egroriseh srsteD nit¡ e de reherhe rydrosyst emes et fiopro¡ ed¡ es I rue ierreEqilles de qennesD g IHHQHD WPUTI entony gedexD prne emeriements ge mnusrit et es trois nn¡ ees de th ese n9urient ps ¡ et¡ e les m¢ emes sns un ertin nomre de personnes que je souhite remerier iiF evnt toutD je souhite remerier wriErelen mos qui supervis¡ e es trvux de th ese et qui m9 euoup onseill¡ ee tout u long du heminF weri de m9voir form¡ ee u monde de l reherhe omme tu l9s fitD meri de m9voir pouss¡ ee d¡ epsser mes limitesD et meri de m9voir ouvert utnt de portesF te souhite ussi remerier zken endr¡ essinD en tnt que oEdireteur de th eseD et ghrles errinD en tnt qu9instigteur de l ollortion ve l9seF weri tous les deux de m9voir fit d¡ eouvrir l9hydrologieD de m9voir donn¡ e mes premi eres hnes dns l9¡ equipe et meri pour tout e que vous m9vez ppris tout u long de es elles nn¡ eesF heux personnes ext¡ erieures srste ont ussi ¡ et¡ e tr es importntes pour ette th eseF te pense d9ord eldo ensso de l9se qui pris le temps de prtger son exp¡ eriene du rrge d9erzl et qui m9 re ue plusieurs reprises u sein de l9seF t9en pro(te pour remerier les memres de l9se que j9i renontr¡ es es osions et ve qui j9i pu disuterD notmment tenEierre errondeuF te pense ensuite plorin ppenerger qui jou¡ e un r¢ ole importnt dns l9orienttion sienti(que de l th ese et qui toujours ¡ et¡ e enourgentF plorin nous notmment permis d9utiliser les pr¡ evisions sisonni eres du giww et m9 donn¡ e l9opportunit¡ e de psser deux semines u sein du giwwF n grnd meri l9¡ equipe igwp pour son ueil hque fois hleureuxD notmment predrikD vouiseD irvinD eeD prnes et gllumF te souhite remerier les memres du jury d9voir ept¡ e d9¡ evluer e trvil de th eseD insi que pour les questions et disussions le jour de l soutenneF te remerie ¡ eglement les memres du omit¡ e de pilotgeX ¡ iri uquetD hvid horhies et wtthieu ve vy pour leurs onseils sur l9orienttion de l th eseF ves s¡ ejours l9se n9urient ps ¡ et¡ e les m¢ emes sns nos prtenires du i dns le dre du projet hyX rerertD ghristo'D entje et ivelynD meri pour votre ueil dns l9iifelEur et ses inspetion glleriesF weri ussi ux utres prtenires du projet hyF e srsteD j9imeris remerier les ¡ equipes dministrtive et tehnique qui nous ident u quotidienD en prtiulier xthlie et ogerD sns oulier ylvinD vurene et ilisethF te souhite remerier l9¡ equipe rydro d9srste entony dns son ensemleF te n9uris ps pu imginer un meilleur dre pour fire ette th eseF g9est gr¢ e hun d9entre vousD que vous y soyez tuellementD que vous en soyez prtis ou que vous n9y soyez rest¡ es que le temps d9un ¡ et¡ eF n grnd meri grinD quillumeD ierreD ylivier et eln pour leurs onseils et enourgementsD pour les trjets dns e merveilleux i gD les soir¡ ees rssntesD et l mousse u hoolt @hun se reonn¢ %trAF vureD fntstique oEureuD dns le lme omme dns l temp¢ eteD meri pour outF tulieD formidle olotire et oll egueD ton entrin et ton intereption de lle de tennis sont sns preilF endre et grineD es temps sont di0iles pour vousD meri tous les deux d9voir ¡ et¡ e pr¡ esents dns ette p¡ eriode si ¡ etrnge qu9est l r¡ edtionF ur ette noteD j9en pro(te pour souhiter le meilleur ux suivntsX eng¡ eliD hilippeD g¡ edriD v¡ eonrdD ylviD worgne et wnonF weri ux niensD omme le dirit si ien endreD qui ont montr¡ e l voieX sonnD fhrD vurentD prn oisD plorentD hmienD ierre fFD glireD wrineD wthildeD ennieD ierreE ves et ji et himitriF weri ussi l9ensemle de l9hydrologie soile et l9¡ equipe de wmneF it meri eux sns qui le ¢ timent vvoisier et les puses sportives n9urient ps ¡ et¡ e ussi onvivilesX iolineD xstssiD vetitiD grolinD wthildeD wrineD rjer houidouiD g¡ eileD ylivier gFD ylvinD imon FD homsD imon F D sns oulier gptin louF in(nD eux qui ont suivi du d¡ eut jusqu9 l (n mon prours sinueux et tumultueux u long de es trois nn¡ eesD m fmilleD wrilynD mille merisF ¡ esum¡ e ves pr¡ evisions sisonni eres de d¡ eits peuvent fvoriser l gestion des risques dns de nomE reux seteursD tels que l9pprovisionnement en eu potleD l prodution hydro¡ eletrique ou l gestion de r¡ eservoirs multiEusgeF veur usge pour l prise de d¡ eision en ontexte de risque n¡ eessite de qunti(er les inertitudes longue ¡ eh¡ eneF gellesEi peuvent pr exemple ¢ etre ommuniqu¡ ees l9utilisteur vi des outils d9¡ evlution des risquesF gepenE dntD l9impl¡ ementtion des pr¡ evisions sisonni eres renontre enore des ostles omme l qulit¡ e tuelle des pr¡ evisionsD ou l di0ult¡ e de trduire l9informtion sisonni ere pour les esoins op¡ ertionnelsF v9ojetif de ette th ese est de fire progresser les onnissnes sur l pr¡ evision siE sonni ere pour l gestion de r¡ eservoirs multiEusgeF hns un premier voletD les trvux ont ¡ evlu¡ e l qulit¡ e des pr¡ evisions sisonni eres de pluies et de d¡ eits dns seize ssins frn isF he nouvelles m¡ ethodes de pr¡ evision des d¡ eits ont ¡ et¡ e propos¡ ees et test¡ ees dns es ssinsD notmment pour l pr¡ evision des ¡ etigesF n deuxi eme volet est onsr¡ e ux pr¡ evisions sisonni eres de d¡ eits pour l gestion de r¡ eservoirsF n outil d9¡ evlution des risques de p¡ enurie d9eu dns le r¡ eservoir d9erzlD en fretgneD ¡ et¡ e d¡ evelopp¡ e et le r¢ ole des pr¡ evisions sisonni eres dns l gestion de r¡ eservoirs en ontexte de risque ¡ et¡ e nlys¡ eF hns le premier voletD nous vons montr¡ e que l orretion des iis mensuels des pr¡ evisions sisonni eres du giww permet d9m¡ eliorer l (ilit¡ e des pr¡ evisions de d¡ eitsD et d9hrmoniser les performnes otenues dns les seize ssinsF lusieurs m¡ ethodes de pr¡ evision des d¡ eitsD s¡ ees sur les pr¡ evisions sisonni eres du giww et sur les donn¡ ees historiques de pr¡ eipittion et de d¡ eitD ont ensuite ¡ et¡ e ompr¡ eesF n onditionnement des donn¡ ees historiques prtir des pr¡ evisions de pr¡ eipittions permis de ominer l (ilit¡ e des donn¡ ees historiques et l (nesse des pr¡ evisions m¡ et¡ eorologiquesF ges m¡ ethodes permettent de pr¡ evoir les ¡ etiges de mni ere (le et peuvent ider pr¡ evoir des ¡ ev enements extr¢ emes de s¡ eheresseF ve deuxi eme volet permis le d¡ eveloppement d9un outil d9¡ evlution des risques en ontexte de sses eux pour le s du r¡ eservoir d9erzlF ve risque de ne pouvoir grntir l ressoure en eu pour tous les usges et de devoir hnger de strt¡ egie de gestion pendnt l sison estivle est qunti(¡ e prtir de pr¡ evisions sisonni eres d9pports et d9un mod ele de iln du r¡ eservoirF in(nD un jeu de r¢ ole ¡ et¡ e d¡ evelopp¡ e pour mieux omprendre omment l9informtion sisonni ere peut in)uer l prise de d¡ eision en ontexte de gestion de r¡ eservoirsF ge jeu mis en ¡ evidene l9enjeu mis ussi l di0ult¡ e d9inorporer l9informtion longue ¡ eh¡ ene dns le proessus de d¡ eisionF estrt esonl forests n enhne risk ssessment in vriety of pplitions rnging from multiEpurpose reservoir mngementD drinking wter supply nd prepredness to droughtsF isk ssessment toolsD for instneD n ene(t from sesonl proilisti foresting to support riskEsed deisionEmkingF roweverD the implementtion of sesonl forests still fes impedimentsD inluding the qulity of sesonl forests nd the di0ulty to tilor sesonl produts to endEusers9 needsF his thesis investigtes sesonl strem)ow foresting for multiEpurpose reservoir mnE gementF e (rst ssess the qulity of sesonl preipittion nd strem)ow forests in sixteen prenh thmentsF trem)ow foresting systems re proposed nd tested in these thmentsD nd their potentil is illustrted in lowE)ow nd drought risk forestingF eondlyD sesonl strem)ow forests re pplied in reservoir mngementF e risk ssessE ment tool is developed to forest risks of wter shortges in the erzl reservoirD in frittnyD prneD nd the role of sesonl forests for riskEsed deisionEmking is ssessedF pirstD we showed tht is orretion of monthly ises in sesonl preipittion foreE sts ould inrese the reliility of strem)ow forests nd hrmonize their performnes in the sixteen thmentsF e then ompred severl strem)ow foresting systemsD sed either on igwp sesonl forests or on historil strem)ows nd preipittionsF e onE ditioning of historil dt sed on preipittion forests llowed to tke dvntge of the reliility of historil dt nd of the shrpness of meteorologil forestsF he proposed methods provided relile lowE)ow forests nd showed good ility to forest drought eventsF eondlyD lowE)ow risk ssessment tool ws developed for the se of the erzl reserE voirF he sesonl strem)ow forests used s input to wter lne model of the reserE voir llowed us to quntify the risks of wter shortges in summerF vstlyD roleEplying gme ws developed to etter understnd the role of longEterm proilisti informtion for deisionEmking in reservoir mngementF ¡ esum¡ e sustntiel sntrodution ves pr¡ evisions sisonni eres de d¡ eits peuvent fvoriser l gestion des risques dns de nomE reux seteursD tels que l9pprovisionnement en eu potleD l prodution hydro¡ eletrique ou l gestion de r¡ eservoirs multiEusgeF veur usge pour l prise de d¡ eision en ontexte de risque n¡ eessite de qunti(er les inertitudes longue ¡ eh¡ eneF gellesEi peuvent pr exemple ¢ etre ommuniqu¡ ees l9utilisteur vi des outils d9¡ evlution des risquesF gepenE dntD l9impl¡ ementtion des pr¡ evisions sisonni eres renontre enore des ostles omme l qulit¡ e tuelle des pr¡ evisionsD ou l di0ult¡ e de trduire l9informtion sisonni ere pour les esoins op¡ ertionnelsF v pr¡ evisiilit¡ e peut ¢ etre d¡ e(nie omme l limite de notre pit¡ e pr¡ evoir un ¡ ett futur prtir de l onnissne des onditions tuelles @vorenzD IWVRY uirtmn et lFD PHIQAF v pr¡ evisiilit¡ e d¡ epend du proessus nturel et de l lolistion g¡ eogrphiqueD mis ussi de notre pit¡ e repr¡ esenter le syst eme physique @fl¤ oshl nd eheD PHHSAF elors que les ph¡ enom enes m¡ et¡ eorologiques sont di0ilement pr¡ evisiles uEdel de deux semines use de l nture hotique de l9tmosph ereD les proessus limtiques plus grnde ¡ ehelle peuvent ider pr¡ evoir jusqu9 des horizons de plusieurs nn¡ eesF ves informtions provennt de es syst emes peuvent ensuite m¡ eliorer les performnes des pr¡ evisions hydrologiquesD d9utnt que l9inertie du ssin versnt (ltre les erreurs hutes fr¡ equenesF ves pr¡ evisions hydrologiques peuvent ider l prise de d¡ eisionD notmment pour l gestion de r¡ eservoirs d9euF v gestion de rrge est u oeur des strt¡ egies d9optimistion de l ressoure en euF ve s prtiuli erement omplexe des rrges multiEusge requiert l fois une onne gestion et des outils sophistiqu¡ es d9ide l d¡ eision @gstelletti et lFD PHHVAF ve proessus de d¡ eision et l9¡ evlution du risque peuvent notmment ¡ en¡ e(ier de pr¡ evisions d9pports ux r¡ eservoirsF in ontexte de sses eux ou s¡ eheresseD lorsque l gestion vise pr¡ eserver l ressoure en eu et grntir ses di'¡ erents usgesD des pr¡ evisions longue ¡ eh¡ ene peuvent ider optimiser l gestion et prendre des mesures pr¡ eventives @qeorgkkos nd qrhmD PHHVY egond et lFD PHIIAF v th ese s9est d¡ eroul¡ ee dns le dre du projet hy snterreg sf qui visit ider les r¡ egions du xordEyuest de l9iurope mieux ntiiper les p¡ eriodes de s¡ eheresses et de mnque d9euFge trvil de th ese ¡ et¡ e motiv¡ e pr les esoins des gestionnires du rrge viii ¡ esum¡ e sustntiel d9erzlD un des sites pilotes du projetD en outils de pr¡ evision des ¡ etiges pour venir en ppui l gestionF n ojetif de l th ese est d9¡ etudier l qulit¡ e des pr¡ evisions sisonni eres et leur pport en ontexte de sses eux et s¡ eheresses pour l gestion de r¡ eservoirF v reherhe orde qutre questionsX @IA uel est l9impt de orriger le iis des pr¡ evisions de pr¡ eipittions issues de mod eles limtiques sur les pr¡ evisions de d¡ eits c @PA gomment utiliser les sorties de mod eles limtiques pour m¡ eliorer les m¡ ethodes trditionnelles de pr¡ evision des d¡ eits sisonniers s¡ ees sur les donn¡ ees historiques c @QA uel syst eme de gestion des ¡ etiges pour le r¡ eservoir d9erzl c @RA gomment les d¡ eisionnires exploitent l9informtion long terme pour l gestion s¡ equentielle de r¡ eservoir multiEusge c epr es une pr¡ esenttion des ssins versntsD des donn¡ ees hydrom¡ et¡ eorologiquesD du mod ele hydrologique et de son ¡ evlutionD nous ¡ evluons l qulit¡ e des pr¡ evisions sisonni eres de pr¡ eipittions du giww @gentre iurop¡ een pour les r¡ evisions w¡ et¡ eorologiques woyen ermeA et de d¡ eits ssoi¡ eesF ruit m¡ ethodes de orretion des iis sont omE pr¡ ees et huit onditionnements des donn¡ ees historiques prtir d9indies de pr¡ eipittions sont ¡ evlu¡ esF insuiteD un outil d9¡ evlution des risques de p¡ enurie d9eu est d¡ evelopp¡ e pour le r¡ eservoir d9erzlD et le r¢ ole des pr¡ evisions sisonni eres dns l prise de d¡ eision pour l gestion de r¡ eservoirs est nlys¡ eF in(nD les onlusions de l th ese sont pr¡ esent¡ eesF IF fssins versnts et jeux de donn¡ ees pigure IX volistion des IU ssins verE snts ¡ etudi¡ esF ves seize ssins versnts sont num¡ erot¡ es du plus petit ssin u plus ¡ etenduF ve ssin de l iline est indiqu¡ e pr l lettre eF hns l th eseD un premier jeu de seize ssins versnts ¡ et¡ e utilis¡ e pour ¡ evluer les performnes des pr¡ evisions sisonni eres de pr¡ eipittions pour l pr¡ evision des d¡ eits en prneF ges ssins pr¡ esentent une vri¡ et¡ e de onditions hydrologiques et limtiques et ne sont que peu in)uen¡ es pr les tivit¡ es huE mines et pr l neigeF ges ssins disposent de longues s¡ eries de d¡ eits oserv¡ es @QT SP nn¡ eesA provennt de l fnque rhyF ves ire de es ssins vrient de QUU km 2 RQPH km 2 F pigF I pr¡ esente l lolistion de es ssinsF ve ssin versnt de l ilineD situ¡ e en freE tgneD ensuite permis de se onentrer sur les pports u r¡ eservoir d9erzl situ¡ e en vl @fF pigF IAF ve ssin drine une surfe de IH HHH km 2 D mjoritirement oup¡ ee pr des terres griolesF e son emouhureD l iE line se jette dns le r¡ eservoir d9erzl puis dns l9y¡ en etlntiqueF ve rrge d9erzl est g¡ er¡ e pr l9se @snstitution d9em¡ engement de l ilineAF snitilement onstruit pour rr¢ eter les mr¡ ees qui ontriuient ux inondE tions du ssin vl de l ilineD le rrge r¡ ee un r¡ eservoir d9eu doue permettnt d9pprovisionner l r¡ egion en eu potleF ves pports u r¡ eservoir sont estim¡ es prtir des d¡ eits oserv¡ es l sttion de ieuxD u ont de grnF ve d¡ eit moyen journlier de l iline est de TH m 3 GsF our l9ensemle de es ssinsD les donn¡ ees journli eres de pr¡ eipittions et temp¡ ertures proviennent de l r¡ enlyse epex de w¡ et¡ eoEprne @uintnEegu¡ % et lFD PHHVY iE dl et lFD PHIHAF ges donn¡ ees sont disponiles depuis IWSV une r¡ esolution de VxV kmF v9¡ evpotrnspirtion potentielle est lul¡ ee prtir des temp¡ ertures et de l formule d9yudin @yudin et lFD PHHSAF hes mesures loles de pr¡ eipittions pour le r¡ eservoir d9erzl ont ussi ¡ et¡ e ollet¡ ees upr es des gestionnires du rrgeF ves pr¡ evisions sisonni eres de pr¡ eipittions journli eres du yst eme R du giww ont ¡ et¡ e utilis¡ ees tout u long de l th eseF ges pr¡ evisions ¡ emises le I er de hque mois omprennent IS ou SI memres et ouvrent l p¡ eriode de IWVI PHIH ve une r¡ esolution de HFU • @wolteni et lFD PHIIAF hns le dre de l th eseD les pr¡ evisions sont gr¡ eg¡ ees l9¡ ehelle du ssin versnt et seuls les WH premiers jours de l pr¡ evision sont utilis¡ esF PF wod¡ elistion et pr¡ evision hydrologique 
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pigure PX truture du mod ele qTt @modE i(¡ e de ushplth et al.D PHIIAF ve mod ele hydrologique utilis¡ e dns l th ese est le mod ele oneptuel journlier qTt d¡ evelopp¡ e srste pour les ¡ etiges @ushE plth et lFD PHIIAF ves entr¡ ees du mod ele sont les pr¡ eipittions et l9¡ evpotrnspirtion potentielle sur l surfe du ssin versntD et s sortie est le d¡ eit l9exutoireF ve mod ele est ompos¡ e d9un r¡ eservoir de produtionD de deux hydrogrmmes unitires et de deux r¡ eservoirs de routge @pigF PAF ves six prm etres du mod ele sont l¡ es sur l9ensemle de l hronique d9oservtions disponilesD lquelle on soustrit une nn¡ ee utilis¡ ee pour vlider le jeu de prm etresF gette pro¡ edure est r¡ ep¡ et¡ ee pour hque nn¡ ee de l hroniqueF rente jeux de prm etres sont otenus pour l p¡ eriode de IWVI PHIH dns hnun des seize ssinsF hix sont otenus pour l p¡ eriode de PHHQ PHIP dns le ssin de l ilineF x ¡ esum¡ e sustntiel ve mod ele est l¡ e l9ideX @IA du uqi @ulingEqupt e0ienyY qupt et lFD PHHWA ppliqu¡ e l rine des d¡ eits @KGE rQ A pour mettre l9ent sur les d¡ eits m¡ edins et fortsD et @PA du uqi ppliqu¡ e l9inverse des d¡ eits @KGE iQ A pour mettre l9ent sur les s d¡ eitsF v vleur optimle de es rit eres est IF ves performnes en lge sont glolement stisfisntes ve des vleurs de KGE rQ entre HFVV et HFWUD et des vleurs de KGE iQ entre HFRT et HFWRF ve mod ele est ensuite vlid¡ e l9ide des m¢ emes rit eres sur les sses eux et les d¡ eits m¡ edins fortsF ves performnes du mod ele l¡ e ve KGE rQ sont exellentes sur les d¡ eits m¡ edinsF in revnheD de onnes performnes ne sont ps ssur¡ ees dns tous les ssins sur les s d¡ eitsF n lge sur les s d¡ eits permet d9tteindre des performnes stisfisntes entre HFRI et HFWR en sses eux dns tous les ssinsF he plusD le lge sur les s d¡ eits ssure des performnes sup¡ erieures HFSR sur les d¡ eits m¡ edins fortsF ve iis des simultions en terme de volumes mensuels est entre EHFHP et HFHR ve un lge sur les d¡ eits m¡ edinsD et entre EHFIR et HFIP l9exeption du ssin V o u un iis de EHFWR est otenu ve un lge sur les s d¡ eitsF hns le ssin de l ilineD le mod ele l¡ e sur les s d¡ eits tteint en vlidtion un KGE rQ de HFWHD un KGE iQ de HFUT et un iis de EHFHRF pigF Q orroore es vleurs stisfisntes ve les r¡ eessions simul¡ ees de wi ytore de PHHS PHIPF in pr¡ evisionD les ¡ etts du mod ele sont d9ord initilis¡ es sur l9nn¡ ee pr¡ e¡ ednt l dte de pr¡ evisionF ves ¡ etts des r¡ eservoirs de routge sont ensuite just¡ es prtir du dernier d¡ eit oserv¡ eF in(n le mod ele est for¡ e ve des s¡ enrios de pr¡ eipittions pr¡ evues et d9¡ evpotrnspirtionF siD le s¡ enrio d9¡ evpotrnspirtion est syst¡ emtiquement l9¡ evpoE trnspirtion potentielle moyenne internnuelleF ves s¡ enrios de d¡ eits insi otenus forE ment une pr¡ evision d9ensemle o'rnt une repr¡ esenttion des inertitudesF pigure QX h¡ eits oserv¡ es et simul¡ es ve qTt et pr¡ eipittions oserv¡ ees dns le ssin de l iline ieuxD de wi ytore et de PHHS PHIPF

¡ esum¡ e sustntiel xi QF ¡ ivlution des pr¡ evisions hns ette th eseD les performnes des syst emes de pr¡ evision sont ¡ evlu¡ ees l9ide de plusieurs rit eres num¡ eriques testnt l pr¡ eisionD l (ilit¡ eD l (nesseD les performnes gloles et l pit¡ e d¡ eteter des ¡ ev enements inires des syst emesF pigure RX snterpr¡ ettion du diE grmme de s @vio nd meD PHHUAF v pr¡ eision d9une pr¡ evision orrespond s disE tne l9oservtionF our el nous vons utilis¡ e l pr¡ evision moyenneD et l9erreur moyenne solue @weiA ou l9erreur qudrtique moyenne @wiAF v (ilit¡ e repr¡ esente l oh¡ erene sttistique enE tre les fr¡ equenes d9oservtions et les proilit¡ es pr¡ evuesF ille est repr¡ esent¡ ee l9ide du digrmme de s @roility sntegrl rnsformY pigF RAF ne pr¡ evision prfitement (le un digrmme onfondu ve l digonle IXIF ve digrmme de s peut don ¢ etre synth¡ etis¡ e pr l9ire entre l diE gonle IXI et l oure que l9on herhe minimiser @enrd et lFD PHIHAF v (nesse orrespond l onentrtion de l disE triution pr¡ editive d9une pr¡ evisionF ille est ¡ evlu¡ ee pr l9¡ ert interquntile WH 7F uivnt qneiting et lF @PHHUAD l (nesse n9est onsid¡ er¡ ee omme rit ere de performne qu9une fois l (E ilit¡ e ssur¡ eeD iFeF entre deux syst emes (lesD le plus (n est pr¡ ef¡ er¡ eF v9erreur glole des pr¡ evisions est lul¡ ee l9ide du CRPS qui ¡ evlue l9erreur de l distriution pr¡ editive @gontinuous nk roility oreY rershD PHHHAF in(nD le digrmme de yg @eltive yperting ghrteristisY wson nd qrhmD IWWWA ¡ evlue l pit¡ e d9un syst eme d¡ eteter un ¡ ev enement d¡ e(ni pr un seuilF v9ire sous l oure synth¡ etise le digrmme en une vleur num¡ erique que l9on herhe mximiserF ves performnes des syst emes de pr¡ evision ¡ evlu¡ ees pr le MAED l9ire du sD l9IQR et le CRPS sont ensuite ompr¡ ees des syst emes de r¡ ef¡ erene dont les performnes sont onsid¡ er¡ ees stndrdF n syst eme de r¡ ef¡ erene ommun pour les pr¡ eipittions est l limtologie des pr¡ eipittionsF hns le s des d¡ eitsD l9iD iFeF l limtologie des pluies utilis¡ ee en entr¡ ee du mod ele hydrologiqueD ou l limtologie des d¡ eits sont souvent utilis¡ esF in(nD on peut ussi utiliser une version nt¡ erieureD vnt modi(tionD du syst eme de pr¡ evision pour mesurer les pports d9une m¡ ethodeF hns e dernier sD on regrde l9horizon de pr¡ evision mximl pour lequel les performnes du syst eme sont m¡ elior¡ ees @seful poresting ved timeY xiolle et lFD PHIRAF pigure TX higrmmes de s des pr¡ eipittions et d¡ eits pour l sison tuinEtuilletEeo¢ ut et un horizon de QH joursF ghque ligne orrespond un ssinF ves lignes rouges orrespondent ux pr¡ evisions du yst eme RD les lignes grises orrespondent l limtologie des pluies ou l9iF xiii RF gorretion du iis des pr¡ evisions de pr¡ eipittions pour m¡ eliorer les performnes des pr¡ evisions sisonni eres de d¡ eits hns e hpitreD nous estimons l qulit¡ e de pr¡ evisions sisonni eres de pr¡ eipittions et de d¡ eits en prne et explorons l9impt de l orretion du iis des pr¡ evisions de pr¡ eipittions sur l qulit¡ e des pr¡ evisions de d¡ eitsF hque mois gmm des donn¡ ees mensuelles ihwhEy l9nn¡ ee untileEquntile de l distriution ihwhEm hque mois empirique des donn¡ ees journli eres hns un premier tempsD les pr¡ evisions sisonni eres de pr¡ eipittions rutes @iFeFD sns orretion du iisA du giE ww sont ¡ evlu¡ ees pour pr¡ evoir les d¡ eits des seize ssins verE snts frn is de IWVI PHIHF hns un seond tempsD le iE is de es pr¡ evisions de pr¡ eiE pittions est ¡ evlu¡ e et orrig¡ e l9ide de huit m¡ ethodes de orE retion du iis pr¡ esent¡ ees dns le leu IF ves pr¡ evisions de pr¡ eipittions et de d¡ eits otenues l9ide des huit m¡ ethodes sontD leur tourD ¡ evlu¡ eesF v qulit¡ e des pr¡ evisions est rt¡ eris¡ ee en terme de (ilit¡ eD (nesseD pr¡ eision et performne gloleF v9ensemle de r¡ ef¡ erene utilis¡ e pour l9¡ evlution des pr¡ eipittions est s¡ e sur l limtologie des pluies dns hque ssinF v9ensemle de r¡ ef¡ erene pour ¡ evluer les d¡ eits est l9i qui utilise l limtologie des pr¡ eipittions en entr¡ ee d9un mod ele hydrologiqueF hns l9ensemle des ssins versntsD les pr¡ evisions otenues prtir des pr¡ eipittions rutes du giww ont tendne ¢ etre plus (nes mis moins (les que elles otenues ve l m¡ ethode iF v qulit¡ e des pr¡ evisions d¡ epend fortement de l sison et du ssin onsid¡ er¡ eF ves iis oserv¡ es en pr¡ eipittion vrient ussi de ssin en ssinD ve des iis mensuels importnts qui ont tendne se ompenser sur l9nn¡ ee @pigF SAF r ons¡ equentD seules les m¡ ethodes de orretion du iis l¡ ees s¡ epr¡ ement pour hque mois de l9nn¡ ee prviennent orriger simultn¡ ement les iis nnuels et mensuelsF lus prtiuli erementD l orretion lin¡ eire simple et l orretion quntileEquntile des pr¡ eipittions journli eres minimisent le iis et pportent les meilleurs gins en performneF v orretion quntileEquntile des vleurs journli eres est nettement sup¡ erieure pour m¡ eliorer l (ilit¡ e des pr¡ evisions de pr¡ eipittions et de d¡ eitsF he plusD ette orretion hrmonise les performnes entre ssins et sisonsF in(nD les pr¡ evisions orrig¡ ees devienE nent ussi (les que les pr¡ evisions de l m¡ ethode i tout en restnt plus (nesF pigF T illustre l9impt de l orretion quntileEquntile des vleurs journli eres sur l (ilit¡ e des pr¡ eipittions et d¡ eits de l sison tuinEtuilletEeo¢ utF ves pr¡ evisions de pr¡ eipittions xiv ¡ esum¡ e sustntiel orrig¡ ees pour l sison sont (lesF ves pr¡ evisions de d¡ eits otenues pr es orretion du iis ont ggn¡ e en (ilit¡ e mis restent peu (les pour l sison @une meilleure (ilit¡ e est otenue pour les utres sisonsAF gei sugg ere qu9un postEtritement des pr¡ evisions de d¡ eits est n¡ eessire pour tteindre des pr¡ evisions de d¡ eits (les en ¡ et¡ eF in(nD nous vons regrd¡ e l9impt reltif de l orretion du iis sur les pr¡ eipittions et les d¡ eitsF ves gins sont moyenn¡ es sur l9ensemle des horizons de pr¡ evisionsD de IH WH joursF v9id¡ ee est d9exminer omment une m¡ eliortion des pr¡ evisions de pr¡ eipittions impte les performnes des pr¡ evisions de d¡ eitsF ve gin en (ilit¡ e est glolement sup¡ erieur en pr¡ eipittions qu9en d¡ eits @pigF UAF in(nD un gin en performne glole des pr¡ eipittionsD m¢ eme fileD permet d9otenir un gin plus importnt en d¡ eitF gei met en ¡ evidene l9importne d9m¡ eliorer les performnes des for ges m¡ et¡ eorologiques (n d9m¡ eliorer les performnes des pr¡ evisions sisonni eres de d¡ eitsF pigure UX qins en performne otenus en d¡ eits gr¢ e l orretion du iis versus gins en performne otenus en pr¡ eipittionsD dns les ssins PD RD U et IRD pour hque rit ere et sisonF SF r¡ evision sisonni ere des d¡ eits en onditionnnt les donn¡ ees historiques ve des indies sisonniers de pr¡ eipittions hns le hpitre pr¡ e¡ edentD nous vons montr¡ e que l orretion du iis des pr¡ evisions sisonni eres de pr¡ eipittions du giww peut m¡ eliorer l qulit¡ e des pr¡ evisions de d¡ eitsD produites l9ide d9un mod ele hydrologiqueF ves pr¡ evisions de d¡ eits otenues prE tir des pr¡ eipittions orrig¡ ees sont (nesD mis restent peu (lesD en ¡ et¡ e pr exempleF hns e hpitreD nous onsid¡ erons d9utres m¡ ethodes dynmiques et sttistiques de pr¡ evision des d¡ eits l9¡ eh¡ ene sisonni ere exploitnt les donn¡ ees historiques de pr¡ eipittions ou de d¡ eitsF ges m¡ ethodes ont l9vntge d9¢ etre moins o¢ uteuses en ressoures informtiques et de produire des ensemles (lesD mis ne ¡ en¡ e(ient ps des informtions sp¡ ei(ques u jour de l pr¡ evisionF v9ojetif de e hpitre est de onditionner es m¡ ethodes de pr¡ evision des d¡ eits s¡ ees sur les donn¡ ees historiques prtir des pr¡ evisions orrig¡ ees dns le hpitre pr¡ e¡ edentD (n d9m¡ eliorer l (nesse des pr¡ evisions s¡ ees sur l limtologieF xv pigure VX gD s et digrmme de s des sttistiques de pr¡ eipittions pr¡ evues pr yst eme RF v9ensemle de r¡ ef¡ erene est l limtologie des pr¡ eipittionsF our elD des sttistiques longEterme des pr¡ evisions de pr¡ eipittions du giww sont utilis¡ ees pour s¡ eletionner des nn¡ ees prmi les pr¡ eipittions et d¡ eits disponilesF ves sttisE tiques utilis¡ ees sont s¡ ees sur le umul de pr¡ eipittions et le s @tndrdized reipitE tion sndex A qui indique l9nomlie pr rpport l moyenne long terme des pr¡ eipittions insi que s fr¡ equeneF ges sttistiques sont lul¡ ees sur l9ensemle de l9horizon de trois mois @eFgF sQA ou pour hun des mois @eFgF sIEID sIEPD sIEQAF ves ensemles s¡ es sur les donn¡ ees historiques de pr¡ eipittions et de d¡ eits sont onditionn¡ es pr rpport leur proximit¡ e ux sttistiques pr¡ evues pr yst eme RF v9int¡ er¢ et de l m¡ ethode est illustr¡ e en pigF VF ves sttistiques pr¡ evues pr yst eme R sont (lesD o'rent des erreurs gloles simE ilires l limtologie des pr¡ eipittionsD et sont plus (nes que l limtologieF sl est don ttendu que le onditionnement 0ne les s¡ enrios pr¡ evus pour l9horizon de pr¡ evisionF v (nesseD l (ilit¡ e et les performnes gloles des ensemles produits sont ¡ evlu¡ ees dns le jeu de seize ssins versnts de IWVI PHIHF ges ensemles sont ensuite ompr¡ es en fontion de leur pit¡ e pr¡ evoir des ¡ ev enements en sses euxD insi que des vriles d9int¡ er¢ et en ¡ etiges telles que le nomre de jours ou le volume d¡ e(itire sous un seuil de sses euxF in(nD les pr¡ evisions sont ompr¡ ees l9ide d9un grphique d9¡ evlution des risques (n d9illustrer es di'¡ erenes de performnes dns le s de l s¡ eheresse de PHHQ dns un ssin frn isF ves r¡ esultts de l9¡ etude montrent que les s¡ eletions s¡ ees sur le sD et en prtiulier le s lul¡ e sur trois mois @sQAD produisent des ensemles ux performnes plus hoE mog enes entre ssins que les utres m¡ ethodes de s¡ eletionF pigF W montre simultn¡ ement les gins en (ilit¡ e et en (nesse des d¡ eits otenus en onditionnnt les pr¡ eipittions hisE toriques ve le sQ @isQAF ves gins sont d¡ e(nis pr rpport ux d¡ eits otenus ve les pr¡ eipittions de yst eme R d¡ eiis¡ eesD et pr rpport l9iF ves ensemles ondiE tionn¡ es sont mjoritirement plus (ns que l9iD omme ttenduF e IH joursD es ensemles sont plus (les mis moins (ns que les d¡ eits d¡ eriv¡ es de yst eme RF our des horizons plus lointinsD les performnes des ensemles onditionn¡ es se rpprohent de elles des pr¡ evisions d¡ eriv¡ ees de yst eme RF r illeursD les pr¡ evisions onstruites sont (lesF pigure WX qins en (ilit¡ e et en (nesse des d¡ eits otenus prtir des pr¡ eipittions onE ditionn¡ ees ve le sQD pr rpport ux d¡ eits otenus ve les pr¡ eipittions de yst eme R d¡ eiis¡ ees @rougeAD et l9i @grisAD pour des horizons de IHD QH et WH joursF pigure IHX eires du s des pr¡ evisions de volume d¡ e(itires sous le quntile VH7 otenues ve inq m¡ ethodes s¡ eletionn¡ eesD pour trois horizonsF v9¡ evlution de l disrimintion des ensemles de pr¡ evision montre de ons r¡ esultts pour tous les ensemles issus du mod ele hydrologique @pprohe dynmiqueAF he plusD les pr¡ evisions onditionn¡ es permettent de pr¡ evoir le volume d¡ e(itire sous le quntile VH7 @d¡ eit ex¡ ed¡ e pr VH7 des d¡ eits de l hronique disponileA de mni ere (le @fF pigF IHAF in(nD une pplition u s de l s¡ eheresse de PHHQ montre que les pr¡ evisions s¡ eletionn¡ ees peuvent ider pr¡ evoir des ¡ ev enements extr¢ emes de mni ere plus pr¡ eise en terme de dur¡ ee et de volume d¡ e(itireF TF yutil d9¡ evlution des risques en p¡ eriode d9¡ etiges pour le r¡ eservoir d9erzl hns les hpitres pr¡ e¡ edentsD nous vons ¡ evlu¡ e l qulit¡ e des pr¡ evisions sisonni eres de d¡ eits en prne et illustr¡ e leur potentiel pour l pr¡ evision des ¡ etigesF in e'etD les outils d9¡ evlution des risques peuvent tirer pro(t des pr¡ evisions longEterme (n d9ider l gestion de l ressoure en eu ou l prise de d¡ eision des l¢ hers de r¡ eservoirsF ve rrge d9erzl se situe l9emouhure de l ilineD juste vnt qu9elle ne se d¡ everse pigure IIX h¡ em de l prtie vle du r¡ eservoir du r¡ eservoir d9erzlD entre le ont de grn et le rrgeF

Volume-to-level transform V t N t V I,t V O,t + - + + ΔV t V t-1 Level-to-volume transform N t-1
pigure IPX hem of the struture of the reservoir lne model t given time stepF dns l9y¡ en etlntique @pigF IIAF sitution en fit une rri ere entre l9eu sl¡ ee de l9o¡ en et l9eu doue de l ilineD r¡ ent une retenue d9eu doue de SH wm 3 F gette retenue est utilis¡ ee pour l9pprovisionnement en eu potle et l9irrigtionF he plusD le rrge permet l nvigtion et l migrtion des poissons entre l9o¡ en et l rivi ereF ve r¡ eservoir don un r¢ ole l¡ e dns l gestion de l ressoure en euD notmment dns le ssin vl de l ilineF v9ojetif de e hpitre est de proposer un outil d9¡ evlution des risques en ontexte de sses eux pour le r¡ eservoir d9erzlF qr¢ e ux donn¡ ees des di'¡ erentes entr¡ ees et sorties du r¡ eservoir d9erzl @fF pigF IIA disponiles de PHHS PHIID nous vons mis en ple un mod ele simple de iln d9eu du r¡ eservoirF ves ¡ etpes du iln prtir des donn¡ ees de niveux oserv¡ es sont sh¡ emtis¡ ees dns l pigF IPF ves entr¡ ees du r¡ eservoir sont les pports de l iline et les pr¡ eipittionsF ves sorties omprennent l9eu ¡ evu¡ ee vi les vnnes et volets pour l gestion du r¡ eservoirD vi l psse poissonsD l9¡ eluseD les siphonsD insi que l9eu pr¡ elev¡ ee pour l9eu potleD et l9eu ¡ evpor¡ eeF q q q q q q q q q q q Inflows Precipitations Shutters

Sluice gates

Fish pass + Siphon ETP + Drinking water + Lock pigure IQX olumes entrnts et sortnts umul¡ es sur l sison de wi ytoreD de PHHS PHIRF ves nn¡ ees sont lss¡ ees de l plus s ehe @PHHSA l plus humide @PHHVA en terme d9pportsF ne nlyse pr¡ eliminire des donn¡ ees hydrom¡ et¡ eorologiques et de gestion du r¡ eservoir nous permet de mieux omE prendre les strt¡ egies de gestion du rrge et l9importne reltive des entr¡ ees et sorties du r¡ eservoirF ves l¢ hers des vnnes sont ¡ etroitement li¡ es ux pports @pigF IQA et l gestion est tr es sensile ux pports de l iE lineD m¢ eme u ps de temps jourE nlierF tusqu9en PHIRD en nn¡ ee s eheD les volets ¡ etient pr¡ ef¡ er¡ es ux vnnes @pigF IQAF v strt¡ egie ¡ et¡ e modi(¡ ee depuisD de mni ere ¡ evuer l9eu sline en fond de r¡ eservoir lors des l¢ hers de vnneF ve mod ele est utilis¡ e pour estimer le risque de ne ps pouvoir mintenir un niveu minimum dns le r¡ eservoir entre wi et ytoreF our ¡ evluer e risqueD des pr¡ evisions sisonni eres de d¡ eits @iAD ¡ etudi¡ ees dns les hpitres pr¡ e¡ edentsD sont utilis¡ ees en entr¡ ee du mod ele de ilnF ves sorties des vnnes et volets sont optimis¡ ees pour mintenir un niveu ojetif dns le r¡ eservoirD tndis que les sorties li¡ ees ux utres usges sont suppos¡ ees onstntes et mximlesF ves pr¡ evisions de niveux de r¡ eservoir insi otenues nous perE mettent d9identi(er le risque de frnhir le seuil miniml dns le r¡ eservoir et de d¡ eterminer le nomre de jours et le nomre de memres de l pr¡ evision d9ensemle tteignnt e seuilF ges vriles d9int¡ er¢ et pour l gestion du risque sont r¡ eunies dns un grphique d9¡ evlution du risque @pigF IRAF ves grphiques ont ¡ et¡ e produits r¡ etrospetivement pour les p¡ eriodes de sses eux de PHHS PHIH (n d9¡ evluer leur potentiel en onditions op¡ ertionnellesF pigure IRX qrphes du risque d9tteindre le seuil miniml de gestion pour l sison venirF v dur¡ ee pr¡ evue sous le seuil est indiqu¡ ee vertilementD et les mois de l sison horizontlementF ve grphe inf¡ erieur indique l proilit¡ e de revenir un niveu sup¡ erieur u niveu minimum u ours du moisF v9nimtion pr¡ esente les pr¡ evisions issues du I er wi u I er eptemreF in(nD une nlyse de sensiilit¡ e est onduite (n de d¡ eterminer les prm etres du iln qui inE )uent sur le risque pr¡ evu @fF pigF ISAF siD le risque est repr¡ esent¡ e pr le nomre de jours sous le seuil miniml de gestion et est lul¡ e pour l9¡ et¡ e PHHSF v9nlyse montre lirement que le risque est tr es sensile u niveu mintenu dns le r¡ eservoir et tr es peu sensile ux pr¡ el evements pour l9eu potleF he prime ord le risque est peu sensile ux ouvertures de l9¡ eluseF in r¡ elit¡ eD les ouvertures d9¡ eluse sont ¡ etroitement li¡ ees u fontionnement des siphons uquels le risque est ien plus sensileF he m¢ eme le nomre de jours pr¡ evus sous le seuil vrie rpidement ve l9eu perdue vi l psse poissonsF gette nlyse est en ord ve l gestion tuelleF in s de s¡ eheresseD l premi ere tion est de limiter les ouE vertures d9¡ elusesD puis de fermer l psse poissonsF UF ne exp¡ eriene de prise de d¡ eision pour l gestion de r¡ eservoir en ontexte de risque ves pr¡ evisions proilistes ou d9ensemleD pre qu9elles prennent en ompte les inertiE tudes de pr¡ evisionD peuvent ider l prise de d¡ eision en ontexte de risqueF hes pr¡ evisions de d¡ eits ux ¡ eh¡ enes mensuelles ou sisonni eres sont d¡ ej utilis¡ ees op¡ ertionnellement en gestion de r¡ eservoirsD pour des ojetifs tels que l r¡ eprtition de l ressoureD l9optimistion des l¢ hers d9eu ou l9ntiiption du risque s¡ eheresseF hns le hpitre pr¡ e¡ edentD nous vons notmment propos¡ e un outil d9¡ evlution des risques en p¡ eriode de sses eux pour le rrge d9erzlF elors qu9il existe de nomreuses ¡ etudes herhnt estimer l9pport des pr¡ evisions hydrom¡ et¡ eorologiques d9ensemle pour de telles pplitionsD peu ¡ etudient leur r¢ ole pour l prise de d¡ eisionF ves jeux de r¢ oles peuvent s9v¡ erer tr es utiles pour mieux omprendre le proessus omplexe de prise de d¡ eision en ontexte de risqueF ge hpitre propose une exp¡ erieneD sous forme de jeu de r¢ oleD pour mieux omprendre l9usge des pr¡ evisions proilistes longue ¡ eh¡ ene pour l d¡ eision de l¢ her de r¡ eservoirF hurnt le jeuD les prtiipnts endossient le r¢ ole de gestionnire de r¡ eservoirF e prtir d9une s¡ equene de pr¡ evisions mensuelles d9pports u r¡ eservoirD et ¡ etnt donn¡ es un ojetif de remplissge et des ontrintes de l¢ hersD les prtiipnts d¡ eidient s¡ equentiellement des l¢ hers qu9ils llient e'etuer pour les mois venirF e l (n de hque moisD soit pr es hque d¡ eisionD les ons¡ equenes des d¡ eisions prises le mois pr¡ e¡ edent ¡ etient ¡ evlu¡ ees en fontion des pports e'etivement oserv¡ esF pigure ITX olumes des ITP prtiipnts en (n de sison en fontion des l¢ hers d¡ eid¡ es ux mois pr¡ e¡ edentsF ve volume ne ps d¡ epsser est de SHH wm 3 F ves ggnnts sont repr¡ esent¡ es en leuD les perdnts en juneF e hque ¡ etpeD les pourentges indiquent le nomre de prtiipnts qui sont d9ores et d¡ ej s¢ urs d9¢ etre ggnnt ou perdntD ¡ etnt donn¡ ee leur s¡ equene de d¡ eisionsF our ette ¡ etudeD ITP feuilles de r¡ esultt ollet¡ ees lors de huit ¡ ev enements ont permis de mettre en ¡ evidene l9enjeu mis ussi l di0ult¡ e de prendre l fois en ompte l9informtion proiliste et l9informtion long termeF endnt les s¡ equenes de jeuD un ¡ ev enement de rue survenit u mois de juinF v strt¡ egie permettnt de (nir le jeu sns fire d¡ eorder le r¡ eservoir onsistit vider progressivement le r¡ eservoir dns les mois pr¡ e¡ ednt l9¡ ev enement pour pouvoir reevoir les pports de l rue de juinF v9nlyse des feuilles de r¡ esultts montr¡ e queD sur l9ensemle des s¡ enesD seulement PH 7 des prtiipnts vient r¡ eussi (nir l s¡ equene de d¡ eisions sns fire d¡ eorder leur r¡ eservoir et en respetnt les ontrintes de l¢ hersF in r¡ elit¡ eD l premi ere d¡ eision de l¢ her en evril pouvit d¡ ej d¡ eterminer le sort des prtiipnts qunt l9¡ ev enement de tuinF in e'etD TI 7 des prtiipntsD sns le svoirD vient perdu d es le premier tour r ils n9vient ps su0smment vider le r¡ eservoir @fF pigF ITAF gei souligne l n¡ eessit¡ e d9ntiiper les ¡ ev enements extr¢ emes en gestionD et d9voir les informtions n¡ eessires pourF ve mnque d9ntiiption de l9¡ ev enement ou l sousEestimtion de l9¡ ev enement venir en terme de volume sont des explitions possiles u file tux de r¡ eussite des prtiipntsF v mni ere de ommuniquer les pr¡ evisions et l quntit¡ e d9informtions int¡ egrer dns le temps imprti pouvient ussi pr¡ esenter une di0ult¡ e pour les prtiipnts et in)uer l prise de d¡ eisionF he mni ere plus g¡ en¡ erleD l9usge du jeu de r¢ ole permis de filiter et r¡ eer un ontexte fvorle l disussion des enjeux et limites l9usge de l9informtion proiliste longEterme dns l prise de d¡ eisionF gonlusion ves pr¡ evisions sisonni eres sont un sujet d9int¡ er¢ et pour un grnd nomre d9op¡ ertionnels dns des seteurs vri¡ es llnt de l prodution hydro¡ eletrique l gestion de ssinF gependnt plusieurs rri eres se dressent enore entre l prodution des pr¡ evisions et leur impl¡ ementtionF hns ette th ese nous vons ord¡ e deux de es rri eres l9impl¡ ementtion en ontexte op¡ ertionnelX le esoin d9¡ evluer l qulit¡ e des pr¡ evisions disponilesD et le eE soin de trduire l9informtion sisonni ere de mni ere r¡ epondre ux esoins des utilisteursF xous r¡ esumons ii les priniples onlusions de l th eseF gorriger le iis des pr¡ evisions sisonni eres de pr¡ eipittions peut m¡ eliorer l (ilit¡ e des pr¡ evisions sisonni eres de d¡ eitsF hns le jeu de ssins frn is ¡ etudi¡ esD nous vons vu que les pr¡ eipittions issues du yst eme R du giww pr¡ esentient des iis mensuels qui vient tendne se ompenser sur l9nn¡ eeF rmi les huit m¡ ethodes test¡ eesD l orretion quntileEquntile des pr¡ eipittions journli eres permettit d9m¡ eliorer l (ilit¡ e des pr¡ evisions de pr¡ eipittions et de d¡ eitsF he plusD nous vons vu qu9une file m¡ eliortion en performne des pr¡ eipittions pr¡ evues pouvit mener une m¡ eliortion plus ons¡ equente des performnes en d¡ eitsF gonditionner les donn¡ ees historiques prtir d9indies de pr¡ eipittions sisonniers peut m¡ eliorer l (nesse des m¡ ethodes de pr¡ evision s¡ ees sur l liE mtologieF rmi les qutre indies test¡ esD l9nomlie Q mois @sQA permis d9m¡ eliorer l (nesse des pr¡ evisions s¡ ees sur l limtologie tout en mintennt leur (ilit¡ e et leurs performnes glolesF gette ¡ etude soulign¡ e le fit que l reltion entre (nesse et (E ilit¡ e est un ompromisF euEdel du trvil de th eseD ette m¡ ethode pourrit ¢ etre ppliqu¡ ee omme une desente d9¡ ehelleF n outil pr¡ eEop¡ ertionnel d9¡ evlution du risque ¡ et¡ e d¡ evelopp¡ e pour ider l gestion du rrge d9erzlF v9outil est le fruit d9un trvil ollortif ve les gestionnires du rrge d9erzlF sl indiqueD prtir des pr¡ evisions d9pports pour l sisonD les risques de ne pouvoir mintenir un niveu minimum dns le r¡ eservoir en sses euxF ne nlyse de sensiilit¡ e pour le s de l s¡ eheresse de PHHS montr¡ e que le niveu du r¡ eservoir est le prm etre le plus in)unt sur les risques de mnque d9euF n jeu de r¢ ole mettnt en s ene un r¡ eservoir th¡ eorique permis d9nlyser le proessus de prise de d¡ eision s¡ e sur l9informtion proiliste sisonni ereF ve jeu ouvert l disussion sur les enjeux et rri eres l9impl¡ ementtion des pr¡ evision sisonni eresF sl ussi permis de montrer qu9en s d9¡ ev enements extr¢ emesD l pr¡ evision sisonni ere permettit une ntiiption n¡ eessireF gependntD l9exp¡ eriene ussi montr¡ e l di0ult¡ e int¡ egrer l9informtion sisonni ere proiliste dns l prise de d¡ eisionF 
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ss esonl poresting RU R fis orreting preipittion forests to improve the skill of sesonl strem)ow forests RW 

RFI sntrodution F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F SP RFP ht nd hydrologil model F F F F F F F F F F F F F F F F F F F F F F F F F F F SR RFPFI esonl forests nd oserved dt F F F F F F F F F F F F F F F F F F SR RFPFP tudied thments nd hydrologil model F F F F F F F F F F F F F F SR RFQ wethods F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F SS gontents xxv RFQFI yverview of the lirtionEevlution pproh F F F F F F F F F F F F SS RFQFP fis orretion methods F F F F F F F F F F F F F F F F F F F F F F F F F SS RFQFQ ivlution frmework F F F F F F F F F F F F F F F F F F F F F F F F F F ST RFR ulity of the rw sesonl forests F F F F F F F F F F F F F F F F F F F F F F SU RFRFI erformne of rw preipittion forests F F F F F F F F F F F F F F F SU RFRFP erformne of rw strem)ow forests F F F F F F F F F F F F F F F F SW RFRFQ ummry of the qulity of rw sesonl forests F F F F F F F F F F F TI RFS fis orretion of sesonl preipittion forests F F F F F F F F F F F F F F F
F F F F F F F TT RFT kill sores of is orreted sesonl forests F F F F F F F F F F F F F F F F F TT RFTFI erformne of is orreted preipittion forests F F F F F F F F F TT RFTFP erformne of is orreted strem)ow forests F F F F F F F F F F F UH RFTFQ row improvements in preipittion forests propgte to strem)ow forestsc F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F UP RFTFR ixmple of forest hydrogrphs in seleted thment F F F F F F F US RFU hisussion nd onlusions F F F F F F F F F F F F F F F F F F F F F F F F F F F F UU
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SFI sntrodution F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F VR SFP ht nd methods F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F VU SFPFI yserved nd forest hydrometeorologil dt F F F F F F F F F F F F VU SFPFP gthments nd hydrologil model F F F F F F F F F F F F F F F F F F F VU SFPFQ ivlution frmework F F F F F F F F F F F F F F F F F F F F F F F F F F VU SFPFR porest senrio uilding method F F F F F F F F F F F F F F F F F F F F VV SFQ erformne of the strem)ow foresting systems F F F F F F F F F F F F F F F WH SFQFI ttistil evlution of ury nd reliility F F F F F F F F F F F F WH SFQFP ttistil evlution of low )ows F F F F F F F F F F F F F F F F F F F F WW SFQFQ hrought impt evlution F F F F F F F F F F F F F F F F F F F F F F F F IHI xxvi gontents SFR gonlusion F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IHR

sss eservoir wngement IHU

T isk ssessment tool for the erzl reservoir during lowE)ow periods IHW

TFI sntrodution F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IIP TFP wngement of the dm nd dt F F F F F F F F F F F F F F F F F F F F F F F F IIR TFPFI ilements of the dm F F F F F F F F F F F F F F F F F F F F F F F F F F F IIS TFPFP eservoir mngement dt F F F F F F F F F F F F F F F F F F F F F F F IIU TFPFQ eservoir in)ow forests F F F F F F F F F F F F F F F F F F F F F F F F F IPH TFQ eservoir lne model nd evlution frmework F F F F F F F F F F F F F F IPH TFQFI pormultion of the reservoir lne model F F F F F F F F F F F F F F F IPH TFQFP poresting frmework F F F F F F F F F F F F F F F F F F F F F F F F F F IPP TFQFQ ivlution frmework F F F F F F F F F F F F F F F F F F F F F F F F F F IPQ TFQFR etup of model runs F F F F F F F F F F F F F F F F F F F F F F F F F F F IPR TFR reliminry dt nlysis nd wter lne simultions F F F F F F F F F F F IPS TFRFI eltive importne of the di'erent in)ows nd out)ows F F F F F F F IPS TFRFP enlysis of monthly mngement strtegies F F F F F F F F F F F F F F IPT TFRFQ hily in)ows nd out)ows nd reservoir retivity F F F F F F F F F F F IPV TFRFR enlysis of errors in simulted reservoir levels F F F F F F F F F F F F F IQP TFS he risk ssessment tool F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQR TFSFI hesign of the risk ssessment tool F F F F F F F F F F F F F F F F F F F F IQR TFSFP iskEoriented simultions F F F F F F F F F F F F F F F F F F F F F F F F F IQT TFSFQ iskEoriented grphs F F F F F F F F F F F F F F F F F F F F F F F F F F F IQT TFSFR ensitivity to simultion prmeters F F F F F F F F F F F F F F F F F F F IQV TFT gonlusions F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IQW
U en experiment on riskEsed deisionEmking in wter mngement using monthly proilisti forests IRQ

UFI sntrodution F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRT UFP wteril F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRU UFPFI qme setup F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRU gontents xxvii UFPFP lying the gme F F F F F F F F F F F F F F F F F F F F F F F F F F F F F IRV UFQ esults F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ISI UFQFI orksheets olleted F F F F F F F F F F F F F F F F F F F F F F F F F F F ISI
UFQFP heisionEmkers9 ehvior during the gmeX who wonc who lostc F F ISI UFQFQ end the winner isFFFX optiml oneEmonth led relese shedule

F F F F ISR UFQFR ivolution of relese shedules F F F F F F F F F F F F F F F F F F F F F F ISS
UFQFS row might prtiipnts hve used the proilisti forests nd the )ow limtology when mking deisionsc

F F F F F F F F F F F F F F F F IST UFR hisussion nd onlusions F F F F F F F F F F F F F F F F F F F F F F F F F F F F ISV qenerl onlusion ITI gonlusions on sesonl strem)ow foresting in prne F F F F F F F F F F F ITP gonlusions on sesonl foresting in reservoir mngement F F F F F F F F F ITQ gollortion with limte servies nd endEusers ws ruil F F F F F F F F F ITR erspetives F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ITR
eferenes ITU evntEropos huring the pst three yersD s hve hd mny opportunities to try nd explin my hh work to experts t projet meetings or onferenes nd to nonEexperts t fmily dinners nd prties with friendsF pirstD there ws the ommon yet wkwrd step of eing unle to rememer the title of my hh s dvertised y my supervisorsF et times like thtD my inem referenes immeditely me to my mind nd s ws often tempted to nswer ves hevliersEpysns de l9n wil u l de ldru nd wlk wyF snstedD s usully gthered myself nd tried to explin my reserh with the simplest words s ould (nd t the momentF s hve never used single omintion of words nor single resoning proess twie in tht stepD nd s elieve s hve rrely een suessful with nonEexpertsF roweverD whenever s ws suessfulD s enountered perplex nd inredulous expressions nd smirks often followed y questions or ssertions tht s found very unsettling t (rstX ut why re you working on thiscD is someone relly pying you to do thiscD isn9t it it pointlessc s soon disovered tht these questions would not leve me until the end of my hhF sn the (rst months of my hhD s wnted to void questions t ll ost nd thought the est strtegy would e to remin s vgue s possileF s tried few times to simply syX s work on wter issuesD whihD in prenhD trnsltes more or less s s work in the wterF fut s quikly gve up on this pproh euse it triggered mny more questions thn it imed toD inluding the now fmous one ho you work in swimming poolc efter relising s should put little e'ort in explining my workD s would sy tht s ws working on foresting droughts to help reservoir mngementF hen me the inevitle nd legitimte questionX re you working on spei( dmc s would respond y mentioning the erzl dm in frittnyD prneD whih is the se study of my reserh nd the min reson why the hh sujet ws lunhed in the (rst pleF st ws lso round tht time tht s reted short video 1 to explin my reserhF hereforeD when the questions on my hh sujet roseD s ould simply refer the inquisitor to tht video syingX rven9t you seen my videoc hmeF et this stgeD s reeived vrious feedksF hile some were very enthusisti @mostly the ones who hd seen the videoAD some remined puzzledF he most reurrent remrk s got de(nitely wsX re there ny droughts in frittnyc vter on in my reserhD s hd the hne to put my hnds on the sesonl foresting 1 httpsXGGwwwFyoutueFomGwthcvaepPfhoyVD winner of the iq PHIR gommunite your siE ene video ompetitionF xxx evntEropos produts provided y the iuropen genter for wediumErnge ether porestsF he deE sription s would give of my reserh when sked thus evolved toX foresting strem)ow t the sesonl rnge to help reservoir mngementF et this pointD s reeived mny more omments from people in the sienti( ommunityF iven though mny were onvined of the importne of longErnge foresting for mny pplitionsD suh s low )ows nd droughts for reservoir mngement or hydroeletriity nd drinking wter produtionD typE il omments nd questions now wereX does it workcD do they hve ny preditilitycD noFFF not in prne3D FFF nor in iurope3D we hve tested itD it is pointlessD t lest in the urrent stte of knowledgeF fy the end of my hh workD s relised tht these questions give mening to our work nd put words to the hllenges of this hh reserh rther thn question its vlidityF st is preisely the ojetive of ny reserh to nswer suh questions nd hllenge wht we ssume to e trueF wy ojetive in this report is to guide you one lst time through the motivtions of my hh reserhF s will present the min results we rehed nd explin how we tried to ontriute nd dd our stone to existing knowledge on sesonl foresting in ontext of low )ows nd droughtsD with n pplition to reservoir mngement seX the erzl dm in prne @nd yesFFF in frittny3AF sntrodution isk mngement is de(ned s the systemti pproh nd prtie of mnging unE ertinty to minimize potentil hrm nd loss @xshD PHHWAF st ims t enhning prepredness in the ntiiption of n eventD s opposed to risis mngementD where orgE niztions hve to del with sudden emergeny situtionF he type of tions deployed in risis mngement nd in risk mngement n e very distintD ut should e oordinted to e0iently redue nd ddress disster imptsF sn the se of droughtsD the trnsition from risis mngement to risk mngement hs long een dvoted for nd steps hve een proposed in the lst dedes to enhne risk mngement prties @ilhite et lFD PHHHY peyD PHIRAF e (rst step onsists in understnding the onept of riskF he risk ssoE ited with nturl disster integrtes oth the proility of the nturl hzrd nd the likeliness of susequent negtive onsequenesD lso lled vulnerility @xshD PHHWY urner et lFD PHHQAF he tions leding to preventive risk mngement pproh must ddress oth omponentsF hese tions n e grouped in four min tegoriesX monitorE ingD vulnerility ssessmentD predition nd erly wrningD nd risk redution @pigure IAF e entrl feture of risk mngement is the predition systemD whih ssesses the proE ility of future hzrds nd informs deisions towrds risk redutionF redition systems n e omined with wrning systems to issue timely wrnings to ommunities t risk or with deision support systems to optimize wter resoures mngement in river sinsF he development of predition system requires lose ollortion etween the endEusers or deisionEmkers nd the developers of the system @lmer nd rolmesD IWVVY imonovi¡ nd fenderD IWWTAF foth hve to work from their experiene of the nturl proess t stkeD whih sets the ommon frmework for the development of the systemF he develE opers of the system will explore the preditility of the nturl phenomenon nd stte wht is tehnilly possile in terms of modelling toolsF indEusers will set their needs nd opertionl expettions s well s provide guidne on prtil hoiesD often sed on the prtiulr hrteristis of the system sujet to deisionEmkingF he fous of this thesis is to investigte the potentil of lowE)ow nd drought predition system t the sesonl sle in the ontext of wter reservoir mngementF

Recondition

Drought event

pigure IX he yle of risk nd risis mngement in the se of drought @dpted from ilhite et al.D PHHHY peyD PHIRA vow )ows nd droughts vowE)ow periods re nturl prt of river9s )ow regimeF sn the midEltitudes of the northern hemisphereD distintion is mde etween summer nd winter low )owsF he former is used y lk of rinfll omined with high evportion rtesD while the ltter ours when preipittion is retined s snow nd does not immeditely ontriute to thment runo' @wyD PHHVAF hroughts re osionl phenomen tht re de(ned reltively to onditions of rinfll nd evpotrnspirtion pereived s norml in spei( reF ilhite nd qlntz @IWVSA de(ned four tegories of droughtsX E meteorologil drought onsists in lk of preipittion over n extended period of timeY E n griulturl drought is omintion of wetherD soil moistureD groundwter nd surfe wter onditions tht impt griulturl prties nd produtionY E hydrologil drought is wter de(ieny in wter odiesX surfe wterD groundE wter or reservoirsF his type of drought is onsequene of meteorologil drought utD unlike griulturl droughtsD n our severl months fter preipittion de(E ienyY E soioEeonomi drought orresponds to period during whih hydrometeorologil onditions use disequilirium etween wter supply nd demndD impting eoE nomi goods or serviesD eFgF ropsD drinking wter distriution or hydroeletri power produtionF sntrodution Q hroughts n lst muh longer thn low )owsD with time sles rnging from one month to severl yersF iurope hs known mjor drought events during the PH th nd PI st enturiesD the ltest one eing the drought of PHISF ih of these drought events hs ontriuted to shping the wy ountries prepre for nd mnge future eventsF le I illustrtes (ve iuropen drought events nd their imptsD with fous on their ontriution to hnges in the prenh ntionl poliiesF 

Loss of crops, wildres and insect invasions

Decrease in nuclear and hydropower production he inresed severity of drought onsequenes in the lst dedes s well s the expeted inrese in drought ourrenes in the oming yers due to limte hnge hve mpli(ed the need for etter understnding of drought mehnisms nd for improved drought preditions @wishr nd inghD PHIHD PHIID nd referenes thereinAF he predition of droughts nd low )ows still rises mny hllenges suh s identifying the preditility of drought hrteristis or etter understnding the lol proesses involved in drought mehnisms @ood et lFD PHISAF st is the topi of mny reent reserh projetsD eFgF the hipye projet in efriD the hyqr Es projet in iurope @qudmundsson et lFD PHIRA or the iwrgi projet in prne @xiolle et lFD PHIRAF smproving forest skill nd linking forests to user needs re often highlightedF his thesis fouses on the predition of low )ows t the sesonl time sle to ntiipte hydrologil droughtsF esonl preditility nd foresting reditility n e interpreted s the extent to whih errors in our knowledge of urrent sttes impt our pity to predit future sttes @vorenzD IWVRY uirtmn et lFD PHIQAF he theoretilly ttinle preditility minly depends on the nturl proess t stke nd the geogrphil lotion where suh proess oursF sdentifying lol soures of preE ditility n shed light on where to redue or etter represent unertinties in order to enhne the skill of predition system @hukl et lFD PHIQY ossef et lFD PHIQY ood et lFD PHITAF vimits in hydrologil preditility ome from the limits in our pity to represent the physil entity tht is modelled in the systemD iFeFD the hydrologil thE mentD ut lso from the unertinties in initil onditions in the (rst forest horizons nd in oundry forings t longer forest horizons @fl¤ oshl nd eheD PHHSAF he reltive importne of initil onditions nd oundry forings will vry with the thment inerti nd its longEterm memory of initil onditionsF edvnes in meteorologil nd limte preditility n ontriute to improving the skill of strem)ow forest systems t suEsesonl to sesonl time slesF weteorologil proesses our dily in the tmosphere nd de(ne our lol wetherF hese proesses re hrdly preditle up to more thn two weeks due to the hoti nture of the tmosphere nd its short residene time for moisture @ghow et lFD IWVVY toker et lFD PHHIAF fy ontrstD limte proessesD s represented y oupled oenEtmosphere glol irultion modelsD re preditle for led times up to severl yers hed @un et lFD PHISAF hese lrgeEsle limte proesses desrie the expeted longEterm signls of meteorologil vriE lesD suh s di'erenes from verge onditionsF gorse longEterm meteorologil signls n then e used to hieve dditionl preditility in longEterm hydrologil forestE ingF sndeedD hydrologil thments nd proesses therein ply the role of lowEpss (ltersD preserving the longEterm tendenies nd (ltering rndom high frequeny errorsF esonl foresting hs een the topi of mny projets lunhed in the pst yersD suh s the iyse projet @rewitt et lFD PHIQA or the P projet @oertson et lFD sntrodution S PHISAF foth projets promote the uptke of produts from limte nd wether servies y deision mkers from di'erent soioEeonomi setorsF sn this thesisD we im to ssess the ville skill of sesonl strem)ow forestsD nd extend the preditility of low )ows nd droughtsD with fous on wter resoures nd reservoir mngementF eservoir mngement ser needs nd opertionl expettions re ditted y the hrteristis nd the vulE nerility of the system sujet to deisionEmking s well s the eonomi stkes of the setor impted y the deisions tkenF sn this thesisD the trgeted user of the investigted hydrologil forests is the mnger of wter reservoirF eservoir mngement is entrl prt of optimiztion strtegies tht im t inresing resoures e0ienyF sndeedD dms nd reservoirs re key elements for regulting wter )ows nd hrnessing wter resouresF es opposed to reservoir mngement during high )owsD whih fouses on limiting the onsequenes of )ooding nd the dmges to hydruli struE turesD the mngement of reservoir during low )ows or droughts fouses on preserving the wter s resoure nd on gurnteeing its priority usesF wultiEpurpose wter reserE voirs my e sujet to strong onstrints whih require high mnging skills ndD usullyD sophistited deision support systems @gstelletti et lFD PHHVAF heisionEmking is omplex proess tht minly relies on pst experiene @gnnonE fowers nd fellD IWWUAF sn)ow predition systems n help inform deision mkers y quntifying risks tht otherwise would not hve een foreseenF huring dry periodsD reserE voirs re strongly dependent on in)ows from upstrem thmentsF ools sed on inE )ow forests n diretly ene(t from the longErnge preditility of in)ows to help dm mngers ntiipte nd tke preventive tions @qeorgkkos nd qrhmD PHHVY egond et lFD PHIIAF sn dditionD reservoir mngement models n e vlule to nlyse severl mngement senrios nd guide towrds n optiml mngement for the running lowE)ow seson @ehD IWVSY uelmn et lFD IWWHAF he work in this hh thesis ws prompted y the needs of the mngers of the erzl reservoir @frittnyD prneA in terms of in)ow foresting nd drought risk ssessmentF st ws rried out within the frmework of the hy snterreg sf projetF he hy projet he hy projet 3 @fene(t of qovernne in hyught edttionAD imed t helping xorthwest iurope regions etter ntiipte nd prepre for periods of drought nd wter T sntrodution srityF st ws n snterreg sf projet tht rn from PHIQ to PHISF ix regionl wter uthorities nd (ve reserh institutes from the nited uingdomD felgiumD the xetherlndsD qermny nd prne ollorted on drought governne nd mngement topisF he projet hd six pilot sitesD whih were twinned to investigte drought issues under three perspetivesX freshwterD griulture nd ntureF yne of the min outputs of the projet is drought governne ssessment tool tht ws developed to help hrterize lol drought governne ontexts nd serve s sis for reommendtions on how to improve lol governne @fressers et lFD PHITAF he multiEpurpose erzl reservoir loted in frittnyD prneD ws one of the freshwter pilot sites of the hy projetF he projet showed thtD in the freshwter pilotsD drought governne is still sed on risis mngementF he trnsition towrds riskEoriented prE ties is minly lgged y the lk of reurrent severe drought eventsF xeverthelessD wreness of wter srity exists nd it is ommon knowledge tht freshwter resoures re limited in ontext of inresing demnd @purusho et lFD PHITAF sn the spei( se of the erzl reservoirD the hy projet lso showed tht even though freshwter is reognized s the priority use y ll stkeholdersD restritions on other uses n e soures of tension during summer @v teunesse et lFD PHITAF his hh thesis ws prtly funded y the hy projetD with the im to develop preEopertionl integrted lowE)ow foresting nd wter mngement system to supE port reservoir mngement nd drought dpttion for the erzl reservoirF he projet lso supported the development of gme designed to etter understnd how proE ilisti forests n e used for deisionEmking in reservoir mngement @grohemore et lFD PHIS 4 AF he gme ws plyed t the prenh pilot site nd ws lter dpted y the stkeholders of the qermn pilot site of the hy projet @sservernd iifelEurD iAF eims of the reserh his thesis fouses on the sesonl time sle in hydrometeorology for the predition of low )ows nd droughtsD with the overll gol of enhning deisionEmking in wter reservoir mngementF st relies on the ide tht etter hydrologil predition tools n help ridge limte servies nd wter mngers needsD nd led to fster doption of novel produts nd developmentsF he ims of this reserh n e summrized through four questionsX the (rst two ddress sesonl strem)ow foresting nd the remining two fous on reservoir mngeE mentF I row muh n we improve strem)ow foresting y is orreting meteorologil forests derived from limte modelsc P row n limte model outputs e used to improve trditionl strem)ow foresting pprohes sed on historil reordsD nd etter pture lowE)ow durtion nd severityc Q row should lowE)ow foresting system e tilored to respond to the needs of the mngers of the erzl reservoir during summer sesonsc R ht lessons n we lern from the wy deision mkers use proilisti longEterm informtion to mnge theoretil multiEojetive reservoirc truture of the thesis his thesis is omposed of seven hpters orgnized into three min prtsF rt s presents the min tools used in this reserhF ghpter I introdues the thments s well s the hydrometeorologil dt ville to this reserhF ghpter P presents the hydrologil model used nd detils the frmework dopted for its lirtionF he preliminry step of vlidtion of the hydrologil model over the studied thments is presentedD s well s the ensemle foresting frmeworkF sn ghpter QD the di'erent numeril riteriD either deterministi or proilistiD used to ssess the performne of forests re presentedF rt ss fouses on the evlution of sesonl forests nd ddresses the (rst two key questions of this thesisF sn ghpter RD the skill of preipittion forests from igwp @iuropen gentre for wediumEnge ether porestsA ystem R limte model to foreE st strem)ow over the studied thments is investigtedF iight is orretion methods re pplied nd ompred sed on their impt on oth preipittion nd strem)ow foreE stsF ghpter S presents onditioning of historil strem)ows nd preipittions sed on ystem R preipittions developed to extend the rnge of preditility of low )owsF st lso introdues risk visulistion tool developed to ssess the risk of low reservoir in)ows long the dry sesonF rt sss tkles reservoir mngement nd riskEsed deisionEmking in order to ddress the lst two key questions of this thesisF ghpter T fouses on the se study of the erzl dm in frittnyD prneF he mngement dt ville to this study re presented nd quntittive model of the reservoir is developedF e risk ssessment tool designed through intertions with endEusers nd thus dpted to user needs is proposedF isk visulistions ene(t from sesonl forests nd n e used s erly wrnings for lowE )ow mngement t the erzl dmF sn ghpter UD we present the setEup nd results of gme experimentD whih ims to improve our overll understnding of how longEterm proilisti forest informtion n e used in sequentil deisionEmking in theoretil multiEojetive reservoirF vstlyD the min onlusions of this thesis re disussed nd new perspetives re outE linedF I rydrometeorologil dtD hydrologil model nd forest evlution 1 ht olletion nd ontrol IFI gthment sets nd hydrologil dt wo di'erent thment sets re used in this thesisF he (rst one is ountrywide set tht inludes IT thments with long time series of oserved meteorologil nd strem)ow dt in prneF his thment set is used to investigte the skill of sesonl preipittion forests for strem)ow foresting in prne @ghpters R nd S of this thesisAF he seond thment set fouses on the iline river sin in frittnyD prneF sn this thmentD we re more spei(lly interested in the river in)ows to the erzl reservoirD loted t the outlet of the thmentF ht from the iline river re used to set up wter lne model of the erzl reservoir nd investigte the ddedEvlue of lowE)ow foresting nd mngement system for reservoir opertion @ghpter TAF he following setions desrie the thment sets nd their dtF IFIFI gountrywide thment set he thment ountrywide set ws seleted from the thment set used in xiolle et lF @PHIRAD who ompred severl hydrologil models for lowE)ow simultion nd foresting in prneF heir dtse ws uilt sed on three onstrintsX E to gther thments tht re representtive of vriety of limti nd hydrologi onditions found in prenh thmentsY E to ensure tht the seleted thments hd long time series of meteorologil nd strem)ow dt for roust model lirtion nd vlidtionY E to selet thments tht re not strongly in)uened y humn tivitiesD while seE leting enough thments to drw generl onlusions @eFgF endr¡ essin et lFD PHHWAF sn this thesisD n dditionl onstrint ws onsideredF gthments were seleted proE vided tht their solid frtion of preipittion over the sin ws elow IH 7 over the ville reord periodF sn other wordsD we only onsidered thments tht were notD or mrginllyD in)uened y snowF his resulted in set of IT thmentsF por eh thmentD dily strem)ow oservtions were ville from the prenh rhy dtse @wwwFhydroFeufrneFfrAD whih is ntionl dtse dministered y the xtionl )ood foresting entre @gres E ervie gentrl d9rydrom¡ et¡ eorologie et d9eppui l r¡ evision des snondtionsAF hishrges over prenh hydrologil sttions re provided y lol puE li institutionsD reserh institutes or privte ompniesD who re lso responsile for dt qulityF pigure IFI presents the lotions nd the hydrologil regimes of the studied thmentsF heir min hrteristis re presented in le IFIF gthments re rnked from the smllest @QUU km 2 A to the lrgest @RQPH km 2 AF e n see tht strem)ow dt vilility for these thments vries from QT to SP yersF he grphs in pigure IFI show the men nd the VH 7 on(dene intervl of monthly )ows omputed over the strem)ow reords ville for eh thmentF hey lso show the VH th exeedne perentile omputed over ll ville dt @iFeFD the strem)ow vlue tht is exeeded y VH 7 of the ville dtAF he thment set is minly hrterE ized y pluvil regime nd strong intrEnnul vriility of strem)owsF righ )ows re typilly oserved during the riny sesonD running pproximtely from xovemer to wyF vow )ows re typilly oserved etween wy nd ytoerD nd very low )owsD etween tuly nd eptemerF st is lso during these months of very low )ows tht the VH th exeedne perentile tends to e rehedF es expetedD the VH 7 on(dene intervl is muh wider during the months of high )owsF gthment I @the smllest in the setA shows slightly di'erent regime ptternD with lrge VH 7 on(dene intervl during low )ows s wellF e oserve tht the interEnnul vriility in this thment is of the sme order of mgnitude s the intrEnnul vriilityF sn pigure IFPD the urEfudyko representtion @endr¡ essin nd errinD PHIPA ws used to nlyse the lne etween the men nnul preipittionD the men nnul evpotrnE spirtion nd the men nnul )ow of the thmentsF hese re represented in lue in the (gureF wore thn PHHH thments spred over prne @represented in greyA provide n overview of the rnge of onditions found in prenh thmentsF he studied thments re loted within the loud of prenh thmentsF his indites tht our ountrywide thment set is well within the rnge of onditions oserved in prenh thments nd does not inlude ny outliersD s fr s the nnul wter lne is onernedF prom this (gureD we n lso see tht the seleted thments hve no unexplined wter gin or lossF IFIFP he iline river sin he iline river sin hs n upstrem re of out IHDHHH km 2 nd is loted in the southwest of the frittny regionD in prne @pigure IFQAF he soure of the iline river is loted in the hills of tuvign¡ eD t n ltitude of only ISH meters @the mximum ltitude in the iline thment is QRH metersAF eout PPH km lterD the iline river )ows into the reservoir of the erzl dmD just efore the etlnti yenF pigure IFIX votion in prne nd hydrologil regime of the IT thments studied in ghpE ters R nd S of this thesisF flues lines represent men internnul monthly )owsF qreyEshded res represent the IH th nd WH th perentiles of internnul monthly )owsF ed lines represent the VH th exeedne perentile @iFeF the dily )ow exeeded y VH 7 of the dtAF he thments re numered from the smllest to the lrgestF ttistis re omputed over the strem)ow reord ville for eh thmentD iFeF QT to SP yers @fF le IFIAF le IFIX iver nd guging sttionD thment shD period with ville strem)ow oservtionsD re nd min hydrolimti hrteristis of the IT thments in the ountrywide set @rnked from the smllest to the lrgestAF pigure IFPX he urEfudyko representtion of the IT thments from the ountrywide thment set @lue dotsAF qrey dots represent set of more thn PHHH thments spred over prneF gthments should idelly e loted elow the lue line nd ove the ornge urveF gthments loted ove the lue line tend to gin wterD while thments loted elow the ornge urve tend to lose wter or lekF he mjor prt of the thment re @TP 7A is oupied y griulturl lndsD proE duing minly mize nd whetD nd lnds dedited to livestok frming @eqiD PHISAF sndustries in the thment re onentrted in its upper resD with food prodution eing the setor est representedF sn PHIPD IDPTHDHHH inhitnts lived in the iline river thE mentD inluding UHHDHHH inhitnts of the ennes gglomertionF sndustriesD griultureD nd drinking wter supply for lol inhitnts nd tourists indue importnt wter withE drwlsD whih divide s followsX TVFS wm 3 @UW 7A for drinking wter supplyD IHFR wm 3 @IP 7A for industries nd VFI wm 3 @W 7A for irrigtion @eqiD PHISAF yther wter uses inlude energy produtionD with IW hydroeletri power plnts loted in the thmentD nd tourismD with tivities suh s siling nd (shing @pigure IFRAF he erzl dm is n esturin dm loted t the outlet of the iline river sinD just efore the etlnti yenF sts primry gol is to lok the oen tidesD whih used to ontriute to the )ooding in the downstrem prt of the thmentF st lso retes freshwter reservoir tht ontriutes to meeting the wter demnd in the regionF he in)ows to the wter reservoir n e estimted from the strem)ow reorded t the ieux guging sttion loted t ont de grn @the lst sttion on the iline river efore the etlnti yenAF he strem)ow reorded t this sttion omprises the )ows from the iline river nd ll its triutries @pigure IFQAF sn the upper prt of the ilineD these Seiche Vilaine Meu Gauging station pigure IFQX votionD topogrphyD triutries of the iline river t ieuxD nd guging sttionF pigure IFRX iew of the iline river )owing towrds the oen t duskD seen from the siling hrour t v ohe fernrdF triutries inlude the weuD the eihe nd the emnon riversD nd lter onD the gh ere nd hon riversF etD the min triutry of the iline river is the yust whih meets the iline in its downstrem segmentF he yust is fed y the vi¡ eD the xininD the velD the glieD the e' nd the erz riversF he ss is the lst river to reh the iline river efore the etlnti yen nd efore the ont de grnF plow reords for the iline river were diretly olleted from the se @snstitution d9em¡ engement de l ilineAD whih is the puli institution responsile for the mnE gement of the erzl dmF emong other spei(tionsD wy @PHHVA reommend using minimum )ow reord of S yersD idelly without disontinuities or interruptionsD for lowE )ow nlysisF por the purpose of this thesisD strem)ow dt reorded every IH minutes t the ieux guging sttion @t ont de grnA were olleted for the period running from epril PHHQ to tuly PHIPF hese oservtions re sed on ultrsoni mesurements of the )ow veloityD s well s thymetri dtF eording to the dm mngersD these mesures my not e urte during very low )owsD due to the lirtion of the ultrsoni sensorsF purthermoreD )ow veloity n e in)uened y dm opertions when lrge wter volumes re evuted through the gtesD leding to rti(illy higher veloitiesF e prepred the strem)ow dt sed on the spei(tions given y wy @PHHVA for lowE)ow nlysisF rior to ggregting dt t the dily time stepD we removed negtive vlues nd linerly interpolted them t the IHEminute time stepF wen dily )ows were then omputed for dys with t lest hlf of the mesures ville nd t lest PS 7 of the mesures ville in oth hlves of the dyF o minimize the impt of remining missing vluesD dily vlues were interpolted when gps did not exeed three onseutive dysF he hrteristis of the rw nd qulityEontrolled dt re presented in le IFPF he rinfll regime of the iline thment is governed y n oeni limteD with wet seson oserved from ytoer to tnury nd dry seson from tune to eugustF yn vergeD the thment reeives pproximtely UWH mmGyr of preipittion nd hs potentil evpotrnspirtion of out TVH mmGyrD with men nnul tempertures round IP • gF he dishrge per unit re of the iline river t ieux is of PPH mmGyrD nd the verge dily )ow is TH m 3 GsF yver the ville dtD extreme low )ows reh )ow vlues s low s P m 3 Gs @ytoer PHHSAD nd extreme high )ows reh vlues s high s IHHH m 3 Gs @perury PHIRAF pigure IFS presents the hydrologil regime of the iline t ieuxF es in pigure IFID greyEshded res represent the VH 7 on(dene intervl of monthly strem)owsD the lue line represents the men internnul monthly strem)ow nd the red line represents the VH th exeedne perentileF e oserve wide intrEnnul vriility in )ows s well s wide internnul vriility in high )ows @represented y wide interquntile rnge etween heemer nd wrhAF he lowE)ow period n e identi(ed s running from tune to ytoerF sn eugust nd eptemerD the men monthly )ow is very lose to the VH th exeedne perentileF pigure IFT nd le IFQ present some of the hrteristis of the iline river t ieux in low )owsF pigure IFT presents the umultive distriution of oserved )owsD long with the UH th D VH th D WH th nd WS th exeedne perentiles @nmed UHD VHD WH nd WSD respetivelyAF he exeedne perentile N is de(ned s the )ow exeeded x 7 of the le IFQX wen nnul minimum )ow @wewA for )ows verged over QD UD IHD QH nd WH dys for the iline river t ieux nd sed on dt from PHHQ to PHIPF sn ddition to the dily meteorologil dt desried oveD we olleted lol preipE ittion dt from rin guge loted t the erzl dmD downstrem the iline riverF hese dt were olleted diretly from the dm mngers @seAF reipittion vlues t the hourly time step were olleted for the period running from tnury IWWH to perury PHHWD nd verged t the dily time stepF reipittion vlues lredy ggregted t the dily time step were olleted for the period running from wrh PHHW to wy PHISF sn totlD PS omplete yers of dt were villeF hese lol preipittion dt re used in the wter lne model of the erzl reservoir @ghpter TAF IFPFP weteorologil forests hily sesonl preipittion forests from igwp ystem R were usedF ystem R is n oenEtmosphere generl irultion model tht ouples the xiwy oen model nd the sp yle QTrR tmosphere modelF ystem R provides SIEmemer forest ensemle for the next seven months t vPSS @out HFU • A sptil resolution @wolteni et lFD PHIIAF igwp retrospetively produed forests for the period running from IWVI to PHIHF hese re omposed of SI ensemle memers for peruryD wyD eugust nd xovemerD nd IS memers for the other monthsF he (rst memer of the ensemle is issued with unpertured @ontrolA initil onditionsD whih re otined from renlysis of tmosphere nd oen oservtions nd from limtologyF he other forest memers re otined from s mny pertured oeni nd tmospheri initil onditions s neessryD ut lso from stohsti physisF iven though the role of stohsti physis previls in the spred of the forests t the sesonl time sleD initil onditions remin importnt to well reprodue the dynmis in the (rst led timesF pigure IFU gives n overview of the monthly preipittion forests issued y ystem R for the month hed nd over prneD from IWVI to PHIHF sn this (gureD the preipittion forest ensemle men is summed over the month following the forest dteF por the purpose of this hh workD the IWVIEPHIH forests were ggregted t the thment sleF ynly the (rst WH dys of the forest horizon were onsideredF eisheimer nd lmer @PHIRA evluted the reliility of the preipittion forests issued y igwp ystem R on sle rnging from dngerous to perfetF yver the worldD preipittion forests often fell within the mrginlly useful tegoryF sn prneD they were rnked s mrginlly useful during wet winters nd summersD not useful in dry wintersD nd dngerous in dry summersF uim et lF @PHIPA lso evluted the skill of ystem R preipittion nd temperture t the glol sleF hespite good overll performnesD they identi(ed systemti isesD eFgF wrm is in the xorth etlntiF everl studies hve proposed to is orret igwp ystem R preipittion forests in di'erent ontextsF hi qiuseppe et lF @PHIQA pplied sptillyEsed preipittion is orretion to improve mlri forestsF rmuer et lF @PHISA pplied liner sling method to forest hydrologil droughts in outhern efriF sn the sme ontextD etterhll et lF @PHISA pplied quntile mpping method to dily preipittion vluesD nd showed tht is orretion ws le to improve the skill of the system to forest dry spellsF fis orretion of ystem R preipittion sesonl forests will e the topi of ghpter R of this thesisF IFQ gonlusion sn this hpterD we (rst presented the thments nd hydrologil dt used in this thesisF e set of IT thments spred over prne nd used to drw generl onlusions on the qulity of sesonl strem)ow foresting in prne @see ghpters R nd SAD ws introduedF sn these thmentsD QT to SP yers of hydrologil dt were ville from the prenh ntionl rhy dtseF e hve seen tht the seleted thments re dominted y pluvil regimeD with high )ows typilly oserved during the riny seson etween xovemer nd wyD nd low )ows oserved during the dry sesonD etween wy nd ytoerF e hve lso seen tht these thments re well within the rnge of prenh thments in terms of wter lneD nd tht no typil ehvioursD suh s unexplined wter gin or wter lekgeD were oservedF he thment of the iline river t ieux @frittnyD prneA ws lso presentedF his thment is used in ghpter T of the thesis to study the in)ows to the reservoir of the erzl dmD loted t the outlet of the thmentF he hydrologil dt for this thment ome diretly from the mngers of the erzl dmF his thment presents strong intrE nnul strem)ow vriilityD nd its lowest )ows re oserved in the months of eugust nd eptemerF PQ he oserved nd forest meteorologil dt used in this thesis re presentedF wost meteorologil oservtions originte from the epex renlysis provided y w¡ et¡ eoE prneF esonl preipittion forests derive from the igwp ystem RD whih is oupled oenEtmosphere modelF he hydrometeorologil dt presented in this hpter re used to simulte nd forest strem)ow in the studied thmentsD nd evlute model performnesF sn the following hpterD we present the hydrologil model used throughout this thesisD s well s the proedures dopted to lirte nd vlidte the modelD nd forest strem)owsF rydrologil modelling nd foresting PFI sntrodution rydrologil models reprodue the rinfllEruno' trnsformtion sed on set of equE tionsF ghow et lF @IWVVA lssify hydrologil models sed on their ounting for rndomE ness in output vriles nd their ounting for vritions in spe nd timeF pollowing the (rst riterionD we distinguish etween models with whih similr inputs will lwys yield the sme outputs @deterministi modelsAD nd models whose outputs resultD t lest prtillyD from rndom proess @stohsti modelsAF heterministi models re then sudivided deE pending on whether their outputs re uniform @lumpedA or vry in spe @distriutedAD nd stohsti models re divided depending on whether they re speEorrelted or speE independentF imilrlyD deterministi models re sudivided into models whose outputs re onstnt nd models whose outputs vry with timeF tohsti models re sudivided into models tht re timeEorrelted nd timeEindependentF tust like the response of thment depends on its physil hrteristisD the response of hydrologil modelD either deterministi or stohstiD is determined y prmeter setF he prmeters n e either (xedD if they re speE nd timeEindependentD or left freeF rior to strem)ow simultion or forestingD it is neessry to set the free model prmeters vi lirtion stepF he ojetive of model lirtion is to identify pE rmeter set tht not only minimizes n ojetive funtion @iFeFD hosen distne etween oserved strem)ows nd simulted strem)ows otined from oserved inputsA ut lso is hydrologilly relisti @endr¡ essin et lFD PHIPAF yne prmeter set is identi(edD its vlidity must e ssessed sed on n evlution distne metriD tht n either e the ojetive funtionD or nother metri tht fouses on other simultion ttriutesF his ssessment is rried out over n evlution period tht is idelly independent from the lirtion period @ulemesD IWVTY ykiel trFD IWWTY efsgrd nd renriksenD PHHRAF xuE merous optimistion nd evlution tehniquesD either sed on numeril distne metris or visul inspetionD exist to lirte nd vlidte hydrologil models @egiD IWWQAF he hoie of the lirtion nd vlidtion strtegies should thus e guided y the modelling ojetivesF yne hydrologil model hs een lirted nd vlidtedD it n e used to either simulte or forest strem)owF sn hydrologyD simultion onsists in using pst meteoroE logil oservtions to reprodue pst strem)ows y mens of hydrologil modelF st is retrospetive pproh usedD for exmpleD to reonstrut strem)ow time series or gin insight into the physil phenomen in tion in thmentF fy ontrstD foresting onsists in mking informed ssumptions on )ows tht hve not yet een oservedF sn this on(gurtionD meteorologil nd hydrometri oservtions re only ville up to the time of the forestD nd preditions re mde for future led timesF wny studies dvote for proilisti foresting nd hve shown the vlue of these forests for deisionEmking nd opertionl purposes @see eFgF mos et lFD PHIHD PHIQAF roilisti foresting proposes to issue forests tht ount for ll soures of unerE tinties nd provideD for eh led timeD forest proility density funtion rther thn single vlue @urzysztofowizD PHHIAF oures of unertinty in hydrologil foresting inlude meteorologil foringsD initil hydrologil onditionsD the struture of the hydroE logil model nd its prmetersF king into ount ll these soures of unertinties in strem)ow foresting n e fstidious nd omputtionlly ostlyF sn sesonl hydroE logil forestingD severl studies hve investigted the reltive role of initil hydrologil onditions nd meteorologil forings to etter understnd how the di'erent soures of unertinty in)uene the qulity of the (nl preditions @hukl et lFD PHIQY ossef et lFD PHIQY ood et lFD PHITAF hey showed tht the reltive importne of these soures of unE ertinty will depend on severl ftors suh s the led timeD the study re or the sesonF hukl et lF @PHIQA showed thtD in the xorthern hemisphereD initil onditions n previl over meteorologil forings in snowEdominted regionsF sn prneD ingl et lF @PHIPA lso found predominne of initil onditions in snowEdominted thmentsD s opposed to thments loted in plinsD in whih the hydrologi preditility minly depended on meteorologil foringsF he thments used in this thesis @see ghpter IA re not in)uened y snowF hereE foreD we fous on improving the ssessment of unertinties in meteorologil forings for sesonl strem)ow forestingF hese meteorologil forings were then used s input to the qTt hydrologil modelF sn the next setionD we present the modelD the results of its lirtion nd vlidtion s well s the foresting frmework dopted in this thesisF PFP he qTt model he q @q¡ enie urlA models re lumpedD oneptul rinfllEruno' models developed t srsteF hese models represent the rinfllEruno' proesses in simpli(ed wy y mens of series of storges nd dely funtionF heir inputs re preipittion nd potentil evpotrnspirtion time seriesD verged over the thment reF heir output is the orresponding strem)ow time series t the thment outletF here re severl q models t srsteF he struture of eh model vries with its purpose nd its time step of pplitionD whih rnges from the hourly time step to the yerly time stepF hey ll re hrterized y low numer of prmetersD rnging from one to six prmetersD to e lirted ginst oserved strem)owsF his is onsidered n sset for opertionl pplitions nd reserh studies sed on lrge thment dtsetsF ixmples of some of the q models inludeX E the q model @ngrD PHHSY ferthetD PHIHA tht runs t the hourly time step for foresting purposesF st hs three free prmeters nd is urrently used opertionlly in IR out of IW prenh )ood foresting entres @ervies de r¡ evision des gruesAY E the qRt model @errin et lFD PHHQA tht runs t the dily time step nd hs four free prmetersF his model hs een used y severl studies in prne nd worldwideY E the qSt model @ve woineD PHHVAD whih is sed on the qRt model ut lso ounts for thment lekges @exhnges with groundwterAF he dily qTt model ws developed with the ojetive to further improve the q models e0ieny on low )owsF ushplth et lF @PHIIA tested TH modi(ed versions of the qSt model on IHHH unregulted prenh thmentsF he onlusion of the study led to the qTt modelX version of qSt with n exponentil store dded in prllel to the routing store to represent the ontriution of plurinnul quifersF smprovement in performne ws oserved in oth high nd low )owsF he struture of qTt is presented in pigure PFIF sn the modelD input rinfll @P A is (rst neutrlized y input potentil evpotrnspirtion @P EAF rt of the resulting net rinfll @P n A or net evpotrnspirtion @E n AD depending on whether rinfll is greter thn evpotrnspirtionD re used to updte the prodution storeF ter then peroltes from this store @P erc A nd is dded to the prt of rinfll tht diretly trnsforms into surfe runo' @P n -P s AF he resulting mount of wter @P r A is then routed through two unit hydrogrphsF rt of the delyed )ow diretly ontriutes to the thment outlet @Q 1 AD ut most of it @Q 9 A feeds the routing nd exponentil stores whih govern the propgtion of the )ow to the thment outlet @Q r1 nd Q r2 AF fefore the )ow rehes the thment outletD the interthment groundwter )ow ts on the wter in the routing store nd the wter tht trnsits diretly from the unit hydrogrph to the thment outletF he resulting strem)ow @QA is the sum of ll prtil outputsF he (xed prmeters of the qTt model intervene in the division of the wter )ow etween the two unit hydrogrphsD ndD lterD in the llotion of wter etween the expoE nentil nd the routing storesF e (xed prmeter lso governs the reltive se time of the unit hydrogrphsF ix other prmeters re left freeX E X 1 @mmAX the pity of the prodution storeD E X 2 @mmGdyAX the mximum interthment groundwter exhngeD E X 3 @mmAX the pity of the routing storeD E X 4 @dyAX the se time of the unit hydrogrphsD 
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pigure PFIX truture of the qTt model @modi(ed from ushplth et al.D PHIIAF he model is omposed of three reservoirs represented y the greyEshded res nd two dely funtions represented y the urvesF wodel sttes re in lkD free prmeters re in greenD (xed prmeters re in ornge nd inputs nd outputs re in lueF rydrologil modelling nd foresting PW E X 5 @EAX the threshold of inversion of groundwter exhngesD E X 6 @mmAX the output oe0ient of the exponentil storeF hese six prmeters re sujet to lirtion nd vlidtion prior to running the modelF PFQ glirtion nd vlidtion of the qTt model he six free prmeters of the qTt model were lirted nd vlidted with the oneE yerEleveEout method @pigure PFPAF his method llows to tke full dvntge of the ville oservtions nd provides roust lirtionF ith this methodD prmeter set is identi(ed for eh yer of the reord period y optimizing trget sore on ll other ville yersF he prmeter set is then trnsferred to run the model for the trget pplition yerF he proedure is repeted to over ll yers in the vlidtionF sn eh thment of the ountrywide thment setD QH prmeter sets were otined for the period running from IWVI to PHIHF sn the iline river thmentD IH prmeter sets were otined for the period running from PHHQ to PHIPF
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pigure PFPX hem of the oneEyerEleveEout method for lirtion nd vlidtionF sf the model is lirted to simulte or forest strem)ows for yer

Y 4 D ll other yersD iFeF Y 1 D Y 2 D Y 3 D Y 5 nd
Y 6 D re used in the lirtion proedureF he lirted prmeter set is then trnsferred to run the model for Y 4 in vlidtionF rmeters were lirted for eh studied thment y foring qTt with preipitE tion nd evpotrnspirtion from the epex meteorologil renlysis @see ghpter IAF he metris used to minimize the distne etween simulted nd oserved strem)ows derive from the ulingEqupt e0ieny @KGEY qupt et lFD PHHWAD whih evlutes siE multneously the isD the error in stndrd devition nd the orreltion etween the oservtions nd the simultionF st is de(ned yX

KGE = 1 -( σ Q σ Q -1) 2 + ( 1 Bias -1) 2 + (r -1) 2 @PFIA
where σ Q is the stndrd devition of the oserved strem)owsD σ Q is the stndrd devition of the simulted strem)owsD r is the erson orreltion oe0ient etween the oservtion nd the simultion nd Bias represents the error in men volumeF he vlues tken y the KGE riterion fll within the (-∞, 1] intervlD with 1 orresponding to perfet simultionF sn the formultion of the KGE nd throughout the thesisD the Bias is formulted sX

Bias = n i=1 Q i n i=1 Qi @PFPA
where Q nd Q re the oserved nd simulted strem)owD nd n is the numer of time steps used for the evlutionF e simultion tht is not ised will sore 1F e Bias higher @lowerA thn 1 indites tht the men oservtion is underestimted @overestimtedAF sn this thesisD two versions of the KGE derived from di'erent )ow trnsforms were used s ojetive funtion to lirte the qTt modelX the KGE pplied to inverse )ows @KGE iQ Y iFeF the KGE riterion omputed for the time series of 1 Q insted of the time series of QA nd the KGE pplied to rootEsqured )ows @KGE rQ AF he inverse )ow trnsform puts the fous on the lowest )ows of the hydrogrphs nd is thus preferred to study low )owsD wheres the squred )ow trnsform fouses on the medium to high )ows of the hydrogrphs @ushplth et lFD PHIPAF sn the vlidtion stepD we evlute the simultions otined for eh yer of the ville reord period nd eh thment y juxtposing them nd evluting single simultion over the reord periodF he simultions were evluted with the KGE rQ nd KGE iQ riE teriD ut lso with normlized xshEutli'e e0ieny nd the Bias @iqution PFPA to evlute the simultions with riteri tht re independent from the lirtion riteE riF he normlized xshEutli'e e0ieny @C2M Q Y wthevet et lFD PHHTA evlutes the qudrti error etween the simultion nd the oservtionsD nd ompres the evluted model with simple enhmrkX the onstntD longEterm men of the oserved strem)owsF st is formulted s followsX

C2M Q = n i=1 (Q i -Q) 2 -n i=1 (Q i -Qi ) 2 n i=1 (Q i -Q) 2 + n i=1 (Q i -Qi ) 2 @PFQA
where Q is the oserved strem)owD Q is the simulted strem)owD Q is the men oserved strem)ow nd n is the numer of time steps used for the evlutionF C2M Q vlues fll within the [-1, 1] intervlF pigure PFQ presents the rnges of prmeter vlues otined with the oneEyerEleveEout lirtion proedureF ih grph orresponds to prmeter of the qTt modelF gthE ments re represented on the xExis nd vritions in prmeter vlues re represented y oxplots on the yExis @in lue when KGE rQ is used for lirtion nd in red when KGE iQ is usedAF e oserve tht the prmeter sets re usully onsistent over the yersD nd vriE tions etween thments re greter thn vritions etween pplition yersF roweverD one thment stnds out with lrge vriility of its lirted prmetersX thment IQD whih is the southernmost thment @pigure IFIAF he smllest thmentD iFeF thE ment ID lso stnds out with lrge pities of its prodution nd routing storesF eprt from these two thmentsD the prmeter vlues re similr in ll thmentsD inluding in the iline t ieux thmentF pigure PFQX nges of prmeter vlues otined fter lirtion with KGE rQ @in lueA nd KGE iQ @in redA with oneEyerEleveEout proedureF ih grph orresponds to prmeter of the qTt modelF gthments re represented on the xExisD with thments from the ountrywide set numered from I to IT @from the smllest to the lrgestA nd the iline t ieux thment represented on the fr right @see pigure IFI for thment lotion in prneAF ritions in prmE eter vlues re represented on the yExis y oxplots @IH th D PS th D SH th D US th nd WH th perentilesAF por the ountrywide thment setD the oxplots re omposed of QH prmeter vlues otined for the period running from IWVI to PHIHF por the iline t ieuxD they re omposed of IH prmeter vlues otined over the period running from PHHQ to PHIPF pigure PFRX wps of performne of qTt in lirtion nd vlidtion in the IU studied thmentsF ows orrespond to performne otined with KGE rQ @topA nd KGE iQ @ottomAF he (rst olumn presents the verge performne in lirtionF he other four olumns present the performne in vlidtion s evluted y KGE rQ @seond olumnAD KGE iQ @third olumnAD C2M Q @fourth olumnA nd the Bias @lst olumnAF qrey olours indite good performne nd red @or lueA olours indite poorer performneF sn the se of the BiasD lue @redA olours indite n underestimtion @overestimtionA of strem)owF rydrologil modelling nd foresting QQ pigure PFR shows the performne of qTt in lirtion nd in vlidtion in the IU studied thmentsF he performne in lirtion is the men lirtion sore optimized for eh trget pplition yerF he performne in vlidtion is the sore otined when evluting the series of simultions otined in vlidtionF he (rst nd seond rows respetively orrespond to the performnes otined fter lirting qTt with KGE rQ nd KGE iQ F he (rst olumn shows the performnes otined in lirtion s evluted y the ojetive funtionF he other olumns show the performnes in vlidtion s evluted y KGE rQ D KGE iQ D C2M Q nd the BiasF e oserve good to exellent performnes in lirtionD with ojetive sores rnging etween HFVV nd HFWU when lirting with KGE rQ D nd etween HFRT nd HFWR when lE irting with KGE iQ F snterestinglyD very good performnes were otined in thments I nd IQ even though they stood out in terms of vriility of prmeter vlues @fF pigE ure PFQAF erformnes otined in vlidtion with the riterion used in lirtion @iFeFD simultions lirted with KGE rQ nd evluted with KGE rQ D nd simultions lirted with KGE iQ nd evluted with KGE iQ A re lso very stisfying with performnes very similr to the ones otined in lirtionF es expetedD simultions lirted with KGE iQ perform etter thn simultions lirted with KGE rQ to simulte low )owsF hile the lirtion with KGE iQ yields KGE iQ vlues etween HFRI nd HFWRD the lirtion with KGE rQ yields KGE iQ vlues in vlidtion etween HFR nd HFVW exept in two thments where sores of HFII nd EHFHP re rehed @in thments T nd VAF he lirtion with KGE iQ thus yields signi(nt improvement to simulte low )ows in these thmentsF glE irting qTt on low )ows @iFeF with KGE iQ s ojetive funtionA still provides good performnes in medium )ows with KGE rQ vlues lwys ove HFSR in ll thments in vlidtionF elsoD performnes in C2M Q D whih fouses on medium to high )owsD re good to very good with vlues lwys superior to HFSV when lirtion is performed with KGE rQ D nd etween HFPV nd HFVI when lirtion is performed with KGE iQ F vstlyD the Bias in vlidtion flls etween EHFHP nd HFHR when qTt is lirted with KGE rQ D whih is lose to no isF hen the model is lirted with KGE iQ D Bias vlues fll etween EHFIR nd HFIPD exept in thment VD where vlue of EHFWR is rehedF pigure PFS shows the oserved nd simulted hydrogrphs for the iline t ieux @the lrgest thment in pigure PFRD fF pigure IFIA when qTt is lirted with KGE iQ F he hydrogrphs were limited to the wy to ytoer period nd llow for visul vlidtion of qTt during low )ows nd reessions in the iline riverF sn this thmentD qTt gve very good numeril resultsD with KGE rQ of HFWHD KGE iQ of HFUTD C2M Q of HFTQ nd Bias of EHFHR in vlidtionF e oserve tht the hydrologil model sueeds in reproduing the generl trend of the strem)owD inluding reessions nd pek )owsF e lso oserve tht oservtions re muh noisier thn simultions during low )owsF wo explntions re possileX either the frequent oserved vritions re tul signls nd thus the hydrologil model is not su0iently retiveD or the vritions re used y noise in the oservtionsD whih the model does not simulteF hisussions with the mngers of the erzl dmD who QR PFR sing the qTt model for strem)ow foresting re lso in hrge of the mesurement sttionD supported the seond hypothesisF sndeedD mesuring devies tend to fil during low )owsD whih uses unrelile vritions in the oserved strem)ow dt @oservtion noisesAF pigure PFSX yserved nd simulted strem)ow nd oserved preipittions for the iline river t ieuxD etween wy nd ytoerD from PHHS to PHIPF yserved strem)ow is represented in greyD simulted strem)ow in drk lueD nd preipittion in light lueF PFR sing the qTt model for strem)ow foresting sn this thesisD the qTt model is used to forest strem)ow in the thments presented in ghpter IF he foresting proedure n e divided into two stepsX the initilistion of the model sttes nd the input of meteorologil forests to run the model in foresting modeF pigure PFT summrizes how strem)ow forest is issued with the qTt modelD from preipittion forest senrioF he initilistion of the model onsists in estimting dequte vlues for the sttes of the qTt model t the time of the forestF sn this thesisD these sttes re initilised y running the model with oserved inputs for yer up to the time of the forestF o llow for etter representtion of the initil onditions t the time of the forestD the model is then updted sed on the lst oserved strem)ow vlueF o tht e'etD the levels in the routing nd exponentil stores re orreted sed on the inverted reservoir lne equtionsF yne the model sttes re initilized nd updtedD the qTt model is fed with meE rydrologil modelling nd foresting pigure PFTX hem of the method used to forest strem)ows with the qTt modelF wodel sttes re initilized using previous oservtions of model inputs nd lirted prmetersF he model is run up to the time of forest t 0 nd we otin the model sttes s 0 F fefore issuing forestD the lst oserved strem)ow is used to updte model sttes @s 0 AF he preipittion forest is then used s input to the hydrologil modelF he model is run with updted sttes nd previously lirted prmetersF he forest strem)ow is otined for eh led time of the forest horizonF he proedure is repeted for eh input forestF sn this studyD qTt updting only onerns the updting of the sttes of the routing nd the exponentil storesF teorologil inputs @preipittion nd potentil evpotrnspirtionA nd run in foresting modeF e then otin strem)ow forests nd the proedure is repeted for eh forest inputsF sn this thesisD the fous is pled on the in)uene of preipittion inputs on stremE )ow forestingF he model is fed with internnul potentil evpotrnspirtion to hve stndrd referene senrio for potentil evpotrnspirtionF ine the seleted thments re not in)uened y snowD this set up is not expeted to hve mjor impt on wter volumesF roweverD it my underestimte wter losses due to evpotrnspirtion in yers with tempertures well ove the limtologil vergeF he unertinty in preipittion forings is represented with ensemle forestsF rereD we use preipittion ensemles omposed of (nite numer of senrios @memersAD eh memer orresponding to possile outomeF purthermoreD ll memers re ssumed to e equiproleD mening tht they re eqully likely to e the oserved outomeF ih memer of the preipittion ensemle is used s input to the qTt hydrologil model to produe possile strem)ow outomeF he resulting strem)ow senrios onstitute n ensemle strem)ow forest omposed of s mny memers s the input preipittion ensemleF feuse not ll soures of unertinty re tken into ount in the resulting strem)ow forestsD we refer to the method s ensemle foresting rther thn proE QT PFS gonlusion ilisti foresting @urzysztofowizD PHHIAF PFS gonlusion sn this hpterD we presented the qTt hydrologil model tht is used throughout this thesis for strem)ow forestingF he struture of the model nd its prmeters were (rst detiledF he model ws then lirted nd vlidted in the studied thments @see ghpter IA y mens of the oneEyerEleveEout proedure nd with two vrints of the ulingEqupt e0ieny @KGEAX the KGE pplied to rootEsqure )ows nd the KGE pplied to inverse )owsF rmeter sets otined with this proedure were onsistent over the lirtion period in most thmentsF he performne of the model in vlidtion were overll stisftoryF e hve seen tht lirting qTt with the KGE pplied to inverse )ows rther thn the KGE pplied to rootEsqure )ows provided etter performnes in low )ows in some of the thments nd shll e preferred to model low )ows in our thment setF sn dditionD the lirtion with KGE iQ lso provides good performnes in medium )ows s evluted y KGE rQ F vstlyD we hve desried how we use the qTt model to issue strem)ow forests from initil hydrologil onditions nd meteorologil forest inputsF sn the following hpterD we present the evlution riteri used in this thesis to ssess the qulity of the strem)ow forests otined with the qTt model with the proedure desried in this hpterD s well s the qulity of the meteorologil forest inputsF porest evlution QFI sntrodution yne foresting system is set upD it is essentil to evlute its performne nd limitE tionsF sndeedD forest evlution fosters ritil pproh to the forest system outputsD ut lso provides dignosti of the de(ienies of forest system to guide further imE provementF porest qulity omprises mny forest ttriutesF tolli'e nd tephenson @PHHQA distinguishes etween evlution pprohes tht ssess the pity toX E forest inry events @lso nmed yesGno eventsAF sn this seD the rnge of possile outomes is divided in two exlusive nd exhustive tegories orresponding to the ourrene of the event or its nonEourreneD s is the se of events de(ned y thresholdY E forest tegoril eventsD whih re n extension of inry eventsF sn this seD the rnge of possile outomes is divided in (nite numer of tegoriesD superior to twoY E forest ontinuous vrilesF egrdless of the pprohD thorough forest evlution is done retrospetively over n extended time periodF por instneD meteorologil entres usully run newlyEdeveloped models over extended pst reords to evlute the new system nd ompre it with previous versionsF hese retrospetive forestsD often nmed hindstsD re thus essentil to evlute the performne of the new forest systemF sn generlD n evlution frmework should ssess forest qulity in regrd to severl ttriutesD ndD idellyD omine visul nd numeril evlutions @ghiew nd wwhonD IWWQY uruse et lFD PHHSY grohemore et lFD PHIS 1 AF e wide rnge of evlution metris exist to evlute hydrologil models nd numeril preditionsF ine eh metri fouses 1 his pper shows the results of my wster work whose pulition ws (nlized during my hh thesisX grohemoreD vFD errinD gFD endr¡ essinD FD ihretD FD eiertD FFD qrimldiD FD quptD rFD turelD tFEiFD PHISF gompring expert judgement nd numeril riteri for hydrogrph evlutionF rydrologil ienes tournl THD RHP!RPQF on di'erent ttriutes of model outputs @thner et lFD PHHUAD the ojetive of the evlution should guide the hoie of set of metris @uruse et lFD PHHSY ushplth et lFD PHIPAF yne set of metris is hosenD the performne of forest system n e ssessed independently from ny refereneD iFeF in solute termsD or omprtively to nother forest systemD iFeF in reltive termsF sn the ltter seD the hoie of the enhmrk is ruil in order not to in)te the performne of system y using too n¤ %ve referene or to de)te its performne y hoosing too demnding referene @errin et lFD PHHTY ppenerger et lFD PHISAF sn this thesisD we evluted the performne of foresting systems onsidering onE tinuous vriles nd inry eventsF he qulity of the forests in regrd to ontinuous vriles ws ssessed y looking t the uryD the reliilityD the shrpness nd the overll performne of the forest systemsF he qulity of the forests in regrd to iE nry events ws ssessed y looking t the disrimintion ttriuteF ih of these forest ttriutes ws evluted y mens of di'erent evlution soresF he performne of the forest systems ws lso ssessed reltively to hosen referene forestsF sn this hpterD the forest ttriutes used in this thesisD s well s the evlution riteri used to ssess these ttriutes re (rst presentedF e then detil the skill sores used to ompre forest systemsF QFP ivlution sores QFPFI eury he ury of forest @or simultionA orresponds to its distne to the oservtionF sn the se of proilisti or n ensemle foresting systemD the forest menD or sometimes the forest medinD is used in ple of the deterministi simultionF sn this thesisD we ssess the ury with the wen esolute irror @MAEA nd the ootEwenE qure irror @RMSEAX
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MAE = 1 n n i=1 |Q i -Qi | @QFIA RMSE = 1 n n i=1 (Q i -Qi ) 2 @QFPA
where Q is the oserved strem)ow @or preipittionAD Q is the simulted strem)ow @or preipittionA nd n is the numer of time steps used for the evlutionF hese metris vry within [0, ∞)F hey n e onsidered s distnesX vlue of H mens tht the simultion nd the oservtion re identilF QFPFP eliility eliility is forest ttriute tht refers to the sttistil onsisteny etween oserved frequenies nd forest proilitiesF st indites whether system n e trustedD iFeFD given forestD where is my oservtion most likely to fll within the forest rngeF sn this thesisD reliility is evluted with the roility sntegrl rnsform @sA digrm @qneiting et lFD PHHUY vio nd meD PHHUAF he s digrm is the umultive distriuE tion of the positions of the oservtion within the umultive forest distriution @or s vluesAF he interprettion of the s digrm is illustrted in pigure QFIF e relile foreE st hs s digrm superposed with the IXI digonl @the drk lue line in pigure QFIAF sf the s digrm shows urve systemtilly ove @elowA the digonl @the lue lines in pigure QFIAD the oserved vlues re too frequently loted in the lower @upperA prts of the forest distriutionD suggesting systemti is of the forests towrds overprediE tion @underpreditionAF sf the points in the digrm re too onentrted in the viinity of the end points @H nd IAD forests re overEon(dent nd oservtions fll more frequently thn expeted on the tils of the forest distriutionF yn the ontrryD too mny points onentrted in the midrnge indite forest distriution tht is underEon(dentF sn orE der to numerilly ompre results mong thmentsD we lso omputed the re etween the urve of the s digrm nd the IXI digonlD s proposed y enrd et lF @PHIHAF he s re thus rnges etween H nd HFSF he smller this reD the more relile the ensemle isF pigure QFIX sllustrtion of how symptomti shpes of the s digrm re interpreted @modi(ed from vio nd meD PHHUY fourginD PHIRAF QFPFQ hrpness ther thn performne metriD shrpness is property of the forest systemF st refers to the onentrtion of the preditive distriution ndD in the se of n ensemle forestD indites how spred the memers of the ensemle reF sn this thesisD shrpness ws evluted with the WH 7 interqurtile rnge @IQRY qneiting et lFD PHHUAD iFeFD the di'erene etween the WS th nd the S th perentiles of the forest distriution verged over the evlution periodF he nrrower the IQRD the shrper the ensemle isF qneiting et lF @PHHUA introdued the prdigm of mximizing the shrpness of the preditive distriutions sujet to lirtionF his prdigm reltes shrpness to reliility @here referred to s lirtionAD iFeFD shrpness n only eome n evlution riterion one reliility hs een hievedF qiven two relile forest systemsD the shrpest one is preferredF QFPFR yverll performne he gontinuous nk roility ore @CRPSY rershD PHHHA ssesses the overll perE formne of forest systemF st evlutes the di'erene etween the forest distriution nd tht of the oservtionF st is de(ned yX

Over

CRPS = 1 n n i=1 ∞ -∞ (F Q i (x) -F Q i (x)) 2 dx @QFQA
where F Q is the umultive distriution of the forestD F Q is the reviside step funtion orresponding to the oservtion nd n is the numer of time steps used in the evlutionF he lower the CRPS isD the etter the overll performne of the forests isF he green re in pigure QFP illustrtes term of the CRPS for given forest nd orresponding oservtionF xote tht the CRPS of deterministi forest orresponds to its MAEF rersh @PHHHA showed tht the CRPS n e roken down into reliility termD resolution term nd n unertinty termF e do not pply this deomposition in this thesisD ut we evlute the CRPS s whole to desrie the overll performne of foresting systemsF QFPFS hisrimintion he eltive yperting ghrteristis digrm @ygY wson nd qrhmD IWWWA is often used to ssess the pity of forest system to disriminte etween situtions when n event is oserved or notF he yg digrm is plotted for given threshold tht is used to ompute the roility of hetetion @yhA nd the plse elrm tio @peAF sn order to uild the digrm for n ensemle foresting systemD the proportion of ensemle memers elow the threshold @in the se of lowE)ow eventA neessry to trigger n lert vries from none to ll ensemle memersF por eh proportionD the yh is plotted ginst the peF he yg digrm is plotted for given thresholdD thment nd forest led timeF he ere under the gurve @egA summrizes the yg digrm into one numeril pigure QFQX sllustrtion of the yg digrm nd egF he lue urve represents the yg urve of foresting system with good disrimintionF he ornge urve presents the yg urve of foresting system with poor disrimintionF he eg is illustrted for the ornge urve nd orresponds to the re under this urveF vlueD whih llows for esier omprisons etween thresholdsD thmentsD led times nd forest systemsF he loser the eg is to ID the etter the disrimintion of the system isF en eg vlue lose to HFS shows no disrimintionF pigure QFQ illustrtes the yg digrm nd the egF QFQ kill sores porest skill is evluted y ompring the performne of given forest system with the performne of referene forestF sn this thesisD the skill sores were omputed for some of the sores presented in the previous setionD nmely the MAED the s reD the IQR nd the CRPSF he skill sore SS is omputed s followsX

SS i = S REF i -S SYS i S REF i @QFRA
where S orresponds to the hosen evlution soreD S REF is the sore omputed for the referene forestD S SYS is the sore omputed for the forest system nd i is the onsidered led timeF he skill sore rnges within (-∞, 1]F hen it is superior to zeroD the forest system hs skill with respet to the referene forestF hen the skill sore is equl to zeroD the system nd the referene hve equivlent performnes with regrd to the hosen evlution soreF e normlized version of the skill sore n lso e usedX

S i = S REF i -S SYS i S REF i + S SYS i @QFSA
his normlized formultion rnges within ]-1, 1] nd is useful to visulize nd ompre the skill of system in severl thments when performnes strongly vry mong thmentsF QFQFI sing referene forest he referene used in the omputtion of the skill sore de(nes the sle used for evluE tionF por instneD hoosing referene with poor performnes will in)te the skill of the evluted forest systemF ppenerger et lF @PHISA list numer of referenes used in strem)ow forestingF he uthors investigted the impt of di'erent referenes on the ssessed performne of )ood foresting systemF heir study highlighted the need to lerly de(ne the referene hosen for evlution nd to orientte this hoie sed on the pplitionF e (rst option is to ompre the forest system with forest tht is ommonly used nd whose performne n serve s stndrd performneF e ommon referene used to evlute preipittion forests over n re is sed on pst oservtions nd is repE resenttive of the limtology in this reX for given dy nd yerD it is the ensemle of preipittion vlues oserved on tht sme qregorin dy in pst yers of the oservE tion periodF e referene tht is often used to evlute sesonl strem)ow forests is the ixtended trem)ow redition @iAD whih orresponds to using the preipittion liE mtology @s desried oveA s input to hydrologil modelF enother ommon referene used to evlute strem)ow forests is the ensemle sed on pst strem)ow oservtions @on the sme dy s the given forest dyAF his referene does not use ny preipittion forests or hydrologil modelF vstlyD the forest system n lso e ompred with former version of this forest systemF sn this seD the skill qunti(es the improvement hieved etween the two versions of the systemF QFQFP insemle size tudies hve shown tht the size of n ensemle foresting system in)uenes the omputE tion of some evlution soresD suh s the frier sore or the rnk proility sore @see eFgF fuizz nd lmerD IWWVAF en inrese in the ensemle size of forest system leds to n inrese in performne s evluted y these soresD though to di'erent extentsF his hs diret impt when ompring the performnes of foresting systems of di'erent ensemle sizesF everl studies hve thus proposed methods to remove the is indued when ompring ensemles of di'erent sizesF perro et lF @PHHVA provided synthesis of existing previous studiesD nd detiled the is orretion methods tht n e pplied in the se of the frier sore nd other proility soresF he uthors proposed n pproh to remove the is in the omputtion of the CRPSF his pproh ws followed in this thesis to ompute the CRPS skill sore with systems nd referenes of di'erent ensemle sizesF qiven forest system of ensemle size M nd referene forest of size mD the orretion omputes the sore of the referene ensemle s though it hd M memersF he orreted CRPS of the referene ensemle of size m is de(ned yX

CRPS M = CRPS m -D @QFTA
where D is the orretion ftor expressed sX

D = M -m 2M m 1 m(m -1) n i=1 k =l ( Qi,k -Qi,l ) @QFUA
where Q is the simulted strem)ow @or preipittionAD n is the numer of time steps used in the evlutionD nd k nd l refer to memers of the forest ensemle QF hen the ensemle size vries with the monthD s is the se for igwp sesonl forestsD we hose to use the ensemle size verged over one yerF QFQFQ seful poresting ved ime sn this thesisD we lso used skill sores to estimte the gin in performne rought y pplying is orretion methodsF o tht e'etD we use the rw @unorretedA forests s referene in the omputtion of the skill soresF en inditor of forest performne n e derived from the evolution of these skill soresX the led time up to whih is orreted sesonl forests hve more skill thn the rw forestsF fuizz nd veuteher @PHISA de(ned the forest skill horizonD with respet to the limtologyD s the forest time when the verge CRPS of the forest system eses to e sttistilly signi(ntly lowerD t the WW th Eperentile levelD thn the CRPS of the limtologil ensemle FFFF sn nother studyD xiolle et lF @PHIRA de(ned n inditor nmed pv @seful poresting ved timeA s the led time eyond whih model performne is not t lest PH 7 etter thn enhmrk performneF rereD we onsidered the led time eyond whih the sevenE dy moving verge of the skill sore of the is orreted forest systemD with regrd to the rw forest systemD eomes negtiveF pv vlues were then grouped in four tegoriesX @IA xoneX no improvement over the forest refereneD @PA `QHX gin up to QH dysD @QA `THX gin greter thn QH dys nd up to TH dys nd @RA bTHX gin greter thn TH dysF pigure QFR illustrtes the determintion of the pv nd the pv tegory in six exmplesF 

QFR gonlusion

sn this hpter we presented the forest ttriutes evluted in this thesisF he forest systems investigted in ghpters RD S nd T were evluted sed on their uryD reliE ilityD shrpnessD overll performne nd disrimintionF he ury is ssessed with the wen esolute irror @weiA nd the ootEwenEqure irror @wiAD the reliility is ssessed with the s digrm nd the s reD the shrpness is ssessed with the snterquntile nge @sAD the overll performne is ssessed with the gontinuous nk roility ore @gA nd the disrimintion is ssessed with the yg digrm nd the egF kill sores re used in rt ss of this thesisF sn eh seD the evlution riteE rion nd the referene used in the omputtion of the skill sore re spei(edF he seful poresting ved time @pvA is lso used to evlute forests in ghpter RF
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esonl poresting fis orreting preipittion forests to improve the skill of sesonl strem)ow forests his hpter is sed on pper under review in Hydrology and Earth System Sci-encesX grohemore vFD mos wFErFD ppenerger pFD PHITF fis orreting preipittion foreE sts to improve the skill of sesonl strem)ow forestsF rydrology nd irth ystem ienes hisussionsD doiXIHFSIWRGhessEPHITEUVF
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¡ esum¡ e he nomreux seteursD tels que l9pprovisionnement en eu potleD l gestion du risque s¡ eheresse ou l prodution hydro¡ eletriqueD peuvent ¡ en¡ e(ier de pr¡ evisions sisonni eres de d¡ eits (n d9ntiiper et de plni(er leur gestionF he telles pr¡ evisions peuvent notmment ¢ etre otenues l9ide de mod eles pluieEd¡ eitF yn prle lors de l9pprohe dynmiqueF hns e sD les pr¡ evisions sisonni eres provennt de mod eles de irultion peuvent ¢ etre utilis¡ ees en entr¡ ee des mod eles hydrologiques pour ¡ en¡ e(ier des vn¡ ees des entres m¡ et¡ eorologiques en terme de pr¡ evisions sisonni eresF x¡ enE moinsD es produits ¡ etnt souvent g¡ en¡ er¡ es des r¡ esolutions sptiles plus lrges que elle du ssin versntD leur utilistion pour l pr¡ evision des d¡ eits n¡ eessite un trvil pr¡ eliminire de orretion des iisF hns e hpitreD nous estimons l qulit¡ e de pr¡ evisions sisonni eres de pr¡ eipittions et de d¡ eits en prne et explorons l9impt de l orretion du iis des pr¡ evisions de pr¡ eipittions sur l qulit¡ e des pr¡ evisions de d¡ eitsF hns un premier tempsD les pr¡ evisions sisonni eres de pr¡ eipittions rutes @iFeFD sns orretion du iisA du giww sont ¡ evlu¡ ees pour pr¡ evoir les d¡ eits de seize ssins versnts frn is de IWVI PHIHF hns un seond tempsD le iis de es pr¡ evisions de pr¡ eipittions est ¡ evlu¡ e et orrig¡ e l9ide de huit m¡ ethodes de orE retion du iisD s¡ ees sur une r¡ egression lin¡ eire simple ou sur l orretion des distriutions pr¡ evuesF ves pr¡ evisions de pr¡ eipittions et de d¡ eits otenues l9ide de es huit m¡ ethodes sontD leur tourD ¡ evlu¡ eesF v qulit¡ e des pr¡ evisions est rE t¡ eris¡ ee en terme de (ilit¡ eD (nesseD pr¡ eision et performne gloleF v9ensemle de r¡ ef¡ erene utilis¡ e pour l9¡ evlution des pluies est s¡ e sur l limtologie des pluies dns hque ssinF v9ensemle de r¡ ef¡ erene pour ¡ evluer les d¡ eits est l m¡ ethode omE mun¡ ement ppel¡ ee ixtended trem)ow redition @iA qui utilise l limtologie des pr¡ eipittions en entr¡ ee d9un mod ele hydrologiqueF hns l9ensemle des ssins versntsD les pr¡ evisions otenues prtir des pr¡ eiE pittions rutes du giww sont plus (nes mis moins (les que elles otenues ve l m¡ ethode iF v qulit¡ e des pr¡ evisions d¡ epend fortement de l sison et du ssin onsid¡ er¡ eF ves iis oserv¡ es en pr¡ eipittion vrient ussi de ssin en ssinD ve des iis mensuels importnts qui ont tendne se ompenser si on ne regrde que le iis nnuelF v orretion lin¡ eire simple et l orretion des distriutions des pr¡ eipittions journli eres pportent les meilleurs gins en performneF v orretion lin¡ eire tendne d9vntge m¡ eliorer l (nesse des ensemles lors que l orreE tion des distriutions des vleurs journli eres est nettement sup¡ erieure pour m¡ eliorer l (ilit¡ eF v orretion des distriutions des pr¡ eipittions journli eres hrmonise les performnes entre ssins et sisonsF in(nD les pr¡ evisions orrig¡ ees deviennent ussi (les que les pr¡ evisions de l m¡ ethode i tout en restnt plus (nesF fis orreting preipittion forests to improve sesonl strem)ow forests SI estrt weteorologil entres mke sustined e'orts to provide sesonl forests tht re inresingly skilfulD whih hs the potentil to ene(t strem)ow forestingF esonl strem)ow forests n help to tke ntiiptory mesures for rnge of pplitionsD suh s wter supply or hydropower reservoir opertion nd drought risk mngementF his study ssesses the skill of sesonl preipittion nd strem)ow forests in prne to provide insights into the wy is orreting preipittion forests n imE prove the skill of strem)ow forests t extended led timesF e pply eight vrints of is orretion pprohes to the preipittion forests prior to generting the strem)ow forestsF he pprohes re sed on the liner sling nd the distriuE tion mpping methodsF e dily hydrologil model is pplied t the thment sle to trnsform preipittion into strem)owF e then evlute the skill of rw @without is orretionA nd is orreted preipittion nd strem)ow ensemle forests in sixteen thments in prneF he skill of the ensemle forests is ssessed in reliE ilityD shrpnessD uryD nd overll performneF e referene predition systemD sed on historil oserved preipittion nd thment initil onditions t the time of forest @iFeFD i methodAD is used s enhmrk in the omputtion of the skillF he results show thtD in most thmentsD rw sesonl preipittion nd stremE )ow forests re often more skilful thn the onventionl i method in terms of shrpnessF roweverD they re not signi(ntly etter in terms of reliilityF porest skill is generlly improved when pplying is orretionF wo is orretion methE ods show the est performne for the studied thmentsD eh method eing more suessful in improving spei( ttriutes of the forestsX the simple liner sling of monthly vlues ontriute minly to inresing forest shrpness nd uryD while the empiril distriution mpping of dily vlues is suessful in improving forest reliilityF RFI sntrodution xumerous tivities with eonomiD environmentl nd politil stkes ene(t from knowing nd ntiipting future strem)ow onditions t di'erent led timesF hile )ood foresting requires forests up to severl hours or dys hedD other res suh s wter supply reservoir opertions or drought risk mngement need forests for the months or seson hedF egrdless of the onsidered led timeD strem)ow foresting systems re frequently updted to tke the ltest useful informtion into ount @eFgF lst oserved dishrgeD soil moisture or snow overA nd n use numeril wether model outputs to extend the rnge of skilful preditionsF esonl forests n ontriute to protive risk mngementD for exmpleD for drought mngement @eFgF ilhite et lFD PHHHY hutr et lFD PHIRY wwngi et lFD PHIRY etterhll et lFD PHISAF ixtendedErnge foresting systems n e vlule tools to help deisionEmkers in plnning longEterm strtegies for wter storge @grohemore et lFD PHISA nd to support dpttion to limte hnge @insemius et lFD PHIRAF xeverthelessD severl users still remin doutful whether sesonl forests n e trustE worthy or skilful enough to enhne deisionEmking in n opertionl ontext @yner et lFD PHHSAF vemos et lF @PHHPA list the performne of sesonl forestsD the misuse of sesonl forests y endEusers nd the lk of onsidertion of endEusers9 needs in the development of produts s mjor ostles to the widespred of sesonl foreE sting in xorthEist frzilF st is therefore ruil to ssess the potentil of ville sesonl foresting produts nd ommunite on the ssets nd shortomings of the di'erent pprohes tht n ene(t the wter setor @rrtmnn et lFD PHHPAF esonl foresting methods in hydrology n e rodly divided into two teE goriesX sttistil methods whih use sttistil reltionship etween preditor nd preditndD nd dynmil methods whih use sesonl meteorologil forests s input to hydrologil modelF wore reentlyD mixed pprohes hve een investigted in the ttempt to tke dvntge of initil lnd surfe onditionsD sesonl preditions of tmospheri vriles nd the preditility informtion ontined in lrgeEsle liE mte fetures @see oertson et lFD PHIQY un et lFD PHISD nd referenes thereinAF ixtended trem)ow redition @iY hyD IWVSA is dynmil method widely used to forest low )ows nd reservoir in)ows t long led times @per nd tedingerD PHHIY xiolle et lFD PHIRY hemirel et lFD PHISAF st onsists in using historil wether dt s input to hydrologil model whose sttes were initilized for the time of the forestF he i method is lso used long with the everseEi method to determine the reltive impts of meteorologil forings nd hydrologil initil onE ditions on the skill of strem)ow preditions @ood nd vettenmierD PHHVY hukl et lFD PHIQY ossef et lFD PHIQAF en lterntive dynmil method onsists in using sesonl forests from regionl limte models @gwsA @ood et lFD PHHSAF his pE proh yields etter results when sesonl preditility is enhned y meteorologil fis orreting preipittion forests to improve sesonl strem)ow forests SQ forings rther thn y initil onditionsF glimte model outputs my lso e more suitle to pture the spei( limte onditions t the time of the forestD wheres iEsed methods will e limited to the rnge of pst oservtions nd hllenged y limte nonEsttionrityF he use of limte model outputs in hydrology hs however some methodologil implitionsF yutputs re produed for grid sles tht re usully too orse for strem)ow foresting t the thment sleF his n led to errors in pturing forest unertinty nd introdue signi(nt isesF ostEproessing @inluding is orretion tehniques nd downsling proeduresA is usully neessry (rst step prior to using limte model outputs to model strem)owF e rnge of methods hs een proposed in the literture nd the est method usully depends on the modelling hin eing investigted nd the studied reD with levels of performne tht my vry with the forest horizon or the trgeted pplition @ghristensen et lFD PHHVY qudmundsson et lFD PHIPAF fis orretion is usully n integrl prt of postEproessing tehniques pplied to foresting systemsF ether foresting hs performed is orretion of numeril model outputs through model output sttistis @wyA for dedesF sn hydrologi enE semle predition systemsD postEproessing hs eome more nd more populr in the lst dedeD prtiulrly for mediumErnge ensemle foresting @eFgF eerts et lFD PHIIY lhori et lFD PHIPY erkde et lFD PHIQY wddgr et lFD PHIRY oulin nd nnitsemD PHISAF sn sesonl forestingD two populr is orretion methods re linE er sling nd distriution mppingF viner sling orrets the men of the forests sed on the di'erene etween oserved nd forest mensD wheres distriution mpping mthes the sttistil distriution of forests to the distriution of oservE tionsF hese pprohesD whih n lso e pplied to improve the performne of i forests @ood nd hkeD PHHVAD fous on inresing forest skill nd reliilityD y reduing errors in the forest men nd improving forest spredF tudies ompring di'erent is orretion methods in sesonl hydrologil foreE sting re still rre in the litertureF roweverD we n (nd studies reviewing nd ompring methods to is orret gw outputs nd quntify limte hnge imE ptsD lthough their e0ieny in this ontext is still topi of disussion @ihret et lFD PHIPY wuerth et lFD PHIQY eutshein nd eiertD PHIQAF eutshein nd eiert @PHIPA ompred six methodsD mong whih liner sling nd prmetri distriution mppingD to is orret gw simultions of preipittion nd temperture in weE denF he uthors reommended using the distriution mpping method for urrent limte onditionsF hey lso highlighted the need to ssume tht is orretion proE edures re sttionry to orret future limte projetions nd evlute hnges in )ow regimesF sn xorwyD qudmundsson et lF @PHIPA proposed omprison of eleven methods to is orret gw preipittionF he methods derived from distriution trnsformtions @eFgF distriution mpping sed on (tted theoretil distriutionsAD prmetri trnsformtions suh s liner slingD nd nonprmetri trnsformtions suh s distriution mpping sed on empiril distriutionsF heir study highlighted the di'erenes etween the is orretions nd the neessity to test methods prior to their pplitionF he uthors reommended using nonprmetri methods sine these methods were the most e'etive to redue the is nd did not require ny pproxiE mtions of the empiril distriutionsF his hpter ims to further investigte the potentil of is orreting the seE sonl forests produed y igwp ystem R forests from qgw simultionsF he utlimte ojetive is to improve strem)ow foresting t extended led timesF fy ompring severl vrints of liner sling nd distriution mpping methodsD the study provides insights into the wy is orreting sesonl preipittion forests n ontriute to the skill of sesonl strem)ow preditionsF porests re evluE ted over the IWVIEPHIH period in IT thments in prneF etion RFP presents the thment setD the forest nd oserved dtD s well s the hydrologil model usedF etion RFQ presents the is orretion methods investigtedD s well s the lirtion nd evlution frmeworks doptedF esults re presented in etions RFR to RFT for the qulity of the rw @unorretedA nd the is orreted forestsF sn etion RFUD onlusions nd limittions re disussedF RFP ht nd hydrologil model RFPFI esonl forests nd oserved dt his study is sed on dily sesonl preipittion forests from igwp ystem RF por the purpose of this studyD the IWVIEPHIH forests were ggregted t the thment sle nd only the (rst WH dys of the forest horizon were onsideredF yserved preipittion dt used for the lirtion nd evlution of the is orretion methods ome from the epex renlysis of w¡ et¡ eoEprneF hily strem)ow dt t the outlet of eh thment ome from the prenh ntionl rhiveF ghpter I provides detiled desription of oserved nd forest hydrometeorologil dtF RFPFP tudied thments nd hydrologil model he thment set used in this study inludes IT thments spred over prne with dominnt pluvil regimeF he min hrteristis nd lotions of the thments re presented in ghpter IF he oneptulD reservoirEsed qTt hydrologil model @ushplth et lFD PHIIA ws run t the dily time step with dily preipittion nd potentil evpotrnspirtion inputs t the thment sleF he model output is the dily strem)ow t the thment outletF snternnul potentil evpotrnspirtion ws used to fous solely on the in)uene of preipittion inputs on strem)ow forestsF he model ws lirted in eh thment with the ulingEqupt i0ieny @qupt et lFD PHHWA pplied to rootEsqure )ows @KGE rQ A nd pplied within the foresting fis orreting preipittion forests to improve sesonl strem)ow forests SS frmework desried in ghpter PF RFQ wethods RFQFI yverview of the lirtionEevlution pproh fis orretion methods were lirted nd evluted in eh thment over the IWVIE PHIH periodF he oneEyerEleveEout rossEvlidtion method ws pplied to lirte nd evlute the methods over independent periodsF his method is further detiled in ghpter PF sn the lirtion stepD we onsidered two pprohesF he simplest lirtion uses ll dys of the yers within the lirtion dtsetF en lterntive pproh onsists in lirting the is orretion methods for eh lendr monthF edditionllyD sine we re deling with forests issued up to WH dys hedD nd sine forest performne vries with led timeD lirtion lso tkes the led time into ountF sn this studyD led times were grouped from I to QH dysD QI to TH dys nd TI to WH dys hedF he lirted is orretion ftors re then pplied to the dily vlues of the ensemle preipittion forests in the trget pplition yerF he hydrologil model is fored y preipittion forests nd strem)ow ensemle forests re otinedF he modE elling hin is pplied to rw nd is orreted preipittion forestsF reipittion nd strem)ow forests re then evluted with deterministi nd proilisti sores ommonly used in ensemle forestingF RFQFP fis orretion methods e pplied the liner sling @vA nd the distriution mpping @hwA methods to the rw ystem R preipittion forestsF he distriution mpping method ws pE plied following three vrintsX onsidering the empiril distriution of monthly vlues @ihwAD (tted gmm distriution of monthly vlues @qhwAD nd the empiril disE triution of dily vlues @ihwhAF ih method ws pplied on monthly @EmA or yerly @EyA sis @le RFIAF viner sling of preipittions he liner sling method onsists in orreting the monthly men vlues of the foreE sts to mth the monthly men vlues of the oservtionsF e sling ftor @or isA is lulted onsidering the rtio etween the oserved nd the forest @ensemle menA vluesF e sling ftor higher @lowerA thn I indites tht the men ensemle forest underpredits @overpreditsA the men oserved vlueF e vlue of I indites no is in the forestsF he sling ftor otined through lirtion is then pplied s multiplitive ftor to orret rw dily preipittion forestsF histriution mpping of preipittions he distriution mpping method onsists in orreting the preipittion forests so tht their sttistil distriution mthes tht of the oservtionsF here re severl wys to mth forest nd oserved distriutions or quntilesD nd existing tehniques minly di'er on how the forest nd oserved umultive distriution funtions @ghpA re onsideredF sn some tehniquesD prmetri distriution is (tted to the forest nd oserved dtsetsD while in others the empiril distriutions nd liner interpolE tions etween dt points or estimted quntiles re onsideredF sn ny seD oserved nd forest ghps must e determined from long dt seriesF sn this studyD the lirtion of the distriution mpping method ws (rst rried out onsidering empiril @ihwA nd gmmE(tted @qhwA distriutions of oserved nd forest @ensemle menA preipittion vlues verged monthlyF e third vrint onsidered diretly the empiril distriution of the dily vlues of the ensemle memE ers @ihwhAF hese vrints re listed in le RFI efter lirtionD is orretion is pplied to the dily preipittion forests of eh pplition periodF sn the se of ihw nd qhwD ll dily vlues re orreted sed on the orretion suited to their monthly vergeF sn the se of ihwhD eh dily preipittion vlue of eh forest memer is orreted individullyF 

RFQFQ ivlution frmework

por eh thmentD dily forests re issued one every monthD up to WH dys hedD during the IWVIEPHIH periodF he qulity of the forests ws evluted t the weekly time step @iFeFD dily forests nd oservtions re verged over the weekAF ores were omputed s funtion of led time nd for the winter @heemerEtnuryE peruryAD the spring @wrhEeprilEwyAD the summer @tuneEtulyEeugustA nd the utumn @eptemerEytoerExovemerA sesonsF he reliilityD shrpnessD ury nd overll performne of the ensemle forests were ssessed sed on the s fis orreting preipittion forests to improve sesonl strem)ow forests SU digrm nd reD the snterquntile nge @IQRAD the wen esolute irror @MAEA nd the gontinuous nk roility ore @CRPSAF he stndrd omputtion of the skill @iFeF the version tht is not normlizedA ws pplied in this study to ompre forest systemsF he skill sores were omputed for the s reD the IQR nd the CRPS @noted sD s nd g herefterAF he forest skill ws (rst evluted y ompring the performne of the studied foreE st systems with the performne of ommon referene forestsF he referene used to evlute preipittion forests is sed on pst oservtions nd is representtive of the thment limtologyF he referenes used to evlute strem)ow forests re the ixtended trem)ow redition @iA nd n ensemle sed on historil strem)owsF he i llows pplying the sme hydrologil modelling setup to oth the preipittion forests nd the referene preipittion ensemleF hereforeD di'erE enes in performne re minly due to di'erenes etween the preipittion inputs to the modelF yne would expet tht preipittion nd strem)ow forests perform etter thn preipittion limtologyD i or historil preipittionsD t lest in the (rst led timesF et longer led timesD nturl vriility should end up eing sound forestF hen skill sores were omputed to indite the gin in performne rought y is orretion methodsD the rw @unorretedA forests were used s referene in the omputtion of the skill soresF he pv @seful poresting ved timeA ws deE rived from the evolution of these skill sores to indite the led time up to whih is orreted sesonl forests hve more skill thn rw forestsF he evlution riteriD the omputtion of the skill nd the referenes used in the omputtion of the skill sores re desried in ghpter QF RFR ulity of the rw sesonl forests RFRFI erformne of rw preipittion forests pigure RFI presents the evolution of s nd g with led timeD for winter @htpA nd summer @tteAF ih line orresponds to thmentF kill in shrpness nd overll performne is very similr in winter nd in summer @s well s in spring nd utumnD not shownAF reipittion forests re overll shrper thn historil preipittions in the lrge mjority of thments nd up to long led timesF ome exeptions pper for led times longer thn three weeksD nd espeilly in winter @wetter seson in the mjority of thmentsAF sn terms of overll performneD preipittion forests lerly hve skill up to two to three weeks hed for UEdy verged rel preipittionF et longer led timesD they re equivlent or perform slightly worse thn historil preipittionsF pigure RFP shows the s digrms for led times of QH nd WH dysD for winter nd summerF qrey lines represent the reliility of historil preipittions nd oloured Lead time (weeks)
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pigure RFIX kill of rw weekly preipittion forests s funtion of the led time for ll thments nd ll sesonsF he skill is omputed sed on the s @topA nd the g @ottomA nd the referene is historil preipittionsF ih olumn orresponds to trget sesonF ih line represents the skill sore in thment for forest horizons within the trget sesonF pigure RFPX s digrm of rw preipittion forests @oloured linesA nd historil preE ipittions @grey linesA for led times of QH dys @topA nd WH dys @ottomAF ih olumn orresponds to trget sesonF ih line represents the s digrm in thment for forest horizons within the trget sesonF fis orreting preipittion forests to improve sesonl strem)ow forests SW lines represent the reliility of ystem R preipittion forests in eh thmentF hotted lines represent devitions of CHFI nd EHFI from the isetorF he two sesons yield very similr results @lso oserved in spring nd utumnD not shownAF sn ll thments nd for oth led timesD historil preipittions re relileD s expetedF esonl preipittion forests lso show some reliilityD ut tend to overpredit preipittions in oth sesons nd t oth led timesF he onentrtion of points in the zero end points in most of the urves of the ystem R forests shows tht low vlues of the oservtions re too often flling in the lower til of the forest distriutionF his e'et tends to derese with inresing led timeF his is n indition tht forests re too nrrow nd overpredit the lowest oservtionsF st n lso trnslte di0ulty of the system to forest null preipittionF RFRFP erformne of rw strem)ow forests trem)ow forests re generted y using rw sesonl preipittion forests s inE put to the hydrologil modelF porest skill is evluted using the i method s referene @pigure RFQAF hi'erenes in forest skill etween the winter nd summer sesons re more notiele when evluting strem)ow forests rther thn preipE ittion forestsF trem)ow forests generted from rw preipittion forests re shrper thn i up to twelve weeks hed in most thments @s ove zero in pigure RFQAF epproximtelyD only four thments stnd out in oth sesons with lower skill thn i @six in spring nd one in utumnD not shownAF roweverD even in these thmentsD shrpness n e improved using sesonl preipittion forests for led times up to three weeks in winter @s well s in spring nd utumnD not shownAF gonerning overll performne @g in pigure RFQAD skill n e oserved for led times up to four weeks in some thmentsF sn winterD s well s in spring nd uE tumn @not shownAD this is oserved in the mjority of thmentsD while in summerD this onerns only ouple of thmentsF et longer led timesD i nd strem)ow forests generted from rw preipittion forests re equivlent in most thments for the winter sesonF sn summerD s well s in spring nd utumn @not shownAD the di'erene in skill t longer led times is more pronouned nd most thments hve lerly negtive skill in terms of overll forest performneF s digrms re shown for eh thmentD for the winter nd summer sesonsD nd for led times of QH nd WH dys @pigure RFRAF sn winter nd spring @not shownAD i forests nd sesonl strem)ow forests generted from rw preipittion forests show good reliilityD lthough the urves ove the digonl indite tht forests re slightly overprediting strem)owF trem)ow forests for the utumn seson @not shownA lso show good reliilityD ut with tendeny to underpredit strem)owF sn summer @pigure RFRD rightAD strem)ow forests from othD i forests nd forests generted from rw sesonl preipittion forestsD show prolems in forest reliilityF s urves lerly indite onentrtion of points t the end points of the Lead time (weeks)
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pigure RFQX kill of weekly strem)ow forests from rw preipittion forests s funtion of the led time for ll thments nd ll sesonsF he skill is omputed sed on the s @topA nd the g @ottomA nd the referene is ixtended trem)ow reditionF ih olumn orresponds to trget sesonF ih line represents the skill sore in thment for forest horizons within the trget sesonF pigure RFRX s digrm of strem)ow forests from rw preipittion forests @oloured linesA nd ixtended trem)ow redition @grey linesA for led times of QH dys @topA nd WH dys @ottomAF ih olumn orresponds to trget sesonF ih line represents the s digrm in thment for forest horizons within the trget sesonF fis orreting preipittion forests to improve sesonl strem)ow forests TI digrm ndD onsequentlyD nrrow ensemle forestsF sn most thmentsD PH 7 to TH 7 of oserved vlues fll in the lowest intervl of the forest distriution or elow itD iFeFD outside the forest rngeF elthough reliility is slightly improved with led timeD strem)ow ensemle forests remin underEdispersive t WH dys of led timeF his ould e the result of t lest two ftors ting lone or jointlyX di0ulty of the hydrologil model to reh the lowest strem)ow vlues in the simultions of the reession periodsD nd the in)uene of not onsidering unertinties in the hydrologil initil onditions t the time of forestingF RFRFQ ummry of the qulity of rw sesonl forests kill in the overll performne of ystem R rw preipittion forestsD t the thE ment sle nd over referene forest sed on pst oserved preipittionsD ws oE served up to two to three weeks in the studied thmentsF hen looking t strem)ow forests generted from the input of rw sesonl forests to hydrologil modelD skill over the trditionl i method ws oserved up to four weeksD ut only in few thmentsF he sset of ystem R rw preipittion forests nd relted strem)ow forests over historil preipittions nd iD respetivelyD resides minly in their shrpnessF roweverD the evlution of forest qulity shows lso tht forests re ofE ten too nrrow nd su'er from underpredition or overpreditionF smproving forest reliilityD while mintining forest shrpness is lerly hllengeF sn the following setionD we investigte the presene of ises in ystem R preipittion forests nd the impt of is orretion on sesonl preipittion nd strem)ow forestsF RFS fis orretion of sesonl preipittion forests RFSFI yverview of the e'etiveness of the is orretion methE ods porest isD iFeF the rtio etween the men oservtion nd the verge forest ensemle menD ws omputed for eh thment over the IWVIEPHIH periodF he is ws omputed for eh lendr monthD ut lso onsidering the whole yerF pigure RFS shows the ises expressed s devitions from I @iFeFD 1-BiasAD efore nd fter pplying the is orretion methodsF st illustrtes the results otined in four thments t the PEmonth led time @iFeFD onsidering the forests issued for dy QI to dy TH in the forest rngeAF he e'etiveness of eh is orretion method n e esily seen from the oloured hrtsX unised forests hve devition equl to H @white olourAY positive devitions @red olourA nd negtive devitions @lue olourA indite overpredition nd underpreditionD respetivelyF e devition equl to HFUS @EQA n e interpreted s the men forest eing four times lrger @smllerA thn the men oservtionF yverllD when omputing the devitions for ll monthly led times of the forest rngeD we oserved tht the ises vry more with the lendr month of the pigure RFSX hevition of the preipittion is from ID for thments PD RD U nd IRD over the IWVIEPHIH periodF he devition is shown for the whole yer @top lineA nd for eh lendr monthF he is is only shown for led times etween QI nd TH dysF flueEshded res @negtive vluesA represent tendeny of underprediting preipittions nd redEshded res @positive vluesA tendeny of overprediting preipittionsF he top left grph represents the is of rw preipittion forestsD nd eh of the other grphs represents the is fter pplying one of the is orretion methodsF forest horizon thn with led timeF por this resonD we only show the PEmonth led timeF sn generlD sesonl forests tend to overpredit preipittions over the entire yer in most thmentsF yverpredition tends to our ner the end of the winter @rinyA seson nd throughout the spring sesonF gonverselyD preipittions tend to e unE derpredited from the end of the summer @dryA seson nd until the eginningD nd sometimes throughoutD the utumn sesonF he four seleted thments illustrte the vriety of onditions we enountered in the is orretion nlysisF sn thment PD preipittions ould e onsidered unised when rrying the nlysis over the yerF roweverD this result hides monthly underprediting nd overprediting ises whih ompenste over the yerF sn this thmentD forests tend to overpredit from perury to tune nd underpredit from tuly to ytoerF he yerly result my lso e re)etion of the lk of importnt ises in the months of heemer nd tnE uryD whih reD limtologillyD the riniest months in this thmentF his type of fis orreting preipittion forests to improve sesonl strem)ow forests TQ vrition in is ws lso oserved in thments TD IID IP nd IQF sn thment RD preipittion forests re strongly overprediting oservtions in ll lendr months nd thus over the yerF his thment stnds out euse in no other thment do we oserve similrly strong nd systemti isF his thment is the one loted t the most estern prt of prneF sts min river @l9sllA is triutry of the hine riverF sn thment UD preipittions re overpredited over the yerD with the strongest positive devitions onentrted during the riny sesonD silly from xovemer to eprilF he sme ehviour is found in thments SD IH nd ISF snterestinglyD thE ments with ler overpreditionD iFeF thments following the ptterns depited in pigure RFS for thments R nd UD orrespond to the thments in whih ystem R rw preipittion nd strem)ow forests showed low skill in shrpness ndGor overll performneF vstD thment IR is representtive of thments ID QD VD W nd IT in the dtseF porests slightly underpredit preipittions over the yerD with tendeny to underpredit preipittions in ll sesons ut the spring sesonD whose preipittions re slightly overpreditedF pigure RFS lso presents the remining ises fter the pplition of the eight is orretion methods to the rw preipittion forestsF e present the results over the whole yer nd for eh monthF he sme four seleted thments illustrte the results for the PEmonth led timeF ell orretion methods re e'etive to orret ises of preipittion forests over the yerF roweverD this is not oserved in the is orretion for eh lendr monthF esults for the methods lirted on yerly sis @vEyD ihwEyD qhwEyD ihwhEyA show tht the sene of is over the yer is minly hieved through n e'et of ompenstion etween over nd underpredition mong the lendr monthsF rtiulrly ihwEy nd qhwEy methods show tendeny to inrese monthly isesD towrds overpredition of preipittions in winter nd springD nd underpredition in summer nd utumnF fy onstrutionD monthly lirted methods perform muh etter when looking t monthly isesF vEm nd ihwhEm re prtiulrly e'etive in ll thmentsF porests orreted with ihwEm tend to slightly underpredit preipittionsD while forests orreted with qhwEm tend to overpredit preipittionsF his my e n e'et of the pplition of distriution mpping sed on monthly vluesF histriuE tion mpping requires tht the time struture of forest nd oserved preipittion re oherentD so tht upper forest vlues re shifted towrds upper oserved vlues nd onverselyF roweverD rw monthly forest mens from ystem R do not lwys reprodue the time struture of monthly oservtions nd often fil to reh extreme monthly vluesF hereforeD orretion ftors otined with distriution mpping sed on monthly vlues show poorer performneD nd the method n wrongly inE rese or derese dily preipittion vluesF RFSFP gomprison of is orretion ftors for v nd ihwh methods he v nd ihwh methods showed more e'etiveness in reduing is in the preE ipittion forestsF sn order to etter understnd how the two methods ompreD we plotted in pigure RFT their orretion ftors for thment U over the IWVIEPHIH period for the PEmonth led timeF flk lines represent orretion ftors from vF ih dyD one orretion ftor is pplied to ll memers of the ensemle forest t the PEmonth led timeF qreyEshded res represent the rnge of orretion ftors pplied with ihwhD nd drker grey lines represent the medin orretion ftorF por ihwhD eh preipittion vlue hs spei( orretion ftor depending on its proility of ourreneF hereforeD for given dy nd led timeD the numer of orretion ftors is equl to the numer of ensemle memersF pigure RFTX fis orretion ftors pplied to eh dy of the reord period with the v nd ihwh methodsF gorretion ftors re only shown in the se of thment U nd for the seond month led of the preipittion forestsF he top grph presents orretion ftors otined with v nd ihwh lirted over the whole yerD nd the ottom grph presents orretion ftors otined with v nd ihwh lirted monthlyF vEy provides reltively onstnt is orretion ftors over the study periodF ineD on vergeD preipittions in thment U re overpredited y ystem R foreE stsD this orretion ftor is smller thn IF he is orretion ftors re otined with the oneEyerEleveEout lirtion frmeworkF st is interesting to note tht reE moving one yer within the QH yers of the lirtion period hs little impt over the fis orreting preipittion forests to improve sesonl strem)ow forests TS lirted orretion ftorsD even for n extreme dry yer suh s IWVW in this thE mentF ith ihwhEyD orretion ftors vry for eh dy of the study periodF hese ftors remin smller or lose to IF heir medin vlues re smller thn the vEy orretion ftors nd the mximum vlues re slightly greter thn the v ftorsF hen lirted monthlyD orretion ftors otined with vEm depit vritionD rnging from HFT to IFPF hey present reurring pttern over the yerD whih follows wht ws shown in pigure RFSD iFeFD tht preipittions in thment U reD on verE geD overpredited during the winter nd spring sesonsD leding to orretion ftors smller thn ID nd underpredited from tuly to eptemerD leding to is orretion ftors greter thn IF his pttern in the ftors indites tht the v method might e further simpli(ed to provide orretion ftors tht would solely vry with the lE endr monthD regrdless of the yerD or in the se of vEyD e onstnt over the trget periodF gorretion ftors omputed with ihwhEm present similr pttern to the one oserved with vEmD ut their rnge is more vrileD with vlues etween H nd IFRF his method is prtiulrly interesting euseD s opposed to vD it lso orrets the frequeny of preipittion dysD given the null vlues of some orretion ftorsF RFSFQ smpt of is orretion on the useful foresting led time he four riteri used to evlute reliilityD uryD shrpness nd overll perforE mne were pplied to the preipittion forests is orreted with eh of the eight is orretion methodsF hey were lso pplied to the sesonl strem)ow forests generted from inputting the di'erent is orreted preipittion forests to the hydrologil modelF kill sores were omputed with the rw sesonl preipittion forests s referene forest for preipittionD nd with the @rwA strem)ow foreE sts generted from rw preipittion forests s referene forest for strem)owF por eh vrile @preipittion nd strem)owAD eh riterionD eh is orretion methodD eh thment nd eh sesonD we otined the orresponding pv @seful poresting ved timeAF e then evluted the proportion of thments flling in eh pv group @s de(ned in etion QFQFQAF esults re shown in pigure RFU nd pigure RFVD for preipittion nd strem)ow forestsD respetivelyF sn pigure RFUD the two is orretion methods tht stnd out regrding overll performne @gAD in ll sesonsD re v nd ihwhF his is in ordne with our previous results on the e0ieny of eh method to orret isesF hen looking more losely t improvements in the s riterionD s mesured y the pvD ihwh lerly stnds out from the other methodsF he proportion of thments with skill improvement over rw forests is lmost lwys IHH 7D nd skill is often extended up to TH dys nd moreF he other methods re quite equivlent to eh otherD lE though v performs slightly etterD with greter improvements in lrger proportions of thmentsD espeilly in winter nd springD for reliility @sAD ury @weiA nd overll performne @gAF sn terms of shrpness @sAD the est performing method vries with the sesonF reipittion forests in spring @wewA re shrper when orreted with methods lirted monthlyD while forests in summer nd uE tumn re shrper with methods lirted yerlyF o e'etively ddress the tendeny to overestimte spring preipittionsD the multiplitive orretion ftor of monthly lirted is orretion for the spring seson will e smller thn ID nd muh smller thn the orretion ftor otined with yerly lirted orretionF hereforeD the spring interqurtile rnge will e further redued y the method lirted monthly thn y the method lirted yerlyF his resoning only pplies to vD ihw nd qhw sine ihwh orrets eh ensemle memer independentlyF pigure RFV shows the results for the strem)ow forestsF v nd ihwh methods re le to extend the led time of is orreted preditions further thn other methE odsD nd for higher proportion of thments in the lrge mjority of sesons nd riteriF eginD ihwh methods yield the est improvements in reliilityF v yields results slightly etter thn ihwh in shrpness nd uryF ihw nd qhw lerly hve lower performneD exept in some ses in shrpness nd for spring nd summerF RFSFR ummry of the omprison of is orretion methods sn generlD v nd ihwh is orretion methods show good performne for preipE ittion forestsD lthough in distint wyF hile ihwh lerly improves forest reliilityD v shows etter performne in improving shrpnessF sn terms of stremE )ow forestsD v nd ihwh re the methods tht o'er the est performneF eginD ihwh my e preferred if fous is pled on forest reliilityD while v my e preferred if shrpness nd ury re the riteri one is looking to improveF ine strem)ow forests generted from rw ystem R preipittion forests re lredyD in most of the studied thmentsD shrper thn the i refereneD ut lk reliility @s shown in pigure RFQ nd pigure RFRAD it seems pproprite to give priority to orretion method tht improves reliilityD while providing good overll performneF hereforeD in the followingD we will only onsider the monthly lirted version of ihwh @ihwhEmA to further investigte the skill of is orreted sesonl forests in the IT seleted prenh thmentsF he monthly version is hosen to ensure tht monthly ises re removed nd tht the orretion will perform reltively eqully in ll sesonsD while voiding the misEestimtion of forest skill @rmill nd tursD PHHTAF RFT kill sores of is orreted sesonl forests RFTFI erformne of is orreted preipittion forests pigure RFW @for shrpness nd overll performneA nd pigure RFIH @for reliilityA present the skill of sesonl preipittion forests is orreted with ihwhEmF kill pigure RFWX kill of weekly preipittion forests orreted with ihwhEm s funtion of the led time for ll thments nd ll sesonsF he skill is omputed sed on the s @topA nd the g @ottomA nd the referene is historil preipittionsF ih olumn orresponds to trget sesonF ih line represents the skill sore in thment for forest horizons within the trget sesonF sores re omputed with historil preipittion s the refereneF sn order to etter evlute the impt of is orretion on forest skillD the yExes in pigure RFW re the sme s in pigure RFIF he omprison of these two (gures shows tht is orreting the rw ystem R forests redues the di'erenes in skill etween thmentsF efter is orretionD thments present very similr evolutions of the skill with the led timeF e n lso infer thtD fter is orretionD in some thmentsD the vlues of s nd g re lower thn efore is orretionF xeverthelessD is orreted forests remin shrper thn the referene @iFeFD skill sores re lwys greter thn zeroAF sn the thments where the rw forests performed worse thn historil preipittions @iFeFD skill sores lower thn zero in pigure RFIAD is orreted forests eome shrper nd gin skill in regrds to the refereneF porest skill in overll performne @gA is oserved up to two to three weeks hedD fter whih forests ttin skill equl to tht of the referene forestF kill is improved in thments tht performed worse thn the referene prior to is orretion @iFeFD skill sores lower thn zero in pigure RFIAF pigure RFW illustrtes these (ndings for winter @htpA nd summer @tteAD ut results re similr for spring nd utumn @not shownAF pigure RFIH shows tht the most remrkle improvement in performne due to is orretion is hieved in reliilityF hile preipittion forests hd tendeny to overpredit prior to is orretionD is orreted preipittions re relile in ll pigure RFIHX s digrm of preipittion forests orreted with ihwhEm @oloured linesA nd historil preipittions @grey linesA for led times of QH dys @topA nd WH dys @ottomAF ih olumn orresponds to trget sesonF ih line represents the s digrm in thment for forest horizons within the trget sesonF thmentsF pigure RFIH shows the results for winter nd summerD nd for led times of QH nd WH dysD ut onlusions re similr in the other sesons nd led times @not shownAF iven though slight tendeny to overpredit preipittions remins in winter for short led timesD the improvements re notieleF he ihwhEm is orretion ws le to ddress the onentrtion of points in the zero end point oserved in pigure RFP for the rw forestsF RFTFP erformne of is orreted strem)ow forests he qulity of the strem)ow forests generted from the preipittion forests orE reted with ihwhEm is investigted in pigure RFII nd pigure RFIP @s nd gA nd in pigure RFIQ @s digrmsAF hese (gures n e ompred to pigE ure RFQ nd pigure RFR whih were otined from the nlysis of strem)ow forests generted from rw preipittion forestsF es seen with preipittion forestsD is orretion lso redues the di'erenes in strem)ow forest skill etween thments nd sesons @pigure RFIIAF eginD this trnsltes into loss in skill in thments with the shrpest ensemle forests efore is orretionD ut lso in gin in skill in thments where rw strem)ow forests hd negtive skillF yverllD fter is orretionD strem)ow forests re shrper thn i in ll thments nd sesons @only the winter nd summer sesons re shown ut results re similr for the spring pigure RFIIX kill of strem)ow forests otined from preipittion forests orreted with ihwhEm s funtion of the led time for ll thments nd ll sesonsF he skill is omputed sed on the s @topA nd the g @ottomA nd the referene is ixtended trem)ow reditionF ih olumn orresponds to trget sesonF ih line represents the skill sore in thment for forest horizons within the trget sesonF nd utumn sesonsAF sn terms of overll performne @gAD the skill of strem)ow forests ws lrgely improvedD espeilly in thments tht hd very low skill prior to is orretion @iFeFD g vlues well elow zero in pigure RFQAF sn winterD utumn nd springD skill over the i referene is oserved up to four weeks hed in severl thments @even up to (ve weeks hed in spring nd utumnAD while in summerD it is oserved up to two to three weeksF et longer led timesD strem)ow forests show n overll performne equivlent or slightly lower thn the performne of the i methodF ome studies use pst strem)ow oservtions @referred to s strem)ow limtolE ogyA s the referene forest to ssess the skill of strem)ow forests @eFgF rmuer et lFD PHISY etterhll et lFD PHISAF pigure RFIP shows the skill in overll performne nd shrpness when strem)ow limtology is used s referene to lulte the skill of ihwhEm is orreted forestsF es expetedD strem)ow forests generted from is orreted preipittion forests re shrper nd present etter overll perforE mne thn strem)ow limtologyD even for led times of up to twelve weeks in some thmentsF sn one thment @thment IAD skill sores re systemtilly higher thn the sores of the other thmentsF sn this thmentD strem)ow limtology is very wideD with internnul vriility of the sme order of mgnitude s intersesonl vriilityF pigure RFIPX kill of ihwhEm deised strem)ow forests s funtion of the led time for ll thments nd ll sesonsF he skill is omputed sed on the s @topA nd sed on the g @rightA nd the referene is historil strem)owF ih olumn orresponds to the trget seson of forest led timesF ih plotted line represents the performne of thmentF he s digrms in pigure RFIQ show tht the reliility of strem)ow forests is lso improved fter is orreting preipittion forestsF sn winter @htpA nd spring @not shownAD strem)ow forests re now relile nd equivlent to iD lE though forests still show slight tendeny to overpredit strem)owsF sn utumn @not shownAD strem)ow forests re lso relile in most thmentsD ut with tenE deny to underpredit strem)owsF ummer @tteA strem)ow forests re lso more relile thn they were prior to is orretionD ut they still depit poor reliility nd show tht there is room for improvementsF es shown y other studies in ensemle foresting @lhori et lFD PHIPY erkde et lFD PHIQY oulin nd nnitsemD PHISAD simple is orretion of meteorologil inputs is oviously not enough to hieve strem)ow forest reliilityF sn our seD the di0ulties of the hydrologil model in rehing lower strem)ow vlues reminF his highlights the need for tking into ount other soures of hydrologil modelling unertinties nd inluding dditionl postEproessingD trgeting diretly strem)ow forestsF RFTFQ row improvements in preipittion forests propgte to strem)ow forestsc e hve seen tht the use of relile preipittion forests s input to hydrologil model does not utomtilly generte relile strem)ow forestsF sn order to further pigure RFIQX s digrm of strem)ow forests otined from preipittion forests is orreted with ihwhEm @oloured linesA nd ixtended trem)ow redition @grey linesA for led times of QH dys @topA nd WH dys @ottomAF ih olumn orresponds to trget sesonF ih line represents the s digrm in thment for forest horizons within the trget sesonF understnd how improvements in preipittion forests propgte to strem)ow foreE stsD we ompred the skill sores of ihwhEm is orreted preipittion forests with the skill sores of the strem)ow forests generted from these is orreted preipittionsF e foused the nlysis on the four thments previously seleted s representtive of the dtseD iFeF thments PD RD U nd IRF pigure RFIR presents the results for the gD s nd the s @s reA in these four thmentsF he referene forest for the omputtion of the skill sores of the is orreted forests is the rw forestF he skill thus represents mesure of the improvement due to is orretionF kill sores were verged over led times of IH dys to WH dysF sn overll performne @gAD is orreting preipittion forests either led to gin in skill in oth preipittion nd strem)ow forestsD s in thments R nd U nd in some sesons in thment PD or to skill equivlent to the skill prior to is orretionD s in thment IRF ine thments R nd U were the ones with the most ised forests @fF pigure RFSAD there ws more room for improvement in these thmentsF gthment IR hd the smllest is of the four thmentsF fis orretion hd thus little impt on preipittion forestsD nd therefore lso on strem)ow forestsF snterestinglyD the improvement hieved in strem)ow is lwys pigure RFIRX kill sores of strem)ow forests fter orretion with ihwhEm ginst skill sores of preipittion forests fter orretion with ihwhEmF he skill sore of forests orreted with ihwhEm is omputed in regrds to rw forestsF st is then verged over led times IH to WH dys to otin single vlueF esults re shown for ll four sesons in four seleted thments @gthments PD RD U nd IRAF kill sores were otined sed on the g @topAD the s @middleA nd the s digrm re @ottomAF he IXI digonl orresponds to n equivlent performne inrese in preipittion nd strem)owF fis orreting preipittion forests to improve sesonl strem)ow forests US superior to the improvement hieved in preipittionD or equivlent when there ws no gin in skillF st seems therefore tht smll improvement in the overll performne of preipittion inputs @s mesured y the gA n trnslte in greter improvement in strem)ow forestsF sf we look t the skill in shrpness @sA nd in reliility @sA of the ensemE le forestsD we oserve di'erent ehvioursF sn shrpnessD loss in skill ws oserved in thments P nd IRD while gin ws oserved in thments R nd UF hen gin ws hievedD the gin is superior in strem)ow forests thn in preipittion forestsF sf we look t reliilityD skill ws lwys improved y is orreting the preipittion forestsD with skill sores lwys superior to HFQF he gin in strem)ow is minly positiveD ut not lwysD s in the se of preipittion forestsF elthough the mjority of skill sores re superior to HFID some vlues re elow the zero skill sore lineF he gin in reliility from the pplition of is orretion to rw preipitE tion forests isD in generlD superior in preipittion forests thn it is in strem)ow forestsF fsed on our resultsD we n sy tht in thments with smll isesD here repreE sented y thments P nd IRD overll performne ws minly stle from preipiE ttion to strem)ow forestsF roweverD in these thmentsD gin in reliility ws generlly ssoited with loss in shrpnessF sn thments with greter isesD here represented y thments R nd UD overll performneD shrpness nd reliility were improved for oth preipittion nd strem)ow forests y simply is orreting the preipittion forestsF RFTFR ixmple of forest hydrogrphs in seleted thment pigure RFIS presents the hydrogrphs of the forests otined from historil stremE )ow @ristAD iD nd sesonl forests is orreted with vEm nd ihwhEmD from epril PHHR to epril PHHU in thment UF e show forests for led times from QI dys to TH dysD iFeFD forests issued in the previous monthF insemle forests re represented y the medin forests nd two predition intervlsX the PS 7 E US 7 intervl ontining SH 7 of the ensemle memers @drk grey zoneAD nd the S 7 E WS 7 intervl with WH 7 of the ensemle memers @light grey zoneAF yserved strem)ow is lso shownF sn this thmentD sesonl forests hd strong is nd is orretion methods performed wellF he hydrogrph for historil strem)ow represents the internnul vriility in strem)ow in the thmentD exept tht the forest yer is exluded for rossE vlidtionF st relies on pst oservtions of strem)ow nd does not inlude sesonl meteorologil forestsF e n see tht the oservtions fll within the forest rnges in most sesD whih inditesD s expeted with limtologyD good forest reE liilityF roweverD the forest lks shrpness during lowE)ow periodsF eury of the medin forest isD in generlD goodD lthough too high nd low pek )ows re not pigure RFISX rydrogrphs otined with historil strem)owD iD sesonl forests orE reted with vEm nd sesonl forests orreted with ihwhEm in thment U from I epril PHHR until I epril PHHUF he vertil xis is logrithmiF he lue line represents the oserved strem)owF he grey shded res present the forests issued in the previous monthD iFeF QI to TH dys prior to the oservtionsF fis orreting preipittion forests to improve sesonl strem)ow forests UU well reproduedF he forests otined with the i method use pst oservtions of preipittion s input to the hydrologil model rther thn sesonl meteorologil forestsF hey show visile improvements in shrpness during low )ow periodsD while reliility seems preservedF eury of the medin forests seems equl or lower thn oserved with historil strem)owF he hydrogrphs representing the strem)ow forests otined from is orE reted ystem R preipittion sesonl forests show forests tht re sometimes even shrper thn i forestsD s seenD for instneD for the rising lim in PHHSF yverllD the oserved strem)ow flls within the forest rngesF sn some situtionsD s in the pek event in eugust PHHRD predition intervls of is orreted sesonl forestsD prtiulrly in the ihwhEm seD re loser to oservtions thn i foreE stsF sn generlD visul di'erenes in qulity etween sesonl strem)ow forests otined from preipittion forests orreted with vEm nd ihwhEm re hrdly notieleF elthough ihwhEm forests seem to present slightly lrger predition intervlsD whih ould result in etter reliility ut lower shrpness omprtively to vEmD the ury of their medin forests is prtilly identilF he visul inspetion of these grphs for ll thments indites similr resultsF elthough our nlyses nd evlution riteri hve indited the ihwhEm s the preferred method for the studied thmentsD vEm lso yields good improvements in preipittion nd strem)ow forestsF ine this method is esier to implementD it n e n lterntive to the pplition of ihwhEm in opertionl foresting systemsF RFU hisussion nd onlusions e ssessed the qulity of igwp ystem R preipittion forests for sesonl strem)ow foresting in IT thments in prneF e evluted rel preipitE tion forests over the thments nd strem)ow forests generted from inputting preipittion forests to lumped hydrologil modelF esults show thtD in most thmentsD rw @unorretedA ystem R preipittion forests re shrper thn preE ipittion limtology @iFeFD ensemle forests uilt from limtologil preipittionsA in ll sesonsF roweverD rw preipittion forests show poor reliility nd tenE deny to overpredit preipittionsF vikewiseD strem)ow forests generted from rw ystem R preipittions re shrperD ut fr less relile thn forests sed on the i pproh @iFeFD ensemle forests otined from running the hydrologil model with urrent initil onditions nd pst oserved preipittionsAF etD in overll perE formneD rw preipittion forests yield improvements up to two weeks in ll thE ments over preipittion limtologyD nd strem)ow forests yield improvements up to three to four weeks over i in some thmentsF sn generlD improving forest reliilityD while mintining @or not diminishing too muhA forest shrpnessD ws lerly hllenge for is orretion methodsF en inEdepth nlysis of the ises of ystem R sesonl preipittion forests showed strong monthly ises sometimes hidden t the sle of the yerD depending on the thmentF fis orretion methods lirted over the whole yer were therefore less e0ient when evluting forests over lendr monthsF sn the mjority of thE mentsD the empiril distriution mpping of dily vlues @ihwhA or the simple liner sling method @vA pplied to rw ystem R preipittion forests showed more e'eE tiveness in orreting the yerly ut lso the monthly isesF hese methods lso gve the highest inrese in overll performne for strem)ow forestingF impiril disE triution mpping of dily vlues lirted for eh lendr month @ihwhEmA ws prtiulrly e0ient to inrese reliility of preipittion nd strem)ow forestsD while liner sling @vEmA led to higher improvements in shrpness nd uryF he ihwhEm is orretion method ws further investigted to etter underE stnd its impt on the skill of is orreted sesonl forests in the studied thE mentsF yverllD the pplition of is orretion redued the di'erenes in forest performne etween sesons nd thments for preipittion nd strem)ow foreE stsF elsoD is orretion ensured tht preipittion nd strem)ow forests were t lest equivlent in performne to the historil preipittions nd strem)ow forests sed on historil preipittionsD respetivelyD up to three months hedF sn thE ments with greter isesD overll performneD shrpness nd reliility were improved for oth preipittion nd strem)ow forests y simply is orreting the preipitE tion forestsF yverll performne ws minly stle in thments with smll isesF roweverD in these thmentsD gin in reliility ws generlly ssoited with loss in shrpnessF he evlution of forests fter is orretionD for the purposes of opE ertionl pplitions on wter nd risk mngementD my therefore involve trdeEo' etween shrpness nd reliilityF purthermoreD while preipittion forest reliility is improved with is orretionD the evlution of strem)ow forest reliility shows tht there is still room for improvementF xotlyD is orretion of preipittion inE puts ws not enough to hieve good reliility in summer strem)ow forestsF his highlighted the need for dding step of strem)ow postEproessing to the foresting systemF his study ompred eight simple is orretion methods to orret preipittion sesonl forests nd investigted how one of them impts the skill of strem)ow forestsF he thments studied were not in)uened y snowmelt )ows nd thus only preipittion ws onsidered in the is orretion proeduresF sn other ontextsD it my e interesting to lso inlude is orretion of temperture forestsD with pproprite methods to onsider speEtime interdependenies of the meteorologil vrilesF he expliit onsidertion of temperture forests ould lso ene(t the skill of low )ow forests in summerD when evpotrnspirtion n ply ruil roleF everl other pprohes for postEproessing nd is orretion existD for instneD sed on wy tehniquesD speEtime disggregtion shemes or fyesin wodel evE fis orreting preipittion forests to improve sesonl strem)ow forests UW erging @qneiting et lFD PHHSY ftery et lFD PHHSY viu et lFD PHIQY remri et lFD PHIRAF hese ould e investigted to ontriute to the omprehensive omprison of options for is orreting preipittion nd temperture forests prior to sesonl strem)ow forestingF vstD other foresting methods seleting historil preipittions sed on limte inditors hve een investigted in the literture for sesonl hydrologil foresting in regions where strong orreltions hve een oservedD eFgF in the nited ttes or in eustrliF sn prneD wek orreltions hve often shown tht limte inditors my not e dpted to forest preipittions t the sesonl sleF roweverD the use of inditors derived from sesonl forests ould potentilly improve the seletion of pst preipittion senriosD whih might enhne the skill of i methods to forest strem)owF esonl strem)ow foresting y onditioning limtology with preipittion indies his hpter is sed on pper under review in Hydrology and Earth System Sciences X grohemore vFD mos wFErFD ppenerger pFD errin gFD PHITF esonl strem)ow foresting y onditioning limtology with preipittion indiesF rydrology nd irth ystem ienes hisussionsD doiXIHFSIWRGhessEPHITEPVSF ¡ esum¡ e hns le hpitre pr¡ e¡ edentD nous vons montr¡ e que l orretion du iis des pr¡ evisions sisonni eres de pr¡ eipittions du giww peut m¡ eliorer l qulit¡ e des pr¡ evisions de d¡ eitsD produites l9ide d9un mod ele hydrologiqueF ves pr¡ evisions de d¡ eits otenues prtir des pr¡ eipittions orrig¡ ees sont (nesD mis restent peu (lesD en ¡ et¡ e pr exempleF hns e hpitreD nous onsid¡ erons d9utres m¡ ethodes dynmiques et sttistiques de pr¡ evision des d¡ eits l9¡ eh¡ ene sisonni ere exploitnt l limtoloE gie des pluies ou les donn¡ ees historiques de d¡ eitsF ges m¡ ethodes ont l9vntge d9¢ etre moins o¢ uteuses en ressoures informtiques et de produire des ensemles (lesD mis ne ¡ en¡ e(ient ps des informtions sp¡ ei(ques u jour de l pr¡ evisionF v9ojetif de e hpitre est de onditionner es m¡ ethodes de pr¡ evision des d¡ eits s¡ ees sur les donn¡ ees historiques prtir des pr¡ evisions pr¡ esent¡ ees dns le hpitre pr¡ e¡ edentD (n de ¡ en¡ e(ier l fois de l (ilit¡ e des pr¡ evisions s¡ ees sur l limtologieD et de l (nesse des pr¡ evisions s¡ ees sur les pr¡ evisions du giwwF our elD des sttistiques longEterme des pr¡ evisions de pluies du giwwD iFeFD le umul de pr¡ eipittions et le s @tndrdized reipittion sndexAD sont utilis¡ ees pour s¡ eletionner des nn¡ ees prmi les nn¡ ees de pr¡ eipittions et de d¡ eits disponilesF ves ensemles produits restent s¡ es sur les donn¡ ees historiques de pluies et de d¡ eitsD mis sont sp¡ ei(ques l p¡ eriode de pr¡ evisionF v (nesseD l (ilit¡ e et les performnes gloles des ensemles produits sont ¡ evlu¡ ees dns seize ssins versnts frn is de IWVI PHIHF ges ensemles sont ensuite ompr¡ es en fontion de leur pit¡ e pr¡ evoir des ¡ ev enements en sses euxD insi que des vriles d9int¡ er¢ et en ¡ etiges telles que le nomre de jours ou le volume d¡ e(itire sous un seuil de sses euxF in(nD les pr¡ evisions sont ompr¡ ees l9ide d9un grphique d9¡ evlution des risques (n d9illustrer es di'¡ erenes de performnes dns le s de l s¡ eheresse de PHHQ dns un ssin frn isF ves r¡ esultts de l9¡ etude montrent que les s¡ eletions s¡ ees sur le sD et en prE tiulier le s lul¡ e sur trois mois @sQAD produisent des ensemles ux perforE mnes plus homog enes entre ssins que les utres m¡ ethodes de s¡ eletionF ves enE semles produits ve ette s¡ eletion sont (les et plus (ns que les ensemles de d¡ eprt s¡ es sur l limtologieF our des horizons sup¡ erieurs un moisD les perforE mnes des ensemles s¡ eletionn¡ es ressemlent ux performnes des pr¡ evisions issues des pr¡ eipittions du giwwF v9¡ evlution de l disrimintion des ensemles de pr¡ evision montre de ons r¡ esultts pour les ensemles issus du mod ele hydrologique @pprohe dynmiqueAF in(nD une pplition u s de l s¡ eheresse de PHHQ montre que les pr¡ evisions s¡ eletionn¡ ees peuvent ider pr¡ evoir des ¡ ev enements extr¢ emes de mni ere plus pr¡ eiseF trem)ow foresting y onditioning limtology with preipittion indies VQ estrt wny (elds suh s drought risk ssessment or reservoir mngement n ene(t from longErnge strem)ow forestsF glimtology @iFeF time series of limte onditions reorded over long time periodA hs long een used in longErnge strem)ow foreE stingF sn the lst dedeD the use of oupled generl irultion model @qgwA outputs s input to hydrologil models hs developedF hile preipittion limtology nd historil strem)ows o'er relile ensemlesD forests sed on qgw outputs n o'er shrper ensemlesD prtly due to the initilistion of qgws nd hydrologil modelsF his study proposes to ondition historil dt sed on qgw preipittion foreE sts to get the most out of oth dt soures nd improve sesonl strem)ow foreE sting in prneF pour onditioning sttistis sed on igwp ystem R forests of umultive preipittion or of the tndrdized reipittion sndex @sA were used to selet tres within historil strem)ows nd historil preipittionsF his resulted in eight onditioned ensemle forest senriosF hese onditioned senrios were ompred to n ensemle sed on historil strem)owsD to the widespred ixtended trem)ow redition @iA ensemleD nd to ystem R preipittion forests used s input to the qTt hydrologil modelF hese ensemles were evluted sed on their shrpnessD reliility nd overll performneF en overll omprison of forest ensemles showed tht onditioning pst oserE vtions sed on the threeEmonth tndrdized reipittion sndex @sQA improved the shrpness of ensemles sed on historil dtD while mintining good reliE ilityF en evlution of forest ensemles in lowE)ow foresting showed tht the sQEonditioned ensemles provided relile forests of low )ow durtion nd de(it volume sed on the VH th exeedne perentileF vstD drought risk foresting is illusE trted for the PHHQ droughtF SFI sntrodution xumeril predition is vlule to protively mnge risks in res suh s hyE dropowerD drinking wter prodution nd drought prepredness @ilhite et lFD PHHHAF egrdless of the pplitionD proilisti forests re preferred over deterministi ones to onvey unertinties @urzysztofowizD PHHIY mos et lFD PHIQAF he min soures of unertinty tht ply entrl role in informing deisionEmking depend on the vrile eing forestD the forest horizonD ut lso on the lotionF por inE stneD regionEspei( tools hve een developed in the world to predit nd ntiipte drought events weeksD months or even yers in dvne @enderson et lFD PHHHY he0eld et lFD PHIQY geppi et lFD PHIRY ro et lFD PHIRY hukl et lFD PHIRAF xeverthelessD ntiipting river runo' events t long led times remins hllenge @un et lFD PHISAF he preditility of strem)ow t long led times lies in the initil hydrologil onditions nd the meteorologil foringF eserh hs shown tht the reltive role of eh soure of preditility minly depends on the studied sinD the forest seson nd the forest led time @hukl et lFD PHIQY ood nd vettenmierD PHHVY ossef et lFD PHIQAF ossef et lF @PHIQA showed tht in estern iuropeD from tuly to ytoerD strem)ow forests re more dependent on meteorologil foring thn they re on initil onditionsD even one month hedF he onlusions of hukl et lF @PHIQA re quite onsistent with these (ndingsF hey found tht the preditility of forest issued in tuly in prne lies in the meteorologil foring for horizons longer thn three monthsF roweverD their results t shorter led times re more nunedD with preditility eing led either y initil onditions or meteorologil foringD depending on the geogrphil lotion in prneF sn prtieD two pprohes re often used to forest strem)ow t the sesonl sle @isey et lFD PHHTAF ttistil pprohes rely on pst oservtions nd sttisE til reltionships etween preditor nd preditndF hynmil pprohes rely on oupled generl irultion model @gqgwA outputs or pst oservtions to feed hydrologil rinfllEruno' modelF he hoie of one pproh over the other will depend on the purpose of the forestD the region of interest nd on the ville dtF wore importntlyD some studies hve shown tht the two pprohes n omplement nd ene(t from eh other @flok nd jgoplnD PHHWY eiert nd rmuerD PHISAF glimtology @pst oservtionsA is onsidered good inditor of the rnge of posE sile outomes for given time of the yerF hy @IWVSA introdued the ixtended trem)ow redition @iAD whih is n pproh tht uses preipittion limtolE ogy s input to hydrologil model previously initilised for the forest dteF his pproh hs een extensively usedD for reserh purposes nd opertionllyD in seE sonl strem)ow foresting @ng et lFD PHIIA nd reservoir opertions @per nd tedingerD PHHIAD mong other (eldsF en lterntive to limtology is the sesonl forests issued y gqgws @un et lFD PHISAF hile these re initilized nd fored for spei( forest dyD preipittion limtology simply provides rnge of wht hs een previously oserved on the forest dyD regrdless of the urrent tmospheri sitution nd ltest oservtionsF wore reentlyD reserh hs foused on (neEtuning the trditionl i method y seleting relevnt yers within the limtologyF sn tht ontextD severl studies hve proposed to ondition or weight pst oservtions sed on limte signlsF he proE posed pprohes re ommonly divided in preEi @prior to hydrologil modellingA nd postEi pprohes @fter hydrologil modellingAF sn xorthern emeriD sevE erl studies hve tken dvntge of the in)uene of the il xi£ no outhern ysilltion @ixyA nd the i( hedl ysilltion @hyA to improve the skill of sesonl forestsF rmlet nd vettenmier @IWWWA seleted pst preipittions sed on teE gories of ixy nd hy to feed hydrologil model for strem)ow forestingD ndD lter onD for reservoir opertion @rmlet et lFD PHHPAF erner et lF @PHHRA seleted nd weighted tres sed on the ixy efore nd fter hydrologil modellingF he uE thors showed tht the postEi method yielded greter improvements in forest skill thn the preEi methodF heir postEi method ws reently pplied y rmuer et lF @PHISA in outhern efriF qoen nd qn @PHIHA used the hy in severl preE nd postEi resmplingD inluding preEi pproh ene(ting from monthly preE ipittion nd temperture sttistilly derived from limte model outputsF eent studies hve investigted the use of multiple other limte indies in postEi tehE niques @xj( et lFD PHIPAF et the sle of the gloeD vn hijk et lF @PHIQA seleted tres within preipittion limtology sed on limte inditors tht were proven in)uentil for the region nd time periodF hey showed tht using limte informtion improved forest skill in outhest esi nd outh emeriF sn iuropeD teleonnetions show omplex ptterns nd strongly depend on the seE son @sonit et lFD PHISAF fierkens nd vn feek @PHHWA exploited the teleonnetion found etween winter preipittions nd the xorthern etlnti ysilltion @xeyA to selet tres within the preipittion limtology nd forest sesonl strem)owsF sn gzeh epuliD § ¡ %pek nd h § nhelk @PHISA rn hydrologil model with syntheti series of preipittion nd temperture generted from limte forests nd historE il meteorologil seriesF sn prneD uquet et lF @PHHVA forest low )ows in the hine river y seleting pst preipittion senrios tht were lose to the forest dy in terms of previous mounts of preipittionF yther pprohes hve onsisted in diretly tking pro(t of the informtion o'ered y long strem)ow reordsF por instneD vensson @PHITA seleted nlogues within historil strem)ows sed on the strem)ow nomly oserved in the month prior to the forest dteF he uthor imed to forest men strem)ow over the oming month or the oming three months in the nited uingdomF sn gliforniD grpenter nd qeorgkkos @PHHIA nd o nd qeorgkkos @PHHIA tested severl strem)ow foresting methods to forest the in)ows to the polsom vkeF fsed on the hypothesis tht st is not neessry FFF tht low skill in reproE duing regionl preipittion is n index of the utility of qgw informtion for systems ting s lowEpss (ltersD suh s the hydrologil nd reservoir systems reF grpenter nd qeorgkkos @PHHIA onditioned historil preipittions sed on the preipittion nomly forest y qgwF hey found tht this onditioning ws prtiulrly e0E ient to forest the low QHEdy in)ows to the lkeX qlol limte model informtion from the gndin oupled glol limte model gqgwI ene(ts the men forests sigE ni(ntly minly for low oserved QHEdy in)ow volumesF o nd qeorgkkos @PHHIA ompred this method with the i methodD nd with forest ensemle onditioned from historil strem)ows sed on the ltest oserved reservoir in)owsF hey found tht the qgwEonditioned ensemle outperformed the i methodD lthough the enE semle onditioned from historil strem)owsD whih ws the most relileD mnged to ompletely eliminte )ood dmge nd generte more energy thn the other two ensemlesF his study proposes to investigte how seleting historil dt sed on forest preipittion indies ontriutes to the skill of sesonl strem)ow forestsF yur pproh selets tres of pst oserved preipittions nd strem)ows sed on preE ipittion indies derived from the ystem R sesonl preipittion forests issued y the iuropen gentre for wediumErnge ether porests @igwpAF he im is to generte forests tht ene(t from the reliility of limtologyEsed ensemles nd the shrpness of ystem R preipittion forestsF sn the previous hpterD we ssessed the performne of ystem R preipittion forests for sesonl strem)ow forestingF hespite the good overll performne of the strem)ow forests fter is orretionD we still oserved lk of reliility of the forests generted with the hydrologil model in summerF sn ordne with the results from grpenter nd qeorgkkos @PHHIAD we evlute the proposed methods in ontexts of low )ows nd droughtsF etion SFP presents the dt nd the methodology used to uild strem)ow foreE stsF sn etion SFQD we present the evlution of the di'erent studied senriosF pirstD we nlyse the impt of the onditioning on the overll performneD shrpness nd reliility of sesonl strem)ow forests over the whole yerF henD we investigte the disrimintion nd reliility of the ensemle predition systems to forest lowE )ow eventsF e lso illustrte the performne of our pproh in foresting drought risks through the se of the PHHQ severe drought in prneF sn etion SFRD we disuss the min outomes nd perspetives of the studyF SFP ht nd methods SFPFI yserved nd forest hydrometeorologil dt wen rel oserved preipittion nd potentil evpotrnspirtion dt ome from the epex renlysis of w¡ et¡ eoEprneF hily strem)ow dt t the outlet of eh thment ome from the prenh rhy ntionl rhiveF esonl preipittion foreE sts re from igwp ystem RF hey were ggregted t the thment sle nd only the (rst WH dys of the forest horizon were onsideredF ghpter I provides the detiled desription of the oserved nd forest hydrometeorologil dtF sn ghpE ter RD we ompred severl methods to is orret ystem R preipittion forests for sesonl strem)ow forestingF e showed tht the empiril distriution mpping of dily vlues improved the reliility of oth preipittion nd strem)ow forestsF pollowing these resultsD the ystem R preipittion forests used in this hpter were previously is orreted with this methodF SFPFP gthments nd hydrologil model he thment set used in this hpter is the sme s in ghpter RF st inludes IT thments spred over prneD whose min hrteristis nd lotions re presented in ghpter IF sn these thmentsD low )ows re oserved etween wy nd ytoerF yne of the mjor drought events in these thments is the PHHQ droughtD whih used pproximtely ISDHHH deths nd ost over illion euros just in prne @xiD PHHRY oumd ere et lFD PHHSAF his drought event is used to illustrte the work on drought risk ssessment in etion SFQFQF he oneptulD reservoirEsed qTt hydrologil model @ushplth et lFD PHIIA ws run t the dily time step with dily preipittion nd potentil evpotrnspirE tion inputs t the thment sleF he model output is the dily strem)ow t the thment outletF snternnul potentil evpotrnspirtion ws used to fous solely on the in)uene of preipittion inputs on strem)ow forestsF he model ws liE rted in eh thment with the ulingEqupt i0ieny @qupt et lFD PHHWA pplied to inverse )ows @KGE iQ A to fous on the lowest )ows of the hydrogrphF hetils on the hydrologil model nd on the foresting frmework re desried in ghpter PF SFPFQ ivlution frmework he qulity of the forests ws evluted t the dily time step nd up to WH dys hedF e ssessed the shrpness nd the reliility of the ensemle forest systems following the prdigm introdued y qneiting et lF @PHHUAD whih is mximizing shrpness while gurnteeing reliilityF hese were ssessed sed on the snterquntile nge @IQRAD nd on the s digrm nd its reF he overll performne nd the disrimintion of the forests were lso evluted through the gontinuous nk roility ore @CRPSA nd the yg digrm nd its re @egAD oth omputed sed on the VH th exeedne perentileF hetils on the evlution riteri nd the normlized skill sore used in this hpter re presented in ghpter QF SFPFR porest senrio uilding method ileven ensemle forest senrios were ompred sed on their performne in foreE sting strem)owsF hree senrios re sed on methods ommonly used in sesonl strem)ow forestingF hese re nmed se ensemles in the followingF he reE mining eight senrios re sed on these se ensemles nd spei( onditioning sttistisF le SFI summrizes the di'erent ensemle forest senrios ompred in this studyF hesription of se ensemles he simplest ensemle forest senrio uses the longEterm sttistil vriility of historil strem)owsF st is ssumed tht the strem)ow t given dy of the yer is likely to fll within the rnge of pst strem)ows oserved in previous yersD on tht sme dyF eprt from the neessity to hve long time series of strem)ow reordsD this ensemle is not omputtionlly ostlyF st is nmed rist herefterF enother se ensemle is the trditionl i methodF st requires hydrologil model nd long time series of preipittion reordsF his ensemle is sed on the ssumption tht the preipittion of given dy is likely to fll within the rnge of pst preipittions oserved in previous yersD on tht sme dyF por given forest dyD preipittion ensemle is thus uilt y using preipittions oserved in previous yersF he preipittion ensemle hs s mny memers s the numer of yers ville in the preipittion reordF he sttes of the qTt hydrologil model re (rst initilized with one yer run up to the forest dteF he preipittion ensemle nd internnul evpotrnspirtion re then used s input to the modelF he third se ensemle uses the igwp ystem R sesonl preipittion forests s input to the qTt hydrologil modelF foth the ystem R qgw nd the hydrologil model re initilized for the forest dyF his ensemle n e onsidered the most ostly in terms of implementtion nd omputtionl needsF rerefterD this ensemle is nmed ysRF hesription of onditioned senrios prom the se ensemlesD we uilt eight other senrios y seleting tres within the rist nd the i ensemlesF he onditioning ws sed on sttistis derived from the ystem R preipittion forestsF pour sttistis were omputed for eh forest dte nd eh memer of the sesonl foresting systemF wo re sed on umultive rinfllsD nd two on the stndrdized preipittion index @sAF he s trnsforms the distriution (tted to long preipittion reord into norml distriution @wuee trem)ow foresting y onditioning limtology with preipittion indies VW le SFIX ummry of the methodology used to uild the ensemle forest senriosF et lFD IWWQY wyD PHIPAF en s vlue of H orresponds to onditions lose to the longEterm verge of preipittionsF xegtive @positiveA s vlues orrespond to drier @wetterA onditionsF he four onditioning sttistis reX E the umultive preipittion forest over the (rst three months of led time @umQAY E the series of umultive preipittion forest over the (rstD seond nd third months @iFeF one vlue per led timeD umIAY E the s over the (rst three months ltogether @sQAY E the s over the (rstD seond nd third months seprtely @iFeF one vlue per led timeD sIAF he sttistis @s or preipittion volumeA derived from ystem R forests re then used to selet tres within rist nd iF por tht purposeD sttistis re lso omputed for sequenes of historil preipittionsF rereD we onsider sequenes tht strt within IS dys of the forest dteD oserved in yers di'erent from the forest yerF por given forest memerD the sequene tht is the losest in terms of the iulidin distneD nd with regrd to the onsidered sttistisD is seletedF xote tht di'erent forest memers n e ssoited with the sme losest historil sequeneF yne the sequenes re seletedD two options n then led to strem)ow forest ensemleX @A the seleted preipittion sequenes n e used s input to the hydrologE il model to generte strem)ow forest ensemle @iumQD iumID isQD isIAD or @A the historil strem)ows orresponding to the seleted sequenes n e diretly used s ensemle memers to uild strem)ow enE semle @ristumQD ristumID ristsQD ristsIAF sn the ltter seD onditioning strem)ow sequenes sed on rinfll sttistis my result in unE relisti forests due to initil onditions fr from wht is oserved on the forest dteF hereforeD when diretly seleting senrios from pst strem)ow oservtionsD the lst oserved strem)ow is dded s onditioning riterion in the omputtion of the iulidin distneF fefore evluting the performne of the eleven ensemle forest senriosD we evluted the skill of ystem R in foresting the onditioning sttistis @umultive preipittions nd sAF pigure SFI shows the skill in overll performne @gA nd in shrpness @sAD nd the reliility @s digrmAF he referene forest used to ompute the skill sores is historil preipittions @iFeF limtologyAF egrdless of the onsidered sttistiD ystem R performs s well s limtology while eing shrperF sn dditionD s forests issued from ystem R re relile overll nd in stndrd preipittion onditionsF sn dry onditions @iFeF s vlues smller thn EIAD howeverD forests tend to overestimte s vluesD while in wet onditions @iFeF s vlues greter thn IA forests tend to underestimte s vluesF imilr s digrms re oserved with s forests from historil preipittions @not shownAF hutr et lF @PHIRA did similr omprison nd showed tht ystem R forests performed etter thn or similrly to historil preipittions to forest s vlues in outh efriF SFQ erformne of the strem)ow foresting sysE tems SFQFI ttistil evlution of ury nd reliility sn)uene of onditioning on strem)ow forests performne e evluted the gin nd loss in skill of dily strem)ow forests due to the four types of onditioning pplied to the rist se ensemleF pigure SFP shows the gD s nd s for led times up to WH dysD nd the s digrm for led time of RS dysF he referene for the omputtion of the skill is ristD iFeF historil strem)ows with ll ville yersF ih line orresponds to one of the IT thmentsF trem)ow foresting y onditioning limtology with preipittion indies WI
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CDF of PIT values pigure SFIX gD s nd reliility of s forests nd forests of umultive preipE ittions produed from is orreted ystem R preipittion forestsF he referene for the skill sores is limtologyF kill sores re presented for sttistis lulted over one month nd three months ltogether @umI nd umQY sI nd sQAF s digrms re presented for sttistis lulted over the (rst three months ltogether @umQ nd sQAF golumns orrespond to sores omputed for sumsD s vluesD s vlues smller thn EI @dryAD s vlues within EI nd I @normlA nd s vlues greter thn I @wetAF he (rst onlusion from this (gure is tht ll four onditionings led to similr resultsF heir impt on forests reliility @sA nd shrpness @sA is uniform over the led timesD while their impt on overll performne @gA is greter t shorter led timesF gonditioning rist improves shrpness t most led times @s ove zeroA ndD for ll onditioning sttistis @um or sAF roweverD s diret result of nrrower ensemlesD there is derese in the s vlues @reliilityA t most led times @s elow zeroAF xeverthelessD the s digrms t RS dys show tht this derese does not 'et the overll reliility of the onditioned ensemlesX they remin quite relile @s vlues lose to the digonl lineA for ll onditioning sttistisD espeilly when onditioning sed on the sF egrding overll performne @gAD the onditioning inreses performne up to IS to QH dys hed in most thmentsF smprovement is greter when tres re seleted sed on umultive preipittions @umQ or umIA or sQ thn when they re seleted sed on the series of sI vluesF his improvement in overll performne in the (rst led times n e ttriuted to the ft tht the onditioning of historil strem)ow tkes into ount the lst oserved strem)owF et longer led timesD the overll performne of onditioned senrios isD in the mjority of thmentsD equivlent or slightly worse thn tht of ristF sn one of the thmentsD howeverD we oserved improvements up to WH dys hedF his thment orresponds to thment ID in whih internnul strem)ow vriility domintes over sesonlity @fF ghpter IA due to high se )ow indexF e lso exmined the loss nd gin in skill due to onditioning the i se enE semleF pigure SFQ is similr to pigure SFPF st plots the skill sores ginst led time nd the s digrm for led time of RS dysD ut this time the referene used in the omputtion of the skill is iF rere ginD the four onditionings seem to hve similr impt on performneF gonditioned strem)ow forests pper to e s performnt or slightly worse thn i in terms of overll performne @gAD for ll led timesF his often trnsltes in gin in shrpness @sA ssoited with loss in reliility @sAD s oserved with the senrios onditioned from the rist se ensemleF ome distintions etween the onditionings sed on umultive preipitE tions nd the onditionings sed on the s n e seenF pirstD onditionings sed on the s provide more homogeneous results etween thments for ll evlution riteriF e lso oserve tht the loss in overll performne is greter with the ondiE tionings sed on umultive preipittionsD while overll performne of the ensemles onditioned with the s tend to e equivlent to tht of iF he s digrms show tht ensemles seleted sed on umultive preipittions re not perfetly relileD with oservtions too often flling elow the forest rnge in most thmentsF inE semles seleted sed on the s show similr tendenyD ut in fewer thmentsF sn generlD s vlues re loser to the digonl when onditioning sed on s vluesD espeilly with isQD whih gives more relile forests in most thmentsF pigure SFP nd pigure SFQ hve shown tht the onditionings provide quite onsistent resultsD with tendeny to inrese shrpness nd mintin or just slightly derese reliilityF yverll performne is quite stle t ll led timesD when onditioning the i se ensemleF hen onditioning ristD the use of n dditionl ondition on strem)ows to selet tres inreses overll performne in the (rst led timesF gonditioning sed on the s provides more onsistent results etween thments nd tends to produe more relile forests thn onditioning sed on umultive preipittionsF wore spei(llyD onditioning sed on sQ minimizes the loss in reliility nd in overll performne omprtively to the i ensemleF sn the following prgrphs of our nlysisD the qulity of onditioned ensemles is further exploredF he senrios investigted were restrined to ristsQ nd isQF gomprison of onditioned senrios with the ysR se ensemle sn pigure SFRD we ompre the qulity of iD isQD rist nd ristsQ omprtively to ysRF pigure SFR is similr to pigures SFP nd SFQ in tht it represents the skill in overll performneD reliility nd shrpness s funtion of led timeD s well s the s digrms t RS dys ledF he ehviour of i is very similr to tht of isQ with respet to ysRF foth hve etter overll performne thn ysR for led times shorter thn S to IH dysD worse performne for led times from S to IH dys nd up to PH dysD nd equivlent performne t longer led timesF sn terms of reliility nd shrpnessD i nd isQ re overll more relile thn ysR ut not s shrpD though isQ eomes equivlent to ysR for led times longer thn RS dysF he s digrms show tht i nd isQ re visully equivlent in terms of reliilityD though the previously oserved tendeny of oservtions flling elow the forest rnge persists in few thmentsF his tendeny my not e used y preipittion inputs ut y the hydrologil modelF sf we now look t ensemles sed on historil strem)owsD we oserve tht rist performs worse thn ysRD t lest for led times shorter thn SH dysF iven though rist is more relile thn ysRD it is not s shrpD espeilly for led times shorter thn QH dysF ristsQ lso hs lower overll performne thn ysR ut the gp in performne is redued for led times shorter thn IS dysF ristsQD following rist hrteristisD provides forests tht re more relile thn ysRD exept t long led times in some thmentsF gontrry to ristD onditioning llows ristsQ to e s shrp s ysR for horizons longer thn QH dysF he reliility of rist nd ristsQ is on(rmed y their s digrmsF hese digrms lso show tht ensemles sed on historil strem)ows @ristA re more relile thn ensemles sed on preipittion limtology @iAF yverll omprison of se nd onditioned ensemles he ojetive now is to see whether we sueeded in ene(ting from the reliility of limtology nd the shrpness of ysR when onditioning ensemle forest senrE iosF pigure SFS proposes simultneous evlution of the reliility @s reA nd shrpness @sA of isQ nd ristsQF por given thmentD led time nd refereneD the skill in reliility is plotted ginst the skill in shrpnessF ih point orresponds to thmentD eh olumn orresponds to led time nd eh row orresponds to forest ensemleF wo referenes re hosen for eh ensemleX isQ is evluted ginst i nd ysRD nd ristsQD ginst rist nd ysRF ih referene is identi(ed y its olour nd shpe @fF legendAF sf point is loE ted in the upper left prt of the grphD the onditioned ensemle is more relile ut less shrp thn the referene @indited y the olour of the pointA in the orrespondE ing thmentF everselyD if point is loted in the lower right prtD the onditioned ensemle is shrper ut less relile thn the refereneF et estD oth reliility nd shrpness re improvedD nd points re loted in the upper right prt of the grphF et worstD oth reliility nd shrpness re deteriorted with respet to the refereneD nd points re loted in the ottom left prt of the grphF yverllD we n oserve tht the onditioning tends to hve more impt on reliilE ity thn on shrpness @yExes extend further thn xExesAF elsoD onditioned ensemles re generlly more relile ut less shrp thn ysRD nd shrper ut less relile thn the ensemles they re seleted fromF wore spei(llyD we oserve thtX E por led time of IH dysD isQ nd ristsQ n e more relile nd shrper thn the ensemles they re seleted fromF his pplies to most thments with isQD nd to t lest two thments with ristsQY E por led time of QH dysD fewer thments ene(t from gin in oth reliility nd shrpnessF he loss in shrpness nd the gin in reliility with respet to ysR re less pronouned thn for led time of IH dysF por instneD the mximum s vlues for isQ move from HFRS @for led time of IH dysA to HFP @for led time of QH dysA nd those for ristsQ move from HFU to HFRF he gin in shrpness nd the loss in reliility with regrd to i nd rist remin in the sme rnges s oserved for led time of IH dysY E por led time of WH dysD the gin of isQ over ysR is further redued nd vries with the thmentF he sme is oserved to lesser extent for ristsQD even though positive impt of the onditioning on the reliility n still e oserved in severl thmentsF et this led timeD oth isQ nd ristsQ provide forests tht re still shrperD yet less relileD thn the limtology they re seleted fromF pigure SFS n lso e interpreted in terms of distne etween pprohesF sndeedD the @HDHA oordinte orresponds to the lotion of the referenesF prom this perspeE tiveD we oserve tht isQ is loser to i thn to ysR for led time of IH dysF fut s the led time inresesD isQ eomes loser to ysR nd further prt from iF he proximity etween isQ nd ysR t longer led times n e ttriuted to the onditioning itselfF he proximity etween isQ nd i nd their distne to ysR t shorter led times my e ttriuted to the reperussion of the initiliztion of the limte model on ysR strem)ow forestsF sndeedD sine initil hydrologil onditions re the sme for the three forest ensemlesD di'erenes re used y meteorologil forings onlyF he min di'erene etween ystem R preE ipittions nd limtology t suh led times is the initiliztion of the qgwD whih leds to shrper ystem R forests in the (rst led timesF imilrlyD we oserve tht ristsQ eomes loser to ysR s the led time inreses due to onditioningF roweverD its distne to rist remins the sme t ll led timesF his distne is proly due to the use of previous strem)ow onditions s onditioning riterion within ristF herefore the three ensemlesD ristD ristsQ nd ysR re eqully distnt in the (rst led timesF le SFP proposes rnking of the di'erent ensemles investigted sed on overll performneD reliility nd shrpness nd for di'erent led time rngesX from IH to pigure SFSX s @reliilityA versus s @shrpnessA for isQ @upper rowA nd ristsQ @lower rowAD nd led times of IHD QH nd WH dys @olumnsAF isQ is ompred to ysR @redA nd i @greyAD while ristsQ is ompred to ysR @redA nd rist @lueAF ih point represents one of the IT thmentsF QH dysD from QH to TH dys nd from TH to WH dysF he rnkings re sed on the visul evlution of pigure SFRF he men rnk is lulted s the men of the rnks otined in the nine ells of the QxQ tleF yverll performneD reliility nd shrpness re thus onsidered equivlent in this (nl rnkingF xote tht this my not e representtive of opertionl expettionsD sineD in opertionl onditionsD one ould hoose to emphsize one of the three hrteristis over the othersF fsed on le SFPD we n sy thtD if one seeks n overll performing ensemle with IH to QH dys ledD one would use ysRF por horizons longer thn QH dysD i nd isQ o'er good lterntivesF sf one seeksD ove llD relile ensemleD one ould simply use ristD iD or even ristsQ for led times shorter thn QH dysF roweverD for ensemles tht re oth shrp nd relileD nd for horizons longer thn QH dysD one ould turn to the following ensemlesX isQ for n emphsis on shrpnessD or ristsQ for n emphsis on reliilityF trem)ow foresting y onditioning limtology with preipittion indies WW le SFPX nkings of the ysRD isQD iD ristsQ nd rist strem)ow ensemE lesD s evluted y three evlution riteri @in rowsA nd three led time rnges @olumnsAF he men rnk is lulted for eh ensemle nd is simple men of the rnks otined y this ensemle in the nine ells of the QxQ tleF 

SFQFP ttistil evlution of low )ows

e ssess the performne of the ensemle forest senrios to forest summer low )ows nd drought risksF wny wys of hrterizing severe low )ows nd droughts exist in the literture @llksen et lFD IWWUY mkhtinD PHHIY wyD PHHVY wishr nd inghD PHIHAF sn the followingD the lowE)ow vriles onsidered re the lowE)ow durtion nd de(it volumeD oth omputed for the VH th exeedne perentileF sn this setionD only forest horizons flling within the wy to ytoer period re onsideredF gpity of the ensemles to forest lowE)ow events he pity of the di'erent systems to disriminte etween lowE)ow events nd nonEevents is ssessedF pigure SFT presents the rnges of the ere nder the gurve @egA of the yg digrm otined from the (ve ensemle forest senriosD nmely ysRD isQD iD ristsQ nd ristF eg vlues were ssessed for the VH th exeedne perentile nd for led times of IH dysD QH dys nd WH dysF ih oxplot gthers the eg vlues otined in the IT thmentsF he letters elow the oxplots result from the priedmn test @see for instne vowryD IWWWAF his test onsists in onsidering thments s judges of the (ve methodsF he testD whih is sed on rnkings s evluted y the thmentsD ssesses whether the methods re signi(ntly di'erent y ssessing whether their rnkings resemle rndom shu1ingF fsed on this testD two oxplots shring letter t given led time re not signi(ntly di'erentF esults show tht ll ensemles ut rist re very lose in terms of disriminE tionF es expetedD their performne dereses s the led time inresesD exept for ristD whose disrimintion does not vry with the led timeF por ll led timesD i signi(ntly provides the est disrimintion with most eg vlues superior to HFVVF isQ nd ysR re tied in terms of disrimintion nd pper s seond estD with most eg vlues greter thn HFVPF ristsQ is lso very lose to the perforE mnes of ysR nd isQD ut does not sore s high s they doD espeilly for longer led timesF xeverthelessD ristsQ mostly provides eg vlues lrger thn HFVIF rist lwys provides eg vlues etween HFV nd HFWD exept in gthment ID in whih we hve seen tht this ensemle forest hs very low performnesF yverllD ensemles sed on hydrologil modelling @ysRD i nd isQA provide the est skills in disrimintionD t lest for led times shorter thn WH dysD proly euse they tke into ount initil hydrologil onditionsF e note tht ll these onlusions re lso vlid when the TH th exeedne perentile is used s threshold @not shownAF gpity of the ensemles to forest lowE)ow vriles e now ompre the forest systems sed on vriles of interest for wter mngeE ment during low )owsD tht is the weekly de(it durtion nd the weekly de(it volumeF he weekly de(it durtion orresponds to the numer of dys per week during whih the dily strem)ow is elow given thresholdF he weekly de(it volume orresponds to the )ow volume per week elow this thresholdF pigure SFU presents the s res otined with ysRD isQD iD ristsQ nd rist when foresting the weekly numer of dys elow the VH th exeedne perentileF foxplots represent the rnge of s res otined over the thment setF esults re presented for led times of two weeksD (ve weeks nd twelve weeks @olumnsAF eginD letters represent the results of the priedmn testF wo oxplots tht shre letter re not signi(ntly di'erentF pigure SFV proposes the sme evlution for the weekly strem)ow de(it volume elow the VH th exeedne perentileF pigure SFU shows tht the di'erene etween the (ve ensemles is very tenuous when foresting the de(it durtionF por instneD ll lower nd upper qurtiles of ysRD isQD i nd ristsQ re inluded in the [0.01, 0.08] intervl of s re vluesD regrdless of the led timeF yverllD iD isQ or ristsQ perform est to forest the de(it durtionF ell ensemles ut rist provide quite relile forests @s re vlues lose to zeroAF ristsQ is signi(ntly the 
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pigure SFTX nges of the ere nder the gurve @egA of the yg digrm sed on the VH th exeedne perentile for eh of the (ve seleted ensemle forests @ysRD iD ristD isQD ristsQAF foxplots gther the eg vlues for the IT thmentsF he oxes extend to the PS th nd US th perentiles nd the whiskersD to the dt extremesF qrphs re presented for IHEdyD QHEdys nd WHEdy led times @olumnsAF he letters elow the oxplots result from the priedmn testF por given led timeD two oxplots shring letter re not signi(ntly di'erentF est performing ensemle for led time of two weeksF por led time of (ve or twelve weeksD oth i nd ristsQ re the est optionsF he nlysis of the orresponding s digrms @not presentedA showed tht ll ensemles re equivlently relileD exept for ristD whih systemtilly overestimtes the de(it durtionF he gp etween ensemles widens when looking t the de(it volume @pigure SFVAF por led times of two nd (ve weeksD i nd isQ provide onsistently relile ensemlesD nd lower s res thn the othersF por led time of twelve weeksD isQD long with ysR nd ristsQD provide the most relile ensemlesF he orresponding s digrms @not presentedA showed tht ristsQ tends to unE derestimte durtions t ll led timesF insemles issued with hydrologil modelling lso slightly underestimte the de(it volume t long led timesF yverllD isQ systemtilly ppers to e one of the est options to forest de(it volumesF SFQFQ hrought impt evlution pigure SFW illustrtes the se of the PHHQ drought with the strem)ow forests issued on tuly I st PHHQ for the three months hedD in thment SD the ezergues t voznneF ih olumn represents the grphs otined with one of the (ve ensemle forests @ysRD isQD iD ristsQ nd ristAF he upper row presents the grphil representtion we propose to ssess drought risks sed on the ensemle forestsF he grphs represent the de(it durtion ginst the de(it volumeD oth omputed sed on the VH th exeedne perentileF he grph is divided into RW oxes orresponding to possile omintions nd rnges of de(it volumes nd durtionsF he olour within eh of these oxes indites the perentge of ensemle memers tht flls within eh oxF goloured dots represent the oservtion nd two referenesX the IWUT drought nd the historil men durtion nd de(it volume over the forest period @limtologyAF he lower row presents the orresponding hydrogrphs over the forest periodF he lk line represents the oserved strem)owD the red line represents the VH th exeedne perentile nd the lue lines represent the memers of the ensemle forestF ell ensemles produe similr ptternsD ut with di'erent proilitiesF he mxE imum proility is otined with ristsQ with TH 7 of the ensemle memers flling in the sme ellF insemles sed on hydrologil modelling reh mximum proilities of PH to QH 7D nd rist does not exeed proility of IR 7F hese olours trnslte in wy the shrpness of the ensemle forestsF he ojetive with the grph is to hve mximum of drker ells lose to the oservtion @represented y the lk dotAF e oserve tht the grph otined with rist puts equivlent weights to wide rnge of senrios inditing no risk to high risksF his ensemle thus onveys little informtion to ssess drought risksF ristsQD s opposed to ristD o'ers more on(dent risk ssessment with the highest forest proilities nd only three oloured ellsF iighty perent of the forest memers indite drought equivlent or more severe thn tht of IWUTF he high proility my e explined y the ft tht s forest memers were often est represented y the s oserved in the sme driest yer @s suggested y the hydrogrphsAD possily IWUTF he i forest provides wider view of risksD with higher proilities loted in the upper right prt of the grphD nd smll proilities of hving months with moderE tely dry onditionsF i is le to forest more severe event thn oserved during the IWUT droughtF his good performne n only e ttriuted to the initil hydroE logil onditions sine i does not hve ny informtion on future preipittions prt from limtologyF gonditioning i @isQA slightly redues the numer of oloured ells with slightly higher proilities in some of the upper right ellsF he di'erene etween i nd isQ is ler when looking t the hydrogrphsF ith isQD the numer of highE)ow peks is reduedF ysR lso provides quite good risk ssessment sine only upper right ells re olouredF hile ensemles sed on hydrologil modellingD iFeF iD isQ nd ysRD re limited y the pity of the model to reprodue smll lowE)ow vriE tions nd thus slightly underestimte the de(it volumeD ensemles sed on historil strem)ows re limited within the rnge of pst preipittion nd strem)ow senrE iosF his highlights the ft tht the studied methodsD nd here spei(lly ysRD isQ nd ristsQD hve di'erent limittionsD ut lso di'erent ssetsF e hve illustrted their performnes to forest given drought event in prneF e should however keep in mind tht di'erent ontexts might penlize or fvour di'erent methodsF pigure SFWX isk grphs presenting the proilities of de(it durtion versus de(it volume sed on the VH th exeedne perentile @upper rowA nd orresponding hydrogrphs @lower rowAF he mximum proility vries with the ensemle nd the sitution nd is indited in the olour sleF he lk point orresponds to the oservtionD the drk red dot to the drought of IWUT nd the lue dot to the men durtion nd de(it volume oserved in pst strem)owsF ih olumn orresponds to one of the (ve ensemle forestsF porests were issued for the ezergues t voznne @thment SA for the period running from tuly I st to eptemer QH th PHHQF SFR gonlusion e hve investigted the potentil of sesonl strem)ow forest ensemles uilt y onditioning preipittion limtology nd historil strem)ows sed on preipE ittion indies derived from igwp ystem R @qgwA forestsF sn (rst stepD the performne of the onditioned ensemles ws ssessed in terms of overll performneD shrpness nd reliility for led times up to WH dysF rere re the min onlusions from this omprisonX E eleting tres within preipittion limtology or historil strem)ow generE lly improved shrpness nd deresed reliilityF gonditioning sed on the s provided more onsistent results etween thments nd more relile forests thn onditioning sed on umultive preipittionsF wore spei(llyD ondiE tioning sed on sQ improved overll performne s ompred to historil trem)ow foresting y onditioning limtology with preipittion indies IHS strem)ow nd mintined overll performne s ompred to preipittion liE mtology used s input to hydrologil modelD while providing relile forestsF E e simultneous evlution of the shrpness nd reliility of the onditioned enE semles showed tht onditioning led to ensemles tht were more relile nd less shrp thn strem)ow forests generted from ystem R preipittionsD nd less relile nd shrper thn the ensemles they were seleted fromF elsoD the onditioned ensemles ene(t from the informtion of either preipittion limE tology or historil strem)ows t shorter led times nd from the informtion of qgwEsed forests t longer led timesF E insemles seleted from preipittion limtology nd historil strem)ow o'er good ompromise etween shrpness nd reliilityD with n emphsis on shrpE ness with preipittion limtologyD nd n emphsis on reliility with historil strem)owsF he performne of the ensemles in foresting lowE)ow events nd lowE)ow vriE les ws then evlutedD with n illustrtion on the PHHQ drought in prneF heir pity to disriminte etween lowE)ow events nd nonEevents nd their pity to forest strem)ow de(it volume nd durtionD s de(ned y the VH th exeedne perentileD were ssessedF he min onlusions from this seond evlution reX E porest ensemles using hydrologil modelling provided etter disrimintion thn ensemles sed on historil strem)owsF xeverthelessD ll forest ensemE les provided good performneD exept for historil strem)ows for led times shorter thn monthF E iven though di'erenes etween ensemles re tenuous when foresting lowE)ow durtionD the gp widens when foresting de(it volumeF he ensemle seleted within preipittion limtology systemtilly provides some of the most relile de(it volume forestsF E vstlyD grphi representtion of the forest drought risks ws proposedF st ws illustrted with the PHHQ droughtF e showed thtD for this drought eventD enE semle forests sed on onditionings within limtologies @either preipittion or strem)ow limtologyA provided good drought risk ssessmentF e investigted onditionings within limtology solely sed on pst preipittions nd thment onditionsF s vlues were omputed fter n ggregtion of ystem R preipittion forests t the thment sleD therefore the onditioning nd the sptil ggregtion were independentF purther investigtions ould ssess the potentil of this method for sptil downsling of ystem R preipittion forestsF yne importnt prmeter to forest low )ows nd droughts is the tempertureF e more dvned pproh would onsist in seleting pst senrios sed on the is @tndrdized reipittionEivpotrnspirtion sndexA lulted from sesonl preipittion nd temperture forestsF pinllyD other types of omintions n e found in the literture nd ould e investigted long with the proposed onditioningsF es n exmpleD erner et lF @PHHSA or hukl et lF @PHIPA hve investigted the use of mediumErnge wether forests to improve longErnge forestingF hese pprohes re sed on the ft tht shortEterm events re well forest y shortEterm to mediumEterm forests issued y qgws nd tht the ene(t from mediumErnge forests n e extended to longer led times through the inerti of thmentF III eservoir wngement 6 isk ssessment tool for the erzl reservoir during lowE)ow periods

¡ esum¡ e hns les hpitres pr¡ e¡ edentsD nous vons ¡ evlu¡ e l qulit¡ e des pr¡ evisions sisonni eres de d¡ eits en prne et illustr¡ e leur potentiel pour l pr¡ evision des ¡ etigesF in e'etD les outils d9¡ evlution des risques peuvent tirer pro(t des pr¡ evisions longEtermeD (n d9ider l gestion de l ressoure en eu ou l prise de d¡ eision des l¢ hers de r¡ eservoirs pour les mois venirF ve rrge d9erzl se situe l9emouhure de l ilineD juste vnt qu9elle ne se d¡ everse dns l9y¡ en etlntiqueF sitution en fit une rri ere entre l9eu sl¡ ee de l9o¡ en et l9eu doue de l ilineD r¡ ent une retenue d9eu doue de SH wm 3 F gette retenue est utilis¡ ee pour l9pprovisionnement en eu potle et l9irrigtionF he plusD le rrge permet l nvigtion et l migrtion des poissons entre l9o¡ en et l rivi ereF ve r¡ eservoir don un r¢ ole l¡ e dns l gestion de l ressoure en euD notmment dns le ssin vl de l ilineF v9ojetif de e hpitre est d9nlyser le potentiel d9un outil d9¡ evlution des risques en ontexte de sses eux pour le r¡ eservoir d9erzlF

xous ommen ons pr d¡ erire plus en d¡ etil le r¡ eservoir multiEusge d9erzl et s gestionD et nous pr¡ esentons les donn¡ ees de gestion disponiles insi que le mod ele de iln d9eu du r¡ eservoir que nous vons mis en pleF ne nlyse pr¡ eliminire des donn¡ ees hydrom¡ et¡ eorologiques et de gestion du r¡ eservoir nous permet de mieux omprendre les strt¡ egies de gestion du rrge et l9importne reltive des entr¡ ees et sorties du r¡ eservoirF gette nlyse montre que le mod ele de iln est tr es r¡ etif ux entr¡ ees d9eu provennt du ssin montD insi qu9ux sorties des vnnes et volets qui permettent ux gestionnires de ontr¢ oler le niveu du r¡ eservoirF ve mod ele est ensuite utilis¡ e pour reproduire les niveux de r¡ eservoir sur l p¡ eriode de wi ytoreD iFeFD l p¡ eriode de sses eux dns le ssin de l ilineF in(nD le mod ele est utilis¡ e pour estimer le risque de ne ps pouvoir mintenir un niveu minimum dns le r¡ eservoir entre wi et ytoreF our ¡ evluer e risqueD des pr¡ evisions sisonni eres de d¡ eits @iAD ¡ etudi¡ ees dns les hpitres pr¡ e¡ edentsD sont utilis¡ ees en entr¡ ee du mod ele de ilnF ves sorties des vnnes et volets sont optimis¡ ees pour mintenir un niveu ojetif dns le r¡ eservoirD tndis que les sorties li¡ ees ux utres usges sont suppos¡ ees onstntes et mximlesF ves pr¡ evisions de niveux de r¡ eservoir insi otenues nous permettent d9identi(er le risque de frnhir le seuil miniml dns le r¡ eservoir et de d¡ eterminer le nomre de jours et le nomre de memres de l pr¡ evision d9ensemle tteignnt e seuilF ges vriles d9int¡ er¢ et pour l gestion du risque sont r¡ eunies dns un grphique d9¡ evlution du risque propos¡ e l (n du hpitreF ves grphiques ont ¡ et¡ e produits retrospetivement pour les p¡ eriodes de sses eux de PHHS PHIH (n d9¡ evluer leur potentiel en onditions op¡ ertionnellesF isk ssessment tool for the erzl reservoir III estrt isk ssessment tools n help ntiipte nd orroorte deisions in reservoir mnE gementF he erzl dm in frittnyD prneD is loted t the outlet of the iline river sinD just efore the etlnti yenF feing rrier to the slt wter of the oenD it retes SH wm 3 freshwter reservoir tht serves multiple wter usesX drinkE ing wterD )ood ontrolD irrigtionD siling nd (sh yEpssingF he reservoir thus plys n essentil role in the regionl wter mngement systemD nd more spei(lly in the lower iline river sinF sn this hpterD we desrie the multiEpurpose erzl reservoirD the elements of the erzl dmD the ville reservoir mngement dt nd wter lne model of the reservoir tht we hve developedF e preliminry nlysis investigtes the mngement of the dm sed on reservoir mngement dt nd hydrometeorologil dtD nd the reltive importne of in)ows nd out)owsF his nlysis shows tht the erzl reservoir model is very retive to in)ows from the upstrem thment nd to out)ows through the shutters nd sluie gtes of the dmF he reservoir wter lne model is then used to ssess the potentil to reprodue reservoir levels etween wy nd ytoerD iFeF the lowE)ow period in the iline river sinF he model is lso used to estimte risks in the erzl reservoirF sn the risk ssessment frmeworkD the model is run with sesonl ensemle in)ow forests nd onstnt mximum out)ows for the di'erent wter usesF yut)ows through the gtes nd shutters re optimized to mintin onstnt ojetive level in the reservoirF he ensemle of reservoir level simultions thus otined llow us to estimte the risk of not eing le to mintin onstnt level in the reservoir throughout the wy to ytoer periodF his risk is qunti(ed in terms of numer of dys spent elow minimum eptle reservoir level nd in terms of the numer of ensemle memers rehing this low thresholdF hese vriles were summrized in risk ssessment grph proposed t the end of the hpterF qrphs re produed retrospetively for the wy to ytoer periods of PHHS to PHIH in order to evlute the potentil of these grphs in opertionl onditionsF TFI sntrodution he erzl dm @or erzlEgmo¤ el dmA is loted t the mouth of the iline river sinD just efore the etlnti yen @pigure TFIAF st ws uilt in IWUH with the ojetive to redue )ood risks upstrem the iline estury nd hs een mnged y se sine then @snstitution d9em¡ engement de l ilineAF feing rrier etween the freshwter of the iline iver nd the sline wter of the etlnti yenD the dm prevents wter from the etlnti tides from entering the river nd thus limits the risks of )ooding from the omintion of high tides nd high )ows oming from the iline riverF pigure TFIX he erzl dm seen from upstrem @topAD from downstrem with the lok in the foreground @ottom leftA nd from downstrem with lterl view of the dm @ottom rightAF he dm retes SH wm 3 reservoir of freshwter tht is used for drinking wter supply in the regionF e wter tretment plnt loted t p¡ erel with mximum tretment pity of IHHDHHH m 3 per dy supplies IS to PH wm 3 of freshwter nnullyF huring the summer sesonD up to one million inhitnts re supplied with drinking wter from this plntF he erzl reservoir is the surfe wter mss tht is the most impted y wter withdrwls in the iline sin @eqiD PHISAF sndeedD erzl is the min withdrwl point with more thn IS wm 3 of wter withdrwn per yer from surfe wter nd up to VHDHHH m 3 of wter pumped per dy for drinking wter supplyF sn ddition to eing key element in )ood risk redution nd drinking wter supplyD the dm is loted in key re for leisure otingF eout ITDHHH ots ross its lok eh yer to nvigte from the iline to the oenD nd vie versD minly during the isk ssessment tool for the erzl reservoir IIQ summer sesonF he dm lso llows for (sh migrtion from one side of the dm to the other y mens of (sh pss nd (sh ldderD in opertion sine utumn IWWSF sn summerD during low )owsD the mngement of the dm fousesD (rst nd foreE mostD on supplying drinking wter to the lol nd tourist popultionD ut lso on enling lok openings for leisure ot silingF en dequte wter quntity nd good wter qulity in the reservoir re required to mke possile nd minimize the osts of drinking wter produtionF e minimum level in the reservoir is lso required to filitte ots getting in nd out of the lok nd to ensure the orret funtioning of the pumps tht send wter from the reservoir to the wter tretment plntF roweverD s leisure oting nd lok openings intensifyD the intrusion of sline wter in the reservoir eomes more frequentD degrding wter qulityF hese intrusions omined with lower wter in)ows during dry periods in summerD n threten oth the wter quntity nd the wter qulity in the reservoirF es resultD during the summer sesonD the mngement ojetives for the erzl reservoir onsist in ensuring dequte levels in the reservoir to preserve the esturine environment nd gurntee priority usesD while limiting nd evuting sline wter intrusions so s to preserve the qulity of the freshwter oming from the iline riverF le TFI presents the threshold reservoir levels tht onstrin the mngement of the reservoir nd some onsequenes when these re not rehedF eservoir levels re expressed in meters xqp @xivellement q¡ en¡ erl de l prneAF he xqp is sed on tide guge loted in wrseille nd de(nes ommon referene level over prneF vevels expressed in meters xqp re omputed reltive to this referene levelF hen the mngement ojetives nnot e metD mesures suh s limiting lok openings or preventively inresing the reservoir level n e tkenF roweverD while the former my use tensions with ot ownersD the ltter my use )ooding of proteted mrshlnds upstrem the reservoir nd tensions with frmers of the lower prt of the iline due to losses of hrvest during the hymking sesonF he generl ojetive of the work presented in this hpter is to ontriute to the development of wter mngement tool for the erzl reservoir to support opertions during low )owsF he mngers of the erzl dm expressed the need for drought risk outlooks over the period from wy to ytoerD s well s for simple reservoir model tht ould e used to ontemplte severl mngement senrios nd serve s sis for disussion with stkeholdersF hey expet to e le to etter inform users on future risksD limit tensions etween stkeholdersD ndD when neessryD tke preventive tions to redue the risksF sn this hpterD we (rst present the mngement of the dm in more detils nd the di'erent elements sujet to deisionEmking during the wy to ytoer periodF he mngement dt @reservoir in)ows nd out)owsA ville to this study re inE troduedF e simple reservoir lne model is proposed nd its pplition for the simultion nd the foresting of reservoir levels is presentedF en inEdepth nlysis of the dt nd the simultions is rried outF his nlysis then guides the design of risk ssessment tool presented t the end of the hpterF vstlyD we onlude on the results of the work nd disuss the perspetives for further developments nd opertionl use of the proposed toolF pigure TFPX hemti drwing of the downstrem prt of the erzl reservoir etween the ont de grn @ridgeA nd the erzl dmF he reservoir extends upstremD up to the wlon lokF his lok is loted SH km upstrem the ont de grnD nd WH km upstrem the erzl dmF TFP wngement of the dm nd dt o ddress the ojetives of this hpterD it is neessry to fully understnd the elements sujet to deisionEmking in the mngement of the dmD how they relte to eh other nd how they re operted during low )owsF sn this setionD we present these isk ssessment tool for the erzl reservoir IIS elementsD the ssoited ville dt nd the strem)ow forest dt used to uild nd evlute the reservoir lne model of the erzl dmF TFPFI ilements of the dm he dm is operted so s to reh the ojetives listed in the previous setionF pigE ure TFP provides n overview of the di'erent elements of the dmD with shemti drwing of the erzl forey nd some key lotionsF hese elements re desried herefterF pive sluie gtes nd (ve shutters re operted to mintin onstnt level in the reservoirF hey let the wter )ow out of the reservoir nd into the oen @pigure TFQAF hutters t s n over)ow outlet for reltively smll quntities of wterF luie gtesD howeverD open from the ottom of the reservoir nd n relese lrge volumes of wterF hey re thus preferred in se of )ood risksD ut lso to evute the denser sline wter t the ottom of the reservoirF he level of the iline river is reltively onstntD wheres the level of the oen keeps hnging due to the tidesF et high tideD when the level of the oen rises ove the level in the reservoirD sluie gtes re losed nd shutters re positioned upwrd so s to prevent sline intrusionsF et low tideD when the level of the oen flls elow the level in the reservoirD sluie gtes or shutters n e opened to evute exess wterF pigure TFQX itures of shutter in opertion @leftA nd shutter nd upper gte tken out of the dm for mintenne @rightAF he lok enles ots to sil etween the iline river nd the etlnti yen @pigure TFRAF vok openings re sheduled in dvne sed on tide oe0ientsF ih opening uses sline wter intrusions in the reservoirF hen in)ows to the reservoir re lowD restritions on lok openings n e imposed to preserve the freshwter in the reservoirF he siphon loted t the ottom of the reservoir helps evute the denser slt wter from the ottom of the reservoir to the oenF his siphon is ssoited with slinity sensorF hen slinity threshold is rehedD nd if the reservoir level is higher thn the oen levelD the siphon utomtilly strts evuting sline wter from the pigure TFRX vok opertions just efore the summer seson from the oen to the iline @leftA nd from the iline to the oen @rightAF reservoirF he use of the siphon is losely relted to lok opertionsF huring low )owsD evuting through the siphon n only e stopped provided tht lok opertions re interrupted for n extended periodF he (sh ldder nd the (sh pss llow (sh speiesD suh s eelsD mulletsD lmpreys or shdsD to ross the dm nd migrte from the slt wter of the oen into the freshwter of the river nd vie vers @pigure TFSAF he (sh ldder more spei(lly enles the ounting of glss eels whih is proteted speiesF he )ow through the (sh pss is round PVDHHH m 3 per dyF sf the wter in the reservoir is indequte to meet the needs of the wter supply tretment plntD either euse its slinity is too high or the reservoir level is too lowD nd one restritions on lok openings re lredy setD the (sh pss my e losedF pigure TFSX pish rossing the (sh pss @leftAD the (sh sle @top rightA nd glss eels witing to e ounted nd trnsferred into the iline iver fter their sension of the (sh sle @ottom rightAF le TFP lists severl senrios of hydrologil onditions @from ritil low )ows to )oodA nd the ssoited mngement ojetives nd onstrints on the di'erent omponents of the dmF e oserve thtD s the risk of )ood inresesD the protetion of popultions nd zones of eonomi interest is emphsizedD ndD s the risk of ritil low )ows inresesD drinking wter supply is emphsizedF elsoD s the strem)ow inresesD the ojetive level in the reservoir deresesD in order to mke room for high in)owsF huring low )owsD the reservoir level should e s high s possile to keep mximum volume of wter in the reservoir throughout the low in)ow periodF luie gtes nd shutters re minly operted in onditions rnging from regulr )ows to high )owsD nd the (sh pss nd the lok re exlusively opened in nonEritil onditionsF TFPFP eservoir mngement dt se mesures reservoir levels t three sttionsX ont de grnD l ohe fernrd nd erzlD y mens of level sensorsF he ottom of the erzl reservoir is loted t EUFUP m xqpD while the wter level in the reservoir vries round P m xqpF he out)ow through the shutters @m 3 GdyA is lulted t se sed on the meE sured level in the reservoir nd open hnnel hydrulis priniplesF imilrlyD the out)ow through the siphons nd through the (sh pss @m 3 GdyA re oth estimted with lws of hydrulis sed on level sensors loted oth in the reservoir nd t seF le TFPX rydrologil onditionsD ssoited dm mngement ojetivesD nd ssoited onstrints on reservoir levels nd elements of the dm @the shutters nd sluie gtesD the (sh pssD the siphon nd the lokA @modi(ed from eqhD PHISAF he out)ow through the lok @m 3 GdyA is estimted sed on the di'erene etween the level in the reservoir nd the se levelD nd the dimensions of the lokF he out)ow through the sluie gtes @m 3 GdyA ws omputed t se sed on the mesures from the level sensors loted oth in the reservoir nd t seD nd the equE tions for ottom vlvesF he equtions used to ompute the out)ow were prmetrizedF rmeters were optimized to minimize the distne etween the sluie gte out)ows nd the in)ows oserved t ieux @ont de grnA for the period running from PHIP to PHIRF qte out)ows were then lulted with the otined set of prmeters for the period running from PHHQ to PHIRF vstlyD the withdrwls for drinking wter supply @m 3 GdyA re diretly mesured with )ow sensor t the pumping sttionF yn vergeD out SPDHHH m 3 re pumped eh dyF le TFQ summrizes the periods for whih the dt provided y seD s well s hydrometeorologil dt were villeF he time period for whih we hd ville dt for ll vriles extends from PHHS to PHIIF nertinties in the di'erent sensors s well s in the representtions used in the hydrulis equtions led to dt sets with di'erent uriesF se oserved strem)ow x x x x x x x x x x x x G se lol preipittion x x x x x x x x x x x x x x x G epex preipittion x x x x x x x x x x x x G snternnul epex i x x x x x x x x x x x x x x x x yut)ow ! luie gtes x x x x x x x x x x x x G yut)ow ! hutters x x x x x x x x x x x x x G yut)ow ! iphons x x x x x x x x x x x x x G yut)ow ! pish pss x x x x x x x x x x x x x G yut)ow ! vok x x x x x x x x x x x x x G ithdrwl ! ter supply x x x x x x x x x x ter levels ! erzl x x x x x x x x x x x x G ter levels ! ohe fernrd x x x x x x x x x x x x G ter levels ! ont de grn x x x x x x x x x x x x G

x ers with period wyEytoer omplete G ers with period wyEytoer inomplete le TFRX gorrespondene etween reservoir levels nd reservoir volumesF vevel @m xqp A olume @wm he orrespondene etween levels in the reservoir nd its volume were otined t se through qs nlysisF he thymetri dt used in this nlysis mostly ome from highEresolution surveysD ut lso from mediumEresolution surveys nd numeril model outputs @vshe dt from the vitto Qh modelAF le TFR presents the orreE spondene etween reservoir levels nd reservoir volumes s ssessed y se with the qs systemF TFPFQ eservoir in)ow forests he qTt model ws set up to simulte nd retrospetively forest strem)ow t the outlet of the iline river sin @ieux guging sttion t ont de grnD see ghpter IAF sn this setionD the numeril riterion used to optimize the lirtion proess is the uling qupt i0ieny pplied to inverse )ows @KGE iQ AD whih reinfores performnes on lowE)ow periodsF he lirtion method nd the results otined in vlidtion re presented in ghpter PF porests of in)ows to the reservoir were otined with the i methodF he method onsists in using preipittion time series from previous yers s input to hydrologil model tht hs een initilised with informtion ville up to the time of the forest @see ghpter SAF hese forests were produed up to tuly PHIP euse epex preipittion dt used to initilize the hydrologil model sttes were ville up to this dteF TFQ eservoir lne model nd evlution frmeE work TFQFI pormultion of the reservoir lne model e reservoir lne model ws set up for the erzl reservoirF he reservoir volume V t time t n e lulted from the volume oserved t time t -1 sX

V t = V t-1 + ∆V t @TFIA withD ∆V t = V I,t + V O,t @TFPA
where V I omprises ll reservoir in)ows nd V O omprises ll reservoir out)owsF he reservoir in)ows V I re de(ned sX

V I,t = V Q,t + V P,t @TFQA
where V Q is the in)ow volume from the upstrem thmentD de(ned with n outlet t ieuxD nd V P is the volume of preipittion over the re of the reservoirD represented y the volume of preipittion oserved t the rin guge loted t the erzl dmF he reservoir out)ows V O re de(ned sX

V O,t = V s,t + V g,t + V w,t + V f,t + V l,t + V si,t + V P E,t @TFRA
isk ssessment tool for the erzl reservoir IPI where V s nd V g re the volumes evuted y the dm mngers through the shutters nd sluie gtesD respetivelyD V w is the wter volume pumped for drinking wter supplyD V f D V l nd V si re the volumes lost to the oen through the (sh pssD the lok nd the siphonD respetivelyD nd V P E is the wter volume evported over the re of the reservoirD pproximted y the internnul potentil evpotrnspirtionF he volumes ssoited with preipittion nd evpotrnspirtion over the re of the reservoir re lulted s followsX

V P E,t = H P E,t .S R,t @TFSA V P,t = H P,t .S R,t @TFTA
where H P E is the height of wter evporting s evluted y the internnul potentil evpotrnspirtionD H P is the height of wter due to preipittion nd S R is the surfe of the reservoirF S R ws pproximted y the wter surfe of the reservoir orrespondE ing to reservoir level of P m xqpD iFeF TFP km 2 F sndeedD P m xqp orresponds to the verge wter level in the reservoirF xote tht preliminry sensitivity nlysis hd shown tht vrying the surfe S R etween S nd SH km 2 hd little impt on the performnes of the wter lne modelF eservoir evportion nd preipittion thus hve very smll impt on the wter lneF he previous equtions re used to simulte time series of volumes in the erzl reservoirF roweverD the mngement of the dm is sed on reservoir levelsF vevel time series n e dedued from the volume time series y pplying volumeEtoElevel trnsform f to the simulted reservoir volumeF his volumeEtoElevel trnsform is liner funtion (tted to the reservoir level nd volume vlues presented in le TFRF pigure TFT shows the omputed pointsD the (tted liner volumeEtoElevel trnsform f D s well s its oe0ientsF prom this (gureD we n see tht n error of IH wm 3 in reservoir volume n led to n error superior to one meter in the reservoir levelF he reservoir level time series n e written sX

N t = f (V t ) = aV t + b @TFUA
where N is the reservoir levelD nd a nd b re the slope nd the interept of the volumeEtoElevel trnsform @see pigure TFTAF fsed on this equtionD the wter lne eqution n e expressed in terms of reservoir levelsX

N t = N t-1 + a∆V t @TFVA
he glol struture of the model is represented in pigure TFUF e n identify the upper left rnh tht orresponds to the in)ow nd out)ow dt nd the lower left rnh tht ontriutes with the previous reservoir volumeF pigure TFTX eservoir levels versus reservoir volumes in the erzl reservoirF flue irles orrespond to the vlues ssessed y the qs system nd presented in le TFRF he lk line represents the (tted liner trnsformD whose oe0ients re displyed in the ottom right ornerF

Volume-to-level transform V t N t V I,t V O,t + - + + ΔV t V t-1 Level-to-volume transform N t-1
pigure TFUX hem of the struture of the reservoir lne model t given time stepF TFQFP poresting frmework he model of the reservoir lne is run t the dily time step sed on iqution TFVF e model run is de(ned y n initiliztion dte nd forest horizonF sn the (rst time stepD iFeF on the initiliztion dyD the reservoir level oserved on the previous dy is used long with in)ow nd out)ow dt to lulte the updted reservoir levelF sn ll following stepsD we ssume tht future oserved reservoir levels re still unknownF he reservoir level is thus lulted sed on the previously simulted reservoir level nd on in)ow nd out)ow dtF his is repeted up to the mximum forest horizonF he eqution of the reservoir in this on(gurtion n e written sX

Nt =    N t 0 -1 + a∆V t 0 , if t = t 0 Nt-1 + a∆V t , otherwise @TFWA
where t 0 is the initiliztion dteD N is the oserved reservoir levelD N is the simulted reservoir levelD a is the slope of the volumeEtoElevel trnsform nd ∆V is de(ned in iqution TFPF eursivelyD we n express the simulted reservoir level t time t s omintion of the initil reservoir level N t 0 -1 nd the in)ow nd out)ow dtX

Nt = N t 0 -1 + a t i=t 0 ∆V i @TFIHA
he performne of the system is strongly relted to the reservoir level dtD the in)ow nd out)ow dtD nd the slope of the volumeEtoElevel trnsformF sf we onsider tht the errors in the reservoir level nd the errors in the volumeEtoElevel trnsform re negligile in regrd to the errors in the in)ow nd out)ow estimtionsD the error in the simulted reservoir levels solely resides in the in)ow nd out)ow dtF ine in)ows nd out)ows re summed over time stepsD the ontriution of the error in the in)ow nd out)ow dt to the error in reservoir level is expeted to inrese with led timeF TFQFQ ivlution frmework he ojetive of the simultions otined with the wter lne model is to reprodue the oserved levels in the reservoirF he qulity of the simulted levels is ssessed with the ootEwenEqure irror @RMSEY see ghpter QAF yserved levels were olleted from three di'erent mesurement sttionsX erzlD l ohe fernrd nd ont de grn @fF pigure TFPAF he portion of the reservoir running from the ont de grn sttion to the erzl sttion is RH km long nd hydruli grdient exists etween these sttionsF pigure TFV shows the stterplots of levels otined from these three sttions to llow omprison of their reordsF trong di'erenes in levels re oserved from xovemer to epril etween the ont de grn sttion nd the other two downstrem sttionsF hese di'erenes ouldD for instneD e explined y the impt of the wind or of dm opertions on wter levelsF sndeedD winds from the oen n push the wter level up t ont de grn nd susequently use levels t erzl or t l ohe fernrd to dereseF elsoD nd s seen previouslyD the opening of the sluie gtes t the dm n use wter levels to rti(illy derese in the viinity of the dmF hespite these di'erenes in levels etween xovemer nd eprilD levels t the three sttions re very similr from wy to ytoerF hi'erenes in level etween ont de grn nd erzl reD on vergeD lose to PFS m nd rrely exeed T mF he level t l ohe fernrd would e good referene for medin level in the reservoirF roweverD the quisition of level dt t this sttion hnged etween PHHW nd PHIH nd dt prior to this period re overestimtedF hereforeD we hose to evlute our level simultions ginst the men of the levels oserved t the ont de grn nd erzl sttionsF pigure TFVX tterplots ompring reservoir levels oserved t the erzlD ont de grn nd l ohe fernrd sttions for dt quired from PHIH to PHIRF flk dots orrespond to levels mesured etween xovemer nd epril @wet periodAD nd red dots represent levels mesured etween wy nd ytoer @dry periodAF TFQFR etup of model runs hree on(gurtions of the model re used in the following setionsF hese on(gurE tions re presented in le TFSF ih on(gurtion is hrterized y the frequeny of the initiliztionD whih rnges from dily initiliztion to single initiliztion on the (rst of eh monthD nd the trget horizonD whih rnges from one dy hed to one month hedF he (rst two on(gurtions from le TFS re used in etion TFR to etter unE derstnd the ehviour of the wter lne model nd evlute its performne in reproduing the reservoir levels over the yersF sn these on(gurtionsD the model is run with oserved out)ow dt nd othD oserved nd simulted @with qTtAD inE )owsF he evpotrnspirtion is represented y the internul evpotrnspirtionF sn the (rst on(gurtionD the model is initilized eh dy of the ville period nd run only up to the dy hedF his on(gurtion llows us to visulize the errors in the reservoir level simultions for dy ledF et eh time stepD these errors ome from the model strutureD the previous oserved level nd the in)ow nd out)ow dt t this time stepF sn the seond on(gurtionD the model is initilized every dy of the ville reord period nd run up to month hedF hese simultions re used to numerilly evlute the model with the led timeF he third on(gurtion is used to develop the risk ssessment tool presented in etion TFSF sn this on(gurtionD the model is run with forest in)owsF qte nd shutter out)ows re optimized to mintin onstnt level in the reservoirF yut)ows through the lokD the (sh pss nd the siphonD nd the mount of wter pumped for drinking wter re ssumed onstnt nd equl to their respetive mximum vluesF sn this on(gurtion s wellD the evpotrnspirtion is represented y the internnul TFR reliminry dt nlysis nd wter lne simE ultions TFRFI eltive importne of the di'erent in)ows nd out)ows sn order to etter understnd the ontriution of eh dt soure to the simultion errorsD we nlysed the reltive importne of eh input dt ssoited with the reservoir in)ows nd out)owsF pigure TFW shows the reltive importne of the di'erent in)ows nd out)ows to the reservoirD sed on internnul volumes over the wy to ytoer nd xovemer to epril periodsF he reltive importne of in)ows is very similr etween periodsD with more thn WW 7 of the in)ows oming from the upstrem thmentF sn oth periodsD totl out)ows re slightly superior to totl in)owsD whih suggests tht perfet lne my not e hieved sed on the ville mngement nd hydrometeorologil dtF es expeted in sesonEdominted limteD we oserve lrge di'erenes in men internnul vlues in totl in)ows nd out)ows etween the two sesonsF yserved in)ows nd out)ows to the reservoir from xovemer to epril re lmost (ve times greter thn the volumes oserved from wy to ytoerF yverllD ll men vlues inrese from xovemer to epril s ompred to wy to ytoerD exept for the siphonsD whih re minly used to evute slt wter in summerD for the wter pumped for drinking wterD whose onsumption inreses in summerD for the lokD sine the oting seson is from wy to ytoerD ndD (nllyD for the evpotrnspirtionD whih is higher in summerF enother di'erene etween periods is the reltive importne of out)ow souresF prom wy to ytoerD the mjor out)ows of the reservoir re out)ows from shutters nd sluie gtes @VH 7 of totl out)owsAF yther out)ows re nonEnegligile @PH 7 of totl out)owsAD nd dominted y out)ows through the siphons @IH 7A nd the (sh pss @R 7AF prom xovemer to eprilD sluie gtes nd shutters represent WU 7 of the out)ows from the reservoirD with lmost US 7 of the out)ows solely due to gte openingsF yther out)ows re negligile in this period of the yerF pigure TFIH omplements pigure TFW y presenting the reltive importne of the di'erent in)ows nd out)ows on yerEtoEyer sis from PHHS to PHIR for the wy to ytoer periodF ers were rnked sed on their wy to ytoer in)ow volumesD from the driest @IVU wm 3 in PHIIA to the wettest yer @TUQ wm 3 in PHHVAD to highlight di'erenes in mngement due to hydrometeorologil onditionsF prom this (gureD we oserve tht out)ows over the seson through the (sh pssD the siphonsD the lok nd from the pumps for drinking wter supply do not vry with the yerD nd thus do not depend on verge in)owsF he out)ow through the shutters nd sluie gtes however do vry with in)ows sine shutters nd sluie gtes llow mngers to djust the reservoir level depending on the in)owsF sn the driest yers of PHHS nd PHIID out)ows through the shutters re equivlent to out)ows summed for the (sh pss nd the siphonsD while they usully represent more thn RH 7 of totl out)owsF sn verge yersD we oserve tht the mngement of the dm is done in priority through the shuttersF he use of the gtes inreses with higher in)ows nd only surpsses the use of the shutters in PHHVD the wettest yer of the periodD nd in PHIRF he drop in volume evuted through the shutters oserved in PHIR tully re)ets hnge in strtegy y the mngers of the erzl dmF ine PHIRD the mngers evute wter in priority through the gtesD rther thn through the shuttersD during the wy to ytoer sesonF his new strtegy ws hosen to evute the slt wter t the ottom of the wter olumn without losing freshwter t the top of the wter olumnF TFRFP enlysis of monthly mngement strtegies pigure TFII zooms in on in)ows nd out)ows t the monthly time step for the yers of PHHSD PHHV nd PHIRF PHHS is one of the driest yers in the ville reord period nd is representtive of the reservoir mngement during dry periodsF PHHV is the wettest yer of the reord period nd is more representtive of the mngement during wetter yersD ut lso during wetter months of the yerF vstlyD PHIR is representtive of the ltest mngement strtegies in the erzl reservoir within the period nlysed in this thesisF sn PHHSD we oserve tht the reservoir is primrily mnged with shuttersD with smll wter volumes evuted through the gtesF sn tuneD the volumes evuted through the shutters nd sluie gtes strongly derese ndD from tuly to eptemerD oth gtes nd shutters re losedF glosing gtes nd shutters llows mngers to retin ll in)ows in the reservoir nd wter levels from deresing signi(ntlyF wenwhileD IH to IS wm 3 re still used monthly for drinking wter supplyD lok rossings nd (sh migrtionF sn ytoerD in)ows strt inresing nd wter is evuted through the gtes ginF e note however tht in)ows re still fr from n verge monthly vlue for this period @the verge monthly in)ow from wy to ytoer is out TH wm 3 AF wy to ytoer q q q q q q q q q q q Inflows Precipitations Shutters Sluice gates Fish pass + Siphon ETP + Drinking water + Lock pigure TFIHX gumultive in)ows nd out)ows over the wy to ytoer period for PHHS to PHIRF ers re rnked sed on their wy to ytoer in)ow volumesD from the driest @PHIIA to the wettest yer @PHHVAF sn PHHVD the high in)ows of wy nd tune were mostly evuted with gte openE ingsF prom tuly to ytoerD in)ows eme equivlent to the in)ows oserved in wy PHHSD iFeF lose to SH wm 3 F prom this month onD wter ws evuted from the reserE voir through the shuttersD s ws oserved in wy PHHSD with smll volumes of wter still evuted through the gtesF sn this yerD whih is hrterized y lrge in)ows during wy nd tuneD it ws never neessry to ompletely lose the shutters nd gtes in order to gurntee enough wter for the wy to ytoer periodF sn PHIRD the in)ows over the wy to ytoer period were slightly ove vergeF sn wyD shutters nd sluie gtes were eqully used to evute wter volumes from the reservoirF prom tuly to ytoerD when in)ows rehed volumes equivlent to those oserved in wy PHHS or tuly PHHVD gtes were preferred over shutters to evute wterD s opposed to the strtegies of PHHS nd PHHVF sn ftD this llows mngers to evute n importnt quntity of slt wterF fy doing soD they my ultimtely void losing the lok for ot siling during the summer sesonF TFRFQ hily in)ows nd out)ows nd reservoir retivity sn generlD deisions onerning wter quntities in the erzl reservoir re mde t the dily time stepF e (ner time step is usully only neessry during highE)ow periodsD when urgent tions must e tken due to upoming )ood eventsF sn dditionD the tidl yle t the suEdily time step imposes ertin onstrints on the mngement of the shutters nd sluie gtesD the lok ndD sometimesD the (sh pssF he temporl distriution of releses t the suEdily time step is outside the sope of this study sine May Jun Jul Aug Sep Oct q q q q q q 2014 q Inflows Precipitations Shutters Sluice gates Fish pass + Siphon ETP + Drinking water + Lock pigure TFIIX ivolution of monthly in)ows nd out)ows over the wy to ytoer period in PHHS @dry yerAD PHHV @wet yerA nd PHIR @ltest mngement strtegyAF we fous on the lowE)ow sesonF roweverD the reltive importne nd the vriility of the input nd output vriles t the dily time step re of interest sine the deisions on reservoir volumes tken dily n in)uene @in the se of hydrometeorologil vrilesA nd re)et @in the se of mngement vrilesA the longEterm reservoir volume plnningF pigure TFIP shows the umultive distriutions of the dily volumes for eh in)ow nd out)ow of the dmD for the periods running from wy to ytoer @drker linesA nd xovemer to epril @lighter linesAF he men dily vlues oserved in tuly of PHHSD PHHV nd PHIR re lso representedF felow the (gureD onversion tle gives the equivlene etween )ows in wm 3 GdyD the unit used in this hpterD nd )ows in m 3 GsD the unit previously used in this thesis to desrie hydrologil onditions in the thment @see eFgF le TFPAF he in)owEpity rtio hrterizes the reltive importne of dily in)ows s ompred to the reservoir pityF his rtio n help desrie how dynmi reserE voir system isF por instneD the level of reservoir with high pity nd low 
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Daily volume (Mm3) Cumulative probability q q q q q q q q q q olume in wm 3 Gdy HFHI HFHS HFI HFS I S IH SH VH olume in m 3 Gs HFI HFT IFP SFV IP SV IIS SVH WPS pigure TFIPX impiril umultive distriutions of the dily volumes for eh element of the dm nd eh hydrometeorologil vrileD for the periods running from wy to yE toer @drker linesA nd from xovemer to epril @lighter linesAF vrge dots represent the minimum nd the mximum of eh distriutionF mller dots represent the PS th D SH th nd US th perentilesF e show onversion tle of )ows from wm 3 Gdy to m 3 GsF wen dily volumes for tuly PHHSD PHHV nd PHIR re lso inditedF in)ows @iFeF with low in)owEpity rtioA will vry slowlyF rovided tht mnE gement onstrints for suh reservoir re not too stritD deisions my not need to e s frequent or (neEtuned s for reservoir with quikly vrying volume @or high in)owEpity rtioAF sn the se of the erzl reservoirD in)ows nd out)ows n rehD nd even exeedD the reservoir pityD iFeF SH wm 3 D during the highE)ow sesonF huring low )owsD mximum in)ows nd out)ows n reh PH wm 3 D iFeF RH 7 of the reservoir pityF hereforeD the erzl reservoir n e onsidered s dynmi systemF huring high )owsD the reservoir n e (lled in dy or twoF yn the oppositeD relese during low in)ows my drstilly lower the reservoir level for n extended period of timeF pigure TFIP shows tht the yers of PHHSD PHHV nd PHIR di'er in terms of in)ows to the reservoirD ut lso in terms of mngement strtegy with respet to some of the dm elementsD s seen previously nd s re)eted in the month of tulyF sn)ows of tuly PHHS reD on vergeD exeeded y TH 7 of the dily oserved in)owsD while in)ows of tuly PHHV re exeeded y less thn RH 7 of the oserved in)owsF tuly PHIR n e onsidered s n verge month in terms of in)owsD even though it is slightly drier thn the medin in)owF e oserve t the dily time step wht ws lso oserved t the monthly time stepF sn PHHSD dily shutter nd gte out)ows re null or lmost null to preserve the freshwter in the reservoirF sn PHHV nd PHIRD howeverD it ws neessry to use shutters nd gtes to evute wter from the reservoirF qte out)ows re superior in PHIRD with only PH 7 of oserved out)ows ove the men volume of PHIR nd QH 7 ove the men volume of PHHVF ine tuly PHIR ws n verge monthD drier thn tuly PHHVD the di'erene in gte out)ows etween these months n only e explined y the hnge in mngement strtegyF he di'erene in the volumes evuted through the shutters etween tuly PHHV nd tuly PHIR my e nother onsequene of this hnge in strtegyF ine more wter is evuted through the gtes in PHIRD there is less need to operte the shuttersF yther di'erenes etween the months of tuly PHHSD PHHV nd PHIR re oserved in wter pumped for drinking wterD nd wter lost through the lok nd the siphonF sn tuly PHHVD the volume pumped for drinking wter supply nd the volume lost through the lok re inferior to the volumes of PHIR nd PHHSD possily due to the preeding wet monthsF he volumes lost through the siphonsD whih evute slt wter from the ottom of the reservoir nd re thus losely relted to lok openingsD di'er signi(ntly etween tuly PHHS nd tuly PHIR F he verge out)ow through the siphons is lose to HFPT wm 3 in PHHSD vlue exeeded only out IS 7 of the timeD nd lose to HFPH wm 3 in PHIRD vlue exeeded UH 7 of the timeF sn oth yers howeverD the volumes lost through the lok nd through the pumps for drinking wter were similrF his di'erene my re)et the dvntge of the new mngement strtegyF ine gte openings evute more slt wter thn freshwterD less slt wter needs to e evuted through the siphonsD even in verge yers suh s PHIRF TFRFR enlysis of errors in simulted reservoir levels sn this setionD we ssess the potentil of the reservoir lne model to simulte reservoir levelsF irrors in the simultions of the wter levels in the erzl reservoir were evluted sed on the (rst two on(gurtions desried in le TFSF pigure TFIQ presents the oserved reservoir levels nd the reservoir levels simulted with the (rst on(gurtionD for the wy to ytoer periods of PHHS to PHIPF pigure TFIR omplements this (gure with the time series of out)ows through the shutters nd sluie gtesD the oserved in)ows nd the in)ows simulted with qTtF sn the (rst on(gurtionD when the model is initilized every dy nd run for the dy hedD the simulted levels re very lose to the oserved levelsF he simultion sed on the oserved in)ow hs n RMSE of HFHW m over the wy to ytoer periods of PHHS to PHIPF he simultion sed on the qTt simulted in)ows hs n RMSE of HFIV mF his error n e relted to the in)ows simulted with qTtD s seen in pigure TFIRF sndeedD we oserve lrge errors in the in)ows simulted with qTt during high )owsF his is firly expeted euse the model ws lirted to minimize errors in low )owsF he errors in simulted in)ows led to errors in the reservoir levels of up to meterD s in PHHUF xeverthelessD during low )owsD the simultions of reservoir levels sed on qTt simulted in)ows provide good resultsD s in PHHS nd PHIIF sn these two sesD the reservoir level simultions otined with simulted in)ows show even etter results thn the level simultions otined with oserved in)owsF sn the seond on(gurtionD the model is initilized every dy nd run for the month hedF he RMSE vlues of these simultions were verged for initiliztion dtes within the wy to ytoer period nd initiliztion dtes within the xovemer to epril periodF he wter lne model ws run t the dily time stepD ut lso t the weekly time step @iFeF sed on weeklyEverged in)ows nd out)owsAD nd oth the oserved in)ows nd the qTt simulted in)ows were used s input to the wter lne modelF pigure TFIS presents the evolution of the RMSE of these reservoir level simultions with the led timeF es expetedD the error inreses with the led timeF irrors re lso muh lrger for )ows simulted etween xovemer nd eprilD proly due to the lrger solute errors in oserved in)ows nd out)ows diretly trnslted in high reservoir level errorsF irrors re lso lrger when using qTt simulted in)ows rther thn oserved in)owsD espeilly during the xovemer to epril periodF pigure TFIS shows tht errors re smller when running the model with weekly in)ows nd out)ows to simulte weekly reservoir levelsF hile errors t the dily time step n reh vlues up to IP meters for led time of QH dysD errors t the weekly time step do not exeed IFS meters for led time of four weeksF st seems tht the wter lne model of the reservoir n provide more urte level simultions for the month hed when onsidering weeklyEverged levels rther thn dily levelsF 
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pigure TFIQX yserved nd simulted levels in the erzl reservoir otined with the (rst on(gurtion of le TFS for the wy to ytoer periods of PHHS to PHIPF yserved levels re represented in greyD levels simulted from oserved in)ows re in lue nd levels simulted from in)ows simulted with qTt re in redF 
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pigure TFIRX wjor in)ows nd out)ows of the erzl reservoir for the wy to ytoer periods of PHHS to PHIPF sn)ows from the upstrem thment nd out)ows from shutters nd sluie gtes re lso represented @ottomAF ummed out)ows for the shutters nd sluie gtes re represented in greyF yserved in)ows @strem)ow mesured t ont de grnA re in lue nd in)ows simulted with qTt re in redF yserved preipittions re represented in light lueF Obs inflow -Nov-Apr Obs inflow -May-Oct GR6J sim inflow -Nov-Apr GR6J sim inflow -May-Oct pigure TFISX ivolution with led time of the wi of reservoir level simultions otined with the seond on(gurtion of le TFSF imultions t the dily @leftA nd t the weekly @rightA time stepD for wy to ytoer @ontinuous lineA nd xovemer to epril @dshed lineAD nd for simultions with oserved in)ows @lueA nd qTt simulted in)ows @redAF TFS he risk ssessment tool everl exhnges with seD the institution responsile for the mngement of the erzl dmD sed on the results of the preliminry nlysisD led to the development of risk ssessment toolF he design of the tool ws guided y their mngement ojetives nd needsF TFSFI hesign of the risk ssessment tool he mngement of the erzl dm is sed on wter levels nd restritions re forE multed reltively to threshold levels @fF le TFPAF hereforeD useful mngement tool should fous on reservoir levelsF enother min request ws to hve tool tht would run t the dily time step nd tht ould e updted every dy to support dily deisionsF reditions would idelly over the wy to ytoer periodD nd the mximum horizon trgeted y the tool would e (xed to ytoer QI st D iFeF the end of the lowE)ow seson in the iline thmentF indEusers expressed n interest in hving sesonl outlook of potentil wter shortges so s to gree on mesures with stkeholders erlier on in the seson nd limit tensionsF everl disussions with the dm mngers on the mngement ojetives nd the performnes of the wter lne model were neessry to deide on how hydrologil modelling ould est serve reservoir mngementF everl points were rought to light isk ssessment tool for the erzl reservoir IQS during these disussionsF yne min issue ws tht the ojetive of the dm mngers would not e to use the (nl tool to optimize out)ows from the dmF sndeedD the work rried out in this thesis only trgets wter quntities in the erzl reservoirD while wter qulity @iFeFD slt relted issuesA is in ft mjor ftor in the deision proessF hereforeD it ws not in the ojetives of the risk ssessment tool to provide quntittive guidne on optiml releses for the erzl reservoirF roweverD the proposed tool should provide qulittive ide of the risk of severe low )ows for the oming seson nd of the risk of hving to modify the mngement strtegy of the reservoir during the sesonF wore spei(llyD the ojetive ws formulted s followsX wht is the risk of not eing le to ensure minimum level in the reservoir t some point during the lowE)ow seson c o nswer this questionD the tool ws designed with the following in)ow nd out)ow hrteristisX E he reservoir lne ws fed with strem)ow forests tht reprodue the ntE url vriility in strem)ow in the upstrem thmentF trem)ow forests were issued with the i method @s desried in ghpters R nd SAF hese forests represent wide rnge of possiilitiesD whih re only onstrined y thment initil onditionsF sn ddition to theseD forest generted y runE ning the qTt hydrologil model with zero rinfll s input ws usedF his forest represents worstEse senrioF E hm out)ows were omputed to mintin onstnt ojetive level in the reserE voirF his ojetive level ws (rst set t P m xqpF wodels of the releses of the erzl dm sed on in)ows were tested utD given the retivity of the reserE voir nd the di'erent unertinties in the oserved strem)ow nd mngement dtD these models were disrdedF hm releses optimised to mintin onE stnt reservoir level were the losest option to the wy the erzl dm is urrently mngedF hey lso gurnteed relisti reservoir levels nd voided setting unE relisti onstrints on dm releses sine these re not onstrined in the urrent prtieF E yut)ows from the dm other thn releses through shutters nd sluie gtes were ssumed onstnt etween wy nd ytoerF e hve seen tht these out)ows hve little impt on the reservoir lne modelD even though their reltive weight inreses during the summer sesonF yut)ow vlues were (xed t their mximum oserved vluesX wter pumped for drinking wter supply ws (xed t HFI wm 3 per dyD out)ows due to lok openings were (xed t HFHQ wm 3 per dyD out)ows through the (sh pss were (xed t HFR wm 3 per dy nd out)ows through the siphon were (xed t HFQQ wm 3 per dy @fF pigure TFIPAF fy (xing out)ows t their mximum vluesD we onsider wter uses tht re more demnding thn they re in relityF rowever this gurntees ll uses in their urrent volume t ll timesF E ivportion from the free wter surfe ws ssumed to e equl to the interE nnul dily potentil evpotrnspirtionY preipittion flling diretly in the reservoir etween the dm nd ont de grn ws ssumed to e nullF TFSFP iskEoriented simultions pigure TFIT shows the simultions otined with the ove hrteristis etween PHHS nd PHIHF he model is run in the third on(gurtion of le TFSD iFeFD the model is initilized t the eginning of eh month etween wy nd eptemerD nd run up to ytoer QI st F xote tht the (gure is intertive @this feture requires the hp (leA nd tht eh frme represents di'erent initiliztion dteF hese simultions ssess the periods during whih mngers will likely e le to mintin onstnt ojetive level in the reservoirF hey lso ssess the periods during whih the in)ows to the reservoir my not e dequte to mintin minimum level in the reservoirD given no out)ows through the shutters nd sluie gtes nd onstnt vlues for other out)owsF he minimum eptle level ws set t IFVH m xqp y the dm mngersF sn pigure TFITD the min di'erene etween the simultions for eh of the six yers is the initil hydrologil onditions used to run the hydrologil modelF he yers PHHU nd PHHVD initilized in wy nd in tuneD illustrte the impt of initil onditions on the ssessed riskF he higher the initil strem)ow nd reservoir onditionsD the lower the risk of not eing le to mintin the ojetive reservoir levelF hen the simultions re initilized in wyD the risk ssessed for the end of the seson strongly depends on the meteorologil forings used s input to the qTt modelF ine these forings re very similr from one yer to the nextD the risk ssessed s erly s in wy is very similr in the six yersF roweverD di'erenes in the risk ssessed for the six yers strt ppering when the simultions re initilized in tuneF es erly s in tuneD the risk ssessed y the simultions seems higher in PHHSD PHHTD nd lower in PHHU nd PHHVF his is oherent with the rnking from drier to wetter yers shown in pigure TFIHD exept for the yer PHHT whih ws not s dry s PHHW nd PHIHF TFSFQ iskEoriented grphs iskEoriented grphs were developed to summrize the risk informtion provided y the simultions of the previous setionF hey re shown in pigure TFIUF ih grph summrizes the simultions y representing the numer of dys elow the minimum eptle reservoir level @hereD IFVH m xqpAD for given initiliztion dte nd for eh month of the forest horizonF he numer of dys elow the threshold is divided in six tegoriesX the threshold is never rehed @H dysAD the threshold is rehed during one to six dysD seven to IP dysD IQ to IV dysD IW to PR dysD nd PS to QI dysF por eh month of the forest periodD the perentge of senrios flling within eh of these tegories is shownF he perentge is represented y the intensity of the olour in the orresponding ellD nd vlues greter thn twenty perent re written inside the ellsF isk ssessment tool for the erzl reservoir IQU pigure TFITX vevel simultions @topAD nd in)ow forests nd orresponding shutter nd gte out)ows @ottomAF he ojetive level is P m xqpF ih olumn orresponds to di'erent yerD nd eh frme orresponds to di'erent initiliztion dteD iFeF from wy I st to eptemer I st F flue lines orrespond to reservoir levels nd in)ow forests generted with the i method nd red lines orrespond to the forest generted with the qTt model with null preipittion s inputF pigure TFIUX isk grphs used to represent the proility of eing elow the minimum eptle reservoir level of IFVH m xqp for di'erent durtions nd the proility of eing le to return to level superior to IFVH m xqpF he ojetive level is P m xqpF ih olumn orresponds to di'erent yerD nd eh frme orresponds to di'erent strt dteD iFeF from wy I st to eptemer I st F felow this grphD nother grph indites the perentge of senrios returning to levels superior to IFVH m xqp for eh monthF st is indited s ind of tensions euse it represents the likelihood of going k to sitution where in)ows re dequte to mintin the ojetive level nd therefore to return to stndrd mngement rulesF xote tht it ws not possile to evlute the proposed tool ginst oservtionsD euse the tool does not use tul reservoir relesesD ut releses tht re optimized to mintin onstnt level nd tht re hosen to lwys llow usesF etul reservoir releses re deided sed on omplex lerning proess from preeding nd urrent situtions tht lso inludes wter qulity ojetivesF hereforeD the oserved reservoir levels nd the tul numer of dys elow the IFVH m xqp limit nnot e used s oservtionsF TFSFR ensitivity to simultion prmeters e investigted the impt of vritions in simultion prmeters on the risk s evluE ted y the riskEoriented grphF pive prmeters were looked tX the ojetive reservoir levelD the onstnt wter mount lloted to drinking wter supplyD the onstnt wE ter mount tht is ssumed lost through the lokD the onstnt out)ow through the (sh pss nd the onstnt out)ow through the siphonF he risk s represented in pigE ure TFIU ws redued to two inditorsX @IA the numer of dys elow the IFVH m xqp thresholdD verged over ll ensemle memersD nd @PA the numer of memers tht predit t lest one dy elow the IFVH m xqp thresholdF vower vlues of these indiE tors orrespond to lower risks of not eing le to gurntee the minimum eptle wter levelF sn order to nlyse the sensitivity of the ssessed risk to the prmetersD eh prmeter vlue ws vried etween H nd ISH 7 of its initil vlueD while the other prmeters were (xed t their initil vlueF erentges of vrition nd orresponding prmeter vlues re shown in le TFTF e looked t how the risk inditors were impted y these vritionsF sn pigure TFIVD we show the nlysis rried out for the yer PHHSD nd for simulE tion initilised on wy I st F e n see tht the prmeter tht hs the most impt on the ssessed risk is the ojetive level in the reservoirF eduing this level drstilly inreses the risk sine there is less wter stored in the reservoir in ntiiption of low in)ows @note tht n inrese of IH m in ojetive level orresponds to n inrese of HFW wm 3 in reservoir volumeAF snresing this level redues the riskD ut one should rememer tht the mximum level in the reservoir is onstrined y the risks of )oodE ing the upstrem (elds nd mrshesF e oserve tht vritions in the wter lloted to drinking wter supply hve very little impt on the ssessed riskF sn prtieD the wter lloted to drinking wter supply is not onsidered s vrile of djustment y seD sine it is prioritized over ll other out)owsF eduing its volume is thus out of the question for the dm mngersF roweverD we see here tht n inrese in the mount of wter pumped for drinking wter supply would hve little impt on the risk in terms of wter quntity in the reservoirF he wter lost through the lok lso hs very little impt on the risk vrilesF roweverD this volume nnot e dissoited from the volume evuted through the siphonD whih hs more impt on the ssessed riskF eduing the volume through the siphon n lmost neutrlize the risk ssessed in PHHSF his prtly explins why losing the lok n help in the mngement of the dm during dry sesonsF hen the lok is losedD the wter qulity in the reservoir is not deteriorted y slt intrusions nd using the siphon is not neessryF his redues one of the soures of wter loss in the reservoir nd strongly redues the riskF imilrly to the volume evuted through the siphonD the volume lloted to the (sh pss hs strong impt on the ssessed riskF eduing the )ow through the (sh pssD or losing itD n sustntilly help redue the risks of rehing elow the IFVH m xqp threshE oldF roweverD euse preserving the esturine environment is one of the mngement ojetives for the dmD the out)ow through the (sh pss n only e redued or losed one lok openings hve een stoppedF TFT gonlusions his hpter foused on the se study of the erzl dm in frittnyD prneD nd the mngement of its wter reservoir during lowE)ow periodsF he mngement ojetives nd the elements sujet to deision in the dm were detiledF eville dt for the mngement of the dm nd hydrometeorologil onditions were listedF e wter lne model of the reservoir ws proposedF sts use in foresting onditions llowed us to evlute the potentil of risk ssessment tool proposed to detet possile situtions of tensions during lowE)ow periodsF e (rst nlysis of the ville dt highlighted the reltive importne of the elements of the dm in terms of volumesF he strem)ow from the upstrem thment is the min in)ow to the reservoirD nd the volumes evuted through the shutters nd sluie gtes re the min out)owsF sn prtieD shutters nd sluie gtes re the prmeters of djustment for dm mngers to evute exess wter from the reservoirF roweverD during the summer sesonD other out)ows ssoited with drinking wter supplyD lok openings nd the (sh pss re nonEnegligileF his ws (rst oserved in the nlysis of yerly in)ows nd out)owsD nd on(rmed t the monthly sleF wonthly in)ows nd out)ows were quite vrile depending on the month of the wy to ytoer period nd on hydrologil onditionsF hey were therefore ssoited with di'erent mngement strtegiesF he nlysis of in)ow nd out)ow vlues t the dily time step lso showed tht the reservoir is extremely retiveF his hrteristi of the reservoir used the reservoir lne model to e very sensitive to errors in input dtF irrors in preliminry simultions seemed to originte from poor pek simultions or poor lowE)ow oservtionsF fsed on these nlysesD nd in lose ollortion with the dm mngersD risk ssessment tool ws developedF he im ws to investigte how suh tool ould foresee the risks of not eing le to mintin minimum level in the reservoirF he tool ws developed in frmework tht minimized the impt of the retivity of the reservoirD with the ssumption tht out)ows through the shutters nd sluie gtes were optimized to mintin onstnt ojetive level in the reservoirF en ojetive level ws set nd the minor out)ows were ssumed onstntF ixmples of simultions nd grphs were provided for the wy to ytoer sesons of PHHS to PHIHF he risk ssessment tool ws developed to summrize the informtion of these simultions in terms of risk of rehing minimum eptle reservoir levelF he grphs predited oth the verge numer of dys elow this reservoir level nd the numer of ensemle memers rehing this levelF e showed tht these risk grphs were sensitive to initil hydrologil onditionsF he sensitivity of the predited numer of dys nd memers elow the minimum reservoir level ws lso qunti(edF hese two vriles were sensitive to the volumes evuted through the (sh pss nd the siphonF isk prmeters were lso sensitive to the ojetive level to e mintined in the reservoirD even thoughD in prtieD there is little possiility to hnge this ojetive level due to severl mngement onstrints in the reservoirF sn the following hpterD we investigte how riskEsed informtion n e used in reservoir mngementF e developed gme experiment to etter understnd how deisionEmkers ret to longEterm informtion to deide on reservoir relesesF en experiment on riskEsed deisionEmking in wter mngement using monthly proilisti forests his hpter is sed on pper pulished in Bulletin of American Meteorological Society X grohemore vFD mos wFErFD ppenerger pFD vn endel F tFD ood eF F @PHITAD en experiment on riskEsed deisionEmking in wter mngement using monthly proilisti forestsF doiXIHFIIUSGfewEhEIREHHPUHFIF ¡ esum¡ e ves pr¡ evisions proilistes ou d9ensemleD pre qu9elles prennent en ompte les inertitudes de pr¡ evisionD peuvent ider l prise de d¡ eision en ontexte de risqueF hes pr¡ evisions de d¡ eits ux ¡ eh¡ enes mensuelles ou sisonni eres sont d¡ ej utilis¡ ees op¡ ertionnellement en gestion de r¡ eservoirsD pour des ojetifs tels que l r¡ eprtition de l ressoureD l9optimistion des l¢ hers d9eu ou l9ntiiption du risque s¡ eheresseF hns le hpitre pr¡ e¡ edentD nous vons notmment propos¡ e un outil d9¡ evlution des risques en p¡ eriode de sses eux pour le rrge d9erzlF elors qu9il existe de nomreuses ¡ etudes herhnt estimer l vleur des pr¡ evisions hydrom¡ et¡ eorologiques d9ensemle pour de telles pplitionsD peu ¡ etudient leur r¢ ole pour l prise de d¡ eisionF ves jeux de r¢ oles peuvent s9v¡ erer tr es utiles pour mieux omprendre le proessus omE plexe de prise de d¡ eision en ontexte de risqueF ge hpitre propose une exp¡ erieneD sous forme de jeu de r¢ oleD pour mieux omprenE dre l9usge des pr¡ evisions proilistes longue ¡ eh¡ ene pour l d¡ eision de l¢ her de r¡ eservoirF hurnt le jeuD les prtiipnts endossient le r¢ ole de gestionnire de r¡ eservoirF e prtir d9une s¡ equene de pr¡ evisions mensuelles d9pports u r¡ eservoirD et ¡ etnt donn¡ es un ojetif de remplissge et des ontrintes de l¢ hersD les prtiipnts d¡ eidient s¡ equentiellement des l¢ hers qu9ils llient e'etuer pour les mois venirF e l (n de hque moisD soit pr es hque d¡ eisionD les ons¡ equenes des d¡ eisions prises le mois pr¡ e¡ edent ¡ etient ¡ evlu¡ ees en fontion des pports e'etivement oserv¡ esF our ette ¡ etudeD ITP feuilles de r¡ esultt ollet¡ ees lors de huit ¡ ev enements ont permis de mettre en ¡ evidene l9enjeu mis ussi l di0ult¡ e de prendre l fois en ompte l9informtion proiliste et l9informtion long termeF endnt les s¡ equenes de jeuD un ¡ ev enement de rue survenit u mois de juinF v strt¡ egie permettnt de (nir le jeu sns fire d¡ eorder le r¡ eservoir onsistit vider progressivement le r¡ eservoir dns les mois pr¡ e¡ ednt l9¡ ev enement pour pouvoir reevoir les pports de l rue de juinF v9nlyse des feuilles de r¡ esultts montr¡ e queD sur l9ensemle des s¡ enesD seulement PH 7 des prtiipnts vient r¡ eussi (nir l s¡ equene de d¡ eisions sns fire d¡ eorder leur r¡ eservoir et en respetnt les ontrintes de l¢ hersF ve mnque d9ntiiption de l9¡ ev enement ou l sousEestimtion de l9¡ ev enement venir en terme de volume sont des explitions possiles e file tux de r¡ eussiteF v mni ere de ommuniquer les pr¡ evisions et l quntit¡ e d9informtions int¡ egrer dns le temps imprti pouvient ussi pr¡ esenter une di0ult¡ e pour les prtiipnts et in)uer l prise de d¡ eisionF he mni ere plus g¡ en¡ erleD l9usge du jeu de r¢ ole permis de filiter et r¡ eer un ontexte fvorle l disussion des enjeux et limites l9usge de l9informtion proiliste longEterme dns l prise de d¡ eision s¡ equentielleF en experiment on riskEsed deisionEmking in wter mngement IRS estrt he use of proilisti forests is neessry to tke into ount unertinties nd llow for optiml riskEsed deisions in strem)ow foresting t monthly to sesonl led timesF uh proilisti forests hve long een used y prtitioners in the opertion of wter reservoirsD in wter llotion nd mngementD nd more reently in drought prepredness tivitiesF rious studies ssert the potentil vlue of hydroE meteorologil foresting e'ortsD ut few investigte how these forests re used in the deisionEmking proessF oleEply gmes n help sientistsD mngers nd deisionEmkers understnd the extremely omplex proess ehind riskEsed deisionF sn this hpterD we present n experiment fousing on the use of proilisti foreE sts to mke deisions on reservoir out)owsF he setup ws riskEsed gmeD during whih prtiipnts ted s wter mngersF rtiipnts determined monthly reserE voir releses sed on sequene of proilisti in)ow forestsD reservoir volume ojetives nd relese onstrintsF efter eh deisionD onsequenes were evluted sed on the tul in)owF he nlysis of ITP gme sheets olleted fter eight pplitions of the gme ilE lustrtes the importne of leverging not only the proilisti informtion in the forests ut lso preditions for rnge of led timesF inning strtegies tended to grdully empty the reservoir in the months efore the pek in)ow period to E ommodte its volume nd void overtoppingF wenty perent of the prtiipnts mnged to do so nd (nished the mngement period without hving exeeded the mximum reservoir pity or violting downstrem relese onstrintsF he roleE plying pproh suessfully reted n open tmosphere to disuss the hllenges of using proilisti forests in sequentil F UFI sntrodution esonl limte forests re used in lrge numer of wter resoures pplitions rnging from droughts @enderson et lFD PHHHAD urn wter @ghiew et lFD PHHHAD hydroE power opertions @flokD PHIIAD wter supply @frken et lFD PHIHAD wter llotion @wushtq et lFD PHIPAD griulture @qhile nd hulzeD PHHVA nd ground wter levels @quo et lFD PHHWAF ithout exeptionD sesonl foresting systems re proilistiF hey inorporte unertinties out the future stte of the limte @frown nd rdD PHIQAD whih is espeilly useful for risk ssessmentF goelho nd gost @PHIHA de(ned severl hllenges for integrting sesonl limte forests in opertionl mngementD rnging from the prodution of the forests to the e'etive implementtion into user pplitions @eFgF rrtmnn et lFD PHHPY vemos et lFD PHHPAF sn wter resoure pplitionsD this often requires trnslting preditions of preipittion nd temperture into preditions of strem)ow or in)ows to reservoirs @egond et lFD PHIIAF rtitioners n then mke mngement deisions tht re informed y the hydrologi forestsF goelho nd gost @PHIHA prtiulrly emphsise endEuser s key hllenge when implementing sesonl forests for wter mngementD even given the ommon exisE tene of quntittive wter deision support systems @eFgF hutt et lFD PHIQY egond et lFD PHIIAF he proess nd the poliies for wter mngement re extremely omE plexD for they hve to stisfy lrge rnge of possily on)iting ojetivesD omprising tehnilD soioEeonomi nd environmentl issuesD nd lso over onsiderle rnge of hydrologi onditions @imonovi¡ nd wrinoD IWVPY elsh et lFD PHIQAF e numE er of studies onnet forest performne to @eFgF qolemesky et lFD PHHWAD ut few reognize tht skilful forest does not neessrily led to the forest tully used y deision mkers @ghiew et lFD PHHQY uiem nd erdonEuiddD PHIIY ithie et lFD PHHRAF sn dditionD lmost ll studies re unle to inorporte ll operting rules or key deisions due to the omplexity of the tskF ehnil omplexities together with inE trite governne settings ontriute to rriers whih lower the uptke of sesonl limte forests in wter resoure mngement @for detiled review see uirhho' et lFD PHIQY vemosD PHHVAF emongst othersD these rriers inlude the hllenge in inorporting informtion in the proessD nd the often insu0ient humn nd instituE tionl pitiesF uirhho' et lF @PHIQA highlight individul wter mnger ehviour nd risk pereption s importnt res whih need to e ddressed to relise the vlue of proilisti sesonl forests @flok nd qoddrdD PHIPAF hese issues n e ddressed through n improved proessD using strutured modE elsD nd triningF st is however extremely omplex to replite full relityD with ll possile onsequenesF he use of roleEply gmes n id this proessD whilst llowing the investigtion of key reserh questionsD suh s how deision rules n e formulted IRU or whether proilisti forests led to etter deisions @mos et lFD PHIQAF he deision proess inludes rnge of potentil tionsD numer of possile eventsD vrE ious onsequenes for eh omintion of tion nd eventD nd set of proilities for eh omintion @per nd tedingerD PHHIY nkrsurmnin et lFD PHHWAF hese n e ontrolled in gme settingD whilst providing n experiene whih n e lose to relity @gnnonEfowers nd fellD IWWUA nd helpful to enhne understndingF his hpter presents gme experiment tht fouses on relisti deision seE quene for mnging reservoir " one sed on tul hydrologyD sesonl forestsD nd typil reservoir mngement ojetives from setting in the western nited ttes @AF he gme ws plyed with di'erent groups of studentsD reserhersD opertionl hydrologistsD forestersD deisionEmkers nd wter mngers during onferenes nd meetingsF lyers were sked to mnge reservoir used for )ood ontrol nd wter supplyD for fourEmonth period @referred to s the mngement periodAF hey were presented with monthly series of proilisti in)ow forests for runo' in the omE ing I to R monthsX suh forests re referred to s sesonl forests in prtie due to their monthly to sesonl led timesF rtiipnts were required to pln out)ows t eh deision step while omplying with reservoir pity nd relese onstrintsF he ojetives of this hpter re to present the results otined nd to nlyse the deision mking proess of the prtiipntsF sn the following setionsD we present the gme setupD the wy it unfolded nd how prtiipnts mnged their reservoirsF he lst setion is dedited to disussion nd onlusionsF UFP wteril UFPFI qme setup he setting of the gme is reservoir in wtershed with pronouned nnul runo' yle de(ned y winterEspring snow umultion nd springEsummer melt periodD followed y low runo' regime in the summer nd fllF he reservoir mngement ojetives re typil of mny mnged systemsX wter supplyD minimum environmenE tl releses nd )ood ontrolF he gme ws dpted from trining mteril for ourse given t the WI st ennul weeting of the emerin weteorologil oietyF st ws modi(ed to e plyed in n uditoriumD in PHEPS minutesD nd to e essile for udienes rnging from studentsD reserhersD opertionl hydrologistsD forestersD deisionEmkers nd wter mngersF qme setting ih prtiipnt plys the role of wter mnger for vke hul9D whih is reservoir with pity of SHH wm 3 tht serves two primry funtionsX wter supply for wof own9 nd )ood ontrol for fe own9F he residents of wof own9 would like to see the reservoir full @SHH wm 3 A on eugust I st to ensure drinking wter supply until the end of summerD while the residents of fe own9 re interested in keeping monthly releses elow TH wm 3 to prevent )ood dmge to their homesF roilisti forests of monthly in)ows re ville nd updted on the (rst dy of eh month during the mngement period running from epril to eugustF et the eginning of eh monthD prtiipnts hve to deide on the monthly reservoir releses for the remining months in this periodF wngement ojetives he gol of eh prtiipnt is to hve the reservoir volE ume s lose s possile to SHH wm 3 on eugust I st without ever exeeding this mxE imum pityF rtiipnts lso hve to mintin minimum relese of IS wm 3 for environmentl )ow nd their mximum relese nnot exeed TH wm 3 F es penltyD prtiipnts re (red from their mngement role in the gme if they fil to meet the onstrint of mximum pityF et the end of the gmeD the winner9 is the mnE ger tht hs the highest reservoir volume on eugust I st without hving exeeded its mximum pity during the mngement periodF UFPFP lying the gme o ollet the results of eh prtiipntD worksheet ws distriuted t the eginning of the gmeF st llowed prtiipnts to reord their releses nd updte their reservoir volumeF st lso provided informtion on the longEterm )ow limtology for eh month @the medin in)ow in wm 3 over the pst QH yersAF fefore strting the gmeD n exmple ws given for the month of wrhF rtiipnts were guided on how to (ll in the worksheetF vstlyD we sked for volunteer to ply the gme in front of the groupD ringing more lively tmosphere to the experieneF ine omputtions for the volunteer ould not e exeuted in relEtimeD the volunteer ws presented with three preEde(ned options of relesesF hey were designed fter severl testEplys with smll groupsF por the volunteerD ll possile omintions of sequentil deisions were preE lultedD ut only the hosen sequene ws displyedF purthermoreD the volunteer9s hoie nd ply did not interfere with the ply of the other prtiipntsD euse prtiipnts hd to de(ne their releses efore the hoies ville for the volunteer were presentedF o illustrte the forestEdeision proedureD pigure UFI shows the slides presented for the (rst monthF pirst the in)ow forests re displyed with the help of oxplots showing the S 7 @minAD PS 7D SH 7D US 7D nd the WS 7 @mxA perentiles @pigure UFIA nd prtiipnts re given few minutes to deide on their reservoir relesesF yn the next slide @pigure UFIAD it is the volunteer9s turn to mke deisionD hoosing mong options eD f nd gF he next slide @pigure UFIA displys the tul in)ow of the month nd prtiipnts updte their reservoir levels ordinglyD lning the in)ow with the relese they hd deided on for tht monthF sn the lst slide of the round @pigure UFIdAD we ssess the volunteer9s deisionD y showing the lultion of reservoir volume t the end of the month for the relese option hosen y the volunteerF st lso indites en experiment on riskEsed deisionEmking in wter mngement IRW whether the volunteer still hs joF his mrks the end of forestEdeisionEupdte sequene nd the gme moves on to the next deision @iFeFD next monthAF he gme is repetition of this sequene of steps for forests issued one month from epril I st to tuly I st until we reh eugust I st F sf prtiipnts re (red efore the lst roundD they re enourged to keep plying nd try to reover their jos y lowering the reservoir volume elow its mximum pityF e mjor )ow event ws inluded to our in tune to test the prtiipnts9 pity to hedge for the possiility of high in)ows to the reservoirF sn dditionD the proilisti forests were designed suh tht their medin vlues were elow the tul in)owD to disriminte whether prtiipnts eme sensitive to the risk represented y the upper til of the forest distriutionF o help prtiipnts spot this pitfllD forests displyed oth oserved nd forest in)ows for the pst monthF pigure UFIX ixmple of sequene of forestEdeision in the gmeX forest issued on epril I st nd results for volunteer tht hose option g s relese sheduleF pigure UFPX esults of prtiipnts in terms of the min reservoir onstrintX not exeed the mximum reservoir pity of SHH wm 3 F UFQ esults UFQFI orksheets olleted e olleted totl of PHQ worksheets through eight distint presenttions of the gme @le UFIAF eventyE(ve perent presented relese shedules (lled in for eh month @nd not only for the (rst monthAF hirtyEtwo perent showed misomprehension of the relese onstrints nd hd releses greter thn TH wm 3 or less thn IS wm 3 F wislultions were oserved in TQ worksheetsX most were smll omputtionl erE rors tht did not impt the resoning proess nd few were mislultions of the reservoir in)owEout)ow lneF e disrded the worksheets tht did not respet the onstrints in the releses for the (rst month of the shedule nd those tht presented mislultions tht ould hve led to erroneous deisionsF sn the endD the nlysis onE sidered ITP worksheetsD IPT of whih hd omplete relese shedulesF he volunteer ply ws not onsideredF UFQFP heisionEmkers9 ehvior during the gmeX who wonc who lostc sn terms of the min deisionEmkers9 onstrintD iFeFD keep the reservoir level elow SHH wm 3 D we oserve @pigure UFPA tht twenty perent of the prtiipnts @QPA never exeeded the reservoir pity during the mngement period nd kept their jos until the end of the gmeF iighty perent of the prtiipnts @IQHA exeeded the reservoir pity t some point during the gmeF emong themD IHQ exeeded the reservoir pity oneD in tuneD nd lost their josD ut then mnged to reover @iFeFD relesed enough in tuly to hieve reservoir level k elow SHH wm 3 on eugust I st AD nd PU exeeded the reservoir pity in tuneD ut were unle to ring the volume elow SHH wm 3 t the endF pigure UFQ shows the monthly evolution of reservoir volumes @pigure UFQA nd the distriution of releses t oneEmonth led @pigure UFQAD for prtiipnts who exeeded the mximum reservoir pity nd for those who never didF ell prtiipnts who won deresed their reservoir volumes y IH to SH wm 3 in the (rst two monthsF hese two months were ruil to mke the di'erene etween winners nd losersF epril nd wy in)ows summed to UQ wm 3 D whihD given the minimum ompulsory relese @IS wm 3 for eh monthA nd the initil reservoir level @RSH wm 3 AD fored prtiipnts to reh t most reservoir volume of RWQ wm 3 t the end of wyF his level left little )exiility to keep the volume lower thn the mximum pity in the susequent monthsF sn the group of prtiipnts who wonD releses re higher thn QH wm 3 in eprilD omined withD in most sesD dditionl reltively high releses in wy @higher thn SH wm 3 AF sn ontrstD more thn hlf of the prtiipnts who lost opted to relese the minimum llowed in epril nd onsequentlyD sw their reservoir volumes inrese y the end of the month sine the epril in)ow @IV wm 3 A ws greter thn their relesesF sn wyD US 7 of these prtiipnts hd their reservoir volumes greter or equl to the initil volume of RSH wm 3 D with the highest vlue eing the mximum possileD RWQ wm 3 F sn tuneD the month for whih the high runo' event ws forestD VH 7 of ll prtiE ipnts relesed the mximum TH wm 3 F his represents TP 7 of the prtiipnts who won nd VR 7 of the prtiipnts who lostF et the end of the monthD the reservoir volumes of prtiipnts who lost were etween SHQ nd SSQ wm 3 D while the volumes of prtiipnts who won were etween RUQ nd RWV wm 3 F ell prtiipnts who won deresed their reservoir levels in the (rst two monthsD ntiipting the pek runo' monthD whih ws re)eted in oth the forests nd the limtologyF sn the eginning of tuneD their reservoirs were then low enough to ollet the wter from the high in)ow without overtoppingF rtiipnts who lost hd generl tendeny of inresing their reservoir volumes fter the (rst deisionsD re)eting emphsis on the gol of hving the reservoir level s lose to SHH wm 3 s possile on eugust I st D rther thn on the risk of high in)ow in tuneF hereforeD in tuneD they su'ered the onsequene of overtopping the reservoirF he mximum reservoir volume otined y prtiipnt rehed SSQ wm 3 t the end of tuneD whih orresponds to relesing the minimum IS wm 3 in epril nd in wyD nd the mximum TH wm 3 in tuneF his is the pro(le of deisionEmker tht ignored or filed to omprehend the implitions of the tune in)ow forests nd limtologyD nd eme trpped y relese onstrints in tuneF o reover their role s reservoir mngersD prtiipnts who hd exeeded the reservoir pity y the end of tune hd to relese enough in tuly to derese their reservoir volumes y the end of the monthF elmost US 7 of this group relesed more pigure UFRX eservoir volumes of ITP prtiipnts t the end of tuly s funtion of the oneEmonth led releses for epril @AD epril plus wy @A nd the sum of eprilD wy nd tune @AF rtiipnts who won @never exeeded the mximum reservoir pityA re indited in lueD nd prtiipnts who lostD in yellowF he drker the dotD the more prtiipnts dopted the volumeGrelese senrioF hded res highlight the strit seprtion etween winners nd losers y inditing the domin oupied exlusively y prtiipnts who wonD nd y prtiipnts who lostD in the lue nd yellow olors respetivelyF e perentge indites the proportions of dots in these resF thn RH wm 3 in tulyD while US 7 of the prtiipnts who never exeeded the mximum pity relesedD in the sme monthD less thn RH wm 3 F he return to reservoir volume elow SHH wm 3 ws hieved y UW 7 of the prtiipnts who hd lost their jos with the high in)ow in tuneF hespite their e'ortsD PU unfortunte plyers sw their reservoirs remin ove the spill9 volumeF he urgeny to derese the reservoir volume fter tune to void further overtopE pingD or mye just to seure their josD led prtiipnts who hd lost to relese lrge quntities of wter in tulyF yut of the QP prtiipnts who hd not exeeded SHH wm 3 fter the event in tune nd who hd then more )exiility to djust their reservoir volume so s to ring it s lose s possile to the gol on eugust I st D II were le to inrese their reservoir volumes in tuly y mnging their relesesF UFQFQ end the winner isFFFX optiml oneEmonth led relese shedule pigure UFR presents the reservoir volumes of eh prtiipnt t the end of tuly s funtion of their oneEmonth led relesesF e onsiderD progressivelyD their releses in epril @pigure UFRAD the summed releses for the months of epril nd wy @pigE ure UFRA nd the summed releses for ll the months prior to the high in)ow eventD iFeFD eprilD wy nd tune @pigure UFRAF his (gure llows retrospetive nlysis of whih deisions led to overtopping the reservoirF pigure UFR shows tht prtiipnts who relesed PS wm 3 or less in epril @TI 7 of en experiment on riskEsed deisionEmking in wter mngement ISS ll ITP prtiipntsA lost their jos on tuly I st F he sme is oserved for prtiipnts who relesed n umulted volume of VH wm 3 or less y wy @pigure UFRAF fy this timeD they lredy represent UP7 of ll prtiipntsF fy the end of tuneD prtiipnts who hd relesed n umulted volume of IRH wm 3 or less @VH 7 of ll prtiipntsY pigure UFRA hd lost the gmeF yn the opposite end of the relese spetrumD ll prtiipnts who relesed IPH wm 3 y wy @iFeFD tht relesed the mximum llowed in epril nd wyA did not overtop their reservoirs during the gme @pigure UFRAF et the end of the (rst three sequentil deisionsD ll prtiipnts who hd relesed more thn IRS wm 3 hd their reservoirs prepred for the high runo' event in tune @pigure UFRAF sn order not to overtop their reservoirsD prtiipnts hd to lower the initil reservoir volume of RSH wm 3 y t lest IH wm 3 in the (rst two deisionsF sn terms of relesesD this mens tht they hd to relese t lest VQ wm 3 over the (rst two deisions @given the IV wm 3 nd SS wm 3 in)ows of epril nd wyD respetivelyAF qiven the onstrint of mximum relese @TH wm 3 AD these two months were thus essentil to djust the reservoir volume prior to the high in)ow eventF prom the worksheetsD it emerges tht the highEsore winner pplied the following sequene of releses E QSY SHY THY PR wm 3 " to hieve the following volumesX RQQY RQVY RWVY RWT wm 3 F his winner ws mong the udiene of the rii IHth enniversry workshopD whih wsD most prolyD the venue with the most speilized users of proilisti forests in the udieneF es noted erlierD the gme ws designed suh tht the sesonl forests were underEprediting the oming high in)ow event if judged on the SH 7 perentileF sn ftD the oserved pek in)ow of tune ws lose to the WS 7 perentiles of the (rst three @eprilD wyD tuneA proilisti forests for tuneF hese forests foreshdowed tht n upoming mjor event ws possileD leit with low forest proility of ourringF he )ow limtology informtion in the worksheets indited tht tune ws historilly month of high in)ows nd lso provided wrning for prtiipnts to e utious nd prepre for the oming event with n pproprite relese strtegyF UFQFR ivolution of relese shedules he wy prtiipnts were plnning their releses months hedD nd how they hnged their plnning or not s the tune high in)ow pprohedD ws investigted with the help of the IPT worksheets @out of ITPA tht hd relese shedules fully (lledF sn oth groupsD iFeFD prtiipnts who lost @IHP worksheetsA nd prtiipnts who won @PR worksheetsAD we hd pproximtely the sme proportion of plyers tht fully (lled in their relese shedules @UV 7 nd US 7D respetivelyAF e oserve tht prtiipnts who won hd silly plnned their releses for the month of wy nd tune lredy in the (rst deision on epril I st F hen wy I st nd lter tune I st rrivedD the mjority on(rmed their previous deisions or just inresed their releses of pproximtely S to IH wm 3 more to ommodte the high in)ows in the reservoir without overtoppingF yn the other hndD prtiipnts who lost wereD in generlD plnning very low releses on the (rst months nd lredyD sine the (rst deision in eprilD plnning to relese the mximum in tuneF ht they hd not ntiipted ws tht this would not e enough to ommodte the high in)ow event nd tht etter strtegy would hve een to grdully empty the reservoir lredy in epril nd wyF yn tune I st D plyers from this group my hve een frustrted y the ft tht they hd their reservoir volumes too high ut ould not relese more thn the mximum llowedF sn generlD the plnned releses for tuly were progressively inresed when moving from epril to tune in oth groupsF yn tuly I st D howeverD when the only relese they hd to pln ws for the oming month nd the highest in)ow hd lredy pssedD the mjority in the group of prtiipnts who won ws le to derese the vlues they hd plnned to relese previously on tune I st ndD thereforeD etter trget the (nl gol of hving the reservoir volume s lose s possile to SHH wm 3 on eugust I st F yn the other hndD in the group of prtiipnts who lostD hlf of the plyers hd to deide on relesing more thn wht they hd sheduled in the previous deisions to hve hne of getting their reservoir elow SHH wm 3 ndD onsequentlyD their jos kF UFQFS row might prtiipnts hve used the proilisti foreE sts nd the )ow limtology when mking deisionsc st ws left to prtiipnts to hoose how they would tke into ount forest nd limtology informtion in their deisionsF e ould notD unfortuntelyD follow this proess within eh prtiipnt9s mindF xeverthelessD using the worksheets onlyD we tried to identify whih forest quntile prtiipnts sed their releses onF o do soD we lulted the eugust I st reservoir volumes they would hve otined if the oserved in)ows hd onsistently mthed one of the forest quntilesD orD lterntivelyD the )ow limtologyF olumes otined with the oserved in)ows were lso estimtedF his ws done for eh deision step @monthAD so tht we ould lso evlute the relese plnning strtegyF pigure UFS shows the resultsF he plyers who took protive tions s erly s epril nd wy to lne the gme ojetive with the overtopping risk likely foused on upper quntiles of the foreE sts @US nd WSAD with mye lso some support from the )ow limtologyF sndeedD most of these prtiipnts would not hve overtopped their reservoirs hd the US nd even the WS forest quntiles een veri(ed s oserved in)ows throughout the gmeD s erly s in the (rst deision stepF yn the third nd fourth deisionsD they seemed to hve set side )ow limtology nd rther used n djusted9 upper forest quntile @WSA to evlute the possile oserved in)ow nd optimise their releses to the gols of the gmeF his might hve een the result of hving previously noted tht the forests wereD in generlD underEprediting the oserved in)owsF he ft tht prt of the distriution for eugust volumes given tul oserved )ows is ove the reservoir mximum during the (rst two deisions @eprilD wyA mens tht prtiipnts tolerted or were not le to eliminte the overtopping risk erly in the mngement periodD ut took steps to eliminte it when the potentilly high in)ow month ws imminentF pigure UFSX olumes tht prtiipnts would hve in their reservoirs on eugust I st y pplying their relese progrms t eh deision month @eprilEtulyA to the ses where in)ows re equl toX the forest quntiles S to WS @shdes of greenAD the )ow limtology @orngeA nd the oserved in)ows @redAF foxplots represent sttistis over PR prtiipnts who won @topA nd IHP prtiipnts who lost @ottomAF sn the group of prtiipnts who lostD most prtiipnts might hve een guided y the medium to lower quntiles @SH nd PSA in the (rst deisionsF pigure UFS shows tht if the upper quntile forests or even the )ow limtology vlues hd veri(ed s oserved in)owsD these prtiipnts would hve rehed reservoir volumes muh higher thn the llowed SHH wm 3 in eugustF sn ontrstD if lower quntiles hd veri(ed s oserved in)owsD most would hve een sfe from overtopping their reservoirsF vter onD on the third nd fourth deisionsD these prtiipnts might hve ted sed on the upper forest quntiles @US nd WHA ndD eventullyD on the )ow limtology to pln their relesesF UFR hisussion nd onlusions his hpter presented the results of gme experiment designed to mimi riskEsed deisionEmking in wter mngement using proilisti forests of in)ows to reserE voirF prom the nlysis of the worksheets olleted during the pplition of the gme in eight di'erent ontextsD we were le to illustrte key issues on the use of proilisti forests in sequentil deision mkingF sn the gme setupD sesonl forests hd to e viewed s whole nd not s independent monthly forestsF iven though the forest time evolution wrned the prtiipnts out high in)ow eventD monthly SH 7 perentile forest vlues were underEestimting )owsF qiven the reservoir onstrintsD s expressed in the rules of the gmeD nd the gols of the mngementD it ws neessry to look t forests months hed efore deiding on the reservoir relesesF e winning strtegy would e the one tht would grdully empty the reservoir two months hed of the expeted high in)ow to ommodte its potentil volume without overtoppingF elthough the worksheets were designed to invite prtiipnts to dopt this longEterm pprohD notly y sking them to shedule their releses for the whole mngement periodD still out PS 7 of the prtiipnts (lled their releses for the oming month onlyF epproximtely PH 7 of the prtiipnts to the gme were le to (nish the mngeE ment period without exeeding the mximum reservoir pity t ny time during the sequened deisionsD nd pproximtely IU 7 of the prtiipnts not only used the reservoir to overtopD ut lso were unle to ring its volume k elow the thresholdF inners were those who hd progrmmed the releses in wy tht they sueeded to dequtely derese their reservoir volumes in the (rst two monthsD ntiipting the potentil high in)owsF vosers of the gme were those who did not reognize erly enough the signi(ne of the high in)ow riskD or did not omprehend its potentil impt on the reservoir volumeF sn this hpterD nswers tht showed signs of misomprehension of the lne eqution were not used in the interprettionF hereforeD it hs een impliitly ssumed in the nlysis of the remining results tht the prtiipnts were le to tke full dvntge of the proposed informtionD one given the neessry tools to red the proilisti grphs nd understnd the limtologil vlues t the eginning of the gmeF he results sed on the remining nswers my however still e in)uened y the omprehension of the proposed tools nd the wy they were presentedF st is possile tht given the timed nture of the gme @prtiipnts hd to deide within limited mount of timeAD some prtiipnts ould understnd the wy forests were displyedD ut were not fst enough in pplying their understndingF gommuniting forests ndD more generllyD proilities is still mjor hllenge in hydrometeorologyD nd en experiment on riskEsed deisionEmking in wter mngement ISW n e rrier to the widespred use of ensemle forests in opertionl ontextsF he informtion olleted from the worksheets shows whih deisions were tkenD ut not why they were tkenF hereforeD re hs to e tken in the interprettion of the results of this gme experimentF e n only speulte on wht ould hve een the resons for mny prtiipnts to tke ertin sequene of relese deisionsD nd on wht strtegy winners hd with respet to the forest in)owsF hereforeD even if the results indite tht the prtiipnts who won the gme might hve onsidered the upper quntiles of the forestsD t lest in their (rst deisionsD informtion on why they followed this proedure is not ville through the gme setupF e possile soluE tion to this limittion ould e to expnd the gme y sking these relevnt questions orlly or diretly in the worksheetsF eording whether prtiipnts hd prior wter resoure mngement or foresting experiene ould lso help indite the vlue of trining towrd improving the pplition of proilisti informtionF golleting speE i( informtion on the min ouption nd kground of eh prtiipnt ould lso e helpful to evlute how strtegies my vry etween di'erent groups @eFgFD studentsD mngers or forestersAF pinllyD this gme is simpli(ed representtion of relity nd does not intend to reprodue the full ontext of opertionl environments in reservoir mngementF sndeedD prtiipnt who hd relElife experiene mnging reservoirs noted during one gme session tht the winning strtegy @desried in etion QFPA ould hve rised lrms in prtie for hving llowed too muh )ooding risk en route to hieving nerEperfet trget levelF hespite the simpli(tionsD howeverD we reeived positive feedk fter the di'erent pplitionsD even though howls of indigntion were often herd in the rooms when the oserved tune in)ow ws reveledF he roleEplying pprohD nd the penlty experiened y prtiipnts of eing (red from their josD dded light touh to the experiene nd reted plesnt tmosphere to disuss the hllenges of using proilisti sesonl forests in sequentil deisionEmkingD where hoies hve delyed onsequenesF xotlyD the gme hs een suessfully used s support mteril during tehing nd trining tivitiesF qenerl onlusion he quest for extending preditility in hydrometeorologil foresting is fr from eing overF esonl forests re perfet exmple of thisX mny re urious out them nd show n interestD ut mny remin septilD eyerows often rise in their viinityD nd few trust them enough to implement themF his is perfet demonstrtion of the stke of sesonl foresting nd of ll tht is left to prove nd demonstrteF sn strem)ow forestingD one n strt y ssessing the theoretil preditility of strem)owsF row fr hed n we hope nd should we expet skilful preditionsc his pproh to preditility is t the hert of reent pulitions nd onEgoing reserh in severl reserh tems round the worldF his hh work hs tkled the mtter y diretly investigting the performne of sesonl foresting systemsF st hs ddressed two spets tht limit the widespred use of sesonl strem)ow forestsX the need to ssess the qulity of sesonl strem)ow forests nd the neessity to trnslte the sesonl informtion into risk informtion tht nswers user needsF hroughout this hh reserhD we hve ssessed the qulity of sesonl stremE )ow forests in prne nd investigted their potentil to enhne deisionEmking in reservoir mngement during periods of low )ows nd droughtsF his reserh hs more spei(lly ddressed four spetsD listed in the sntrodution of this thesisX I the is orretion of preipittion forests to improve sesonl strem)ow foreE stsY P the onditioning of historil dt with sesonl preipittion forests to etter pture lowE)ow hrteristisY Q the development of risk ssessment tool tilored to the needs of dm mngers to help deisionEmking nd lert ginst wter shortges in summerY R the set up of roleEplying gme to etter understnd role of sesonl proE ilisti informtion in riskEsed deision mkingF e herefter summrize the onlusions relted to eh of these questionsD nd list some perspetives to this workF gonlusions on sesonl strem)ow foresting in prne IF fis orreting preipittion forests from limte servies n improve the overll performne nd the reliility of qgwEsed sesonl strem)ow forestsF e investigted the ility of preipittion forests issued y the ystem R qgw of igwp to forest sesonl strem)owsF he oserved monthly ises of the ysE tem R preipittion in the sixteen prenh thments often ompensted over the yerF his highlighted tht e0ient is orretion should ddress monthly ises rther thn ises over the yerF iight is orretion methods were studiedF he empiriE l distriution mpping of dily preipittions performed estX it llowed improving overll performne y improving forest reliilityD even though this ws sometimes t the expense of forest shrpnessF he liner sling method inresed overll perE formne of strem)ow forests y improving the shrpness of preipittion forestsF yverllD smll improvement in the overll performne of preipittion forests led to greter improvements in the overll performne of strem)ow forestsF his result is n inentive to improving sesonl preipittion forestsD either through improved limte model outputs or through postEtretment methodsD to lso improve sesonl strem)ow forestsF PF gonditioning historil senrios with qgwEsed preipittion indies n improve the shrpness of limtologyEsed strem)ow forestsD nd provide etter forests of lowE)ow eventsF he onditioning of historil dt sed on qgw preipittion forests llowed to tke dvntge of the reliility of historil dt nd the shrpness of meteoroE logil forestsF e onditioning sed on forests of the nomly in preipittions produed relile forestsD nrrowed the spred of limtologyEsed forests nd preserved their overll performneF his reserh hs highlighted the trdeEo' eE tween shrpness nd reliility in the serh for etter forest qulityF smproving one my often e t the expense of the otherF e n suggest tht n universl optiml lne my not exist nd tht the est trdeEo' etween shrpness nd reliility is spei( to the pplitionF vstlyD n dvntge of the proposed methods is tht they my lso serve s is orretion nd downsling of qgw outputs s highlighted y grpenter nd qeorgkkos @PHHIAF hile the onditioning of historil preipittions n e seen s is orretion prior to hydrologil modellingD the onditioning of historil strem)ows n diretly serve s is orretion of strem)ow forestsF edditionllyD onditioning methods n help trnslte the lrgeEsle sesonl qgw informtion into meteorologil nd hydrologil senrios oserved in the thmentF qenerl onlusion ITQ gonlusions on sesonl foresting for reservoir mngement QF e risk ssessment tool ws developed to forest the risk of not eing le to mintin ll wter uses of the erzl reservoir during the lowE)ow sesonF en inEdepth nlysis of the quntittive mngement dt of the erzl reservoirD supE ported y severl disussions with the mngers of the se @the orgniztion in hrge of the mngement of the dmAD highlighted the ojetives nd onstrints of the dmF his nlysis lso helped understnd how these onstrints nd ojetives relte to hydrometeorologil onditionsF st hs led to the development risk ssessment tool for the mngement of the reservoirF he sesonl strem)ow forests used s input to wter lne model of the reservoir llowed us to quntittively ssess the risk of rehing minimum eptle reservoir level throughout the lowE)ow sesonF e preEopertionl visulistion tool of this risk emerged from this preliminry workF e fully opertionl risk ssessment tool would require further nlysis fter implementing the tool opertionllyD whih would llow omplete evlution of its strengths nd (nl tiloring to ful(l the user needsF vstlyD sensitivity nlysis of the risk ssessed in the se of the PHHS droughtD highlighted the importne of the ojetive mngeE ment level in reduing the riskF snterestinglyD the nlysis lso showed tht inresing drinking wter supply would hve little impt on the qunti(ed riskD while restriting the openings of the lok for oting n indiretly help redue this riskF RF e good ommunition nd interprettion of sesonl produts is key to tking full dvntge of the sesonl informtion for deisionEmking in reservoir mngementF e roleEplying gme experiment ws onduted to investigte the proess of sequenE til deisionEmking sed on sesonl proilisti forests in theoretil reservoirF yverllD we oserved tht the gme pproh filitted disussions on hllenges nd limits to using longEterm informtion in deisionEmkingF he experiment showed tht sesonl proilisti forests n e neessry in riskEsed deisionEmking to ntiipte extreme events months in dvneF he experiment lso highlighted the hllenge of inorporting longEterm proilisti informtion in deisionEmkingF snE deedD mong the gme prtiipntsD few were le to mnge the theoretil reservoir throughout the seson without overtopping itF rtiipnts my not hve su0iently ntiipted the hydrologil event despite the sesonl forestsF elsoD the wy the forest informtion ws ommunited my hve een ritil spet impting the deisionEmkingF gollortion with limte servies nd endEusers ws ruil he onlusions of this hh work re the fruit of tive ollortions with limte serviesD represented y igwpD ut lso with endEusersD here the dm mngers of the erzl reservoirF ther thn dopting topEdown pproh from the limte servies to the endEusersD this work hs involved ll prties throughout the reserh proessF yn the one hndD it ws the endEusers tht initited the ollortion on this hh work within the snterreg sf xi hy projetF hey were inluded in the siE enti( proess nd their experiene ws deisive in the development of dpted tools for reservoir mngementF en opertionl gol involving the work of this hh thesis ws to develop preEopertionl lowE)ow foresting nd wter mngement system to support reservoir mngement nd drought dpttion for the erzl reservoirF he hy projet lso llowed for exhnges with endEusers from di'erent horizonsF e hve een in lose ontt with the dm mngers from iD in qermnyD who hd di'erent experienes of similr issuesD whih gve n enlrged vision of this workF yn the other hndD the sientists from igwp not only provided the sesonl preE ipittion forests used in this reserhD ut lso tively ontriuted to the ppliE tion nd evlution of these forests for strem)ow forestingF hey o'ered their ontriution throughout the implementtion of the preipittion forests within the strem)ow foresting frmeworkF efter the frmework ws implementedD they shred their expertise in the forests nd prtiipted in the interprettion of the results of this reserhF erspetives his hh reserh uilds on foresting system sed on the preipittion forests of the igwp ystem R qgwD on the qTt hydrologil model nd on reservoir lne model developed for the purpose of this thesisF ell the onlusions from the performne nlyses rried out in this thesis thus rely on the performne of these models nd my not e pplile to other foresting systemsF puture diretions for this reserh re lso highly relted to this modelling frmeworkF e diret perspetive is to inlude sesonl temperture forests in the strem)ow foresting frmeworkF hroughout this thesisD the hydrologil model ws fed with the men internnul evpotrnspirtionF roweverD studies hve shown the importne of onsidering temperture when foresting dry eventsD s in the se of the PHIR drought in gliforni @uolliprD PHISAF edding temperture forests to the nlyses wouldD howeverD hve implitions on the is orretions pplied nd on the seletion of pst senrios to predit future eventsF sndeedD is orretions would hve to orret simultneously preipittions nd temperturesD nd preserve their sptioEtemporl onsistenyF e onditioning of pst tempertures my lso e hllenging due to nonE qenerl onlusion ITS sttionrities in long temperture reords neessry to forest strem)ows sed on historil meteorologil dtF e si ssumption in the wy we uilt our onditioned forests is tht pst oservtions n represent urrent limte onditionsD whih my not e vlid if trends re present in the oserved time seriesF sn this thesisD we hve investigted severl wys to ondition limtology in order to forest strem)owF yther onditionings re extensively used in the litertureD suh s seletions sed on limte indies @eFgF the xorth etlnti ysilltion in iuropeAF etD other pprohesD suh s the fyesin wodel everging @fweA or the nonhomogeneous qussin regression @xqAD propose to optimlly omine multiple foresting systems y lerning from their pst performneF st would e interesting to ompre the results from suh omintions with the results of the onditioning presented in this thesisF purthermoreD the fwe nd xq methods ould e interpreted s dignostis of the performne of the di'erent investigted foresting ensemlesF enother diret perspetive tht would serve the future development of foresting tools for the erzl reservoir is the identi(tion of the soures of preditility in the iline thmentF unowing the soures of preditility n indeed serve s lol dignosti to improving the skill of strem)ow forests @ood et lFD PHITAF sn prtieD this ould help guide future e'ortsD either towrds etter dt quisition tools to improve initil onditionsD or towrds skilful monthly or sesonl forests from limte servies to improve meteorologil foringsF nfortuntelyD we ould not implement the onditioned strem)ow forests sed on historil strem)ow in the risk ssessment tool of the erzl reservoirF sndeedD this method requires long strem)ow reords tht re not yet ville for the iline t ieuxF xeverthelessD when strem)ow reords llow for itD it would e interesting to use the method to forest reservoir in)owsD sine it provided good ssessment of drought nd lowE)ow risk t low omputtionl ostF sn similr lineD there is still work to e done to ring the risk ssessment tool to n opertionl levelF sts preEopertionl version ould e implemented nd tested to evlute the tul potentil of the tool in supporting deisionEmkingF gompring in relEtime its risk ssessment to oserved situtions ould help vlidte its performneD ndD lter onD we ould ssess if nd how the tool n e used in the mngement of the multiEpurpose erzl reservoirF he roleEplying gme presented in this thesisD s well s other gme experiments @mos et lFD PHIQY ernl et lFD PHITAD hve shown tht gmes n open the disussion on touhy sujetsD y reting theoretil nd therefore sfer ontextF peking of touhy sujetsD nd in the line of reservoir mngementD the llotion of the wter resoure for di'erent uses ould e perfet sujet for future gme inluding reservoir volume forestsF purther long the lineD the impt of limte hnge on strem)ows might ditte the vlue of this work for future yersF glimte hnge is omnipresent when disussing low )ows nd droughtsF iven though studies on the impt of limte hnge on low ITT )ows nd droughts do not lwys onverge to similr onlusions @risdl et lFD PHHIY vehner et lFD PHHTY idl et lFD PHIPY gorzo erez et lFD PHIIAD there is hne tht the ourrene or the severity of droughts will inrese in the oming enturyF sn prneD within the ixplore PHUH projetD ghuveu et lF @PHIQA showed tht more severe summer low )ows re to e expeted in lrge thmentsF king into ount limte hnge implies tht the hypothesis of sttionrity is no longer vlidF his would require to tke into ount the is etween pst nd future hydrometeorologil oservtionsD for exmple in the lirtion of the hydrologil model @goronD PHIQAD in the lirtion of is orretions or in the seletion of likely senrios within pst oservtionsF 
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  e du nomre de jours sous le seuil de gestion ux usges et u niveu ojetifD dns le s de l s¡ eheresse de PHHSF

  TI RFSFI yverview of the e'etiveness of the is orretion methods F F F F F TI RFSFP gomprison of is orretion ftors for v nd ihwh methods F F TR RFSFQ smpt of is orretion on the useful foresting led time F F F F F TS RFSFR ummry of the omprison of is orretion methods F

  of the CRPSF he lue line represents the reviside step funtion of the oservtionF he green line represents the umultive distriution of the forestF he green re represents the re used in the omputtion of the CRPS @see iqution QFQAD for the displyed forest

  pigure QFRX sllustrtion of how pv vlues re determined nd ssoited with pv tegory in six di'erent ses of evolution of the skill sore with led timeF

  time (days) pigure RFUX xumer of thments @7A in eh pv vlue tegoryD iFeF numer of thments in whih is orretions inrese the led time up to whih sesonl preipittion forests hve skill in regrds to rw sesonl preipittion forestsF ih row orresponds to n evlution riterion nd eh olumn orresponds to sesonF golour shdes indite the pv tegoryD iFeF the led time up to whih preipittion forests re improvedF time (days) pigure RFVX xumer of thments @7A in eh pv vlue tegoryD iFeF numer of thments in whih is orretions inrese the led time up to whih sesonl strem)ow forests hve skill in regrds to sesonl strem)ow forests generted from rw sesonl preipittion forestsF ih row orresponds to n evlution riterion nd eh olumn orresponds to sesonF golour shdes indite the pv tegoryD iFeF the led time up to whih strem)ow forests re improvedF fis orreting preipittion forests to improve sesonl strem)ow forests TW

  s pigure SFT ut for s re rnges omputed for de(it durtionF nges re represented y oxplots whih gther the s res for the IT thmentsF qrphs re presented for led times of two weeksD (ve weeks nd twelve weeks @olumnsAF SFVX me s pigure SFU for de(it volumeF trem)ow foresting y onditioning limtology with preipittion indies IHQ

  le TFIX hreshold reservoir levels in the erzl reservoir nd ssoited onsequenes or mngement onstrintsF hresholds gonsequenes or mngement onstrints x b PFIH m xqp plooding of nery (elds nd swmps x `IFVH m xqp hi0ulties in letting ots in nd out of the lok x `IFTH m xqp xo nvigtion x `HFVH m xqp xvigtion is prohiited x `H m xqp hi0ulties in pumping for drinking supply

  IIWle TFQX ers of ville hydrometeorologil nd mngement dtF hree strs in the Trust olumn indites tht dm mngers onsider dt s relileD wheres one str indites tht dm mngers onsider dt s not relileF

  nd men sesonl vlue of eh in)ow nd out)ow omponent of the erzl wter lne modelF wen sesonl volumes re verged over IH yers @PHHSEPHIRA from wy to ytoer nd from xovemer to eprilF he left grph ompres in)ow volumesD the middle grph ompres out)ow volumesD nd the right grph ompres in)ow nd out)ow volumesF

  eferenes endersonD wFvFD wierzwD wFhF nd uvvsD wFvF @PHHHAF roilisti sesonl foreE sts of droughts with simpli(ed oupled hydrologiEtmospheri model for wter resoures plnningF tohsti invironmentl eserh nd isk essessment IRD PTQ!PURF VRD IRT endr¡ essinD FD errinD gFD ferthetD vFD ve woineD xFD vertD tFD voumgneD gFD yudinD vFD wthevetD FD mosD wFrF nd l¡ eryD eF @PHHWAF ri ypinions 4grsh tests for stndrdized evlution of hydrologil models4F rydrology nd irth ystem ienes IQD IUSU!IUTRF II endr¡ essinD FD ve woineD xFD errinD gFD mosD wFrFD yudinD vFD wthevetD FD vertD tF nd ferthetD vF @PHIPAF ell tht glitters is not goldX the se of lirting hydrologil modelsF rydrologil roesses PTD PPHT!PPIHF PS endr¡ essinD F nd errinD gF @PHIPAF yn the miguous interprettion of the urE fudyko nondimensionl grphF ter esoures eserh RVD IHTHIF IP ernlD vFD mosD wFrFD goughlnD iFD glokeD rFvFD tephensD iFD etterhllD pFD vn endelD FtF nd ppenergerD pF @PHITAF illingnessEtoEpy for proilisti )ood forestX riskEsed deisionEmking gmeF rydrology nd irth ystem ienes hisussions PHITD I!QVF ITS egi @IWWQAF griteri for evlution of wtershed modelsD volF IIWF emerin oiety of givil ingineersD estonD eD ieExsF PS ferthetD vF @PHIHAF r¡ evision des rues u ps de temps horire X pour une meilleure sE similtion de l9informtion de d¡ eit dns un mod ele hydrologiqueF hd thesisD gemE gref @entonyAD egroriseh @risAF PU fierkensD wFpFF nd vn feekD vFFrF @PHHWAF esonl reditility of iuropen hishrgeX xey nd rydrologil esponse imeF tournl of rydrometeorology IHD WSQ!WTVF VS flokD F @PHIIAF iloring sesonl limte forests for hydropower opertionsF ryE drology nd irth ystem ienes ISD IQSS!IQTVF IRT ITV eferenes flokD F nd qoddrdD vF @PHIPAF ttistil nd hynmil glimte reditions to quide ter esoures in ithiopiF tournl of ter esoures lnning nd wnE gement IQVD PVU!PWVF IRT flokD F nd jgoplnD fF @PHHWAF ttistil!hynmil epproh for tremE )ow wodeling t wlklD udnD on the hite xile iverF tournl of rydrologi ingineering IRD IVS!IWTF VR fl¤ oshlD qF nd eheD iF @PHHSAF yn hydrologil preditilityF rydrologil roesses IWD QWPQ!QWPWF viiD R fourginD pF @PHIRAF gomment qunti(er l9inertitude pr¡ editive en mod¡ elistion hyE drologiquec rvil explortoire sur un grnd ¡ ehntillon de ssins versntsF hh thesisD egrorisehF QW frkenD gFD jgoplnD fF nd ririeD tF @PHIHAF e multisite sesonl ensemle strem)ow foresting tehniqueF ter esoures eserh RTD HQSQPF IRT fressersD rFD fressersD xFD uuksD F nd vrrueD gF @PHITAF ghpter QX he qovernne essessment ool nd its seF qovernne for hrought esilieneD rF fressersD xF fressersD gF vrrue @idsFAD springer ednF T frohetD F @IWUUAF v s¡ eheresse IWUT en prne X spets limtologiques et ons¡ equenes G he IWUT drought in prneX limtologil spets nd onsequenesF rydrologil ienes fulletin PPD QWQ!RIIF Q frownD gF nd rdD wFxF @PHIQAF ghpter QX glimte vriility nd hydrologi preditilityF wnging glimte isk in ter upply ystemsD ppF PU!QWD se ulishingD vondonF IRT fuizzD F nd lmerD FxF @IWWVAF smpt of insemle ize on insemle reditionF wonthly ether eview IPTD PSHQ!PSIVF RQ fuizzD F nd veuteherD wF @PHISAF he forest skill horizonF urterly tournl of the oyl weteorologil oiety IRID QQTT!QQVPF RR gnnonEfowersD tFeF nd fellD rFF @IWWUAF rining deision mkers for omplex enviE ronmentsX smplitions of the nturlisti deision mking perspetiveF xturlisti deision mking @edsF gF smok 8 qF uleinAD ppF WW!IIHD gF smok nd qF uleinD idsFD vwrene irlum essoitesD rillsdleD xtX vieF SD IRU grpenterD FwF nd qeorgkkosD uFF @PHHIAF essessment of polsom lke response to historil nd potentil future limte senriosX IF porestingF tournl of rydrology PRWD IRV ! IUSF VTD ITP gstellettiD eFD inosiD pF nd oniniEessD F @PHHVAF ter reservoir ontrol under eonomiD soil nd environmentl onstrintsF eutomti RRD ISWS!ITHUF viiD S eferenes ITW geppiD eFD vzzniD qFD gorriD gFD lernoD FD weuiD F nd wniniD wF @PHIRAF elEtime drought foresting system for irrigtion mngementF rydrology nd irth ystem ienes IVD QQSQ!QQTTF VR ghuveuD wFD ghzotD FD errinD gFD fourginD FFD uquetD iFD idlD tFFD ouhyD xFD wrtinD iFD hvidD tFD xorotteD FD wugisD F nd he vzeD F @PHIQAF uels impts des hngements limtiques sur les eux de surfe en prne l9horizon PHUH c v rouille flnhe ppF S!ISF ITT ghiewD pFrFF nd wwhonD FeF @IWWQAF essessing the edequy of gthment trem)ow ield istimtesF eustrlin tournl of oil eserh QID TTS!TVHF QU ghiewD pFrFFD wwhonD FeFD houD FvF nd iehotD F @PHHHAF trem)ow riE ilityD esonl poresting nd ter esoures ystemsF epplitions of esonl glimte poresting in egriulturl nd xturl iosystems @edsF qFvF rmmerD xF xiholls 8 gF withellAD volF PI of etmospheri nd yenogrphi ienes viE rryD ppF RHW!RPVD pringer xetherlndsF IRT ghiewD pFrFFD houD FvF nd wwhonD FeF @PHHQAF se of sesonl strem)ow forests in wter resoures mngementF tournl of rydrology PUHD IQS!IRRF IRT ghowD FFD widmentD hF nd wysD vF @IWVVAF epplied rydrologyF givil ingineeringD wqrwErillF RD PS ghristensenD tFrFD foergD pFD ghristensenD yFfF nd vusEiherD F @PHHVAF yn the need for is orretion of regionl limte hnge projetions of temperture nd preipittionF qeophysil eserh vetters QSD vPHUHWF SQ goelhoD gFeFF nd gostD FwFF @PHIHAF ghllenges for integrting sesonl limte forests in user pplitionsF gurrent ypinion in invironmentl ustinility PD QIU!QPSF IRT goronD vF @PHIQAF ves mod eles hydrologiques oneptuels sontEils roustes fe un limt en ¡ evolution c hd thesisD egroriseh @risAD srste @entonyAF ITT gortiD FD wuioneD FD u¤ ollnerErekD FD freshD hF nd enevirtneD FsF @PHHWAF imulting pst droughts nd ssoited uilding dmges in prneF rydrology nd irth ystem ienes IQD IUQW!IURUF Q gorzo erezD qFeFD vn vnenD rFeFtFD fertrndD xFD ghenD gFD glrkD hFD polwellD FD qoslingD FxFD rnskiD xFD reinkeD tF nd oßD pF @PHIIAF hrought t the qlol le in the PIst genturyF ehF epF RQD egrF ITT grohemoreD vFD errinD gFD endr¡ essinD FD ihretD FD eiertD FFD qrimldiD FD quptD rF nd turelD tFiF @PHISAF gompring expert judgement nd numeril riteri for hydrogrph evlutionF rydrologil ienes tournl THD RHP!RPQF QU IUH eferenes grohemoreD vFD mosD wFrFD ppenergerD pFD vn endelD FtF nd oodD eFF @PHISAF en experiment on riskEsed deisionEmking in wter mngement using monthly proilisti forestsF fulletin of the emerin weteorologil oiety F TD SP hyD qF @IWVSAF ixtended trem)ow poresting sing xpF tournl of ter esoures lnning nd wngement IIID ISU!IUHF SPD VR hemirelD wFgFD fooijD wFtF nd roekstrD eFF @PHISAF he skill of sesonl ensemE le lowE)ow forests in the woselle iver for three di'erent hydrologil modelsF rydrology nd irth ystem ienes IWD PUS!PWIF SP hi qiuseppeD pFD wolteniD pF nd ompkinsD eFwF @PHIQAF e rinfll lirtion methodE ology for impts modelling sed on sptil mppingF urterly tournl of the oyl weteorologil oiety IQWD IQVW!IRHIF PP hutrD iFD ozziD FD etterhllD pFD hi qiuseppeD pFD wgnussonD vFD xumnnD qFD frosD FD ogtD tF nd ppenergerD pF @PHIRAF qlol meteorologil drought ! rt PX esonl forestsF rydrology nd irth ystem ienes IVD PTTW!PTUVF SPD WH huttD hFD ilsonD uFD elshD FhFD xihollsD hFD uimD F nd getinD vF @PHIQAF e new river system modelling tool for sustinle opertionl mngement of wter resouresF tournl of invironmentl wngement IPID IQ!PVF IRT iseyD tFD rudhommeD gF nd rnnhD hFwF @PHHTAF esonl foresting of river )owsX review of the stteEofEtheErtF roeedings of the (fth psixh orld gonfereneD volF QHVD ppF ISV!ITPD ser ulFD rvnD guF VR ihg @PHIQAF iuropen hrought smpt eport snventory @ihssA nd iuropen hrought eferene @ihA dtseF Q ihyEtg @PHISAF hrought xews eugust PHISF ihy hrought xewsD iuropen gomE mission E toint eserh gentre E iuropen hrought yservtoryF Q ihretD FD eheD iFD ulfmeyerD FD rrhEgiD uF nd vieertD tF @PHIPAF ri ypinions 4hould we pply is orretion to glol nd regionl limte model dtc4F rydrology nd irth ystem ienes ITD QQWI!QRHRF SQ perD fFeF nd tedingerD tFF @PHHIAF eservoir optimiztion using smpling h with ensemle strem)ow predition @iA forestsF tournl of rydrology PRWD IIQ!IQQF SPD VRD IRU pey @PHIRAF owrds iskEfsed hrought wngement in iurope nd gentrl esiF egend stem eVITD pood nd egriulture yrgniztion of the nited xtionsD fuhrestD omniF ID P eferenes IUI perroD gFeFFD ihrdsonD hFF nd eigelD eFF @PHHVAF yn the e'et of ensemle size on the disrete nd ontinuous rnked proility soresF weteorologil epplitions ISD IW!PRF RQ purushoD gFD idurreD FD v teunesseD sF nd mosD wFrF @PHITAF ghpter IIX grossE utting perspetive freshwterF qovernne for hrought esilieneD rF fressersD xF fressersD gF vrrue @idsFAD springer ednF T qeorgkkosD uFF nd qrhmD xFiF @PHHVAF otentil fene(ts of esonl sn)ow reE dition nertinty for eservoir elese heisionsF tournl of epplied weteorology nd glimtology RUD IPWU!IQPIF viiD S qhileD FfF nd hulzeD FiF @PHHVAF hevelopment of frmework for n integrted timeEvrying grohydrologil forest system for outhern efri X snitil results for sesonl forestsF ter e QRD QIS!QPPF IRT qneitingD FD fldouiD pF nd fteryD eFiF @PHHUAF roilisti forestsD liE rtion nd shrpnessF tournl of the oyl ttistil oietyX eries f @ttistil wethodologyA TWD PRQ!PTVF xiD QWD RHD VU qneitingD FD fteryD eFiFD estveldD eFrF nd qoldmnD F @PHHSAF glirted roE ilisti poresting sing insemle wodel yutput ttistis nd winimum g istimtionF wonthly ether eview IQQD IHWV!IIIVF UW qoenD eF nd qnD F @PHIHAF snorportion of sesonl limte forests in the ensemle strem)ow predition systemF tournl of rydrology QVSD QQT!QSPF VS qolemeskyD uFD nkrsurmninD eF nd hevineniD xF @PHHWAF smproved hrought wngement of plls vke eservoirX ole of wultimodel trem)ow porests in etting up estritionsF t ter es ln wnge IQSD IVV!IWUF IRT qudmundssonD vFD fremnesD tFfFD rugenD tFiF nd ingenEkugenD F @PHIPAF ehE nil xoteX hownsling gw preipittion to the sttion sle using sttistil trnsformtions E omprison of methodsF rydrology nd irth ystem ienes ITD QQVQ!QQWHF SQ qudmundssonD vFD n voonD eFpFD llksenD vFwFD enevirtneD FsFD tggeD tFrFD thlD uF nd vn vnenD rFeFtF @PHIRAF quidelines for monitoring nd erly wrning of drought in iuropeF hyqrE8s ehnil eport PID hyqrE8s rojetF R quoD FD hoD tF nd ngD pF @PHHWAF he sesonl forest method of njing lin underground wter levelF tournl of xorthest egriulturl niversity SD IHR!IHUF IRT IUP eferenes quptD rFFD ulingD rFD ilmzD uFuF nd wrtinezD qFpF @PHHWAF heomposition of the men squred error nd xi performne riteriX smplitions for improving hydrologil modellingF tournl of rydrology QUUD VH!WIF xD PWD SRD VU rmillD FwF nd tursD tF @PHHTAF wesuring forest skillX is it rel skill or is it the vrying limtologyc urterly tournl of the oyl weteorologil oiety IQPD PWHS!PWPQF TT rmletD eFpFD ruppertD hF nd vettenmierD hFF @PHHPAF ionomi vlue of longEled strem)ow forests for golumi iver hydropowerF tournl of ter esoures lnning nd wngement IPVD WI!IHIF VS rmletD eFpF nd vettenmierD hFF @IWWWAF golumi iver trem)ow poresting fsed on ixy nd hy glimte ignlsF tournl of ter esoures lnning nd wngement IPSD QQQ!QRIF VS roD FD eghuouhkD eFD xkhjiriD xF nd prhmndD eF @PHIRAF qlol integrted drought monitoring nd predition systemF ienti( ht ID IRHHHIF VR rrtmnnD rFgFD gnoD FgFD orooshinD F nd flesD F @PHHPAF gon(dene fuildersX ivluting esonl glimte porests from ser erspetivesF fulletin of the emerin weteorologil oiety VQD TVQ!TWVF SPD IRT remriD FD heuererD wFD ppenergerD pFD fognerD uF nd ridenD F @PHIRAF rends in the preditive performne of rw ensemle wether forestsF qeophysil eE serh vetters RID WIWU!WPHSF UW rershD rF @PHHHAF heomposition of the ontinuous rnked proility sore for ensemle predition systemsF ether nd poresting ISD SSW!SUHF xiD RH rewittD gFD fuontempoD gF nd xewtonD F @PHIQAF sing glimte reditions to fetter erve oiety9s xeedsF iosD rnstions emerin qeophysil nion WRD IHS!IHUF R risdlD rFD thlD uFD llksenD vFwF nd hemuthD F @PHHIAF rve strem)ow droughts in iurope eome more severe or frequentc snterntionl tournl of glimtology PID QIU!QQQF ITT sonitD wFD foronentD gF nd gheleD F @PHISAF esonl modes of dryness nd wetness vriility over iurope nd their onnetions with lrge sle tmospheri irultion nd glol se surfe tempertureF glimte hynmis RSD PVHQ!PVPWF VS thnerD FD vn den foogrtD uFqF nd etzoldtD F @PHHUAF ttistil methods for the qulittive ssessment of dynmi models with time dely @ pkge qulAF tournl of ttistil oftwre PPD I!QHF QV eferenes IUQ tolli'eD sFF nd tephensonD hFfF @PHHQAF porest eri(tionX e rtiioner9s quide in etmospheri ieneF tohn ileyF QU uelmnD tFD tedingerD tFFD gooperD vFeFD rsuD iF nd unD FF @IWWHAF mpling stohsti dynmi progrmming pplied to reservoir opertionF ter esoures eserh PTD RRU!RSRF S uiemD eFF nd erdonEuiddD hFgF @PHIIAF teps towrd useful hydrolimti senrE ios for wter resoure mngement in the wurryEhrling fsinF ter esoures eserh RUD HHqHTF IRT uimD rFwFD esterD FtF nd gurryD tFeF @PHIPAF esonl predition skill of igwp ystem R nd xgi gpvP retrospetive forest for the xorthern remisphere interF glimte hynmis QWD PWSU!PWUQF PP uirhho'D gFtFD vemosD wFgF nd ingleD xFvF @PHIQAF ht in)uenes limte informE tion use in wter mngementc he role of oundry orgniztions nd governne regimes in frzil nd the FF invironmentl iene 8 oliy PTD T!IVF IRT uirtmnD fFD owerD FD ededoyinD tFD foerD qFD fojriuD FD gmilloniD sFD holsE eyesD pFD pioreD eFD uimotoD wFD weehlD qFD rtherD wFD rrD eFD h¤ rD gFD uttonD FD vn yldenorghD qFD ehiD qF nd ngD rF @PHIQAF xerEterm gliE mte ghngeX rojetions nd reditilityF glimte ghnge PHIQX he hysil iene fsisF gontriution of orking qroup s to the pifth essessment eport of the sntergovernmentl nel on glimte ghnge @edsF F tokerD hF inD qFuF ltE tnerD wF ignorD F ellenD tF foshungD eF xuelsD F iD F fex 8 F widgleyAD ppF WSQ!IHPVD gmridge niversity ressD gmridgeD nited uingdom nd xew orkD xD eF viiD R ulemesD F @IWVTAF ypertionl esting of rydrologil imultionEwodelsF rydrologE il ienes tournlEtournl hes ienes rydrologiques QID IQ!PRF PS uolliprD F @PHISAF hen prediting drought riskD do not overlook tempertureF ios F ITR uruseD FD foyleD hFF nd f¤ seD pF @PHHSAF gomprison of di'erent e0ieny riteri for hydrologil model ssessmentF edvnes in qeosienes SD VW!WUF QUD QV urzysztofowizD F @PHHIAF he se for proilisti foresting in hydrologyF tournl of rydrology PRWD P ! WF PTD QTD VR v teunesseD sFD vrrueD gFD purushoD gFD mosD wFrFD frowneD eFD de foerD gFD idurreD FD grohemoreD vFD enssoD eF nd errondeuD tFF @PHITAF ghpter TX he governne ontext of drought poliy nd pilot mesures in the erzl dm nd reservoirD iline thmentD frittnyD prneF qovernne for hrought esilieneD rF fressersD xF fressersD gF vrrue @idsFAD springer ednF QD T IUR eferenes vioD pF nd meD F @PHHUAF eri(tion tools for proilisti forests of ontinuous hydrologil vrilesF rydrology nd irth ystem ienes IID IPTU!IPUUF xiD QW ve woineD xF @PHHVAF ve ssin versnt de surfe vu pr le souterrinX une voie d9m¡ eliortion des performnes et du r¡ elisme des mod eles pluieEd¡ eitc hd thesisD ixqip @risAD gemgref @entonyAF PU vehnerD fFD h¤ ollD FD elmoD tFD renrihsD F nd usprD pF @PHHTAF istimting the smpt of qlol ghnge on plood nd hrought isks in iuropeX e gontinentlD sntegrted enlysisF glimti ghnge USD PUQ!PWWF ITT vemosD wFgF @PHHVAF ht sn)uenes snnovtion edoption y ter wngersc gliE mte snformtion se in frzil nd the nited ttesF tee tournl of the emerE in ter esoures essoition RRD IQVV!IQWTF IRT vemosD wFD pinnD FD poxD FD xelsonD hF nd ukerD tF @PHHPAF he se of eE sonl glimte poresting in oliymkingX vessons from xorthest frzilF glimti ghnge SSD RUW!SHUF SPD IRT viuD FD hunD FD hoD vFD eD eFD oD FD wioD gFD wuD F nd hkeD tFgF @PHIQAF ivluting the preditive skill of postEproessed xgi qp ensemle preipittion forests in ghin9s rui river sinF rydrologil roesses PUD SU!URF UW vorenzD iF @IWVRAF ome espets of etmospheri reditilityF rolems nd rospets in vong nd wedium nge ether poresting @edsF hF furridge 8 iF u¤ ll¡ enAD opis in etmospheri nd yenogrphi ienesD ppF I!PHD pringer ferlin reiE delergF viiD R vowryD F @IWWWAF gonepts nd epplitions of snferentil ttistisF ssr gollegeF WW wddgrD FD wordkhniD rF nd qrenD hF @PHIRAF owrds improved postE proessing of hydrologi forest ensemlesF rydrologil roesses PVD IHR!IPPF SQ wsonD FtF nd qrhmD xFiF @IWWWAF gonditionl roilitiesD eltive yperting ghrteristisD nd eltive yperting vevelsF ether nd poresting IRD UIQ! UPSF xiD RH wthevetD FD wihelD gFD endr¡ essinD F nd errinD gF @PHHTAF e ounded version of the xshEutli'e riterion for etter model ssessment on lrge sets of sinsF ser ed fooks eriesD volF QHUD ppF PII!PIWF QH wueeD FD hoeskinD xF nd uleistD tF @IWWQAF he reltionship of drought frequeny nd durtion to time slesF ppF IUW!IVRF VV wishrD eFuF nd inghD FF @PHIHAF e review of drought oneptsF tournl of ryE drology QWID PHP!PITF RD WW eferenes IUS wishrD eFuF nd inghD FF @PHIIAF hrought modeling ! e reviewF tournl of ryE drology RHQD ISU!IUSF R wolteniD pFD tokdleD FD flmsedD wFD flsmoD qFD fuizzD FD perrntiD vFD wgnussonD vFD wogensenD uFD lmerD F nd itrtD pF @PHIIAF he new igwp sesonl forest system @ystem RAF igwp ehF wemoF TSTD RW ppF ixD PH wuerthD wFtFD quvin tEhenisD fFD irdD FD el¡ zquezD tFeFD hmidD tFD winvilleD wFD gyD hFD ghumontD hFD vudwigD F nd urotteD F @PHIQAF yn the need for is orretion in regionl limte senrios to ssess limte hnge impts on river runo'F rydrology nd irth ystem ienes IUD IIVW!IPHRF SQ wushtqD FD ghenD gFD rfeezD wFD wroulisD tF nd qrielD rF @PHIPAF he eoE nomi vlue of improved grometeorologil informtion to irrigtors mid limte vriilityF snterntionl tournl of glimtology QPD STU!SVIF IRT wwngiD iFD etterhllD pFD hutrD iFD hi qiuseppeD pF nd ppenergerD pF @PHIRAF poresting droughts in ist efriF rydrology nd irth ystem ienes IVD TII! TPHF SP xj(D wFFD wordkhniD rF nd iehotD FgF @PHIPAF insemle trem)ow reE ditionX glimte signl weighting methods vsF glimte porest ystem enlysisF tournl of rydrology RRP!RRQD IHS!IITF VS xiolleD FD ushplthD FD errinD gFD prn oisD hFD hi¡ eryD hFD wthevetD FD ve vyD wFD fessonD pFD oueyrouxD tFwFD ielD gFD egimeuD pFD endr¡ essinD FD wugisD FD eugerdD fF nd worieD iF @PHIRAF fenhmrking hydrologil models for lowE )ow simultion nd foresting on prenh thmentsF rydrolF irth ystF iF IVD PVPW!PVSUF xiD RD IID RRD SP yudinD vFD rervieuD pFD wihelD gFD errinD gFD endr¡ essinD FD entilD pF nd vouE mgneD gF @PHHSAF hih potentil evpotrnspirtion input for lumped rinfllE runo' model c rt P " owrds simple nd e0ient potentil evpotrnspirtion model for rinfllEruno' modellingF tournl of rydrology QHQD PWH!QHTF ixD PH eqh @PHISAF ln d9m¡ engement et de gestion durleF ehF repFD gommission vole de l9iuF IIV lmerD F nd rolmesD uF @IWVVAF ypertionl quidne huring hroughtsX ixpert ystem epprohF tournl of ter esoures lnning nd wngement IIRD TRU! TTTF I ppenergerD pFD mosD wFrFD glokeD rFvFD etterhllD pFD el(eriD vFD fognerD uFD wuellerD eF nd lmonD F @PHISAF row do s know if my forests re etterc sing enhmrks in hydrologil ensemle preditionF tournl of rydrology SPPD TWU ! UIQF QVD RP IUT eferenes errinD gFD endressinD F nd wihelD gF @PHHTAF imple enhmrk models s sis for model e0ieny riteriF hweizerrtD tuttgrtD evviweqxiF QV errinD gFD wihelD gF nd endr¡ essinD F @PHHQAF smprovement of prsimonious model for strem)ow simultionF tournl of rydrology PUWD PUS!PVWF PU irrdD FD ndentorrenD F nd slD wF @PHHSAF ummry of the mortlity impt ssessment of the PHHQ het wve in prneF iurosurveillneX iuropen gommuniE le hisese tournl IHF Q oumd ereD wFD wysD gFD ve werD F nd flongD F @PHHSAF he PHHQ ret ve in prneX hngerous glimte ghnge rere nd xowF isk enlysis PSD IRVQ!IRWRF VU ushplthD FD errinD gFD wthevetD F nd endressinD F @PHIIAF e downwrd struturl sensitivity nlysis of hydrologil models to improve lowE)ow simultionF tournl of rydrology RIID TT!UTF ixD PUD PVD SRD VU ushplthD FD errinD gFD woineD xFvF nd endr¡ essinD F @PHIPAF e review of e0ieny riteri suitle for evluting lowE)ow simultionsF tournl of rydrology RPH!RPID IUI!IVPF QHD QV uintnEegu¡ %D FD ve woigneD FD hurndD FD wrtinD iFD retsD pFD fillonD wFD gnellsD gFD prnhisteguyD vF nd worelD F @PHHVAF enlysis of xerEurfe etE mospheri rilesX lidtion of the epex enlysis over prneF tournl of epplied weteorology nd glimtology RUD WP!IHUF ixD PH fteryD eFiFD qneitingD FD fldouiD pF nd olkowskiD wF @PHHSAF sing fyesin wodel everging to glirte porest insemlesF wonthly ether eview IQQD IISS!IIURF UW mosD wFrFD vn endelD FtF nd ppenergerD pF @PHIQAF ho proilisti forests led to etter deisionsc rydrology nd irth ystem ienes IUD PPIW!PPQPF PTD VRD IRUD ITS mosD wFrFD wthevetD FD hielenD tF nd ppenergerD pF @PHIHAF gommuniting unertinty in hydroEmeteorologil forestsX mission impossilec weteorologil epplitions IUD PPQ!PQSF PT ynerD FD vhD hF nd sngrmD rF @PHHSAF ether porests re for impsX hy ter esoure wngers ho xot se glimte porestsF glimti ghnge TWD IWU! PPUF SP efsgrdD tFgF nd renriksenD rFtF @PHHRAF wodelling guidelines E terminology nd guiding priniplesF edvnes in ter esoures PUD UI!VPF PS eferenes IUU egondD FD gonD iF nd jgoplnD fF @PHIIAF rototype heision upport ystem for ypertions on the qunnison fsin with smproved porestsF tournl of ter esoures lnning nd wngement IQUD RPV!RQVF viiD SD IRT enrdD fFD uvetskiD hFD uuzerD qFD hyerD wF nd prnksD FF @PHIHAF nderE stnding preditive unertinty in hydrologi modelingX he hllenge of identifying input nd struturl errorsF ter esoures eserh RTD HSSPIF xiD QW ithieD tFFD mmitD gF nd felD hF @PHHRAF gn sesonl limte foresting ssist in thment wter mngement deisionEmkingcX e se study of the forder ivers thment in eustrliF egriultureD iosystems 8 invironment IHRD SSQ!STSF IRT oertsonD eFD uumrD eFD e£ nD wF nd itrtD pF @PHISAF smproving nd romoting usesonl to esonl reditionF fullF of the emerF weteorF oF WTD iRW!iSQF R oertsonD hFiFD okhrelD F nd ngD FtF @PHIQAF smproving sttistil forests of sesonl strem)ows using hydrologil model outputF rydrology nd irth ystem ienes IUD SUW!SWQF SP oineD tFwFD gheungD FvFD ve oyD FD vn yyenD rF nd rermnnD pFF @PHHUAF eE port on exess mortlity in iurope during summer PHHQF ehF repFD i gommunity etion rogrmme for uli relthF Q oulinD iF nd nnitsemD F @PHISAF ostEproessing of mediumErnge proilisti hydrologil forestingX impt of foringD initil onditions nd model errorsF ryE drologil roesses PWD IRQR!IRRWF SQD UP ykiel trFD iFtF @IWWTAF esting eologil modelsX the mening of vlidtionF iologil wodelling WHD PPW!PRRF PS eqi @PHISAF etls E ¡ evision du h¡ em d9em¡ engement et de qestion des iux de l ilineF ehF repFD gommission vole de l9iuF ISD IIP eqi @PHISAF ynth ese et ¡ ett des lieux E ¡ evision du h¡ em d9em¡ engement et de qestion des iux de l ilineF ehF repFD gommission vole de l9iuF IS nkrsurmninD eFD vllD FD ouz pilhoD pFeF nd hrmD eF @PHHWAF smproved wter llotion utilizing proilisti limte forestsX hortEterm wter ontrts in risk mngement frmeworkF ter esoures eserh RSD IIRHWF IRU uquetD iFD vertD tF nd rudhommeD gF @PHHVAF v pr¡ evision hydroEm¡ et¡ eorologique QET moisF itt des onnissnes et pplitionsF v rouille flnhe ppF UU!VRF VS eiertD wF nd rmuerD F @PHISAF esonl forests of hydrologil drought in the vimpopo sinX qetting the most out of ouquet of methodsF hroughtX eserh nd ieneEoliy snterfingD ppF QHU!QIQD gg ressF VR IUV eferenes he0eldD tFD oodD iFpFD ghneyD xFD qunD uFD driD FD unD FD ylngD vFD emniD eFD eliD eFD hemuthD F nd yglloD vF @PHIQAF e hrought wonitoring nd poresting ystem for uEhr efrin ter esoures nd pood eurityF fulletin of the emerin weteorologil oiety WSD VTI!VVPF VR huklD FD wxllyD eFD ruskD qF nd punkD gF @PHIRAF e sesonl griulturl drought forest system for foodEinseure regions of ist efriF rydrology nd irth ystem ienes IVD QWHU!QWPIF VR huklD FD he0eldD tFD oodD iFpF nd vettenmierD hFF @PHIQAF yn the soures of glol lnd surfe hydrologi preditilityF rydrology nd irth ystem ienes IUD PUVI!PUWTF RD PTD SPD VR huklD FD oisinD xF nd vettenmierD hFF @PHIPAF lue of medium rnge wether forests in the improvement of sesonl hydrologi predition skillF rydrology nd irth ystem ienes ITD PVPS!PVQVF IHT imonovi¡ D FF nd fenderD wFtF @IWWTAF gollortive plnningEsupport systemX n pproh for determining evlution riteriF tournl of rydrology IUUD PQU!PSIF I imonovi¡ D FF nd wrinoD wFeF @IWVPAF eliility progrming in reservoir mngeE mentX QF ystem of multipurpose reservoirsF ter esoures eserh IVD UQS!URQF IRT inglD FD g¡ eronD tFFD wrtinD iFD egimeuD pFD h¡ equ¡ eD wFD retsD pF nd idlD tFF @PHIPAF reditility of soil moisture nd river )ows over prne for the spring sesonF rydrology nd irth ystem ienes ITD PHI!PITF PT § ¡ %pekD F nd h § nhelkD tF @PHISAF wodi(tion of input dtsets for the insemle trem)ow redition sed on lrgeEsle limti indies nd wether genertorF tournl of rydrology SPVD UPH ! UQQF VS mkhtinD FF @PHHIAF vow )ow hydrologyX reviewF tournl of rydrology PRHD IRU ! IVTF WW tokerD FD glrkeD qFD ve reutD rFD vindzenD FD weleshkoD FD wugrD FD lmerD FD ierrehumertD FD ellersD FD renerthD uF nd others @PHHIAF hysil glimte roesses nd peedksF snX sggD PHHIX glimte ghnge PHHIX he ienti( fsisF gontriution of orking qroup s to the hird essessment eport of the snE tergovernmentl nel on glimte ghngeGroughtonD tD F hingD ht qriggsD wF xoguerD t vn der vindenD F hiD uF wskellD ge tohnson @edsFAFEgmridge nd xew orkX gmridge niversity ressD PHHIFEsfx HSPI HIRWS T F R venssonD gF @PHITAF esonl river )ow forests for the nited uingdom using perE sistene nd historil nloguesF rydrologil ienes tournl TID IW!QSF VS eferenes IUW llksenD vFwFD wdsenD rF nd glusenD fF @IWWUAF yn the de(nition nd modelling of strem)ow drought durtion nd de(it volumeF rydrologil ienes tournl RPD IS!QQF WW ngrD wF @PHHSAF xouvelle m¡ ethode de pr¡ evision de rue utilisnt un mod ele pluieE d¡ eit glolF hd thesisD iri @risAD gemgref @entonyAF PU eutsheinD gF nd eiertD tF @PHIQAF ss is orretion of regionl limte model @gwA simultions possile for nonEsttionry onditionsc rydrology nd irth ystem ienes IUD SHTI!SHUUF SQ eutsheinD gF nd eiertD tF @PHIPAF fis orretion of regionl limte model simE ultions for hydrologil limteEhnge impt studiesX eview nd evlution of di'erent methodsF tournl of rydrology RSTERSUD IP!PWF SQ rmuerD FD ernerD wFD insemiusD rFgFD wskeyD FD hutrD iF nd hlenrookD F @PHISAF rydrologil drought foresting nd skill ssessment for the vimpopo iver sinD southern efriF rydrology nd irth ystem ienes IWD ITWS!IUIIF PPD UID VS urnerD fFvFD uspersonD FiFD wtsonD FeFD wgrthyD tFtFD gorellD FFD ghrisE tensenD vFD ikleyD xFD uspersonD tFFD vuersD eFD wrtelloD wFvFD olskyD gFD ulE sipherD eF nd hillerD eF @PHHQAF e frmework for vulnerility nlysis in sustinE ility sieneF roeedings of the xtionl edemy of ienes IHHD VHUR!VHUWF I xi @PHHRAF smpts of summer PHHQ het wve in iuropeF invironment elert fulE letin PD nited xtions invironment rogrmmeD xiroiF QD VU xsh @PHHWAF xsh erminology on hisster isk edutionF qlossryD x snterntionl rtegy for hisster edutionD qenevF I vn hijkD eFsFtFwFD e£ nEerniiD tFvFD oodD iFpFD he0eldD tF nd fekD rFiF @PHIQAF qlol nlysis of sesonl strem)ow preditility using n ensemle preE dition system nd oservtions from TIWP smll thments worldwideF ter eE soures eserh RWD PUPW!PURTF VS erkdeD tFFD frownD tFhFD egginiD F nd eertsD eFrF @PHIQAF ostEproessing igwp preipittion nd temperture ensemle reforests for opertionl hydroE logi foresting t vrious sptil slesF tournl of rydrology SHID UQ!WIF SQD UP idlD tFFD wrtinD iFD uitovD xFD xjD tF nd oueyrouxD tFwF @PHIPAF ivoluE tion of sptioEtemporl drought hrteristisX vlidtionD projetions nd e'et of dpttion senriosF rydrolF irth ystF iF hisussF WD ITIW!ITUHF ITT IVH eferenes idlD tFFD wrtinD iFD prnhist¡ eguyD vFD fillonD wF nd oueyrouxD tFwF @PHIHAF e SHEyer highEresolution tmospheri renlysis over prne with the frn systemF snterntionl tournl of glimtology QHD ITPU!ITRRF ixD PH ngD iFD hngD FD vuoD tFD ghiewD pF nd ngD F @PHIIAF wonthly nd sesonl strem)ow forests using rinfllEruno' modeling nd historil wether dtF E ter esoures eserh RUF VR eertsD eFrFD insemiusD rFgF nd erkdeD tFF @PHIIAF istimtion of preditive hydrologil unertinty using quntile regressionX exmples from the xtionl plood poresting ystem @inglnd nd lesAF rydrology nd irth ystem ienes ISD PSS!PTSF SQ eisheimerD eF nd lmerD FxF @PHIRAF yn the reliility of sesonl limte foreE stsF tournl of he oyl oiety snterfe IID PHIQIITPF PP elshD FhFD zeD tFD huttD hFD ssmD hFD hmnD tFwFD tollyD sFhFD llrinkD FD odgerD qFwFD fethuneD wFD rrdyD wFtFD engD tF nd vertD tF @PHIQAF en inE tegrted modelling frmework for regulted river systemsF invironmentl wodelling 8 oftwre QWD VI!IHPF IRTernerD uFD frndonD hFD glrkD wF nd qngopdhyyD F @PHHSAF snorporting mediumErnge numeril wether model output into the insemle trem)ow reE dition system of the xtionl ether ervieF tournl of rydrometeorology TD IHI!IIRF IHT ernerD uFD frndonD hFD glrkD wF nd qngopdhyyD F @PHHRAF glimte index weighting shemes for x iEsed sesonl volume forestsF tournl of ryE drometeorology SD IHUT!IHWHF VS etterhllD pFD insemiusD rFgFD hutrD iFD ernerD wF nd ppenergerD iF @PHISAF esonl preditions of groEmeteorologil drought inditors for the vimpopo sinF rydrology nd irth ystem ienes IWD PSUU!PSVTF PPD SPD UI ilhiteD hFeF nd qlntzD wFrF @IWVSAF nderstndingX the hrought henomenonX he ole of he(nitionsF ter snterntionl IHD III!IPHF P ilhiteD hFeFD ryesD wFtFD unutsonD gF nd mithD uFrF @PHHHAF lnning for droughtX woving from risis to risk mngementF tee tournl of the emerin ter esoures essoition QTD TWU!UIHF ID PD SPD VR insemiusD rFgFD hutrD iFD ingelrehtD pFeFD erher n qrderenD iFD etterhllD pFD ppenergerD pF nd ernerD wFqFpF @PHIRAF he potentil vlue of sesonl forests in hnging limte in southern efriF rydrology nd irth ystem ienes IVD ISPS!ISQVF SP eferenes IVI wy @PHHVAF wnul on vowE)ow istimtion nd reditionF orld weteorologil yrgniztionF PD IUD WW wy @PHIPAF tndrdized reipittion sndex ser quideF orld weteorologil yrE gniztionF VW oodD eFFD ropsonD FD xewmnD eFD frekkeD vFD ernoldD tF nd glrkD wF @PHITAF untifying strem)ow forest skill elstiity to initil ondition nd limte preE dition skillF tournl of rydrometeorology IUD TSI!TTVF RD PTD ITS oodD eFFD uumrD eF nd vettenmierD hFF @PHHSAF e retrospetive ssessment of xtionl genters for invironmentl redition limte model!sed ensemle hydrologi foresting in the western nited ttesF tournl of qeophysil eserhX etmospheres IIHD hHRIHSF SP oodD eFF nd vettenmierD hFF @PHHVAF en ensemle pproh for ttriution of hydrologi predition unertintyF qeophysil eserh vetters QSD vIRRHIF SPD VR oodD eFF nd hkeD tFgF @PHHVAF gorreting irrors in trem)ow porest inE semle wen nd predF tournl of rydrometeorology WD IQP!IRVF SQ oodD iFpFD huertD FhFD oodD eFFD etersEvidrdD gFhFD woD uFgFD wriottiD eF nd ulwrtyD FF @PHISAF rospets for edvning hrought nderstndingD wonitoring nd reditionF tournl of rydrometeorology F R oD rF nd qeorgkkosD eF @PHHIAF essessment of polsom vke response to historE il nd potentil future limte senriosX PF eservoir mngementF tournl of rydrology PRWD IUT!IWTF VT ehD FFqF @IWVSAF eservoir wngement nd ypertions wodelsX e tteEofEtheE ert eviewF ter esoures eserh PID IUWU!IVIVF S ossefD xFgFD insemiusD rFD eertsD eFD vn feekD F nd fierkensD wFpFF @PHIQAF kill of glol sesonl strem)ow foresting systemD reltive roles of initil onE ditions nd meteorologil foringF ter esoures eserh RWD RTVU!RTWWF RD PTD SPD VR unD FD oodD iFpF nd wD F @PHISAF e review on limteEmodelEsed sesonl hydrologi forestingX physil understnding nd system developmentF iley snE terdisiplinry eviewsX ter ppF SPQ!SQTF RD SPD VRD VS lhoriD sFD mosD wFrFD qr onD FD wthevetD F nd qilhrdD tF @PHIPAF ttistiE l proessing of forests for hydrologil ensemle preditionX omprtive study of di'erent is orretion strtegiesF edvnes in iene nd eserh VD IQS!IRIF SQD UP

  

  

  

  

  

  

  

  

  

  

  pigure IFUX wonthly preipittion forests t oneEmonth led from the ensemle men of igwp ystem RD from IWVI to PHIHF porests re presented for the months of tnuryD wrhD wyD tulyD eptemer nd xovemerF xote tht this (gure is n nimtion tht displys in the hp version of this thesisF he printed version only shows the forests of IWVIF
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