés. La distribution a posteriori des parametres est estimée dans chaque
cas en appliquant l'algorithme Bayésiens MCMC, dont la bonne convergence est vérifiée
a partir du test de |(Gelman and Rubin! (1992)). Les résultats d’estimation sont ensuite com-
parés aux véritables distributions statistiques parentes des échantillons (notamment aux
valeurs des quantiles "vrais") : cette étape d’analyse des résultats sera présentée en détails

dans le paragraphes 0.3.4.

Introduction d’hétérogénéités dans la relation d’index de crue

L'hétérogénéité de la région considérée autour de la relation d'index de crue théorique a
été introduite de la fagon suivante dans les simulations effectuées : pour chaque site et
chaque échantillon simulé, la valeur théorique y; = Siﬁ de l'index de crue du site i a été
remplacée par une valeur aléatoire tirée dans une distribution log-normale de moyenne Siﬁ
et d’écart type § * S;, J étant successivement pris égal a 0.1 et 0.3. La figure 4 présente les
fluctuations correspondantes des valeurs d’index de crue y;, et leurs répercussion sur les

moyennes des échantillons générés sur chaque site.
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F1GURE 3 — Relation d’index de crue utilisée pour la génération d’échantillons régionaux simulés : a) cas d’une

région homogene, b) introduction d’hétérogénéités dans la relation d’'index de crue a partir d’une distribution

log-normale.
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FIGURE 4 — Dispersion des a) valeurs d’index de crue y;, et b) moyennes des échantillons simulés, associée a la

génération aléatoire des valeurs de y; a partir d'une distribution log-normale LN( Sf.3 , 0% Sf ). La simulation

présentée (nombre de sites, surfaces de bassins, longueurs des séries) correspond a la région de I" Ardeche.

Introduction d’hétérogénéités dans la forme des distributions locales

? ont élaboré un test d’homogénéité des distributions locales au sein d’une région fondé

sur les différences des valeurs des ratios de L-moments L¢ey et Lggepness €Stimées sur chacun

des sites de la région. Pour une série de débits triés par ordre croissant, (Q1, Qz,..,Qx), les

expressions des quatre premiers L-moments sont les suivantes, i étant le rang des données

dans 'ordre établi :
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1 n
M= 1 Z Qi (11)
n =1
/\2 = 71 i (Cl 1— Cl 1) Q (12)
- i— n— 1
2C2 =
1 v (2 1 1 2
Az = 303 )3 (Ci—l —2Ci1Cpq + Cnfl) Qi (13)
n =1
p— Z C 1 —3C1Ch1+3C1Cri —Chy) Qi (14)
4= 4Ch & i—1 i—1%n-1 i-1%n—-1 n—1) Ki 4
1=

Les ratios des L-moments se définissent de la fagon suivante : tp=A;/Aq est le Ley (L
coefficient de variation) ; t3 = A3/ A, est appelé Liouness ; €t ta = Ay/ Ay est appelé Ly iosis-
La mesure d’homogénéité d’'Hosking et Wallis est basée sur le calcul de Iécart type pon-
déré V des valeurs de Lcy calculées sur chaque site, pondérées par la longueur de chaque
série (cf. section 2.3.3 pour 'expression complete dans la chapitre 2). Les fluctuations de V
sont ensuite estimées a partir de 500 échantillons de caractéristiques similaires, simulées a
partir d’une distribution kappa ajustée aux données réelles (méthode des L-moments). La
distribution des valeurs de V obtenue est généralement proche d"une distribution normale
et est caractérisée par sa moyenne ¢y et son écart-type oy. La mesure d’hétérogénéité se
fait par le calcul du critere H; :
V—9v)

= (15)

La région pouvant étre jugée homogene si H;<1, et hétérogene si H; >3 (section 2.3.3 dans
la chapitre 2).

L’introduction d’hétérogénéités dans les distributions locales a également été réalisée
ici en se basant sur les L-moments : des valeurs de Lcy et Lggepness Ont été générées aléatoi-
rement, et ont été considérées comme représentatives de la forme de la distribution locale
pour chacun des sites de la région considérée. Cette procédure nécessite trois étapes sup-

plémentaires par rapport a la simulation de régions homogenes présentée au paragraphe

0.3.3:

— (i) I’évaluation de gammes de fluctuations raisonnables des valeurs de Lcy et Lgkepness,

et le choix d"une distribution aléatoire représentant ces fluctuations,
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— (ii) l'incorporation d’hétérogénéités, a partir de valeurs de Lcy et Lggoyness générées
aléatoirement, dans les distributions utilisées pour générer les échantillons locaux de
débits réduits,

— (iii) 'application du test d’homogénéité d ' Hosking et Wallis décrit ci-dessus a chaque

échantillon généré, permettant de filtrer en partie de I’hétérogénéité produite.

L'étape (i) a été réalisée en simulant 10 000 séries d’observations locales a partir de la
distribution "moyenne", représentative d"une région homogene. Les fluctuations de valeurs
de Lcy et Lggewness €stimées sur ces échantillons, dues a la variabilité d’échantillonnage,
ont ensuite été observées, pour des échantillons incluant successivement n= 40 puis n= 20
observations, de fagon a obtenir deux niveaux de dispersion différents des valeurs de L-
moments. La figure 5 illustre la dispersion des 10 000 couples (Lcvy, Lskewness) Obtenus dans
chaque cas. Cette figure laisse apparaitre la nette corrélation existante entre les deux valeurs
de L-moments. L'ajustement d’une distribution normale bivariée a chacun de ces deux
nuages de points permet finalement de générer aléatoirement des couples (Lcy, Lskewness)

ayant des fluctuations équivalentes, comme en témoigne la figure 6.
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FIGURE 5 — Dispersion des valeurs de Loy et Lggeness €Stimées sur 10 ooo échantillons simulés d'une
longueur de : a) n= 4o ans, et b) n= 20 ans. Les échantillons ont été simulés a partir d’'une distribution GEV
donc les parametres Go= 3.34, ko= 2.24, et ko= -0.16, correspondent a ceux identifiés pour I'étude de cas de

I"Ardeche.

L’étape (ii) a ensuite été réalisée en générant aléatoirement, pour chaque série locale a
simuler, un couple de valeurs de (Lcy, Lskewness) @ partir de la distribution normale bivariée
ajustée a I’étape (i). Les parametres de la distribution GEV appliquée pour générer la série

ont été directement déduits des valeurs de Ly et L ou Lggopness Obtenues.
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FIGURE 6 — Dispersion des valeurs Ly et Lggouness Simulées a partir de distributions normales bivariées
ajustées sur les données présentées sur la figure 5. Chaque nuage de points inclut 5000 valeurs. a) distribution
normale bivariée ajustée sur les échantillons de durée n= 40 ans (Fig 5.a avec les parametres de la loi normale
bivariée de moyenne ¢r.,= 0.267, ¢1,= 0.363, d'écart-type o1 .,= 0.076, 01 .,= 0.035, et coefficient de
corrélation po= 0.668), et b) distribution normale bivariée ajustée sur les échantillons de durée n= 20 ans (Fig

5.b avec @1 ,= 0.259, @1, = 0.361, 0 .,= 0.109, 01 -, = 0.051, et Py= 0.660).

Les valeurs des parametres (§;, «;, ;) de la distribution GEV utilisée pour simuler les
séries de débits réduits sur le site i ont ensuite été directement estimés sur la base des
valeurs de Lcy—; et Lgewness—i, €n considérant une valeur attendue moyenne ¢, identique

a celle de la courbe de référence :

0o(T(1+x)—1)
Ko

9q = o+ (16)

Il n’existe pas de solution explicite pour estimer «;, a I'aide de (¢4, Lcv—i, Lca—i) mais

les approximations suivantes ont une précision supérieure a 9 * 10~* pour -0.5<Lc4_;<0.5

2 log2
ki = 7.8590 % ¢ 4 2.9554 % ¢ avec ¢ = 3T Lo lz; (17)
Les autres parametres sont donnés par :
o (Pq:' * LCVfi * Ki
0‘1 - (1 _ ZK]_) * r (1 + Kl') (18)
aix (1 =T (14+x;
Ci =g — — ( L)) (19)

Ki
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Finalement, la production de séries de débits réduits au site i est effectuée de la méme
maniere que dans le cas de régions homogenes mais est, dans le cas présent, basée sur les

valeurs des parametres ¢;, a;, «; :

G =G+ [1- (~log ()] (20)

Il est important de remarquer que les hétérogénéités ainsi introduites ne peuvent étre
que partiellement filtrées par la mesure d’homogénéité H; proposée par Hosking et Wallis
(1993), puisqu’elles peuvent étre expliquées par la variabilité d’échantillonnage. De facon a
effectuer des simulations aussi réalistes que possible, cette mesure a été systématiquement
calculée pour chacun des échantillons de données régionales simulés (étape iii). Sur la
base des résultats obtenus, les trois situations d’hétérogénéité suivantes ont finalement été

prises en compte (cf. Figure 7) :

— Cas 1 : ce cas correspond a des jeux de données régionales homogenes (échantillons
générés a partir d'une distribution GEV unique). Dans ce cas, seuls les échantillons
avec une valeur H; < 1 ont été sélectionnés,

— Cas 2: ce cas correspond a un niveau d’hétérogénéité limitée (fluctuations des valeurs
de Lcy et Lgkewness correspondant a des échantillons de n= 40 ans) : les échantillons
ayant une valeur H; < 2 ont été sélectionnés ,

— Cas 3 : ce cas correspond a des données tres hétérogenes (fluctuations des valeurs
de Lcy et Lggewness correspondant a des échantillons de n= 20 ans), dans ce cas les

échantillons ayant une valeur H; < 3 ont été conservés.
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FIGURE 7 — Histogramme des valeurs de Hy des échantillons régionaux sélectionnés, pour les trois niveaux
d’hétérogénéité considérés : a) Cas 1 : échantillons homogenes, 827/1000 échantillons sélectionnés en fonction
d’une seuil Hy < 1, b) Cas 2 : échantillons avec hétérogénéité limitée, 826/1000 échantillons choisis en
fonction d'un seuil Hy < 2, et ¢) Cas 3 : échantillons avec une forte hétérogénéité, 851/1000 échantillons

choisis en fonction d'un seuil Hy < 3.
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0.3.4

Introduction d’hétérogénéités dans la relation d’'index de crue et dans les formes de

distributions locales

La procédure de simulation présentée ici inclut simultanément l'incorporation d’hétéro-
généités sur la forme des distributions locales et sur la relation d’index de crue. Cette
procédure a été appliquée aux deux études de cas présentées dans la section 0.4, de fagcon
a avoir un aperc¢u des impacts possibles des hétérogénéités supposées au sein de chacune
de ces régions.

La procédure de simulations reste similaire a ce qui a été décrit précédemment. Elle

peut étre résumée de la fagon suivante :

— étalonnage d’une distribution normale bivariée qui sera utilisée pour l'introduction
des hétérogénéités sur les formes de distributions locales,

— la génération de la série des débits réduits sur chaque site de la région, en intégrant
I'hétérogénéité sur les courbes de croissance utilisées sur chaque site,

— remise a l’échelle de chaque série locale réduite avec introduction d’hétérogénéité
dans la relation d’index de crue (= 0.1),

— application du test d’homogénéité d’Hosking et Wallis et suppression de tous les

échantillons identifiés comme hétérogenes, suivant le principe décrit au paragraphe

0.3.3.

Modalités d’analyse des résultats de simulations

Les deux approches de régionalisation décrites dans la section 0.2 ont été appliquées a
chaque échantillon de données simulé, en vérifiant dans chaque cas la bonne convergence
des algorithmes MCMC. Les résultats obtenus ont dans chaque cas été interprétés selon les

modalités décrites ci-apres.

Qualité d’estimation des quantiles

Le mode de la distribution a posteriori (ou maximum de vraisemblance) sur le quantile
centennal QAZ(TI;/)IL (T=100) et l'intervalle de crédibilité a 9go% correspondant [Qg), Qfg%] ont
été calculés pour chaque site au sein de la région considérée. Le résultat final est un jeu
de 1000 valeurs (ou un peu moins lorsque le test d’homogénéité d"Hosking et Wallis est
appliqué) de débits centennaux estimés avec dans chaque cas l'intervalle de crédibilité a

90% associé. La qualité des estimations obtenues est vérifiée en examinant la dispersion
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des valeurs estimées autour de la valeur vraie du quantile centennal de chaque site QET)

(cf. Figure 4 par exemple).

Vérification de la validité des intervalles de crédibilité a 90%

Cette vérification a été effectuée en calculant la position du quantile "vrai" centennal QZ(T)

sein de chacune des distributions a posteriori estimées : PQ@ (Qm). Si les distributions a

1
posteriori E oM sont correctement estimées, les valeurs de ﬁQm (Qm

; ) obtenues doit étre

distribuées uniformément sur les 1000 simulations effectuées.

dj

a)

L J
L J

F1GURE 8 — Exemples de distributions possibles des valeurs de ﬁQET) (QZ(T)), et interprétations correspon-
dantes : a) estimation parfaite, b) estimation biaisée du quantile (surestimation), c) limites de crédibilité

estimées trop rapprochées, et d) limites de crédibilité estimées trop éloignées.

La figure 8 présente quelques exemples des distributions de ﬁle (QI(T)) qui peuvent
étre obtenues ainsi que l'interprétation correspondante en termes de qualité de I’estimation.
Quelques-uns des résultats obtenus montrent une tendance a sous-estimer la variance
des distributions a posteriori (cf. Figure 8.c) : limites de crédibilité estimées trop rappro-
chées). Dans ces cas, des distributions plus dispersées ﬁgi(sf; ont été générées, en gardant la
méme médiane, mais avec un écart type multiplié par un ,facteur m=(1.2; 1.4; 1.6; 1.8). Ceci

est obtenu en appliquant la formule suivante pour chaque valeur estimée QZ(T) :

QE};BSP =m* (QAET) — median (QAI(T))) + median (QAZ(T)) (21)
La valeur de m permettant d’aboutir a une distribution uniforme des valeurs
péisy <Q(T)> permet d’avoir une idée du niveau de sous-estimation de la largeur des in-

o \~i
tervalles de crédibilité.
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0.3.5 Résultats des simulations
Cas de régions homogeénes

Les simulations présentées ici correspondent & une région dont les caractéristiques (lon-
gueur des séries, nombre de sites et surfaces associées) sont celles rencontrées lors de
I'étude de cas de I’Ardéche. Les séries simulées incluent donc 168 années-stations réparties
sur 5 sites. Elles ont été générées a partir d'une distribution GEV régionale et d"une relation
d’index de crue toutes deux ajustées a partir des données réelles disponibles dans la région
de I’Ardeéche : = 3.34, a= 2.24, k= -0.16 pour la distribution régionale réduite, = 0.76 la
relation d’index de crue.

Les figure g et figure 10 synthétisent les résultats des simulations réalisées sans intro-
duire d'hétérogénéités dans les séries régionales générées. Ces figures révelent la similitude
globale des estimations obtenues entre les deux approches d’analyse régionale (référence
et proposée), en particulier pour les surfaces de bassins versant les plus grandes : les fluc-
tuations des valeurs de quantiles estimées Qg/)m sont équivalentes, et les largeurs des inter-
valles de crédibilité sont proches. En revanche, les tendances observées pour la distribution
régionale réduite (RGC) s’averent tres différentes. Le débit centennal estimé est moins dis-
persé que les estimations locales et les intervalles de crédibilité sont relativement resserrés
dans le cas de l'approche de référence d’Hosking et Wallis. Avec I'approche proposée, la
valeur estimée est au contraire tres fluctuante et les intervalles de crédibilité nettement plus
larges.

Ces différences ont plusieurs explications. Dans le cas de I’approche proposée, I'équa-
tion (2) montre que la valeur du parametre  influe sur 1'ordre de grandeur de l'index
de crue p; et donc sur celui des débits régionaux réduits g; ;. De ce fait, la calibration de
la relation d’index de crue induit une incertitude sur 1'ordre de grandeur de la distribu-
tion régionale réduite estimée (qui correspond ici a une surface de 1 km?). Cet effet est ici
accentué par l'absence d’observations disponibles pour des surfaces proches de 1 km?, la
gamme d’observations couvrant la plage de surfaces 63-2240 km?. L'incertitude sur I'ordre
de grandeur des débits régionaux réduits est partiellement compensée lors du retour aux
estimations locales car les débits réduits sont alors remultipliés par les index de crue y; es-
timés. Toutefois, I'équation (2) montre également que les valeurs de y; sont plus sensibles
au parametre  pour les grands bassins : autrement dit, les données correspondant aux
bassins de grandes surfaces ont plus de poids dans la détermination de p. Ceci explique
que l'effet d'incertitude observé sur la loi régionale réduite reste partiellement présent pour

les petites surfaces (voir le cas du bassin de 63 km?). En ce qui concerne I'approche de ré-
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férence, on peut remarquer, contrairement a l'approche proposée, que les fluctuations du
débit centennal sont moins importantes pour la distribution régionale réduite que pour
les estimations locales. Ceci peut étre attribué aux erreurs réalisées lors de 'estimation de
I'index de crue sur chaque site a partir de la moyenne des observations locales, erreurs qui
se compensent vraisemblablement au sein de I’échantillon régional réduit.

Les figure 11 et figure 12 présentent 1’évaluation des distributions a posteriori calculées

N

F oM L’approche de référence (Figure 11) conduit globalement a sous-estimer la largeur
des intervalles de crédibilité calculés. Cet effet de sous-estimation n’est pas présent pour
la distribution régionale réduite (pour laquelle les largeurs d’intervalles sont plutdt sur-
estimées), mais il est tres net pour les différents sites jaugés. Cette sous-estimation est la
encore liée a l'incertitude d’estimation de 1'index de crue (espérance de chaque série es-
timée par sa moyenne), source d’incertitude qui n’est pas prise en compte dans le calcul
des intervalles. Le calcul des distributions ﬁgi(sf; avec m= 1.2 (Figures 11.d et 11.e) montre
que cette sous-estimation est de ’ordre de 20% dans le cas présenté. Toutefois, cet effet est
d’autant plus marqué que les séries concernées sont de faible longueur (voir figure 8 dans
la paragraphe 0.3.4). La figure 12, pour sa part, montre qu’avec I'approche proposée 1'effet
d’incertitude observé pour les petites surfaces s’accompagne d’un biais d’estimation signi-
ficatif (tendance a la sous-estimation du quantile réel). En revanche, avec cette approche les

intervalles de crédibilité sont estimés de fagon tout a fait satisfaisante des que les surfaces

considérées augmentent.
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FIGURE 9 — Dispersion des valeurs du débit centennal estimé QS&OL) (respectivement ﬁf\}l%o) pour la distribu-
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quantile centennal Ql(mo) (ou (109)),
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FIGURE 12 — Distribution des valeurs de F 0100 ( ngloo) ) (ou ﬁq(wg) (q1199)) dans le cas de la distribution régio-
nale réduite) estimées pour les 1000 échantillons simulés, dans le cas de I'approche proposée : a) distribution

régionale réduite (S= 1 km?), b) S= 63 km?, ¢) S= 2240 km?.

Influence de la longueur des séries considérées

Ce paragraphe présente une simulation complémentaire a la précédente et vise a mieux
illustrer I'influence de la longueur des séries locales d’enregistrements sein de la région
considérée. La taille des basins versants et la forme des distributions locales considérés
sont identiques au cas présenté précédemment, mais le nombre d’observations disponibles
sur chaque site a été fixé a 88 pour le bassin de 63 km?, et respectivement a 40, 25, 10,
et 5 observations pour les bassins de 392, 507, 636, et 2240 km?. Le nombre total d’ob-
servations disponibles dans 1’échantillon régional (168) est donc le méme que dans le cas
initial. Néanmoins, dans ce cas le faible effectif des observations présentes sur les basins
de grande surface a un double effet : il limite la précision d’estimation de la moyenne sur
les sites concernés, et il limite également le poids des bassins de grande surface dans la
calibration de la relation d’index de crue.

Les résultats obtenus sont présentés sur les figures 3.13 and 3.14. Ils conferment 1’ana-
lyse issue des tests initiaux. Avec l'approche de référence, la dispersion des estimations

locales QZ ML et des intervalles de crédibilité associés [Q11500 , nggo

] augmente avec la di-
minution de la longueur des séries disponibles, en raison de la plus grande incertitude
d’estimation de la moyenne locale. En parallele, la sous-estimation de la dispersion des
distributions a posteriori E Q1) augmente fortement.

Avec l'approche proposée, la dispersion des estimations Qfﬁ? et des intervalles de
crédibilité [Q (100) * (5(100)

4 Q195

surfaces les plus importantes car 1'estimation du parametre f et des valeurs d’index de

] tend a diminuer pour les petites surfaces, et augmente pour les

crue correspondante est moins dépendante des observations présentes sur ces bassins de

grande surface.
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Cas d’hétérogénéités dans la relation d’index de crue

La figure 15 illustre 'effet d’une hétérogénéité des séries simulées autour de la relation
d’index de crue théorique. Les simulations présentées ici correspondent a une région dont
les caractéristiques sont identiques a celle présentée au paragraphe 0.4.2 (la région de I’Ar-
deche).

Les résultats fournis par 1’'approche de référence, qui ne repose pas sur cette relation
d’index de crue, restent logiquement inchangés. Avec 1’approche proposée, cette hétérogé-
néité a pour effet un élargissement général des intervalles de crédibilité qui s’accompagne
d’un effet de biais plus marqué (tendance nette a la surestimation des valeurs des quantiles
touchant cette fois 'ensemble des surfaces). Si ces effets restent faibles dans le cas d’une
hétérogénéité modérée (6= 0.1), ils deviennent beaucoup plus importants en cas d’hétéro-
généité forte (6= 0.3).
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F1GURE 15 — Dispersion des valeurs du débit centennal estimé Ql(ll\(/)loL) (respectivement 075\}[%0)

bution régionale réduite), et des bornes des intervalles de crédibilité @ 90% [ QA%OO), leggo)

de 1000 échantillons régionaux simulés et présentant une hétérogénéité de la relation d’index de crue : a)

pour la distri-

1, calculés a partir

approche de référence (Hosking1997) avec = 0.1, b) approche proposée avec d= 0.1, c) approche de référence
(Hosking1997) avec 6= 0.3, d) approche proposée avec d= 0.3. L'ensemble des valeurs présentées sont divisées

par la valeur réelle du quantile centennal QElOO) (ou q(109)),
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Cas d’hétérogénéités dans les courbes de croissances locales

Les caractéristiques de la région considérée ici differe de ce qui a été présenté aux para-
graphes précédents : la région inclut ici 5 bassin versants jaugés d'une surface identique
de 1 km?, avec dans chaque cas une longueur d’enregistrements de 30 ans (soit 150 ans
au total pour les 5 sites considérés). Dans ce cas précis, I'approche proposée ne nécessite
pas (et ne permet pas) la calibration de la relation d’index de crue, les séries constituant
la région étant déja ramenées a une surface unitaire de 1 km?. Les résultats présentés ici
correspondent donc simplement a I’estimation de la courbe de croissance régionale (para-
metres ¢, «, et k), et s’affranchissent des incertitudes associées a 1’estimation de la relation
d’index de crue. Pour l'approche de référence d’'Hosking et Wallis, chaque série générée
est divisée par sa moyenne pour étre correctement redimensionnée et pour permettre a la
distribution régionale correspondante d’étre estimée.

(100)
M

La figure 16 présente la dispersion des quantiles estimés 4;,,, et des intervalles de

crédibilité associés [1#1500) , 451905(’)] obtenus avec les deux approches régionales (approche
de référence et approche proposée) et dans les trois cas d’hétérogénéité des distributions

locales présentés au paragraphe 0.3.3 :

— Le cas 1 correspond a une région homogeéne, avec sélection des échantillons ayant
une valeur H; <1 (827/1000),

— Le cas 2 correspond a une hétérogénéité limitée (dispersion des Lcy et Lgkepess COT-
respondant a des séries d’'une durée de 40 ans), avec sélection des échantillons ayant
une valeur H; < 2 (826/1000),

— Enfin, le cas 3 correspond a des données tres hétérogenes (dispersion des Lcy et
Liskewness correspondant a des séries d'une durée de 20 ans), et a un seuil H; < 3 pour

les échantillons sélectionnés (851/1000).

Ces résultats illustrent de fagon tres claire les effets significatifs de la présence d’hété-
rogénéités dans la forme des distributions locales constituant la région : (i) les quantiles
estimés deviennent plus dispersés autour du quantile réel, (ii) la dispersion affecte aussi

100)  A(100

les limites de crédibilité [‘?55 + §i o5 )] et la largeur des intervalles de crédibilité augmente.

Ces résultats restent relativement similaires quelle que soit I’approche de régionalisation
adoptée.
La figure 17 montre par ailleurs que la dispersion des distributions a posteriori es-

timées (largeur des intervalles de crédibilité) devient rapidement sous-estimée de fagcon
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importante, y compris pour un niveau d’hétérogénéité intermédiaire (cas 2). D’apres la fi-
gure 18 qui présente les distributions de valeurs de I:“gl(slf;o) (ngloo))’ la sous-estimation atteint,

1

avec l’approche proposée, environ 60% dans le cas 2 et 80% dans le cas 3. Elle est encore
plus importante avec 1’approche de référence : Ceci est tout a fait logique puisque cette

approche de référence reste affectée par I’estimation de la moyenne de chaque série.
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FIGURE 16 — Dispersion des valeurs du débit centennal estimé §

a90% [ 571(1500), 17519%0)], pour plusieurs niveaux d’hétérogénéité des distributions locales constituant la région :

a) approche de référence, et b) approche proposée. Toutes les valeurs présentées ont été divisées par la valeur
(100)

réelle du quantile centennal q,

Conclusions partielles

Cette section a permis de comparer les performances respectives des deux approches d’ana-
lyse régionale des crues décrites dans la section 0.2 (approche de référence d’'Hosking et
approche proposée), dans un contexte ott les données impliquées dans 1’analyse sont iden-
tiques et se limitent a des séries jaugées aux stations hydrométriques.

Une procédure de simulations Monte Carlo a été mise en place de facon a (i) comparer
la précision d’estimations des quantiles de crue obtenues avec les deux approches, et (ii)
évaluer la pertinence des intervalles de crédibilité a 9o% obtenus avec 1'approche Bayé-
sienne MCMC, et (iii) évaluer la sensibilité de ces résultats a la présence d’hétérogénéités
dans les régions considérées. Deux types d’hétérogénéités ont été distingués : hétérogé-
néité autour de la relation d’index de crue théorique, et hétérogénéité de la forme des
distributions locales.

Les résultats de simulations obtenus permettent d’identifier de fagon tres claire les fai-
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blesses de chacune des deux approches étudiées. L'approche de référence d'Hosking et
Wallis montre une réelle sensibilité a la longueur des séries locales disponibles : des séries
trop courtes (moins de 40 ans d’observation) génerent une incertitude sur l'estimation de
I'index de crue (moyenne des observations). Cette incertitude se répercute directement sur
la précision d’estimations des quantiles et génere également une sous-estimation de lar-
geur des intervalles de crédibilité calculés. De son co6té, I'approche proposée montre une
certaine sensibilité a la surface des bassins versants considérés : les bassins de petite sur-
face ont moins de poids dans la détermination de la relation d’index de crue, ce qui a pour
effet d’augmenter l'incertitude d’estimation pour ces bassins. Cette incertitude est assortie
d’un biais d’estimation (tendance a la surestimation des quantiles), qui touche également
les intervalles de crédibilité. Cet effet reste néanmoins modéré dans la gamme des surfaces
jaugées, et devient nettement plus marquée pour les tres petites surfaces (par exemple pour
une surface de 1 km? correspondant a la distribution régionale réduite). Dés que les sur-
faces des bassins deviennent plus significatives (plus de 100 km? dans le cas présenté), cet
effet disparait presque totalement et les intervalles de crédibilité s’averent alors parfaite-
ment estimés. Finalement, dans les cas présentés ici ol les séries locales considérées ont
une longueur d’environ 30 ans en moyenne, le recours a la relation d’index de crue, appa-
rait comme un facteur de stabilisation plus qu’un facteur d’incertitude, et semble conduire
a une meilleure qualité d’estimation. C’est un résultat inattendu et qui plaide en faveur de
I"approche proposée méme lorsque seules des données mesurées sur des sites jaugés sont
analysées.

L'introduction d’hétérogénéités dans la relation d’index de crue tend d’une fagon gé-
nérale a dégrader la qualité d’estimation obtenue. En ce qui concerne les hétérogénéités
autour de la relation d'index de crue, de fagon assez logique 1'approche de référence ne
se montre pas sensible a ce type d’hétérogénéité, alors que 1’approche proposée peut étre
significativement affectée : augmentation de l'incertitude d’estimation des quantiles et ap-
parition d’un biais (surestimation). Ces effets restent néanmoins limités si 1'hétérogénéité
est modérée (cas d'un écart-type de 10% autour de la relation théorique).

L'introduction d’hétérogénéité dans la forme des distributions locales apparait nette-
ment plus problématique. Les deux approches sont alors affectées avec des effets similaires :
nette dégradation de la qualité des estimations, associée a une importante sous-estimation
de la largeur des intervalles de crédibilité (dispersion des distributions a posteriori). La

question de ’homogénéité des distributions locales apparait comme une limite potentielle
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0.4

0.4.1

importante des deux approches régionales présentées, car cette homogénéité ne peut jamais
étre garantie dans les études de cas réelles.

Enfin, il est également important de rappeler que les résultats présentés ici reposent
sur une autre hypotheése qui ne peut pas jamais étre vérifiée dans la réalité : celle d"une
parfaite adéquation entre les observations aléatoires étudiées et la distribution statistique
proposée pour représenter ces observations (ici une distribution GEV). Les résultats pro-
duits dans ce section restent par conséquent des résultats théoriques, et c’est pourquoi il

s’avere important de les mettre a ’épreuve d’études de cas réelles.

APPLICATION A DES ETUDES DE CAS

Introduction

Dans dans la section qui précede, les deux méthodes d’analyse régionale étudiées ont été
comparées a partir de données simulées correspondant a des séries d’enregistrements de
stations hydrométriques. Ce nouveau section vise désormais a évaluer les deux méthodes
dans un contexte d’études de cas réelles, et pour lesquelles des données relatives a des crues
extrémes, parfois recensées sur des sites non-jaugés, sont disponibles. Les deux méthodes
ne seront donc plus évaluées ici sur la base de jeux de données identiques, mais a partir
des données réellement mobilisables dans chaque cas.

Deux études de cas seront présentées : elles correspondent a la région de I’Ardeche
(déja étudiée par Gaume et al.| (2010)), et a celle du Var, dans le sud de la France. Dans
chaque cas, une partie de I'information disponible sur les crues extrémes correspond a des
crues historiques identifiées sur les sites jaugés de la région (crue ayant précédé la période
d’enregistrement continu). L’analyse menée a été volontairement ciblée sur ces sites, ce qui
a permis de comparer les deux approches d’analyse régionale qui nous intéressent a une
approche purement locale mobilisant ces données historiques. Dans chaque cas, apres une
délimitation attentive des contours des régions pouvant étre considérées comme suffisam-
ment homogenes et la sélection des données correspondantes, I’analyse a été menée de la
fagon suivante :

— dans un premier temps les méthodes ont été appliquées aux différents jeux de don-
nées disponibles de facon a déterminer une gamme de valeurs raisonnables des pa-
rametres du modele statistique a appliquer pour les simulations,

— sur la base du modele statistique déterminé, des simulations ont été conduites sui-

vant le principe présenté au paragraphe 0.3.3, en considérant des jeux de données de
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caractéristiques identiques a ceux réellement disponibles. Ces simulations ont permis
d’évaluer les performances théoriques de chaque approche au regard de la nature
des données disponibles, et également d’évaluer la pertinence des intervalles de cré-
dibilité évalués a 1’aide de I'approche Bayésienne MCMC,
— les résultats fournis par les différentes approches a partir des jeux de données réels
ont ensuite été analysés au regard des résultats de simulations qui précedent.
La suite de cette section est organisée en deux parties : dans un premier temps les jeux
de données et le travail de délimitation et d’analyse d’homogénéité des deux régions étu-
diées est présenté, dans une deuxieme partie, les résultats de simulations et de ’application

des différents approches aux données réelles sont présentés.

Présentation des deux études de cas
La région de I’Ardeéche :

Cette étude de cas a déja été utilisée par Gaume et al. (2010) pour les tests initiaux de
la méthode proposée. Elle offre ’avantage de disposer d’un inventaire de crues extrémes
réalisé dans le cadre du programme Européen Hydrate Gaume et al| (2009), et présente
par conséquent une opportunité intéressante de comparer les deux méthodes d’analyse

régionale étudiées ici.
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FIGURE 19 — Localisation des sites constituent la région Ardeche étudiée.
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(i) séries hydrométriques disponibles

Le jeu de données régionales constitué repose sur 5 stations hydrométriques qui ont été
sélectionnées pour la qualité et la continuité de leurs enregistrements, ainsi que la longueur
des séries correspondantes. Ces stations se situent sur les bassins versants principaux de
I’Ardeche (2380 km?) et de I’Eyrieux (860 km?), leur situation est indiquée sur la figure 19.
L’échantillon régional ainsi constitué inclut 168 années-station d’enregistrements, réparties
sur les 5 sites. Les surfaces des bassins versants des sites jaugés varient de 63 a 2240 km?,
et les longueurs des séries d’enregistrements locaux sont relativement homogenes, de 27 a
43 ans (cf. Tableau 1).

TaBLE 1 — Caractéristiques des séries hydrométriques sélectionnées dans la région de I’ Ardéche.

Station Riviere | Période couverte | NP (années) | S (km?)
Beauvene Eyrieux 1969-1998 30 392
Vogue Ardeche 1966-2003 38 636
Chambonas | Chassezac 1971-1997 27 507
Saint Laurent Borne 1968-1997 30 63
Saint Martin | Ardeche 1963-2005 43 2240

(ii) Homogénéité des distributions locales

L’homogénéité des distributions au sein de cette région a été testée en utilisant la me-
sure d’hétérogénéité définie par [Hosking and Wallis| (1997). La valeur H; obtenue est de
2.7, ce qui suggere que la région est "peut étre hétérogene". Toutefois, les distributions em-
piriques des séries locales disponibles ne paraissent pas tres significativement différentes,
en dehors de celle de Saint Laurent qui présente une valeur forte pouvant étre considérée
comme un horsain a ce stade de 'analyse et de Beauvéne sur I'Eyrieux (station située la
plus au nord) présentant des débits normés plus faibles sans que l'écart par rapport aux
autres séries soit réellement trés important. En conséquence, ’hypothese d’homogénéité
des distributions des 5 sites jaugés constituant la région a été retenue pour la suite de
I'analyse.

(iii) Homogénéité de la relation d’index de crue

En ce qui concerne ’homogénéité de la relation d’index de crue, la comparaison des
moyennes des séries jaugées a celles issues du meilleur modele statistique utilisant cette
relation d’index de crue (voir Figure 21), montre que les écarts constatés sont dans 'en-
semble explicables par une simple fluctuation d’échantillonnage. Seul le site de I'Eyrieux

s’écarte de fagon un peu plus significative de la relation moyenne. Pour cette raison, une
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FIGURE 20 — Distributions empiriques des 5 séries jaugées de la région Ardeche. a) valeurs des débits divisées

par la moyenne de chaque série, et b) valeurs des débits normées en utilisant la relation d’index de crue S°7°.

hétérogénéité modérée de la région a été considérée dans les simulations présentées au

paragraphe 0.3.5.
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F1GURE 21 — Comparaison des moyennes des séries jaugées et des moyennes associées de 1000 échantillons
simulés (méme surface et longueur d’observation) a partir du modele régional optimisé (distribution GEV et
la relation d’index de crue) : les intervalles correspondent aux fluctuations a 90% des valeurs des moyennes

des échantillons simulés.

(iv) Données disponibles sur les crues extrémes
Les séries hydrométriques de cette région sont complétées par un jeu de 18 crues ex-

trémes, chacune de ces crues pouvant étre considérée comme la plus forte observée sur les
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50 derniéres années. Parmi ces crues, 4 correspondent a des sites jaugés, et correspondant
dans ce cas a la plus forte crue connue sur les 50 années précédant les enregistrements
hydrométriques. L'ensemble de ces données sont synthétisées dans le tableau 2.

TABLE 2 — Détail des crues extrémes de la région Ardeche connues pour étre les plus fortes observées sur les

50 derniéres années (ou les 50 années ayant précédé la période d’enregistrement hydrométrigues).

Location Riviere Date Q (m3/s) | S (km?) | Période

associée
Pont de Rolandy Ardeche | 22/09/1992 1150 150 50
Aubenas Ardeche | 26/09/1992 2200 480 50
Sauze St.Martin Ardeche | 30/09/1958 4500 2240 50
Rosieres Beaune | 04/10/1958 1820 210 50
Joyeuse Beaune | 30/09/1958 1000 100 50
Chambon Borne 30/09/1958 100 11 50
Vans Boudaric | 03/11/1989 130 6 50
Burzet Bourges | 22/09/1992 350 47 50
Chambonas Chassezac | 21/09/1980 3360 510 50
Dorne Dorne 1963 630 78 50
Lamastre Doux 03/08/1963 970 242 50
Pont de Cesar Doux 03/08/1963 1500 635 50
Barrage des Collanges | Eyrieux 1963 1685 343 50
Meyras Fontoliere | 22/09/1992 900 130 50
Meysee Lavezon | 30/09/1960 500 56 50
Rieut ord Loire 01/09/1992 444 62 50
Pouzin Ouveze | 10/08/1967 700 140 50
Saliouse Saliouse 1980 300 61 50

La région du Var:

La région du Var est également située dans le sud-est de la France. Cette région com-
prend cinq cours d’eau cdtiers principaux : Argens, Gapeau, Giscle, Siagnole, et Grenouiller.
Parmi eux, I’Argens a de loin le plus grand bassin versant, bassin qui inclut plusieurs af-
fluents notables : le Caramy, l'Issole, le Cauron, le Reyran, I’Aille, et la Nartuby. Cette

région présente la particularité d’avoir été touchée en 2010 par une crue de forte intensité,
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dépassant nettement 'ensemble des crues enregistrées dans les séries hydrométriques, et
dont la période de retour s’avere de ce fait délicate a évaluer.

(i) séries hydrométriques disponibles

Les séries hydrométriques disponibles dans la région comprennent 472 observations
réparties sur 17 sites jaugés. Bien que certaines de ces séries aient une longueur tres li-
mitée (Cogolin, Cabasse, Carces), la plupart d’entre elles offrent une durée d’observation

d’environ 30 ans (voir Tableau 3). Les tailles de bassins versants varient de 44 a 2530 km?.
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FIGURE 22 — Localisation des stations hydrométriques présentes dans la région du Var étudiée.

(ii) Homogénéité des distributions locales

La mesure d'hétérogénéité définie par Hosking and Wallis| (1997) indique que la région

est hétérogene lorsque les 17 sites jaugés sont tous pris en compte (H;= 3.78). Par ailleurs, la
forme des distributions empiriques locales, non présentée ici, confirme cette hétérogénéité.
Sur la base de ce résultat, la région a donc été divisée en deux parties : (i) la partie nord,
incluant 9 sites jaugés et (ii) la partie cotiere, incluant 8 sites jaugées. Dans la partie cotiere,
la valeur H; indique toujours une hétérogénéité significative (H;= 3). La partie nord de la
région semble en revanche présenter un niveau d’homogénéité acceptable (H;= 1.5). Par
conséquent, seule cette partie nord de la région a été examinée ci-apres.
(iii) Homogénéité de la relation d’index de crue

La figure 23.a montre que deux des sites présents dans la partie nord s’écartent tres si-
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TABLE 3 — Caractéristiques des séries hydrométriques disponibles dans la région du Var.

Région Station Riviere Période couverte | NP (années) | S (km?)
Bars Cauron 1975-2003 29 154
Chateauvert Argens 1972-2003 32 485
Vins Caramy 1972-2003 32 215
Cabasse Issole 1975-1988 13 223
partie nord Carces Argens 1989-2000 12 1181
Arcs Argens 1969-2003 35 1730
Trans-en-Provence Nartuby 1970-2003 34 190
Roquebrune Argens 1972-2003 32 2530
Mons Siagnole 1980-2009 30 87
Sollies-Pont Gapeau 1968-2003 36 169
Crau Real Martin 1984-2003 20 277
Hyeres Gapeau 1971-2003 33 517
partie cotiere Lavandou Mole 1969-2000 32 444
Vidauban Aille 1971-2003 33 229
Cogolin Giscle 1985-2003 16 65.8
Frejus Reyran 1970-1991 22 71
Saint Raphael Grenouiller 1970-2000 31 48

gnificativement de la relation d'index de crue calibrée : les moyennes des échantillons cor-

respondants, en effet, ne semblent pas étre expliquées par une simple fluctuation d’échan-

tillonnage. Les sites concernés sont Bras (154 km?) et Chateauvert (485 km?) qui corres-

pondent a la partie amont (nord-ouest) du bassin versant de 1’Argens. Par conséquent,

deux régions différentes ont été distinguées en fonction de I'approche de régionalisation a

appliquer : I'approche de référence d’'Hosking et Wallis a été appliquée a partir des 9 sites

disponibles, étant donné que I'hypothese d’homogénéité de la courbe de croissance semble

étre raisonnable pour ces séries. Pour 'application de 1’approche proposée, basée sur la

relation d’index de crue, la région a été limitée a 7 sites (sans les deux stations a Bras et

Chateauvert, voir figure 23b), en raison de ’'homogénéité nécessaire de la relation d’index

de crue dans ce dernier cas.
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FIGURE 23 — Comparaison des moyennes des séries jaugées et des moyennes associées de 1000 échantillons
simulés (méme surface et longueur d’observation) a partir du modéle régional optimisé (distribution GEV et

la relation d’index de crue) : a) g sites jaugés (partie nord), et b) 7 sites jaugés (sous- partie nord).

(iv) Données disponibles sur les crues extrémes

L'information sur les crues extrémes s’avere tres limitée dans la région considérée.
En effet, mise a part la crue en 2010, I'information disponible est limitée a deux crues
historiques majeures qui se sont produites sur la riviere Nartuby en 1674 et 1827. En outre,
la crue de 2010 a détruit une grande partie du réseau hydrométrique et par conséquent les
informations disponibles sur cette crue sont limitées. Heureusement, le débit de pointe de
la crue a pu étre estimé sur plusieurs sites jaugés et non jaugés au sein de la région |Pay-
rastre et al.| (2012). Ces informations sur les crues extrémes ont finalement été introduites

dans les jeux de données régionales de la fagon suivante :

— les débits estimés des trois crues historiques connues sur la riviére Nartuby, en com-
plément de la série jaugée a Trans-en-Provence. La crue de 2010 ayant détruit la
station, elle a été considéré comme une crue historique. Chacune des trois crues his-
toriques (1674, 1827 et 2010) prises en compte a été considérée comme étant la plus
forte observée sur une période de 120 ans (période historique complete d'une durée
de 360 ans avant la période d’enregistrements automatiques),

— la crue de 2010 sur la riviere Florieye a été considérée comme une crue extréme sur
site non jaugé. Le débit de pointe de cette crue est 1'un des plus élevés enregistrés en
2010. Cette crue a été considérée comme la plus forte observée sur la Florieye sur une

période de longueur 300 ans.
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TABLE 4 — Détail des information sur les crues extrémes prises en compte dans la région du Var.

Location Riviere | Date | Q (m3/s) | S (km?) | Période associée
Trans-en-Provence | Nartuby 1676 350 196 120
Trans-en-Provence | Nartuby 1827 400 196 120
Trans-en-Provence | Nartuby | 06/2010 450 196 120

Draguignan Florieye | 06/2010 490 87 300

0.4.3 Résultats obtenus dans le cas de 1’Ardeche
Simulations

Comme indiqué en introduction de ce section, de nouvelles simulations ont été conduites
de fagon a évaluer les performances théoriques de chacune des approches régionales étu-
diées, dans le contexte particulier de disponibilité des données spécifique a chaque étude
de cas.

Les résultats présentés dans ce paragraphe se basent par conséquent sur des échan-
tillons simulés dont les caractéristiques sont identiques au jeu de données réel de la région
de I’Ardeche (168 maximum annuels jaugés sur 5 sites et 18 crues extrémes recensées). Ces
échantillons ont été générés a partir d'une distribution GEV et d’une relation d’index de
crue ajustées (maximum de vraisemblance) a 1’échantillon des données réelles (Bo= 0.76,
Co= 3.34, Xo= 2.24, et ko= -0.16). La procédure de simulation a été décrite au paragraphe
0.3.5. Les niveaux d’hétérogénéité introduits dans les séries simulées correspondent a ceux
qui paraissent plausibles au regard des données réelles : I'hétérogénéité prise en compte
sur la relation d’index de crue reste modérée (6= 0.1), et celle sur les courbes de croissance
locales est également limitée (fluctuation de valeurs de Lcy et Lgeyness correspondant a des
échantillons d"une durée de 40 ans). Sur les 1000 échantillons simulés, I’application du test
d’homogénéité d’Hosking et Wallis a conduit a retenir 799 échantillons pour lesquels la
valeur Hj est inférieure a 2.

Les résultats présentés par la suite sont focalisés sur deux des sites jaugés de la région :
Saint Laurent (63 km?), et Saint-Martin (2240 km?). Les approches comparées sont les

suivantes :

— Cas 1 : approche proposée sur la base des 5 séries hydrométriques et des 18 crues
extrémes recensées,
— Cas 2 : approche de référence d’"Hosking et Wallis sur la base des 5 séries hydromé-

triques,
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— Cas 3 : approche locale avec la série hydrométrique et les crues historique disponibles
localement : & Saint Martin I'information historique correspond a une crue extréme
connue pour étre la plus élevée sur une période de 50 ans; a Saint Laurent, aucune
information historique n’est disponible, et donc ce cas n’est pas pris en considération,

— Cas 4 : approche locale intégrant uniquement la série hydrométrique disponible

(Saint Laurent et Saint Martin).

(i) Qualité d’estimation théorique du quantile centennal

La figure 24 présente de facon synthétique la dispersion des 799 quantiles estimés Qfll\(/)[OL)
autour de la valeur réelle QZOOO), selon le bassins versant considéré (Saint Martin ou Saint
Laurent), et I'approche d’analyse adoptée.

La figure 24.a montre que, dans le cas du bassin de Saint Martin (2240 km2), les deux
approches régionales doivent conduire a des améliorations significatives par rapport a I’ap-
proche locale (cas 4) sans information historique : la dispersion des estimations obtenues
s’avere plus faible dans les deux cas, et ne fait pas apparaitre de biais. Néanmoins, 1'ap-
proche de régionalisation proposée (cas 1), qui mobilise I'information disponible sur les
crues extrémes, semble clairement apporter une amélioration par rapport a I’approche de
référence d'Hosking et Wallis (cas 2). Par ailleurs, et de fagon surprenante, 'approche locale
avec incorporation de l'information historique (cas 3), conduit a une dispersion des quloo)
encore plus faible qu’avec 1’approche régionale de référence. Ces résultats peut étre attri-
bué aux hétérogénéités introduites dans les simulations qui limitent beaucoup la valeur
des approches régionales. Toutefois, dans le cas de I’approche proposée, cet effet néga-
tif lié a I'hétérogénéité de la région est partiellement compensé par la tres grande durée
d’observation associée aux crues extrémes.

La figure 24.b, qui concerne le petit bassin versant de Saint Laurent (63 km?), montre que
pour ce bassin la hiérarchie entre les différentes approches testées s’avere significativement
différente de ce qui était observé dans le cas du bassin de Saint Martin. La dispersion
des ngloo) obtenue avec I'approche régionale proposée n’est pas significativement réduite
par comparaison avec I’approche locale. L’approche régionale de référence (cas 2), pour sa
part, aboutit a une légére amélioration, comparable a ce qui était obtenu a Saint Martin.
Ce résultat est tout a fait cohérent avec les conclusions du section 0.3 : on retrouve ici les
limites de 1'approche proposée pour les bassins de petite surface, en liaison avec la plus

grande incertitude sur la calibration de la relation d’index de crue pour ces surfaces.

Ces résultats révelent globalement, de fagcon assez surprenante, que 1’approche régio-
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nale de référence n’apporte qu'une plus value tres limitée, en raison de l'effet négatif lié
aux hétérogénéités certainement présentes dans la région étudiée, hétérogénéités qui sont
difficilement évitables dans la réalité. L’approche proposée est également affectée par ces
hétérogénéités, mais dans un cas comme celui présenté ici oli une quantité d’information
importante sur les crues extrémes non jaugées est disponible, cette approche semble sus-
ceptible d’apporter une réelle plus-value, sauf dans le cas des bassins de petite surface.
Enfin, sur les sites ott une information historique ou préhistorique locale est disponible,
une approche locale mobilisant cette information peut s’avérer la meilleure alternative.

Il est important de rappeler ici certaines limites associées a ces résultats de simulation,
qui reposent sur des hypotheses fortes. La principale d’entre elles est 'adéquation entre les
échantillons de données considérés et le modele statistique proposé pour les représenter
(ici une distribution GEV). Cette hypothese ne peut jamais étre vérifiée a partir des données
réelles. La conséquence est que les niveaux d’incertitude présentés ici sont probablement
sous-estimés, et que la valeur ajoutée des informations historiques et régionales est de ce

fait également probablement sous-estimée.
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F1GURE 24 — Dispersion des 799 valeurs du débit centennal Qflj\%} estimées a partir d’échantillons simulés

correspondant aux caractéristiques de la région de I'Ardeche : a) bassin de Saint Martin (2240 km?), and b)

bassin de Saint Laurent (63 km?). Les valeurs présentées correspondent aux ratios QAl(lA(/)IOL) / Qfloo), ol QZOOO)

est la vraie valeur du quantile a estimer.

(ii) Validité théorique des intervalles de crédibilité calculés

Les figure 25 et figure 26 présentent les distributions des valeurs de F Ql(wg)(Ql(loO)) (cf.
paragraphe 0.3.4) aux deux stations de Saint Martin et Sain Laurent. Ces résultats indiquent
que la dispersion des distributions a posteriori F gl et la largeur associée des intervalles

de crédibilité a 9o%, s’averent correctement estimées pour l'ensemble des approches lo-
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cales, et nettement sous-estimées avec les deux approches régionales considérées. En ce
qui concerne les approches régionales, les résultats different une nouvelle fois selon la sur-
face des bassins considérés. Pour le bassin de Saint Martin, les figure 25.a et b indiquent
une sous estimation plus marquée dans le cas de I'approche de référence (cas 2). Le calcul
des distributions ﬁgiflgo)(QflOO) ) permet d’évaluer la sous-estimation a 40% avec 1’approche
proposée (cas 1) et environ 80% avec I'approche de référence (cas 2). Cette hiérarchie est
logique au regard des origines de cette sous-estimation, identifiées dans la section 0.3 :
principalement I’hétérogénéité de la région dans le cas de 1'approche proposée, a laquelle
s’ajoute l'incertitude d’estimation des moyennes locales dans le cas de I'approche de réfé-
rence. Dans le cas du bassin de Saint Laurent, la sous-estimation reste d’un niveau similaire
avec 'approche de référence (évaluée a 80%), et dépasse les 80% avec 1’approche propo-

sée : nous retrouvons ici la dégradation des performances de 1’approche proposée pour les

bassins de petite surface.
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FIGURE 25 — Distribution des 799 valeurs de F Q100) ( ngloo) ) obtenues a la station de Saint Martin d’Ardéche :
a) approche régionale proposée (cas 1), b) approche régionale de référence (cas 2), c¢) approche locale avec

données historiques (cas 3), et d) approche locale sans données historiques (cas 4).
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FIGURE 26 — Distribution des 799 valeurs de ﬁQ(mo) ( Qfloo)) obtenues a la station de Saint Laurent : a)
approche régionale proposée (cas 1), b) approche régionale de référence (cas 2), et d) approche locale sans

données historiques (cas 4).

Application aux données réelles :

Les figure 27, figure 28, ainsi que le tableau 5 présentent les résultats d’estimation obtenus
a partir des jeux de données réels disponibles. Les différentes approches présentées sont

identiques a celles considérées lors des simulations, a savoir :

— Cas 1 : approche proposée sur la base des 5 séries hydrométriques et des 18 crues
extrémes recensées,

— Cas 2 : approche de référence d’"Hosking et Wallis sur la base des 5 séries hydromé-
triques,

— Cas 3 : approche locale avec la série hydrométrique et les crues historiques dispo-
nibles localement : a Saint Martin l'information historique correspond a une crue
extréme connue pour étre la plus élevée sur une période de 50 ans, a Saint Laurent,
aucune information historique n’est disponible, et donc ce cas n’est pas pris en consi-
dération,

— Cas 4 : approche locale intégrant uniquement la série hydrométrique disponible

(Saint Laurent et Saint Martin).

Ces résultats mettent en évidence des différences significatives entre les deux approches
locales (cas 3 et 4) et les approches régionales (cas 1 et 2), et ce pour les deux bassins consi-
dérés. Dans les deux cas, les ajustements obtenus sur la base des approches régionales
sont significativement réorientés par comparaison aux approches locales. Les intervalles
de crédibilité obtenus paraissent par ailleurs plus resserrés avec les approches régionales.
Toutefois, les simulations ont montré que ces intervalles sont sous-estimés : pour cette

raison, les intervalles présentés dans le tableau 5 ont été corrigés a partir des degrés de
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sous-estimation identifiés au paragraphe précédent (derniére colonne du tableau). Méme
corrigés, ces intervalles ne refletent pas parfaitement la qualité d’estimation identifiée
lors des simulations : la hiérarchie entre les approches s’avere différente de la hiérarchie
théorique établie paragraphe précédent. Trois explications a ces différences peuvent étre

avancées :

— (i) le caractere particulier des échantillons étudiés ici : présence d'un événement rare
dans la série de 30 ans enregistrée a Saint Laurent et absence d’événement fort dans
la série de 93 ans disponible a Saint Martin d’Ardeche,

— (ii) 'hypothese d’homogénéité de la région n’est pas valide, ou plutodt I'hétérogénéité
prise en compte dans les simulations ne correspond pas a la réalité,

— (iii) la distribution GEV n’est pas parfaitement adaptée aux jeux de données mani-
pulés ce qui peut amener a sous-estimer le nombre de degrés de liberté du probleme

d’inférence, et donc la largeur des intervalles de crédibilité.

Une analyse plus détaillée des résultats permet, dans chaque cas d’essayer de confirmer
ou invalider ces hypothéses. Dans le cas de la station de Saint Laurent, la plus forte valeur
de la série (crue de septembre 1980) apparait comme un horsain (Figure 27.a). Cette valeur
reste la plus forte de la série régionale incluant les données des stations hydrométriques
(Figure 27.b), ce qui explique que les intervalles de crédibilité soient réorientés dans la par-
tie basse de l'intervalle initial. Enfin, 'incorporation des données sur les extrémes confirme,
cette fois sur des bassins de taille équivalente, que la valeur n’a été atteinte sur aucun des
5 a 10 bassins de taille similaire sur une durée de 50 ans. Ceci semble confirmer que la
période de retour de la crue de 1980 est élevée, probablement supérieure a 100 ans, et donc
le caractere particulier de I’échantillon mesuré a Saint Laurent. Ce cas montre finalement
que méme si l'intérét des analyses régionales s’avere en théorie limité, il peut s’avérer si-
gnificatif sur un cas particulier, les données régionales confirment le caractere exceptionnel
du débit de la crue de 1980 a Saint Laurent.

Dans le cas de la station de Saint Martin d’Ardeche, les analyse basées sur les échan-
tillons régionaux aboutissent a des estimations nettement supérieures a 1’analyse locale,
a un degré tel que les intervalles de crédibilité calculés ne se recoupent quasiment pas.
La série de 93 ans (en incluant I'information historique) enregistrée a Saint Martin parait
finalement improbable au regard des modéles régionaux identifiés. Ceci est de nature a

remettre en question 1’homogénéité de la région considérée. Toutefois, les recherches his-
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toriques menées par Naulet| (2002) sur ce site montrent que la plus forte valeur de la série
locale (crue de 1958) a été dépassée 4 fois au cours du XIX"* siecle en 1827, 1846, 1890 et
1900. Les débits estimés des crues de 1890 et 1827 ont atteint d’apres cette source 7000 m° /s,
valeur tres cohérente avec I'estimation du quantile centennale issu des analyses régionales.
Bien qu’il n’existe aucune certitude, les résultats issus de 1’analyse locale pourraient donc
également étre attribués au caractere particulier de 1’échantillon disponible. On peut méme
pousser plus loin 1’analyse en constatant que la période de retour du débit maximum ob-
servé a Saint Martin durant les 93 années d’observations est inférieure a 20 ans selon les
ajustements régionaux. Or la probabilité de ne pas observer de valeur de période de retour
supérieure a 20 ans durant 93 années successives est de (1 — 1/20)%, soit environ 1%. La
série jaugée a Saint Martin est trés peu probable compte tenu du modéle statistique calé.
On peut se demander si le modéle statistique, et notamment la loi GEV, sont réellement
adaptés au jeu de données étudié.

Finalement, I’application aux données réelles illustre essentiellement I'importance pos-
sible de la fluctuation d’échantillonnage et des écarts possibles entre le modele statistique
théorique et les données observées sur un cas d’étude réel. Etant donnée 'impossibilité
de connaitre a I’avance le caractere particulier d’un échantillon, ces résultats plaident plu-
tot pour l'application systématique, a titre d’essai, des méthodes régionales permettant de
mobiliser des informations complémentaires, et ceci méme lorsque ces méthodes semblent
n’apporter qu'une faible plus-value au regard des simulations théoriques.

TABLE 5 — Comparaison des quantiles centennaux estimés et des bornes des intervalles de crédibilité a 90%

ACI = Qg%o)-Q%OO) estimés a partir des données réelles pour les stations de Saint Laurent et Saint Martin.

Surface | Noowt | Nus | Cas | QX7 | Q) | QLY | ac1/Qlyy | acr/Qly)
(km?) | (ans) | (ans) (m3/s) | m3/s) | (m3/s) (%) (%)corr
30 0 4 411.5 636.5 | 1854.8 226.8 227
63 168 0 2 423.1 | 513.5 706.5 55.2 100
168 | 900 1 452.1 | 5115 | 587.3 26.4 -
43 0 4 | 3427.8 | 4038.4 | 6195.3 68.5 69
2240 43 50 | 3 | 3778.1 | 4297.4 | 5790.4 46.8 47
168 0 2 | 5528.8 | 6710.3 | 9233.4 55.2 99

168 | 900 1 | 5778.7 | 6863.9 | 82784 36.4 50
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0.4.4

Résultats obtenus dans le cas du Var
Simulations :

Comme dans le cas de I’Ardeche présenté précédemment, les simulations relatives a ’étude
de cas du Var ont été conduites a partir d'une distribution GEV (o= 3.34, ap= 2.24, and
ko= -0.16) et d'une relation d’index de crue (Bo= 0.77) ajustées a partir des données réelles
disponibles. Les séries simulées sont de caractéristiques identiques au jeu de données réel,
incluant 9 séries hydrométriques et 4 événements extrémes, dont 3 correspondent a des
crues historiques enregistrées sur la Nartuby a Trans-en-Provence (chacune étant la plus
forte observée sur une période de 120 ans), et un au site non jaugé de la Florieye (87 km?)
sur lequel la plus forte crue sur une période de 300 ans est supposée connue.

Au regard des caractéristiques du jeu de données réel, les hétérogénéités introduites
restent modérées a la fois sur la relation d’index de crue (6= 0.1), et sur les formes de distri-
butions locales (fluctuation de valeurs de Lcy et Lggeqness correspondant a des échantillons
d’une durée de 40 ans). Sur les 1000 échantillons simulés, I'application du test d’homogé-
néité d’Hosking et Wallis a conduit a retenir 666 échantillons pour lesquels la valeur H; est
inférieure a 2.

(i) Qualité d’estimation théorique du quantile centennal

La figure 29 présentée ci-apres synthétise les résultats obtenus sur le bassin versant
de la Nartuby a Trans-en-Provence (191 km?), qui présente la particularité d’intégrer une
longue chronique de données historiques. Les approches comparées sur cette figure sont

similaires a celles présentées aux paragraphes précédents :

— Cas 1 : 'approche proposée appliquée sur la base des séries hydrométriques régio-
nales (limitées a 7 sites pour des raisons d’homogénéité de la relation d’index de
crue), et des 4 crues extrémes identifiées,

— Cas 2 : I'approche de référence Hosking et Wallis sur la base des g sites jaugés,

— Cas 3 :I'approche locale basée sur la série locale et I'information historique disponible
(3 crues historiques, chacune étant la plus forte observée sur une période de 120 ans),

— Cas 4 : I'approche locale avec la série hydrométrique disponible.

Les résultats obtenus confirment que les deux approches régionales améliorent consi-

. o 100 o s
dérablement ’estimation de Qf ), lorsqu’elles sont comparées a 'approche locale sans
information historique. Encore une fois, 'approche proposée, grace a la valorisation des

informations sur les extrémes présente des résultats sensiblement meilleurs que I’approche
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de référence d’Hosking et Wallis. Mais un autre résultat s’avére surprenant : 'approche
locale mobilisant I'information historique mene clairement a des estimations nettement
moins dispersées que les deux approches régionales. Ce résultat, qui differe de ce qui a
été obtenu sur la riviere Ardeche, doit étre relié a la particularité du jeu de données dis-
ponibles dans le cas de la région du Var : richesse de l'information historique locale a
Trans-en-Provence, et limites de l'information sur les extrémes disponibles sur les sites

non-jaugés (1 seule crue).
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FIGURE 29 — Dispersion des valeurs du débit centennal estimé Ql ML 7

calculées a partir de 666 échantillons
simulés, présentant des hétérogénéités dans la relation d’index de crue (6=0.1) et les courbes de croissance

locales (n= 40 ans), sur le bassin versant de la Nartuby a Trans-en-Provence.

(ii) Validité théorique des intervalles de crédibilité calculés

La figure 30 présente 1'évaluation distributions a posteriori F 01 estimées a Trans-en-
Provence, a partir du calcul de F leoo)(leoo)) (cf. paragraphe 0.3.4). Ces résultats indiquent
a nouveau une nette sous-estimation de la dispersion des distributions F Q1o (et donc de la
largeur des intervalles de crédibilité) avec les deux approches régionales, alors que 1’esti-
mation semble correcte avec les approches locales. Le calcul des distributions ﬁgﬁﬁ,) (ngloo))
(non présenté ici) permet d’évaluer le niveau de sous-estimation a 70% dans le clas de I'ap-
proche régionale proposée. Une nouvelle fois, I'effet de sous-estimation s’avere encore plus
marqué avec ’approche régionale de référence, avec la méme explication que dans les cas

précédents : I'incertitude supplémentaire introduite par l'estimation des moyennes locales,

qui n’affecte que 1’approche de référence.
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FIGURE 30 — Distribution des 666 valeurs de ja Q“OO)( Ql(mo) ) calculées sur le site de Trans-en-Provence (190

km?) : a) cas 1, b) cas 2, ¢) cas 3, et d) cas 4.
Application aux données réelles :

TABLE 6 — Estimations of the 100-year quantile at Trans-en-Provence gauging stations, including the Maxi-

mum Likelihood estimate Q( 0 the 90% credibility bounds [ Q (100) ; Ql 19%0 1, and associated width ACI =

ML’
@) (100) Q (100) , and corrected ACI according to the theoretical simulation results.

1,95
Surface | Noowt | Nisr | Cas | Q'8 | Q) | QLY | ac1/Qlyy | act/Qly)
(km?) | (ans) | (ans) (m®/s) | (m®/s) | (m*/s) (%) (%)corr

34 0 4a | 106.0 | 147.0 | 410.7 210 207.3
35 0 4b | 179.5 | 313.7 | 1085.6 290 288.8
190 34 | 360 | 3 | 196.7 | 2635 | 3958 76 755
249 0 2a 99.5 112.2 | 136.7 34 57
250 0 2b | 1574 | 179.6 | 226.1 39 65
188 | 660 1 174.1 | 212.2 | 287.0 53 90

Les résultats des estimations obtenues a partir des données réelles sont présentés dans
le tableau 3 et 4 (estimation du quantile centennal), ainsi que sur les figure 31 et figure
32 (forme des distributions GEV ajustées et des intervalles de crédibilité). Les différentes
approches d’estimation présentées reprennent celles mises en ceuvre lors des simulations.

Toutefois, pour les cas 2 et cas 4 (basées uniquement sur les séries hydrométriques), 1'effet
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de l'intégration de la crue de 2010 (initialement considérée comme une crue historique)
dans la série de Trans-en-Provence a été examinée. Six situations sont donc distinguées :

— Cas 1 : I'approche régionale proposée,

Cas 2a : I'approche régionale de référence,

Cas 2b : avec la crue de 2010,

Cas 3 : l'approche locale avec données historiques,

— Cas ga : I'approche locale sans données historiques,

— Cas 4b : avec la crue de 2010.

Ces résultats montrent que I'analyse locale a Trans-en-Provence (cas 4) est fortement
modifiée par l'incorporation de la crue de 2010, et a nouveau modifiée par 1'incorporation
des données historiques completes (intervalle de crédibilité a 9o% fortement réduit dans
ce dernier cas). Les résultats basés sur les approches régionales, de leur c6té, apparaissent
encore plus sensibles a I'incorporation de I'information sur les crues extrémes : dans le cas
2, I'estimation évolue de fagon trés importante lorsque la crue de 2010 est intégrée a la série
jaugée de Trans-en-Provence, et évolue a nouveau significativement en cas d’utilisation de
I'information compléte sur les extrémes avec 1’approche proposée (cas 1).

Comme dans le cas de I’Ardeche, la hiérarchie entre les différentes approches appli-
quées, vue au travers des intervalles de crédibilité calculés, differe des résultats de simu-
lations. Ceci peut ici encore étre attribué, au moins en partie, aux effets de la fluctuation
d’échantillonnage, mais aussi éventuellement a la mauvaise adéquation entre le modele
théorique GEV et les jeux de données étudiés, ou a une mauvaise évaluation de I’hétérogé-
néité de la région.

Le résultat le plus surprenant obtenu ici est la relative incohérence (intervalles de cré-
dibilité disjoints) entre I'estimation obtenue avec I'approche régionale de référence (cas 2)
et les autres approches (cas 1 et cas 3 notamment). L'approche régionale de référence in-
duit visiblement en erreur et conduit & une nette sous-estimation des quantiles de crues.
La figure 32.c semble indiquer une certaine incompatibilité entre les séries hydrométriques
régionales, le jeu de crues extrémes, et la distribution GEV. Cette incompatibilité a pu étre
vérifiée par un test statistique, montrant que le jeu de données régional constitué a partir
des séries hydrométriques est extrémement improbable au regard de la distribution GEV
ajustée a partir des données extrémes (cas 1) : la période de retour du débit le plus élevé
de l'échantillon régional jaugé ne dépasse pas 20 ans selon la distribution statistique ajus-

tée dans le cas 1. Or la probabilité que le quantile centennal ne soit pas dépassé durant
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249 tirages aléatoires de variables indépendantes est de (1 — 1/20)?*, soit 3x107¢! Cette
incohérence peut avoir plusieurs origines possibles :

— des lacunes présentes dans les séries hydrométriques ont pu conduire a exclure des
ces séries les débits de crues les plus importants. Un examen attentif des séries permet
toutefois d’exclure cette hypothese,

— les séries hydrométriques peuvent ne pas étre indépendantes, notamment pour les
événements extrémes. La crue de 2010 par exemple a montré que ce type d’événe-
ment touche généralement plusieurs sites au sein de la région. De ce fait, le nombre
équivalent d’années-stations de la série régionale peut étre largement surestimé,

— le processus de génération des pluies extrémes peut s’avérer non stationnaire, en
liaison avec les évolutions du climat. Aucun cumul de pluie comparable aux 450
(mm) enregistrés en 2010 n’a par exemple été enregistré entre 1958 et 2009,

— la région peut étre trés hétérogeéne en terme de forme de distributions locales. A ce
stade, cette hypothese reste difficile a vérifier,

— enfin, la distribution parente des séries de données étudiées pourrait s’écarter signi-
ficativement de la distribution GEV, avec une forte évolution des débits dans une
gamme resserrée de périodes de retour, comme semble l'indiquer les périodes de
retour empiriques présentées sur la figure 32.c. C’est I'hypothese la plus probable.
L’étude de cas du Var et dans une moindre mesure celle de 1’Ardeche seraient alors
les premiéres confirmations d’hypothéses avancées par certains auteurs (Gaume|2006,
Rogger et al.|2011) sur les formes possibles des distributions de débits de crues qui
pourraient s’écarter notablement des lois usuellement utilisées pour l'inférence sta-

tistique en hydrologie.
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0.4.5

0.4. Application a des études de cas

55

— ML adjustment — ML adjustment

_— ML adjustment ;
-~~~ 5-95% credibility -~ 5-95% credibility -~ 5-95% credibility 7
+  gauged data +  gauged data +  gauged data i

1000
J
1000
J

1000

2 o

&u= 071 fu= 066 ungfuged extremes
aw= 051 Pu= 077

Gu= 042

= 032

o= 0.48
K= -0.12

800
L

800
1

800
L

K= 0.02
Km= -0.33

600
L

600
1

600
!

400
L

Discharge(mals)
400
L

Discharge(m’/s)
Discharge(msls)

400
1

Qo= 9949 11117 13668 o Qo= 15738 17964 22611 o - Qo= 17409 21218 286.56

r T T T 1 r T T T 1 r T T T 1

1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
Return Period T (years) Return Period T (years) Return Period T (years)

FIGURE 32 — Forme des distributions GEV ajustées (maximum de vraisemblance), et des intervalles de crédi-
bilité associés, a la station hydrométrique de Trans-en-Provence (190 km?) a partir des approches régionales :

a) Cas 2a, b) Cas 2b avec crue de 2010, c) Cas 1.

Conclusions partielles

Cette section a permis d’illustrer les possibilités et les limites des deux approches d’analyse
régionale étudiées, a partir de deux études de cas réelles. Des approches purement locales
ont également été appliquées de facon a mieux mettre en évidence la plus value potentielle
des approches régionales. L’analyse conduite s’est basée a la fois sur une application aux
jeux de données réels, mais également sur des simulations permettant d’évaluer I'influence
des hétérogénéités possibles des régions considérées, et d’obtenir une évaluation moins
dépendante du caractére toujours particulier d’un jeu de données observées. Les résultats
confirment globalement la pertinence de 'approche régionale proposée incluant les don-

nées sur les crues extrémes, pour plusieurs raisons :

— Tout d’abord, dans les deux études de cas présentées, des régions géographiquement
cohérentes ont pu étre constituées en respectant la double contrainte d'une homogé-
néité suffisante de la relation d’index de crue, et des formes des distributions locales.
Cette double contrainte d’homogénéité peut par ailleurs étre vue comme un avan-
tage : elle peut conduire a limiter "étendue des régions prises en compte (cas du Var)
qui sont, de ce fait, hydrologiquement plus cohérentes et moins contestables que dans
I'approche régionale classique,

— Ensuite, I'application des méthodes d’analyse régionale a montré que l’approche
proposée aboutit dans les deux cas a une qualité d’estimation qui dépasse celle de
I'approche de référence, principalement en raison de la longue durée d’observa-
tion équivalente représentée par les données sur les crues extrémes. Par ailleurs,

I'approche régionale de référence semble globalement, sur ces études de cas, offrir
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une plus-value trés limitée par rapport aux approches locales, notamment celles
mobilisant les données historiques. Toujours par rapport a une approche locale, 1’ap-
proche régionale proposée semble susceptible d’apporter une réelle plus-value, en
fonction des données sur les crues extrémes mobilisables. Il faut toutefois se méfier
de conclusions trop hatives basées uniquement sur l'interprétation des intervalles de
crédibilité issus de 1’approche bayésienne : ces intervalles peuvent s’avérer fortement
sous-estimés en cas d’hétérogénéité de la région considérée, et ils sont par ailleurs

sensibles a la variabilité d’échantillonnage.

Ces deux études de cas illustrent enfin 'intérét global des données sur les crues ex-
trémes, qui peuvent, au-dela de leur intégration dans 1’analyse régionale des débits via la
méthode proposée, apporter un éclairage intéressant sur les propriétés des régions consi-
dérées : présence éventuelle d'hétérogénéités régionales, forme possible de la distribution

parente, caractere particulier d"un échantillon local, etc..

CONCLUSION ET PERSPECTIVES

Le but de cette these était de poursuivre le développement et de tester plus avant une nou-
velle méthode d’analyse fréquentielle régionale des crues permettant d’intégrer des valeurs
de débits extrémes estimées sur des bassins versants non jaugés. Les performances de la
méthode proposées ont été évaluées au regard d'une méthode de référence largement utili-
sée, proposée initialement par |Hosking and Wallis| (1997). Dans les deux cas, une approche
Bayésienne MCMC a été utilisée pour caler les distributions régionales afin d’estimer les
parametres des distributions optimales compte tenu des observations, mais aussi des inter-
valles de crédibilité. La nouvelle approche proposée permet potentiellement de mobiliser
une grande quantité d’information supplémentaire, mais elle nécessite une hypothese im-
portante si on la compare a I'approche de référence : une relation d’index de crue est censée
étre respectée dans la région, considérée comme homogeéne de ce point de vue, comme de
celui de la forme de distributions locales. Cette contrainte limite potentiellement 1’extension
de la région considérée, et représente également un parametre supplémentaire a estimer
qui doit étre pris en compte dans le calcul des intervalles de crédibilité issus de ’approche
bayésienne.

Dans la premiére partie de ce travail, un cadre spécifique de simulations Monte Carlo
a été développé afin de comparer les deux méthodes et de tester la pertinence de la mé-

thode d’estimation Bayésienne MCMC appliquée dans chaque cas. Auparavant, I’approche
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proposée a du étre adaptée (en particulier la formulation des vraisemblances) afin de per-
mettre une estimation commune de I'ensemble des parametres, qu’ils soient relatifs a la
forme des distributions locales (ici une distribution GEV) ou a la relation d’index de crue.
Les algorithmes MCMC appliqués portent finalement sur 4 parameétres avec 1’approche
proposée alors qu’ils se limitent & 3 parametres avec 'approche de référence. L'application
des deux approches a un grand nombre de jeux de données simulées, a ensuite permis de
comparer les résultats d’estimation obtenus (distributions a posteriori des parametres et
estimation du maximum de vraisemblance), lorsque les deux approches sont appliquées a
des jeux de données identiques et limités aux séries hydrométriques jaugées. Les résultats
illustrent plusieurs limites des deux approches. L'approche de référence, en effet, apparait
sensible a l'incertitude d’estimation des moyennes des séries locales. Cet effet disparait en
utilisant la relation d’index de crue (approche proposée), ce qui limite clairement I'incerti-
tude finale pour les séries de longueur tres limitée. L'introduction de la relation d’index de
crue et d'un parametre supplémentaire qui doit étre étalonné, apparait finalement comme
un facteur de stabilisation plutdt qu'une source d’incertitude supplémentaire. Cependant,
il en résulte un certain biais d’estimation et une incertitude accrue de I’estimation pour
les petites surfaces de bassins versants. Ces premiers résultats illustrent aussi les limites
de chaque approche liées aux hypothéses d’homogénéité effectuées. Un non respect de ces
hypotheéses conduit a la fois a une plus grande incertitude des estimations, généralement
associée a un biais, et également a une sous-estimation parfois forte de la dispersion des
distributions a posteriori calculées (et donc de intervalles de crédibilité) avec 'approche
bayésienne. Cet effet apparait moins marqué en cas d’hétérogénéités portant sur la relation
d’index de crue, que pour celles portant sur les formes de distributions locales.

Dans la deuxiéme partie de ce travail, les deux approches régionales ont été appli-
quées a deux études de cas dans lesquelles des informations sur des crues extrémes non
jaugées sont disponibles : la région de I’Ardeche et la région du Var dans sud-est de la
France. Des simulations ont été a nouveau menées dans cette partie afin de comparer la
qualité d’estimation prévisible dans chaque cas a partir de différentes approches, mobi-
lisant une quantité plus ou moins importante d’information : approche locale, approche
locale avec information historique, et les deux approches régionales impliquant ou non des
informations sur les crues extrémes non jaugées. Ces simulations tiennent compte des hé-
térogénéités supposées des régions considérées. Les résultats montrent que 1'incorporation
d’informations sur les extrémes avec I’approche régionale proposée apporte une plus-value

assez nette par rapport a 'approche régionale de référence basée sur les séries jaugées.
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Cette approche de référence voit ses performances limitées par les effets de 1'hétérogénéité
et conduit finalement a une qualité d’estimation assez proche des approches locales. C’est
un premier résultat surprenant et nouveau qui remet en cause l'intérét des approches ré-
gionales classiquement pratiquées. Ces simulations montrent également que la hiérarchie
entre les différentes approches dépend fortement des spécificités de chaque étude de cas :
surface du bassin versant considéré, longueurs des séries locale et régionale, quantité d’in-
formation historique locale et information régionale sur les extrémes non jaugés. Enfin, ils
confirment que les intervalles de crédibilité calculés par le biais de la procédure Bayésienne
MCMC ne peuvent pas étre directement considérés comme une indication de la précision
de l'estimation des quantiles, puisque la largeur de ces intervalles peut s’avérer tres lar-
gement sous-estimée, surtout en présence d’hétérogénéités tres probables dans la région
étudiée.

L’application des différentes approches locales et régionales aux jeux de données réels
illustre en dernier lieu les différences trés importantes qui peuvent étre observées, sur une
étude de cas spécifique, par rapport aux résultats des simulations théoriques. Malgré le
calcul des intervalles de crédibilité, qui peuvent étre évalués et corrigés sur la base des
simulations, quelques-unes des estimations obtenues s’écartent de facon assez surprenante
des autres : c’est le cas par exemple de l'approche locale a Saint Martin d’Ardeche ou de
I"approche de référence d"Hosking et Wallis dans 1’étude de cas Var. Ces résultats illustrent
finalement l'effet potentiel important de la variabilité d’échantillonnage, et également des
différentes hypotheses sur lesquelles reposent les approches comparées, hypothéses qui ne
sont pas (ou mal) prises en compte dans les simulations : homogénéité des régions considé-
rées, indépendance des observations, mais aussi et peut-étre surtout adéquation entre les
jeux de données et la forme théorique des distributions calées (ici une distribution GEV).
Dans ce contexte, les études de cas présentées illustrent finalement certains avantages des
approches régionales mobilisant les informations sur les crues extrémes : confirmation de
I'occurrence de niveaux de crues qui pourraient apparaitre comme aberrants par comparai-
son aux séries locales (étude de cas Ardeche), et identification d’anomalies dans les séries
(par exemple dépendance anormale des séries), ou d’éventuelles limites de I'approche

d’inférence sélectionnée (pertinence de la forme théorique des distributions).

Un certain nombre de résultats complémentaires ont été produits en réponse aux ques-

tions posées par les rapporteurs de la these. Ces résultats, présentés lors de la soute-
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nance, apportent notamment des éclairages sur l'influence de certains choix effectués pour
conduire les calculs dans le manuscrit :

— définition des valeurs seuils pour les périodes historiques dans le cas de la Nartuby
a Trans-en-Provence (annexe 7);

— intégration des données historiques anciennes issues de la these de Naulet (2002)
dans 'analyse statistique des débits de 1’Ardéche & Saint-Martin (annexe 8);

— élimination des données fortement dépendantes dans 1’échantillon régional de 1"Ar-
deche : crues extrémes ayant touché le méme réseau hydrographique a la méme date
(annexe 9);

— pourcentage d’erreur pris en compte pour les données systématiques et extrémes
dans le calcul de la vraisemblance, formulation modifiée (annexe 10);

— Choix de la longueur de la série représentée par les crues extrémes historiques ou
non jaugées (annexe 11).

Ces résultats constituent un complément important des travaux menés et ont été ajoutés

a la version finale de ce manuscrit (annexes 7 a 11) a la demande du jury.

Deux perspectives principales de recherche peuvent étre envisagées a l'issue de ce tra-
vail. D'une part, les incertitudes affectant les débits de crues extrémes reconstitués sur
les bassins versants non jaugés n’ont pas été considérées et devraient I’étre pour pouvoir
porter un jugement parfaitement juste sur l'utilité de ce type de données dans les études
statistiques. La prise en compte de ces incertitudes pourrait s’inspirer fortement de travaux
antérieurs, menés sur l'utilité de l'information historique dans l'étude fréquentielle des
crues, (Payrastre et al.|2011). Les résultats de ces travaux permettent d’étre relativement op-
timistes sur l'intérét des extrémes non jaugés. Ces travaux indiquent en effet que le niveau
de précision des débits extrémes estimés et le nombre des extrémes pour lesquelles une es-
timation de débit est disponible, ont peu d’influence sur les résultats d’inférence quand la
période historique d’observation est fixée. Il reste a confirmer que la méme conclusion peut
étre tirée pour les extrémes non jaugés lorsqu’ils sont inclus dans les analyses régionales
de fréquence des crues. Cela semble étre le cas d’apres les résultats présentés par Gaume
et al.| (2010).

D’autre part, les données relatives aux crues extrémes non jaugées semblent, au travers
des études de cas présentées, de nature a remettre en cause les formes théoriques des
distributions statistiques classiquement utilisées pour 1'inférence statistique en hydrologie,

notamment dans le cas des bassins versants exposés aux crues éclair. Les distributions de
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débits pourraient présenter de fortes évolutions des valeurs des quantiles pour des plages
de périodes de retour limitées (courbes en S sur des représentations semi-logarithmique) du
fait des distributions des pluies et de réactions a seuils des bassins versants (Gaume |2006)
Rogger et al.|[2011)). Les premiers résultats présentés dans cette these laissent penser que
les analyses statistiques régionales incluant des extrémes non jaugés pourraient confirmer
cette théorie si elle est juste. Les outils sont désormais disponibles et efficaces. Reste a les
appliquer sur un nombre bien plus important d’études de cas pour confirmer ou infirmer

ce que les premiéres applications de cette these ne permettent que de suggérer.




ABSTRACT

THis study presents additional developments about a flood frequency approach pro-
posed by Gaume et al. (2010) that aims to incorporate available information on
extreme floods at ungauged sites in a regional flood frequency analyses (RFFA). The
extreme floods at ungauged sites, indeed, may represent a very large additional record
length if compared with gauged series, and therefore may highly improve the accuracy
of flood quantile estimates. However, this approach requires to calibrate an index flood
relation, which represents a complement of parameterisation of the regional statistical
model. The performances and robustness of this approach are tested and compared to
the reference approach of [Hosking and Wallis (1997). The comparisons are based both
on simulations and case studies. The inference procedure is based on a GEV distribution
associated with a specific likelihood formulation and a Bayesian MCMC algorithm for
parameter estimation. In the first part, the inference results obtained without incorpora-
tion of extreme floods are compared based on simulations, with a focus on the effects of
possible heterogeneities in the considered regions. In the second part, both approaches
are applied to two case studies in the south-east of France : the Ardéche region (168 gau-
ged records at 5 sites and 18 ungauged extremes), and the Var region (9 sites with 249
gauged records and 4 ungauged extremes). The regionalisation approaches are compa-
red to a local analysis. This application finally confirms the very positive impact of the
incorporation of information on extreme floods in regional analyses that often enables to

outperform the results based on a conventional regional approach.
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1.1

INTRODUCTION

MOTIVATION

I oday, many hydrological applications require flood frequency analyses (FFA) such as :

(i) design of water control structures such as culverts, bridges, urban storm sewers,
dams, spillways, and levees; (ii) economic evaluation of flood protection projects; (iii)
land use planning and management; (iv) flood insurance assessment, and other hydrologic
purposes. If an inadequate understanding of the probabilistic behaviour of extreme floods
may have significant economical impacts, underestimation of flood discharges will lead
to increased flood risk, while overestimation of flood discharges will lead to increased
construction costs. Therefore, a large number of studies have focused on the reduction of
uncertainties in flood quantile estimates based on site-specific hydrologic information in
the form of annual maximum flow series or peak-over-threshold series.

However, the local data series are often too short to provide reliable estimates of ex-
treme design floods. Without additional information to refine the statistical estimation,
frequency analyses result are generally highly uncertain. As an example figure 1.1 presents
flood frequency analysis result obtained at the Chambonas gauging station, located on the
Chassezac river of the Ardeche region in the south-east of France. The result corresponds to
the fitting of a generalized extreme value distribution (GEV) to the local streamflow series
(26 years), with the associated 90% credibility intervals. The Bayesian Monte Carlo Markov
Chain (MCMC) procedure used to produce these statistical inference results is presented
in detail in chapter 2. The width of these intervals confirms that a common problem in
flood frequency analysis is the estimation of high return period quantiles : typically 50 to
1000 years. Indeed, based on the available dataset. In this sample, it is only possible to
conclude that the 100-year peak discharge of the Chassezac river at Chambonas is compri-
sed between 1700 and 8600 m>/s, with a 10% chance to be wrong! And the uncertainty

range may be higher since some major hypotheses of the statistical inference procedure
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may be wrong : i.e. the maximum annual peak discharges of this river follow a GEV dis-
tribution. This example illustrates that the continuous measured discharge series available

at a single gauging site are rarely rich enough to provide reliable estimates of high return

period quantiles.
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FIGURE 1.1 — Fit of the GEV distributions to the systematic gauged data set (26 records) of the Chassezac

watershed with associated 90% credibility intervals.

For this reason, hydrologists have tried to make use of alternative sources of informa-
tion. Several approaches developed consist in "temporal extension" of the data set, based
on the incorporation of historical and paleoflood data (Hosking et al.|1985b} Hosking and
Wallis| 1986a;b), Stedinger and Tasker |1986, Cohn and Stadinger 1987, (Gary and Stedin-

ger| 1987, Sutcliffe 1987, Minghui and Stedinger||1989, Sheffer et al. 2003, [Reis et al. 2005,
Werritty et al. 2006} Ribatet et al.2007b} 2009, Neppel et al. |2010, Payrastre et al. 2011).
Figure 1.2 also presents flood frequency analysis result at the Chambonas gauging station
based on the local measured series as well as the available historical information. This his-
torical information corresponds to one extreme flood known to be the highest one in a
pre-gauging period of 50-year length, with estimated peak-discharge of about 3400 m>/s.

The algorithms developed by Payrastre et al. (2011) were used to account for this historic
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data. The incorporation of this additional information leads to a significant reduction of the
credibility interval for the 100-year discharge : 2200 to 6700 m>/s (see Fig 1.2). But even if

reduced, the uncertainty on the estimated high return period quantiles remains extremely

large.
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FIGURE 1.2 — Fit of the GEV distributions to the systematic gauged data set (26 records) of the Chassezac

watershed and historical available information with associated 9o% credibility intervals.

Other common approaches used to enrich the data sets available for the statistical infe-
rence correspond to a "spatial extension", and consist in merging statistically homogeneous
data to build a large regional data sample (Hosking and Wallis|[1997, |(Charles and Stedinger
1999, Ouarda et al.||2001} Kjeldsen et al.||2002, Merz and Bloschl 2003, [Seidou et al.||2006,
Ribatet et al.|2007a, Norbiato et al.|2007, Wallis et al.|2007, Kjeldsen and Jones 2009). Most
of these approaches are based on the "simple scaling" hypothesis or "index flood" principle
Dalrymple| (1960) : within a statistically homogeneous region all local frequency distribu-
tions are identical apart from a site-specific scaling factor, the index flood, that usually
corresponds to the mean of each-series. In this context, similar catchments are those that
resemble each other in climatology and flood producing mechanisms. They are likely to be

geographically contiguous. This approach is described in chapter 2. Figure 1.3 presents the
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new inference results for the Chassezac watershed when the data from nearby statistically
homogeneous sites are taken into account. Again, the increase of the information content of
the analysed dataset, increase of records, leads to a significant reduction of the credibility
intervals for the 100-year quantile : 2400 to 4000 m>/s. This of course, provided that the
hypotheses on which the regional flood frequency analysis is based are correct. But still,
the computed intervals remain large for relatively small watersheds exposed to flash floods

with high inter-annual variability of peak discharges.
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F1GURE 1.3 — Fit of the GEV distributions to the Chassezac watershed with associated 9o% credibility inter-
vals using a regional dataset composed of 168 records at 5 gauging sites based on a reference of Hosking and

Wallis approach (1997).

Finally, the possibility to combine spatial and temporal extension can also be conside-
red. However, Hosking et al.| (1985a) discussed problems using historical information with
the British flood studies index flood procedure, and illustrate the negligible impact of good
historical information on the precision of the computed regional growth curve. Hosking
and Wallis| (1986a;b) showed that at-site historical and paleoflood data was of little benefit
in improving regional growth curves in large regions (20 sites) : if the at-site systematic-

record sample mean is used to scale the growth curve, historical and paleoflood data result
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1.2. Objectives

in little improvement in flood quantile estimators. [Jin and Stedinger| (1989) considered
regional index flood analyses in which historical and paleoflood data was used to help
estimate the site’s scale parameter : in their examples historical information substantially
improved quantile-estimator accuracy at sites where it was available. See also [Stedinger
and Tasker| (1986), Cohn and Stadinger| (1987), who also consider methods for improving
flood estimates with historical and paleoflood information.

More recently, (Gaume et al. (2010) observed that inventories of extreme floods obser-
ved at ungauged sites may also provide valuable additional information in the context of
regional flood frequency studies, especially in flash flood prone areas where extreme flood
events often affect watersheds of limited spatial extension that are ungauged. Observed
extreme floods, indeed, are often known to be the largest ones over a relatively long period
even at ungauged locations, and thus may represent a relatively large additional recording
length if a corresponding peak discharge estimate can be provided. They could be introdu-
ced in regional flood frequency studies in a similar way as historical information available
at gauged sites have been used in local flood frequency studies. Until now, such information
was only seldom used. Based on the Bayesian approach and MCMC algorithms, Gaume
(2010) proposed a methodology to incorporate this information, i.e. extreme discharge va-
lues observed at ungauged sites, in a regional flood frequency analyses. The present thesis

aims at further developing and validating this new approach.

OBJECTIVES

This thesis presents additional developments of this approach aiming at incorporating
available information on extreme floods at ungauged sites in a regional flood frequency

analyses. The performances of this approach indeed may be limited by various factors :

— use of an index flood relation in order to estimate index flood values at ungauged
sites, and corresponding assumption of homogeneity of this relationship in the consi-
dered region. This assumption represents an additional constraint for the delineation
of homogeneous regions, and may lead to limit the extent of the considered regions,

— necessary calibration of the index flood relation, which may require additional infor-
mation if compared to a conventional regionalisation approach, that can be a source
of uncertainty;,

— as for other regionalisation approaches, important assumption of homogeneity of the

growth curves,
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— homogeneity of the considered region, tested based on gauged series, and supposed
to be to verified at ungauged sites. This requires a careful delineation of the region,
based for instance on spatial proximity and/or catchment characteristics considera-

tions. This may again limit the extent of the considered region.

The results presented hereafter aim to illustrate the possible advantages and limitations
of incorporating information on extremes, based on the methodology defined by Gaume

(2010). The study is conducted in two steps.

In the first step, the performances and robustness of the proposed approach are tested
and compared to the conventional regionalisation approach of Hosking and Wallis| (1997),
based on equivalent datasets limited to gauged series. The comparisons are based on si-
mulations for different dataset characteristics. The inference procedure used is based on a
GEV distribution associated with a specific likelihood formulation and a Bayesian MCMC
algorithm for parameter estimation. Herein, the Bayesian MCMC inference procedure has
been modified in order to calibrate in the same time (i) the index flood relation and (ii)
the regional growth curve, which enables a more reliable estimation of the credibility in-
tervals associated to the estimated peak discharge distributions. The simulations enable to
examine several concerns.

— First, the comparison of both approaches (the reference of Hosking & Wallis ap-

proach, and the proposed approach) is conducted with homogeneous datasets,

— Then, the sensitivities of both approaches to different sources of heterogeneities are

examined : heterogeneities in the index flood relation, heterogeneities in the growth
curves. The comparison of both approaches is conducted based on simulations under

effect of both factors of heterogeneity.

In the second step, both approaches and the local approaches with or without historical
information, are compared based on two cases studies : the Ardéche region (168 gauged
records at 5 sites and 18 ungauged extremes) and the Var region (249 gauged records at
9 sites and 4 ungauged extremes) in the south-east of France. These applications aim at
evaluating the positive impact of the incorporation of information on extreme floods at un-
gauged sites. Simulations are again conducted here in order to provide a global evaluation

of impacts of supposed heterogeneities in the considered regions, and of the additional
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information represented by extreme floods. Finally, the results of application of each ap-

proach on real datasets are presented and discussed.

THaESTS OVERVIEW

This manuscript is organised as follows : Chapter 2 proposes a review of regional flood
frequency analysis methods, and a detailed description of both approaches (the Hos-
king & Wallis reference approach and the approach proposed by Gaume), that will be
compared. Chapter 3 presents the methodology used to compare both approaches ba-
sed on Monte Carlo simulations, with progressive introduction of heterogeneities in the
considered regions and illustrates the simulation results. Chapter 4 shows the results of
application to two case studies : the Ardeche region and the Var region in the south-east

of France. Conclusions and perspectives are presented in chapter 5.







2.1

REGIONAL FLOOD FREQUENCY ANALYSIS :

STATE OF THE ART

INTRODUCTION

Regional flood frequency analyses (RFFA) may be used either (i) to propose some estimates
of quantiles at ungauged sites, or (ii) to improve the estimation of quantiles at locations
and/or for return periods for which the available at-site record lengths appear to be too
limited. In fact, RFFA is recommended for estimation of flood quantiles at sites with record
length less than 5T, where T is the return period of interest (Reed et al|1999). Design
of water control structures such as highway culverts, bridges, airfields and small dams
may require estimates of flood quantiles corresponding to 50 to 100-year return periods,
whereas design of levees around cities and intermediate to large dams may require quantile
estimates corresponding to 100 to 200-year recurrence interval (Chow et al.|1988). Floodway
channels are designed for flood events corresponding to 500-year or even 1000-year return
period. Therefore, the RFFA may be theoretically often required in design and operation of
water resources systems, land use planning and management, flood insurance assessment,
protection of populated areas, and others.

For both objectives, RFFA necessitate the delineation of statistically homogeneous
regions. But the two types of approaches are based on different assumptions and metho-

dologies :

— If the analysis aims at providing estimates of some characteristics of the local statisti-
cal distribution at ungauged sites - typically a quantile value - based on the available
gauged series, the homogeneity assumption can be limited to the existence of a com-
mon relationship between catchment attributes and the considered characteristics of

the growth curve. Most of the time, the relationship is adjusted using standard regres-

2
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sion methods. Most of the recent developments were focussed on the determination
of the best suited data pooling methods to delineate homogeneous regions and the
test of robust regression techniques (see next section).

— If the objective is to merge data from various gauged sites to provide more accurate
estimates of flood quantiles, the growth curves, possibly rescaled to account for the
local specificities, should be considered as identical at all sites of the homogeneous
region. It is generally supposed that, in a statistical homogeneous region, the local
frequency distributions are identical apart from a site-specific scaling factor (simple
scaling) called index flood Dalrymple (1960). The index flood, any value proportional
to the average of the local distribution, may be estimated by the mean of each locally
available series Hosking and Wallis| (1997) or related to the characteristics of the

catchment.

Both types of RFFA have been used extensively in hydrologic applications and some-
times combined. Stedinger (1989) suggested the use of regional regression to improve the
estimation of the local index flood. Burn| (1990ajb), Burn and Zrinji (1993), |[Zrinji and Burn
(1994; 1996) propose to improve the index flood method by assigning to each site its own
"region of influence" (see next session) defined by a measure of similarity. Tasker and Slade
(1994) and [Tasker et al| (1996) successfully extended the region of influence approach to
regional regression methods.

Fill and Stedinger| (1998) proposed to combine in other way the index flood and regional
regression concepts using normalized quantile regression (NQR). With the NQR method,
the regression model is not adjusted on the local quantile values but normalized quantile
values (estimated local quantile, divided by the local estimated mean).

The next section will present the recent advances in RFFA methods used to evaluate
characteristics of the growth curve (generally a quantile value) at ungauged sites. The two
other sections will be devoted to the presentation of two RFFA methods aiming at mer-
ging data from statistically homogeneous sites to reduce the uncertainties in the estimated
flood quantiles, namely : the relatively standard method proposed by Hosking and Wallis
(1997) and a new approach proposed by Gaume et al. (2010) able to account for extremes
estimated at ungauged sites. These two last methods will be used in this thesis, after some

modifications described in chapter 3, and in the next two chapters of this thesis.
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2.2 RECENT ADVANCES IN RFFA FOR THE ESTIMATION OF FLOOD QUANTILES

AT UNGAUGED SITES

2.2.1 Improvement of the regression techniques

Regression can be used to derive simple models that predict the values of any characteris-
tics @ of the local growth curve : means, standard deviations, quantiles corresponding to
various return periods, and normalized index flood as a function of physiographic river

basin characteristics and other parameters. Consider the traditional log-linear model :

®; = a+ bilog (Area;) + bylog (Slope;) + .. + ¢; (2.1)

Where drainage area and slope are two of many possible explanatory variables used
to estimate ®. A challenge in analyzing such models is that with available flood records,
one only obtains sample estimates, denoted as y;, of the streamflow statistics ®; . Thus the
error ei combines : (i) the-sampling-error due to sampling variability and (ii) the regression
model error. The e; for different sites are cross-correlated if the y; are based upon concurrent
and cross-correlated flow records. Often these problems have been ignored and standard
ordinary least squares (OLS) regression has been employed to obtain reasonable estimators
of a model’s parameters and its accuracy. Such procedures are satisfactory when the flood
records are all sufficiently long.

Stedinger and Tasker| (1985;[1986) suggested the use of Generalized Least Squares (GLS)
regression as a regional hydrologic analysis methodology. GLS effectively assigns different
weights to the observed streamflow statistics yi depending upon the local sampling un-
certainties. [Tasker et al. (1986), Tasker and Stedinger| (1989) illustrated GLS use in regio-
nalization studies for the skewness coefficient and of flow quantiles using physiographic
basin characteristics. Advantages of the GLS procedure include more efficient parameter
estimates and an unbiased model-error estimator.

An even more efficient approach is GLS regression accounting for correlated data, va-
riable record length and hence sampling uncertainties and distinguishing sampling and
regression model errors (Kuczera 1983, [Stedinger and Tasker| 1986, [Tasker and Stedinger
1989, Reis et al. 2005, (Griffis and Stedinger|2007). The use of regional GLS regression (Tas-
ker et al.|1986, Tasker and Stedinger| 1989, Pandey and Nguyen|1999, Madsen and Rosbjerg

1997, Madsen et al.|2002) and moreover Bayesian GLS estimation methods have been shown
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2.2.2

to be more accurate in estimating flood quantiles and statistics than using at-site flood fre-

quency analysis alone (Reis et al. 2005, Micevski and Kuczeral2009).

Delineation of homogeneous regions

In the past, homogeneous regions were often geographically contiguous regions with limits
based on political, administrative, or physiographic boundaries. However, this practice is
not correct, because the delineation of regions using these factors does not ensure hydrolo-
gical homogeneity. Consequently, new regionalization methods have seeked for similarity
between sites by examining catchment attributes, geographical location and at-site flood
statistics. Examples of approaches to regionalization include (i) the method of residuals
(MOR) (Thomas and Benson! 1970, [Wandle Jr.| /1977, Glatfelter| 1984, Choquette |1988) ; (ii)
the canonical correlation analysis (CCA) (Cavadias et al| 2001}, (Ouarda et al|2001); (iii)
the region of - influence (ROI) approach and its extensions (Burn||{1990ajb, |Zrinji and Burn
1994) ; (iv) the hierarchical approach and its extension to ROI framework (Gabriele and
Arnell||1991, Zrinji and Burn! 1996, |Haddad and Rahman [2011); and (v) cluster analysis
(Hosking and Wallis|1997, Heinz and Stedinger |1998| Charles and Stedinger||1999, (Ouarda
et al. 2001, |[Kjeldsen et al.|2002, ]Javelle et al. 2002, Merz and Bloschl 2003, Seidou et al.||2006,
Rao and Srinivas| |2006bja, Ribatet et al. 2007bfa) [Norbiato et al.| 2007, Wallis et al.| 2007,

Kjeldsen and Jones|2009).

— the MOR : In the MOR approach to RFFA, sites are grouped in regions according
to the distance (residual) from a regression model relating flood quantile at each
gauged site to the characteristics of the corresponding watershed, adjusted on the
global set of sites. This approach has been widely used by the United States Geo-
logical Survey (USGS) for regionalization. It delineates regions in a rather arbitrary
manner and the regions are often arranged to be coincident with recognized geogra-
phic and/or hydrologic boundaries, political or administrative areas. Therefore, the
regions delineated using this approach, are likely to contain watersheds with a va-
riety of geomorphologic characteristics for which flood-frequency characteristics may
not be comparable (Wiltshire||1986| Bhaskar and O’Connor|1989).

— the CCA : In the canonical correlation based approach (Cavadias et al.|2001) to RFFA,
basins are represented as points in the spaces of pairs of uncorrelated flood-related
canonical variables and pairs of uncorrelated basin characteristics canonical variables

to examine similarity in the corresponding point patterns. The problem with this
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approach to regionalization is that the pattern recognition is based on a subjective
visual judgement, and that patterns may not be found (Bobee and Rasmussen||1995).

— The ROI : The ROI approach Burn| (1990ajb) allows each site to have its own region,
rather than having fixed regions in the standard approach. The ROI of a target site
consists of those sites in the study region whose distance to the target site in a weigh-
ted multidimensional attribute space does not exceed a chosen threshold value. The
selection and weighting of variables (and sites) is one of the problems for which no
strict mathematical solution is available |Bobee and Rasmussen| (1995). It becomes a
point of concern as the number of attributes available for the analysis increase.

— The hierarchical approach : For fixed regions, |Gabriele and Arnell (1991) propo-
sed hierarchical approach to RFFA, which explicitly accounts for different spatial
variability in different flood characteristics. As an example, skewness of annual
maximum flood data is assumed to be constant over a larger area than the coefficient
of variation (CV), which in turn is assumed to vary more progressively over space
than the mean annual flood. Therefore, more sites are used to estimate the para-
meters of the statistical distribution controlling skewness than the number used to
derive the parameters determining the CV. Zrinji and Burn| (1996) incorporated the
concept of hierarchical approach into the ROI framework by defining a set of ROIs
for each site as opposed to a single ROL The hierarchical ROI approach was found to
perform well for the estimation of higher order moments. It was found that the hie-
rarchical ROI approach improved flood estimates in the extreme range. Tasker et al.
(1986) compared five different methods for developing regional regression models
to estimate flood quantiles at ungauged sites in Arkansas. The methods looked at
traditional flood estimation regression approach, multivariate techniques of cluster,
discriminative analysis and the ROI approach based on geographical and catchment
attribute space where the n gauged sites with the smallest distance make up the
ROI for site i. The results concluded that the ROI approach outperformed the other

methods, having the lowest root mean square error.

Recently, Eng et al. (2005) used different ROI approaches for estimating the 50-year
average recurrence interval (ARI) flood quantile at ungauged sites in the south-eastern
United States. Ordinary Least Squares regression (OLS) was used to regress flood statistics
against catchment attributes for each ungauged site based on data from ROI containing the

n closest gauging sites in both geographical (GROI) and catchment attribute space (CROI).
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Model performance was based on the prediction errors from independent testing sites
(cross-validation). This test showed for both the ROI approaches, that setting a threshold
for the definition of the region based on a number n of sites rather than a distance in the
phase-space of attributes led to better results. They also indicated that GROI procedure
performed better than CROL

Merz and Bloschl| (2005) combined spatial proximity and catchment attributes to com-
pare external drift kriging, georegression, and another variant of the ROI approach. They
performed the assessment using a jackknife comparison of at-site estimated regionalized
flood quantiles for 575 Austrian catchments. Consistently with the results obtained by [Eng
et al. (2005), the methods that only used catchment attributes appeared to perform relati-
vely poorer to the methods that used geographical proximity. The ROI used in this study
was then combined with multiple regressions. Merz and Bloschl (2005) were able to de-
monstrate that when spatial dependency was incorporated, the ROI showed less random
erTors.

Eng et al.| (2007) proposed a hybrid ROI (HROI) which combined the GROI and CROI
in a Generalized Least Squares (GLS) regression framework. They applied this method
to 1091 gauged sites in the south-eastern part of the United States to estimate the s50-
year flood quantile. Their study revealed that the HROI yielded smaller root mean square
estimation errors and produced fewer extreme errors often found in either GROI or CROL
From this study it was concluded that for 50 years ARI flood quantile, the similarity with
respect to catchment attributes was important, however it was incomplete and that the
consideration of the geographical proximity of the sites provided a useful surrogate for
characteristics that were not included in the analysis. [Eng et al| (2007) went on to also
present an enhanced GLS regression and ROI framework that is based on a "leverage-
guided" ROL They applied their method to 996 gauged sites in the south-eastern part of
the United States. This new leverage-guided ROI regression provided improvements in
terms of lower root mean square errors.

Overall, the uncertainty associated to estimate characteristics of growth curves at un-
gauged sites remain important, despite the real improvements in the methods in the recent
years. These methods are generally evaluated through a cross-validation procedure : one
gauge site is extracted in turn from the available data set for validation purposes. The regio-
nally estimated characteristics (generally a quantile) are compared to the locally estimated
ones. These local estimations are of course affected by sampling fluctuation which sets the

maximum possible accuracy of the regional estimated quantiles to a generally low value,
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especially if high return period quantiles or high order moments are considered. An alter-
native objective of RFFA is the reduction of the uncertainties associated to the estimated
quantiles and moments, considering that merging various partly independent samples in
a statistically heterogeneous region should inevitably reduce the uncertainty associated to
sampling fluctuation in a statistical inference procedure. This is the objective of the two me-
thods presented in the next sections that have been further evaluated in the work presented

herein.

THE RFFA PROPOSED BY HOSKING AND WALLIS (1997)

General principle

The Hosking & Wallis procedure is based on the index-flood principle (Dalrymple||1960) :
all local discharge series have identical statistical distributions in an homogeneous region
apart from a site specific scaling factor : the index flood. This principle can be expressed by

the equation :

Q" = g™ (2.2)

Where i denotes a given site within the region (i= 1,..,s), s the total number of sites
of the region, QET) is the quantile of return periord T at the i’ site, (T) is the regional
reduced quantile and y; is the index flood (or scaling factor). The index flood can be any
value proportional to the average of each local distribution.

Usually, when only data from gauged sites are considered, the index flood can be esti-
mated by the at-site sample mean (Hosking and Wallis||1997, |Castellarin|2005) |Castellarin
et al., 2007). Let consider a regional sample D including s series Q;; of annual maximal di-
scharges recorded at gauged sites i=(1,..,5), and of respective length n; (j=(1,..,1;)). Let also

consider y; as being the index flood value at site i, the index flood is naturally estimated

by :

. 1 &
fi=— Y Qi (2.3)
ij=1

The quantile estimates at site i are obtained by combining the estimates of ; and g(™) :

o = pg™ (2.4)
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This index flood procedure is based on the following assumptions : (i) observations at
any given site are identically distributed; (ii) observations at any given site are serially
independent; (iii) observations at different sites are independent; (iv) frequency distribu-
tions at different sites are identical apart from the scaling factor; and (v) the mathematical
form of the regional growth curve is correctly specified.

The first two assumptions are plausible for many kinds of data, particularly for annual
totals or extremes. It is a basic assumption of most flood frequency analysis methods that
the events observed in the past are likely to be typical of what may be expected in the
future (identically distributed). The last three assumptions are unlikely to be satisfied by
environmental data. Correlation between nearby sites may be expected for many kinds of
data. In addition, the last two assumptions will never be exactly valid in practice. At best
they may be approximately attained, by careful choice of the limits of the considered region
and of a frequency distribution that is consistent with the data.

The regional analysis procedure proposed by Hosking & Wallis aims to facilitate the
two important steps of the RFFA based on the index flood principle : the delineation of
statistically homogeneous regions and the identification of the best suited regional growth
curve on the basis of the available samples. It includes both a measure of heterogeneity of
the growth curves for delineation of the region, of and a goodness of fit measure based on

L-Moments for the choice of an appropriate frequency distribution.

Inference procedure based on the L-Moments

The samples available in hydrology have generally a limited size, even in regional ana-
lyses. This poses some difficulties for the estimation of the parameters of statistical distri-
butions based on the samples : the statistical inference. Some methods, and especially the
widespread method of moments, appear to be very sensitive to sampling variability and
particularly to the possible presence of outliers in the samples (large or high return period
values). This is notably critical when 3-parameter distributions are calibrated and high or-
der moments have to be computed. For this reason, Hosking and Wallis (1997) suggested
to base the inference on the computation of the so-called L-Moments : which do not rely
on power elevation of the available data, giving too much importance to the highest values,
but on linear combinations of the ordered values (L standing for linear). To compute the
L-Moments, the dataset has first to be sorted in increasing order Qi, Q»,.., Q.. The expres-
sions of the first four L-Moments are the following ones, with i the rank of the data in the

sorted set.
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M= L (2.5)
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Usually, the computations are based on L-moment ratios rather than on the rough value
of the moment for orders larger than 2 : Lca= A3/A; is called the Lgkypess and Lx= Ag/ Ao
is called the Lj,p0is- L-Moments ratios take their values within the interval [-1, 1]. Lcy=

Ao/ Aq.

2.3.3 The Hosking and Wallis homogeneity test

Homogeneity test is an important component of the regional flood frequency analysis,
particularly the methods based on the index flood assumption. Hosking and Wallis| (1997)
have proposed a statistical test based on L-Moments ratios for testing the heterogeneity
of the regions. The test relies on the comparison of the between-site variation in sample
Lcy (L coefficient of variation) with the variation that can be expected due to sampling
fluctuation in an homogeneous region.

Again consider a regional sample D including s sites, with site i having record length

n; and sampling L(CZ%/ Denote by LR, the regional average Lcy, computed as follows :

Yiog ”iL(i)
LR, = &=l liccy 2.
cv o (2.9)

A weighted standard deviation V' of the at site sample Lcy can then be computed :
: 0 _r )
V= Yiz1Mi (ch - LCV)

215':1 n;

To evaluate the likelihood of the value V computed on the available sample, a kappa

(2.10)

distribution is fitted to the regional sample (L-Moments method). 500 regional samples
comparable in size and structure to the available sample are generated using this distri-

bution and the V value corresponding to each simulated sample is computed to build the
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statistical distribution of V' due to sampling fluctuation according to the size and charac-
teristics of the regional sample. This distribution appears generally to be close to a normal
distribution with mean ¢y and standard deviation oy. The critical values of the H; measure
are determined as follows :

V —ov)

Hi = ( o (2.11)

The region is acceptably homogeneous if Hi<1 (H; has about 25% chance to be ex-
ceeded according to the normal distribution), possibly heterogeneous if 1< Hy<2 (H; has
5% chance to be exceeded if equal to 2), and definitely heterogeneous if H; >2. However,
measurements (rainfall and stream gauge measurements) often contain additional variabi-
lity due to : gauges being moved during the many years of operation, frequent change of
operators and level of diligence in timely measurement, missing data arising from incon-
sistent reporting, lack of attention measurement precision, instabilities and inaccuracies in
the stage-discharge relation for stream gauges (Wallis| 1997, [Wallis et al.||2007, Castellarin
et al. 2008). Wallis et al| (2007) suggested therefore releasing the constraints of the test :
Hj<2 could be considered as acceptably homogeneous, while H; >3 (H; has 0.5% chance
to be exceeded according to the normal distribution) is an indicator of heterogeneity. These
threshold values have been retained hereafter. Although the L-Moments method is not the
selected method used for statistical inference, the test proposed by Hosking & Wallis will

be used to test the statistical homogeneity of the regional samples in this thesis.

The goodness of fit test for the regional distribution

Hosking and Wallis (1997) have also proposed a test based on the Ly, 0sis Values of the
samples to select the best suited type of statistical distribution. Alike the homogeneity test,
the goodness of fit test compares a difference - between the Ly, tosis (Lﬁ) of the regional
sample and the theoretical kurtosis of the calibrated model of the type DIST (LP'*T) - with
variability that can be attributed to sampling fluctuation. A kappa distribution is therefore
fitted to the regional sample and m samples with the same size as the actual sample are
drawn from this distribution. Based on these simulated samples with theoretical kurtosis

(Lﬁ), an estimation bias B% and an estimation standard deviation can be computed :

=z

3

i

2
ok = 4| (Ngim — 1) ! (Lgﬂ) — Lﬁ) — NsimB%(] (2.12)

m=1
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Ns‘im ( )
— m
Be=Ng» Y, (L - LF) (2.13)
m=1
A reduced difference ZP!ST between theoretical Lﬁ and observed L5 can be com-
puted, which probability of exceedance is known if it is supposed that this difference is

normally distributed.

ZDIST _ (LR"™T — LE + Bk)
0K

(2.14)

Hosking & Wallis suggest not to reject a possible distribution type if | ZP!ST |<1.64 (the
value having 10% chance to be exceeded according to the normal distribution).

In the present study the probability distribution used to model the frequency distri-
bution of the annual maximum of the peak discharge is the generalized extreme-value
distribution (GEV) proposed by Jenkinson in 1955, which has been adopted in the UK for
regional flood frequency analysis and also used by various authors (Hosking et al.|1985b}
Heinz and Stedinger 1998, Lu and Stedinger| 1992, Stedinger and Lu|1995, Coles and Powell
1996, Coles and Tawn||1996| Coles 2001, |[Cox et al. 2002, Seidou et al. 2006, Gaume et al.
2010). It has been selected because of its link to extreme value theory but above all for its
flexibility. It covers a large range of shapes usually used to represent peak discharge dis-
tributions : from the bounded Weibull type distribution, to the Frechet type distribution,
including the standard exponential distribution. The goodness of fit test has not been sys-
tematically realized, but did not lead to reject the GEV distribution in the few cases where

it has been implemented.

MODIFICATION OF THE HOSKING & WALLIS INFERENCE PROCEDURE :

BayEsiaAN MCMC METHOD

A common problem in statistics is the estimation, from a random sample of size 7, of a pro-
bability distribution whose specification involves a finite number of unknown parameters.
This procedure is called statistical inference. The commonly used inference methods are
the method of moments, the method of L-Moments, and the maximum likelihood method.

Hosking et al| (1985b), [Hosking and Wallis (1987) applied the L-Moments estimation
method to extreme value distribution calibration. They found that it performs on average
better than the method of moments and both methods do well in cases of small sample
sizes if compared to the maximum likelihood estimation. However, these studies only refer

to meteorological data. |Delicado and Gorial (2008) compared the three methods for the
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asymmetric exponential power distribution and concluded that the L-Moments method
was particularly well suited to very small sample sizes (n <10).

On the other hand, the maximum likelihood method provides a consistent approach
to parameter estimation problems. This method has desirable mathematical and optima-
lity properties : it provides asymptotically minimum variance and unbiased estimators as
the sample size increases. Moreover, in a Bayesian perspective and using the appropriate
inference algorithms (Monte Carlo Markov Chains), likelihood based methods also enable
the computation of posterior distributions and credibility limits for the calibrated model
parameter values and the corresponding quantile values given the observed sample and
the selected statistical distribution. Figure taken form Payrastre (2011), illustrates the
possible outcomes of the likelihood based Bayesian Monte Carlo Markov Chain inference
procedures and how the computed posterior credibility intervals may indicate the informa-
tion content of some added data in the inference procedure. In cases where the calibrated
distribution is suited to the observed data set, the width of the posterior credibility inter-
vals for the parameters or quantiles depends on the information content of the data set (i.e.

is a measure of the information content of the data set).
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F1GURE 2.1 — Adjusted General Extreme value distributions to annual maximum discharges and historic
records available on the Lauget river (Aude, France). Distribution corresponding to the maximum likelihood
of the sample (black line) and 90% credibility intervals for the quantiles (dooted lines). a) the measured data

only are considered (circles) and b) the historic records with their uncertainties (brackets) are accounted for.

These likelihood based Bayesian MCMC inference approaches appeared therefore as
particularly suited to compare various statistical inference procedures based on various
sets of information. In the ideal case where the satistical model corresponds to the data

and the inference procedure is unbiased - which will have to be verified (see chapter 3) -
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any added information in the data set should lead to a more or less important reduction
of the credibility intervals (see figure [2.1). This may nevertheless be conterbalanced by the
approximations possibly done to account for this added information. The narrowing of the
credibility intervals is therefore not systematically observed when the size of the dataset
increases. The balance between the increasing size of the considered samples and the per-
turbing effects of the approximations necessitated for their inclusion - approximations on
which the regional methods are based for instance - will be one of the major focus of this
research.

A likelihood-based MCMC approach has been used for both, the standard Hosking &
Wallis regionalization method and a modified version enabling the integration of ungau-
ged extremes by Gaume (2010). This inference approach, already applied by Gaume (2010),
is inspired by numerous previous works (Reis et al.[2005| Renard et al.[2006| Payrastre et al.
2011) : i.e. based on the likelihood of the available data sets and a Bayesian MCMC algo-
rithm for the estimation of the parameters of the growth curve maximizing the likelihood
and of their posterior distribution according to the observed data set. It is based on three

main ingredients which will be shortly described hereafter :

— the formulation of a likelihood of the data sample given the model,

— the Bayes theorem linking the likelihood of the sample given the model and parti-
cularly the value of its parameters and the posterior probability density function of
these parameters given the data set,

— an efficient sampling method in the posterior distribution : Monte Carlo Markov

Chain.

2.4.1 Likelihood of the observed sample

Considering the regional sample D described above, composed of s series of annual maxi-
mum peak discharges with local index flood values y;, the standard expression of the

likelihood of the regional sample D would be the following :

¢(D | 6) H[Hf (Q”>] (2.15)

i=1
Where fy denotes the regional probability density function (or density function of the
reduced discharges), Fy being the cumulative probability function of the selected statistical

distribution for the regional growth curve, and 6 corresponds to the vector of parameters
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2.4.2

to be estimated. The 3-parameter GEV distribution, often used to describe peak discharge
growth curves (Heinz and Stedinger |1998, |(Coles and Powell |1996| [Seidou et al.||2006), has
been selected (Eq.2.16 and Eq.2.17). It is a distribution type with a large spectrum and
flexibility not constraining too much the shape of the posterior distribution. The huge
sensitivity to sampling variability of the maximum likelihood adjustment is considered in
this work as a positive aspect : the result of the inference must be firstly guided by the
data and not too much by constraint imposed a priori on the distribution. To be really able
to compare the information content of various data sets, the uncertainties related to the
statistical inference should not be under-estimated due to unjustified constraint imposed
on the shape of the peak discharge distributions. The vector § comprises the position, scale

and shape parameters (g, a, x) of the GEV distribution.

Fy(Q) = exp [— (1- "(%‘C))m] N (216)

Bayesian Monte Carlo Markov Chain algorithm

The Bayesian Monte Carlo Markov Chain procedure is now relatively common for hydro-
logical applications (Reis et al./2005, |[Renard et al.|2006| Ribatet et al.|2007b, Neppel et al.
2010). Recalling the Bayes’ theorem, the likelihood of the sample given the parameters of
the statistical model ¢ (D | 6) can be related to the likelihood or density of probability of

the parameters given the sample p (6 | D) (posterior distribution) :

(D ]6)p(®) .
» (D) (2.15)

Where p (0) is the so called prior distribution of 6, which summarizes any prior or

p(0|D)=

alternative knowledge on the distribution of 6, and p (D) is the probability of the sample
D which in unknown. When prior information on the distribution of 6 does not exist,
then p (0) is generally taken as uniform. It is the case here, which implies that p (6 | D) is
proportional to ¢ (D | 6). If the statistical model is selected, it is possible to compute the
pobability density function of its parameters according to the observed data sample.

p (6 | D) being known, or more precisely ¢ (D | 8) which is proportional to it according
to our hypotheses (uniform prior), parameter sets 6 will be sampled according to p (6 | D)

to build the posterior distributions and compute the corresponding credibility limits for
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2.5. The RFFA procedure proposed by Gaume (2010)

the discharge quantiles. The MCMC algorithms, combining random walk Monte Carlo
methods with Markov chains, are a class of algorithms for the efficient sampling from
multivariate random distributions (Tanner 1996, Robert and Casella.G 2004).

The MCMC algorithm will be further presented and some examples of outcomes will

be given at the beginning of chapter 3.

THE RFFA PROCEDURE PROPOSED BY GAUME (2010)

Calibration of a regional index flood relationship

Gaume et al.| (2010) considered a situation in which a regional inventory of extreme floods
at ungauged sites is available. This inventory includes h extreme peak discharges Qy
(k=(1,..,h)), each Qj corresponding to the largest flood at site k during an inventory period
of length 7. In order to include this additional information in the regional dataset, Gaume

proposed to use an index flood relationship related to the catchment area S :

Ui =Cx* Sf and pp = ¢ * Sf (2.19)

Where S; and Sy are the catchment areas at the corresponding sites, and c and f are
coefficients to be determined. More complex relationships based on various climatic and
physio-geographic watershed characteristics could have been used, but would have increa-
sed the corresponding number of parameters to be estimated.

Gaume et al. (2010) calibrated the ¢ and p coefficients by regression according to the
means of gauged discharge series, but did not consider the uncertainty associated with the
c and B coefficients. It can be noticed that the presence of the c coefficient is just necessary
to enable the regression based on observed samples means, and will not influence the
inference results.

This approach represents two important additional assumptions in comparison with

the conventional Hosking & Wallis approach :

— first, the assumption of homogeneity of the growth curves has to be extended to the
considered ungauged sites. This represent an additional constraint for the delineation
of the region, that may be solved based on considerations of spatial proximity or
similar catchments attributes,

— then, the index flood relationship is supposed to be homogeneous within the region.

Gaume (2010) verified the relevance of the relationship (homogeneity of the region)
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FIGURE 2.2 — Best estimated scaling coefficients according to the Wilcoxon-Mann-Whitney test for the dif-
ferent regions selected by Gaume : (a) Tatras, (b) Flysch East, and (c) French Mediterranean area. 90%
credibility bounds for the index flood value at each site according to the Wilcoxon, Mann and Withney test

are presented.

based on the results of a Wilcoxon-Mann-Withney test, used to associate a confidence
interval to each local series mean[[] Although this test shows that the observed sample
means are not inconsistent with the proposed relationship, it cannot guarantee a per-
fect homogeneity of the region. For this reason, the possible presence of heterogeneity

around the index flood relationship has been considered herein (see figure 2.2).

1. The WMW test, originally proposed by |Wilcoxon| (1945) and extended by [Mann and Whitney| (1947), is
generally used to assess the null hypothesis that two independent samples are drawn from the same population
or more precisely to assess if one of two random variables is stochastically larger than the other (Mann &
Whitney, 1947). The WMW statistics is a rank sum test that is strongly controlled by the median values of the
samples and is therefore often compared to the Student parametric test (Kendall and Stuart|1979). The idea of
the implementation of the WMW test to support the evaluation of index flood relations consists in selecting
a reference sample and in comparing it with all the other samples rescaled by a factor I. This factor is varied
and the range of [ values for which the WMW null hypothesis cannot be rejected at a significance level of p
is an estimate of the (1 — p)% confidence interval for the index flood of each sample given the choice of the

reference sample and according to the WMW statistics (see figure 2.2)




2.5.2

2.5.3

2.6

2.6. Conclusions

Formulation of the likelihood

The index flood relation being calibrated, the regional & ungauged extremes may be taken
into account in a regional flood frequency analysis in the same manner as historic records

are introduced in a local flood frequency analysis (see Payrastre (2011) for instance).

(plo) - H[Hf (Q”)]H[f (2] 11 [ (2)] " e

i Hk k Wik

In equation 2.20, the first term corresponds to probability of the gauged series. It is the
only necessary term if continuous series of measured annual maximum discharges are used
(modified Hosking & Wallis approach, equation 2.15). The second term is the probability
of the ungauged extremes and the third complementary term is the probability of non-
exceedance of the extreme value during the remaining (1, — 1) years at each ungauged site,
ny being the approximate period over which the extremes have been inventoried. Other,
more complex, formulations may be used to account for the estimation uncertainties of the
ungauged extremes Payrastre et al. (2011), which have been neglected by Gaume in its first
tests and which will not be considered in this research (see conclusions and perspectives

for some elements of discussion).

First implementation tests

The first implementation tests presented by Gaume (2010) demonstrated a real added value
of the ungauged extremes. Nevertheless, the uncertainties associated with the calibration
of the index flood relationship could not be considered and may modify significantly these
conclusions. The integration of the index flood relation in the global calibration process and
the evaluation of its contribution to the inference uncertainties was the first motivation of
this research for a real consistent and fair comparison with the standard Hosking & Wallis
regional approach. The proposed adaptation of the method initially proposed by Gaume

to achieve this integration will be presented at the beginning of chapter 3.

CONCLUSIONS

Regional flood frequency analysis methods may have two different objectives : the esti-
mation of generally low to moderate return period quantiles at ungauged sites or the
building-up of larger data samples to reduce the uncertainties associated to the estimation

of large return period quantiles.
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Recently, Gaume (2010), proposed an original method aiming at including ungauged
extremes in regional flood frequency analyses with the objective to further extend the data
sample used and reduce the estimation uncertainties. The proposed method relies on both
types of method since a regression technique is used to estimate a local index-flood value
- basically the local expectancy (first moment) of the sample - and a regional growth curve
is calibrated in a similar way to the standard Hosking & Wallis approach, once the index
flood relationship is adjusted.

This relationship represents an additional homogeneity requirement if compared to the
approach of Hosking & Wallis and may limit the possible extent of homogeneous regions.

Based on several case studies, Gaume (2010) showed the possible great value of such
an approach, depending on the characteristics of available extreme values at ungauged
sites. The simple index flood relationship proposed, of the form SP (S being the area of the
watershed and B a parameter to be calibrated), appeared satisfactory in the tested regions.

However, until now some debatable issues remain since the initial results presented
were based on an index flood relationship adjusted a priori, and did not consider the un-
certainties associated with the calibration of this relationship (one additional parameter
to be estimated). Moreover, given that the index flood relationship cannot be perfect, the
effects of intra-regional heterogeneity in this relationship should also be considered : a too
large heterogeneity will probably lead to limit the extent of the region considered in the
analysis and introduce additional uncertainty sources. Finally, the additional parametrisa-
tion introduced by the index flood relationship, combined with the necessary assumption
of homogeneity of the index flood relationship within the region, may highly limit the
performances of the proposed approach although additional information corresponding to
ungauged extremes can be incorporated. Thus, the main objective of the research repor-
ted in this thesis is to update the method to directly account for the uncertainties induced
by the calibration of the index flood relation and to conduct a complete analysis of the
robustness of this approach.

Some other possible improvements of the method, benefiting from the recent develop-
ments achieved in regional regression methods or aiming at accounting for the uncertain-
ties in the estimated values of the ungauged extremes were not considered herein but could

be the focus of future developments of the method.




PROPOSED APPROACH : IMPROVEMENTS 3
AND COMPARISONS BASED ON

SIMULATIONS

3.1 INTRODUCTION

THis chapter presents an overall comparison of both regionalisation approaches des-

cribed in chapter 2, based on simulations. All the analyses conducted here consider
datasets limited to gauged series. Thus, the two approaches will be compared here based
on equivalent datasets (no extreme floods at ungauged sites will be considered). The diffe-
rences observed in the inference results will therefore be explained only by methodological
considerations.

In order to conduct a realistic comparison, some improvements have first been introdu-
ced in the proposed approach of Gaume (2010), in order to provide a better estimation of
the uncertainty associated with the use of the index flood relationship. This required both
an adaptation of the formulation of the index flood relationship, and of the expression
of the likelihood of observations : these evolutions will be presented at the beginning of
this chapter. These adaptations finally result in an increase of the number of parameters
to be estimated with the MCMC algorithms (4 parameters instead of 3), and consequently
the convergence of MCMC algorithms may become more problematic. This question of
convergence was examined carefully using a common convergence diagnosis.

A Monte Carlo simulation procedure was then developed in order to enable a detailed
comparison between the two regional approaches : i.e. the reference Hosking & Wallis
approach and the proposed approach based on the index flood relationship, including
the modifications described before. In each case, the analysis of simulations results was

focused on the quality of estimation of the 100-year quantiles QEIOO), and on the reliability
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of 90% credibility intervals [QAZ%OO), Qf/lggo) ] computed using the Bayesian MCMC procedure.

A great advantage of such a comparison based on simulations is that it is not sensitive to
sampling fluctuations. It also enables to conduct sensitivity analyses to various contexts of
availability of data and of presence of heterogeneities within the considered regions. The
sensitivity to the length of the local series was especially examined here. The impact of
presence of heterogeneities in the index flood relationship and the local growth curves was

also considered.

This chapter is organised as follows : the first section presents the evolutions introduced
in the proposed approach. The next section describes in detail the methodology applied
for simulations and the result evaluation. The results are then presented and commented,
first in the case of homogeneous regions, and then with presence of heterogeneities in the

considered regions. The main findings are finally summarised in the conclusion section.

EVOLUTIONS OF THE PROPOSED APPROACH

Gaume et al.| (2010) calibrated the c and p coefficients of the index flood relationship (Eq.
2.19) by regression according to the means of gauged discharge series, and verified the ho-
mogeneity of this relationship in the considered regions based on the results of a Wilcoxon-
Mann-Whitney test. However, they did not consider the uncertainty associated to the es-
timation of the c and B coefficients. A relevant comparison with the reference Hosking &
Wallis approach should incorporate this additional source of uncertainty.

Therefore, in the present application the methodology has been adapted in order to en-
able a common estimation, based on the Bayesian MCMC algorithm, of both the index flood
relationship and the growth curve parameters. This was achieved by a double adaptation of
(i) the formulation of the index flood relationship (see next section), and (ii) the expression
of the likelihood of observed samples (in order to incorporate the index flood relationship
parameter in this expression, see section 3.2.2). Based on these new formulations, the num-
ber of parameters to be estimated with the Bayesian MCMC algorithm increases from 3
to 4, and logically the convergence of MCMC algorithms becomes more problematic. The
methodology applied to ensure a good convergence of the algorithm, and the convergence

diagnosis applied to verify this convergence will be detailed in section 3.2.3.




3.2.1

3.2.2

3.2. Evolutions of the proposed approach

Index flood relationship and associated homogeneity analysis

It can be noticed, in the initial formulation of the index flood relationship (Eq. 2.19), that
the presence of the ¢ coefficient is just necessary to enable the regression based on observed
samples means, and does not influence the inference results. Moreover, since this parameter
just modifies the global scale of the reduced discharge series, it is redundant with the
position (¢) and scale («) parameters of the regional growth curve. A common estimation
of these three parameters in the Bayesian MCMC algorithm would not be possible : the
convergence of the algorithm cannot be achieved in a situation for which infinity of vectors
of parameters lead to the same likelihood value. Therefore, the formulation of the index
flood relationship was adapted here to discard the c¢ coefficient. The formulation used in

the rest of this manuscript is the following :

pi =S (3.1)

Moreover, given that the B coefficient will not be fixed a priori but estimated using
the MCMC algorithm, the analysis of the homogeneity of the considered regions has been
conducted (case studies presented in chapter 4) in a different manner as described in chap-
ter 2 (Wilcoxon-Mann-Whitney test). The test procedure applied here is based on the com-
putation of the mean or median discharge at each site of the considered region, according
to the adjusted maximum likelihood model, and of the 95% fluctuation range of observed
means around this maximum likelihood value (computed by simulations), according to
the length of each discharge series (effect of sampling variability). A simple comparison
between the means of real observed samples and the fluctuation ranges associated with
the maximum likelihood model may show that the observed sample means are (or not)
consistent with the proposed relationship. However, as for the Wilcoxon-Mann-Whitney
test, it cannot guarantee a perfect homogeneity of the region. For this reason, the possible
presence of heterogeneities around the index flood relationship has been considered in the

simulations conducted in this chapter and in chapter 4.

Formulation of the likelihood function

The inference approach applied herein is directly derived from Gaume (2010) (see section
2.5 in chapter 2), based on the likelihood of the available data sets and a Bayesian MCMC
algorithm for parameter estimation. However, the joint estimation of the index flood re-
lationship and the regional growth curve required here an adaptation of the likelihood

formulations.
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Considering again the regional sample D described in chapter 2, including both gauged
flood series Q; ; and ungauged extremes Qy, a logical expression of the likelihood of sample

D, including the parameter B of the index flood relationship, may be the following :

oo =T1f1e (%) | R Gl oo

Where fg and Fy are again the probability density function and the cumulative probabi-

lity function of the statistical distribution selected to represent the regional growth curve,
and 0 corresponds to the parameters to be estimated. Here 6 includes both the g parameter
of the index flood relationship and the parameters of the GEV distribution, 6 = (B, ¢, «, «).

However, a careful analysis of equation (3.2) shows that although this likelihood expres-
sion is similar to the one presented in chapter 2 (used in a quantity of previous studies), it
is not suited for the present application. The index flood values /(0), indeed, increase with
parameter 3, and the corresponding values of the density function f3(Q/ ) also increase in
the same proportion. Therefore, it is likely that the likelihood of the dataset will increase
with B, leading to a biased estimate of . To face this difficulty, an expression of the like-
lihood that is less sensitive to B has to be selected : this was achieved by systematically
replacing the density function f»(Q/u) by the probability to observe a value in the range of
+1% around % o (1.01 * %) —F (0.09 * %)

Note that this last expression does not increase with y anymore. Using this expression,

the likelihood of the dataset becomes :

w10 = f1[f1 e (o 35) -5 (055
F (1.01 * yﬁ’b) —F (0-99 * ‘qu(kg))]

QO (n=1)
A (o) 69

X
—=
—

or

h - u (n—1)
A1 (2)




3.2. Evolutions of the proposed approach

If the magnitudes of the ungauged extremes are known with some uncertainty and
upper and lower estimates can be defined (Q,%I ; Q,E), j=1,.,h.

In the case of the reference approach of Hosking (1997) based on Eq.(2.3), only infor-
mation from gauged sites can be used, and therefore the likelihood expressions (3.3) and
(3.4) will be limited to their first term. The set of parameters 6 to be estimated will also be
limited to (¢, &, x).

In order to better illustrate the differences between likelihood functions 3.3 and 3.4.,
the MCMC algorithm has been applied to the same regional dataset using both formula-
tions. The results are presented in figures 3.1, 3.2 and 3.3. The regional dataset used here
was simulated and corresponds to the characteristics of the Ardéche case study (see chap-
ter 4) : same catchment areas and record lengths (limited to gauged series), parameters
of the growth curve ({= 3.34, a= 2.24 and x= -0.16) and of the index flood relation (B=
0.76) determined based on the real Ardeche dataset. Figure 3.1 first compares the poste-
rior distributions of the three parameters (¢, «, ) obtained using the reference Hosking &
Wallis approach. This figure shows that with the reference approach of Hosking & Wallis,
both formulations may be used with similar estimation results. However, figures 3.2 and
3.3 show that this is not the case anymore if the proposed approach is used : in this case,
the use of formulation 3.2 clearly leads to overestimate parameter f and underestimate
in the same time parameters a and ¢; it also causes evident problems of convergence of
the MCMC algorithm (see parameter x on figure 3.2). On the other hand, the estimation
obtained using formulation 3.3 (or Eq.3.4), even if affected by uncertainties, appears much

more consistent with an apparently acceptable convergence of the MCMC algorithm.
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FIGURE 3.1 — Posterior distributions of the growth curve parameters (¢, «, x) computed based on the reference

Hosking and Wallis approach.
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MCMC convergence diagnosis

An important issue when dealing with MCMC algorithms is to ensure a good convergence
of the algorithms. Provided that the proposed approach, after the adaptations described in
previous sections, now requires the estimation of 4 parameters, instead of three parameters
for the reference approach, the convergence may be more problematic in this case and
has to be carefully checked. Cowles and Carlin (1996), Salaheddine et al. (2006) provided
an exhaustive review of the large number of convergence diagnostic methods proposed
in previous publications (Gelman and Rubin!|{1992| |[Raftery and Lewis| 1992, Geweke| 1992}
Roberts |1992} 1994, Ritter and Tanner| 1992, Zellner and Min/|1995, Liu et al. 1992, Garren
and Smith 1993, [Johnsonl{1994, Heidelberger and Welch!1983, Mykland et al.|1995, |Yu/ 1994,
Yu and Mykland|/1994). We considered herein the diagnosis of (Gelman and Rubin| (1992)
that is among the most popular in the statistical community. This test is based on running
M > 1 MCMC chains in parallel with starting values that are over dispersed relative to
the posterior distribution. The convergence is diagnosed when the chains have "forgotten"
their initial values, and the output from all chains is undistinguishable. It is based on

the comparison of within-chain and between-chain variances of the calibrated parameter
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values, and is similar to a classical analysis of variance. The convergence diagnostic results
in the computation of a coefficient R : values of R substantially above 1 indicate a lack
of convergence, and the MCMC chains can be stopped as R is sufficiently close to 1. The
detailed computation of R is presented in appendix A.2.

Figure 3.4 presents examples of application of the Gelman and Rubin test to MCMC al-
gorithms applied on the both case studies that will be presented in chapter 4 : the Ardéeche
region including 168 records at 5 gauging stations and the Var region including 249 re-
cords at 9 gauging stations. The number of iterations of the MCMC algorithms applied
varies from N= 40 0oo to 300 000. To achieve fast convergence, a first MCMC chain was
systematically run with a limited number of iterations (N/2) to adjust the variance of the
"jump" distribution of a second chain (N iterations), used for the parameters estimation.
The test was applied here with M = 2. The values of R presented on figure 3.4 show that the
convergence is easily achieved with the reference approach (R= 1), meanwhile it is more
uncertain with the proposed approach, especially as the number of iterations N is lower
than 60 ooo. Hence, for the rest of the study, a number of iterations of N= 60 0ooo was sys-
tematically applied and the convergence systematically checked using the same test, and

considering a threshold value R of 1.05.

METHODOLOGY OF MONTE CARLO SIMULATIONS

This section describes the simulation procedure developed to compare the two regional
approaches described in chapter 2. The general principle is the following : in a first step,
a large number of synthetic regional datasets are generated, including different possible
degrees of heterogeneity ; the two estimation approaches to be compared are then applied
to each of the synthetic series, including the estimation of the posterior distribution of
parameters based on the Bayesian MCMC procedure described in previous sections, the
estimation results are finally compared with the real parent distributions, with a focus on
the quality of estimation of the 100-year quantiles Qfloo), and on the reliability of credibility
intervals [QZ%OO), QAI%%O)] computed using the Bayesian MCMC algorithm.

The following sections first present the procedure used for the generation of synthetic

regional series, including different levels of heterogeneity. Section 3.3.5 presents the metho-

dology applied for the exploitation and comparison of results.
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FIGURE 3.4 — Gelman and Rubin’s convergence diagnosis applied to MCMC algorithms : a) Ardéche region
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Var region and proposed approach.

Generation of synthetic series - case of homogeneous regions

Each simulation conducted is based on 1000 synthetic regional samples, which characteris-
tics (number of gauged sites, associated catchment surfaces, length of each gauged series,
presence of information on extremes) are predefined and may correspond for instance to
a case study for which the analysis has to be conducted. The samples are generated based
on a regional growth curve and an index flood relationship which characteristics are fixed,
for instance determined based on the real available datasets. The regional growth curve
involved here will always correspond to a GEV distribution with three parameters (o, ao,
o). The index flood relationship corresponds to the one presented at the beginning of this
chapter, with a parameter By (4=SF°).

In the case of an homogeneous region, the generated samples respect perfectly the for-
malism of both the regional growth curve and the index flood relation (see Fig 3.5.a). In this

specific case, the procedure of simulation of one synthetic regional sample is the following :

— a reduced discharge serie g;; is generated at each site i of the considered region,

with the corresponding length n; (j=[1,..,n;]). The at-site reduced discharges are di-
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3.3.2

rectly derived from the expression of the cumulative probability function of the GEV

distribution :

qij = Go+ %) [1 — (—log (Fj))KO} (3-5)
where, the non-exceedance probabilities Fj are generated from a random uniform
distribution over the range [o0,1],

— the rescaled discharge series at i gauged site is then computed using the index flood

relationship (Eq. 3.1) :

Qij = qij* 51-50 (3.6)

Log(s") ;
Log(s")

J Log(S) o~ /’7 Log(S)
T T T T T T T T 1

1 s2 s s4 S5 (km?) 2
a) b) S1 S§2  s3 sS4 S5 (km®)

FIGURE 3.5 — Relationship between the index flood values and the watershed surface used for synthetic series
generation : a) case of homogeneous region, b) heterogeneity of the index flood relationship, based on a log-

normal distribution.

Introduction of heterogeneity in the index flood relation

The presence of heterogeneity in the index flood relation may be introduced in the resca-
ling phase of the simulated reduced discharge series (Eq. 3.6). The theoretical index flood
value at the i site ‘uisz’ has been replaced here by a random value obtained from a log-
normal distribution with mean Sf and standard deviation (0 * Sf ) (see Fig.3.5.b). In order to
simulate different levels of heterogeneity § has been successively set to 0.1 and 0.3. Figure
3.6 shows the corresponding dispersion of the computed index flood values and of means
of generated samples, obtained for a simulation corresponding to the Ardeéche region in
France (see section 4.2.1 for a detailed presentation of this region). This figure suggests that

for 6=0.1, the fluctuations of the sample means do not significantly increase in comparison




3-3-3

3.3. Methodology of Monte Carlo Simulations

with the reference situation with no-heterogeneity. The means of the real Ardeche region
gauged samples, represented on the graph, also suggest that the real heterogeneity of this

region may correspond to 6=0 (no-heterogeneity) or to =1.
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FIGURE 3.6 — Dispersion of a) the index flood values y;, and b) the means of simulated samples, associated
with the random generation of y; using a log-normal distribution LN( Sf , 0% Sf ). The presented simulation

(number of sites, catchment areas, samples sizes) corresponds to the Ardéche region.

Introduction of heterogeneity in the local growth curves

Hosking and Wallis| (1997) suggested to measure the heterogeneity of the local growth
curves in a region based only on the differences between the samples Ly and Lgerppess- The
introduction of heterogeneity in the local growth curves was conducted here in a similar
manner, by selecting randomly Lcy and Lggeqness Values that were supposed to correspond
to the growth curves of each site in the region. This procedure requires three additional
steps to be added to the initial simulation procedure described in section 3.4.1 (case of
homogeneous datasets) : (i) evaluation of reasonable fluctuation ranges of Lcy and Lgkewpess,
and choice of a random generation distribution (ii) incorporation of heterogeneities in the
growth curves used to generate reduced discharge series at each site i, and (iii) application
of the Hosking & Wallis heterogeneity test to each regional sample generated. These three

steps are described in detail bellow :
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Step 1 : Choice of a reasonable distribution for random generation of Lcy and Lgkeypess

values.

Figure 3.7 presents the fluctuations of Lcy and Lgeyness (0r Lca) values estimated based
on 10.000 simulated samples including respectively 20 and 40 observations, and generated
using a GEV distribution with parameters ¢y, &g, and xo. This figure clearly illustrates the
correlation existing between the two L-Moments values. It also shows that the dispersion of
estimated values is logically higher as the sample size used for the computation decreases.
The dispersion observed on this figure is associated to sampling variability and not with
heterogeneity of the growth curves. The assumption that was made here is that this dis-
persion may also be representative of reasonable heterogeneities of the local growth curves
within a considered region, around the theoretical regional growth curve represented by
parameters (o, Xo, Ko).

In order to simulate Lcy and Lggepness Values with a dispersion corresponding to the
tigure 3.7, a bivariate normal distribution was adjusted to the corresponding Lcy and
Lskewness datasets. The parameters used to procedure the results presented in the figure

3.8 are detailed in table 3.1. In this table, pg corresponds to the coefficient of correlation,

_ Ziﬂz1 (LiCA - gDLCA) * (LEV - QOLCV)

(” - 1) OULcaOLcy (3.7)

©o

and, ¢r., and ¢y, are the respective means of Lcs and Lcy; 01, and o7, the standard
deviations.

TABLE 3.1 — Parameters of the bivariate normal distribution adjusted based on the 10 ooo values of Lc 4 and

Lcvy presented in figure 3.8.

n(year) PLca | PLlev | TLca ULcy 00

20-year | 0.259 | 0.361 | 0.109 | 0.051 | 0.660

4o-year | 0.267 | 0.363 | 0.076 | 0.035 | 0.668

The parameters values presented in table 3.1 are just indicative : these coefficients have
been systematically estimated based on a set of 10 000 simulated samples corresponding to

the (Co, xo, ko) parameters of the reference regional growth curve used for each simulation.

Step 2 : Incorporation of heterogeneity in simulation of reduced discharge series.

For each synthetic regional sample to be generated, the bivariate normal distribution pre-
sented above has been used to generate random values Lcy_; and Lggeyness—i to be applied

at each site i of the region. The procedure to be followed for random generation is the
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F1GURE 3.7 — Dispersion of Lca and Lcy values computed for 10.000 simulated samples, the number of
observations in each sample being : a) n= 20-year, and b) n= 4o-year. The considered samples were generated
based on a GEV distribution with parameters o= 3.34, Xo= 2.24, and ko= -0.16, corresponding to the Ardeéche

region.

following : first, the Lgkerpness—i Value is generated based on a normal distribution with

mean ¢y ., and standard deviation o7 _,. The corresponding Lcy_; value is then obtained

from a normal distribution with mean ¢z, + po Tev (Lca—i —

o, ¢L.,) and standard deviation

(1 - p§)*ot., -

Two degrees of heterogeneity were systematically considered, the parameters of the
bivariate distribution used corresponding successively to the Lcy and Lggepness fluctuations
observed for samples of 40 years length (limited heterogeneity), and 20 years length (high
heterogeneity), An example of simulated Lcy_; and Lggeness—i Values is presented on figure
3.8.

The parameter values (C;, «;, ;) of the GEV distribution used to simulate the reduced
discharge series at site i, were then directly estimated based on the Lcy_; and Lggewness—i
values, and considering an expected value ¢, being the same than for the reference growth

curves :

xQ (F (1 —|—K0) — 1)
Ko

Pg; = CO + (3-8)

No explicit solution exists to estimate «;, based on (¢4, Lcv—i, Lca—;) but the following

approximation has an accuracy better than 9 x 10~ for -0.5<Lc4_;<0.5

2 log2

.= 7.8590 29554 % ¢* with ¢ = —
K; * C + *Cc” wi c 3+ Loas log3
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The other parameters are given by :

(P%‘ * LCV—i * K

N =

gi = Goqz- -

ajx(1-T(1+x;))

(1—2%)«T (14 x;)

Ki

(3.10)

(3.11)

Finally, the generation of reduced discharge series at site i is made in the same manner

as in the case of homogeneous regions, but is here based on the (;, «;, x;) parameter values :

G =G+ [1= (~log (Fiy))"]

(3.12)

The nonexceedance probabilities F;; being again generated from a uniform random

distribution over the range [o,1].
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FIGURE 3.8 — Dispersion of Loy —; and Lggepness—i values generated based on a bivariate normal distribution,
for 1000 regional samples including each 5 sites (5000 values) : a) case of important heterogeneity, bivariate
distribution calibrated based on the dispersion observed for samples of n= 20-year length (Fig 3.7.a), and b)
case of limited heterogeneity, bivariate distribution calibrated based on the dispersion observed for samples of

n= 4o0-year length (Fig 3.7.D).

Step 3 : Application of the Hosking & Wallis heterogeneity test.

The application of the Hosking & Wallis heterogeneity test Hosking and Wallis| (1997) may
help to filter detectable heterogeneous datasets. Therefore, a realistic simulation of impact
of heterogeneities should be limited to samples that pass the test. For this reason, the homo-
geneity test was applied to each of the 1000 synthetic samples, and the samples identified

as heterogeneous were systematically removed.
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Hosking asserts that a region is acceptably homogeneous if the H; measure given by the
test does not exceed 1. However, this threshold may also be placed at a higher value, given
that Hosking (2007) considers H; values above 3 as representative of definitely heteroge-
neous region (see section 2.3.3). The H; measure, indeed, just gives an indication but cannot
lead to a definitive conclusion. Figure 3.9 well illustrates the limits of this test, associated
with sampling fluctuations : if the overall distributions of H; values significantly differ bet-
ween homogeneous and heterogeneous samples, H; values above 1 may be observed for
homogeneous samples, and conversely.

Based on the results of the Hosking & Wallis heterogeneity measure applied to each
of the 1000 samples, three situations of heterogeneity were finally considered : (case 1) for
homogeneous datasets, only the samples with H; <1 value were selected (see Fig. 3.9.a),
(case 2) for datasets corresponding to limited heterogeneity (Lcy and Lggeqness fluctuations
observed for samples of 40 years length), the samples having H; <2 value were selected (see
Fig. 3.9.b), and (case 3) for highly heterogeneous datasets (Lcy and Lggepness fluctuations

observed for samples of 20 years length), the threshold on the H; value was set to H; <3
(see Fig. 3.9.c).

Histogram of 827 values H1-homogeneity Histogram of 826 values H1 with n=40-year Histogram of 851 values H1 with n=20-year
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FIGURE 3.9 — Histogram of Hi values of selected samples, in three cases : a) case 1 : homogeneous samples,
827/1000 samples selected, b) case 2 : samples with limited heterogeneity, 826/1000 samples selected based
on a Hy threshold of 2, and c) case 3 : samples with high heterogeneity, 851/1000 samples selected based on

a Hy threshold of 3.

3.3.4 Introduction of heterogeneities in both index flood relationship and local growth

curves

This last simulation procedure has been applied exclusively to the case studies that will be
presented in chapter 4. Here the simulations conducted aim to provide an estimation of the

performances of both regional approaches in a context of heterogeneity and of availability
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of data that corresponds to each considered case study. Therefore, the simulations combine
here the incorporation of heterogeneities in both the growth curves and in the index flood
relationship. The simulation procedure remains similar to those presented in sections 3.4.2

and 3.4.3. It can be resumed as follows :

— calibration of the bivariate normal distributions to be used for introduction of hete-
rogeneities in the local growth curves, generation of at site reduced discharge series
incorporating heterogeneity on the growth curves used at each site,

— rescaling discharge series with introduction of heterogeneity in the index flood rela-
tionship,

— application to Hosking & Wallis homogeneity test and removal of all samples identi-
fied as heterogeneous,

— application to the inference approaches to be evaluated to each simulated regional

sample.

3.3.5 Analysis of the quantile estimates and of the credibility intervals

The evaluation procedure relies on the application of the estimation approaches to be tes-
ted (local analysis, the reference Hosking & Wallis regional approach, proposed regional
approach) to each of the synthetic samples obtained from Monte Carlo simulations. The
entire posterior distribution of parameters is estimated in each case based on the Bayesian
MCMC procedure. Of course, the cases for which convergence of MCMC algorithm is not
achieved are removed.

The first exploitation of these results is based on the computation of discharge quan-
tiles maximum likelihood estimates Qg/)m corresponding to the modes of each posterior

(T) Q(T)

distribution F oM The corresponding 90% credibility intervals [QAi,5 , Q; 95 are also com-

puted. The finz;l result is a set of 1000 (or less if some MCMC chains did not converge
or if some samples were removed based on the Hosking & Wallis heterogeneity measure)
of maximum likelihood quantiles Qg/)m and corresponding 90% credibility intervals. The
position of these estimated quantiles and the corresponding credibility intervals were com-
pared at each site to the real quantile value to be estimated QST). The fluctuations observed
around this value were reported on a boxplot graph as presented in the figure 3.11. This
graph gives a synthetic overview of the fluctuations of the estimations obtained with each

considered approach, by reference to the real value to be estimated.

In a second step, a global evaluation of the relevance of the posterior distributions
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F o(n Was conducted. This was achieved by the computation, according to the posterior

distributions F o™ of the cumulative probability E o™ (QZ(T) )= P(QET) < QET)) corresponding

to the real quantile value le. If the posterior distributions F o are well estimated, the
values of F Q](D(QET)) should be uniformly distributed. Figure 3.10 shows some examples of
the distributions of F Qm(sz ) that may be obtained and the corresponding interpretation

in terms of quality of estimation.

a)

L J
L J

FIGURE 3.10 — Examples of possible distributions of the ﬁQET)(QgT)) values, and corresponding interpre-
tations : a) perfect estimation; b) biased estimation of the flood quantile (over-estimation); c) too narrow

estimated credibility limits ; and d) too large estimated credibility limits.

This test procedure was systematically applied herein. Some of the results obtained
show a tendency to underestimate the variance of the posterior distributions (too narrow
estimated credibility limits, see in sections 3.5 and 3.6). In these cases, more dispersed
distributions ﬁgfﬁ have been generated, keeping the same median but with a standard

deviation multiplicated by a factor m= (1.2; 1.4; 1.6; 1.8). This is obtained by applying the

following formula to each estimated value QET) :

O =me (A7 - meton Q7)) s metion Q7)1

The value of m necessary to retrieve a uniform distribution of Iﬁg(?; (QZ(T) ) gives an idea

1

of the level of underestimation of the standard deviation of the posterior distribution F oM

1

3.4 SIMULATION RESULTS - CASE OF HOMOGENEOUS DATASETS

3.4.1 100-year quantiles QAl(lAC/]IOL) estimation results

The results of simulations presented in this section were obtained considering a region
which characteristics correspond to the Ardéche case study (see in section 4.2.1) : the region
includes 5 gauged sites with respective catchment surfaces of 88, 392, 507, 636, and 2240

km?. The total gauged available record length represents 168 years. The simulations were
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conducted according to a regional GEV growth curve and an index flood relation adjusted
on the real Ardéche dataset : (o= 3.34, xo= 2.24, ko= -0.16 for the growth curve, o= 0.76 for
the index flood relation.

Figures 3.11 and 3.12 present the inference results obtained for 1000 homogeneous syn-
thetic samples. Given that no heterogeneity was introduced in the considered region, the
Hosking & Wallis heterogeneity test was not applied here. The fluctuations of the maxi-

mum likelihood estimates QAz(lA(/)IOL) (respectively qﬁ\ﬂ(’) for the regional growth curves), and

A (100)

associated 90% credibility bounds [Q; 5 Q%%O) ], are presented for both at-site estimations

i
and for the reduced regional growth curves. In order to facilitate comparisons, all estima-
tions have been normalised by the real quantile value QZQOO) (or q(loo)), and therefore the
position of the real quantile is 1 in each of the presented cases. Both figures reveal the glo-
bal similitude of at-site estimations obtained with the two regionalisation approaches : the
maximum likelihood estimates and the width of computed credibility intervals fluctuate
in similar ranges, particularly in the case of high catchment surfaces. However, clearly op-
posite behaviours are observed for the local growth curves : in the case of the reference
approach, the maximum likelihood positions have a limited dispersion and the widths of
credibility intervals appear much narrow if compared to at-sites estimates ; with the propo-
sed approach, credibility intervals are clearly wider and the maximum likelihood positions
appear more dispersed for the regional growth curves than for at site estimates.

Some explanations for these differences can be proposed. Let first consider the case
of the proposed approach (see Fig 3.11.b). In this approach the index flood relationship
(parameter ) has to be estimated based on each regional sample. According to equation
(3-3), the sensitivity of the index flood value y; to B is increasing with the watershed area :
for a catchment surface of 1 km?, for instance, the index flood value does not vary with
B. Therefore, the smallest surfaces have a lower weight in the determination of the index
flood relationship, and as a consequence the calibrated index flood values are less accurate
for small surfaces. The figure 3.11.b shows that this effect already appears for the lowest
catchment surface of 63 km?, for which the dispersion of estimated quantiles increases in
comparison with larger watersheds. The regional growth curve corresponds here to an
elementary catchment surface of 1 km? : this is largely in the extrapolation range of the
calibration in the direction of small surfaces and explains the larger uncertainties observed
in this case.

In the case of the reference approach, the regional growth curve has a different mea-

ning : the reduced discharges correspond here to discharges values divided by the expec-
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tancy of the distribution. Given that it does no depend on the calibration of an index flood
relationship, the regional growth curve is better determined in this case (see Fig 3.11.a and
3.12.a). However, using this approach, the index flood values are estimated based on the
mean of each at site series, and are therefore also affected by some uncertainty associa-
ted with sampling fluctuations. This uncertainty mainly affects at site estimates : it can be
noticed on figures 3.11.a, and 3.12.a, ¢ that the median positions do not change but the dis-
persion is higher for at sites estimates than for the regional growth curve. Given that this
uncertainty is associated to the estimation of the mean of each at site series, it will decrease
as the local record length available increases : this will be confirmed in the section 3.4.3 by

running an additional simulation using different at site sample sizes.
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FIGURE 3.11 — Dispersion of the estimated maximum likelihood values QSSIOL) (respectively ég&&o) for the

A(100) (100
Qis + Qios

1000 simulated samples : a) reference approach, b) proposed approach. All the presented values have been

regional growth curve), and of corresponding 90% credibility bounds [ )], computed based on

divided by the real 100-year quantiles Ql(wo) (or g(100)),




108 Chapitre 3. Proposed approach : improvements and comparisons based on simulations

3.4.2
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simulated samples : a) regional growth curve for reference approach, b) regional growth curve for proposed
approach, c) at site estimations for reference approach, d) at site estimations for proposed approach. All the

presented values have been divided by the real 100-year quantile Ql(loo) (or q1100)),

Reliability of estimated credibility intervals

The results of the computation of F Ql(wo)(Ql(lOO)) are presented in figure 3.13 and figure
3.14. These results clearly illustrate some limitations of the posterior distributions E QL1
estimated based on the Bayesian MCMC procedure.

In the case of the reference approach, the dispersion of the at site posterior distributions
F Q) and hence the width of the 90% credibility intervals presented in the figures 3.11.a
and 3.12.c, are clearly underestimated (see Fig 3.13.b, ). In the same time the dispersion
of posterior distribution ﬁq(mm appears to be overestimated for the regional growth curves
(see Fig 3.13.a). What is observed here is again a consequence of the estimation of the
index flood based on the at-site sample means : since the corresponding uncertainty is
not taken into account in the Bayesian MCMC inference procedure, the computed at-site
posterior distributions do not account for all sources uncertainty. If the dispersion of F (100)

is increased by 20%, the distribution of Fglslf;o (Q (100) ) becomes uniform (case of Fdlslﬁo (Q 100 )

1
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with m= 1.2, see Fig 3.13.d and Fig 3.13.e) : this suggests that the dispersion of the at-site
posterior distributions F QUi may be underestimated by about 20% in this case.

In the case of the proposed approach, the effects observed for small catchment surfaces
in figures 3.12, 3.13.b and 3.13.d are better illustrated (see Fig 3.15.a and Fig 3.15.b) : the
large width of credibility intervals, indeed, is associated with a bias of estimation. This
means that the posterior distributions tend to overestimate the real quantile ngloo). This
effect of bias may be related to the distortions of the regional reduced sample associated
with fluctuations of 8 : using a GEV model, such distortions easily lead to an overestimation
of quantiles of high return periods. As revealed in the figure 3.15.c, for large catchment
surfaces this effect of bias appears to be compensated by the rescaling phase that also
depends on f : in this last case, the posterior distributions and associated 9o% credibility
intervals appear to be well estimated.
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FIGURE 3.13 — Values of l:"Q(mo)(leoo)) (or ﬁq(m) (q(199)) in the case of the regional growth curve) computed

based on 1000 simulated samples with case of the reference approach : a) regional growth curve, b) S= 63 km?,

¢) S= 2240 km?, and histograms of associated dispersed distributions ﬁgﬁﬁo) ( QElOO) ) for : d) S= 63 km? and

1

m= 1.2, ) S= 2240 km? and m= 1.2
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3.4.3

Histogram of P with 1000 simulations Histogram of P with 1000 simulations Histogram of P with 1000 simulations
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FIGURE 3.14 — Values of F Q“OO)( leoo) ) (or F 4100 (q1199)) in the case of the regional growth curve) computed
based on 1000 simulated sanlfzples with case of the proposed approach : a) regional growth curve, b) S= 63 km?,

c) S= 2240 km?

Influence of the length of local series

This section presents an additional simulation conducted to illustrate the sensitivity of
estimations to the lengths of at-site synthetic series. Here the regional growth curve used
was the same as in previous section, but the number of at-site available observations was set
to 88 for the 63 km? watershed, and respectively changed to 40, 25, 10, and 5 observations
for the 392, 507, 636, and 2240 km? watersheds. Hence, the total number of observations
included in the regional dataset (168) is the same as in the initial case. However, in this case
the low number of observations available for the watersheds of high surfaces has a double
effect : it increases the uncertainty associated with the estimation of the at-site mean, and
it limits the weight of these watersheds in the estimation of B.

The results obtained are presented in the figures 3.15 and 3.16. They confirm the analy-
sis conducted based on the initial simulation : with the reference approach, the dispersion
of the maximum likelihood estimates Qflj\(/ﬁ) and of associated credibility bounds [QAZ%OO),
QZ%%O)] increase with the decrease of the local series length, because of higher uncertainty
on the at-site mean estimation. Meanwhile, the underestimation of the dispersion of the
posterior distribution F oLt highly increases : for a local series limited to 5 years of obser-

(100)

vation, even with m= 1.2 an uniform distribution of Fglsl’so (Q ) cannot be obtained for

the 2240 km? catchment surface (see Fig 3.16.¢). I

With the proposed approach, the lower weight given to the large catchment surfaces
reduces the bias observed on the estimated regional growth curves. The dispersion of the
maximum likelihood estimates Ql ML ) and of credibility bounds [Q115OO , Qllggo ] also decrease
for small surfaces, and increase for larger surfaces since the § parameter and thus the index
flood less depends on the data available at these sites. The quality of estimation of the

posterior distribution remains good for the large surfaces.
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FIGURE 3.17 — Values of F (100) ( Q ( or F (100) ( q(loo) ) in the case of the regional growth curves) computed

based on 1000 simulated samples with dzﬁerent at-site series length (88, 40, 20, 10, 5 years) with proposed

approach : a) regional growth curves, b) S= 63 km?, ¢) S= 2240 km?.
SIMULATION RESULTS - CASE OF HETEROGENEOUS DATASETS

Heterogeneity in the index flood relation

The consequences of the introduction of heterogeneities in the index flood relation are
presented in figures 3.18, 3.19 and 3.20. The simulations presented here again correspond
to the characteristics of the Ardéche region (see section 3.5.1). However, here the index
flood values used to generate at-site series do not respect perfectly the theoretical index
flood relationship : some heterogeneity was introduced based a log-normal random value
centred on S0 and with standard deviation (6 * SP°) with 6= 0.1 or 0.3 (see section 3.3.2).
The results confirm that the reference approach is not sensitive to such heterogeneities,
which is completely logical since this approach does not rely on the index flood relation-
ship (see Fig 3.18.a and c). With the proposed approach, figure 3.18.b, d and figure 3.19
show a general increase of the dispersion of maximum likelihood estimates QAZOJ&OL) and cre-
dibility bounds [Q (100) , Qllggo

distributions F Q100)- For important heterogeneities (coefficient of variation J= 0.3), the bias

is observed even for large catchments surfaces (see Fig 3.18.d and Fig 3.19). The disper-

], associated with an increase of the effect of bias on posterior

sion of the posterior distribution computed on the regional growth curves is also largely
underestimated (see Fig 3.19.a). However, as heterogeneity is more limited (coefficient of
variation 0= 0.1, see Fig 3.18.a, b and Fig 3.20), the results observed remain close to those
obtained in the case of homogeneous data sets : the bias remains limited except for the
lowest surfaces; the width of the credibility intervals remain close to those obtained with
the reference approach (see Fig 3.20), and do not appear to be underestimated based on the

ﬁQ 00) (QZ(IOO)) test.

These results finally suggest that the proposed approach may resist to a certain level of
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heterogeneity of the proposed index flood relation within the considered regions. Impor-
tant heterogeneities should nevertheless be avoided, which may lead to limit the extent of

the considered region in comparison with the reference approach.
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3.5.2 Heterogeneity in the local growth curves

The effects associated to the presence of heterogeneities in the local growth curves will
be examined in this section based on specific simulation results : in order to avoid any
effect associated with the estimation of the index flood relationship, the region considered
here includes 5 gauged series corresponding to the same catchment surface of 1 km?, and
including the same record length (30 years). Therefore, in this specific case the proposed
approach does not depend anymore on the index flood relationship since the considered
series are already reduced to an elementary surface of 1 km?. Since the § parameter cannot
be estimated based on such data, the results presented here just correspond to the estima-
tion of the local growth curves (parameters ¢, , and x). For the Hosking & Wallis approach,
each generated series has just to be divided by its mean to be properly rescaled and enable
the corresponding regional growth curve to be estimated.

The three levels of heterogeneity in the local growth curves as described in section 3.3.3
were successively introduced in 3 different sets of 1000 synthetic samples : after application
of the Hosking & Wallis homogeneity test, the results presented hereafter are based on
827 regional samples in case 1 (homogeneous regions and H; <1), versus 826 samples in
case 2 (regions with limited heterogeneity and H; <2), and 851 samples in case 3 (higher
heterogeneity and H; <3).

The figure 3.21 presents the dispersion of estimated quantiles ﬁfﬂ? obtained in the
three cases of heterogeneity and for each estimation approach (reference of Hosking &
Wallis approach and proposed approach). The figure 3.22 presents the distributions of the
1:”%(100) (‘71(100)) probabilities. These results are presented for only one site in the considered
region since the watershed area (1 km?) is the same for all the sites in this case.

These results clearly illustrate the effects of presence of heterogeneities in the local
growth curves : (i) the estimated quantiles become more dispersed; (ii) the dispersion
also affects the credibility bounds [41%00)’ Lil(,lggo)] and the width of the credibility intervals
increases (see figure 3.21); and (iii) the dispersion of estimated posterior distributions (and
thus the width of credibility intervals) becomes highly underestimated (see figure 3.22.b, c,

e, and f).
(100)

Figure 3.23.e and f shows that the dispersion of the estimated g, distributions com-

puted with the proposed approach should be increased by a factor of about 60% in case 2

and 80% in case 3 to obtain a uniform distribution of ﬁd(ilsoﬁ) (qfloo)). Meanwhile, in the case

of the reference Hosking & Wallis approach (see Fig 3.2§.b, c) the application of the same

m coefficient do not completely remove the underestimation effects. This is logical since
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the reference approach is still affected by the estimation of the mean of each series (see Fig
3.22.a) : this effect appears to be here of second order given that the selected record length
(30 years) are relatively long.

Finally, it can be noticed that the application of the Hosking & Wallis homogeneity
test does not remove the effects of heterogeneities introduced in the case 2 and case 3.
Even if the test is supposed to disqualify datasets on which a significant presumption of
heterogeneity can be identified, the test is not very powerful, its interpretation remains
subjective and its results are highly dependent on sampling variability : for instance, a
significant part of simulated samples are disqualified in case 1 although an homogeneous
region is considered in this case. In case 2 and case 3, despite the presence of significant
heterogeneities, the proportion of disqualified samples remains approximatively the same

since the thresholds considered have been increased (subjectivity of the test).
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3.6 CONCLUSIONS

This chapter enabled to compare the respective performances of the two regional flood
frequency analysis approaches described in chapter 2 (the proposed approach and the
reference of Hosking & Wallis approach), when applied to the same datasets (datasets
limited to gauged series).

After some adaptation of the proposed approach of Gaume (2010) in order to provide
a better estimation of the uncertainties associated with the calibration of the index flood
relationship, a specific simulation framework has been developed in order to (i) compare
the quantile estimation results obtained for the two approaches, (ii) estimate the relevance
of the 90% credibility intervals obtained with the Bayesian MCMC procedure in each case,
and (iii) evaluate the sensitivity of these results to the presence of heterogeneities in the
datasets. Two sources of heterogeneity were examined : heterogeneity in the index flood
relationship, and heterogeneity of the local growth curves.

The results obtained in the case of homogeneous datasets clearly identify some limita-
tions of both of tested approaches. First, the reference Hosking & Wallis approach shows a
real sensitivity to the lengths of the local series available, that directly impact the estimation
of the at-site means. Therefore, a limited length of the gauged series results in an increase
of uncertainty of the corresponding quantile estimates, and also in a clear underestima-
tion of the widths of credibility intervals. This effect is particularly marked for series of
less than 40 years. On the other hand, the proposed approach shows a certain sensitivity
to the considered catchment surface : the uncertainty of estimation increases for very low
surfaces and may become important for the regional growth curves for instance (surface
of 1 km?). This effect observed for small watersheds is associated to a bias of estimation
of the posterior distributions and associated credibility intervals. However, for significant
catchment surfaces (exceeding 100 km? in the presented case), this effect tends to disappear
and in this case the computed credibility intervals appear to be well estimated. Finally,
for sufficient catchment surfaces and a common length of local series (about 30 years), the
simulations presented tend to indicate that the proposed approach, despite the presence
of an additional parameter to be estimated (index flood relationship), is likely to perform
better than the conventional Hosking & Wallis approach.

The introduction of heterogeneities in the simulated datasets generally tend to decrease
the quality of the estimations. Heterogeneities in the index flood relationship were first
considered. Logically, the reference approach does not show any sensitivity to such hetero-

geneities, meanwhile the proposed approach may be significantly affected : the estimated
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quantiles become more dispersed, and a bias of estimation appears. These effects remain
nevertheless limited if the heterogeneity is not too important. The introduction of hetero-
geneities in the local growth curves (simple scaling assumption) appeared much more pro-
blematic. Both of the tested methods are significantly affected, with similar consequences :
global degradation of the quality of the estimations, associated with an important unde-
restimation of the widths of credibility intervals (dispersion of estimated posterior distri-
butions). Therefore, the question of heterogeneity of the growth curves in the considered
regions appears here as an important concern as dealing with regional approaches, since a

perfect homogeneity can never be guaranteed in real-world applications.







APPLICATION TO CASE STUDIES 4

4.1 INTRODUCTION

IN the previous chapters, both regionalization approaches (the reference of Hosking &
Wallis approach and the proposed approach) have been compared based on simulated
data series corresponding to gauged sites. This chapter now presents their application to
two case studies for which information on extreme floods at ungauged sites is available.
Therefore, here the two approaches will not be compared in a situation for which the
inference is based on the same data set : the added value of the information on extreme
floods at ungauged sites will be evaluated. The considered case studies are both located
in the south-east of France. The first one, the Ardéche region, has already been studied by
Gaume (2010). The Ardeche data set includes 168 gauged records at 5 different sites, and
18 estimated extreme peak discharges among which 14 were observed at ungauged sites.
This first case study represents a favourable case where a very large amount of information
on extremes, representing an equivalent additional record period of about goo years, could
be retrieved. The second case concerns the Var region, affected by a catastrophic flash flood
in June 2010. This second region includes 9 gauging stations (with a total of 249 years of
records), and a much more limited set of information on extremes : 4 floods inventoried
among which 3 were observed before the recording period at one of the gauged sites. The
available information nevertheless represents a total record period of about 660 years in
this case.

In the both considered case studies, one part of the information on extreme floods
corresponds to historical information available at some of the gauged sites of the region.
The analysis conducted has been focused in particular on these sites, which enabled to
compare the results of a local analysis involving historical information with the results of
the two considered regionalisation approaches.

For each case study, after a careful delineation of the regions that can be considered as

121
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statistically homogeneous and the selection of the corresponding datasets, the analysis has

been conducted in three steps :

— first, the methods have been applied on the various datasets to determine the general
patterns of the best suited regional growth curve and index flood relation : i.e. to
determine the possible range of the parameter values of the local statistical model,

— then, Monte Carlo simulations have been conducted drawing, from this statistical mo-
del, samples with the same characteristics as the available dataset : number of sites
and records, level of heterogeneity in the index flood relation and in the local growth
curves. The objective was to evaluate the theoretical performances of each considered
approach, given the particular characteristics of the regional dataset and of the statis-
tical distribution of the analysed data. The relevance of credibility intervals computed
with the Bayesian MCMC procedure has been also evaluated a priori based on these
Monte Carlo simulations,

— finally, the different approaches were tested on the real datasets and the results

analysed at the light of the previously obtained theoretical results.

The chapter is organised as follows : the contents of available datasets, the homogeneity
tests and the delineation of the regions are presented in the first section. In a second sec-
tion, the results of both the preliminary simulations and the applications to the available

datasets are presented and discussed.

4.2 THE TWO APPLICATION CASE STUDIES

4.2.1 The Ardéeche region

The Ardeéche case study has already been selected by Gaume (2010) for the initial tests of
the regionalisation method involving ungauged extremes. It has been analysed again herein
to illustrate the changes introduced by (i) a redefinition of the content of the inventory of
extremes, and (ii) the new inference procedure including the calibration of the index flood
relation.

The region is located in the south-east of the Massif Central in the south of France
(Cevennes region), one of the regions in Europe exposed to the most frequent and severe
flash floods (Gaume et al. 2009). It is drained by three main streams : the Ardeche river

(2380 km?), the Eyrieux river (860 km?), and the Doux river (635 km?).
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Available gauged series

Five gauging stations located in the south part of the region under the influence of the Me-
diterranean climate provide accurate, continuous and long series of measured discharges,
representing a total recording period of 168 years. The situation of the 5 gauging stations
is reported on figure 4.1 and the characteristics of corresponding samples are presented
in table 4.1. The catchment areas at gauged sites vary from 63 to 2240 km?, and the local

record lengths are relatively homogeneous, varying from 27 to 43 years.

TABLE 4.1 — The sample size and catchment surfaces of the selected gauging stations in the Ardéche region.

Station Name river | Period of data | NP (year) | S (km?)
Beauvene Eyrieux 1969-1998 30 392
Vogue Ardeéche 1966-2003 38 636
Chambonas | Chassezac 1971-1997 27 507
Saint Laurent Borne 1968-1997 30 63
Saint Martin Ardeéche 1963-2005 43 2240

Homogeneity of the growth curves

The empirical growth curves of the available gauged series of maximum annual peak di-
scharges are presented on figure 4.2. On this figure each series has been rescaled by the
corresponding index flood, estimated using either the average of each series or the regio-
nally calibrated index flood relationship (8 = 0.76). In both cases, the shape of 5 reduced
empirical growth curves appears similar in shapes and magnitudes, which suggests that
the region may be considered as homogeneous as far as the shapes of the growth curves
are considered. The tail of the Saint Laurent growth curve may appear discordant, but is
determined by one single flood that may be considered as an outlier at this stage of the
analysis.

However, the application of the Hosking & Wallis heterogeneity measure (see in section
2.3.3) does not clearly confirm the homogeneity of this region. The H; value based on the
5 gauged series is equal to 2.7, which suggests that the region is "possibly heterogeneous"
according to the interpretation suggested by Hosking and Wallis| (1997).

Despite this relatively high H; value, the region has been supposed homogeneous for

the regional flood frequency analyses.
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FIGURE 4.1 — Location of 5 gauging stations and 18 ungauged sites within the Ardeche region.
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FIGURE 4.2 — Empirical growth curves of 5 gauged series of the Ardeche set : a) discharge values divided by

the average discharge of each series, and b) discharge values divided by S°7°.

Homogeneity of the index flood relation within the region

The region appears to be relatively homogeneous in terms of index flood relationship. This

is first suggested by figure 4.2 showing that the index flood estimation procedure does
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not affect too much the overall similarity between the reduced empirical growth curves.
Figure 4.3 also confirms this impression. This figure compares the averages of the 5 gauge
series of maximum annual peak discharges with average values computed from similar
random samples generated with the best suited regional statistical model and index flood
relationship. Overall, the distance between the averages of the samples and the calibrated
index flood relationship (continuous line) may be attributed to sampling fluctuation.

The position of the average value of the Eyrieux river data set (392 km?) may be consi-
dered as a little too low even if not completely improbable according to the proposed
model[f] This index flood model has been supposed to hold for the Ardéche south region
according to these figures. In the next section, variability in the index flood relationship

will be simulated with a value of 6= 0.1 (see chapter 3 in section 3.3.2), consistent with

figure 4.3.
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FIGURE 4.3 — Comparison between the averages of the gauged series of maximum annual peak discharges and
the distributions (only the 90% confidence bounds are shown) of the average values of random samples simu-
lated using the adjusted regional model : a)intervals correspond to 90% fluctuations, b) intervals correspond

to 90% normal sample fluctuations, corresponding to o= o.1.

Available information on extreme flood events

Using the large set of documentary sources available from the European flash flood data

centre (Flood site and Hydrate European Projects), 14 additional estimated ungauged

1. Relatively lower peak discharge values on the Eyrieux river may be explained by the position further
North of this watershed in the region with less influence of the Mediterranean climate inducing the large flash

flood events.
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extremes could be added to the regional dataset, corresponding to the highest observed
peak discharge during the last 50 years at the considered locations. Similar information
could be obtained at 4 gauged sites, providing estimates of the extreme peak discharge
during the 50 years preceding the gauging period. The maximum estimated discharges
and the catchments surfaces of the 18 sites for which information on extremes was finally
selected are presented in table 4.2. Note that this set is reduced if compared to the set
initially used Gaume (2010) that contained some redundancies (values reported at very
close sites for the same event and river). The case of the Chambonas stream gauge on
the Chassezac is also an interesting. The two largest floods that occurred during the gau-
ging period in September 1980 and 1992 did apparently damage the stream gauge (see
Fig 4.4), and the corresponding discharges are not reported in the available measured
data series. This sorting out of the extreme discharges because of damaged measurement
devices may lead to biased samples of maximums and statistical inference results. Even
measured discharge series should be thoroughly criticized. It should, in particular, be
verified that gaps do not precisely correspond to the largest flood events. An estimate of

the largest peak discharge in Chambonas could be retrieved and introduced in the analysis.

a) Flood in 1992

40
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b) Flood in 1980

FIGURE 4.4 — Awvailable series of discharges for the Chambonas gauging station on the Banque HYDRO

database. The series is interrupted at the date of the two major floods occurred in the region.
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TABLE 4.2 — Detail of the extreme floods reported to be the highest ones in the last 50 years, or last 50 years

before the gauging period for gauged sites (bold).

Location River name Date Q (m®/s) | S (km?) | Associated
period

Pont de Rolandy Ardéche 22/09/1992 1150 150 50
Aubenas Ardeche | 26/09/1992 2200 480 50
Sauze St.Martin Ardeéche 30/09/1958 4500 2240 50
Rosieres Beaune 04/10/1958 1820 210 50
Joyeuse Beaune 30/09/1958 1000 100 50
Chambon Borne 30/09/1958 100 11 50
Vans Boudaric | 03/11/1989 130 6 50
Burzet Bourges 22/09/1992 350 47 50
Chambonas Chassezac | 21/09/1980 3360 510 50
Dorne Dorne 1963 630 78 50
Lamastre Doux 03/08/1963 970 242 50
Pont de Cesar Doux 03/08/1963 1500 635 50
Barrage des Collanges | Eyrieux 1963 1685 343 50
Meyras Fontoliere | 22/09/1992 900 130 50
Meysee Lavezon | 30/09/1960 500 56 50
Rieut ord Loire 01/09/1992 444 62 50
Pouzin Ouveze 10/08/1967 700 140 50
Saliouse Saliouse 1980 300 61 50

4.2.2 The Var region

The Var region is also located in the south-east of France. The region includes five main

rivers : the Argens river, Gapeau river, Giscle river, Siagnole river and Grenouiller river. The

Argens river has the largest catchment surface. This watershed includes several significant

tributaries : Caramy river, Issole river, Cauron river, Reyran river, Aille river and Nartuby

river (see Fig 4.5).

Available stream-gauge series

The gauged series available in the region include 472 records at 17 gauging stations (see

table 4.3). Even if some of the series have a very limited length (Cogolin, Cabasse, Carces),
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6 —e—Chateauvert
58 —e—Chateauvert . . .
* | = saint-Raphaél = Saint-Raphaél
7 B % | — —Trans-en-Provence
— —Trans-en-Provence
T ayardb s X Lavandou
X Hyéres S L | = tyeres
—e—Carcis A —e—Carces
- o i - —i—Arcs
——Roquebrune 4 » s ——Roquebrune
——Vins i ——Vins
— —Cabasse B x 3 —+—Cabasse
.
i bias) o P o | s
& Fréjus < 3 3 ™
il ) 7 sa, " ant a & Fréjus
8 Vidauban & gt 4 as i & Vidauban
* Soliés-Pont a snnpal = il ori
i o ut” A + Crau
© Cogolin 2 x pne
© Cogolin
_|=e—Mons

—+—Mons

o0 Return Period T (years) 00 1 1o Return Period T (years) 1o
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discharge of each series, and b) values divided by S*77.

most of them offer a record length of about 30 years. The catchment areas vary from 44 to

2530 km?.

Homogeneity of the growth curves

Figure 4.5 presents the empirical growth curves based on each of the 17 gauged series. Each
series has been reduced using an index flood value corresponding to the average discharge

of the series (see Fig 4.6.a), or to a calibrated index flood relationship S%””(see Fig 4.6.b).




4.2. The two application case studies 129

TABLE 4.3 — The record periods and catchment areas of the gauging stations in the Var region.

Region Station Name river | Period of data | NP (year) | S (km?)
Bars Cauron 1975-2003 29 154
Chateauvert Argens 1972-2003 32 485
Vins Caramy 1972-2003 32 215
Cabasse Issole 1975-1988 13 223
North part Carces Argens 1989-2000 12 1181
Arcs Argens 1969-2003 35 1730
Trans-en-Provence Nartuby 1970-2003 34 190
Roquebrune Argens 1972-2003 32 2530
Mons Siagnole 1980-2009 30 87
Sollies-Pont Gapeau 1968-2003 36 169
Crau Real Martin 1984-2003 20 277
Hyeres Gapeau 1971-2003 33 517
Coastal part Lavandou Mole 1969-2000 32 44.4
Vidauban Aille 1971-2003 33 229
Cogolin Giscle 1985-2003 16 65.8
Frejus Reyran 1970-1991 22 71
Saint Raphael Grenouiller 1970-2000 31 48

This figure illustrates the important regional variability of the growth curves as well as the
variability of the average annual peak discharge values revealed by the spread of the curves
on the figure 4.6.b. The H; value of the Hosking & Wallis heterogeneity measure equal to
3.78 confirms this impression of heterogeneity of the growth curves.

Based on these first results, the region has been divided in two parts : (i) the north part
including 9 gauging stations (see figure 4.6.b, sub-region presented by black lines) and (ii)
the coastal part including the remaining 8 gauging stations (see points and light blue lines
on the figure 4.6.b).

In the coastal part, the figures and the H; value again indicates significant heterogeneity
(Hi = 3, see table 4.4). The average annual peak discharges seem also spatially variable (see
Fig 4.6.b). Only the north part of the region finally appears to be acceptably homogeneous
(Hi= 1.5). Therefore, only this last region has been considered hereafter. It is by chance the

region that has been affected by the extreme flash flood event of June 2010.




130

Chapitre 4. Application to case studies

TABLE 4.4 — The results of the Hosking & Wallis homogeneity tests (Hy values).

Region Number of sites | Value of H; Implication of H; test
Var region 17 3.78 Definitely heterogeneous
Coastal part 8 3.0 Definitely heterogeneous
North part 9 1.5 Acceptably homogeneous

Homogeneity of the index flood relationship within the region

As shown in figure 4.7.a, sampling fluctuation hardly explains the distance between the
estimated local sample average and the theoretical average according to the calibrated index
flood relation for two sites in the North part. The locally estimated average annual peak
discharge appears too low at Bras on the Cauron river (154 km?) and also slightly too low
at Chateauvert (485 km?) on the Argens river. These two sites are located in the upstream
part of the Argens river basin, which for various reasons could be exposed to less intense
flood events on average. To take into account this possible heterogeneity, two different
regions have been considered depending the tested regionalization method. The reference
of Hosking & Wallis approach was applied using the g available series, given that the
assumption of homogeneity of the growth curve appears to be reasonable for these series.
For the application of the proposed approach based on the index flood relationship, the
region was limited to 7 series (without two sites at Bras and Chateauvert, Fig 4.7.b), based

on the necessary assumption of homogeneity of the index flood relation within the region.
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F1GURE 4.7 — Comparison between the averages of the gauged series of maximum annual peak discharges
and the distributions (only the 90% confidence bounds are shown) of the average values of random samples
simulated using the adjusted regional model (maximum likelihood criterion) : a) 9 gauging stations (North

part), and b) 7 gauging stations (Sub-north part).




4.3. Test of the methods on the Ardéche datasets 131

Available information on extreme flood events

The information on extremes is very limited in this region. No real information on past
extremes could be for instance unearthed from the local archives except for the sites of
Draguignan and Trans-en-Provence on the Nartuby river. Available information is limited
to the peak discharges estimated after the June 2010 extreme floods that have affected the
downstream part of the Argens basin (Payrastre et al.||2012) and to two major historical
floods that occurred on the Nartuby River in 1674 and 1827. Finally, we decided to include

information on extremes in the regional dataset as follows :

— the estimated peak discharges of historical floods documented on the Nartuby River
in addition to the gauged series at Trans-en-Provence. Given that the gauging station
was destroyed in 2010, the 2010 flood was considered as an historical flood. Each
of the three historical floods finally considered (1674, 1827 and 2010) was supposed
to be the highest one on a 120-year period (historical period of 360 years before the
gauging period),

— the estimated peak discharge of the 2010 flood on the Florieye River was considered
as an ungauged extreme flood. This flood is one of the highest recorded during the
2010 event. It was supposed to be the highest over a 300-year length period on the

corresponding watershed (see Table 4.5).

TABLE 4.5 — Detail of the information extreme floods available in the Var region.

Location River name Date Q (m/s) | S (km?) | Associated period
Trans-en-Provence Nartuby 1676 350 196 120
Trans-en-Provence Nartuby 1827 400 196 120
Trans-en-Provence Nartuby 06/2010 450 196 120

Draguignan Florieye 06/2010 490 87 300

4.3 TEST OF THE METHODS ON THE ARDECHE DATASETS

4.3.1 Comparison of the inference methods based on simulations
Theoretical accuracy of the estimated quantiles

As indicated in introduction of this chapter, given that each case study represents a parti-

cular context for data availability, some simulations have been conducted in each case in or-
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der to evaluate the theoretical performances of the different possible inference approaches.
Thus, the simulations presented in this section are based on samples which characteristics
correspond to the real data sample of the Ardeche region (5 gauged sites with the same re-
cord lengths, and 18 ungauged extremes representing each the maximal flood in a 50-year
period). These samples were generated according to a regional GEV growth curve and an
index flood relationship calibrated according to the maximum likelihood criterion on the
Ardeche region dataset (Bo= 0.76, Go= 3.34, Xp= 2.24, and xp= -0.16). The simulation pro-
cedure has been described in section 3.3.4. Based on the characteristics of the real dataset,
the presence of heterogeneities in both the local growth curves and index flood relation-
ship was considered in the simulations. The heterogeneity in the index flood relationship
was introduced based on a standard deviation = 0.1 which seems to be consistent with
the observations, and heterogeneity in the local growth curves based on Lcy and Lggeqpess
(or Lca) fluctuations corresponding to samples of n= 40 years length. Only the simulated
samples with a Hosking & Wallis heterogeneity measure H; lower than 2 were considered

(see Fig .4.8). This led to limit the number of samples to 799 (for 1000 samples generated).
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FIGURE 4.8 — Simulation of samples corresponding to the Ardéche region case study : a) dispersion in the
Lca and Ley used for the simulation of the random samples, and b) histogram of 799 Hi values (Hy < 2)

corresponding to the 799 samples selected among the 1000 regional samples generated.

The simulation results presented in figure 4.9 are focused on two gauged sites :
St.Laurent (63 km?), and St.Martin (2240 km?) : the smallest and the largest watershed
areas of the regional set. The presented inference results are all based on the application of
the Bayes MCMC procedure on various samples. Four cases are tested for the sake of the

comparison :
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— Case 1 : the proposed approach is used based on both gauged series (5 sites) and 18
ungauged extremes,

— Case 2 : the reference of Hosking & Wallis approach is used based on the 5 gauged
series only,

— Case 3 : a local approach based on the local gauged series and at site available his-
torical floods is used. At Saint Martin this historical information corresponds to one
extreme flood known to be the highest one in a pre-gauging period of 50 years length
(one threshold value with associated period of 50-years length). At Saint Laurent no
historical information is available, and therefore this case is not considered,

— Case 4 : the local approach based on the available gauged series only is applied at

Saint Laurent and Saint Martin.

Figure 4.9 synthesises in a box plot the 799 values of the obtained ratios Qz(ll\%) / leoo),
where Ql(lla(? is the maximum likelihood estimate of the 100-year quantile and Qfloo) is the
real quantile value. This figure shows that at the Saint Martin gauging site (see Fig 4.9.a),
both regional approaches should lead to significant improvements if compared to the lo-
cal approach without historical information. The dispersion of the maximum likelihood

estimates Qfﬁ? is much lower in both cases, all estimations being unbiased (median ratio

QZ%)IOL) / ngloo) equal to 1). However, the proposed approach involving information on ex-
tremes clearly outperforms the reference regional flood frequency approach. Moreover, the
local approach accounting for the available historical flood also leads to a lower dispersion
of the estimated Qfﬁ? than the reference regional approach. The regional heterogeneities
that have been introduced in the simulated samples limit the usefulness of the regionali-
zation approaches. However, in the case of the proposed approach, this negative effect of
heterogeneities is more than compensated by the large amount of additional information
provided by the ungauged extremes.

The ranking between the approaches is not the same at the Saint Laurent gauging site.
Figure 4.9.b shows that the dispersion of Qflj\%(? is not significantly reduced when the propo-
sed regionalization approach (case 1) is used if compared to the approach based on the local
data only (case 4). The reference regional approach (case 2) leads to slight improvements of
the estimated 100-year quantile, comparable in magnitude to the theoretical improvements
at Saint Martin. This result is consistent with the conclusions of chapter 3 : the efficiency

of the proposed approach is limited for the smaller considered areas due to the growing

uncertainties on the calibrated index flood relation, i.e. relation between the average of the
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samples and the watershed areas. Overall, these first results are relatively satisfactory as far
as the proposed regional flood frequency method is concerned. They surprisingly reveal
that the standard regionalization method may be of little help for the estimation of flood
quantiles, if there are some regional heterogeneities, which is certainly always the case in
real-world applications. Local analyses valuating historical or paleoflood information may
provide more accurate flood quantile estimates. In cases for which a significant amount of
information on ungauged extremes may be available, the proposed approach may lead to
a clear improvement of the accuracy of the estimated quantiles in pesence of some regional
variability. This is true except for the smallest considered watershed areas.

It is important to mention here that these conclusions are based on theoretical samples
and that they are valid provided that the hypotheses on which the Monte Carlo simulations
are based correspond to the real-world case study. On the one hand, the exact statistical
distribution of the observed data is never known and can differ from the calibrated distri-
bution. The degrees of freedom of the inference problem exceed the 3 parameters of the
calibrated GEV. Considering this, the conducted tests underestimate probably the added
values of the historical or regional information. Conversely, the relevance of the homo-
geneity hypothesis can never be totally verified. It can never be verified for instance that
the shapes of the distributions remain similar for larger quantiles and that for instance ex-
treme peak discharge values observed on small watersheds really inform about high return
period quantiles of large watersheds or vice versa. This leads probably to under-estimate
the uncertainties associated to the quantiles estimated through regional flood frequency

methods.
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Theoretical reliability of the computed credibility intervals

Figures 4.11 and 4.13 present the distributions of F Q1) (QOOO

1

) ) obtained respectively at the
Saint Martin and Saint Laurent gauging sites. These figures show that the dispersion of the

posterior distributions F 010/ and associated width of 9o% credibility intervals, is correctly

estimated in the case of the local approaches, but clearly underestimated in the case of
both regional approaches. In the case of the largest catchment surface (Saint Martin), figure

4.12 shows that the dispersion of the estimated ﬁleoo) distribution should be increased by

1

a factor of about 40% in case 1 and of 80% in case 2, to obtain reliable credibility limits

adisp
FQ(loo)

i

(i.e. simulated uniform distribution of (QQOO)), see chapter 3 for an explanation).

i
According to the simulation results presented in chapter 3, this underestimation effect can
be associated with the presence of heterogeneities in the regional growth curves (case 1
and case 2), and also to the uncertainty introduced by the estimation of a local average for
the reference regional approach (case 2). This last factor explains that the underestimation
is larger in case 2. For the lowest catchment surface (Saint Laurent), the figures 4.13 and
4.14 show that the underestimation effect highly increases with the proposed approach
(case 1) and remains the same for the reference approach. In this case, a correction factor of
80% the dispersion of the estimated F QL1 distribution is not sufficient to obtain a uniform
distribution of ﬁgi;’gm (leoo)) in case 1. This large underestimation for small catchment

areas is explained by the larger uncertainties in the calibrated index flood relation (i.e. in

the relation between local sample average and catchment area (see Fig 4.10)).
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FIGURE 4.10 — Means of estimated posterior distributions F Q1) obtained in the case 1 and associated 90%
credibility intervals computed on the index flood relationship (and compare with the means of gauged series

(red points).
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FIGURE 4.11 — Distribution of the values of PQ(ll)O) (Q5100)> at Saint Martin gauging site for the 799 simu-

lated samples : a) case 1, b) case 2, c) case 3, and d) case 4.
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simulated samples : a) case 1 and correction factor m= 1.4, b) case 2 and m= 1.8.
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FIGURE 4.13 — Distributions of the values of F Q10 (leoo)) at Saint Laurent gauging site computed for the

799 simulated samples : a) case 1, b) case 2, and c) case 4.
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FIGURE 4.14 — Distributions of the values of Fdlslﬁo (QQOO)) at Saint Laurent gauging site computed for the

1

799 simulated samples : a) case 1 and m= 1.8, b) case 2 and m=1.8.

4.3.2 Application of the methods to the Ardéche datasets

Figures 4.15 and 4.16 present the shapes of the estimated GEV distributions and associated
90% credibility intervals at the two gauging stations of Saint Laurent (63 km? correspon-
ding to the Borne watershed), and Saint Martin (2240 km? corresponding to the outlet of
the entire Ardéche watershed). Table 4.6 compares the 100-year quantiles estimates and
corresponding initial and corrected credibility intervals, obtained with the four inference
approaches already used for simulations : (case 1) regional analysis with availability of
information on extreme floods, (case 2) regional analysis limited to gauged series, (case 3)

local gauged series and local historical information, and (case 4) local gauged series.

TABLE 4.6 — Estimations of the 100-year quantile at Saint Laurent and Saint Martin gauging stations, inclu-

ding the Maximum Likelihood estimate ( Q ;%OL ), the 90% credibility bounds [ Ql %)085 ; QI}JOS; 1, and associated
width ACI = Ql %)035 QZ(%)OSS, and corrected ACI according to the simulation results.
Surface | Neowt | Nust | Case | Olgos | O | Qlves | ac/QN | act/Qly
(km?) | (years) | (years) (m3/s) | (m3/s) | (m3/s) (%) (%)corr
30 0 4 4115 | 636.5 | 1854.8 226.8 227
63 168 0 2 423.1 | 513.5 706.5 55.2 100
168 900 1 452.1 | 5115 | 587.3 26.4 -
43 0 4 | 3427.8 | 4038.4 | 6195.3 68.5 69
2240 43 50 3 | 3778-1 | 42974 | 57904 46.8 47
168 0 2 5528.8 | 6710.3 | 9233.4 55.2 99
168 900 1 5778.7 | 6863.9 | 8278.4 36.4 50

These results show significant differences between quantiles obtained using local ana-
lyses (cases 3 and 4) and regional analyses (cases 1 and 2) for both considered sites. Mo-

reover, the computed credibility intervals are narrower in cases 1 and 2, the lower values
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of widths being obtained in case 1. However, according to simulations results, the widths
of these credibility intervals may be underestimated. To get an idea, the factors of correc-
tion adjusted in the previous section have been applied to the credibility bounds (see Table
4.6). The results appear closer to the theoretical simulations, if not completely consistent.
This illustrates the effect of the specificities of the given samples on the variability of the
inference results. In both cases, the regional analyses lead to a significant reorientation of
the statistical adjustments if compared to the local approaches even if both results remain
consistent according to the credibility limits that are not totally disconnected. This may
suggest either (i) that the locally available samples are particular - presence of a relatively
rare event in the 30-year long Saint Laurent series and absence of large flood events in the
93 year-long Saint Martin series - or (ii) that the regional homogeneity hypothesis is not
valid, or even (iii) that the GEV distribution is not perfectly suited to the data and that
its use in the inference procedure leads to under-estimate the degrees of freedom of the

inference problem and hence the credibility intervals.
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FIGURE 4.15 — Fitted GEV distributions and associated credibility intervals at Saint Laurent gauging station
(63 km?) : a) Case 4 - local approach, b) Case 2 - regional gauged datasets for reference approach, and c)

Case 1 - proposed approach including the whole set of ungauged extremes (50 years * 18 = 900 years).

A detailed analysis of the inference results and data sets provide some clues to confirm
or invalidate these hypotheses. Concerning the Saint Laurent site, the locally based statisti-
cal adjustment appears to be oriented by the presence in the data set of the high discharge
value occurred in September 1980 (about 700 m3/s), that appears as an outlier if compared

to the rest of the series (see Fig 4.15.a). This value remains the highest of the rescaled regio-
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nal gauged dataset (see Fig 4.15.b), which explains the narrowing of the adjusted credibility
intervals around lower quantile values. But can this new adjustment be really considered as
more accurate than the previous one ? Difficult to conclude since it is based on a regional
homogeneity hypothesis that can hardly be totally verified, especially if it is considered
that the peak discharge distributions are not necessarily of the GEV type. The shape of the
calibrated regional growth curve (see Fig 4.15.b) is determined by discharges measured on
watersheds which areas are much larger than the area of the Borne river at Saint Laurent
(ses Table 4.1). The Hosking & Wallis homogeneity tests shows that the shapes of the peak
discharge distributions of the various rivers are similar, regardless of the watershed areas,
for low to medium return periods. It does not say anything about the tails of the distri-
butions that may different for different watershed areas. The inclusion of the ungauged
extremes confirms the adjustment based on the regional gauged data set (see Fig 4.15.c),
even if the computed credibility interval is probably largely under-estimated according to
the simulation results (see Fig 4.14). Apart from this confirmation, the strength of the un-
gauged data set is that it includes information on watersheds with areas comparable to
the area of the Borne watershed (see Table 4.2). The maximum rescaled discharge of the
Borne river series has been exceeded on none of the 5 to 10 watersheds with similar areas
during the last 50 years, confirming empirically the relatively high return period (over 100
years) for this event suggested by both regional analyses, independently on most of the
hypotheses on which the regional flood frequency model is based. Finally, this example
illustrates that even if the added value of the regional flood frequency analyses may be
theoretically limited on average (see Fig 4.9), it can nevertheless be significant on specific
case studies.

The case of the Saint Martin gauging station provides another insight into the possi-
bilities and limits of the regional approaches for flood frequency analysis. Both regional
approaches provide consistent estimates, which is by the way satisfactory as far as the
ungauged extremes are concerned, and lead to significantly larger flood quantiles if com-
pared to the two estimates based on the locally available data (see Table 4.6 and Fig 4.16).
This reorientation of the adjustment is significant since the intersection between the 90%
credibility intervals obtained in case 1 (regional analysis including ungauged extremes)
and case 3 (local analysis with extremes) is very limited. In other words, according to the
regionally calibrated GEV distribution, the locally observed g93-year series is unlikely. But,
the regional flood frequency results are questionable since the Saint Martin watershed is

by far the largest of the region. A detailed historical study had been previously conducted
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at this specific site (Naulet/2002). According to this study, the largest peak discharge of
the considered period of time, occurred in 1958, has been exceeded four times during the
19" century in 1827, 1846, 1890 and 1900. Two estimated values in 1890 and 1827 have
reached 7000 m3/s giving credit to the regionally estimated 100-year quantiles (see Table
4.6). This consistent result is not a demonstration of course of the relevance of both regional
flood frequency approaches but is very encouraging and an incentive to further test these
methods on new case studies. Finally, the low probability of the data set observed during
the 20" century according to the finally calibrated GEV distribution could be sign, but

with no certainty :

— of either non-stationary processes with a reduced occurrence of large flood events at
Saint Martin during the 20" century. But this is not confirmed by the regional analysis
since floods of magnitudes comparable to the floods occurred at Saint Martin during
the 19" century according to the calibrated regional models, have been observed on
other watersheds in the same area during the same period of time (see Appendix
A.6),

— or of the inadequacy of the GEV distribution. Threshold - type or S-shaped distribu-
tions showing sudden increases of the magnitudes of the discharge quantiles, sugges-
ted by some authors (Gaume |2006, Rogger et al.2011) could explain the apparently
erratic occurrence of large discharge values in the observed series as seems to be the

case at Saint Martin and Saint Laurent.
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1 - proposed approach including the whole set of ungauged extremes (50 years * 18 = goo years).

Partial conclusions

This first application case study provides already rich results, illustrating the potential use-

fulness of the proposed alternative approach to local or standard regional flood frequency

analyses.

— On the two tested watersheds, the regional flood frequency analyses, although based
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on simple hypotheses provided results that appeared to be consistent with other
sources of information, especially information on historical floods. The case of Saint
Martin is particularly striking : the shape of the regionally calibrated distribution
which is very different form the locally calibrated distributions is mostly controlled
by extreme discharges observed on much smaller watersheds in the region, but still
consistent with long historical records that had not been used for the inferences.
The simple hypotheses on which both regionalization methods are based were not
infirmed by the available dataset. Of course, the suitability of these hypotheses will
have to be further tested on a larger set of case studies before any general conclusion
can be drawn.

Some theoretical simulations accounting for possible regional variability, that can
exist even in samples considered as homogeneous according to the tests, show that
regional flood frequency analyses are not necessarily efficient for reducing the uncer-
tainties in the estimated quantiles. In particular, the standard approach of Hosking
& Wallis, based on gauged samples only, appears to theoretically hardly improve the
estimates of the quantiles if compared to the local method and to be outperformed
by the local approach including historical data. This is a new result.

The same theoretical simulations indicate that the credibility limits computed with
the Bayes MCMC algorithm on regional samples may be largely underestimated since
the possible regional variability is not accounted for. This limits the usefulness of the
MCMC algorithm, even if the range of the correction factor to be applied to the
computed credibility intervals can be anticipated on the basis of the simulation tests
as shown here.

The results on the real-world application differ from the theoretical forecast : the
added value of the two regional methods and especially of the proposed one has
shown to be larger than the foreseen added value. This illustrates the importance of
sampling fluctuation : performances of the methods on one single sample may differ
significantly from the average performances estimated on a large number of samples.
Since the specificities of the given samples are never known a priori, this pleads for
the systematic trial of inclusion of additional information in flood frequency studies.
It is not possible to say in advance if the standard or proposed flood frequency
studies will be useful or not. The discrepancy between theory and practice, may also
indicate that the background hypotheses of the method are not valid and especially

that the GEV distribution - selected because it is the most flexible among the avai-
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lable theoretical distributions with simple mathematical formulation - is not suited
to the observed data sets. This can only be verified if the same tendency is observed

repeatedly on a large sample of case studies.

4.4 TEST OF THE METHODS ON THE VAR DATASETS

4.4.1 Comparison of the inference methods based on simulations
Theoretical accuracy of the estimated quantiles

This section again presents simulations results that aim to illustrate the hierarchy between
the different inference approaches in the particular context of the data sets available in the
Var case study. The simulations conducted, indeed, exactly correspond to the characteristics
of the Var region : 9 gauged sites with the same surfaces and same record lengths as the
real datasets, and 4 extreme floods among which 3 correspond to the 360-year historical
period documented on the Nartuby watershed (190 km?), and the last one corresponds to
an ungauged watershed of 87 km? for which the maximal flood over a 300-year period has
been reported. The corresponding samples were generated according to a GEV distribution
(Co= 0.42, xp= 0.32, and xp= -0.33) and an index flood relation (Bo= 0.77), both calibrated
on the Var regional dataset. The simulation procedure was again the same, as already
described in previous sections. The presence of heterogeneities in both the regional growth
curves and index flood relationship was again simulated here with the same parameters
as the Ardeéche case study. Only the samples with H; < 2 heterogeneity measures based
on the Hosking & Wallis homogeneity test were taken into account. This led to limit the
number of samples considered to 666 (for 1000 generated samples).

The results presented hereafter will be focused on the Nartuby watershed at Trans-en-
Provence (191 km?) for which a large amount of historical information on extreme floods
is available, including the 2010 flood that is one of the highest observed on this river.
The inference approaches compared are the same as for the Ardéche case study. However,
according to the problems of homogeneity of the index flood relationship identified on the
real dataset, the number of gauged sites included in the regional analyses is different here

between case 1 and case 2 :

— Case 1 : the proposed approach based on both regional gauged series (limited to 7

sites) and the 4 extreme floods identified (including 3 historical floods on the Nartuby
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FIGURE 4.17 — Simulation of samples corresponding to the Var region case study : a) dispersion in the Lca
and Lcy considered for introduction of heterogeneity in the local growth curves (based on Lcy and Ly
values computed for random samples of n= go-year length), and b) histogram of 666 Hy values (H; < 2)

corresponding to the 666 samples selected among the 1000 regional samples generated.

river, each one being the highest one on a 120-year period, and one flood on the
ungauged Florieye river, 87 km?, being the highest one on a 300-year period),

— Case 2 : the reference Hosking & Wallis approach based on full regional gauged series
(9 sites),

— Case 3 : the local approach based on gauged series and historical information (3
floods, each one being associated with a 120-year historical period),

— Case 4 : the local approach based only on the local gauged series.

Figure 4.18 presents the fluctuations of the 666 maximum likelihood estimates of the
100-year quantile Ql(ll\(ﬁ) at Trans-en-Provence, obtained based on simulated samples. As
in the previous section, each value has been divided by the real quantile value leoo)‘
This figure again confirms that both regional approaches improve significantly the estima-
tion of Ql(mo) (lower dispersion of QS\(/)IOL)) if compared to local approach without historical
information. Again, the proposed approach involving information on extremes performs
significantly better than the reference of Hosking & Wallis approach in this case. But a most
surprising result is obtained here : this time the local approach involving historical infor-
mation clearly leads to the most accurate estimation on average. This is explained by the

fact that, most of the information on ungauged extreme floods concerns the Nartuby river

and is already included in the historical data set. The regional set does only provide one
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additional ungauged extreme, which is not sufficient to compensate for the uncertainties

induced by the simulated regional variability.

Box plot of total discharge with 666 simulations

& B ML estimation

1

1.5
|

/Q1OO

n
Q100
1.0
1
===
==
m

0.5
1

Case 4 Case 3 Case 2 Case 1

FIGURE 4.18 — Dispersion of the estimated maximum likelihood values Ql(lj\(/)IOL) at Trans-en-Provence gauging
site (190 km?), computed using 666 simulated samples, with introduction of heterogeneities in the index flood
relation (0= 0.1) and the local growth curves (n= 4o-year). All values have been divided by the real 100-year

quantile ngloo)

Theoretical reliability of the computed credibility intervals

The accuracy of the estimated posterior distributions ﬁngo) is presented on figure 4.19.
As for the Ardeche case study, this figure indicates an important underestimation of the
dispersion of F QLo and therefore of the width of the 9o% credibility intervals computed
with both regional approaches when regional variability in the growth curves and index
flood relation exist (see Fig 4.19.a and Fig 4.19.b). Figure 4.20 suggests that the level of
underestimation observed in case 1 (proposed approach involving extremes), could be of
about 70%, as the distribution of ﬁgi(i’go) <Q§100)) becomes close to uniform for a correction

1

1

factor of the credibility intervals of m= 1.7 (see Fig 4.20.a). For the reference Hosking &
Wallis approach, with m= 1.7 the dispersion of ﬁg?i‘gm (Q§100)> still appears to be underes-
timated (see Fig 4.20.b), suggesting that the level of underestimation exceeds 70% in this
case. The same explanation as for the Ardeche case study can be put forward to explain
this result : the underestimation observed is mainly associated with the presence of regio-
nal heterogeneities and with the local average estimation uncertainties (for the Hosking &

Wallis approach) that are not considered in the inference procedure.

In comparison, the dispersion of the posterior distributions computed in the case of
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local approaches (cases 3 and case 4) appear to be close to perfect (see Fig 4.19.c, d),
validating the Bayesian MCMC procedure for the computation of credibility limits when all
possible sources of uncertainties are taken into account. In these cases, the 9o% credibility

intervals computed on ngloo) can be considered as reliable.
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4.4.2 Application of the methods to the Var datasets

Figures 4.21 and 4.22 present the shapes of the GEV distributions and associated 9o% cre-
dibility intervals computed at Trans-en-Provence (190 km?), based on the datasets available
in the Var region. The inference approaches considered (case 1 to 4) are the same as for
simulations. In case 4 and case 2, the effect of the incorporation of the 2010 flood in the
Trans-en-Provence gauged series is tested (see Fig 4.21.b and Fig 4.22.b). The estimated
maximum likelihood 100-year peak discharge and the associated credibility bounds before
and after the corrections accounting for regional variability are summarized in table 4.7.

TABLE 4.7 — Estimations of the 100-year quantile at Trans-en-Provence gauging stations, including the Maxi-

mum Likelihood estimate ( Q(l]\[/)IOL ), the 90% credibility bounds [ QIBOSS ; Ql %)035] and associated width ACI =
Q(loo) Q(loo)

1095 ~ Qi0.05 and corrected ACI according to the theoretical simulation results.

Surface | Neont Nuist | Case QAZ(,B(.)SS) QAl(lA(/)IOL) QAE,B?SS) ACI/ Ql ﬁ% ACI/ QlljsloL
(km?) | (years) | (years) (m3/s) | (m3/s) | (m3/s) (%) (%)corr
34 0 4a 106.0 | 147.0 | 410.7 210 207.3
35 0 4b 179.5 | 313.7 | 1085.6 290 288.8
190 34 360 3 196.7 | 263.5 | 395.8 76 75-5
249 0 2a 99.5 112.2 | 136.7 34 57
250 0 2b 157.4 | 179.6 | 226.1 39 65
188 660 1 174.1 | 212.2 | 287.0 53 90

As in the case of the Ardeche region, the estimated ranking of the various approaches
according to the estimated credibility intervals, does not exactly correspond to the theo-
retical results due probably to both : the effect of sampling fluctuation and the distance
between the statistical model on which the theoretical results are based and the effective
statistical distributions of the data.

The adjusted distribution in the case of the regional approach based on the gauged data
(see Fig 4.22.a) is the most striking result for the Var. It appears clearly inconsistent with the
other calibrated statistical distributions and especially the ones based on the local gauged
and historical information (case 3 and Fig 4.21.c) and the regional information including
ungauged extremes (case 1, Fig 4.22.c). This is particularly clear for high return period
quantiles. This indicates that the regional gauged set, the ungauged extreme set and the
GEV distribution are incompatible.

This can be verified with various statistical tests. The first is based on the likelihood

value of the observed samples already used by (Payrastre et al.|[2005). A statistical distribu-
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FIGURE 4.22 — Fitted GEV distributions and associated credibility intervals at Trans-en-Provence gauging
site (190 km?) : a) Case 2a - the reference Hosking & Wallis regional analysis based on gauged series (9 sites)
without the 2010 flood at Trans-en-Provence, b) Case 2b - the reference Hosking & Wallis regional analysis
(9 sites) including the 2010 flood at Trans-en-Provence, and c) Case 1 - proposed regional analysis including

7 gauged series and 4 extreme floods

tion being selected, random samples with the same characteristics as the observed sample
(number and type of observations) can be drawn and the probability density function of

their likelihood can be empirically build. The position of the likelihood of the observed
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sample given the selected distribution can then be compared to this density, to evaluate if
the observed sample is likely to result from this selected statistical distribution.

Figure 4.23.a presents the density function of log-likelihood values built based on 1000
simulated samples (7 sites and 4 ungauged extremes) using the calibrated maximum likeli-
hood distribution obtained in case 2 (regional sample of gauged data, Fig 4.22.a). The log-
likelihood value of the available regional set including the 4 ungauged extremes is about
—6000. Without any doubt, the occurrence of the 4 ungauged extremes is incompatible with
the calibrated distribution obtained in case 2. Conversely, Figure 4.23.b presents the density
function of log-likelihood values built based on 1000 simulated samples (9 gauged sites)
using the calibrated maximum likelihood distribution obtained in case 1 (regional sample
of gauged data and 4 ungauged extremes, Fig 4.22.c). In this case, the log-likelihood of
the observed sample of data at 9 gauged sites is equal to —1298. Surprisingly, the gauged
sample, even if it does not contain any peak discharge values corresponding to return per-
iods exceeding 20 years according to the regional statistical distribution calibrated in case
1, does not appear as unlikely. This puzzling result reveals the limited power of tests based

on the likelihood of the sample, already mentioned by (Payrastre et al. 2005).
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FIGURE 4.23 — Histogram of likelihood values of 1000 simulation samples with proposed approach : a) 7 sites

and 4 ungauged extremes, and b) 9 sites. A real likelihood value is red line.

Simple probability computations offer another possible way for testing the compati-
bility between the samples and the adjusted distributions. According to the distribution
calibrated in case 1 (complete regional sample), the return period of the maximum resca-
led discharge value of the gauged regional sample did not exceed 20 years. What is the

probability of drawing 249 successive independent and identically distributed values that
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do not exceed the 20-year quantile? The answer is (1 —1/20)* = 3.107°. It is extremely
unlikely ! Clearly, the regional gauge sample is not consistent with the finally calibrated
GEV distribution in case 1.

Five main explanations can be put forward to explain the discrepancy between the

regional gauged set, the ungauged extreme set and the GEV distribution :

— The regional gauged series may be censored : i.e. the largest values may not be repor-
ted in the records and the corresponding period appears as gaps with missing data.
The Ardeéche set has shown some examples of data censoring. The Var data set has
been therefore checked and it appears that the gaps are very limited in the discharge
series, and do apparently not correspond to heavy rainfall events (see Table 4.8), at

least over the period 1959-1995 (see Appendix A.5).
TABLE 4.8 — The largest recorded local daily rainfall accumulations in the Var over the period 1958-1995

(source : Meteo France, Inventaire des situations a precipitations diluviennes surle Languedoc-Roussillon la

Provence-Alpes cote d’azur et la corse, periode 1958-1994)

Year Date Position X(mm)
1958 | 18-19 December Callas 260
1961 | 11-12 November Adrets de l'estered 232
1972 | 27-28 December Collobrieres 193
1973 02 October Saint Mandrier 209
1973 13 October Saint Raphael 223
1976 18 July Grimaud 224
1980 27 August Grimaud and Le Levant | 200 and 236

— The gauged series may not be independent especially as far as large floods are concer-
ned. The example of the 2010 shows, that large rainfall events inducing extreme floods
have a certain spatial extent and generally affect more than one watershed in the
same time. The equivalent number of independent station-years may have been over-
estimated for the regional gauged series and hence the credibility intervals largely
underestimated. But nevertheless, the total extent of the considered region is large
enough to limit the possible influence of dependencies on the conclusions : the 2010
extreme flood did only significantly affect the downstream part of the Argens water-
shed and only one of the considered gauged watersheds.

— The region may be heterogeneous as far as extreme floods are considered even if

this is not revealed by the test of Hosking & Wallis. It is hard to conclude at this
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stage. Only an inventory of extreme floods in the upper part of the Argens watershed
(Western part of the region) could help verify this hypothesis.

— The process of generation of extreme floods may be non-stationary with a succession
of relatively calm periods and meteorologically and hydrologically more active per-
iods, for climatic reasons. No rainfall event comparable as the 2010 event more than
450 (mm) maximum local daily rainfall accumulation - has for instance been recorded
over the period 1958-2010 over the Var region (see Appendix A.4).

— As already mentioned on the Ardeche case study, the statistical distribution of the
maximum annual peak discharges, and may be of the maximum local point rain-
fall accumulations - may differ significantly from the GEV distribution with fast
evolution of the quantile values over short ranges of return periods. The shape of
the distribution could be closer to the shapes suggested by the plotting positions
on figures 4.21.c and 4.22.c. This could also explain the observed apparent higher
added value of the proposed regional flood frequency method if compared to the
theoretical simulation results in the two case studies. To illustrate this idea, if we
consider that the actual return period of the largest rescaled discharge of the regional
gauged set is much closer to the length of this set, for instance 150 to 200 years,
than the observed regional gauged set becomes credible : the probability of drawing
249 successive independent and identically distributed values that do not exceed
the 150-year quantile is around 20%. While, if we consider that the return period
of the ungauged extreme discharges in Trans-en-Provence is at least 250 years, the
probability of having exceeded 3 times or more the 250 year quantile within 400
years at Trans-en-Provence is also close to 20%. Again, one isolated example does not
demonstrate anything but the repetition of similar examples could help to give a new
insight into the possible shape of the statistical distributions of peak discharges. The
results show the importance of taking ungauged extremes into account in statistical

inference in this perspective.
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4.5 CONCLUSIONS

This chapter aimed at illustrating the possibilities and limits of the proposed approach on
the basis of two real-world applications. The statistical analyses of the available data sets
has been combined with some theoretical simulations, conducted to evaluate the possible
effects of intra-regional variability on the results of the two tested regional approaches.
Overall, and despite some limits, especially concerning the computed credibility limits that
may generally be too optimistic, these two application case studies confirm the relevance
of the proposed method.

In the two areas, geographically consistent regions could be delineated based on both
constraints : on the growth-curves and on the index flood relationship. Moreover, the hy-
potheses on which the method is based, in particular the simple index flood relationship,
did not lead to results inconsistent with local flood frequency analyses including or not
historical extremes. The Saint Martin case on the Ardeche region, where historical data
could be unearthed after the analyses and used for validation purposes, is particularly
striking in that perspective (Naulet |2002). But above all, the proposed approach seems to
provide more accurate estimates than the reference regional flood frequency method based
on gauged data only, this theoretically but also in practice. The explanation for this result is
simple : the added value of the regional methods depends on the size (measured in record
station-years) of the regional samples. Moreover, if gauged data exist, the additional infor-
mation (regional or historical) may be censured with limited impact on the inference results
(Payrastre et al.2011) : what really matters is the information content on the extremes. The
record length represented by ungauged extremes in a given region rapidly exceeds by far, if
some inventories are conducted, the total recording length at the gauged sites as illustrated
by the two case studies (see tables in this chapter). In the two cases, according to the size of
the regional sets, the added value of the reference regional flood frequency approach seem
to be very limited if compared to the standard local analyses, if the regional variability is
considered. This is to our knowledge a relatively surprising and new result.

Some may argue that the regional data set could have been increased in the Hosking
& Wallis approach looking at gauged sites in wider areas around the considered region
of interest. It is true, but is it reasonable to consider data from very various climatologic
and hydrologic settings as statistically homogeneous, even if their heterogeneity is not
demonstrated by a test? Regional flood frequency analyses may also be misleading as
illustrated by the case study of the Var. The proposed methods should preferably not be

based on too many hypotheses that can not be verified.
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Finally, these case studies have illustrated that ungauged extremes can be considered
as a valuable and rich additional information for flood frequency studies and that they can
be included, provided some hypotheses, in statistical inference procedures. In the given
examples, their inclusion in the analyses even led to question the adequacy of the GEV
distribution which shows how informative this data can be. It is nevertheless important to
note, that regional flood frequency analyses are not always as straightforward as shown
here. Some tests were also conducted on datasets from the Adige mountainous region in
North-East Italy. But it has been there impossible to define homogeneous sub-regions, nei-
ther for the growth curves nor for the index flood relationship, due to the combination of a
huge hydrological variability between karstic and non-karstic areas and of a pluviographic
gradient from the sea to the inner Alps. Regional flood frequency analyses may no always
be possible. To be really complete, uncertainties in estimated extreme peak discharges (un-
gauged or historic extremes but also extremes on gauged sites exceeding by far the range
of values for which the stream gauge rating curve is accurate) should also be taken into ac-
count for the evaluation of the various approaches. According to recent studies (Payrastre
et al|[2011), these uncertainties will nevertheless probably not modify the conclusions of

this work unless the estimates of extreme values are systematically biased.
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THe aim of this thesis was to develop and test thoroughly a new method of regional
flood frequency analysis aiming at incorporating information on extreme floods
documented at ungauged sites. The performances of this method have been evaluated
in comparison with a reference regional flood frequency approach initially proposed by
Hosking and Wallis| (1997). In both cases, a Bayesian MCMC approach has been used to es-
timate the model parameters given the observations, and to compute associated credibility

intervals.

Although the new proposed approach enables to account for a large amount of addi-
tional information, it necessitates an important assumption if compared to the reference
regionalisation approach of Hosking & Wallis : an index flood relationship is supposed
to hold in the considered region. This homogeneity requirement adds to the expected
homogeneity of the local growth curves, and therefore many limit the possible extent
of the region considered. It also represents an additional parameter to be estimated that

should be included in the computation of credibility intervals.

In the first part of this work, a specific Monte Carlo simulation framework has been de-
veloped in order to compare both methods and to test the relevance of the Bayesian MCMC
estimation method applied in each case. Previously, the proposed approach was adapted
(in particular the formulation of the likelihoods) in order to enable a common estimation of
both, the growth curve (here a GEV distribution) and the index flood relationship. Finally,
the MCMC algorithms applied aim to estimate 4 parameters in the case of the proposed
approach, and 3 parameters in the case of the reference method. The two approaches were
applied to a high number of synthetic datasets, and the estimations results (based on

posterior distributions and maximum likelihood estimation of parameters) were compared
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to the real quantile values at each site of the considered regions.

The simulations conducted were first focused on the comparison of both approaches
when applied to identical datasets, limited to gauged series. The results illustrate several
limitations of both approaches. The reference approach, indeed, appear to be sensitive to
the uncertainty of estimation of local means : these results in an increase of estimation
uncertainty and also in an underestimation of the width of credibility intervals. This effect
disappears by using the index flood relationship (proposed approach), which clearly limits
the final uncertainty for local series of limited length (less than 40 years). The introduc-
tion of the index flood relationship with an additional parameter to be calibrated, finally
appears to be a stabilization factor rather than a factor of complexity and a source of
uncertainty. However, this relationship results in some bias and increased uncertainty of

estimation for low catchment surfaces.

These first simulations also illustrated some limitations of both approaches associated
with the homogeneity assumptions made in each case. The effects of two types of hetero-
geneities were examined : heterogeneity of the index flood values around the theoretical
relationship, and heterogeneity of the shapes of the local growth curves. Such heterogenei-
ties generally result in larger uncertainties of estimation, sometimes associated with a bias,
and in an underestimation of the width of credibility intervals. Logically, heterogeneities in
the index flood relationship only affect the proposed approach : this approach fortunately
appeared to resist to limited heterogeneity levels. The effects of heterogeneities in the
local growth curves appeared much more problematic : they highly affect both tested

approaches, even for limited heterogeneity levels.

In a second part of this work, the two regional approaches were applied to two case
studies for which information on ungauged extreme floods is available : The Ardeche
region and the Var region in the south east of France. Some simulations were again
conducted here in order to compare the quality of estimation to be expected in different
situations : local approach, local approach with historical information, and the two regio-
nal approaches involving or not information on ungauged extremes. These simulations
account for the supposed heterogeneities on both the local growth curves and the index
flood relationship in the considered regions. The simulation results first illustrate that the

incorporation of information on extremes with the proposed regional approach may be of
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great value and may clearly outperform the reference regional approach based on gauged
series. This reference approach is affected by the effects of heterogeneity and finally leads
to a quality of estimation that is not far from a local approach. This surprising result
questions the real added value of conventional regional flood frequency approaches. The
simulation results also show that the hierarchy between the different approaches highly
depends on the particularities of each case study : catchment surface considered, length of
local and of regional gauged series, quantity of local historical information and of regional
information on extremes. Finally, these results also confirm that the credibility intervals
computed with the Bayesian MCMC procedure should not be directly considered as an
indication of the accuracy of quantile estimation, since the width of these intervals may be

highly underestimated in presence of heterogeneity.

The application of the different local and regional approaches to the real datasets finally
illustrates the very important differences that may be observed, for a specific case study, if
compared to theoretical simulation results. Both applications show that despite the com-
putation of credibility intervals that can be evaluated and corrected based on simulations,
some of the inference results may still be particularly misleading : this is the case for
instance for the local approach at Saint Martin in the Ardeéche region or for the reference
regional approach in the Var region. These results well illustrate the great potential effects
of sampling variability, and also the limits associated to the assumptions made in the two
regional approaches, that are not accounted for in theoretical simulations : independence

of observations and suitability of the proposed theoretical statistical distribution.

In this context, the case studies presented also illustrate some advantages of approaches
involving information on extreme floods : confirmation of the occurrence of intense floods
that may appear as outliers if compared to local series (Ardéche case study), identification
of anomalies in the considered series (for instance presence of dependences) or possible

limits of the inference procedure (relevance of the shape of the theoretical growth curve).

Some additional results have been obtained to answer some questions raised by the
reviewers of this PhD. These results, presented during the defense of the thesis, illustrate
in particular the possible influence of some of the hypotheses on which the computations

presented in this manuscript are based :
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— determination of the threshold values for the various historical periods in the case of
the Nartuby at Trans-en-Provence (appendix 7);

— integration of the ancient historical information on floods included in the PhD of
Naulet (2002) in the statistical analysis of the discharges of the Ardeche at Saint-
Martin (appendix 8) ;

— elimination of the obviously dependent data in the Ardeche regional sample : extreme
floods affecting the same river network at the same date (appendix 9);

— percentage of error for systematic and extreme discharges considered for the compu-
tation of the likelihood, modified formulation (appendix 10);

— determination of the duration of the period over which the historic or ungauged
extremes are considered to be the largest observed value (appendix 11).

These results are a useful complement to the results presented in this text and have

therefore been added in the appendices (7-11) of the final version of this PhD according to

the suggestion of the jury.

Two perspectives can be imagined at the end of this work. First, the question of the
uncertainties affecting the discharge estimates of ungauged extreme floods was not consi-
dered here, and should be examined in order to definitely confirm the usefulness of such
data for statistical studies. This could be achieved in a similar manner as in previous works
conducted on the usefulness of historical records for flood frequency analyses (Payrastre
et al|[2011). These results indicated that the accuracy level of the estimated historical
extreme discharges and the number of extremes for which an estimated discharge is avai-
lable, do not affect significantly the value of historical data when the historical period of
record is fixed. It remains to be confirmed that the same conclusion can be drawn when
ungauged extremes are included in regional flood frequency analyses. It seems to be the

case according to the results presented by Gaume (2010).

Lastly, information on ungauged extremes floods seems, based on the presented case
studies, susceptible to put into question the theoretical shape of the statistical distributions
commonly used for inference purposes in hydrology, particularly in the case of watersheds
prone to flash floods. Discharge distributions may present important evolutions of quantile
values concentrated on limited range of return periods, due to rainfall distributions and
threshold-based reactions of watersheds (Gaume|2006, [Rogger et al.2011). The results pre-

sented here suggest that regional analyses including information on ungauged extremes
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may be an interesting way to confirm (or infirm) this theory. This might be achieved by
analysing a much larger number of similar case studies, which is possible since the me-

thods are now available.







APPENDIX

MCMC METROPOLIS ALGORITHM

The Metropolis Hastings algorithms are efficient methods to draw samples from a distribu-
tion with knowing a probability density function P(f). The algorithm generates a Markov
chain in which each state 6t+1 depends only on the previous state xt. The algorithm uses a
Gaussian density N(6t, S0) to generate candidate value 6 at the step t + 1, which depends
on the current state 0t, to generate a new proposed sample 6. This candidate is accepted

as the next value 6t + 1 = ' if a drawn from U(o,1) satisfies

p(o
2 563 (A.1)

If the candidate is not accepted, then the current value of x is retained (6t+1=0t). The

Markov chain is started from a random initial value 6o and the algorithm is run for many
iterations until this initial state is forgotten and stabilization of it outcomes is reached. The
samples corresponding to the courage of the algorithm, which are discarded, are known
as burn in. The remaining set of accepted values of 6 represent a sample with probability
density function P(f). As a Gaussian proposal density (or a lognormal one for definite
positive parameters) is used, the variance parameter S6> has to be tuned during the burn
in period. This is done by calculating the acceptance rate, which is the fraction of proposed
samples that is accepted in a window of the last N samples. The desired acceptance rate
depends on the target distribution, however it has been shown theoretically that the ideal
acceptance rate for a one dimensional Gaussian distribution is approx 50%, decreasing to
approx 23% for an N dimensional Gaussian target distribution. If S6? is too small the chain
will courage slowly (i.e., the acceptance rate will be too high, so the sampling will move
around the space slowly and converge slowly to P(9)). If S6? is too large the acceptance
rate will be very low because the proposals are likely to land in regions of much lower

probability density. The desired acceptance rate is fixed here to 34% in our case study.
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THE DIAGNOSTIC OF GELMAN AND RUBIN

The diagnostic of Gelman and Rubin (1992) assumes that M Markov Chains have been si-
mulated independently. If convergence has been obtained, inference is made by computing
the sample mean and variance of each chain.

In the case of convergence the obtained M inference results should be similar. The idea
is to estimate 02, the variance of 8 and compute the ratio of this estimator, denoted by V and
2. The estimator V is constructed by mixing M * N draws from all chains and considers
both the variance between and within the chains. With 6! = 0 (x!) is the function of interest

tth

evaluated at the observation from chain 1.

The variance £ between the M chain means can be computed as :

B 1 M
N:7_12(1._9)2 (A.2)
i=1
Where
B 1 2N
0 = N Z 9; (A.3)
t=Np+1
1M
0 = N Z i (A.4)

W= Ly e (A5)
M=
Where
1 2N 2
2 t
Z N—Np—1 t=No—+1 Z
The estimator V is then defined by :
~ N-1 1\ B
V=—«—W 1+— ] = A.
s ( " M) ; (A7)
The ratio is computed :
. d+3\ V
k= (1) w (49

Where d is the estimated degrees of freedom of a Student-t distribution and can be estima-
ted by the method of moment. In the case, if R, is close to 1, we can conclude that each of

the M chains has converged.
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GENERALIZED EXTREME-VALUE DISTRIBUTION (GEV)

Definition :

The generalized extreme value distribution (GEV) is a generalized three-parameter ex-
treme value distribution : ¢ (location), a (scale), x (shape).
Rangeof x : -oo < x < ¢ +a/kif x > 0;-0c0 <x <o0if k=0;¢+a/x < x < o0if x <O0.

Probability density function :

fx)=a "ty (A.9)

Where,

y=—x ‘log (1—fox—§)> with x #0 (A.10)
The cumulative probability density function :
- 1/x
F(x) =exp [— <1 — M) ] with x # 0 (A.11)

©
a>0

Quantile function :

x(F)=¢+ with x # 0 (A.12)

a (1— (—logF)")

Special cases : k=0 is the Gumbel distribution ; k=1 is a reverse exponential distribution.
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Annexe A. Appendix

A.4 THE RECORDS OF THE 9 GAUGING STATIONS IN THE VAR REGION

TaBLE A.1 — Station : Trans-en-Provence on the Nartruby River (190 km?); Code hydro : Y5235010
(X :935648, Y :1842521); B=0.77,Q=37.6
N? | Year | Quax(m®/s) | Q/SP | Q/Q | N° | Year | Quax(m®/s) | Q/SP | Q/Q
1 | 1970 42 0.74 | 1.12 | 18 | 1987 98 1.72 | 2.61
2 | 1971 33 0.58 | 0.88 | 19 | 1988 17 0.30 | 0.45
3 | 1972 31 0.55 | 0.82 | 20 | 1989 1 0.02 | 0.03
4 | 1973 124 2.18 | 3.30 | 21 | 1990 66 1.16 | 1.76
5 | 1974 26 0.46 | 0.69 | 22 | 1991 14 0.25 | 0.37
6 | 1975 4 0.07 | 0.11 | 23 | 1992 45 0.79 | 1.20
7 | 1976 31 0.55 | 0.82 | 24 | 1993 68 1.20 | 1.81
8 | 1977 40 0.70 | 1.06 | 25 | 1994 58 1.02 | 1.54
9 | 1978 14 0.25 | 037 | 26 | 1995 74 1.30 | 1.97
10 | 1979 38 0.67 | 1.01 | 27 | 1996 36 0.63 | 0.96
11 | 1980 12 0.21 | 0.32 | 28 | 1997 59 1.04 | 1.57
12 | 1981 6 0.11 | 0.16 | 29 | 1998 11 0.19 | 0.29
13 | 1982 9 0.16 | 0.24 | 30 | 1999 31 0.55 | 0.82
14 | 1983 46 0.81 | 1.22 | 31 | 2000 79 1.39 | 2.10
15 | 1984 48 0.84 | 1.28 | 32 | 2001 22 0.39 | 0.59
16 | 1985 14 0.25 | 0.37 | 33 | 2002 30 0.53 | 0.80
17 | 1986 44 0.77 | 1.17 | 34 | 2003 7 0.12 | 0.19
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TABLE A.2 — Station : Mons on the Siagnole River (87 km?); Code hydro :

Y :1862675); B=0.77; Q=15.4

Ys515410 (X :953534,

N° | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1980 9 0.29 | 0.58 | 16 | 1995 29 0.93 | 1.88
2 | 1981 12 0.39 | 0.78 | 17 | 1996 15 0.48 | 0.97
3 | 1982 11 0.35 | o071 | 18 | 1997 23 0.74 | 1.49
4 | 1983 15 048 | 0.97 | 19 | 1998 10 0.32 | 0.65
5 | 1984 15 0.48 | 0.97 | 20 | 1999 15 0.48 | 0.97
6 | 1985 12 0.39 | 0.78 | 21 | 2000 23 0.74 | 1.49
7 | 1986 11 0.35 | 0.71 | 22 | 2001 20 0.64 | 1.30
8 | 1987 15 0.48 | 0.97 | 23 | 2002 18 0.58 | 1.17
9 | 1988 8 0.26 | 0.52 | 24 | 2003 13 0.42 | 0.84
10 | 1989 7 0.22 | 0.45 | 25 | 2004 10 0.32 | 0.65
11 | 1990 9 0.29 | 0.58 | 26 | 2005 9 0.29 | 0.58

22 | 1991 9 0.29 | 0.58 | 27 | 2006 20 0.64 | 1.30
13 | 1992 24 0.77 | 1.56 | 28 | 2007 19 0.61 | 1.23
14 | 1993 20 0.64 | 1.30 | 29 | 2008 14 0.45 | 0.91
15 | 1994 32 1.04 | 2.07 | 30 | 2009 16 0.51 | 1.04
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TABLE A.3 — Station : Roquebrune on the Argens River (2530 km?); Code hydro : Y5312010 (X :948137,
Y :1838024); B=0.77; Q= 330.8

N | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1972 450 1.08 | 1.36 | 17 | 1988 54 0.13 | 0.16
2 | 1973 549 1.32 | 1.66 | 18 | 1989 97 0.23 | 0.29
3 | 1974 337 081 | 1.02 | 19 | 1990 55 0.13 | 0.17
4 | 1975 305 0.73 | 0.92 | 20 | 1991 51 0.12 | 0.15
5 | 1976 520 1.25 | 1.57 | 21 | 1992 506 1.21 | 1.53
6 | 1977 733 1.76 | 2.22 | 22 | 1993 747 1.79 | 2.26
7 | 1978 138 0.33 | 042 | 23 | 1994 423 1.01 | 1.28
8 | 1979 397 0.95 | 1.20 | 24 | 1995 651 1.56 | 1.97
9 | 1980 58 0.14 | 0.18 | 25 | 1996 444 1.06 | 1.34
10 | 1981 123 0.29 | 0.37 | 26 | 1997 377 0.90 | 1.14
11 | 1982 153 0.37 | 0.46 | 27 | 1998 219 0.52 | 0.66
12 | 1983 132 0.32 | 0.40 | 28 | 1999 323 0.77 | 0.98
13 | 1984 397 091 | 1.15 | 29 | 2000 557 1.33 | 1.68
14 | 1985 307 0.74 | 0.93 | 30 | 2001 142 0.34 | 0.43
15 | 1986 154 0.37 | 0.47 | 31 | 2002 361 0.87 | 1.09
16 | 1987 570 1.37 | 1.72 | 32 | 2003 272 0.65 | 0.82
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TABLE A.4 — Station : Arcs on the Argens River (1730 km?); Code hydro :

Y :1835965); B=0.77; Q=169.4

Ys5202010 (X :935105,

N° | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1969 182 0.58 | 1.07 | 19 | 1987 120 0.39 | 0.71
2 | 1970 175 0.56 | 1.03 | 20 | 1988 30 0.10 | 0.18
3 | 1971 330 1.06 | 1.95 | 21 | 1989 22 0.07 | 0.13
4 | 1972 360 1.17 | 2.15 | 22 | 1990 40 0.13 | 0.24
5 | 1973 405 1.30 | 2.39 | 23 | 1991 28 0.09 | 0.17
6 | 1974 144 0.46 | 0.85 | 24 | 1992 190 0.61 | 1.12
7 | 1975 155 0.50 | 0.91 | 25 | 1993 346 1.11 | 2.04
8 | 1976 294 0.94 | 1.74 | 26 | 1994 215 0.69 | 1.27
9 | 1977 447 1.44 | 2.64 | 27 | 1995 251 0.81 | 1.48
10 | 1978 62 0.20 | 0.37 | 28 | 1996 222 0.71 | 1.31
11 | 1979 249 080 | 1.47 | 29 | 1997 67 0.22 | 0.40
12 | 1980 38 0.12 | 0.22 | 30 | 1998 162 0.52 | 0.96
13 | 1981 85 0.27 | 0.50 | 31 | 1999 156 0.50 | 0.92
14 | 1982 56 0.18 | 0.33 | 32 | 2000 197 0.63 | 1.16
15 | 1983 100 0.32 | 0.59 | 33 | 2001 68 0.22 | 0.40
16 | 1984 168 0.54 | 0.99 | 34 | 2002 152 0.49 | 0.90
17 | 1985 163 0.52 | 0.96 | 35 | 2003 184 0.59 | 1.09
18 | 1986 62 0.20 | 0.37
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TABLE A.5 — Station : Vins on the Caramy River (215 km?); Code hydro : Ys1o5010 (X :910981,
Y :1834130); B=0.77; Q= 46.3

N | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1972 104 1.66 | 2.24 | 17 | 1988 28 0.45 | 0.60
2 | 1973 83 1.33 | 1.79 | 18 | 1989 15 0.24 | 0.32
3 | 1977 39 0.62 | 0.84 | 19 | 1990 17 0.27 | 0.37
4 | 1975 63 1.01 1.36 | 20 | 1991 9 0.14 | 0.19
5 | 1976 62 0.99 | 1.34 | 21 | 1992 40 0.64 | 0.86
6 | 1977 117 1.87 | 2.52 | 22 | 1993 76 1.22 | 1.64
7 | 1978 19 0.30 | 0.41 | 23 | 1994 54 0.86 | 1.17
8 | 1979 58 0.93 | 1.25 | 24 | 1995 58 0.93 | 1.25
9 | 1980 13 0.21 | 0.28 | 25 | 1996 56 0.90 | 1.21
10 | 1981 7 0.11 | 0.15 | 26 | 1997 24 0.38 | 0.52
11 | 1982 12 0.19 | 0.26 | 27 | 1998 88 1.41 | 1.90
12 | 1983 28 0.45 | 0.60 | 28 | 1999 78 1.25 | 1.68
13 | 1984 38 0.61 | 0.82 | 29 | 2000 89 1.42 | 1.92
14 | 1985 38 0.61 | 0.82 | 30 | 2001 14 0.22 | 0.30
15 | 1986 23 0.37 | 0.50 | 31 | 2002 34 0.54 | 0.73
16 | 1987 47 0.75 | 1.01 | 32 | 2003 52 0.83 | 1.12
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TABLE A.6 — Station : Chateauvert on the Argens River (485 km?); Code hydro : Y5032010 (X :898748,

Y :1840110); B=0.77; Q= 49.2

N° | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1972 123 1.05 | 2.50 | 17 | 1988 19 0.16 | 0.39
2 | 1973 86 0.74 | 175 | 18 | 1989 8 0.07 | 0.16
3 | 1974 44 0.38 | 0.89 | 19 | 1990 16 0.14 | 033
4 | 1975 49 0.42 | 1.00 | 20 | 1991 18 0.15 | 0.37
5 | 1976 74 0.63 1.50 | 21 | 1992 76 0.65 | 1.54
6 | 1977 139 1.19 | 2.82 | 22 | 1993 101 0.86 | 2.05
7 | 1978 16 0.14 | 0.33 | 23 | 1994 67 0.57 | 1.36
8 | 1979 65 0.56 | 1.32 | 24 | 1995 87 0.74 | 1.77
9 | 1980 16 0.14 | 0.33 | 25 | 1996 76 0.65 | 1.54
10 | 1981 30 0.26 | 0.61 | 26 | 1997 13 0.11 | 0.26
11 | 1982 12 0.10 | 0.24 | 27 | 1998 42 0.36 | 0.85
12 | 1983 26 0.22 | 0.53 | 28 | 1999 35 0.30 | 0.71
13 | 1984 44 0.38 | 0.89 | 29 | 2000 49 0.42 | 1.00
14 | 1985 75 0.64 | 1.52 | 30 | 2001 68 0.58 | 1.38
15 | 1986 12 0.10 | 0.24 | 31 | 2002 31 0.27 | 0.63
16 | 1987 22 0.19 | 0.45 | 32 | 2003 36 0.31 | 0.73
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TABLE A.7 — Station : Bras on the Cauron River (154 km?) ; Code hydro : Y5005210 (X :892835, Y :1839193);

B=0.77, Q=125
N | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1975 12 0.25 | 0.96 | 16 | 1990 4 0.08 | 0.32
2 | 1976 15 0.31 | 1.20 | 17 | 1991 2 0.04 | 0.16
3 | 1977 28 0.58 | 2.24 | 18 | 1992 6 0.12 | 0.48
4 | 1978 4 0.08 | 032 | 19 | 1993 5 0.10 | 0.40
5 | 1979 14 0.29 | 1.12 | 20 | 1994 24 0.50 | 1.92
6 | 1980 2 0.04 | 0.16 | 21 | 1995 24 0.50 | 1.92
7 | 1981 1 0.02 | 0.08 | 22 | 1996 22 0.46 | 1.76
8 | 1982 4 0.08 | 0.32 | 23 | 1997 11 0.23 | 0.88
9 | 1983 10 0.21 | 0.80 | 24 | 1998 2 0.04 | 0.16
10 | 1984 18 0.37 | 1.44 | 25 | 1999 23 048 | 1.84
11 | 1985 17 0.35 | 1.36 | 26 | 2000 27 0.56 | 2.16
12 | 1986 12 0.25 | 0.96 | 27 | 2001 4 0.08 | 0.32
13 | 1987 17 0.35 | 1.36 | 28 | 2002 17 0.35 | 1.36
14 | 1988 12 0.25 | 0.96 | 29 | 2003 24 0.50 | 1.92
15 | 1989 1 0.02 | 0.08
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TaBLE A.8 — Station : Cabasse on the

Y :1834591); B=0.77; Q= 41.2

Issole River (223 km?); Code hydro : Y5106610 (X :914946,

NO | Year | Quax(m3/s) | Q/SP | Q/0
1 | 1975 9 0.14 | 0.22
2 | 1976 29 0.45 | 0.70
3 | 1977 58 0.90 | 1.41
4 | 1978 41 0.64 | 1.00
5 | 1979 48 0.75 1.17
6 | 1980 53 0.82 1.29

1981 21 0.33 0.51

1982 73 1.14 | 1.77
9 | 1983 68 1.06 1.65
10 | 1984 74 1.15 | 1.80
11 | 1985 8 0.12 | 0.19
12 | 1986 28 0.44 | 0.68
13 | 1987 25 0.39 | 0.61

TABLE A.9 — Station : Carces on the Argens River (1181

Y :1838315); B=0.77; Q= 104.8

km?); Code hydro : Ys112010 (X :912616,

N | Year | Quax(m®/s) | Q/SP | Q/Q
1 | 1989 12 0.19 | 0.29
2 | 1990 29 0.45 | 0.70
3 | 1991 22 0.34 | 0.53
4 | 1992 99 1.54 | 241
5 | 1993 160 2.49 | 3.89
6 | 1994 143 222 | 347
7 | 1995 147 2.29 | 3.57
8 | 1996 146 2.27 | 3.55
9 | 1997 59 0.92 | 1.43
10 | 1998 138 2.15 | 3.35
11 | 1999 143 2.22 | 3.47
12 | 2000 159 2.47 | 3.86
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A.5 THE HIGHEST RAINFALL ACCUMULATION IN 24 HOURS THE VAR REGION
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A.5. The highest rainfall accumulation in 24 hours the Var region
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A.5. The highest rainfall accumulation in 24 hours the Var region
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A.6 THE RECORDS OF THE 5 GAUGING STATIONS IN THE ARDECHE REGION

TABLE A.10 — Station : Saint Martin on the Ardéche River (2240 km?); Code hydro : V506401 (X :776696,
Y :1926247); B=0.76 ; Q= 1751.2

N? | Year | Quax(m®/s) | Q/SP | Q/Q | N° | Year | Quax(m*/s) | Q/SP | Q/Q
1 | 1963 3160 898 | 1.80 | 23 | 1985 267 0.76 | 0.15
2 | 1964 1930 549 | 1.10 | 24 | 1986 1620 4.61 | 0.93
3 | 1965 1300 3.70 | 0.74 | 25 | 1987 1690 4.81 | o0.97
4 | 1966 540 1.54 | 0.31 | 26 | 1988 926 2.63 | 0.53
5 | 1967 1050 2.99 | 0.60 | 27 | 1989 594 1.69 | 0.34
6 | 1968 1220 3.47 | o070 | 28 | 1990 1070 3.04 | 0.61
7 | 1969 1330 3.78 | 0.76 | 29 | 1991 2580 7.34 | 1.47
8 | 1970 3250 9.24 | 1.86 | 30 | 1992 1640 4.66 | 0.94
9 | 1971 1500 4.26 | 0.86 | 31 | 1993 2010 5.71 | 1.15
10 | 1972 1540 438 | 0.88 | 32 | 1994 3040 8.64 | 1.74
11 | 1973 2570 731 | 1.47 | 33 | 1995 2820 8.02 | 1.61
12 | 1974 840 2.39 | 048 | 34 | 1996 2590 7.36 | 1.48
13 | 1975 1020 2.90 | 058 | 35 | 1997 1390 395 | 0.79
14 | 1976 2500 7.11 1.43 | 36 | 1998 1570 4.46 | 0.90
15 | 1977 3330 9-47 | 1.90 | 37 | 1999 1730 492 | 0.99
16 | 1978 930 2.64 | 0.53 | 38 | 2000 1430 4.07 | 0.82
17 | 1979 1600 4.55 | 0.91 | 39 | 2001 1500 4.26 | 0.86
18 | 1980 2100 5.97 | 1.20 | 40 | 2002 2960 8.42 | 1.69
19 | 1981 1070 3.04 | 0.61 | 41 | 2003 2010 571 | 1.15
20 | 1982 3510 9.98 | 2.00 | 42 | 2004 1040 2.96 | 0.59
21 | 1983 974 2.77 | 0.56 | 43 | 2005 1640 4.66 | 0.94
22 | 1984 1920 5.46 | 1.10
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TaBLE A.11 — Station :

Y :1951259); B=0.76 ; Q= 1763.8

Vogue on the Ardeéche River (636 km?); Code hydro

N° | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1966 315 2.33 | 041 | 20 | 1985 754 5.58 | 0.99
2 | 1967 461 3.41 | 0.60 | 21 | 1986 555 4.11 | 0.73
3 | 1968 269 1.99 | 0.35 | 22 | 1987 210 1.55 | 0.27
4 | 1969 396 2.93 | 0.52 | 23 | 1988 405 3.00 | 0.53
5 | 1970 1300 9.62 | 1.70 | 24 | 1989 2200 16.29 | 2.88
6 | 1971 260 1.92 | 0.34 | 25 | 1990 616 4.56 | 0.81
7 | 1972 550 4.07 | 072 | 26 | 1991 619 4.58 | 0.81
8 | 1973 980 7.25 | 1.28 | 27 | 1992 1190 881 | 1.56
9 | 1974 301 2.23 | 0.39 | 28 | 1993 1400 10.36 | 1.83
10 | 1975 1770 13.10 | 2.32 | 29 | 1994 1410 10.44 | 1.85
11 | 1976 570 4.22 | 0.75 | 30 | 1995 520 3.85 | 0.68

12 | 1977 880 6.51 | 1.15 | 31 | 1996 730 5.40 | 0.96
13 | 1978 571 4.23 | 0.75 | 32 | 1997 1050 777 | 1.37
14 | 1979 447 331 | 0.59 | 33 | 1998 1020 7-55 | 1.34

15 | 1980 1400 10.36 | 1.83 | 34 | 1999 671 4.97 | 0.88
16 | 1981 493 3.65 | 0.65 | 35 | 2000 1120 8.29 | 1.47
17 | 1982 152 1.13 | 0.20 | 36 | 2001 904 6.69 | 1.18

18 | 1983 738 5.46 | 0.97 | 37 | 2002 212 1.57 | 0.28
19 | 1984 875 6.48 | 1.15 | 38 | 2003 709 5.25 | 0.93

: Vso1g010 (X :764859,
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TABLE A.12 — Station : Saint Laurent on the Borne River (63 km?); Code hydro : V5045810 (X :728167,
Y :1954010); B=0.76; Q= 134

N | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1968 83.4 3.58 | 0.62 | 16 | 1983 200 8.58 | 1.49
2 | 1969 170 7.29 | 1.27 | 17 | 1984 8.7 0.37 | 0.06
3 | 1970 47.2 2.03 | 035 | 18 | 1985 115 4.93 | 0.86
4 | 1971 80.7 3.46 | 0.60 | 19 | 1986 169 7.25 | 1.26
5 | 1972 167 7.17 | 1.25 | 20 | 1987 65.9 2.83 | 0.49
6 | 1973 28.3 1.21 | 0.21 | 21 | 1988 60.7 2.60 | 0.45
7 | 1974 61.7 2.65 | 0.46 | 22 | 1989 49.8 2.14 | 0.37
8 | 1975 300 12.87 | 2.24 | 23 | 1990 94.5 4.05 | o.71
9 | 1976 142 6.09 | 1.06 | 24 | 1991 222 9.52 | 1.66
10 | 1977 72.8 3.12 | 0.54 | 25 | 1992 89.4 3.84 | 0.67
11 | 1978 66.5 2.85 | 0.50 | 26 | 1993 120 5.15 | 0.90
12 | 1979 694 29.78 | 5.18 | 27 | 1994 103 4.42 | 0.77
13 | 1980 34.9 1.50 | 0.26 | 28 | 1995 232 9.95 | 1.73
14 | 1981 211 9.05 | 1.57 | 29 | 1996 197 8.45 | 1.47
15 | 1982 91.2 3.91 | 0.68 | 30 | 1997 42.3 1.81 | 0.32
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TABLE A.13 — Station : Beauvene on the Eyrieux River (392 km?); Code hydro : V4144010 (X :774080,

Y :1988475) ; B=0.76; Q= 355.2

N° | Year | Quax(m3/s) | Q/SP | Q/Q | N° | Year | Quax(m3/s) | Q/SP | Q/Q
1 | 1969 103 1.10 | 0.29 | 16 | 1984 291 3.11 | 0.82
2 | 1970 238 254 | 0.67 | 17 | 1985 43.1 0.46 | 0.12
3 | 1971 90 0.96 | 0.25 | 18 | 1986 183 1.96 | 0.52
4 | 1972 198 2.12 | 0.56 | 19 | 1987 479 5.12 | 1.35
5 | 1973 685 7.32 | 1.93 | 20 | 1988 306 3.27 | 0.86
6 | 1974 62.5 0.67 | 0.18 | 21 | 1989 115 1.23 | 0.32
7 | 1975 113 1.21 | 0.32 | 22 | 1990 121 1.29 | 0.34
8 | 1976 716 7.66 | 2.02 | 23 | 1991 159 1.70 | 0.45
9 | 1977 624 6.67 | 1.76 | 24 | 1992 800 8.55 | 2.25
10 | 1978 182 1.95 | 0.51 | 25 | 1993 533 5.70 | 1.50
11 | 1979 276 2.95 | 078 | 26 | 1994 254 2.72 | 0.72

12 | 1980 700 7.49 | 1.97 | 27 | 1995 496 5.30 | 1.40
13 | 1981 239 256 | 0.67 | 28 | 1996 820 8.77 | 231
14 | 1982 869 9.29 | 2.45 | 29 | 1997 618 6.61 1.74

15 | 1983 220 2.35 | 0.62 | 30 | 1998 122 1.30 | 0.34
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TABLE A.14 — Station : Chambonas on the Chassezac River (507 km?); Code hydro : V5045020 (X :742057,
Y :1937046) ; B=0.76 ; Q= 632.8

N° | Year Qmax(m?)/s) Q/Sl3 Q/Q N° | Year Qmax(m3/3) Q/Sﬁ Q/Q
1 | 1971 330 2.90 | 0.52 | 15 | 1985 62.5 0.55 | 0.10
2 | 1972 461 4.05 | 073 | 16 | 1986 479 4.21 | 0.76
3 | 1973 900 791 | 1.42 | 17 | 1987 673 5.02 | 1.06
4 | 1974 148 1.30 | 0.23 | 18 | 1988 457 4.02 | 0.72
5 | 1975 363 3.19 | 0.57 | 19 | 1989 290 2.55 | 0.46
6 | 1976 1800 15.83 | 2.84 | 20 | 1990 134 1.18 | 0.21
7 | 1977 1200 10.55 | 1.90 | 21 | 1991 444 3.90 | 0.70
8 | 1978 359 3.16 | 0.57 | 22 | 1992 419 3.68 | 0.66
9 | 1979 505 444 | 080 | 23 | 1993 957 8.42 | 1.51
10 | 1980 53.4 0.47 | 0.08 | 24 | 1994 1400 12.31 | 2.21
11 | 1981 359 3.16 | 0.57 | 25 | 1995 999 8.79 | 1.58
12 | 1982 1200 10.55 | 1.90 | 26 | 1996 1480 13.02 | 2.34
13 | 1983 330 2.90 | 0.52 | 27 | 1997 299 2.63 | 0.47
14 | 1984 984 8.65 | 1.55
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INFLUENCE OF THE DEFINITION OF THE THRESHOLDS FOR THE HISTO-
RICAL PERIOD IN THE CASE OF THE NARTUBY AT TRANS-EN-PROVENCE

(VAR)

In the manuscript, three different historical periods of 120 years with one single maximum
reported for each period have been defined (figure [A.1la and likelihood a). The threshold
values for the computation of the non-exceedance probabilities in the likelihood are dif-
ferent for each period and equal to the maximum estimated discharge. One reviewer sug-
gested another possibility : the three reported extreme discharge values could as well be
considered as the 3 largest flood events over the 360 year historical period and one single
threshold defined for the whole period (figure b and likelihood b). This representation
is less consistent with the data : many flood events are reported before the 19 century but
without the possibility to evaluate their discharge. The 1674 flood seems to be the largest
event, but there is no certainty that the 1827 or 2010 peak discharges were not exceeded in
the past. Hypothesis (a) with higher threshold values in the past is more consistent with the
available information and less constraining than hypothesis (b). It should therefore provide
larger credibility intervals. But to what extent? The influence of the model proposed for
the historical data has been tested here and models (a) and (b) compared.

- The likelihood corresponding hypothesis (a) (used in chapter 4) :

(=P (X)) %P (Xp)*P(X3)*[1 =P (X)) %1 = P(X2)]"™ 1% [1 - P(X3)]"*" (A13)
- The likelihood corresponding hypothesis (b) :

(=P (X;) %P (Xp)*P(X3)%[1—P(X3)]*3 (A.14)

The obtained results with both hypotheses are very similar as illustrated in Figure

with slightly larger credibility intervals in case a (hypothesis 1) as foreseen.
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F1GURE A.1 — Hypotheses of threshold for three extreme floods at Nartuby : a) hypothesis 1 (proposed), and

b) hypothesis 2.
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FiGure A.2 — Fitted GEV distributions and associated credibility intervals at Trans en Provence gauging
station (193 km?) with regional datasets of 7 sites incorporation with three values of historical flood at Nartuby

and a value of extreme flood at Florieye : a) hypothesis 1, and b) hypothesis 2.
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VALUATION OF THE ANCIENT HISTORICAL INFORMATION AVAILABLE BE-
FORE THE 20" CENTURY AT SAINT MARTIN IN THE ARDECHE REGION :

DATA EXTRACTED FROM THE PHD OF ROBIN NAULET (CITE)

Information on historical floods at Saint Martin (over the period 1772 to 1960) where re-
trieved by Robin Naulet (2002) (figure [A.3), but have not been valuated in the manuscript.
How would this additional information modify the conclusions about the estimation of the
flood quantiles at this gauging station? The computations were therefore conducted with

this additional peace of information.
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F1GURE A.3 — Chronic of annual maximum flood at Saint Martin reconstructed by Robin Naulet (2002).

Figure presents the shape of GEV distributions and associated 90% credibility in-
tervals computed at Saint Martin (2240 km?), based on the datasets available in the Ardeche
region. Figure [A.4la and b consider local approach and combining information of histori-
cal floods corresponding hypothesis 1 (value of threshold = 7250 m?/s) and hypothesis 2
(value of threshold = 6000 m%/s) in the period (1772-1827). Figure c presents result of
the proposed approach is used based on both gauged series and 18 ungauged extremes.

The local statistical analysis results including the ancient historical floods appear very
consistent with the proposed regional analysis results including ungauged extremes (fi-
gure[A.4). It is important here to recall that the local analysis results including information
on the 20" century only led to much lower quantile estimates. The new valuated local
historical data confirm the regional estimates. This is a very reassuring result for the pro-
posed approach : it validates a posteriori the estimated range of quantile values through

the proposed regional approach.
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FIGURE A.4 — Fitted GEV distributions and associated credibility intervals at Saint Martin gauging station
(2240 km?) with regional datasets of 5 sites incorporation with : a) information of historical floods correspon-

ding hypothesis 1; b) hypothesis 2 ; and c) information of extreme floods.

The same simulations, as those presented in the manuscript, were also conducted in-
cluding the ancient historical extreme events to compare theoretically the accuracy of each
considered flood frequency method in the case of the Saint Martin gauging station on the
Ardeche river (figure [A.5).

Without surprise, the important increase of the historical dataset at Saint Martin favours
the local approach including historical data. If the regional variability is considered, the re-
gional approaches may hardly help to reduce the uncertainties on the estimated quantiles
in cases were the local data set is rich enough. Nevertheless, these simulation results are
only valid if the real statistical distribution does not differ too much from the GEV dis-
tribution, which of course is never sure a priori. The theoretical simulations give only a
tendency but can never demonstrate that an additional (regional) information will not be

useful in a specific case study.
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F1GURE A.5 — Dispersion of the estimated maximum likelihood values QAS&OL), computed using 780 simulated

samples, with regional variability in the index flood relation (6= 0.1) and growth curves (n=40-year)at Saint

Martin. All values have been divided by the real 100-year quantile leoo)'

ELIMINATION OF THE OBVIOUSLY DEPENDENT DATA IN THE ARDECHE
REGIONAL SAMPLE ! EXTREME FLOODS AFFECTING THE SAME RIVER NET-

WORK AT THE SAME DATE

Some of the regional extremes reported for the Ardéche have occurred at the same date
and have been produced by the same rainfall event. Some are event located on the same
river network with an upstream-downstream relation (table[A.15). The ungauged extremes
of the original series can obviously not be considered as independent which is one of the
basic hypotheses of the statistical model fitted to the data. What can be the consequence
of this discrepancy between the model and the data set? The type of dependence between
the data is complex, it may in particular vary with the magnitude or return period of the
floods. The influence on the statistical calibration results is therefore difficult to assess or
study. The dependence may induce some biases, but the dominant effect will certainly be
an underestimation of the credibility intervals due to the over-rating of the information
content of the data set if the dependence between data is neglected. Independence can

never be ensured in regional studies due to the spatial extent of the meteorlogical flood
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generating processes. Gauged series can also hardly be considered as strictly independent.
To have an idea of the possible influence of dependencies on the statistical calibration
results, the series of ungauged extremes available in the Ardeche region has been further
refined to remove obviously related extremes. One single extreme value has been randomly
selected when more than one extreme value was reported for the same river system and
the same date. The discarded values appear in grey color in table The refined series

of regional ungauged extremes counts 13 values.

TaBLE A.15 — List of the ungauged extremes reported in the Ardeche region. Values discarded to reduce

dependencies appear in light grey.

Location River name Date Q (m3/s) | S (km?) | Associated
period

Aubenas Ardeche 26/09/1992 2200 480 50
Rosieres Beaune 04/10/1958 1820 210 50
Vans Boudaric | 03/11/1989 130 6 50
Burzet Bourges 22/09/1992 350 47 50
Chambonas Chassezac | 21/09/1980 3360 510 50
Dorne Dorne 1963 630 78 50
Lamastre Doux 03/08/1963 970 242 50
Barrage des Collanges Eyrieux 1963 1685 343 50
Meyras Fontoliere | 22/09/1992 900 130 50
Meysee Lavezon | 30/09/1960 500 56 50
Rieutord Loire 01/09/1992 444 62 50
Pouzin Ouveze 10/08/1967 700 140 50
Saliouse Saliouse 1980 300 61 50

As illustrated in figure the refinement of the regional extreme dataset has only a
slight influence on the credibility intervals. Since the 5 excluded events contain nevertheless
some additional information if compared to the dataset of 13 extremes, the correct estimates
of the credibility intervals when the samples of 18 extremes is used lies somewhere in bet-

ween the results presented in figures [A.6la (underestimation) and [A.6lb (overestimation).
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For practical use, the dilemma can be summarized in the following way : either the whole
information on extremes is valuated accepting the risk of underestimating the width of the
credibility intervals, or some information is discarded to obtain more accurate credibility

intervals but with less accurate quantile estimates.
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FIGURE A.6 — Fitted GEV distributions and associated credibility intervals at Saint Martin gauging station
(2240 km?) with regional datasets of 5 sites incorporation with : a) 18 ungauged sites (dependence datasets),

and b) 13 ungauged sites (independence datasets).
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INFLUENCE OF THE PERCENTAGE OF ERROR FOR SYSTEMATIC AND EX-
TREME DISCHARGES CONSIDERED FOR THE COMPUTATION OF THE LIKE-

LTHOOD, MODIFIED FORMULATION

In the manuscript, a modified version of the likelihood function has been proposed inclu-
ding cumulative density functions only. The density functions usually used are replaced
by the difference between the cumulative density functions corresponding to an upper and
lower possible value for the considered discharges. In the manuscript, a difference of 1% of
the average estimated discharge value has been selected arbitrary to define these upper and
lower possible values. What is the influence of this arbitrary choice ? To test this hypothesis,
three alternative choices have been tested : (a) 1% replaced by 0.1%, (b) initial version, (c)
1% replaced by 30% for the ungauged extremes that can reasonably be considered as much
less reliable as the gauged discharges, (d) 1% replaced by 5%.

Figure illustrates the relatively moderate influence of this choice on the maximum
likelihood estimate and on the credibility intervals. The intervals only very slightly increase
when the considered percentage of uncertainty in the estimated discharge values increases.
That remains true even if the uncertainty on the ungauged extreme values is relatively large
(case c). This result is consistent with the results obtained by Payrastre (2005), who studied
the influence of the uncertainties affecting reconstructed historical peak discharges on the
results of flood frequency analyses and concluded that these uncertainties had, to a certain
extent, little influence on the inference results. This is a strong argument for the valuation

of ungauged extremes in flood frequency studies.
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INFLUENCE OF THE SELECTED DURATION OF THE PERIOD OVER WHICH
THE HISTORICAL OR UNGAUGED EXTREMES ARE CONSIDERED TO BE THE

LARGEST OBSERVED VALUE : TEST FOR THE VAR CASE STUDY

One last and important question concerns the lengths of the periods over which the histo-
rical or ungauged extremes can be considered as the largest observed values. This choice
is based on the available information, but remains partly arbitrary and can easily vary by
a factor of two depending on the point of view and the starting date of the considered
period. For instance, if we know that an extreme flood invent occured in the 1710 on the
Florieye but with no other information. What is the length of the period attributed to the
2010 flood event. Is it 300 years (period of time separating the two known extreme floods) ?
Or is it half of this length (150 years)? Or should we at least evaluate the hypothesis that
the 2010 discharge is larger than the 1710 and the corresponding period covered by our
inventory of extremes on the Florieye may exceed significantly 300 years ? The influence of
this length on the inference results has been tested in the case of the regional analysis in
the Var (figure[A.§).

This length has a clear influence on the plotting position of the 2010 Florieye flood on
the figures, but a surprising moderate influence on the inference results. To explain this
results which may appear surprising, let us note that the 2010 event is a rare event. Due to
sampling variability, it may occur once in a period of 150 years as well as in a period of 600
years. The likelihood approach, implicitly accounts for the possible influence of sampling
variability and is therefore not very sensitive to the lengths of the periods attributed to the
extremes as long as they remain consistent with the statistical extrapolations, which is the
case here. The conclusions would have been different if a period of 1 million years would
have been attributed to the 2010 flood event. But this would not have been consistent with
observations. What the observations indicate is that the 2010 discharge on the Florieye has
an empirical return period of a few centuries. And this is sufficient information for the
inference procedure. Again, this moderate sensitivity is a strong argument for the incorpo-

ration of ungauged extremes in flood frequency studies.
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Titre Amélioration des approches Bayésiennes MCMC pour I’analyse régionale des crues.

Résumé Cette these présente des développements et une évaluation de I’approche d’ana-
lyse régionale des débits proposée par Gaume (2010). Celle-ci consiste a incorporer dans
I’analyse régionale les informations relatives aux crues extrémes observées sur des bassins
non jaugés. Une évaluation des performances et de la robustesse de la méthode est propo-
sée ici par comparaison avec une approche régionale plus classique proposée par Hosking
et Wallis (1997). Les comparaisons sont basées a la fois sur des simulations et sur 1'étude
de cas. La procédure d’inférence utilisée s’appuie sur une distribution GEV, associée a une
formulation spécifique de la vraisemblance et une approche Bayésienne MCMC pour 1'es-
timation des parametres. Dans un premier temps, les résultats d’inférence obtenus sans
tenir compte des crues extrémes sont comparés sur la base de simulations, en s’intéressant
aux effets possibles d’hétérogénéités au sein des régions considérées. Ensuite, les deux ap-
proches sont appliquées a deux régions. Cette application confirme 1'impact tres positif de
I'incorporation de I'information sur les crues extrémes dans 1’analyse régionale qui permet

souvent de dépasser les performances obtenues avec une analyse régionale classique.

Mots-clés Crues, Risque Hydrologique, Statistique, Bayes, Valeurs extrémes, MCMC.

Title Improvement of Bayesian MCMC approaches for regional flood frequency analyses

Abstract This thesis presents additional developments of an approach initially propo-
sed by Gaume (2010), that aims to incorporate available information on extreme floods at
ungauged sites in a regional flood frequency analyses (RFFA). The performances and ro-
bustness of this approach are tested and compared to a reference approach proposed by
Hosking & Wallis (1997). The comparisons are based both, on simulations and case studies.
The inference procedure is based on a GEV distribution associated with a specific likeli-
hood formulation and a Bayesian MCMC algorithm for the estimation of the parameters.
First, the inference results obtained without incorporating extreme floods are compared
based on simulations, with a focus on the effects of possible heterogeneities in the consi-
dered regions. Next, both approaches are applied to two regions. This application finally
confirms the very positive impact of the incorporation of information on extreme floods in

RFFA, that enables to outperform the results based on a conventional regional approach.

Keywords Flood, Risk assessment, Statistics, Bayes, Extreme values, MCMC.
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