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Abstract

This thesis aims at exploring the question of temporal scaling in lumped conceptual
hydrological modelling. The main objectives of the thesis are to: (i) study the effects of
varying the modelling time step on therformance, parameters and structure of hydrological
models; (ii) develop a hydrological model operating at different time steps, from daily-to sub
hourly, through a unified, robust and coherent modelling framework at different time scales.
Our startingpoint is the chain of conceptual rainfalinoff models calledd G Rd&veloped at
Irstea, and in particular the daily G R 4uth@ed model. The GR4J model will be the baseline
model to be effectivelydownscaledup to subhourly time steps following d@op-down
approach. An hourly adaptation of this modedl hlkeadybeenproposedn previousresearch
studies but some questions on the optimality of the structure atlailp time stepsverestill
open.This thesisbuilds onthesepreviousstudieson the hourly modeand responds to the
operational expectatigrof improving and adapting the model at multiple slaily and sub

hourly time stepswhichis particularly interesting for flood forecasting applications. For our
modelling tests, we built database 0240 unregulatedcatchmentsn metropolitan Franceat
multiple time steps, from-finute to 1 day, using fine time step hyalonatic datasets
available: (i) 6min rain gauges and higher spatignsity daily reanalysis data for
precipitation;(ii) daily temperature data for potential evapotranspiration (making assumptions
on subdaily patterns); (iii) sudhourly variable time step streamflow data. We investigated
the impact of the inputs temporal distribution on model outputs and perfornraacgéood
simulation perspective based on 2400 selected flood events. Then our model evaluation
focused on the consistency of model internal fluxes at different time steps, in order to ensure
obtaining a satisfactory model performance by a coherent madgidning at multiple time
steps. Our model diagnosis led us to identify and test a significant improvement of the model
structure at sublaily time steps based on the complexification of the interception component
of the model.Thus, we propose a new gen of the modeat multiple subkdaily time steps,

with the addition of aimnterception storavithout extra free parameter®Gur testsalsoconfirm

the suitability at multiple time steps of a modifigcbundwater exchange functigmoposed
earlier, leadirg to overallimprovedmodelaccuracy and coherence






Résumeé

Cette thesevise expl orer | a question du changement
hydrologique conceptuellglobale Les principaux objectifsle la thésesont: (i) étudier les

effets du changement du pas de temps sur les performances, les parametres et la structure des
modéles hydrologiques(ii) mettre au point un modéle pluggbit applicable a différents pas
detemps al |l ant du -+omurrreal iaeur t'r alvéeirmsf rdabun cadr
robuste et cohérent a différents pas de tefNpsre point de départ est thaine de modeles

0 G Rdéveloppé a Irstea et plus particulieremente modele global journalier GR4XLe
modéle a été choisocmme | e mod | e de r ®f ®rence ~ adapt
jusqu'a des pas de temps infi@araires, en suivant une approche descenddnte adaptation

horaire de ce modéle avait déja été proposée dans des travaux antérieurs, mais certaines

questions sur | 6optimalit® -ernallers regentrouwertesu r e
Cette th se sbdbappuie sur ces ®tudes ant ®ri e
attentes op®rationnel | es d pasoeRiémpoinfr@urnaliert doad

et infrahoraires, ce qui est particulierement intéressant pour la prévision desRoues.0s
testsde modélisationnous avons construit une base de données de 240 bassins versants non
influencés eriFrance métropolitaine& différents pas de temps allant de 6 minutes a 1 jour, en
utilisantdes jeux de données disponibles a pas de tempgifiles données pluviométriques

6 minutes et |l a r®analyse des | amegi) dbdbeau
lesbnn®es de temp®rature journali re pour | e
les données hydrométriques a pas de temps variable. Nous avons étudié l'impact de la
distribution temporelle des entrées sur &sties et lesperformances du mete en se

focalisant sur la simulation de crue, sur la base de 2400 événements. Ensuite, notre évaluation

du mod | e a port® sur | danalyse de |l a coh®r
de temps, afin d'assurer une performance satisfaisaraeesis un fonctionnement du modéle
coh®rent . Notre diagnost i c etdetesteund améloratioro us a

de la structure du modele a différents pas de temps-jmfraaliers basée sur la
compl exi ficati on deptioh du modelejinsis reomstpeoposbrisiunet e r ¢ e
nouvelle version du modele, fonctionnant a différents pas de tempgouafraliers, avec

| 6aj out déun r®servoir doi nt eNos tgistconirments a n s
aussil 6ad®quat ieamp s’ mudwniepdéfeosn cd 6 on d 6 Mapbséen ge s ¢
précédemmentonduisant a une meilleure qualité et cohérgimealedu modéle.

vii






Contents

Introduction 1

1 State-of-the-art of rainfall-runoff modelling and scale issues in hydrology:

A critical overview 9
1.1 Catchment hydrology 11
1.2 Rainfaltrunoff modelling 14

1.2.1 Hydrological modelling framework 14
1.2.2 Hydrological modelling limitations and temporal averaging effects 19
1.2.3 Obijectives of modelling: simulation and forecast over a wide range of time scales 21
1.2.4 Types of models: towards a scalependent procesbvased classification 22
1.2.5 Desirable properties of rainfatlnoff models 30
1.2.6 The fixed and flexible modelling paradigms and our matieice 32
1.3 The space and time scale issues in hydrology 33
1.3.1 General concepts and typical scales of hydrological processes 33
1.3.2 The importance of spatial and temporal rainfall distribution 36
1.3.3 Catchment characteristic time scales 38
1.4 Stateof-the-art on the temporal scale issue in rainfalinoff modelling 39
1.4.1 Relation between process, servation and modelling scale 39
1.4.2 Effects of time steps on model parameters and performance 40
1.4.3 Model structures 45
1.5 Synthesis and resulting research objectives 52

2 Material and methods 55
2.1 Introduction 57
2.2 Buildingup the hydroclimatic database 57

2.2.1 Precipitation data 57
2.22 Streamflow data 64
2.2.3 Evapotranspiration data 66
2.3 Catchment selection criteria 67
2.3.1 Criteria on catchment characteristics 68
2.3.2 Criteria on rainfall data 69
2.3.3 Criteria on flow data 73
2.3.4 Additional catchments recovered for particular reasons 75
2.4  Summary of the characteristics of our catchment sample 77
2.4.1 Morphological andhydro-climatic characteristics 77
2.4.2 Hydrological regimes 82
2.4.3 Operational interest of our catchment sample 85
2.4.4 Synthesi®f the catchment characteristics 86

iX



2.5 Flood event set

2.6 Model and calibratiorevaluation procedure
2.6.1 The GRA4 rainfatunoff model
2.6.2 Calibration and evaluation procedure

2.7 Synthesis

3 Impact of temporal resolution of inputs on hydrological model

performance: An analysis based @400 flood events

3.1 Introduction
3.1.1 Importance of short timestep data
3.1.2 Modelling at short time steps to evaluate at larger time steps
3.1.3 Scope and structure of the article

3.2 Testing approach and evaluatiomethodology
3.2.1 Testing approach for model evaluation at different time steps
3.2.2 Calibration and evaluation procedure

3.3 Results and discussion
3.3.1 Performance with time step over the whole catchment set
3.3.2 Behavioural catchment clusters for the evolution of model performance
3.3.3 Understandng the causes underlying the behavioural catchment clusters

3.4 Conclusions and perspectives
3.4.1 Summary
3.4.2 Limitsof this study and further research needs

3.5 Acknowledgments
4 Model diagnostics at multiple time steps

4.1 General scheme of our model diagnostics framework
4.1.1 Model diagnosis scope
4.1.2 General remarks on the evaluation procedure

4.2 Hypotheses on the model inputs temporal distribution
4.2.1 Precipitation temporal distribution
4.2.2 Potential evapotranspiration temporal distribution

4.3 Consistency of the model internal fluxes different time steps
4.3.1 Motivation

88

91
91
96

100

103

109
109
110
111

112
112
114

115
115
121
124

128
128
129

131
133

136
136
137

138
139
143

146
146

4.3.2 Analysis of the consistency of interception, evapotranspiration and groundwater exchariges
4.3.3 Implications and formal proof of the temporal inconsistency of the neutralisation function for

interception

4.4  Consistency of model parameters and states at different time steps

4.4.1 Model parameters
4.4.2 Model states

4.5 Synthesis

5 Towards a consistent mulime step model
X

158

161
161
165

170
173



5.1 General scheme of our model structure modifications 177

5.2 Refinement of the interception component 178
5.2.1 A new structure with a buckedtyle interception store 179
5.2.2 Results of the GRMmodel wvith an interception store of fixed capacity 181
5.2.3 Results of the GRBmodel with interception store of free capacity 186

5.2.4 Fixing the interception store capacity by seeking the fluxes coherence at different time 4i@®s
5.2.5 Results of the GR¥2 model with interception store of catchmexependent capacity based on
fluxes consistency 191

5.3 Attempts at improving model performance by modification of the exchange

function 206
5.3.1 Teskd variants of the exchange function 206
5.3.2 Synthesis of the results with different exchange functions 208

5.4 Attempts at taking into account rainfall intensities for improving the production

function 212
5.4.1 Infiltration-excess runoff based on precipitation intensity 212
5.4.2 Precipitation intensitybased correction 215

5.5 Synthesis 217

Conclusions 219
Main contributions 221
Perspectives for further research 223

References 225

Appendices 241
A - Complementdo literature review: Time stepping schemes 243

B - Complements to Chapter 2: Analysis of the quality of thernute precipitation

measurements 247
C- List of the 240 selected catchments 251
D - Flood event selection procedure 257
E- GOUE index 259
F- Consistency of the GR4 model parameters at different time steps 261
G- Formulation of the GRS model (complements to Chapter 5) 263

Xi









Introduction

Context

Hydrological models are used faeveral practical and essential purposesh as flood
forecastingdroughts anticipatiomnd decision making fowater planning andnanagement.
These varied objectivegquire hydrological estimates (river flows)aatvide range of spatial

and temporal scald8loschl and Sivapalan, 1995 or this reason, the possibility of using a
model with different spatial and temporal resolutions corresponds to an important operational
demand.

Until now, the question of refining the spatial resolution of hydrological models has drawn
more attention than the temporal resolution. For instance,eatreeview byMelsen et al.
(20169 has shown the systematic lack of attention payed to the temporal resolution in
hydrological modelling. While many model developers continuously inaletise spatial
resolution of hydrological models, the temporal resolution did not keep pace with this and
with thecharacteristic velocityBloschl et al., 19960f hydrological processes. Presently, it is
frequent to find semAdlistributed and distributed hydrological modelghwa refined spatial
mesh (e.g. 108m?), similar to the typical space scale of hyaneteorological prossses, but

with a daily time stepwhich is not sufficiently fine for describing many proces@&éschl

and Sivapalan, 1995This asymmetry of attention is surprising, given the strong-pitsr
between space and time, a ldagting debate in hydrology and all physical sciences. It seems
urgent torebalance thissymmetry, spending more resources (especially time) on temporal
issues in hydrology!

Nowadays, most hydrological models are designed at a fixed timarstiemost operational
systems choose the model to be used in functidghedf objectives and ahe data sampling
rates typically daily or hourly). Given théncreasingdata availabilityfrom different sources
(e.g. automatic raigauges, radar, satellite) ahigher sampling rategup to 5 min) new
techniques tgethydrological modelable to work adifferent scales aneeeded.

In the flood forecasting context, thability of running a model at different time steps
corresponds to aactualoperational demand. Floddrecasting services wish to have models
able to run at different time stepsranging from a few minutes(e.g. for flash floods
anticipation)to daily (e.g. for floods warning in large river basins), for example to adapt to
different data source#lso, it is usefulfor a same basimo change the model time step when
needed, as for examplefining it in extreme conditions. For example, in France, some of the
flood forecasting cengs, especially thosecatedin the Mediterranean regions, wouldeda

model able to run at (up to) subhourly time stepsto predict intense fasesponse evest
(flash floods). Improved predictions are needed to effectively alert populations and improve
preparedness to these extreme events, which frequently cause fatalities (almost every year)
and billions of euros in losses the Mediterranean part of Fransee, for instancentoine

et al., 2001 Delrieu et al., 2005Vinet, 2007 Boudou et al., 2016

Currently, most ofthe French food forecasting serviceoutinely use an hourlyrainfall-
runoff model(calledGRP to forecast river flowgFurusho et al., 2036This modelhas been

3



Introduction

adapted to the hourly time stéperthet, 201} and to the forecasting modeom thedaily
GR4Jsimulation modelPerrin et al., 2003 but it seems necessary to further explore the
temporaladaptability of this model to shorter time stefBSurusho et al., 20361t is also
expected that some essentradel improvements ahe accuracyof flood peaks and volumes
estimationscould be achieved by considering the temporal variability of model inputs at
shortertime scales.

The relevance of this research is evident:&rP modelis currentlyused as part ainearly
warning system which informdecision makersnd citizens of the upcoming flood risks
France The model outputsre used to update a rdmhe information system and publish
flood watch maps. These maps are currently published twice a dayeonvehsite
www.vigicrues.gouv.flandconcern 22,000 kilometers of watercourses in Fr@Beseudier et
al., 2016, covering % of the population living in flood zonks

State-of-the -art and scientific questions

The question of temporal scaling in hydrological modelling implies multiple scientific and
technical questions, such as:

- the relationship between processes, obsenvaim modelling scale, as discussed, for
instance, byBloschl and Sivapalan (199&ndObled et al. (2009

- the dependency of model parametenstimme step(e.g. Littlewood and Croke2008
Wang et al., 200XKavetski et al., 2011

- the dependency of model structures on time @egp Atkinson et al., 2002Mouelhi
et al., 2006p and the linked problem of the coherence of the internatlaino
functioning at different time stefgsladdeland etlg 2006.

These issues ateghly interconnected, and their comprehensive analysis is a complex task.

An ideal link exists between the processes and observation scale, as pointedhiigchly

and Sivapalan (1995reminding the welknown filtering effects of sampling, formalized in

thesignal processinfield by the NyquistShannon sampling theorgif@hannon, 19490bled

et al. (2009 highlight the implications of sampling for hydrological modelling, suggesting

t h a tmaxamunfiacceptable time step shoul d be defined for e a(
function of the catchemt response time. This analysis should be considered an essential first

step for hydrological modellindput instead it igienerally ignoredh the literature

An increasing number of papers investigate the impact of calibration data time step on model
paameters. Agliscussed byittlewood et al. (201}, theresults of different research groups
share some conclusions, while presenting also intriguing differences in the messages

1 Source: Ministére de I'Environnement, de I'Energie et de la Mer
(http://www.developpemerdurable.gouv.fiy
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delivered. The use ofdifferent models and calibration methods, on a small number of
catchmentsseems to be the actual limitation for seeking general conclusions. For example,
some previous studige.g. Littlewood and Croke, 2008Vang et al., 2009%Kavetski et al.,

2017 showed varying parametedependencies on time step (from daily to -bohirly)
depending on which models, parameters, and catchmeatscansidered. While some
parametergin specific models and catchments) are tstep dependent and seemréach
stable valuesas the time step decreasether parametersevealeithera low sensitivityor
unclear trends.

The dependency of model struausn time steps stems from the commonly recognized fact
that the formulation of hydrological processes at one scale is not immediately transferable at
the adjoining levels of scal | e me ¢), Neve®@h8Iess, in hydrological modelling, it is a
common practice to ussesame modestructure for different time step$he construction of a
time-step adaptive structurbas so far been neglectad the literature ofconceptualand
empirical hydrological models Still, some authors showed that the structure of conceptual
hydrological models requires additional complexity at shorter time $s=@s for instance,
Atkinson et al, 2002 Mouelhi et al., 2006pKavetski et al., 2011 However, here is notet

a systematic knowledgen the level of complexityand onwhich model componentsare

needéd at different time stepgspecially at sublaily time scales

There is a lack in detailed evaluations of model functioning at multiple time steps, for
example for assessing the internal coherence of a model. To our knowledge, only one
example of analysisf the coherence of the simulated moisture fluxes in a hydrological model
run at different time steps can be found in the workHaddeland et al. (2006on the
Variable Infiltration Capacity modellhis kind of evaluation seems to be necessary for the
identification of a multtime step hydslogical model.

Objectives

The main objective of this research work will be tfevelopment of a coherent multtime

step modelthatcould be rurovera continuous range of time stepas,least from daily to sub
hourly, by simple adaptation of its parameters and structural compowdiiies maintaining

an internal coherence of its functionirgso, we will try to improvethe performance dhe
rainfall-runoff models developed adifferent time steps with special focus on flood
simulation.Theresults of this work should be transferred in the operational flood forecasting
model GRP) developed at Irste@nd used in the flood forecasting centres in France

The starting point of this works the GR (Génie Rural) models chai, a set of rainfaltunoff
modelsempirically developed since the 198fas different fixed time steps(at Irstea, UR
HBAN, France) In particular, we will start on the basis of tdaily GR4Jrainfall-runoff
model (Perrin et al., 2003 which concentrated most of the efforts in the development
process. Previous attempts were madéoyelhi (2003 to find consistent model structures
from the daily to theyearly time steps Mouelhi (2003 searched for the optimal model
structures at thedargertime steps, finding some similaritiesthe structureglentified at the

5
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monthly and daily time stepOur work will be in the continuation of thisarmonizationof

model structures across different time steps, but we will move in the other direction of the
temporal axis, from daily to suftourly time stepsThere were previous worldone at Irstea

to adaptthe simulation model to stdbaily time stepsMathevet (200bandLe Moine (2003
successively proposed improved versions athberly timestep, partly based on explicit
relationships of model paramedavith time step Their attempts made to make modifications

or include additional complexity in the hourly model sture brought some improvements,

but some questions on the optimality of the structure adailp time steps are still open.
Here wewill build on these workby focusing on a wider range of time steps

The first step will beo proposean original unified modelling protocol at different time steps

to evaluatanodel performancen a consistent way as the time step changethis contet,

one research question is whether modelling at shorter time steps could improve model
performance at larger time scales. TWwidl allow understanding the benefits of refinitige

data and modellingme gepsfor modelaccuracy also when the intereston water volumes
simulations (and not only on actual peaks or timing of sthor&tion events). By working on

a large catchment set, we will be able to investigate the links between the optimal model time
step and catchment and flood events charactisti

Then the adaptability of the GR simulation models across different time stepks be
evaluated in terms of coherence of parameters and structural compa&Mentsll consider
thetemporal coherencéof model parameters, fluxes and states) as an tesgarnciple for
building a multitime step consistent modeThis coherence could also help to better
understand the interactions between representation of hydrological processes and time scale.

Structure of the thesis

This thesis consists of five maichapters. Some complements are provided in the
Appendixes.

Chapter 1 introduces the context of our work, providing a review of scale issues in hydrology,
with particular emphasis on modelling. In particular, we summarize several previous works
that investjated the impact of time step on model performance, parameters and structure.
This review outlines the current limits for the transferability of hydrological models across
time steps. Also, we introduce our choice of a lumped modelling approach and am gphnes

GRA4 rainfaltrunoff model that we will use and try to improve at different time steps.

Chapter 2 sets the methodological basis of our study. It presents the source data used (for
precipitation, potential evapotranspiration and streamflow), antteébaements done to build a

large catchment data base at multiple time steps. The characteristics of the 240 catchments
and 2400 flood events selected are presented. Also, the model used is further presented as
well as the calibration and evaluation franoekv

Chapter 3 is an article published Journal of Hydrology where we propose our model
testing approach to analyse the impact of time step on the simulation model performance. It

6
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shows that the impact of the modelling and data time steps is signifdsmtwhen
performance is evaluated at larger time scales. We detected different behaviours of model
performance as the time step changes, which are found to be dependent on flood
characteristics. The analysis of this chapter highlights one specific dimihe current
adaptation of the GR4 model at sddily time steps in the capacity of controlling the water
balance over floods.

Chapter 4 presents thoroughdiagnosis of the GR4 model at different time steps, mainly
based on the analysis of the interbe@haviour of the model as the time step changes, in terms

of model parameters, fluxes and states. This analysis allows detecting some clear structural
inadequacies of the model that emerge by analysing the temporal consistency of the internal
fluxes of themodel. In particular, a defect in the conceptualization of the interception
component in the model is shown to impact all the water balance model components and to
jeopardize model performance (on flood events) atdzily time steps.

Chapter 5 presentsur process of model improvement at sl#ily time steps based on the
performance and the internal coherence of the model. We show the need of a refinement of
the production part of the model at sddnly time steps by taking into account what can be
consdered the interception process. Other structural modifications are also tested, especially
for the exchange function. These tests lead to validate and retain a new improved structure of
the model at sulaily time steps.

The last chapterQonclusion$ provdes a global synthesis of the work, highlighting the main
contributions and the implications of the results for flood forecasting applications. Finally,
some ideas for future studies are suggested.
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1. Stateof-the-art of rainfallrunoff modelling and scale issues in hydrologycrical overview

In order to contextualize this research wohlg first part of this chaptéBectiors 1.1and 1.2
introduces rainfaltunoff modellingin the context of the hydrological sciend®e introduce
the object of study, i.e. the catchmemd its water balancend webriefly explain wha a
rainfall-runoff model is. An overview of the general framework of development of
hydrological models is providedjighlighting the underlyingtime conceptsWe briefly
illustrate some limitations of rainfalfunoff modelling particularly with respect to temporal
discretization and dataveraging effcts.Thenwe provide ecritical reviewof the traditional
classification of existingmodels focusing more on the combination of spatial and temporal
scalesthan on modelconceptualizationor development Furthermore, w discuss the
properties that a rafiall-runoff model should possess, and, finally, sugportour choice of a
spatially lumped approach andixed modelstructureparadigmat different time steps

In the second part of this chap{&ection 1.3 and 1.4yve providea literature review oscale
issues in hydrology, and particularly on temporal scalimgrainfall-runoff modelling. After
presenting some general concepts on scaling and the typical scales in hydrolbmhligbt
the multipleinter-relatedaspects of this research woilkhe state of the art of thtime scale
issues in rainfall-runoff modellingis presented in detaigith particular emphasis devoted to:

(i) the relation between processobservations and model scales;
(i) thedependency diiydrological modeparameterand perforranceon the time step;
(i) the relation betweemodel structures and time step.

Some otherquestions as the numerical time stepping schemes and the -timii scale
assessment of modiep, arealso brieflyoutlined along our reviewSince the discussion on
the time stepping schemes requires more details, but isssental to understandnd
developthis research workit will be further presented imAppendix A. At the end of this
chapter, éllowing the perspectives enlightened buyr overview, the objecties of this
research work will beresentecénd formulated in some detailed reseaticthctions

1.1 Catchment h ydrology

Hydrology is the science thatudies the water cyclee. the movement of masses of waiter
the hydrospherei.e. the part of theEarth system where water {grom about 15 km up into
the atmosphere to about 1 km down into the lithosphé&reschematic representation of the
water cycle s givenin Figurel.1, from Chow et al. (1988 We can observe that, aiglobal
scale hydrologyfocuseson the exchanges of water between éitosphere, the land surface
the watercourseshe subsurfacand the ocearHowever,in order to contextualise our work,
this classic definition of hydrologyis too large as itencompasses athe branches and
characterizations of theistipline that can focu®n one or more compartments of the
hydrosphergacross a wide range spatial and temporacales Continentalhydrology is
usually further defineds the study of the continental part of the water dfgteluding ocean
and seasfrom a quantitative point of viewThe major physicalprocessesonsidered in
continental hydrology include: precipitatidnferceptiongvaporatior(from intercepted water
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1. Stateof-the-art of rainfallrunoff modelling and scale issues in hydrologycrical overview

and soi), transpiration,infiltration, percolation, runoff (from overland, susurface and
groundwater flow) andpenchannel flow (in watercourses)

' 30 7”\\ i‘\\
< L Moisture Cncr land [/\ I ‘
[
|

Precipitation on land
385

i | Precipitation
61 on ocean

\ Evaporation from land

|
S Surface \ Evaporation and |
W nunoff evapotranspiration {
S )
NN \ L o
ration ™\ T~ )7\: < 424
& \, . ! \ ( ac
- S &

Evaporation from ocean

Impervious
strata

AAAAAAAAAA PPN

FIGUREL.1 z The water cycle, with the main hydrologic processesand a general indication of the
annual average water fluxes given in units relative to a value of 100 for the rate of precipitation on
land (from Chow et al., 1988.

In the field of continental hydrologywe can further specify theatchmenthydrology that
deals with the integration of hydrologicprocesses at theatchmentscale (Singh and
Woolhiser, 2002 Thecatchment also calledirainagebasin(or watershedn US English)is
defined at ay point orcrosssection of a river, as the enti@ographical and geologicatea
drained bythe riverand its tributariesupstream ofthis section.lt may be as mall as an
agricultural parcel, smaller thah kn? (e.g. for a small mountain creeldr as large as
hundrels of thousander a few millionsof km? (for the largestiver basins in the worlce.g.
those of Amazon, Congo, Nile, MississipPb andParandRivers.

Despite the definition given abova, catchment isisually definedonly on a topographical
basis, by the soalled drainage divide linghat lies along the topographical ridgeas
represented in Figure2 (from Le Moine, 2008 This allows including in the definitiothe
entire areathat contributes to thstreamflow by surface runotalso calledoverland flow)
and by infiltration in those aquifers that are drained by the.riv@s area contributes to the
streamflow also with flow components from subsurface or groundwdtevever the area
defined by tle drainage divide lines not alwaysperfectly superposing with thehole
geological contributing are¢hat could be identifiedfollowing the subsurfacemodes of
supply of the watercourse streamflosg discussed bite Moine (2008. This differencecan
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1. Stateof-the-art of rainfallrunoff modelling and scale issues in hydrologycrical overview

be taken into accounby enlargingreducingthe system considering thehydrogeological
basin, or by considering the topographical catchment as an open systieamgingwvith the

groundwater body, in the case where it exists, so keeping a generaacippral a unique
definition of catchmenfThe latterway is the choice followed in the present research work.

FIGUREL.2 z Definition of the catchment(from Le Moine, 2008 at the outlet A The streamflow Qat
the river sectionE 1 Iforc&® #dlareal precipitation P, and the evapotranspiration Epccurring
during a time interval (day, hour, etc.) The mainforcing variable is the areal precipitation P (ratio
between total volume of minfall fallen over the catchment in a time interval and basin surface) that is
estimated by interpolating some wint measurements P, Bh & &nd l@ence is subject to sampling
and measurement uncertaintiesThe catchment response, i.¢he functional relationship f( ), depends
on the catchment characteristicsand conditions, i.e.the parametersQ.

Like in otherenvironmentabkciencesthe object ofcatchmentiydrologyis a complex system
with highly interrelatedspatialy distributedand time varyingphenomenanvolved To deal

with this complexiy, there is a variety of approaches that can be summarized igemeral

complementargtrategies

(1) the reductionist approach (also calledmechanisti: it is based on the reduction of
the system studied in number of interconnected elementary units of smaller spatial
dimensions. In catchment hydrology this corresponds to 4w@od prescription of
splitting a catchment area into sufficiently small grid elements where slementary
physical laws can bapplied.

(2) the lumped approach (also calledsystemicor holistic): it analyseghe systemat the
catchmentscale Given this largespatialscale, thefunctional relationship describing
the minfall-runoff transformatiormust bedefinedwith someconceptualor empirical
relationships still with the possibility of representing the hydrological processes
integrated in spacé&his second approach is the diedlowed inour work.
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1. Stateof-the-art of rainfallrunoff modelling and scale issues in hydrologycrical overview

1.2 Rainfall -runoff modelling

Rainfallrunoff (RR) modelsare mathematical modelshat aim at transforming the
precipitationfallen in a certain time intervan a certain aredyerethe catchment, into the
streamflow at the outleduring the same time intervals input forcing of the systemin
addition to rainfall, other variables rabe usedto reproduce theoutput flows, such as
temperature or evapotranspiratidgnmathematical modehs defined b¥ykhoff (1979, is a
representation of the essential aspects of an existing systemeto be constructed) which
presents knowledge of that system in usable form. This is a good definition also for-rainfall
runoff modelswhich descrile the behaviour of hydrological systems isimplified form that

can be used for practical purpo$gsgeneréing streamflow timeseries.

The o6uti | i hywmlogeaindodels has wlearty fdriven their historical development

t h das bden largely pioneered by practitioners who needed solutions to real problems
noted byLinsley (1983. From the 19 century and the beginning of the'2thydrologists

(often engineers) proposed a variety of empirical formulae, starting from ticalled
Arati onal f o reymwhd proposed yhe fivsti Knawa hydrological model in 1850.
This simple first model, linking the peak flow to rainfall intensity on a catchment, has been
largely used for a variety of engineering tasks, as sewer design. Only in the second part of the
20" century models have been developed éwscribing the mechanisms of flow in greater
details, as for hydrologic research on the flmecessegas cited by Linsley, 1982

Today, many differenttydrological models exigmaybe a few hundred onore with a wide
variety of levels of sophisticatiorMany of them are currently used and continige be
improved for research and operational purposes, in ateng developmenprocess A
review of the existing hydrological models and their historadancesgoes beyond our
scope Forthis, one can refer for example T@dini (1989 andSingh and Woolhiser (2002

1.2.1 Hydrological modelling framework

The development of hydrological models has traditionally followed a framework
methodology involving the following stepashighlighted byBldschl and Sivapalan (1995
and frequently recalled in the literatuilee in Refsgaard and Henriksen (2004

(a) collecting and aalysing data

(b) Adeveloping a conceptual modéli n t he r e s evhichcdbseribegs she mi n d)
important hydrological characteristics of a catchnmigrior a sake of claritywe prefer
calling it a dnetamodeb or erceptual modél(sincet h e a d ¢oecetuailbs e 0
often used for indicating type of model structuress reported ilsection 1.24);

(c) translating themetamodelinto a mathematical modeyenerally using difference or
differential equationssplved analytically or by numerical scheryes
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(d) fcalibrating the mathematical model to fit a part of the historical data by adjusting
various coefficient§ i.e. determiningthe values of themodel free parametersoy
fitting the model outputs with the observed time series

(e) fivalidatingthe model againshe remaining historical data éet

Variantsand reiteration®f this general scheme are sometini@wed. For examplethe
devel opment o Empiticabemodekcancrelyl dn e driaadderror modelling
approachasacknowledged by some authdesg Bergstrom, 1991Perrin et al., 2003

(a) (b)

4 Data \‘-. Observed precipitation and evapotranspiration

ﬁfﬁ . collection ”'1 T T ~ N

——e

I Y

Daily evapotranspiration [mm/d]
400 300 20
Daily precipitation [mm/d]

[ Conceptualization | Meta-model

|
| date (days)
|

i :
|

| Mathematical [\ )\ /o ations RAINFALL-RUNOFF MODEL
| translation
|\ ds(t)
lg \ | 3 9 [S(t), P(t), E(t) |0]
Q(t) = g,[S(),P(t), E(2) 16]
"'.\ \/ Calibration —>Parameter values

I\\.‘ _ Simulated streamflow

\\\ ,

\ Validation > Test model |

adequacy

Daily streamflow [mm/d]

date (days)

FIGUREL.3 z (a) The rainfall-runoff modelling processwith the phases of model developmenand
their interplay . Note that the conceptualization phase has a dashed connection with the upstream
phase of data collection since the degree of this interpfadepends on the type of modelb) Scheme
of functioning of a spatially lumped rainfall-runoff model with (from top to bottom): (i) input
trajectories of catchmentdaily rainfall (observeddata from the French catchment of the Erault river

at Laroque, 916km2) and estimated potential evapotranspiration (calculated using temperature
data), (i) essential mathematicalrepresentation of a lumped hydrological model (in the equations

| O are input-output fluxes, S are the model state variableand P are the model parameters)and
(i) output trajectory of simulated streamflow atdaily time step (by using the GR4J model, see Perrin
et al., 2003.

Figure 1.3(a) gives a schematic representation of the rarofadff modelling process, with
the phases of model development. Figure 1.3(b) shows a basic representation of the
transformation operated by a rainfalinoff model on the main variables, ifrecipitation
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(P), potential evapotranspiration (E), and streamflow.(@pte that Figure 1.3jbis more
representative for theimped (systemic@pproach than the reductionist one, because for the
latter several input trajectories should be used (one for each grid element of the spatial
discretization) and the fluxes equations should be basedal péferential equations.

1.2.1.1 Time concepts in modelling and linkages across scales

Along the different phases of the modelling procels,choice of a spatial and temporal
discretizatiormust bemadeseveral times. This choice should take into account the dominant
hydrological processe@hose considered important for a specified applicatiting data
available the modeldevelopedised and the objectives of modelligpmelinkages across
scalesmay be necessarpglong the modéihg processand they should bexplicit. For
example for the temporal domain, we agree wiilelsen et al. (2016an identifying several
different fitime conepts which in practice are often mixed up and misinterpretéd/e
distinguish eight different time conceptsextendingthe six proposed byelsen et al.
(20163:

) the process timscale;

(i) the sourcedata time interval (spacing betwedatasamples also called
sampling interval);

(i)  the model input resolution;

(iv)  the numericatesolution (model time step);

(V) the model output resolution;

(vi)  the calibratiortime interval,

(vii)  the validation time interval;

(viii)  the interpretation time interval.

In these conceptssatated byMelsen et al. (201§aone may note the distinction between the
term 6 s c ,athati® acontinuousvariable, while6 r e s o land t © mé a liiddidate r v
discrete variables. The esolution refers to a model property, whtlee time intenal is
independent oftheused model. t he f ol | owi ng of t Iscal® womr ka we
more general andaommon sense and alsoh e  tinerstep o6wefdr o model resation

and data time intervalsThese different concepts are summarized in Fidud¢a), while
examples oflinkagesacross these time concete givenin Figure1.4(b) and1.4(c). The

first causalink between process time scale and source data time interval can be considered as
ideal, because observing processes at the scale they & ndt always feasibée(Bléschl

and Sivapalan, 1995 However, a deterministic link exists betweethe time scale of
processes and the data resolution neefdedthdar perfect reconstructionThis link is
explained bythe weltknown fundamental critesh of signal processingand samplingthe
NyquistShannon sampling theore(®hannon, 1949 also called théNyquist criterion For

further detailson the transposition of tHeyquist criterionto hydrology, we refer the reader to
Section 1.4.1, while here we remind it in the examples in Figurel 4. First (Figurel.4(b)),
athunderstorm event witsteady spatial locatioshort time duratiorfe.g. < 30 minjand high
temporalvariability (approximatedighest frequencgf 10 mint) should beobserved ashort

source data time intervalx 5 min) to detect the highest frequeneynd intensityof the
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rainfall peaksThis may be important also given that such intense eventkeakgetth generate
an infiltrationexcess responsdependingon rainfall intensitywith characteristic timscale
smaller than half an hour (see also Sectidd). Conversely, asteadyfrontal rain event is
characterized by longer durati¢n 1 day) and much less temporal variabiligndit is likely

to activate slower mechanisms of runoff response as satueatmasqFigure1.4(c)). In this
case, daily rainfall measureens may be sufficient tproperlyobserve the event and model
the catchmentaesponseNote that for norstationary spatial phenomeres rainfall showers
(i.e. intermittent events, both in time, space or inten®ity® should design the nessary
source data time interval bgnalyzing not only their temporal variability but also
characteristic velocityn space (see Sectior?4.3.

Following the review on scale issuesBischl and Sivapalan (1983-igurel.4(a) suggests

that thelinkages across scalesn be performed either in a deterministic or stochastg. A
deterministic approach for scaling can be followed when information on the actual spatial or
temporal pattern is available; otherwise a stochastic approackers @fosen by means of
distribution functionsMoreover, inkages across scales can go in both directions thrihwegh
hierarchief scales The termupscalingdenotes transferring information from a given scale

to a larger scalde.g. from5 min to 1 hour Figure 1.4(b)), while downscalingrefers to
transferringinformation to a smaller scale (e.g. from daily to houfygure 1.4(c)). For
scaling from source data to input data, upscaling is usually trivial and based on simple
aggregation(Bloschl and Sivapalan, 1998Conversely, downscaling involves disaggregating
and singling out from average val usfmodef sour c
inputdataas mal | er s c al tke)stochdstic apprbactshascagarteylar dppeal as
the detailed pattern is rarely known and distribution functions can be derived more ¢eadily
(Bloschl and Sivapalan, 1995For further details and examples of linkages across scales
from a modelling perspective we remitakhe review byBloscH and Sivapalan (1995
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FIGUREL4 z (a) Scheme of theeight time concepts of the modelling process. (band (c) Examples of
linkages acrossprocess time scale, source data time interval and model inpresolution.

1.2.1.2 Time issues inthe calibration -validation procedure

We think that the commonly used validation framework, in which the validation time interval

is consideredalways as equal as the calibration time interval, should be extended to try
corroboraing models also on the basis of théirs c a | i n g 6Forcesam@leh) oné may y
calibrate a model at hourly time intervals while validating at daily time intervals afte
aggregation of model outputhis would extendhie nethodsdiscussed bX| eme g ) ( 1986 &
who proposed a systematic framework to validate hydrological models (i.e. test their
floperational adequacdy) . T h i s indludeatimeeomononky usedplit-sample testand

four otherlevels of testsimple and differential splsample testandsimple and differential
proxy-catchment testsAndréassian et al. (20pdiscussed the use of this validation
framework, highlighting its utility, although they adyse that only the first level, i.e. tisplit-

sample testis in standard use in evaluating hydrological models today. They suggest that a
possi ble reason for t he Ing schemealld bestlat itois t he
excessively demandinsee Le Moine, 2008 However, we agree witAndréassian et al.

(2009 that modellers should not fear demanding validation tests for at least three reasons:

(1) finding model model

improvement

limits by advanced testhelps finding ways for

(i) as some authors suggested, models can onbplveboratedor refuted (Popper,
1959 or justevaluated in relative termg.g. Oreskes et al., 1994
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(i)  analysing model failures will make it possible to define its real limits of
application andlead to a safer use of modelsas crashtestsfor automobiles
(Andréassian et al., 200Qypically for applications on catchments with changing
conditions(see Thirel et al., 20}5

1.2.2 Hydrological modelli ng limitations and temporal averaging
effects

When the system of interest is complex, as it is the case of hydrological systems, the
conceptualizationphase needs to start from a&implification of the real system. This
simplification is inevitable and justified because the modelling process is affected at different
levels by somdéimitationsthat concern for example:

- the scientific understanding of complex phenomena (as the groundwater pjcesse

- the measurement techniques, that have theamsurement errors and thepatial and
temporal sampling scale;

- the spatial and temporahodel resolutionghat smooth out an excessive detail in
description of physical law@lorel-Seytoux, 1988

- the computers calculation capabilities that limit the choice tfoafine spatial and
temporal discretization.

Here we want to focus on the impact of tamporal averaging of datdnat isa key constraint
of rainfall-runoff modellingaddressed by this research wakk.represented in Figute3, the
sourcedatg usuallycollectedat a fixed discrete time intervadye used alonghe different
phases of model developmentitlhe conceptualization phasiataareused to different extent
according to the type of modedg. they shouldnot be usedfor fully-distributed physically
basedmodels(at least in principle), buthey aregenerally used foempirical models (see
Sectionl.24). Rainfall can be mesured continuously (e.g. by weighttygpe rain gauges) or
more generally at variable time steps (e.g. by tipping bucket rain gauges). Then rainfall data
areusuallyaggregatedver a certain time intervabf accumulation (usually daily, hourly or
sometimesome minutes)Smilarly streamflow is usuallyirst sampled at variable time steps
and then averaged over fixed time stefsapotranspiration is usually calculated from
averaged temperature dakar this reasonall models are affectedy dataaveragng and-
sampling time scale effe¢t&hich smoothor smearthe processes that rainfallnoff models
must reproducegs it can be seen Figurel.5.
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FIGURELS5 z Dataaveraging effecs on streamflow and precipitation data: example for the French
experimental catchment of the Orgeval River at Boisdg-Chatel (105 kn?) studied by Irstea. The
source dataat sub-hourly time interval (variable sub-hourly step for streamflow and 6-min step for
precipitation) are averaged at hourly (top panel), daily (middle) and monthly time intervals
(bottom).

Figure 1.5 shows the progressive information loss about temporal dynamics and extreme
values ofprecipitation and strediows 1-year seriesas the time sip increaseskFor the
catchment considered hetecated in the Parisian basin under temperate oceanic climnate,
seems that there is less difference ingtieamflowdynamics between daily and hourly time
steps, rather than between daily and monthte steps, although the time steps ratio is
almost the same in the two cas€bke ratios ofthe maximum streamflow peaksveraged at
different time stepsppear to be of abo@2% and 17% respectivelyfor daily/hourly and
monthly/dailytime stepsFor preipitation data the ratios between maximum values over the
year are similar for daily/hourly and monthly/daily scaling (note that eak of monthly
average is 0.15 mm/hHowever, this observation cannot be generalized since the temporal
variability of dreamflows isobviously catchmentdependent.The difference in extreme
values of streamflow at daily and hourly time step shouldakger for smaller catchments
and for regions subject to higher rainfall intensitieer exampleOstrowski et al. (2010
analysed the relationship between the time stegh the extreme values of rainfall and

20



1. Stateof-the-art of rainfallrunoff modelling and scale issues in hydrologycrical overview

streamflowon two Austriancatchment®f about20 knt? and showed ratios of abo88% for
average maximum flow at daily and hourly time stege®e Figure 9 in Ostrowski et al., 2010

As discussed biavetski et al. (2011  taht ®f averaging the rainfall forcing over a time
stepY <introducesé s me aarrorsigtdthe forcing data, which necessarilyristates into

Y «dependent errors in the model predictions and calibrated parandeters @rhearing
effect®affect also the observed runoff data that is to be fitted in the calibration and validation
procedure. These effects wititrongly impact the identification of fast and ndéinear
processes and the calibration of their associated model parameters. Moreovshotheg

that these effectbave interplay with the effects of numerical schemesed to translate
continuous differential eqions into discretéime equationgseeAppendixA).

1.2.3 Objectives of modelling : simulation and forecast over a wide
range of time scales

The knowledge and anticipation tie spatial and temporal distributioof the waterin a
catchment is essential fearious human activitiesHydrological models areoutinelyused as
a basis to find solutiorfer different problemdike floodsanddroughts, erosion and sediment
transports, water pollution, or to provide information tfoee management oivaterresources.
For all these purposes, rainfalinoff models areequired toproduce hydrological estimates
at a range ofime coverages (extents)ypically from hours to hundreds of yegrand with a
wide range oftime resolutions(time steps) from minutes to yeardNote the distinction
between these two concepts: tamporal horizorcovered by the model outpuisoverage or
extent)and the spacing between data in the time sémsslution,time stepor time interva).
To indicate these two time concepts the uniue rtm nte is geadradtyéused in the
literature(e.g. Bloschl and Sivapalan, 1995

Figure 1.6 shows some examples of application ofltojogical models and their typically
requiredtime coverageghorizontal axis in thé-igure) andmodel time stepévertical axis)
This scheméras beeradaptedrom Bléschl and Sivapalan (199%cf. their Figure 1) where
the model time steps were not represented and focus was only on the time coverage.
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Simulation [ Design — Planning & management

[ System understanding & water-balance applications

[ Simulation for flood analysis

Forecasting [ Droughts and seasonal forecasts

[ Flood forecasting and real-time control

100y
|

— + (limate change
Major dams

Tmon 1y

T * Land use change
rrigation

B 2 + Water supply reservairs
Hydropower optimisation Culverts and levees
+ Flood warning Firm yield

Urbane drainage  Detention basins Minor dams

Time step (log t[s])
1d

+ Flash flood warning

Smin 1h

\ T T T | T
5 min 1h 1d 1 mon 1y 100y

Time coverage (log {[s])

FIGUREL.6 z Typical time coverage and time step of ydrological models required for different
purposes (original figure inspired from Bloschl and Sivapalan (199%). Model applications are
classified in simulation or forecasting modes and in distinct categories of problems.Typical time
coverages range from hourly to 100-years periods, whiletypical corresponding time steps range
from 5-minutes to 1 year.

To meet these different objectivegainfall-rundf model can be used two different modes:

(1) In the simulation modggiven the initial state of the system and the trajectory of the
input variables over a period, called thesimulation horizonthe model simulates the
trajectory of states and outpudnables over the same periots. In simulation,models
aretypically run overlong horizons i.e. from onemonth toseveralyears, and with a
range of time steps going from houtbtyyearly intervals

(2) In theforecasting modegiven the records of input, state and output variables up to the
instant of forecast; (when the forecast issued, the model predicts the statend
output values for a time horizoh following tr, whereh is calledlead time In
forecastingthe malel is generally run oveshorter periodglead times)i.e. from one
hour tosome monthgor yeas), and with a range of time steps goingm subhourly
to monthly intervals

1.2.4 Types of models: towards a scale-dependent process -based
classification

In order to respond to theariousobjectivespresented aboyelifferenttypesof hydrological
modelshave been developeth the last centuryThe choice of a particulaype of model is
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dependent on the objective ohodelling on dataavailability a n d on t he mo d e
understanding and conceptualization of the systemlassification of thaypes ofmodels
available is neededfor better orientation in the wide variety of hydrological modelling
options, and to specify our modelling approadit least five significant levels of
classificationsof modelsmay be distinguishedaccording tahe different hypotheses made
by the modelleron the spatial and temporal scal@soth resolution and coveragend the
processesonceptualizationThese five leelshave been alreadycognized bynanyauthors
but often the focus is puton each level individually Here we propose an original
comprehensive synthesis of this classification. Moreower criticize the traditional
classificationbased on processe&®nceptualizationgoing towards anew scaledependent
classification that givemore importance to the assumptiars spatial and temporal scales,
especially the temporal on€he latter has long beetisregarded in thaydrological and land
surface moddhg literature, where more importance has been given to the sgiatiahsion

as already noted by some auth@g.Archfield et al., 2015Melsen et al., 2016a

1.2.4.1 A four-level scale-dependent classification

1) A first level of modelclassification can be done on the basis ofsietial resolution i.e.
the assumption to represethie continuousspatial domainof the real system inbv the
discrete one of the modéh this way models can beenoted as

1 Spatially lumped treaing the catchment as a single yriy asystemicapproachthat
implicitly accounts for only the mean variability;

1 Semkdistributed subdividing the catchmemtto sub-catchmentseach one treated as
awholesingle unit (systemic approach);

1 Distributed subdividing the catchment into grid eleme(its. reductionistapproachy
the degree of refinement tie discretizationmay be very differentvithin this class
We would further distinguish thelly -distributedmodels for which grid elementsre
sosmall ago be consistent with the poiatale measuremen(see Section 1.2.4.3)

2) A second level of lassificationrelies on the spatial coveraggor extent).This is less
commonin the literature though dfferent model denominationaccording to coverage
can be founds:

1 Macroscaleor large-scale,for applications of modellingither on largebasirs (as
hundreds of thousandsf km?) or regional ¢ontinenta) scale or global scale
(Kauffeldt et al., 2018

1 Mesoscale(upper and lower)or applications on small catchments mediumsize
river basins, frm 1km?t o 1 Oken®(Sclbulz, 199%

f  Microscaleor plot-scalg for spatial coverages smaller thakri? (Schultz, 1994

3) A classificationis basedon the model time step, i.e. the numerioale resolutionused ©
represent the continuous temporal domain of the systeonth® discrete one of the
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model. Thus modelsare denoted asnter-annual, annual, seasonal monthly, weekly
daily, hourly or sub-hourly models.Thesementionedresolutions are the most used, but
alsoany other time resolution can bsed

4) As for thetemporal coveragéand the initialization modeone can find:

1 Continuous time modelsconsideringa long &continuou$temporalspan(generally at
leastone year); thewre siitable for simulations ofong time coveragethusallowing
to by-pass the initial condition determination problem thanksv@ianup period(see
Kitanidis and Bras, 1990these models may use a wide range of time resolutions.

1 Eventbasedmodelsthat are used for single storm events and requireirtitial
conditionto be specifiedby the modder, assunng that itcan be guessed easily from
a short past periofless than one yearn eventbasedmodels only short temporal
resolutions are used.

1.2.4.2 The traditional conceptualization -based classification

According to theassumptionsnade bythe modellein the processes conceptualizatiphase
a commonly usednodel classificationconsists otthreeclasseqsee for example Wheater et
al., 1993:

(i)  Purely empirical or black-box models also calledmetric or databased modeisthey
are based on inference from the data used in the modelling process and limited to
providing accurate output prediction§he model parameters do not correspond to
measurable physical variables, so they are usually derived by diatarabbration.
Some of the most popular examples are: the linear ARMAX models {Regoessive
Moving Average with eXogenous inputs) initially developed Bgx and Jenkins
(1976, the Artificial Neural NetworkgDawson and Wilby, 2001 Trarsfer Functions
(e.g. Young, 201t and DataBased Mechanistic (DBM) modelg@.g. Young and
Beven, 199

(i)  Conceptualor bucketstylemodels also calledsoil-moisture accountingmodels they
attempt at desibing the main hydrological processes occurring in the system following
a systemicapproach. These models are ofteritten in statespace form where state
variablesS(t) are used to describe the evolution of the catchment system conditions, by
a set of ordinary differential equations as:

O™ o

" o hY b hl [ hl 1.1
a5 Q"Yoh) 6O 0 s— (1.0
00 QYo 00O s (1.2)

where "Q and "Q are functions describing the internal fluxes and imuuput
relationships and are derived by a simplified representation of the hydrological
processes using componentsreservoirs(e.g. for soil moisture accounting) andit
hydrographs (for routing); 0 6 and ‘O 6 are the timedependent input forcing,
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respectively precipitation and evapotranspirationp is the system outpui,e. the
streamflow;| are the parameters, which aret directly measurable and are generally
derived bycalibration (automaticor manual). The discrete equations of conceptual
models areusuallyderived by integration of the differential equatiokgg. (1.1) and
(1.2)) or sometimes directly formulated by difference equations. The integration may be
analytical or approximated numerically, and in the latter case numerical artefacts may
be introduced in the model (see Appendix A). Some examples of popular conceptual
modelsare: SacramentdSAC-SMA, Burnash et al., 1973TOPMODEL (Beven and
Kirkby, 1979, Xinanjiang (Zhao et al., 1980 PDM (Moore and Clarke, 1931ARNO
(Todini, 1996, SMAR (Tan and Oconnor, 1996HBV (Lindstrom et al., 1997
TOPKAPI (Ciarapica and Todini, 2002and GR4J (Perrin et al., 2003 Despitethe
numberof conceptual modelsnany of them share the samencepts and are very
similar (Moore et al., 2006

(i) Physicallybased modelsthey attempt at describing all the processes occurring in the
catchments by applying physical laws atiatributed scale (eductionistapproach).
These models are based on partial diffeetr@quationsasthe SainrtVenant equations
for river flows and the Boussinesq or Richards equatifur flows in saturated and
unsaturated soils. These equations are applied on a fine discretization grid to take into
account the spatial variability of the baskach grid cell ischaracterizedy a set of
parameters having a physical principle and theoetically derivable by field
measurementéBeven, 1980 However, many difficulties arise in the measurement of
parameters, because of the technical and econorfficutfies of measuring such a
number of parameters at the required small scale. So the parameters earafiot b
derived by measurements and calibration is still requifbd.discrete time equations of
these models derive from the integration of partial differential equations, so they are
often impacted by the effects of numerical schemes (see Appendix Ajintéetep of
model functioning is generally fine, whatever the data time step is, because numerical
errors are larger as the model time step incred$esdrequentuseof largerresolutiors
of source datalimits the appropriate physical representation tbé hydrological
processes (see Section 1.3.2). A good way of scaling up in time a phybasdiy
model does not exist, thus aggregation of models results is nec&lisaty &nd Frevert
(2005, page 524). Some examples of physically based models are{Abibatt et al.,

1986, IHDM (Bevenet al., 198y and SWAT(Arnold et al., 1998

Tablel.1 summarizes the characteristics of the modedsgla of thigraditional classification,
highlighting the main differences, with particular emphasis to the time scale issue.
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Time-steps
Modelling Mathematical Spatial Temporal | (numerical and Effects ofdata-
approach form resolution coverage data averaging
resolution)
purel Continuous From sub Model forcing;
: .y Input-output form and single | hourly to annual|  Conceptualization;
empirical . | Lumped . L
(O state variables] event and multi Calibration and
(Black-box) L
models annual validation.
Conceptual Lumped or | Continuous Model forcing;
i Statespace form : : o
and hybrid semi and single From sub Conceptualization;
L (dozen state . L
empirical . distributedor event hourly to annual Calibration and
variables) L S
conceptual distributed models validation.
Statespace form o Continuous .
. P Distributed |'u . Model forcing;
Physically (hundreds or and single From sub N
and fully . Calibration and
based thousands of . event hourly to daily -
) distributed validation.
variables) models

TABLE 1.1 z Summary of the characteristics othe models classes of the traditional classification
basedon the processes conceptualizationThe classesin italic font are the ones consideredn this
work.

Limits of the traditional conceptualization -based classification

In the last three decades, more and more authors rejectedotmeptualizatiofbased
classification, especially questioning the realism of the physibalbéed concepie.g.
Grayson et al., 199Beven, 2002Kirchner, 2006 Beven and Cloke, 201Montanari and
Koutsoyiannis, 2012 but also the overlapping and uncertain contours between the three
classegAndréassian, 2005 The clases of empirical andconceptual modelsnay overlap
leading tocombinations of conceptual and empirical models cdildatid metricconceptual

(or empiricatconceptual models(Wheater et al., 1993In our opinion this is more frequent

than it is recognized, because observations are generally used to corroborate a hypothesized
conceptuamodel structureandimprove it by iterative experiments in an empirical paradigm

(a sort of triadlanderror procedure)A classic example of this hybrid type of model is the
IHACRES model, acronym of Identification of unit Hydrographs And Component flows from
Rainfall, Evapoation and Streamflow dai¥e et al., 199Y. Another emblematic case is the

GR models chain developed at Irstea (see also Section 1.4.3.2 for details). At the daily and
monthly time steps, the GR models GRR&rrin et al., 20083and GR2M(Mouelhi et al.,

20060 are hybrid models, aeir building elements belong to the conceptual models class
(e.g. soil moisture reservoir, unit hydrographsit were selectecand assembled by using
observationsAt the annual and inteannual time stepghe GR model is a simple input
output equation with a basic memory functi@Mouelhi et al., 2006a which may be
classifiedmore easilyaspurelyempirical

Also the classes gbhysicallybased and conceptual modeiay oftenoverlap(Andréassian,
2005. This is due to the difficulty of pursuing a fuldistributed representation of physical
processes in spaemd time, as alreadyentioned Without a fullydistributed approach so
called physicaly based model is reduced d an excessively detailed arsiphisticated
conceptuaimode| with a semblance of physi¢see also next Section 1.2.4.B)oreover, 4
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the types of models are impacted by the effects of data temporal averaging, as discussed by
Kavetski et al. (2011 the time scale effect®f dataaveraging and sparse sampling are
inherent to any model forced wifand/or calibrated tcgveraged datawhether the model is

based orconceptual or physical principlés.g. Clark et al., 20Q&r transfe functions(e.g.

Young and Garnier, 2006These effects undermine the physical basesngimodé.

1.2.4.3 The need of a scaledependent process-based classification

In our view, the main limitation of théong-establishedclassification based on processes
conceptualizations that it isassumed to bgcale independerind in general the three classes
(empirical conceptual andphysicallybased overlap for thecommonlyused temporal and
spatial scales. In particular, the concept of physidadised model is not realistic at all scales,
becauseat coarse spatial and temporal resolutionsaverlaps wih the conceptualmodel
category (Andréassian, 2005 Recently some authors stated thatthere are no purely
physicallybasel models for mesoscale or largeale catchmentqsee, for instanceBeven
and Cloke, 2012Montanari and Koutsoyiannis, 2012owadaysit is not feasibléo model
these large systems at resolutions @taat with the pointmeasurements, which would be
necessary to apply smatale physics. Thimitation is due to the lack of data for these
large extents, particularhat fine spatictemporal resolutionsand the inadequacy of
computational capabilities for higiesolution, longerm continuous simulations at large
spatial coverageg.g. Singh and Woolhiser, 200X oday, the concept of physicalhased
models could befealisticd only for micro-scale spatial coveragg< 1 knt), where a
combination of fine spatitemporal modelling scaleuld be possible (i.spatial resolution

< 1 m andtemporal resolutior 5 min).

Outside this set ofine spatiotemporal scales, modelart be defined more accuratedg
Qorocessbased a term that is gainingicreasingpopularity in the literatur¢e.g. Montanari
and Koutsoyiannis, 20)2As a matter ofact, hydrologicalprocesses malye represented by
deterministic or stochastic equattoaven at large spatiahd temporatesolutions depending
on the inherenvelocityandfrequencyof the processesonsideredThis is easy to understand
for slow processes as groundwater and base flow. Al&ojntegration of a process over
space could be straightforwaird cases wheréhe inputs and catchment spatial variability is
small. In thesecass, it is likely that the distribution over timef inputs and catchment
responsecould be more important thasubdividing the catchment into firgpatial grid
elementsAlong similar lines Singh and Woolhiser (2002ighlighted the great dependency
of spatial variability on a range of scakasd on locatiordependent qwperties by resuming
the field examples examined b$eyfried and Wecox (1995, as for example the spatial
variability of shrub canopy affecting infiltration and surface run&ifhhgh and Woolhiser
(2002 well resumed this concept

fiDepending on thecale, the sources of variability can be stochastic or deterministic or both.
It is not possible to describe watersheds in terms of a single deterministic length scale,
independent of scale and watershed characteristizs
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In other wordsmodels should desbe the relevant spatial and temporal variabititynputs
and catchment characteristics thaappropriate for the coveragemsiderednd the relevant
processeslin this sensewe think that the integration of smalecale variabilities to larger
mocelling scales could lead to @rocessbased modeleven for spatially lumped
representationsn mesoscale catchmentAlso, we think that refining the temporal resolution
(not only the numerical but also the input data @ieuld be considered at leasiraportant
as refining the spatiatesolution and this could lead to more appropriate protesed
representatianof the catchment functioning. Some processes could be weblleddt some
large time intervals as the year and the wdy i ¢ hphysicaly baéed(K|1 e me ¢),for1 9 8 3
examplethe evaporation from soil. Conveely, other processesuld need highetemporal
resolutions to account fahe threshold behaviors depending on rainifi@énsities, as the
infiltration-excess runoff.

These observations lead us towaedsew classificationof modelsthat we would terma
Gscaledependent procedsased classificatiai It is schematically represented in Figuré,
whichis inspired fromMelsen et al. (201§4seetheir Figure 1resumedilsoby our modified
Figure1.9). Melsen et al. (201§aesumeda longestablished inventory dhe time and space
scales ofhydrological processegfollowing Bloschl and Sivapalan, 1995Therein the
concept of@characteristic velocitg of hydrometeorologcal processes was representkds
defined as the ratio of characteristic lengthl @ime scales of processes argdcalled also

@ r oc e s ¢Bloscld and Sigapalan, 199Melsen et al., 2016aBloschl and Sivapalan
(1995 suggestedhat thecharacteristic velocitys roughly constant across a range of scales
ands t at e tbr atmospheric fprocesses this characteristic velocity is of the order of 10
m/s, for clannel flow it is 1 m/s and for subsurface stormflow it is less than, say, 00l m/s

In our opinion, an efficient procedmsed model must follow the direction of the
characteristic velocities (Figurke7) by using a pair of spatial and temporal resoli¢fior

inputs and model functioning) whose ratio should be equal to and not greater than a maximum
vel ocity. We n akHffieientt Pnocessbased Model Speéd&RMS). By
analyzing Figurel.7, one may intuitively note that thimodel speedhould not be greater

than thevelocity of the most rapid procepkying a role within the catchment; otherwise the
process evolution over space cannot be tracked by the moddhfik af spatial information

On the other hanadopdét hsegnemge Beéassocfatedaeither donaelack ob
temporal information to describe the temporal evolution of the process or to a redundant
spatial representation of the process in the model (i.e. not efficient model speed). The EPMS
is dependent on the inpugsmd catchment characteristics and conditions. For example, for a
small catchment (e.g.-Em?) subject to a convective storm event with a maximum
characteristic velocity in the order of 1 m/s (as that of the channel flow), a ptussss

model should haveemporal and spatial resolutions with such a ratio (see corresponding line
in Figure 1.7). In this case, the choice of a spatially lumped approach would be
deterministically linked by the EPMS concept to a necessary temporal resolution
(approximately 17 in for the 2km? catchment).

28



1. Stateof-the-art of rainfallrunoff modelling and scale issues in hydrologycrical overview

T T
Continent
10° +
- ‘l 4
T 1 /20 River basin
)
5]
-
= 10* - 1/16°
E: Process-based L
c # modelling domain
£ 4 Catchment
B 10°F . 4 A1/ 0ge |Catchmer
= .
§ 10 m/s
2100 )
a 1m/
a m/s
0.1m/s Field
10! ’ ) r
‘ ! . im/h
100 14 4 4 , 1m/day
Fully-distribute Local
(physically-based)
= - 1 X | 1 J

10° 10* 10* 10° 10°
Second Minute Hours  Day Month Year

Time resolution (s) [Log]

FIGURE 1.7 7z Scheme of the fundamental basis ofa Gcaledependent procesbased model
classification, with a rough indication of thefully-distributed and processbasedmodelling domainsin
the time-space resolutions plan (on a lodgog scalg. The grey dashed lines represent the
characteristic velodiies of some hydrological processedOriginal figure adapted from the scheme of
characteristic processscales lately presented by Melsen et al. (2016& (which in turn was adapted
from Bl6schl and Sivapalan, 1996

This scheme in mind, we agree wieven and Cloke (20)2n saying that changing scales is

just a necessary but not sufficient step for representing hydrological processes, as they well
s t a t Ghahging the scale of implementation of toyolgical models does not, in itself,
resolve the issues arising from fundamental lack of knowledge

Thus the scheme that we have proposed here could just help to determine the combination of
spatial and temporal resolutions that a model should havedoraaely and efficiently
represent the involved procesgeE®MS)andto aspiretdbo e ¢ a |l | ebda sOfdedpa € s s
model with such a combination of resolutions needs also a proper representation of the
hydrological processes that can bather conceptub (bucketstyle) or physical (if the
resolution is sufficiently fine)Any other model with neither a proper ratio of resolutions nor

a sound representation of processasnotbe calledprocesshased making no significant
difference betweera selfstyledd p hy sh & sad d & rmocdneeptuakmpirical (or
metric-conceptudl model| given theoverlapsalready discussed.

As for thefully-distributedmodelling paradigm, we confined it in the bottdeft corner of

the timespace plan irFigure 1.7, for the necessityof the simultaneous refinement of the

temporal and spatial resolutions, as already discusisede A spatially distributedmodel,

say at im resolutionand at daily time stem@pplied in a tkm? catchment Wth a maximum

characteristic velocityfol m/s(EPMS, has no chance of being callpdocessbased since
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its model speet 1 m/d (far slower than the EPMSJhe physicallybased notion applied to
this model would be even more groundle®s the othethand, aspatially lumped model
applied tothe samel-km? catchmentcould be processbasedif the temporal resolution is
chosen so as to obtain the EPMS rg@éicound 17 min) and the processes are descriliid
realism(for somenotions of realism se®ection 1.2.5)

1.2.4.4 Our approach: spatially lumped, mesoscale, continuous, multi time -step

By following the levels of classifications detailed abowee may now categorize our
modelling approach that will focus ospatially lumped mes@cale and continuous time
modelsat different temporal resolutis from daily to sufhourly. Our choice of a spatially
lumped approach is motivated by the three reasons listPeroy et al. (2003

(1) t he i mpor t atomdeterminefhow arcgtahmengt wiarks asteled , gi ven
the actualimitationsof knowledge on processes;

(i) the fact that lumped models are usually usedbasiding blocke of distributed
models and so their development must precede thaiheringin interconnected
distributed systems;

(i) the factt h athe practical superiority of distributed or sewfistributed
approaches over lumped ones for streamflow simulation has not been clearly
demonstrated yeét.

These reasons are also supported by our concelgtfiofent Procesdbased Model Speed
(explaned in the previous Sectipraccording to which the spatial distribution, in itself, is not
sufficient to develop a processised representation of the rainfalhoff relationship, but
processes should be modelled at a suitable combination of -sgatioral resolution
consisterly with the catchment characteristics.

If one wants to still categorize our approach thg traditional classificationon model
conceptualizationwe may say to follow a hybrid combination of thecatled empirical and
conceptial paradigms, by combining the use of model structures and components typical of
the conceptual models with an empirical approach for model development based (@ealata
Michel et al., 200%

1.2.5 Desirable properties of rainfall -runoff models

Some relevant properties aregenerally required for rainfalrunoff models including:
reliability, robustnesgsrealism(t h e )ZandRadsposability(across space and time scales),
as resumed byGupta et al. (2004 These propertiesare interdependentoncepts.The
reliability is probably the most general concdpioked on all the other mentioned properties
andalsoothers To be reliablea modelshould be robust, realistic and transposalbig also
accurate, general and consistedb all these properties should be verifigdan extensive
model diagnosticsbased on a largeample approachin which ftaditional aggregate
performance indiceare not sufficientAs cited byGupta et al. (2014 to be demonstrably
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robust,modelsmustpass effectiverash testingproceduregproposedor instance byKle me g
(19860 andAndréassian et al. (20R9

As for realism it is importantto note here that even groving (and even definingjhe

firealisn® of a rainfall-runoff modelis a verydifficult task, especiallyfor an empiricalor
conceptualmodel, it is still possible tdind out proofs of hydrological likelihood (i.ea

possible definition ofealism) of a model structurge.g. Le Moine et al., 200:/We think that

this attitude visavis of models must be used to corroborate their conceptualizdgoause

it is importantthat modelsiwo r k we | | for (KhemegqggkKinthAeB, @ a s o n s
2006. To ensure at least a minimum level of model credibility, we remind the importance of
standardcalibrationvalidation schemegK | e me ¢ ,). Fiha8y3 Webrefer the reader to

Section 1.3 for further discussion on the questiontr@inspmsability across space and time
scaleswhich is central to this work

Model

Definition Modes of evaluation Comments
property

- Statistical measures of
similarity between observed
and simulated hydrographs &
the NashSutcliffe efficiency | Itis the first and best basis for mode

(NSE) (Nash and Sutcliffe, selection and improvement.
19703
-Hydrol ogi cal
(e.g. Yilmaz et al., 2008

fAbility to closely
reproduce the historic
Accuracy | hydrograph throughour
the range of flons

(Linsley, 1982

Good matching

between model - Comparison of required dat The initial choice of models complexit
Applicability requirem_ents and and calcglation time of the| should take itho account the availabl
actual available data model with the resources resources right from the phase of
and computing available conceptualizatiorfBergstrom, 1991
capabilities

Ease of a proper use ¢ - Endusers understanding

. - E f- houl I f
Easeof-use | the model for the final| and efficiency of use of the aseof-use should not be placed befg

accuracy, as stated hjnsley (1982.

endusers purposes model
Ability of the model to Nowadays, the application of models
provide accurate -Extensive testing on large | on large datsets is possible, thanks
Generality results on many samples of catchments the continuous developments of
catchments and over| (Andréasin et al., 200p computing capabilities and increasin
long time coverages data availability(Gupta et al., 2014

TABLE 1.2 z Summary and comments on the four essential desirable properties of rainfalinoff
models promoted byLinsley (1982).

Table 1.2 provides an overview ofthe other four fundamental characteristics promoted by
Linsley (1983: accuracy applicability, ease of us@and generality The choie to prioritize
one feature or the other may be justified in light of the modelling objectivéiis research
work, we will not explicitly prioritize one feature on the oteebut we will extensively
consider model accuracy, measured tayigical metricsof similarity between observed and
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simulated hydrographsandalso generality, by conducting the tests and evaluations over a
large sampl®f catchments

1.2.6 The fixed and flexible modelling paradigms and our model
choice

The approach of applyingsingle model on many catchmentsecessary to seek generality
as discussedabove and corresponds to the sbpal Ife ke d mopatadign This g 6
approaci s o0 p p o sflexitble madellingparadigm(e.g.Fenicia et al., 2011Van Esse

et al., 2013 Here it is interesting to brieflpresent andliscuss the contrast of these two
paradigms andtroducethe approach followed in this workx ourview, both approaches are
valuable and importasnd present different advantages

Thed i x ed mpadadidgmisibasgddon the choice of building a general model with a
fixed structure that is validatesh many different catchments and over long time seass
promoted by some autho(s.g. Perrin et al., 2001Le Moine et al., 2007 We agree with
Linsley (1982i n s ayi ng tthe tundamemal gasesses ohHydrdiogy are the same
in all catchment§, even if the dominant processes may chan§eme processes may vary
and become more dominantth the local chareteristics of climate (e.g. presence of snow),
landscape (e.g. vegetation) and soil (e.g. lithology). Anyway, we believe that a general
rainfall-runoff model may have a fixed structure but enhgopcaleactivatep process thanks

to the presetting or cabration of some of its parameters. Despite the difficulties that may
emerge in the calibration to well represent timquenes®f individual catchmentéBeven,

2000, we think that building a general fixed model structunas many merits, dacreasing

the credibility of the model, and so theonfidenceof the endusersandilead to meaningful
generalizations (K1 e me ¢ ,). Od & éther handhe flexible approachis based on
searching he model structure that best O6fitsd eact
of multiple working hypothesg€lark et al., 201} It is a promising approachbecause it
should reduceanore easilystructural uncertaintyVan Esse et al., 20),3and this isto be
verified, becausef its great interest in research applions. However, urther work is
needed for impnaing its applicability and easaf-use above all for applications out of the
research communityhe necessity ofustomizing a model structure for each specific case of
application is time consuming andsepractical for operational purposes.

For our research work, we have chosen to base thelong-establishedfixed modelling
paradigm that seems to asnore directapproachfor answeringour researclyuestionsand
operationalexpectationsin particulayr we have decidedio start from a suite of parsimonious
models widely usedin the hydrological communitychoosingthe GR models chain at
different time stepsincluding theGR4Jand GR4H models(Perrin et al., 2003Mathevet,
2005 Le Moine, 2008. This choice is motivatedylthe need of continuing investigating the
transferability of these mode(structure and parameter@ross temporal resolutions, which
stems froma specificoperational demand r om t h e tlleS-f2mhtiA atiodal service
for flood forecasting) At the same timethis is acurrentgeneral challenge in hydrological
modelling (e.g. Singh and Woolhiser, 2002Zrhe GR modelshave beerwidely used for
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research purposes on large sets of catchments atloeineyld with generallyreliable results
(e.g.Perrin et al., 20Q1Perrin et al., 2003e Moine et al., 20G/Van Esse et al., 20)1and
ther modified versiorncalledGRPis currently used for flood forecasting in FrariBerthet et

al., 2009. Thus the choice of these modisa good starting point for such a specific research
work on the time scale issue areleals a dual interest (both of eagh and operational)
From an epistemological point of view parallel can be drawn betweenar research on
model structures across different temporal resolatiand the flexible framework for
hydrological modeing promoted byFenicia et al. (2011 In fact,in both cases the objective
ist ogen@ralize and systematize the currently fragmented field of conceptual or(odelsr
caseat different time stepsn the flexible framework, at different locatigns

1.3 The space and time scale issues in hydrology

The spatal and temporal scaling issue in hydrologisadellinghas been recognized ase

of the most rewardinghallenge for models developmenand advance in hydrological
scienceby many authors, as, for instand€l e me §), Blosc@l8&Bd Sivapalan (1985

Singh and Woolhiser (2002Bl6schl (2006 and Merz et al. (2009 As highlighted by

Bloschl (2006, hydrological synthesis is needed across scatesfind out thegeneral
characteristics of processes as a function of space and time scales for the same site or an
ensemte of sites.

1.3.1 General concepts and typical scales of hydrological processes

The term &caled is normally defined as the sampling interval size at which hydrologic
observations are madebservation scaleor as the grid size used for numerical computations
(model scalgor as the characteristic time or length of a procpescéss scale Thus, the
scale(grid size)will correspond to the length in the spatial domain and to the duration in the
time domain(Singh and Woolhiser, 202

Many authors explored different aspects of the spatial and temporal scsdingg of
hydrological processesiere we summarizesome of the main contributions with a deeper
focuson the tempolascaleissue thats the central theme of our workolbever, the problem
of taking into account the temporal variability in hydrologicabdelling presents some
analogiesand is linkedwith the problem of the spatial variabilifgswe havehighlighted in
Section 1.2.4.3) So we report also soméndings of studies investigating the spatial
representation thabald be transferred also tione.

1 KI e me g) discu$3es 3ome basieatures of space and time scalebear in mind
when daling with scaling issue ihydrology He argues thascale should be viewed as a
guality and not just a purely quantitative siz@n nature, scales of things are not
arbitraryo and meaningful conceptualization of physical processes is possible only at
some discrete scale nature we can find preferred nodes on the spectrum of scales, as
in physics we have different discregatitiesfrom the quantand subatomic particlas
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the macroscopic bodieé\ qualitative feature ofcalesis that different forces tend to

dominate at different levels of scale atids limits a mechanical extrapolation of the
mathematical relationships expressing physical Il one level of scale tonather.

Another important feature, often disregarded in scientific research, is the intrinsic relation
between the time and space scales. An indifferent attitude timtiisonnectiorof space

and time scales mak the understanding and conceptualizatibnatural processeasore

difficult. This is in line with the scheme we have proposed in Section 1.2.4.3 for defining
processbased modellingk | e me g) h(i Jh8 3 gdivénghe tinke adale, the chei

of the spatial scale determines the kind of relationships that one can hope to aden&fyn d

vice versa. It is necessary to identify the time lags between rainfall and runoff of the given
spatial scale and compare with the time interval selected torundea nd tehet her
dynamic effects of the spatial unit will be swallowed by integration over a single time
intervalo . This is particularly important when
hydrol ogi cal mo d e | Hawever,heartguedthhatéthe artitiary useof s c al e
spatial and temporal scales is not, per th& most disturbing aspect of our approaches to
conceptualization of hydrologic processeshis is well explained by his metaphor:

fiNobody can be blamed for not immediately knowing the correct way through a complex
labyrinth. What he can be blamed for is an insistence on a preconceived idea of the
correct route anduinwillingnesgo check it out o

Morel-Seytoux (1988 suggest t h atlie passage from a smaller to a larger scale
requires:enlightened simplificatiornintegration in many senses that (&) in time; (2) in

space; (3) in an expectation sense; and (4) in a process sense, and dmajlytened

couping 6 The author focuses on a simplified
processes and suggests that temporal patterns of rainfall, temporal fluctuations in river
stage and other spatial and temporal variability features of telbgical processes
significantly affect thecatchmentesponse. For example, an illustration of the importance

of temporal patterns of rainfall is given (see paragraph below).

Bloschl and Sivapalan (199%rovide a review for scale issues in hydrology and a
framework for scaling hydrological modelEhey analyse th@ p e r a tsicoanl thai§g 60
defined astransferring information across scaleth a modé-oriented approachthe
information to be scaled consists of state varialwlexdel parameters anishputs, as well

as the model conceptualization itself (i.e. the model structwp¥caling typically
consists of two steps, distributing and aggregating, whitevnscaling involves
disaggregation and singling owloschl and Sivapalan (199%ive some examples of
deterministic and stochastic approaches used for scaling in hydrology. For example, to
link model conceptualizations across spatial scales, a common useful way is the use of
subgrid parameterizations to represent the effects of smstlale processes than the
modelling spatial scale, i.e. an example ofdapvn approach (as discussed alsB8@ven

(2009, p. 9).In a moreholistic (hydrologic) approach scalingmay bebased on the
concept of similarity, i.e. determinirggale factordo link systems across scales. To this
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end, similarity analysis, dimensional analysis and functional normalization can be used to
determine empirical relatiohgps between different variables at different scales.

Following Bléschl and Sivapalan (199andMelsen et al. (201§awve report a classification
of hydrometeorologicaprocessesccording to theicharacteristic scalétime and length) by
a diagram of typical process scales based both on data and heuristic consid@fegfions
1.8).
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FIGUREL1.8 z Typical scales of several hydre&limatic processes in the spatigemporal domain
(secondsz meters, loglog scalg. Figure modified fromMelsen et al. (20164, which in turn is based
on Bldschl and Sivapalan (199h

This diagram was based on previous ones used in the atmospheric sciences and has been
lately resumed byMelsen et al. (2016a Figure 1.8 reports our adaptation of this latter
version. Wih respect to the original figure, our main change is gbparation of the
interceptionprocess from thevapotranspiratiorong based on knowledge gained from other
previous works(seeCalder, 1990 Savenije, 2004Gerrits et al., 2010 Indeed, these two
processes are distinct and, even though they are boundriaweth by common variables
(mainly solar radiation) they are generally active on different sc&edowing a welt
established terminologynterceptionas a process refers to thrage ofpart of the rainfall
above the ground surface, mostly in vegetation (canopy and forest ftoa) natural
environment andthe evaporatiorirom this storagehat generally occurduring therainfall

event and shtly after theend of the evenfe.g. Gerrits, 2010 From our analysis of the
literature cited above, we have placed the interception process at highertespatooal
resolutions than evapotranspiration. One should note that defining the scale of hydro
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met eorol ogi cal processes i s aactiven rafbble) @sak bec
wide range of scaleand interact among them by stochashkages For example, one may

think at the time variability of thenterception this process is highlgeasonalbecause of
seasonality of potential evaporation, precipitation atwdlage capacity of vegetation), but
presents alssub-daily and sukhourly patterngddue respectively to daily temperature pattern,

and sukhourly variabilities of precipitation and wirgpeed). In general, Figufe8 shows
approximately the highest frequey of each process (in time and space), as we have done for
interception. The shaded grey region shows the approximate whole domain of activity of
hydrological process, while the straight lines crossing this region represeatfaeteristic
velocitiesof processes, suggesting a positive correlation between spatial and temporal scales
(see also Section 1.2.4.3).

1.3.2 The importance of spatial and temporal rainfall  distribution

Someauthors have shown the importance of rainfall variability in space and dimrarfoff
simulations.For spatial variability the literature isbundantbut there is no consensus on the
impact of spatial resolution of rainfall on the performance of hydrologicalets (see for
instance Lobligeois, 2014, and references thgr€in the contrary fothe impact of temporal
variability, hydrological literature ismore limited althoughit is in rapid development
However, it seemghat there is more consensus on thignificant impact of temporal
resolutionof rainfall on runoff simulationsIt has beerrecognizedby many authorghat
runoff generation is highly affected by shburly dynamics of precipitatioras for example
by Morel-Seytoux (1988 Woolhiser and Goodrich (198&Krajewski et al. (199)1 Kandel et
al. (2005, andPaschalis et al. (20)4Precipitation controls the higlrequency catchment
responsealespitethe catchment lovpass behavio(Oudin et al., 2004 which smoothes out
high frequegies

This importance of rainfall for the higfrequency responsmay beexplained bythe sub
hourly characteristic timescalesof infiltration and its highlynonlinearnature(Kandel et al.,
2005. Some stud have shown that (infiltratieexcess) surface runoff is motksl better by
usingfine time step rather than daily time step modawld, @rticularly, peak rates of rainfall
are recognized as the mastiportantcontrols for rainfalrunoff modelling (e.g. Yu et al.,
1998 Socolofsky et al.,, 20Q1Kandel et al., 2004Kandel et al., 2006 All these studies
indicate that swdlaily variability of rainfall intensity is important and quite short tisoales
should be represented in models to capture this varidttia.may be explained by thate-
limited behaviourof infiltration-excess mechanisriere we briefly summarize some main
findingsaboutthis widely investigated subject.

1 Morel-Seytoux (1988discusses howhe temporalpattern of rainfallimpactsthe runoff
coefficientof a soilby illustrating the case of a rain with a total depth of 3 cm over one
hour and thregossible rainfallpatterns as reported in Tabl&.3. The assumption of
rainfall rate uniformity over one hour is unrealisémdhas a negative impact on models
results as it can be destedfrom Tablel.3. As the rainfall intensity increases the runoff
coefficient increases todhis example let the autheuggest that infiltration is at least as
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sensitive to intensities as to total depth of rainfall and an improvement in forecasting of
the overland flowof a catchment will come from amprovement in the definition dhe

rainfall pattern rather than from a refinemehsimple infiltraton formulae

Rainfall pattern

Rate 3 cm ht, duration

Rate 6 cm ht, duration

Rate 12 cm ht,

1h 0.5h duration 0.25 h
Homogeneous soil 0 5 26
Heterogeneous soil 9 17 31

TABLEZ1.3 7z Influence of rainfall temporal pattern and of soil heterogeneity in hydraulic conductivity

on the runoff coefficient (%).Source Morel-Seytoux (1988.

1 Some oher authors investigate the importance of the time distribution of rainfall for
runoff responseand agree with the suggestion made Mgrel-Seytoux (1988 For
example Koch and Kekhia (1987 using a physically based model and three soil types
show that theequired complexity of the storm temporal distribution is dependent on the
soil type and the constant intensity approximation is less adequate for more permeable
soils. Also Woolhiser and Goodrich (198%oint out the significance of the rainfall
intensityinfiltration interaction by using a simpldépsically based model, concluding that

the constant intensity rainfdl pattern cannot be recommendeéspecially for rapid
catchments (response time of the same order or smaller than the duration of rainfall
excess).

Some authors investigatg the same timéhe influence of both spatial and temporal
rainfall patterns on the catchments hydrological respoKsajewski et al. (1991
investigate the sensitivity of a distributed model performance with respect to rainfall
spatial and temporal sampling dendity a very small catchment (7.5 KmTher results
indicatea greatersensitivity of basin response with respect to the temporal resolution than
to the spatial resolution of the rainfaliputs Menabde and Sivapalan (2Q0hvestigate

the relationsips between the various time and space scales of variability in rainfall and
runoff process within a similarity framework. Thapalysethe spatial scaling properties

of peak flows and show the importance of the ratio between two controlling variables,
namely thestorm duration and theconcentration time of catchments This conclusion

is supported also by other works #sose byRobinson and Sivapalan (199@and
Gabellani et al. (2007 Nicétina et al. (2008 investigate thespatial scales at which
rainfall spatial variability influence the floodsponse by coarggaining rainfall input
fields from 100 mto 50 kmresolutionfor some Italianbasins of different sizeThey
found that the catchments response is less influenced by spatial variability of rainfall for
smallbasin areagup to about 350 kn?), rather than in larger basins where the travel time

in the channels is a more important part of the total residenceRemsehalis et al. (20)14
show that the flood response is strongly affected by the temporal correlation of rainfall
and to a lesser extent by its spatial variability.
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1.3.3 Catchment characteristic time scales

Severaldefinitions ofthe catchment characteristic time ssatan be found in the literature
describing in different ways the time lag between a rainfall event and the resulting
hydrographThe primary importance ihydrological modelling of these time characteristics
evident This can be argueghsily asalmost all hydrological models contain at least one {ime
dimensioned paramet@orin et al., 200® and routing components (a1 Hydrograph}

are used to simulate the time lag between the rainfall event and the resulting streamflow peak
Some of the most frequently used definitions of catfintime scalesare the time of
concentration thelag time thetime to peakand thetime basgsee definitions imMable1.4).

For adetailedreview of the estimation methods of these time parameters one caersee

and Smithers (2034particularly their Table A3)

Qatchment Definition Methods of estimation Comments
time scale
Time required for a drop of
Time of water falling on the most Empirical for'mulae _(e.g. see Used in t_he ational
concentration remote part of a drainage formL_JIa_\e of Giandotti, Kirpich, formula(Singh, 1992,
basin to reach its outlet Passini, Turazza, Ventura, etc.) pp. M5

(Singh, 1992, pp. 45452

Examples of its use arg

Time between the centroid|  Asin its definition or using the provided byCaroni et al,

. (centre of mass) of rainfall peak of the runoff hydrograph ;
Lag time excess and the centroid off instead of the centre of ma@dorin (lig\?v?igg(zlségg\?vﬁgd
the direct runoff hydrograph et al., 2002

evduated itsvariation

Algorithms aimed at defining the Many hydrological
unit hydrograph (UH)e.g.: the applicationsas peak

Time between the beginning DPFT method byuband et al. discharge estimation
Time to peak of direct runoff and the pea (199?é c?r:rter;gel:_':t%RlEgsggethOd Definition of a
of direct runoff hydrograph maximum aceptable

(Singh (1992, pp. 453452) | Time lag that maximizes th@oss | time step for rainfadl
correlation between rainfall and | runoff modelqObled et
streamflom(Dong et al., 2006 al., 2009

Duration of the direct runoff

hydrograph(Singh, 1992 As in its definition. Unit hydrographs

Time base

TABLE 14 z Summary of four common catchment characteristic time parametersefinitions and
estimation methods

Other characteristitime scaleparametersvere suggested in the literature as tte to
equilibrium, time of travel rise-time volume/peak ratip critical-lag time infiltration-
opportunity time and time to pondir{§ingh, 1992 The definition of allthese paraeters
goes beyond the scope of this wottowever, we notethat different methodsan be
developed to determine a time parameter desgyithietiming of the catchmentesponsand
this can be done even just by data analy@msnedatadrivenmethodsarebased orsimilarity
of rainfall and runoff patterngMorin et al., 2001 Morin et al., 2002 or spectral analysis
(e.g. Tessier et al.,, 19p6lt can be noted that most of the definitions adtchment
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characteristic time scales are related to the fast response, which is only one component of the
outlet flow. Verylittle is made on long characteristic time scales that relate to slower flow
components which are typically related to storages in models. According to us, this aspect is
as important as for fast response and should deserve more research in the future.

As for the relationship between the catchment response time and the hydrological model time
stepsthe literature is lessbundantOn this topic, the work b@bled et al. (2009(seeSection
l4Duses t he tneefloipeabt it ®n dexdfmurd aceptable time stém@t can

be used for modelling the rainfalinoff relationship Howeverwe have not foungublished

works dealingwith the analysis ofhe relationship between the tintBmensioned parameters

of rainfall-runoff models and theatchment time scaleme parametergrom neither a
conceptual ar a physical point of view This would be important for improving the
regionalization of model parameters, as highlighteditiiewood and Croke (2008

1.4 State-of-the-art on the temporal scale issue in rainfall -
runoff modelling

The question ofemporal scalingin hydrologicalmodellinginvolves different aspestas the
relationship between process, observation and model scale or the dependency of model
parameters and structures on time dteg.arediscussedn the following sections.

1.4.1 Relation between process, observation and modelling scale

As discussed byloschl and Sivapalan (1995processes should hbdeally observed and
modeled at the scale they occuHowever, thisis not always possibléecause some
hydrological processes have chaesistic timescales oiminutes (often shorter than tdata
availableresolutior) andthey simultaneously operate at a range of scafesilable data for
rainfall-runoff modellingare discrete: rainfall is measureftth total accumulations ovéixed
time duratios, usually hourly or dailyand streamflows are punctually measured at some
instants wih a fixed or variable sampling interv@lata sampling in time has a filtering effect
on processess we have already highlighted in Section 1.2.2.BAdscH and Sivapalan
(1995 observe fiprocesses larger than théata coverage appear as trends in the data,
whereas processes smaller than tlesolution (spacing)appear as noise .This is a weH
known problem in the field of signal processing, where EhauistShannon theorem
(Shannon, 194defines the highest frequentyof a oscillatory continuous proce#isat can

be detected from a discretized data sedpafcingd, as:"Q —.

The Nyquist criterion may be trangposed to hydrological modellingfter some small
adjustmentgo consider that: (i) average (or cumulated) inputs/outputs over a time step are
usually considered in hydrologi cghowetadel | i n
1988; (ii) hydrological systems are not oscillating, so their response is damped: at the
catchment scale, an impulsive input of rainfall never generates an impulsive decrease of
streamflow rat¢Obled et al., 2009
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Thus, n hydrology, ly following a lumpedmodelling approach, an adapted observation and
modelings cal e can be fixed by the dynamics
streamflow that integrates all the different processes am scales. Ashighlighted by
Obled et al. (209), the observation anchodelling time step should be uppboundedto
fiproperly reproduce the most rapid dynamics of the system Tbly following the notions

of impulse responsandtime to peakObled et al. (2000define amaximum accepble time
step(MATS) to represent the peak respoon$@ catchmenas:

06 "YY— (1.3)
(0)

where"Y is the time to peak of the catchment (for its definition one can sé&ethien1.3.3.

The coefficient- derives from thdact that thesampling technique used for streamfloiss

averaging over the time st&fd. Obled et al. (2009empiricallyshow tha@ time step/o —

is sufficient to represertpeak respose without denaturing its form by testing this on a flood
hydrographcase study(see also Figure 1 in Obled et al., 2D0Bhis recommendation is
coherent with the one bylaniak (1997 that also indicatea time step upper bound of one
third to one fifth of the time to peak of a discharge event

The chosen time step (MATS) is used ©®pled et al. (2009to define the maximum
accepable spatial resolution which allows to consider the precipitation inputs as
homogeneous over each discretization grid elenfenthis endthey suggest the use of some
known resultsin the field of geostatistical analysis of precipitatiomn particularon the
"decorrelation distance (&), i.e. distance for which the correlation decreased/eoof its
maximum(Rubel, 199%. It has been showmat tiedecorrelation distanceicreases wittthe
time stepYo over which rainfall is cumulatednd this relationshi can be described by an
exponential modelepresenting the correlation in functiontbé distancéQand the time step

of accumulatiord. Obled etal. (2000s uggest t hat t he Yefarwhiomu m
one can consider the rainfall uniform over the dormiin Y is in the order ofoat most

So, eferring to typical values abfrom the literature, between 20 a8 kmfor hourly time
step and expressing thieinction & Yo as a power o¥owith exponent between 0.3 and 0.5,
a maximum satial resolution can be defined as

Y w0 Yo 0 Yo O matdp ¢ W (1.4)

where() Y0 is thenumber of hours of théme stepY0 (adimensional)This means that for
catchments with a spatial resolution in the ordefYof one can reasonably usellanped
model, with a single input of rainfdibr thewhole catchment

1.4.2 Effects of time steps on model parameters and performance

The effects of the temporalsampling of calibration dataon model parameterand
corresponding model performanicave been investigatdxy an increasingqiumber ofauthors,
suchas: Finnerty et al. (1997 Ishidaira et al. (2003 Cullmann et al. (2006 Tang et al.
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(2007, Littlewood and Croke (2008Wang et al. (2009 Cho et al. (2009 Ostrowski et al.
(2010, Littlewood et al. (201), Kavetski et al. (201 Bastola and Murphy (20}3and
Melsen et al. (2019bThis importantarea of researcfor rainfall-runoff modellingfor both
operational and research aspects has beerlooked fora long time in théliterature, but is
now rapidly developing

In general, all thestudiescited aboveshow thata great part oparameters of hydrological
models depend upon tlealibrationdata temporal resolution and highlight the importance of
accounting for this dependency in order to reduce the uncertainty of simul&biamprove
paraneters identifiability and regionalisation.There are parameters that are time step
independent and can be viewed as intrinsic properties of the basin, while other parameters
depend on the time step of calibration data. T@i@t definition of parameterime step
dependency is importaitd effectivelytransfer a modedt different time stepsvhichis often
necessary in an operational conteecauséonger time series amore frequentlhavailable

at coarser time steps (e.g. daily). So it is usefaleiine a method to transfer the information
derived from larger time steps data to shorter time sfegs Nalbantis, 1995 Further
research is ragred on this topidy analysinghe effects of changing time steps over a larger
range of time scales anestingdifferent models om wider range of catchmentsiere below

we summarize some main findintjgt one can find in the literatuadout this topic.

1 Mathevet (2005 and Le Moine (2008 investigated the relatiehip between the
parameters fathe lumpedGR4Jmodel atdaily time stepandthoseof the derivedhourly
modelversion, GR4H (see als@&ion 1.4.3.2 for more details about these models). The
two models share the same structure and functions, buemmgoral saling generates a
transformation of some fixed and free parameters. First, these transformations were
derived a-priori from the integration at different time step®f the model governing
equationsexpressing the fluxes of the modeé Moine, 2008, pp. 17273). This can be
done for the fixegparametefnot calibrateddescribing thepercolationof the production
reservoir and théour free parameters be optimizedThe fourfree parameters are:

(i) the capacity of the produon reservoir—[mml], thatis theoreticallyindependent
from the time step;

(i) the water exchange coefficient- [mm], whose value is derived from the
hypothesis of slow dynamics of this process (i.e. daily fluxes uniformly distributed
over the hourly steps).

(i) the capacity of the routing reservoir; [mm], whose value at different time steps
is derived from the imtgration ofthe reservoir emptying function;

(iv)thebase time of the UH— [time], that is directy expressed in time step units.

The temporatransformations were empirically verified for the optimigedameters obtained
at the two different time steps @va large sample of 1040 FrenchtchmentglLe Moine,
2008, p. 179 Le Moine (2008 found a quite good coherence between tlealibrated
parameter®f the hourlymodeland the theoretical values obtained from the dealybrated
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values, as shown in Figurk9 (from Le Moine, 2008 especially for the two reservoirs
capacitiesThe base time of the unhliydrograph systematically deviates from the theoretical
relationship for values lower than 24fhis is explained inLe Moine (2008 by the
mathematical form of th&H: by constructiorat the daily time stegthe UHform does not
change for different values ef lower than 24 h
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e -15
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FIGUREL.9 z Coherencebetween thecalibrated values of theparameters of the hourly model GR4H
(vertical axis) and their values derived from the theoretical relationships linking them with the
parameters of the daily model GR4Feported from Le Moine, 2008, p. 180, with a different notatiohn

1 Littlewood and Croke (20Q8investigated the data tirstep dependency of thé
parametersof a conceptuallumped, unit-hydrographbasedmodel, IHACRES for two
catchmentsn Wales (10.6 and 298 K The motivation of theiwork was tosearchfor
time-step independent parameters that could improve regionalisdtiey.showed that
all the parametershange substantially when calibratau data setat different timesteps
from 1 h to 1 dayAs the time step decreasethe parameterseach stable values
especially for the smaller basifor the larger catchment this trend seems less,clear
probablyfor the largerspatial variability ad uncertainty in areaveraged rainfallsThe
model performancecriteria, the NashSutcliffe efficiency NSE, (Nash and Sutcliffe,
19703 and average relativeparameter erroy were relatively goodand did not change
substantially over the rangd time stepsThis studypresents somkmitations, some of
which recognized ¥ the authorsas the fact of using onlyne model on only two
catchmatsandthe need t@xtend the time steps range to $uurly dataWe found also
two other limitations that presumably affect their resuRsst, too short calibration
periodsareused for the two catchmentgd &nd27 month¥. Secondthe NSE measures,
calculated at each adel time stephavebeen usedlsoto compare the performance at
different time steg althoughthese scalelependent measurase not directly comparable
In fact, the time step strongly affectle statisti@l momentsand correlatiorand sothe
NSE measuredoo. For comparisonsat different time stepsthese statistics should be
calcubted based on aggregation of the output seri@c@atmoriargertime step
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f Wang et al. (200Qapplied a conceptuahodel with 17 free parameterso a 0.21km?
forested experimental catchment in JapBme model consists akservoirs representing
interception, @apotranspiration, infiltrationpercolation processesBy employing 10-
minute, hourly and daily datthey evaluatdi) daily discharge predictions on aybars
period by usinghourly and daily rainfall datand(ii) hourly dischargepredictions on 10
storm eventdy using 18min and hourlydata In both cases results obtained with higher
resoluton data show better predictions especially on the peak discharge and recession part
of the hydrographs and better efficiency in termsiefin relative error andSE We note
that in contrasto Littlewood and Cr&e (2008, in thesecomparisons the error statistics
were calculated at the same time step of aggregation (respectively 1 day andii hour
tests (i) and (iiyespectively and this is consistent with our observation above

About the parameteitime step dependengcyhey show thatparameters desciiig slow
flow processeseveal a low sensitivityremaining roughly constamicross the time steps
used while quick flow parameters veal higrer dependence othe reslution. Finally,
Wang et al. (2000found that the rapid response parameters are roughly proportional to
the square root of the time intehand analysedthe link of this relationshipwith the
rainfall depthduration relationshippy using the Sherman equatidrhe work byWang et

al. (2009 however presents some limitations, as outlinedlitiiewood et al. (201)Lin a
discussion paper that we briefly summarize h&hee maincritical arguments that in a
model with such a number dfee parameterq17) there is likely strong correlation
between at least some ofktlalibrated parameters, leaditmgproblems of identifiability
(Jakeman and Hornberger, 1993 hus,in the analysis byVang et al. (20009it is not
clearwhat isthe impact of fixing some model parametenscontrast to what done by
Littlewood and Croke (2008vho calibrated all five parameters of their model at the same
time. This could be one reason of the different conclusions derived/dnyg et al. (2000
comparedo Littlewood and Croke (20Q8vho found thagll parameters change wio,
including nontime dimensioned and slow flow response parameters.

1 Ostrowski et al. (200)0employeda soil moistureaccountingnodel| dominantly based on
infiltration-excess runofffor two small experimental catchmenin Austria @bout 20
km?) to analyse parametetine step dependencieBy usingdata atdifferent time steps,
from 5-minuteto 1 day over a period of 3 monththeyfounda strong impactf the time
step on som@arametersThey showved that an irregular response surface for larger time
steps becomes smoother for small time steps, faciljtafficient automaticalibration
They proved theexistence of nofinear and linear depelenciefor someparameters as
hydraulic conductivityand maximum infiltration rates. Otheromtime dimensioned
parametersaswilting point and fieldcapacitiesresulied to beslightly or not dependent
on time step.For the hydraulic conductivity paramet& they testd successfully the
functional relationshigroportional to the square root of the time staggested bywang
et al. (2009. Moreover they shoed also the similarity of this power function with the
relationship between rainfall maximum intensity and time steps
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1 Kavetski et al. (20Dlinvestigaté the timestepdependencies of models parameters and

their uncertaintieby examining also theirelationship withmodel complexity(seenext
Section 1.4.3 for the latter)They used 4 model structuresincluding increasing
complexities i.e. more model components anpgarameters (from 5 to 9)n a flexible
model frameworKClark et al., 2008Fenicia et al., 2008Also they usedoththe fixed-
stepexplicit and implicit Eulertime steppingschemegseeAppendk A). The parameters

of the four tested model structures were inferred from calibration dataeighhdifferent
time stepsfrom 30 min to 3laysusing twoinferenceschemes for parameter uncertainty
analysis i.e. standard least square(SLS)and weighted heteroscedastic least squares
(WLS) Their results show thdtxed-step explicit Euletime steppingscheme and SLS
inference scheme tend to introduce strepgrioustime scale dependencjesspecibly for
quick-flow processeparametersAs for the parameter uncertainty across time scales,
general trends are idengfi but a time scale at which some parameters become
identifiable is observed, indicating tiypical time scale of the processesythepresent

For example eme quickflow processes parameters are largely-i@mtifiable for large
time steps(Yo @ R but converge to stable values when the time step decreases.
Conversely, base flow parameters stabilizenfoch largetime scales.

Bastola and Murphy (20)3evaluated the sensitivity of model parameters and
performance to & time stepusingrainfall and runoff data a@-, 6-, 12 and 24hourly

time step. They employed a lumped conceptual model, HYMOD, \Bitharameterson

two Irish catchments (1803 and 2452 #nfirst, they $iowed a loss in performance
(measured in terms of NSE and vokiarror) byusing modelgalibratedwith daily data

for simulationsat shorter time stepsThis suppors the argument that recalibration or
scaling of model parameters is desirable if thedel time step is changed. Then they
assumd a-priori a linear scafig relationshigbetween parameters ateimporal scale. fiis
relationship wasused in a multi-time step calibration method testimate model
parameters$or all time steps simultaneouslgy maximizing the averageerformance for

all model time steps Compared to unscaled parameters, the loss in performance
corresponding to the use of scaled parametesiosvn to be significantlgmaller This
indicates the potential of such scaling techniques in situations whedasyldata may

not be availableAn alternative approach could have been calibrating parameters for each
considered time step and subsequently estimating the scaling relationship from the median
parameter values of parameter sets at the different time steps. Further work could compare
thisapproach to the one followed Bastola and Murphy (20)3

Melsen et al. (2016binvestigated to what extent the parameters of a model are
transferable acrogemporal and spatial e s ol ut i ons . th&degree tosvhieht e d
parameters are trasferable across temporal and spatial resolutions is an indicator of
how well spatial and temporal variability is represented in the models Tusedtlye
Variable Infiltration Capacity (VIC) modeWith 7 parameterdor the Thur basin in
Switzerland (1703km?), run with four spatial resolutions ¢kn¥?, 25kn?, 100kn?,
lumped)and evaluated fothree temporal resolutionsl(h, 1 dayand 1 montl), both
applied withuniform and distributed forcingThree objective functionsvere used for
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model evaluation (i) the KlingGupta efficiency(KGE) (Gupta et al., 20090on the
streamflow; (ii) the Nastbutcliffe efficiency (NSE) on the streamflow; (iii) the Nash
Sutcliffe efficiency (NSE) on the logarithm of the streamfldvne transferability othe
parameters across resolutiomss evaluatedoy sanpling the parameters spa@nd
sekcting the best parametee ¢ s , cal | e dfor édrhe fesolutiondhus thel 6
d r ansf eacrasdresolutionwas definedas the percentage of agreement in these
behavioural setfor eachspatietemporal resolutionThey found that the parameters of
the VIC model ardargely transferable across spatial scales but hardly over temporal
scales, especially when pasgifrom daily to monthly scalesTheir results show that
fiwith monthly data it is impossible to determine the optimal parameter set for the hourly
or daily time step Model performance vgasignificantly affected by both temporal and
spatial resolutios For theuniform forcing the spatially lumped model outperformed the
higherresolution models, while for the distributed forcing the -k resolution model
outperformed the otherd.he most gnificant change®f performance were foungthen
passing from daily to monthly time steps. However th@rformance comparisons at
different time steps araffected by the same limitations than thasfethe work of
Littlewood and Croke(2008 (see discussion above)Still, Melsen et al. (2016b
recognizedthese limitationssaying that fithe monthly model resultare simply an
aggregation from the hourly model results, which might imply that the higher score on the

monthly time step is the result of errors which compensate for each other, and that the

model performance scores for the monthly time step are basadconsiderable lower
number of points Finally, we stress the interest of tbkangein performancehat was
foundwith respect to thdifferentobjective functions, in particular at monthly time steps.

1.4.3 Model structures

Rainfallrunoff models have beedeveloped historically to perform simulation at fixed time
stepsand many authors ka developed specific models for different tiseeps This
delineatedodaya fragmented fieldomposed by plethora of models at different tirseeps
Some authors use a same model structure for different time steps, without changingehe

components (i.e. the equations) and their parameters in function of the time step. This is the

case of some conceptual moddts: example one casee the applation ofIHACRES at 4
hourly time step byschreider and Jakeman (20@ik the applicatio of HBV at hourly time
step byKobold and Brilly (2009. However, it is evident that this choice is generally

suboptimal and leads to lower performance at the time steps for which the structure is less

adapted. The construction otime-step adaptive structurkeas not yebeen presenteid the
literature ofconceptualand empiricalhydrologicalmodels In the field of physically based
models, rare cases of transposable models can be fouhd A&FDEFmodel (Moretti and
Montanari, 200Y. Another approach is to use a probabibgsed modglKandel et al., 20056
that consists of a same model structenaking at differenttime resolutions by meas of a
statistical distribution ofthe fluxes within the time step supported by the available data.
Kandel et al. (200bdeveloped a temporal scaling method to scale between process time
scales (e.g. minutes) and typical measurement soades (e.g. daily) using probability
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distribution functionof the rainfall intensity within a dayrhis agproach is analogous to the
one followed in some models to represent the spatial variability of processebdé&dM
and ARNO models).

1.4.3.1 Changing model complexity across time scales

There is still not a systematkmowledgeon the level of complexityand e which model
componentareneeded at different timgeps especially at sulaily time scalegKirchner et
al., 2004. However this questions essential in hydrologicahodelling becausehte choice
of a timestep has a direct impact on how to represent the -mpiptut reationship. The
model time step operates as a filter respect to processes dynamics, as the saeplaigf
observationsloes implying higher information content in higher resolution d&tace some
hydrological processes ammaskedby the time stepit seemsintuitive that the model
conceptualizatiomequires a model structure of increasing complexty the timedecreases
This is generally acceptedndhas beeronfirmed in the literature by different auth@s for
example bySchaake et al. (1996Ye et al. (199Y, Jothityangkoon et al. (20D1Atkinson et
al. (2003, Farmer et al. (2003andKavetski et al. (2011 Some key studies are summarized
here below

1 Ye et al.(1997 evaluate the performanceof three conceptual rainfaltunoff modelsat
the daily and monthly time stép three lowyielding, ephemeratatchments in Australia.
Their objective wa to understand which level of complexity is required in concéptua
models for predicting runoff in dry catchmenifie models uskare a simple conceptual
model (GSFB; 8 parameters), a hybrid metraiceptual model (IHACRES 6
parameters), and a complex conceptual model, the Large Scale Catchment Model
(LASCAM; 22 paraneters).They showed thatin these dry catchmengmassingfrom the
monthly to the daily time step, a slightly more complex m@ii¢ACRES or LASCAM)
performs better than a simple model that is more adequate for monthly timeTéiejps
study also shows &t abetter accuracy is obtained by calibrating models on daily data
and integrating the outputs up to monthather than calibrating directly a model on a
monthly time step.

1 Jothityangkoon et al. (20QIpresened the formulation of awaterbalance model at
annud, monthly and daily time scaldsr a large semarid catchment in Australiay
following a downward approacltK | e me @), Thelr &irst 8bjective was to investigate
the impact of some process controls (spatial variabilitysaf depths, rainfall and
vegetation cover) on runoff variability at different time scakesthe time step decreases
they founda gradual increase in threquiredmodel complexity. At the annual scake
simple bucket model wdsund adequate, includirgsaturation excess overland flow and
multiple stores, connectdd parallel, to reflect the spatial distribution of soil depdinsl
rainfall. At the monthly scale, additional processes are required as the subsurface runoff,
to introduce a delay mechanism the runoff generation process, and a more detailed
description of evapotranspiration. At the daily time scale, they found important to include
nontlinearity in the storagalischarge relationship relating to subsurface runoff, a deep
groundwater store na finally strearsflow routing in the river network.
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1 Atkinson et al. (2002 examine&l the choice of theappropriate model complexityn a
downward approacfor prediction of streafiow responsefn 4 New Zealand catchments
at annual, monthly and daily time stepBhey showed that the simple singleManabe
bucket water balance modél parametér produces acceptable predictions of annual
runoff, while at monthy and daily time steps givgsogressively less accurate resulise
authors defing a sufficient accuracy as predictions witlg@od timing expressed by a
correlation coefficient > 0.8and good magnitude,i.e. ratio between mean annual
observed and pdicted runoff close to.ITheyincreasd progressively the complexity of
the modeby adding a subsurface runoff componentdelayed flowexpressed through a
nontlinear storagalischarge relationshig3 more parameterghat allows obtaining a
reasonald accuracyor the monthly time scaleThis is still not sufficient for the daily
time scée, especially during low flows, because of the presence of a persistent base flow
component throughout the year that is not captured by the model. This is solved by a
reviseddaily model including a base flow discharge aBnaar function of the bucket
storage(1 more parametethat improves the prediction of leflows, though it changes
slightly the performancevith respect to théming and magnitudeof the predictionsBy
means of a sensitivitgnalysis, they shosd that with decreasing time scalesetimodel
becomes increasingly more sensitivéhte estimated paramesemwithincreasingly poorer
confidencein the predictions A qualitative relationshipof the model complexity
expressed as function afmeasure of climatic wetneg¢dryness indéxand thetime-step
is suggested, i.aequired model complexity increases with decreasing soae and
increasing dryness index

1 Kaveski et al. (201}, in their work that we have already summariZed the parameters
issue (see Section 124, showedhat parameters related catchment's quick responte
rainfall become progressivellgetter identified as the data resolution isimef thus
supporting additional model complexiiye. transfer functions, nelmear reservoirs)The
motivation is also intuitivesince their study catchment has a-bobirly characteristic
time scale, the averaging of observed data above hourly scaées's this quickesponse
feature & the catchment. This makeke quickflow components of the model appear
progressively noidentifiable or redundantas the time step increasédoreover, they
showed the effect of the model structure on the time scale dependencies of parameters.
For example, they noted that some parametieas arecommon to different model
structures of increasing complexity are highly scale dependent in simpler models but
become prgressively more stable in more complex model structdmesther wordsthe
presence of structural errors in exceedingly simple models may be compensated by
spurioustime scaledependencies of the parameters

As for the general approach that can be folevto investigate the model complexity
dependency on the time stepe remindthatlinking model conceptualizations across scales
can follow either an upward or a downward rout@ccording to the directioalong the
hierarchy of scaleK | e me g), Some%&ntles of application of the downward approach
to derive model structures at different time scales can be fouSd/apalan et al. (2003
Jothityangkoon et al. (200&ndEder et al. (2008 The essence of the downward analysis is
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that model complexity evolves from the simplest faanthe largest time stejp its final
quastdistributed framework with multiple storages and process interactions in response to
inadequacies in signatupeedictionat finer time stepfFarmer et al., 2003

1.4.3.2 The emblematic case of the GR conceptuamodels chain

In the field of lumped conceptual modedsglear example of thgrogressivecomplexification
of the models structuras the time step becomiaser is the GR models chairdevelopedat
Irsteaby different authorge.g.Michel, 1983 Edijatno et al., 199%errin, 2000Perrin et al.,
2003 Mathevet, 2005Mouelhi et al., 20060Mouelhi et al., 2006d_e Moine et al., 2007Le
Moine, 2008 Pushpalatha et al., 2011These models have been developedor different
specific timesteps up to dateannual(GR1A) monthly(GR2M) daily (GR4J, GR5J, GR6J)
and hourly (GR4H, GR5H) They are the result of more than $@ars of progressive
improvements starting from a simple lumped model at the daily time .sfgps the
developmentof the models for the other time stepss followed both theupward and
downwad routes The actual dailymodel structures at four, five or six paramet¢@R4J,
GR5J, GR6J) derive from first 1-parameter structuréMichel, 1983 and the progessive
improvements bydijatno (199}, Edijatno et al. (1999 Perrin (2009, Mathevet (200} Le
Moine (200§ and Pushpalatha et al. (2011This long development of the modbks
followed aprogressivancrease in the complexitf the structurehat has beeaccepted only
if justified bya significant improvement in the performangesved over large catchment
sampla (consisting of hundreds of catchments)

Figure1.10 shows four of theselectednodels for thenulti-annual,annual, monthly andaily

time stepsthe Turcequation(Mouelhi, 2003, the GR1A (Mouelhi et al., 2006a GR2M
(Mouelhi et al.,, 2006p and GR4J(Perrin et al., 2003 models It clearly shows the
complexificationof the structurs as the time step isshortened Table 1.5 summarizestte
different complexies for thesefour models, two other daily versions (GR5J and GRf)

the hourly models GR4H and GR5M Note that the hourly models share almost the same
structures than their corresponding daily versions (GR4J and GR5J), thus one may refer to the
daily structure represented in Figurel0. Some comments about this progressive
complexificatiorfollow:

1 At themulti-annual time step the streamflasvonly function of the inputs, P and &,
the same time stegee Turc equatign

1 At the annual time step it is introduced a dependency on the previous inputs taking
into account thantecedent annual rainfall This is a more simple way than adding a
soil-moisture accounting storage a transfer componeandit is resultedsufficientat
the annual steMouelhi et al., 2006a

1 The necessity of aoil-moisture (or production) reservoirand atransfer component
emerges at the monthly time stegth also the need of an additionalear function
expressing theunderground exchangesof the basin The production reservoir
evolution is described bg power lawof its storage (derived by integration over the
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time step of itsquadraticdifferential equations)At the monthly time scale, the
transfer function involves justguadraticrouting reservoit

Then at the daily time stewhile the soil moisture part rests unchanged transfer
function of the modelbecomesnore sophisticatedncluding twounit hydrographs
The water that reaches the routing functiongastitionedinto two distinct fluxes
While the most part90%)is routed by a UH and théay thenontlinear routing store
a part (10%) bypasses the routing reservoir and is routed directly by @é&hdn et
al., 2003. A more complexgroundwater exchangéunction is applied to both
componentsnd is described by a power law of the routing reservoir.level

The daily model has beedapted tahe hourly time stepy Mathevet (200bandLe

Moine (2008 following atop-down approachThe hourly structure wasdevelopedy
empirical analysis (based on a trahderror process anckvaluation of model
performance), starting from the daily structure (GR4hd testing many possible
modifications on the model using a sample of 313 French catchnidateevet
(2005 questioned the original daily structure at the hourly time steglhyghanging

the fixed parameters of the mode(2) complexifying the routing function of the
mode] and (3)complexifying the production function of the modehly the first
strategy acceeded, bghanging the parameters thtteoreticallydepend on the time
step(see Section 1.4.2) antle UH exponenwalue The UH exponent was lowered,
leading to a more crushed form, as it is reported in Figjddefrom Mathevet (200h

The complexification strategie$2 and 3) failed. These strategies included many
variations, as for example: changing the emptying laws of the two reservoirs; adding
some new reservoirs in series or parallel; changing the form of the UH, or adding a
dependency between the exponent of thd, its base time and the production
reservoir levelAll these tests showed that no significant improvement was gained and
the daily structure complexity was judged sufficient also for the hourly time step
which may be aounterintuitive finding Moreower, Mathevet (2005 even tried to
simplify the structure, finding that the use of only one UH with two branches does not
modify the performance, simplifying the structute. Moine (2008 confirmed these
conclusions, by also testing different addition points for theemexchanges fluxes

and more options for the UH fornbe Moine (2008 (seep. 200) suggests two
possible reasons for thiemplexificatiorfailing: (i) i n d etleedepreséntation of the
rainfall-runoff transformation at the hourly time step does need to be more
complex than at the daily time step, t he
richer i nformati on i n; (i) khe idehtibabilityl of ther ai nf a
parameters would be more difficult at the hourly time step, because of the
fisimultaneous identification of parameters simulating a wide range of frequencies
We think that both reasons are plausible and deserve further researches.
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Multi -annual time step(Turc eq., in Mouelhi, 2003 Annual time step(GR1A, Mouelhi et al., 200§
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FIGUREL.10 z GR modelshain at multiannual, annual, monthlyand daily time steps.
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Time-step Multiannual Annual Monthly Daily Hourly
Model GROP GR1A GR2M GR4J| GR5J| GR6J| GR4H | GR5H
Number of free | O 1 2 4 5 6 4 5
parameters
Number of 0 0 2 2 2 3 2 2
reservoirs
Underground No No Yes Yes | Yes | Yes | Yes Yes
exchanges
Unit hydrographs| No No No Yes | Yes | Yes | Yes Yes
(n.) @2 @O @& [@ 1)

TABLE 15 z Differences between the structures of the GR models at different tinsteps, from
multiannual to hourly time step. Table inspired fromMathevet (2005), modified from his table 6.1
(page 205).
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FIGUREL.11 z UH form for two values of the exponent of its power lawpower=2.5, usedin the daily
model GR4Jand power=1.25 selected for thénourly model GR4H{from Mathevet (2005)).

To conclude, lBhough the GRnmodels have straigral affinitiesat different time stepsharing
someidentical functions, especially for monthly daily and hourlytime stepsanexhaustive
explicit link between them Isanot been clearly established and some questi@nstillopen
For example the parameters dependency on time siepsdd betested on anore continuous
temporaldomain Moreover these moded different time steps should hethervalidated in

a multi-criteria framework (flood, regime, lowflows) and consideringalso theirinner
consistencyMouelhi, 2003 Mathevet, 2005Le Moine, 2003. Thus, we will starfrom these
similar modelsat different time stepand wewill try to validate their current state on a wider
range of time steps, especiaftpm the daily time step downwardbecause of the primary
operational interest of these time sca®gtesting a larger set of time steps will be able to
derive a continuous relationship between the time steps and the model parameters and
structuresThe time step could be used asaat offixed-input of the model thamay change
continuously some other parameters ancthponentge.g. some function forms, as theUH
function) and activatéor switch off) some components as the time step chanigeshis
direction, new investigations must be dpmher example onthe consistencyof the state
variablesand internal fluxesof the models as th#me step changesopic thathas notyet
been investigatenh the literature
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1.5 Synthesis and resulting research objectives

In this chapter, w have focused our review on rainfalhoff modelling and provided a
synthesisof the general modelling framewaqrkistinguishingeight different time concepts
that are not sufficiently well recognized in the literature. We have thoroughly discussed the
classification of different types of models, by focusing more on the undetypatheses on
temporal and spatiascalesthan what is generally don&/e have argued that this focus is
essential for a meaningful apdocessbasedconceptualization. Then weave discussed the
generalprinciplesof the spatial and tempdracaling issues in hydrologyocusingin more
details onthe following aspects involved in the temporal scaling of conceptual hydrological
models (i) the relationship betven process and modelling sca(@) the dependency of
model parameterand performanceon time step (iii) the impact of temporatesolution on
model structuredn each of thesaspectssome advances have beeade butmore research

is needed to improve owualitative andguantitative understanding on #eeissuesin this
study, we will try to consider all these aspedtsgetherwith thear interplay, by testing
different modelstructures at different time stefstarting from the cited GR4J and GR4H
models)on alarge setof catchmentsThe key issueghat will deserveattentionin our work

can be summarized the followingpoints.

The importance of the timedistribution of rainfall for streamflows simulation

Absolutely central to the time scale issneaainfall-runoff modelling is he importance of the
time-distribution of rainfallfor runoff simulations Nowadays,we canbetter explore the
crucial significance of theainfall sub-daily variability in conceptual hydrological modelling,
thanks to the increased computer power gnwdeased avadbility of observations at sub
hourly time step (from different sources, e.gain gaugesand radas). We think thatthe
research omhetemporal variabilityin hydrologicalmodellingis more urgent than the spatial
variability for different reasons, as for example: (1) data availability, because, typically,
space resolutions artill poorer than time resolutions in hydrolo(Bl6schl and Sivapalan,
1995; (2) for a large sensitivity ofunoff response tprecipitation temporal variabilityhat is
possibly more important than spatial variabiliag highlighted by some authorge.g.
Krajewski et al., 1991lshidaira et al., 20Q3®aschalis et al., 20):4(3) the fact thatdespite
its importance, this temporal scaling issoehydrologicalmodellinghas been the object af
smaler number ofcasestudiesrespect to the spatiataling issueGiven thes considerations,
we will investigate thempact of model time step on model performanag using rainfall
data atshortsubdaily time steps. Our model assessment will be basednomtatime scale
approach by evaluatingmodel outputs atdifferent time steps larger than the model
functioning one. This approacbften neglected in the literaturegems to us a valuabdad
demanding validation test fomodelconsistencyandtemporal transposability

Model parametersdependency ortemporal resolution

Sorme authors havexplorel the issue of model parameténsie scale dependency, providing

some insights orthe impact of calibration data time stepn the estimategarameterof

conceptual modelsA general consensus exists tmabst model parameters are gnscale
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dependentLittlewood and Croke, 2008V ang et al., 2009Littlewood et al., 201]1Bastola

and Murphy, 2013 Littlewood and Croke, 2033 However, @spiteall thesestudies as
Kavetski et al. (201)1note, there is still insufficient quantiteve understanding about the
precise underlying causes of these dependencies, their mathematical representations and
physical interpretation Current treatmentand analyse®f parameters scaling arargely
heuristic and empiricale.g. Littlewood and Croke, 2008Vang et al., 2009Bastola and
Murphy, 2013 andonly sometimes based on a sound meatatical basisirftegration of the
model equations), as ire Moine (2008. In this context, ne objective of our research work

will be to further investigate the models parameters dependendyecalibration dataime

step and try to expliciand understanthe conceptual basis @is dependencyThis work

could help to improve the physical interpretation of calibrated model structures and elucidate
their connections to catchment attribytdacilitating their regionalization to ungauged
catchmentge.g.Wagener and Wheater, 20@ardossy and Singh, 2008

Model structures

Someworks have shown that ttmomplexity in model structuréncreases as the time step
decreasesas for instancétkinson et al. (200Rand Farmer et al. (2003 The GR models
chain is an example afet ofspecific modelslewelopedfor different time steps, witsome
similarities and increasing complexity passing from the monthly to the dane step
(Mouelhi, 2003. However,in contrast to expectationa,complexification of theGR model
structure has not been proofedbenecessary athe hourly time step(Mathevet, 2005Le
Moine, 2008.

In our work, we will continue the development of the @iRdelsat different time stepsand
search for the actudimits in thetemporaltransferability ofthee model structured-or this,

we will start from the simpl&R4Jdaily model(Perrin et al., 2003and follow a downward
scaling approach for modebtlevebpment at multiple time stepsn this direction, new
investigations should be done for analysing ititernal coherence of the modelThis will
imply the analysis of the impact of time step not only on model paransstdrgerformance,

but also on theonsistency of the state variables and internal fluxesthe models as the
time step change$he time step will be an input of the model that will adapt its structure and
parameters as the time step changée. explicit statement of the time step sizehia model
equations will allow to easily applying the same model to data with different time steps, as
promotedby Kavetski and Clark (2031
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2. Material and methods

2.1 Introduction

In this chapter we present the hydailomatic datasetused for this thesidn order to develop

robust and general modelg# is necessary to work on a wide range of hyclhmatic

conditions and a variety of hydrologic environments. Thus, we built a large catchment data
base, as promotda) previousauthos, as for example byerrin et al. (2001landAndréassian

etal. 200damong ot hers. This scientific approach
Hydrol ogyo team at l rstea (Antony), where t
previous PhD theses carried out at Irstea, sutle &soine (2003 andLobligeois (2014.

In this chapter, we present in details our catchment selection procedure and the characteristics
of thelarge and varied set of 240 mesoscale French catchments selected.

Finally, we briefly present the GR4 simulation model, the calibragaluation proagure
and the main evaluation criteria that will be used in this thesis.

2.2 Building -up the hydro -climatic database

2.2.1 Precipitation data

The precipitation data series available for our work consist of the following products at
different time steps.

i.  The catchment precipitation time-series at the daily time stepvere constructed at
Irstea for 3701French catchments by Bourgin et al. (201 starting from the
SAFRAN reanalysis developed by MétBmnce (Vidal et al., 201D This is a
reandysis of surface observations combined with data from analysis of meteorological
models estimates of climate variables (liquid and solid precipitation, temperature,
humidity, wind and solar radiation). The SAFRAN data, originally availableka-8
resoluton, were aggregated at the catchment scale for the French metropolitan
territory. This database is constantly updated and currently covers the period 1/8/1958
- 31/7/2013, without gaps. The catchment rainfall series provide the cumulated rainfall
for eachdayi, between 6h UTC of the same day and 6h UTC of thetday

ii. Raingauge data gbrecipitation at 6-minute time step(MétéaFrance) are available
for 1622 automatic rain gauges in Metropolitan France (1405 stations) and French
Overseas Departments andriitories (217). The timseries cover the period 2005
2013 (starting and ending at different dates depending on the station), with gaps. The
6-minute rainfall data for a given time stépcorresponds to the cumulated rainfall
between instants-21 (Dt=6 minutes)andt; (for example, the data assigned to 0:06 h
corresponds to the rainfall cumulated between Oh and 0:06 h UTC).

57



2. Material and methods

iii.  The catchment precipitation time-series at the hourly time stepwere constructed
by Lobligeois (2014 for 1133 French catchments from the COMEPHORE reanalysis
devebped by Météd-rance(Guéguen et al., 20)1This is a reanalysis atkin spatial
resolution of surface observations framin gaugesat hourly and daily the steps
combined with data fromadar measures at-Binute time step. The tirmseries cover
the period 1992006, without gaps. The hourly rainfall data for a given time step
corresponds to the cumulated rainfall between instaitgDt=1h) andt;

Because of our interest in testing a wide range of model time steps, up-towsih we
decided to use only products (i) and (ii) to construct the rainfall sienes that we will use in

our modelling tests. Note also that product (iii) is availableafanore limited number of
catchments than (i), while product (ii) is made of punctual observations over the whole
Metropolitan French territory.

Then, by using product (ii), the maximum time coverage of our modelling tests will be 8 years
(from 2005 to 203). The hourly rainfall timeseries (iii) will be used, in combination with the
catchment rainfall timseries at the daily time step (i), to construct rainfall series for some
years before 2005 used as a wanperiod. Product (iii) is used also for &ical assessment

of the quality of product (ii) by analysing the consistency of the two products (see Appendix
B). Since the catchment daily precipitation tisexies (i) are available for a longer period and
without gaps, the constraints on data avdlltghbwill concern only 6minute rainfall data and
streamflow data.

2.2.1.1 Analysis of the quality of the 6 -minute data

Here we briefly present the analysis of theniute precipitation database available for the
French Metropolitan territory.

Figure 2.1 showshe geographical distribution of thet05 rain gauges in Metropolitan

France and the corresponding Thiessen polygons. The spatial distribution of these rain
gauges is not homogeneous over the French territory. The network is very dense in the Paris
regionand in areas with higher spatial variability of precipitation fields (Cevennes, Vosges,
Var, AlpesMaritimes, and Rhénélpes regions) and sparser elsewhere.

The average area of the Thiessen polygons (also @llEdge raingauges areasee section
2.3.2 of the 1405 rairgauges at 6 minutes time step on the French metropolitan territory is
about 487 krfy i.e. there i®ne rain gauge every 487 Kon average
This density is approximately the same than for the hourlygairges network (459 Kin
and more than 3 times less than the daily network (139, kancording to the analyses by
Lobligeois (2014 on the latter two networks. Even the range of the Thiessen polygons areas
is almast the same than for the hourly network, being:

f 16- 1650 knt for the 6 minutes pluviometers network,

f  6-1275 kntfor the hourly pluviometers netwotkobligeois, 201%

2 - 440 knt for the daily pluviometers netwofkobligeois, 201
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FIGURE2.1 - Network of 1405 rain gauges stations at 6 minutesampling intervals in Metropolitan
France and correspondent Thiessen polygons.

For most rairgauges, the-ninute time series a®year long, starting in 2005 (from June to
August) and ending in 2013 (August). More than 80% of the 1405 rainfall tims deg@
before the % July 2005 and terminate after theé™A&ugust 2013. So, for our modelling work
we decided to consider the peridtB/2005- 31/7/2013 including 8 years (i.e. 2922 days or
701280 intervals of 6 minutes), to have a common test pésiaall the basins for practical
reasons. This -§ear test period is judged sufficiently long to allow applying a model
calibrationvalidation procedure, in line with previous studies sucRexsin et al. (2008and
Merz et al. (200R We can add some previous years to the test period 2% as a warm

up period,in order to set the initial conditions for the model simulations in calibration and
validation periods. To obtain the rainfall data for the years before 2005, fatagykiime
steps, we decided to either disaggregate the daily data using a uniformmaledigtoibution
over the day or use the hourly data from the COMEPHORE reanalysis when this is available.

The quality of the éninute data was checked by cumulating and comparing these data with
the raingauges measurements at the hourly time step reootest from the COMEPHORE
reanalysis by Mété&rance for the corresponding pixels (see point (i) in Se@iarfl). This
analysis of data coherem was performed at 257 ragauges operating over the period July
20051 December 2006 that is common between the two databases we have. This analysis
confirmed a good consistency of the two products, as it is shown in Appendix B, providing
some summartatistics about this comparison.
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2.2.1.2 Constitution of catchment rainfall series at time -intervals from sub -hourly
to daily

Given the two rainfall databases available at daily amdrfute sampling times (secti@?.1,
points (i) and (ii)) we can derive catchment rainfall tisezies at all time steps from 6
minutes upwards.

For subdaily intervals,we temporally disaggregate the daily precipitation seriegsee
Section2.2.], point (i)) using the information of the subhourly distribution contained in

the data of the 6minute resolution rain gauges(see Sectior2.2.1 point (ii)). One may
wonder why we did not use directly thenBinute data to calculate the catchment-dalty

rainfall estimate instead of disaggregating the daily precipitation series. There are two
reasons for this choice: firstly, then@inute raingauges network is much less dense than the
daily network (at least 3 times less dense, as already discussed in Setibr).
Furthermore, the spatial correlation of the precipitation-mir@ite time steps decreases with

the distance more quickly than the spatial correfatibdaily precipitation. The dependence

of the correlation function of rainfall on the time scale has been discussed by a number of
authors(e.g. Zawadzki, 19730bled et al., 2009 A key measure iithis context is the so
called decorrelation distancei.e. distance for which the correlation decrease$/éof its
maximum (Rubel, 1998 Considering theaccumulation time of precipitation, typical
decorrelation distances are 10 km for 15 min@@asvadzki, 1973 50 km for hourly(Rubel,

1996, 200 km for 1zZhourly and daily(Rubel, 199% and 300 km for monthlyBerndtsson,

1987 accumulated values of precipitation. For these reasons the spatial interpolation of 6
minute rainfall data is more hazardous than that of daily data. Thus, to @ebiéms of

water balance, we take as daily accumulated precipitation the values given by the SAFRAN
reanalysis anduse only the subkdaily temporal distribution given by the 6-minute
network. This choice is analogous than that.efMoine (2008.

The temporal disaggregation of the catchment daily rainfall is operated by calculating a
distribution function DF) of the 6minute rainfall data over each day, as described in more
details below. As for sulaily time intervals, we decided to consider omliervals multiple

of 6 minutes, otherwise we should distribute the precipitation making arbitrary assumptions
about the sulnourly distribution that are not supported by information in the data and then
adding uncertainty. The procedure followed for thengeral distribution at subourly
intervals involves the following steps:

1. We determine thé&l rain gauges of the-éninute network that influence each babjn
by intersection of the Thiessen polygon@-igure 2.1)with the catchment area For
each Thiessenglygonk we calculate its percentage of coverggen the basin.

2. For each basib we calculate thareal rainfall estimates? at 6-minute time
stepsti as an average of themdinute raingauges data weighted by the percentages of
coverage of theorrespondent Thiessen polygons on the basin, as:
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0 0 B 0 o0 O] o

whered 0O is the cumulated rainfall between time step &ndti andn o is the

weight of the station k, that depends on the time step, since for some time steps one or
more station can be not opéional (see discussion below).

3. From0 we calculate theliscrete distribution O"Q of the catchment rainfall
series & 6-minute time steps for each dayd, from 6h UTC of dayd to 6h UTC of
the next dayd+1, that is then used to disaggregate the daily rainfall upronéte
time resolutionas:

006 0Qo D Q
whereo is a subdaily time step on dag.

Note that if one (or more) stati(g) k is (/are)not operational on a certain time interval, its
(/their) weightpk is uniformly redistributed among the other stations influencing the basin. If
no data of the @ninute sations influencing a basin is available for a certain time inteftal

we search for the nearest statlordf the 6minute network that is in operation on that time
interval f and we use its measures with a weighgt)=1 (only in this casgotherwise its
weight is always zero). These cases are limiteddmsideringonly basins located in an area

with a high density of the pluviometers network (see criteria explained in S@c8@h In

fact, for our final catchment sample of 240 basins, this absence of operating pluviometers
happens for 133 basins for an average ti me
5 days and a mxamum of 45 days over the total study period of 2922 days.

2.2.1.3 Analysis of the goodness of areal rainfall estimates derived from 6 -minute
rain gauges at the daily time step

In order to provide a first evaluation tife goodness of tharealrainfall estimatesierived
from spatial aggregation of theole 6-minute data, we compared the average areal rainfall
time series at-8ninute time steps)( , See point 2 of previous section), cumulated at the
daily time step, with the daily rainfall series derivednfr the daily SAFRAN reanalysis

(0 , see point (i) in SectioR.2.]). Note that this comparison ains assessg the
coherence of twandependengestimates otatchment daily rainfall, the firdieingbased on
the 6minuterain gaugesdata only, and the second on the daily reanalyi$ie. objective of
this analysis is to validate the goodness of the estimates derived fromnihrauté rain
gaugesonly and so the quality of the originalmginute data sein fact, we can assume that
the daily reanalysigs the reference areal rainfat the daily time stepsince it is the best
estimate available for the two reasons already discussgeciion2.2.1.2(higher density of
the daily raingauges network and higher spatial correlation at the daily time step respect to 6
minute step).

To quantify the goodness of areal rainfall estimates, we used two indexes proposed by
Andréassian et al. (20p1the GOREand theBALANCEindexes.
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The Goodness of Rainfall EstimatiofGORE) index is the transposition of the Nash
Sutcliffe criterion(Nash and Sutcliffe, 1@b) in the rainfall domain, and compares the sum
of the squared errors in the rainfall estimales(in our case) ) for a basinb to the
temporal variance of the reference areal precipitafion (in our case0 ). It is

computed with the square roots of the rainfall data (to reducedlght of extreme events),
as:
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wheren is the number of time steps of the period of analysis amnd is themean of the

square root of the reference precipitation over the study period. The GORE index can vary
between H and 1. Its maximum value is reached when the estimated rainfall equals the
reference rainfall; otherwise the index decreases as the estbreatese poorer.

The BALANCE index compares the sum of estimated rainfall to the sum of reference rainfall
over the analysis period, and is defined as:

-
0O00DOUDO =
B 0] B
The BALANCEIindex is greater than 1 in case of raintalerestimation, and smaller than 1 in
case of underestimation.

These two easto-interpret indexes describe the quality of the rainfall time distribution and of
the total depth, which are very important aspects in hydrological modelling.

In Figure 2.2, weaeport the empirical cumulative distribution of GORE index values for the
240 catchments of our final sample (see SecthBdor the selection pes3. The daily
temporal distribution of areal rainfall estimates derived from tineirute data corresponds

very well to that of the reference data (derived from the SAFRAN reanalysis data). In fact, the
median value of GORE index is 0.94 and th& pércentile is 0.90. Only for two basins of

the sample the GORE index is below 0.82, being the worst value 0.43 and the second worst
0.78.
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Cumulative distribution of GORE index

1 f ------
0.9
0.8 i
& i
(&}
£ 07 .
Z
T 06 i
=
o 0.5 »
=
T 0.4
3
E 034
o
0.2
0.1
0 . -—
I T T I I I I
0.4 05 0.6 0.7 0.8 0.9 1

Goadness of Rainfall Estimation (GORE) index [-]
FIGURRE2.2 z Distribution of the Goodness of Rainfall EstimatiofGORE) index for 240 catchments of

our sample.

In Figure 2.3we report the empirical cumulative distribution of BALANCE index values for
the 240 catchments of our final sample.

Cumulative distribution of BALANCE index
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FIGURRE2.3 - Distribution of the BALANCE index for 240 catchments of our sample.

The areal rainfall estimates derived from thenéhute data tend to underestimate the daily
catchment rainfallith respect to the reference data, being the 80% of the BALANCE index
values below 0.99. However this underestimation is limited: the minimum value of
BALANCE indexis 0.74 and the 10percentileis 0.87. The worst value of BALANCE index

is 1.75, which corresponds to an overestimation of 75% of the total cumulated rainfall ove

the whole study period. This value concerns the basin of our sample with the worst value of
GORE index too (0.43). This basin (i.e. the
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to be suffering from the problem of having rain gauges not operatireggreat portion of the
study period, since 2 of the 3 pluviometers influencing the catchments are inoperative for
25% of the time.

For the most part of our catchment sample, the GORE and BALANCE indexes validate the
goodness of the daily areal rainfafitienates derived from ther@inute data, as for 99% of

our sample the indexes fall in a confidence band of 20% around the optimal value of 1. Only
for afew basins there are bad outliers for the indexes of quality of rainfall estimates. However
we decidedo keep in our sample also these outliers, to evaluate the impact of the quality of
rainfall estimates on model performance. Moreover, the uncertainties derived from the spatial
aggregation of @ninute rainfall data will concern the swlaily temporal distbution of
rainfall and not the accumulation of daily rainfall, due to our procedure of disaggregation of
the daily precipitation series.

2.2.2 Streamflow data

Streamflow measures at variable sampling time were availatlig58t hydrometric stations

in Francefr o m BahogeHfy d rdatabbase under HYDRO2 (SCHAPI, 2014), thanks to

the extraction performed at Irstea (UR HHLY) in December 2013. These data cover our test
period 20052013 and correspond to a half of the 3701 French catchments for which daily
rainfdl data are available. For these reasons, and given the time required to operate the
extraction under HYDRO?2 of flow time series at variable time steps, we considered that this
data set was sufficient and it was not necessary to extract a large amaiditiohal data for

other stations (only some additional data for few stations have been extracted to complement
this data base).

As for thetime standard of these timeseries we discovered that each gauging station has

its specific time reference histgry si nce we found in the metad
field) that for some of the 1859 stations a change of time standard reference occurred during
our study period. However, the hydrometric services have not always kept track of the time
standard follaved and eventual changes occurred during the time series, in the metadata of the
centralized Banquelydro archive. So we asked directly the time standards information to the
individual services that manage the hydrometric stations of our data base: 21 BREA

SPC, one research centre (Irstea) and one regional Parc. The collected elements (although
presenting a certain degree of uncertainty) allowed wepdmcess the dateextracted from

the Banque Hydroto put them in auniform time standard reference the Coordinated
Universal Time (UTC). This was judged necessary to avoid potential biases due to the time
standard changes occurred during our study period at a great part of stations. These changes
involve two or even three time standardsnter time, sumer timeandUTC) and so lead to
sysematic biases in the streamfl®gries caused by one hour or two of artificial time lag in

the temporal reference.
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2.2.2.1 Statistical characterization of the temporal resolution of streamflow series
at variable time steps

Given our interest to work at multiple temporal scales, includinghsuinly scales, here we
analyse the temporal resolution of the streamflow series at variable time steps to see whether
they have sufficient information content. The question arises betteibgdrometric gauging
stations are configurable and each hydrometric service operating a set of gauging stations in
France may set up a different configuration. The time step can be lowered up to the minute
but it is usually larger to avoid not affectinhe autonomy of field devicegpdrsonal
communicatiop In particular, the variability of the sampling time intervals depends on the
variability of the river flows, and instruments are configured to operate more frequent
measure recordings when the floaries more quickly. For this reason, our expectation is to
have time steps as small as possible and in any case at least less than one hour for the part of
the streamflow series with the fastest variations (i.e. the-flogis periods, which generally

cove a small portion of the series). Figure 2.4 shows the cumulative distribution function of
the 10% quantile of the variable sampling intervals of flow series for the 240 catchments of
our sample. Given that the median of this distribution is 28 minutethar@" percentile is

60 minutes (i.e. for 90% of our stations the tQ&antile of the variable sampling intervals is

less than 1 hour), the temporal resolution of our data set satisfies our expectation. Note also
that the 10%guantileof the time stepsf streamflowseries is greater than 2 hours only for

two catchments in the sample.

Cumulative distribution of 10%-quantiles of sampling intervals of Q series
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FIGURR2 4 - Distribution of the 10% quantile of the variable sampling intervals of flow series for the
240 gauging stations corresponding to the catchments selected in our final sample.

We made this analysis on themigoral resolution of streamflow data posterior, after
selecting our catchment sample, and since the result is satisfactory we decided not to further
discard catchments by fixing a limit on the distribution of the sampling intervals of the
streamflow series.

65



2. Material and methods

2.2.2.2 Constitution of streamflow series at time -intervals from sub -hourly to daily

The streamflow data at variable time steps have been aggregated at different time steps
proceeding as done in previous worksligyMoine (2008 andLobligeois (2014 Streamflow

time-series at different sampling times are generatelchbgr interpolati on of original data

at variable time step and integration on every desired time intervallf a variable time step

data necessary to calculate a new fixed time interval data is considered as a gap, the
aggregated data is not calculated, it is consideredpatap. Data for which thquality of
measurements(indicated by a quality code in thBanqueHydro database) is unknown

(quality code 'I' or 'S') are considereddada gaps Also, all the data corresponding to initial
measurements after a suspensionhoét st ati on operation (qualit)\
considered as data gaps, to avoid interpolating between twoombinuous measurements.

As done byLobligeois (2014 and unlikeLe Moine (2008, we have retained all the data
whether they are good (quality code '9") or reconstitufquality code '8) or estimated
(quality code '5"). This treatment avoids cutting the hydrographs above a threshold, due to
data judged unreliable by the hydrometric services for the highest gauging points of the rating
curves. Moreover, we applied twamditional criteria, in order to avoid interpolating data

over long time intervals, bgefining as gaps

- Data corresponding to anterval between two measurements larger thai5 days

- Data corresponding to anterval between two measurementsarger than 5 days
and a difference of two subsequent flow values larger than 0.05s. This is to
avoid interpolating over too long periods when streamflow significantly varies, while
avoiding considering as gaps the low flows or dry periods (streamflow closand O
without significant variations) for which flow measures registration is sometimes
suspended

2.2.3 Evapotranspiration data

Meteorological data necessary for the calculation of potential evapotranspiREoal$o
notedEp) are available at daily tim&tervals from the SAFRAN database by Mét&ance.
However, this information is not available at sidily time intervals. So we decided to
calculate the potential evapotranspirati®E) at daily time intervals and then disaggregate
these data at the sulaily scale by some empirical assumptions, as described below.

The PE formula that we used is the one propose®ioglin et al. (200bthat depends only on
data of daily air temperature, the latitude of the catchment and the Julian day in the year:

Y Y v

_J pnm
whereEp is the daily evapotrapgation (mm/d),Ta is the air temperature (°C)Y is the
extraterrestrial radiation (MJ/@ d ) > the | atent heat of vapol
density (kg/m).
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For the temporal disaggregation of daily PE, we followed the method useobligeois

(2014, where dailyPE is distibuted at hourly time steps according to a parabola. This
parabola is null between 19h and 6h UTC and reaches its maximum from 12h to 13h UTC
(see Figure 2.5). This is clearly an approximation, but it should not generate significant errors
in streamflow gnulations, given the insensitivity of rainfalinoff models to highrequency

PE variations as shown budin et al. (2004

Temporal distribution of PE at hourly time step
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FIGURRE2.5 - PE temporal distribution at hourly time step used to disaggregate daily P obligeois,
2014).

2.3 Catchment selection criteria

Our scope is to construct a sample of unregulated catchments as large and varied as possible,
aiming at the same time to contain the number of basins below 250 to keep the domputat
time reasonabléCatchments are selected to have no or low human and snow influences, since
the model used is designed for natural catchments and is applied without a snow module.
Some criteria on data quality are also required, as a minimum rainsgdegsity (for the 6

min network) and a limit to streamflow data gaps.

We aim to keep basins with different hydrological behaviours including basins with fast
response times and slower ones. We desire also that our sample contains some catchments
folowedby the French fl ood forecast iSergicesder vi ce
Pr ®vi si on adddosvflo®@s mowiteriag stations. So, we verified this feature at the

end of our selection process (see Se@idh

In this section, we present the steps followed to select our test catchments, according to
criteria on catchments characteristics and on rainfall and flow data.
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2.3.1 Criteria on catchment characteristics

The selection has been performed starting from a li76fL catchments in metropolitan

France (Figure 2.6) having a hydrometric station at the outlet indexed in the Banque Hydro
database (SCHAPI, 2014). It is a consistent part of the74ei8chments set constructed at
Irstea byBourgin et al. (201)) by defining the basin contours from the hydrometric stations
position and a digdl terrain model (DTM) at 10fn-resolution, from which the flow
directions were defined. The choice to start from the 3701 catchments subset is due to the
availability of catchment rainfall timeeries at the daily time step only for this subset.

FIGURRE2.6 - The contours of the 3701 catchments in metropolitan France used as starting point for
our catchment set selection.

The following selection criteria were applied:

 We kept3421 catchmentsaving a surface larger than 5 kemd smaller than 10000
km?. This range of surfaces is judged sufficiently large to ensure the interest of our
modelling work with different time steps, from shburly to daily. We decided to
exclude basins with a surfasmaller than 5 kfrbecause of the too large uncertainty
that we would have on the precipitations for these basins (we remember that the daily
rainfall data were originally available atk#n-resolution from the SAFRAN data
base).

1 We kept3245 catchmentsvhose hydrometric station is not coded as virtual and has a
finality of general hydrometric record or flood warning or {ew monitoring or
experimental basin. In this way we excluded stations designed for dam management
and water police.

1 We kept2829 cathmentsindexed in the Banque Hydro data base as basins with low
or no influence.

1 Another selection criterion followed for the scope of keeping only natural catchments,
without human influence, was to consider an upper limit forestamatedstorage
capaitiesupstream eachtation.For this scope we used the database of dams storages
(in Mm®) inventoried by Payan, 2007. When the sum of all these storage capacities
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represents more than a-frfim equivalentwater depth, the station is discarded (278
station$. This led to a number @551 catchments

1 To remove the basins with a too large snow influence, we kept only the ones with a
percentage of solid precipitation lower than (or equal to) 1134 catchments

1 A last criterion was to discard the basins containing somenkegs in their names as
Achannel 0, Asour ceo, Aresurgenced6l and
catchments

2.3.2 Criteria on rainfall data

The quality of precipitation data is critically impant for hydrological models development

and calibration, as highlighted in the MOPEX proj@atian et al., 2006 Oudin et al. (200
showed that the quality of streamflow simulation is highlgatelent on the quality of rainfall

data (contrary to evapotranspiration). When using precipitation data in lumped hydrological
models, uncertainty comes from the raw data errors but also from the spatial aggregation at
the catchment scale.

2.3.2.1 Selection on data gaps frequency

A first essential requirement is that the rainfall time series does not contain data gaps (missing
data). The daily catchment rainfall time series are without gaps. Howevemntheut series
contain gaps. Therefore a first selectionpemted on the 1405 rain gauges stations of the 6
minute network based on the gaps percentages in these series. Our Bripé ias much as
possiblethe frequency of gaps in the series to ensure that thdalybtemporal distribution

of rainfall is mostly based onminute observations and not arbitrary assumptions. To do so,
we kept in consideration only the stations with less than 5% of gaps ob#ervations series

for more than 90% of the days (1366 stations). Furthermore we selected csttitreswith

series includingt leasb years of data witless than 10%f gaps(1128 gauge stations

2.3.2.2 Selection on rain gauge density

Further criteriawere imposed to ensure a minimum density of theiute raingauges to

limit the errors introduced by the disaggregation of daily catchment rainfall using the
measurements of therinute network. Otherwise these errors can be great given the lower
spatal correlation of rainfall at subourly time steps (see discussion in Secfidhl.3.

Previous studies for the MOPEX project have establish®ihenum density requirement

for rain gauges based on basin siz®uan et al., 2006 Schaake et al. (200 made a
practical estimate of gauge density requirements to obtain highly accurate mean areal
precipitation (MAP) estimates. They developed an equation by using observations from a
very dense gauge network (45 kper gauge station) across a numbebadins of different

basin size in the United States. The time step used to develop this equatiofasrtimef

the basin lag time. The required number of gauges for a basin of are&)Askm
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The exponent 0.3 implies that the required number of gauges doubles as the basin size
increases by a factor of 10. The number of gauges given by Equaidgsifould give MAP
estimates for each time step that are accurate with a maximum MAP e2fbpefcent for 80
percent of the time during thunderstorm rainfall evégthaake et al., 20D0The equation is
applicable for basins between 200 and 20000%?kBelow 200 km, Equation 2.1) may
underestimate gauge requirements because the spatial correlation function for precipitation
tends to fall more quickly with distance for shorter distances. This means that a minimu
number of gauges, about 3, are needed for basins smaller than 20 Kiiter the noise
associated with this finuggeto of the decorre
we decided to verify these density criteria for theni@ute raingauges, reducing to 2 the
minimum number of gauges for basins smaller than 23, kmcause of the difficulty of
having 3 gauges influencing such a basin area. To verify these gauges density criteria, we
identified the pluviometers located in a square regibside 100 km around each basin and
constructed the Thiessen polygons of these gainges (using ArcGIS). We counted the
number N' of pluviometers influencing each catchment(with corresponding Thiessen
polygon intersecting the catchment) and checkedtidrN' verifies EquationZ.1) or is at

least 3 for basins smaller than 20@? or at least 2 for basins smaller than 25°kin this

way, 1157 catchmentsare selected. Moreovefor the basins larger than 200 r682

basins) we applied an additional criterion requiring at least one rain gauge located within the
catchment areddiscarding 212 basins without any rain gauge). We did not apply this
criterion for smaller basins (730 basins), in order to take in tim@lsaa sufficient number of

these basins that are interesting for our work at finer time steps. Note also that even if no rain
gauge is located within the catchment boundaries for about 85% of these small catchments, a
large number of them present a higenslity of raingauges close to their boundaries (see
Figure 2.7).

Furthermore, we useatlditional criteria to limit the impact of the raigauge density on the
quality of the MAP estimates. To this end, we used a measure of the density ahimaté

rain gauges network for each badimthe average rain gauges area’ j,, defined as the
average area of influence of the rgauges. In practice it is calculated as the average area of
the Thiessen polygons intersecting the catchments weighted by thatpgecef coverage of
each polygon in the basin:

ﬁ 5 A 2.2)

whereN is the number of pluviometers, the area of the Thiessen polygon of pluviometer

k,© Bthe areaf the intersection of the Thiessen polygon with the basinparttie area of

basin b. Equation 2.2) can be viewed as a natural definition of the rgauge network

density, and it has been already used in literature, for exampleoblgeois (2013

However, this formula makes no fifence if a rairgauge is within the basin or not and this

is not good for our scope of selection of catchments. We do not want to discard a catchment

for a low density of the raigauges just outside the basin (with large values gf but to

keep acatchment that has a high density inside its surface even if lower outside. To this end,
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we modified Equation(2.2) taking into account only the area of Thiessen polygons
intersecting the basin in case of pluviometeirsside the basin:

” A = 0 O— (2'3)
(0] (0]

where 0 is the number of pluviometers inside the basin @nd is the number of
pluviometers outsida)( 0 0).

Some statistics of the number of rain gauges influencing the selected catchments and their
baverage rain gauge areab6 wil/l be reported |
Note that the additional criteria on rain gauge density are useftg there is a weak positive
correlation between the number of rain gaugt
rain gauge areab6, as defined above (Pearson

Average raingauges area (6 minutes network) vs. basin area

Average raingauges area [kmE]

[ T T I I T T T T T T

0 1000 2000 3000 4000 5000 00O 7000 8000 9000 10000
Basin area [km~]

FIGURR2.7 - Values of average rairgauges area and basin area for the 1157 catchments sample, with
regression line. The vertical line (at 200 kr#) represents the limit of basin area chosen to fix two
classes of critera for the minimum average raingauges area (80 km2 and 225 kn?).

Figure 2.7 reports the values of average mgniges area obtained Bgquation (2.3) in
relation to basin area for the sample catchments selected so far (339). The range of average
rain gauges area is (30, 1603) knwhile the range fobasin area is (5, 9389) KmAs
example, Figure 2.8 shows the ragjauges influencing two basins of our sample with the
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Thiessen polygonasedto calculate the value of the average rgauges area by E.3).
The first basin is smaller and presentieaser rairgauge network than the second, as shown
by the values of average rajauges area.

L'Huveaune a Roquevaire [2] ( 164 km2) L'Aisne [partielle] & Berry-au-Bac (5191 km2)

Pluviometers density Rho: 83 km2 Pluviometers density Rho: 913 km2
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FIGURE2.8 - Average raingauges area for the 8ninutes rain gauge network on two catchments of
different size (Y4414030, 164 knd and H6321011, 5191 km?). The surface of the Thiessen polygons
(km2) and their percentages of coverage on the basin are shown in each polygon that intersects the
catchment.

We defined two differentimits for the average rain gauges &a depending on the
catchment surface():

" TR Q® ¢ mRaG
"5 WA QR ¢ mRa (24)

These limit values were chosen empirically, considering the following idapgiiven the

trend of growth of the average rajauges area with the basin size (see Figure 2.7) we tried to
be not too selective with respect to basins larger than 280(kjrfor smaller basins we fixed

a more restrictive criterion to ensure a highgty in the proximity of the basin to
compensate the fact that we have not required the presence of at least ga@gaiwithin

the catchment; (c) we also verified to keep Thiessen polygons with area values in the range of
circle area with radius equtd the typical decorrelation distances of rainfall for-bolirly

time steps, i.e. from 10 km for 15 minut€&awadzki, 1978to 50 km for hourly(Rubel,

1996 this allows us to exclude basins with an excessive portion farther than these distances
from the nearest raigauge; (d) we aimed also at being consistdtit the maximum spatial
resolution proposed b@bled et al. (2009 considering hourly time steps (see Section 1.4.1).

By applying the selection criteria of Equatidh4(, we kept thé84 catchmentsepresented

in Figure 2.9. The selected clatgents are fairly well distributed in France, although there are

obviously regions more represented than others, corresponding to the regions where the
72



2. Material and methods

density of the pluviometers network is higher (as it can be seen comparing Figure 2.9 with
Figure 2.1).

FIGURE29 - The 584 French catchments (orange) selected by the criteria on rainfall data from the
1961 catchments (hollow and orange) selected by basins characteristics criteria.

2.3.3 Criteria on flow data

As for the flow data availability, we kept only the hydrometric stations for wigist than

35% of daily flow data are missing over each of the two periods 01/8/200531/7/2009

and 01/8/2009 31/7/2013(being the two periods of equal length). The liofit35% of gaps

has been fixed by sensitivity analysis on the resulting sample, so as to keep a certain variety
of catchments. Moreover this value can be considered over the limit below which the split
sample calibratioivalidation approach, advocated Ky e me g ), (vdull e difficult to

apply. To have a measure of this problem, one can see for exkhapteet al. (200Pthat
analysed the impact of the number of years available for calibration on model performances
for 269 cathments in Austria. They show that model performance increases with the
calibration period length, and using more than 3 years of calibration, one tends to sample
sufficiently diverse hydrological conditions and the likelihood that one particular catchment
performs poorly in the predictive mode is much lower than with shorter periods. In our case,
by allowing at most 35% of data gaps on each calibration period of 4 years, the actual length
of the data series available on each period will be at least aBnpsars. Note also that
applying this criterion to daily timeeries is more restrictive than to smaller time steps
because the gaps frequency decreases with the sampling time, given the construction
procedure of the flow series by interpolation of theialde time steps data (see Section
2.2.2.3. By applying the criteria on flow data availability explained above, we selected the
223 catchmentshown in Figure 2.10.
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FIGURE2.10 - Catchment sample of 223 French catchments (red) selected by criteria on flow data
from the 584 catchments (hollow and red) selected so far, by basins characteristics andnfaill data
criteria.

Among the 584 catchments selected so far: 261 were discarded because the source time series
of streamflow (at variable time step) are not available; 56 were discarded because the source
time series do not cover at all the period 2Q0%3; 44 were discarded because their
streamflow time series have more than 35% of data gaps over at least one of the-two sub
periods used for the sptample calibratioivalidation procedure. The limit of 35% of gaps

will be sufficient to have enough ddtacalibrate and validate our rainfalinoff models, also

given the fact that the gaps frequency is less than 15% for about 90% of the catchments over
the two periods (see Figure 2.11). The mean value of data gaps frequency is about 5% and the
median vale is less than 3% over the two periods. Thus for most of the catchments we will
have almost 4 years of data availability (for each calibratadidation period) that can be
considered a time period sufficiently long to have enough climate variability.
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Cumulative distribution of data-gaps in streamflow series
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FIGURE2.11 - Cumulative distribution of data-gaps in streamflow series for the 223 catchments of
the sample selected by criteria on flow data, over the two periods 01/08/2005 31/07/2009 and
01/08/2009 -31/07/2013.

2.3.4 Additional catchments recovered for particular  reasons

At the end of the process of catchment sample selection explained above, we added some
catchments for specific interests, by allowing a slight relaxation of the selection criteria
especially for criteria on rainfall data.

Firstly, we addedwo very small catchments §<5 kn¥), for which the suthourly time steps

are likely of the same order as the catchment response time. We selected them from the
catchments with surface between 3 and 3, kmith the same criteria than the ones described
above for he other catchments, except for timnimum number of pluviometers of the 6
minutes network influencing the catchmentsat wereduced to onewhile requiring the

distance of the pluviometers from the catchment centimide less than 2 kmThese
catchmats are: (i) the Morcille brook at Villi#lorgon, 4.12krAi( code O6U45060100)
an experimental basin followed by Irstea, for which we have also hourly rainfall measures at
one rain gauge located within the catchment; (ii) the Sienne river at&si@tCalvados,
354knf( 61 70010400) . We remember that on these
daily precipitations is larger because they are derived from original dat&natr@solution

from the SAFRAN datdase. For this reason, we have tedi the number of these small

basins in our sample.

We added also anothemall experimental basin of 46 km, the Yzeron river at Craponne
(6V301501006), I|-Apesxegierdin easterntFranee. Rh* n e

We decided to include alsmme additional basinf the southwest and northern parts of
France, because these regions were urr@@resente for the lower density of raigauges of
the éminutes network. So we recover some basins that were discarded for our criteria on rain
gauges density, but that alnh@espect these criteria. To this scope we relaxed the criteria on
maximum average raigauges area, 900 Knnstead of 625 kfnfor basins with a surface
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larger than 200 krf) andminimum number of gauges, 2 instead of 3, for basins smaller than

200 km. In this way, we recovered catchmentsof the southwesto f France, 6052
(1603 knf) , 6Q02240%00 6Q3320&HM0,0 Q3740674 ORL@NG ( 8 4 3
6S22425109, andd datZhénentsahthenorth, 6 B55720%HQ06 O6(E%OSB 5k O
(392knf),60 G2011010°% &B8O@760&M20%3.0106 (317 km

Also an additional set & catchments from the Adour basin in the Atlantiques Pyrenees
region, was included in the sample to respond to the request to work on somédiiasies
by the flood forecastingesvice of the Adour basi(SPC GAD, Girondé&dourDordogng.

These catchments ar e: (i) 06t0nGe) ; Ad(oiuir) rtihveer Are
Tournay (6Q05225300) ; (iii) the Lees river
river at OloroRrSainteMar i e (0Q700291008) ; (v) the Nive

criteria of catchment selection described above were not applied for these catchments, being
originally discarded for:

- dams influence on the streamflows (only one catchment showsnfarence
significantly greater than the limit in terms of stored volume, i.e. the basin
60Q70029106 with a Benmmaduivakentwateradgpeh; treathea c i t y
catchments are below the limit of-b@m or just around, Xinm in one cage

- densty of the Bminuterangauges network (3 catchment s:
6091025106, t hat however p r egaugeas tin thein  a c C ¢
vicinity, with” @ TT'Ra for the worst case);

- snow influence (2 b&®291906, 6Q0r26D0 aampder
precipitation significantly larger than our limit of 10%, i.e. around 25%).

Note that the different characteristics of these additional basins could negatively impact the
results, but it could be interesting to analyses impact, for example in term of loss of
performance of the models due to the reduced density ofitialde raingauges network, or

the lack of description of the melting snow process, or dams operation.

Figure 2.12 shows thignal sample of 240 cathments (223 catchments selected so far + 17
additional catchments) that will be used in our modelling tests. The list o$elleeted
catchmets is reported in Appendix.C
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FIGURR2.12 - Final catchment sanple of 240 French catchments (red), including basins selected by
criteria on catchment characteristics, rainfall and flow data, and basins recovered for specific reasons
(basins smaller than 5 km, in the southwest part of France, and followed by the floofbrecasting
service of the Adour basin).

2.4 Summary of the characteristics of our catchment sample

2.4.1 Morphological and hydro -climatic characteristics

Our final catchment sample includ240 lowland mesoscald-rench catchments(Figure

2.12), whose surfacasry from 3.5 km to 3296 kmi. The selected basins are geographically
well distributed over the whole French metropolitan territory and consequently represent a
wide variety of morphological and hydotimatic characteristics. Figure 2.13 and Figure 2.14
show respectively the statistical and geographical distribution of twelve physiographic,
morphological and hydrolimatic catchment characteristics (definitions of some
characteristics and comments are provided here below).

i.  Surface (S [kn?]): our catchmensample mainly presents small catchments (Figure
2.13): the catchment surfaces vary from 3.5 km8790km?, with a median value of
356 km? (Figure 2.13), and abo9B% of the basins are smaller than 1000 kihus
our sample concerns just small riversstupam of the larger French rivers.

ii.  Hydraulic length (HL [km]): it is an index indirectly related to the water course
length and is calculated as the average hydraulic length of all the pixels in the raster
Digital Elevation Model (DEM) falling in the basi The average hydraulic length of
each pixeli is calculated as the distance from the outlet of the basin, following the
flow direction grid from pixel; in our catchment sample HL ranges from alitd
173km.
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Vi.

Vii.

Drainage density (DD [km?)): for the Drairage Density we used an index that
represents the total sur f ac ée Moine (2083 nAsou
the higher the density of the river network, the lower the value of this index and vice
versa. The value of DD for a certain basinvas obtained, followind-obligeois

(2014, as the geometric mean value of t he
intersect the basih. The lower values of DD in our sample are in the Mediterranean

area and in the Pyrenees region (where there is the most part of the basins with
DD<0.1 knt; see Figure 2.14), where the surface drainage network consists of a lot of
small water courses. High values of DD (DD>1%rare concentrated especially in

the north of France, but the highest value (DD=11F)ki® for a basin in the
Mediterranean area clamterized by karst geology (thas Pomiercreek at Nant in

the Regional Grandsu Caeskeés, P air .ke .o ft hie Par k of
pl ateaus, from French). I n fact, a | arge
tends to infiltrate in thesoil instead of flowing in surface, as observed also by
Lobligeois (2014

Average altitude (z [m]): it is calculated as the average altitude of the DEM pixels
falling in the basin; almost all our catchments are lowland basins (z<1000 m) with a
range of average altitude betwedhn? and 1308n above the sea level and a median

of 362 m; the catchments with the highest altitudes are in the Pyrenees, Alps and
Cévennes regions.

Average slopgtan(), [-]): it is the average of the slopes of the DEM pixels falling in

the basin, where the slope of each pixslcalculated as:

O Al — —
W W W W

wherel s the slope in degreespfrohd the projected coordinate, yand altitudez
of the considered pixel and( fto i the projected coordinates yand altitudez
of the upstream pixel, identified by the steepest slope around ipiXéle average
slope is correlated with the average altitude a<#ilyi expected (Figure 2.14).
Topographic index (log(n)/ai, [-]): it is the topographic index of TOPMODEL
(Beven and Kirkby, 1979calculated as bybucharne (2000 i.e. rescaled to be
independent from the DEM resolution, as:

L€

O I 1 |—$
where¢ is the number of pixels upstream pixaind is the slope (tam)) of pixeli.
From its definition the topographic index is correlated to the basin surface (Figure
2.14).
Average annual streamflow(Q, [mm/y]): it is the annual mean value of strefimwvs
observed at the basin outlet, converted into water sheet (mm) on the catchment area to
be comparable between different basins; it is calculated over the whole period of daily
data availability from the datdase constructed at Irstbg Bourgin et al. (2010 For

our catchment sample it ranges from 36 to 1524 mm/y (Figures 2.13 and 2.14).
Together with the average annual rainfall and evapotranspiration, it can be used to
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viii.

Xi.

Xii.

characterize the hydrological regimes and annual water balanoarafatchment
sample (see also Figure 2.15).

Average annual rainfall (P, [mm/y]): calculated as the mean annual precipitation
over the whole period of daily data availability; for our catchment sample, P ranges
from about 650 t@108mm/y (Figures 2.1and 2.14).

Average annual potential evapotranspiration(PE, [mm/y]): calculated as the mean
annual potential evapotranspiration over the whole period of daily data availability;
for our catchment sample PE ranges from about 64230 mm/y (Figures 2.13ral

2.14).

Autocorrelation of streamflows at timelag 24 hours (r (Q, Quan), [-]): it is the
correlation coefficient between the daily streamflo®$ &t time steps andt+24h. A

high value of autocorrelation indicates a slow response of the catchment to
precipitation (that is more smoothed out), while on the contrary a fast response is
characterized by lower values of the autocorrelation. In our sample the catchments
with the faster response are in the Mediterranean area (Figure 2.14).

Daily precipitation intensity coefficient (Poo/Pm, [-]): it is calculated as the ratio
between the 99percentile of the daily rainfall gg and the inteannual daily mean
value of rainfall (R). A high value of By/Pn indicates that the catchment is exposed

to intense onvective precipitation events. The catchments in our sample with the
highest values of the daily rainfall intensity coefficient are concentrated above all in
the Cévennes region and more generally distributed in the Mediterranean area.

Base Flow Index(BFl, [-]): it is defined as the ratio between the base flow component
and the total flow at the outlet; thus the base flow index (BFI) ranges between 0 and 1.
The BFI here is calculated following the method describeGlistard et al. (1992A

high BFI value (BFI>0.65) indicates the presence of a large base flow component in
the catchment, generally reflecting the importance of the underground flow. The
highest values of BFI in our sample are mostly fedan the north of France that is
well-known for the geologic dominance ofialk formations. However, some basins
with high BFI are present also in the Mediterranean area. Note also that high BFI
values are highly correlated to high DD values (see comments in point (iii) here above
and Figure 2.14).
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FIGURE2.13 - Distribution of the morphological and hydro-climatic characteristics of our catchment

sample.
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Figure 2.15 shows thannual hydrologic balance between precipitatior, potential
evapotranspiratioir and streamflowQ for the 240 catchments ofiosample (red points) in

the nondimensional graph Q/P=f(PdE The two dashed curves in Figure 2.15 define the
realistic physical regionthat should normally contain all basins without groundwater
contribution to or from its neighbours. Normally for thebasins the flow should never
exceed precipitation (i.&j 0  p). On the other hand, since the potential evaporation is the
upper bound of the actual evaporation, the flow should always be greater than the diference
-Ep(i.e.0jO0 p 'Oj0). Only adaen of our 240 catchments are outside these limits, and
these mostly correspond to basins with high values of the base flow index (BFI>0.6; Figure
2.14). Note also that the annual water balance of our catchment sample is largely
representative of the widariety of regimes of the French basins (grey points, Figure 2.15).

Annual water balance

2.0

1.5

Q/pP
1.0

0.5

0.0

2
P/Er

FIGURE2.15 - Representation of the annual hydrologic balance of the 240 catchments of our sample
(red points) and of 4437 French catchmets (grey points) for which hydro-climatic data are
available.

2.4.2 Hydrological regimes

Here we present a classification of the hydrological regimes that can be found in our

catchment sample, following the classification of river flow regimes madg&aliguet et al.

(2008, who identified 12 regime groups for France according todik&ibution of the

normalized inter-annual monthly runoff time series (ratio between mean monthly and

annual flows,QwQy). As discussed bgauquet et al. (2008twelve reference hydrographs

were constructed by hierarchical cluster analysis daseo n similarity cri

minimum variance method and Euclidian distance) to construct a flow regime map of France.

Figure 2.16 shows the reference hydrographs construct&higuet et al. (2008or the 9

classes of regimes present in our catchment sample. Figure 2.17 reports the geographical

distribution of the 9 groups of catchments for each hydrological regime in Figure 2.16. Note

that obviously snowmefied regimes(groups 1612 in Sauquet et al.,, 20D&re not

represented in our sample, as we discarded the catchments with a solid precipitation fraction
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greater than 10%. However, there are some basins in the transitiplugmrnival) regime

and the nivepluvial regime (Groups 8 and 9) distributed in the mountainous areas of Alps,
Massif Central and Pyrenees (16 basins). These basins include for exdmptevot
catchments not respecting the criterion on solid precipitation fraction recovered in the sample
for a specific reason (see Secti®8.4. For thesecatchmentshigh flows are observed in
spring, which reflects the fact that the seasonal variation of streamflow is influenced as much
by precipitation as snowmelt timing.

The great part of our catchment sample is characterized by pluviallowerdgimes (Groups

1 to 7), representing the dominant regimes in metropolitan France, with the oceanic pluvial
regimes that reigns outside the Mediterranean area. These groups mainly differ by the contrast
between the maximum and the minimum of monthiganflow and small nuances in their
timing. Nearly uniform flows through most of the ye@r¢up 1 are found i basins of our
sample, mostly coinciding with catchments where large aquifers moderate flows (BFI>0.65)
as in the northern part of France andthe southern karst region of the Regional Park of
fiGrands Caussés ( s e e a24d, poins(i@)x Alliow Imasins of Brittany and almost all

of Normandy regions are allocated Group 5 which describes the strong homogeneity of
these regions in terms of river flow regiménig runoff pattern include35 basins (not only in
northwest part of France) characterized by very low flow in summer, reflecting the lack of
deep groundwater storages in these basins. A similar but more smoothed behaviour
characterize86 basins of our ample belonging t@roups 4 and 2which present only one
maximum observed flow in winter (similarly to Group 5) and low flows in summer (less
extreme than Group 5). These basins are quite spread over France, but include almost all the
basins of the Easterpart of France (Alsace and Lorraine regions). Similar to this flows
regime are als@roups 3 and gincluding73 basins of our sample, most of them in the centre

of France, presenting a less monotonous trend of high flows (increasing of flows also in
spting). Finally, 21 basins are allocated Broup 7that is representative of Mediterranean
river flow regimes, particularly in the Cevennes region, where small rivers basins experience
hot and dry summers and intense rainy events in autumn and winter.rdinafi pattern
therefore exhibits severe low flows in summer, with possible totally dry periods, and
maximum annual high flows in November, with possible flash floods due to intense but short
rainy events. These basins present also a local maximum flsprimg (in April), reflecting

the influence of snowmelt in the Alps and Massif Central areas.
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FIGURE2.16 - Hydrological regimes of our catchment sample (with absolute frequency) based on the
reference hydrographs for France defined bySauquet et al. (2008.
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FIGURE2.17 - Geographical distribution of the hydrological regimes of our catchment sample (with
absolute frequency) based on the reference hydrographs for France defined $guquet et al. 2008).

2.4.3 Operational interest of our catchment sample

Figure 2.18 and Figure 2.19 show the catchments of our sample followed respectively for
flood warning by the French flood forecasting services, (S.FS€vice de Prévision des
Crueg, and for lowflows monitoring, by the Regional Directions of the Environment,
Planning and Housing (DREAL,Di r ect i ons r®gi onal es de
| 6am®nagement). et du | ogement
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FIGURE2.18 - Catchnents of our sample (hollow) followed by the SPC, i.e. French flood forecasting
services (134 catchments coloured in orange).

FIGURE2.19 - Catchments of our sample (hollow) followed for lowflows monitorin g by DREAL (42
catchments coloured in green).

2.4.4 Synthesis of the catchment characteristics

The test catchments are geographically well distributed over the entire area of metropolitan
France and represent the variety of oceanic and Mediterranean pluviaksegkisting in
continental France.

Table 2.1 summarizes the distribution of ten morphological and fofuinatic characteristics

of the 240 catchments. These characteristics were chosen to investigate their relationship with
model behaviour at differetitne steps (see the analyses of Chapter 3). Typically, smaller and
steeper catchments are expected to present faster responses to precipitation and to benefit
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more from a refined temporal resolution of rainfall. The daily precipitation intensity
coefficiert (Pog/Pm ratio) and the flow autoorrelation at 24 h characterize the temporal
variability and dynamics of rainfall and streamflow, respectively. The highest values of the
daily precipitation intensity coefficient are concentrated mainly above the Gfeagion

and in the soutleastern Mediterranean area, indicating the occurrence of intense convective
precipitation events. In the same area, the lowest values of the flowcautation are
found, corresponding to catchments presenting the fastesinsesgo precipitation with
frequent flash floodgDelrieu et al., 2005Berne et al., 20Q9Saulnier and Le Lay, 2009
Javelle et al., 201@raud et al., 2014

The catchment set includes asnyaatchments as possible respecting the selection criteria
discussed above, with the objective to get general results, i.e. not too much dependent on
specific catchment types or climate conditi ¢
(e.g. karsticcatchments or groundwatdominated catchments) was done, as advised by
Andréassian et al. (20P9 As a consequence, two catchments (the Laine river at
Soul ainest Dhuy and t he Sinotgrioesly kaistic,ehave mdan Cal |
annual runoff coefficients larger than 1 (Table 2.1).

The ten characteristics in Table 2.1 may present strong linear correlations. The highest
Pearson correlation coefficients (r>0.75) are found between catchment arealityeingth

and topographic index, and between average altitude and slope. A quite large negative
correlation (r=10.62) was found between the
flow autocorrelation at 24 h, reflecting that catchments witd fastest flow dynamics are

also subject to the most intense precipitation events. Despite these correlations, all descriptors
were kept in subsequent analyses, since linearly correlated descriptors may not be similarly
relevant given the nelinearity ofhydrological processes.
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st rd
# Catchm.en.t Definition / reference Min 1 . Median 3 . Max
characteristics Quartile Quartile
My | Catehmentarea : 4 | 163 | 356 | 770 | 8790
[km?]
. Average hydraulic length
MH2 Hydra}i'r':] length |~ ot all the catchment | 2 15 25 38 173
pixels
MH3 A"eraﬁi]a't't“de . 70 | 200 362 538 | 1308
MH4 Average slope-] - 0.02 0.05 0.08 0.16 0.45
Topographic As calculated in
MH5 index ] Ducharne (2009 8.20 12.10 13.30 14.20 17.30
MH6 Runoff coefficient Ratio of meah f'mr?ual 0.04 0.26 0.34 0.46 1.69
[-] runoff to precipitation
Ratio of mean annual
MH7 | Aridity index [] potential 029| 0.64 0.76 091 | 153
evapotranspiration to
precipitation
As calculated bysustard
MHg | Base F["]’W Index |~ ot al. (1993 using daily | 0.19 | 0.47 0.57 066 | 0.95
streamflow data
Flow aute
MH9 | correlation at 24 h - 0.39 0.77 0.84 0.91 1.00
[-]
Dallﬁri)t;encslﬁnatlon Ratio of the 99
MH10 - y percentile to the mean| 7.58 8.59 9.29 11.50 19.90
coefficient, By/Pm . s
[] daily precipitation
Number of rain | Rain gauges of the-&in
RGD1 . gauges network W|thTh|e§sen 1 3 5 7 32
influencing the | polygons intersecting the
catchment] catchment
Average area of the
Average rain Thiessen polygons
RGD2 g weighted by coverage | 30 208 302 393 1126

gauge area [kfh

percentage over the
catchment

TABLE 2.1 z Summary of the distribution of ten morphological and hydreclimatic (MH)

characteristics and two rain gauge density (RGD) indicators over the 240 test catchments.

2.5 Flood event set

An automated procedure of flood event selection adapted frobtigeois (2014 (see

Appendix D for greater dail) was used to select ten flood events for each catchment over the
8-year test period (2002013), providing a set of 2400 flood events over the 240 catchments.
Table 2.2 presents the distribution of some average flood descriptors for the 240 catchments
These flood characteristics were chosen because they are conceptually related to the temporal
dynamics of flood events and therefore are expected to be relevant for our analyses. One
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descriptor, the Goodness of Uniform Estimates (GOUE) Index, was prbpodkis study

and is further described in Appendix E. It is applied to both precipitation and streamflow
series, to evaluate their respective degree of temporal variability at a fine resolution (6 min)
compared to a reference larger time scale (1 day).

As for the catchment characteristics, some of these flood descriptors are correlated. The
highest Pearson correlation coefficients (r>0.75) are found between: flood and storm
durations (r=0.88); the GOUE Index on streamflows and théd #dw shape coeffient

(r =1 0. 8 3nunoff lagaimenandxdurdation of storms (r=0.79) and floods (r=0.76); the
GOUE index on streamflows and the flood duration (r=0.77); and the fdw shape
coefficient and mean flow gradient (r=0.76). No strong correlations ofotidier (r>0.75)

were found between the flood descriptors in Table 2.2 and the catchment morphological and
hydro-climatic characteristics (Table 2.1). However, the daily flow -aawelation is
correlated with the 24 flow shape coefficient as wellasthee an f | ow gr adi ent
and with the GOUE Index on streamflows (r=0.64). The expected correlations between
rainfall-runoff lag time and catchment area and hydraulic length were partially confirmed
(respectively with r=0.61 and r=0.68), while the €ofs less correlated with lag time
(r=10.40) .
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Flood _— . 18t . 3
# characteristics Definition Min Quartile Median Quartile Max
Number of hourly time
FE1 | Flood duration [h]| steps between the star] 20 65 111 232 518
and end of the event
Number of hourly time
Storm duration steps WiFh NOFZEro
FE2 [h] precipitation between 5 21 33 55 155
the start and peak of thi
event
Amount of Cumulated precipitation
FE3 precipitation for over the total event 18 45 62 86 204
event [mm] duration
Ratio between the
24-h flow shape maximum instantqneou:
FE4 coefficient [] flow and the maximum| 1.01 1.10 1.22 1.45 4.60
of mean flows on 24
duration around the pea
Ratio between the flow
FE5 Mean flow | difference between pea 5444 | (ooa5 | 0.0125 | 0.0304 | 0.35
gradient [mm/A] flow and base flow and
therising limb duration
Time shift maximizing
Rainfalkrunoff the.crosscorrelatio'n of
FE6 laq ti rainfall-runoff series 1.25 7.56 13.10 24.06 92.00
ag time [h] ;
over each event atiin
resolution
NashSutcliffe criterion
GOUE(P) F] of between daily rainfall
FE7 daily p_recipitation uniformly Qisaggregatec 10.04 011 0.16 0.22 0.47
at 6min referencel at 6min time step and
[-] the 6min observed
series (see Appendix E
NashSutcliffe criterion
between daily
(?a(i?)lljsgggﬂﬂgzv s_treamflow uniform_ly
FES8 disaggregated at@in 10.30 0.49 0.71 0.87 0.99

at 6min reference

[-]

time step and the-gin
observed series (see
Appendix E)

TABLEZ2.2 Z Summary of the distribution of the flood event (FiBpracteristics over the 2400 selected events

averaged by catchments (by the mad values for each catchment).
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2.6 Model and calibration -evaluation procedure

2.6.1 The GRA4 rainfall -runoff model

The model used in this study is the GR4 mdéelrin et al., 2003 a fourparameter lumped
rainfall-runoff model. In its daily version, it is popularly known as GR4J. In this thesis, since

we will use and adapt thismdde at mul ti ple time steps, we h;
the original name, because it stood for daill

This model was chosen because of the expertise gained from previous works on its
development at daily and hourly timeegs and for its operational relevance for the French
flood forecasting servicg®.g. Berthet et al., 2009A detailed description of the structure of
the GR4 model can be foundRerrin etal. (2003 and an overview of the model equations is
provided herafter. The GR4 model is composed of a production function, similar to soll
moisture accounting functions, followed by routing and water exchange functions, as
schematically represented Figure 2.20. The soil moisture accounting store recqaesof

the net rainfall Ps) and satisfies part of the net potential evapotranspiraigndétermined

by zeracapacity interception storage. The routing function consists of a linear routing with
two unit hydrographs (UH) and a ndinear routing store. The groundwater exchange term
makes it possible to import (export) water from (to) the idetef the basin. The four free
parameters to be optimized are:

(1) the maximum capacity of the production stotg [mm]);

(i)  the water exchange coefficieng,([mm/time step]), which can be either positive
for water gains or negative for water losses;

(i)  the maximum capacity of the routing store at one time step ahead (i.e. capacity
after removing the output of the storgy, (mm]);

(iv)  the time base of the unit hydrograph, (time step]).
The model also has fixed parameters, the value of which is justifibérin et al. (2003

As discussed in Chapter 1, there were previous works to adapt the GR4 simulation model to
subdaily time steps:Mathevet (200b and laterLe Moine (2008 successively proposed
improved model versits at the hourly timstep.Le Moine (2003 made more explicit the
relationships of model parameters with time step. Following his work, we identified the
theoretical timestep dependencies of the fixed and freedel parameters (see Table)2.3
Thus,the GR4 model can be already tested atdaily time steps by simply adapting its
time-step dependent parameters. This will be the starting point for our modelling tests at
multiple time steps.

The current hourly version of the model, called GR4H (in litezature), proved already
adequate with respect to model performance, as showdththevet (200pbandLe Moine
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(2008. Also, other works report the use of the GR4H model with satisfactory results when
compared to other hourly modéigan Esse et al., 2018e BoerEuser et al., 2007

Interception
En Pn

VAN

Es Ps Pn-Ps
Production y,
store I S
Perc(p)) — Pr
0.9 /\ 0.1
UH1 UH2 l
«—> >
X4 2.Xa
| |
Q9 Q1
Routin
store 9 x R F(x2) —7 F(x2)
— e
Qr Qd

®

FIGURR2.20 z Schematic representation of the GR4 model structur@errin et al., 2003.

GR4 model Theoretical transformation Source of the timestep dependency
parameter from ¥l "I to ¥'1 "
b[-] Vo - Integration of the percolation rate from the production
by by store that is a power 5 function
X2 [mm/time step] Vo - Integration of the exchange flux formulation (dependent g
Wy Wy JO the routing reservoir level)
X3 [mm] VO - Integration of the emptying function of the routing reservqg
Wy Wy e} that is a power 5 function
X4 [time step] P . YO Value expressed in timstep units and rounded to the
Y e nearest integer
TABLE 2.3 z Theoretical time-step dependency

of one fixed and three free time stegependent
parameters of the GR4 model.
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Model equations

Here we present thdiscreteequations of th€&R4 modelused as baseline model multiple
time stepsAll equationsderivefrom theintegration of thecontinuousequationsover a time
step 2, goart from the equationepresenting thenterceptionloss andthe exchangdluxes,
which are directly written in their discrete forin the following equationghe waterfluxes
areintegrated over the model time step and are expressed iomtine integration time step

The first operation is the determination of a&rterception loss i.e. evaporation from
intercepted waterd), by aneutralisationfunction of the precipitationP by the potential
evapotranspiratiorE, which are consequently reduced to a net rainfal) @nd a net
evapotranspiratioamount(En):

0 | EDFRO (2.5)
0 0 © (2.6)
0O 0 O (2.7)

In case the precipitatiof® is greater than the potential evapotranspiratinthe net
evapotranspiration is null, while His greater tha®, the netrainfall is null.

The production store is filled by a p&t of the net rainfall, representing the part of rainfall
infiltrating in the soil moisture accounting stofihe remaining part of the net rainfall (

0) bypasses the production store andctes directly the routing part of the model. The
amount of watePs is determined as:

o p — OAIE
0 — (2.8)
p —OAT-E

whereS[mm] is the level in th@roductionstore athe beginning of the time step axds the
maximum @pacity of the production store

Under the effect of the net evapotranspiratgnount the production store is emptied of a
guantity of watekEs, i.e. the actual evaporation from the store, determased

Y¢ — OAT-E
0 — (2.9
p p — OAI-E

Given the inputs to the store (net rainfall and net evapotranspiraticd a certain store
capacity (), the actual evaporatoBs increases with the levélvin the store, while the
amount of infiltrating watePsdecreases.

The total amount of water evaporated from the model on the time step is therefore given by
the sum o0fO andEs.
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The discreteequatiors (2.8) and(2.9) are derived from the integratiamver the time step of

~

the differential equator- p — 0 — ¢ — Q, as reported b¥dijatno (199])
(see pp. 323832)

The production store levéyYis updaed by addingPs and removinges. Then apercolation
leakaged ‘Q iisceemoved from the staré is calculated as:
“Y -

'?"Q\ ’i?\Y i
VQI WYp p B

(2.10)

The discrete Equation (2.10) isobtainedfrom the integration over the time step af
instantaneous leakinfginction of power 5 which leads to a timstep dependent percolation
constantby (see Table 2.3).

The percolatiom Q ireaches the routing part of the model, where it is addéutpart of the
net rainfall that has bypassed the production store © ).

The total amount of routed water, i8. 0 Qi w0 0 , is divided into two flow
components by a fixed ratio: 90% ofis routed by a unit hydrograph (UH1) andriteenon
linear routing store, and 10% Of is routed only by another unit hydrograph (UH2). Both
unit hydrographs depend on the same time pararaet@&xpressed in timstep units, with a
time base equal t@ for UH1 and¢w for UH2. The ordinatesf the unit hydrographs are
derived from the correspondirgycurves(SH1and SH2)defining the cumulative distribution
of the inpus with time, as detailed bierrin et al. (2003 These curves are calcuddtover a
number of time steps equal to the base time of the unit hydrographs, as

N
o
OETT 0 wd'YPo o (2.17)
4 Al 3 Al o 1, 1 7
Ooenm 0 wdYQo - — , (2.12
r ) ) A A% 17 1 T
and Q¢ 0 codYQO p -¢ — (2.13
The ordinates of the unit hydrographs are then calculated as:
YOPQ YPTQ YPQ p (2.14)
’E‘YVQ '?’Q “Y"O '?’Q “Y"O ’?‘Q p
(2.15)
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wherej is an integer between 1 and the maximum number of ordimasesm, for UH1 and
UH2, respectivelyi.e. the smallest integers exceedirgand2x. The ordinates are used in
the convolution product of effective rainfall to calculate the outputs of the unit hydrographs.

A groundwater exchangéss (or gain) is then released (or added) from (to) both flow
componentsThe potentiahalf exchangeF, is calculated as:

.Yg

0 ® o (2.16)

whereR [mm] is the level in the routing store thte beginning of the time stexy [mm/time
step]is the water exchange coefficiemtnd xs [mm] is the referenceapacity of the routing
store.In absolute terms, the higher the level in the routing store and the higher the water
exchange coefficienb, the larger the exchan{® The actual exchandesses ardimited by

the water available in the routing storedany the flows components coming from the unit
hydrographs

Then the water content of the routing st®és updated by adding the output of the unit
hydrograph UH1 §«) and removing(or adding)the exchange componeRt The outflow
from the routing storgives the first flow componerit , and is calculated as:

, Y
0 Yp p o (2.17)

Similarly to the percolation equan, the discrete Equation (2)17s obtained from the
integration over the time step ah instantaneus leaking function oR at power 5, which
leads to a theoretical time step dependency of the routing store reference capésiy
Table 2.3)

The output of the second unit hydrograph UH2 provides the direct flow componeatter
being subject to the same groundwater exchange component (loss d¥, gan)

0 | Aa@ipp © (2.18)
The total streamflow is finally given by the sum of the two flow componénts © ).

Baseline modeimplementation and considered time steps

An implementation of the GR4 model at daily and hourly time steps is freely available in the
fairGRO R package de \Cerbnetme (@01)aThis ilnpleméntation i uysed as
the baseline version of the modested in this thesjswith some code adaptations to run the
model at multiple time steps

In order to achieve the objectives of this thesis, we will use a set of model time steps ensuring
a sufficient continuity in the temporal sdlaily scale. The timsteps that will be used are the
following: 6, 12, 30 min, 1, 3, 6, 12 h and 1 day.
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2.6.2 Calibration and evaluation procedure

The available 8/ear period was split into two test spbriods (01/08/200%1/07/2009 and
01/08/200931/07/2013). Eight years were juslt sufficient to apply a common calibration
validation procedure, following the spample tes(K | e me ¢ ) on 1thé ®Bv6 4year sub
periods.Some previous studies witthifferent conceptual hydrologicainodelsempirically
indicated that this is a ped length sufficient to obtain robust paramet@g. Yapo et al.,
1994 Perrin et al., 200Merz et al., 200p

For our data sethis choice is also supported by two aspects: (i) the stability of the climatic
conditions between the two syleriods, and (ii) the significant evelpdsed variability within
each period.

First, there is nestrongchange in the climatic conditions between the two periods, over the
catchment set, as shown in Figure 2Q@f.averagegver the catchment set, the mean annual
precipitation amount varies between the twgeér subperiods of abou5% (median) while

the maximumrelative variation is about 33%see Figure 2.21(a))The strongest relative
variations (>20%) of mean annual precipitation between the two periods are found in
catchments located in Southern France, where higher interarariadility of precipitation is
expected. For both periods, the mean annual precipitation is about 940 mm on average over
the catchment set (median), which is an evidence sthtionaryclimate over this 8ear
period.For the potential evapotranspiratjidhe median relative variation of the mean annual
values between the twsub-periods islower than1%, while the maximunvariationis about

3% (see Figure 2.21(h))'fhe mean annual potential evapotranspiration is about 700 mm on
average over the catchnteset for both periods. On average, the mean annual streamflow
varies slightly more between the two periods, with a median relative variation of about 13%
and a maximum of about 92% (see Figure 2.21(c)). Still, the average hydrological regime is
stationarybetween the two periods (no general increase/decrease is observed) and only a few
catchments are affected by large absolute deviations of streamflow between the two periods
(i.e. catchments with low runoff coefficients, located in Southern Fravideh thereforeare

more sensitive to changes in rainfallhe median absolute deviation (with sign) of annual
streamflow is only about +13 mm by passing from the first to the secem@rdperiod
(compared to an annual value of about 800). Regarding therecipitation distribution, the

daily precipitation intasity coefficient (By/Pm, see Section 2.4.1) varies on average of only
8% between the two syteriods (see Figure 2.21(d)).
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FIGURR2.21 z Cumulativedistribution over the catchment set of the elative variation between the
two 4-year periods(2005-2009 and 2009-2013) of: (@) mean annual precipitation (b) potential
evapotranspiration, (c) mean annual streamflow, and (d) daily rainfall intensity coeffient coefficient
(P9o/P ). The variation is expressed in absolute terms and themormalized to the mean valueover
the whole 8-year period.

Second, within each-year subperiod, the information content in the datt is sufficiently

varied, includingdry and wet conditions, and a representative variability of flood events
characteristics, as shown in Table 2.4. The statistics of the flood event characteristics over the
two periods show that the variability of the events is similar across the-twargeriods.
Overall, thestatisticsprovided in Figures 2.21 and Table 2hbw that the climatioegimes of

the twoperiods are not significantly contrastiagd each 4/ear subperiod includes varied
events. Thughe periodsan be consideresufficientlylong to lead to robust parameter sets.
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Period | (01/08/2005 31/07/2009 Period 11 (01/08/2009i 31/072013)
Mean Mean
# Flood width of width of
characteristics | Min | Median | Max variation Min | Median | Max variation
range by range by
catchment catchment
FE1 F'°°d[g]”ra“°” 18 103 550 141 16 122 521 187
FE2 StO”“[r?]“ra“O” 5 30 | 175 50 4 37 | 152 57
Amount of
FE3 | precipitation for 8 59 218 60 16 66 349 86
event [mm]
FEa| 24N flowshape| 1 | 455 | 346 0.64 101| 121 | 592 0.66
coefficient ]
Fes| Meanflow g0 1 01 | 042 0.06 000 | 001 | 029 0.08
gradient [mm/f]
Fee | Rainfalbrunoff | 501 1590 | 12020/ 1368 | 0.20 | 13.90 | 160.20| 17.41
lag time [h]
GOUE(P) [] of
daily
FE7| precipitation at | 10.04| 0.16 | 0.47 0.22 10.08| 016 | 0.42 0.24
6-min reference
[]
GOUE(Q) [] of
Feg | dally streamflow| -5 | 20 | 0.99 0.43 10.42| 074 | 0.99 0.43
at 6min
reference

TABLE 2.4 z Summary of the distribution of the flood event (FE) characteristics over the 2400

selected evers divided by the two 4year periods 20052009 (1149 events) and 20092013 (1251

events) and averaged by catchment (by the median values for each catchment over each periBdy.

AAAE DPAOEI Ah OEA OiI AAT xEAOQOE 1 £ O0Awfdeadsdlute vaidT CA AU
of the range amplitude of the characteristic over the catchment set.

After some first tests and analyses (not shown), we decided to use aup/greniod of two
years before each calibration and simulation-peiod (i.e. 01/08/2008 31/07/2005 and
01/08/2007 to 31/07/2009; see section 2.2.1.1), which was judged sufficiently long to
initialize the model states.

2.6.2.1 Model calibration

The model is calibrated on eactydar subperiod, using th&ling i Gupta efficiency (KGE)
criterion (Gupta et al., 200%s objective function, calculated on all the time steps of the sub
period. The KGEriterion is calculated as:

0 "00 p i p W p w p (2.19

where:

- ris the linear correlation coefficient between simulated and observed flows:

98



2. Material and methods

- ais the ratio of the standard deviation of simulated flows to the standard deviation of
observed flows, i.e. a measure of relative variability between simulated and observed
values;

- b s the ratio of the mean of simulated flows to the mean of observed, fiee. an
index of the overall bias in water balance.

The o6ideal 6 value f or &b3Hs laSmeke inigéneral wehaimeaé ¢ o m
reproducing the overall volume of flow (ideally =),Zthe variability (ideallya =)Zand the

timing and shag of the hydrograph (ideally=1), maximising the KGE criterion is a good
compromise solution because it minimizes the Euclidian distance from the ideal point
(@a=1, r=4)x 1,

The model calibration is performed by a tatep optimization procedure proposbkg
Mathevet (2005

(1) A prefiltering search in the parameter space is performed using three quantiles for
each of the four parameters. The quantiles of the parameters (used as possible
starting values) are given by parameter sets libraries resulting from previous works
on thre GR4 model development on large catchment(Besin et al., 2008

(i) Starting from thebest solution provided by the pfidering search, an iterative
| ocal optimizati on pass-p PpHsepbystemersthod si n g
developed at Irstea. This procedure proved to be effective and robust for different
conceptual rainfallunoff mocels, including the GR4 moddMathevet, 2005
Perrin et al., 2008

2.6.2.2 Model validation

The model validation (or evaluation) is performed by various criteria calculated either over
the whole validation superiod or only over the flood events of the validation-pahkiod.

For the evaluation over the whole period the KGE criterion and its the components
(variability ratioa, ratio of mean$ and correlatiom) are routinely used.

As a complement, other criteria are used at some moments of our model diagnostics and
identification process, in order to evaluate the model in a 1oiitéria perspective(flood,
average regime and leflows). These complementary criteria are based offrlihnve duration

curve (FDC) to evaluate the spread of simulated flows with respect to the observed flows
frequency distribution and to detect any trend of oveuraterestimation of extremes. In
particular, the criteria used are:

a. Ratio of lower quantilege.g. 28" percentiles) of simulated and observed streamflows
(—), characterizing low flows; we used theercentiles and not lower quaet,

to avoid constraining our evaluation to reproduce very low flows (which is not the
objective of short time steps modelling), and because of the large relative errors in

low-flow measurements;
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b. Ratio of the higher quantilg®.g. ninetyninth percentile) of simulated and observed
streamflows: —), characterizing high flows.

c. Thepercent bias in thelope of the midegment of the FD{®0], that is related to the
vertical soil moisture redistribution as discussedribbgnaz et al. (2008 The slope of
themds egment of the FDC is stepper for <cat
(due to small storage capacity and &rgercentage of overland flow), while is flatter
for catchments having slower and more sustained groundwater flow response. The
percent bias in thelope of the midegment of the FDC, between 0.2 and 0.7 flow
exceedance probabilitiesan be defined as:

1 1006 ™ 1 1006 1

T SEE. i p (220
| 1T'0086 ™ 1 1'Q06 T

Y& E R Q6 Qo p

where '0006 y D represents the simulated/observed flow with exceedance
probability p. Being a bias, the ideal value of the critefét € 1 Q6 Qwjg is

0%. A positive percentage indicates that the simulated catchment response is more
rapid than the coespondent observed catchment response, while a negative value
indicates the opposite tendency.

For theevaluation over the flood eventswe mainly used the KGE and its components. In
order to ensure the significance of these aggregated statlS@ds, @,b and 1) over short

time series, these criteria are calculated on the ten flood events taken altogether for each
catchment (and not on each single event individually). Moreover, for events with durations
shorter than three days, the event start and en@djosted to have an evaluation period
lasting at least three days.

In Chapter 3, a complementary assessment is carried out on each flood event individually to
evaluate the proper identification of flood peak magnitude and timing. This was based on
threeeventbased criteria to evaluate the peak flows, the timing and the volume errors (see
Chapter 3).

2.7 Synthesis

In order to meet the research objectives of this thesis, we have built up a large data base of
French catchments, for which higésolution hydreclimatic data is available, over a period

of at least 8 years. We have presented the data available and the treatments done to prepare
the time series of catchment precipitation, potential evapotranspiration and streamflow at
different time steps, needed four modelling tests.

The catchment selection procedure was reportetbiail This procedure led to a set of 240
test catchments presenting a wide range of morphological and-tiydedic characteristics.
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2. Material and methods

Finally, we have presented the GR4 simulatiadel (general naming of the GR4J model at
different time steps) and the calibratiemaluation procedure that will be used in this thesis.

The GR4 model, developed at Irstea (Antony), has already been adapted from the daily to the
hourly time step in somerevious works. A first simple way of adapting the model at
different time steps has been reported, based on expliciting itsstapedependent
parameters. Thus, the GR4 model represents the baseline model version that we will test and
try to improve at aaried set of sudlaily resolutions.
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3. Impact of temporal resolution of inputs on hydrological model performance: An analysis bastDdtood events

This chapter corresponds to an article publishelburnal of Hydrology:

Ficchi, A., Perrin, C., Andréassian, V. (2016hpact of temporal resolution of inputs on
hydrological model performance: An analysis based on 2400 flood events, Journal of
Hydrology, Vol. 538, 454470, http://dx.doi.org/10.1016/j.jhydrd016.04.016

Notes

In this chapter, we have removed some parts of the original paper dealing with:

- the presentation of the hydotimatic data, and the catchment and flood event sets
(Section 2 of the original paper);

- the GR4 model (Section 3.1 of thaginal paper).

These parts of the original papeere removed to avoid repetition, because they were already
presented in the previous chapter of the thesisv@terial and methods).

About the GR4 modehere we start from the assumption that saenemodel structure can

be maintained whatever the time step from daily to sukhourly. This hypothesis is
supported by previous work on the mofMhthevet, 2005Le Moine, 2008 showng that the
optimal structure was rather stalgp@ssing from daily tdourly time stepsand noadditional
complexty seemed necessarmyn the basis of model performanées suggested blye Moine

(2008 (p. 200), therecan be different reasorfsr this, including the hypothesis thathé
representation of theainfall-runoff relationship at theatchmentscalewould not need to be
more complex athe time steglecreasefrom daily to hourly.In support of thisthere would

be the possibility that the greater variability of the streamflow at shorter time steps would be
completely explained by the rainfall information at higher resolufitsis hypothesis is to be
verified by considering alsother possible problenthat could affect the results at different
time steps(e.g. identifiability of parameters andternal coherence of the model). This
chapter addresses this issue morerdbghly from the point of view of the mad
performanceWe remind that to limit any bias in applying the relodt different sukdaily

time steps, we identified the theoretical tistep dependencies of the fixed and free model
parameters followingviathevet (200p and Le Moine (2008 (see Chapter ,2Table 2.3.
Moreover, we have done a first analysis of the consistency of the parameters calibrated at
different time steps finding an overall good coherence. A detailed discussion of the impact of
the time step on parameter values is not within the scope of {es. gjdowever, we present

in Appendix Fa summary oftte consistency of the parameter valaeslifferent time steps,

for the GR4 model used in this chapter.

105


http://dx.doi.org/10.1016/j.jhydrol.2016.04.016




3. Impact of temporal resolutiorf mputs on hydrological model performance: An analysis based on 2400 flood events

Abstract

Hydro-climatic data at short time steps are considered essential to model thei rainddt!
relationship, especially for sheduration hydrological events, typicaljash floods. Also,

using fine time step information may be beneficial when using or analysing model outputs at
larger aggregated time scales. However, the actual gain in prediction efficiency using short
time-step data is not well understood or quantifiedthis paper, we investigate the extent to
which the performance of hydrological modelling is improved by shortsitee data, using a

large set of 240 French catchments, for which 2400 flood events were selectedni

rain gauge data were avdila and the GR4 rainfatunoff model was run with precipitation

inputs at eight different time steps ranging from 6 minutes to 1 day. Then model outputs were
aggregated at seven different reference time scales ranging frehosuy to daily for a
compaative evaluation of simulations at different target time steps. Three classes of model
performance behaviour were found for the 240 test catchments: (i) significant improvement of
performance with shorter time steps; (ii) performance insensitivity to titkelimg time step;

(i) performance degradation as the time step becomes shorter. The differences between these
groups were analysed based on a number of catchment and event characteristics. A statistical
test highlighted the most influential explanategyiables for model performance evolution at
different time steps, including flow autwrrelation, flood and storm duration, flood
hydrograph peakedness, rainfalhoff lag time and precipitation temporal variability.
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3.1 Introduction

3.1.1 Importance of short time -step data

The transformation of rainfall into streamflow includes a large number of processes, with
various dynamics and characteristic time scales on the order of 1 minute to hundreds of years
(Bloschl and Sivapalan, 1995The proper description and simulation of these processes may
require short time steps for at least three reasons: (i) because of the short duration of the
modelled runoff events (e.g. flash floods); (i) beeaud the considerable intsiorm
variability that controls some runoff processes and (iii) for numerical reasons especially
related to the integration of differential equations in the model structure. This raises the issue
of the appropriate time step afata used as input to hydrological models (typically
precipitation).

Until the 1990s, hydrologists had to rely mostly on data at the daily step at best, e.g. ground
accumulated rainfall amounts recorded once a day by observers. This could cause limitations
in the applicability of rainfalrunoff models needing shorter time steps, which had to be run
with data disaggregated over the shorter time steps either uniformly or by mass curves
(Bléschl and Sivapalan, 199%r by more sophisticated stochastic generafGreutin and
Obled, 198D However, over the last two decades, the availability of hourly and even sub
hourly data tremendouslydreased in many countries, especially with the implementation of
automatic rain gauge networks and meteorological ra@ags Creutin and Borga, 2003
Berne anKrajewski, 2013. This boosted the developmeiiithydrological models running at

short time steps to make use of these available @atp Hughes, 1993 Moretti and
Montanari, 2007Chu and Steinman, 200%eong et al., 2030

One idea underlying these developments is that data at short time stégm coare
information and therefore should contribute to better modelling of the rainfedff
relationship. This is supported by several studies that showed that runoff generation is highly
affected by suthourly dynamics of precipitation, particularlyhere the infiltratiorexcess
overland flow mechanism dominates the rainfahoff responsge.g. Koch and Kekhia,

1987 Morel-Seytoux, 1988Woolhiser and Goodrich, 198Brajewski et al., 1991Kandel et

al., 2005 Paschalis et al., 2014The precipitation controls the higtequency catchment
response, contrary to evapotranspiration whose variations are much more sniOathiacet

al., 200§. The temporal distribution of nafiall affects not only the runoff temporal
distribution, i.e. flood shape, but also the peak discharge y@hieellani et al., 20Q07and the

runoff volume(Viglione et al., 2010 This is due to the nonlinear nature of infiltration (and
runoff) processes, with characteristic time scales of a few miriBtéschl and Sivapalan,

1995 Kandel et al., 2005 Woolhiser and Goodrich (198®oint out the significance of the
rainfall intensity infiltration interaction using a simple physically based model, concluding
that the constant intensity rainfall pattern on an hourly scale cannot be recommended,
especially for rapid catchments. Various studies have shown that infiltetmess surface
runoff is modelled better using a sdhily time step rather than daily tirs¢ep models, and
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peak rates of rainfall are recognized as the most important controls for reumiafi
modelling (e.g. Yu et al., 1998 Socolofsky et al., 20Q1Kandel et al., 2004Kandel et al.,
2005.

3.1.2 Modelling at short time steps to evaluate at larger time steps

Given the importance of stdmily variability of rainfall for runoff modelling, one may be

more conident in a model running with short tirs¢ep data than a model running with larger
time-step data, even when the target model assessment time step is large. However, in the
literature there is a limited number of case studies, where a rainfiaiff modé is run at a

short time step and its outputs are used or evaluated at a larger tinfe gtepghes, 1993
Finnerty et al., 1997Schreider and Jakeman, 20&kannan et al.,, 2007Jeong et al., 2010

Yang et al., 2016 Typically (sub)hourly or daily time steps are used for running the model
and then performance assessment is based on daily or monthly aggregated outputs,
respectivelyHughes (199Bdiscussed the advantages of using finedaily time steps up to

5 min by applying a variable tim&tep model structure to two searid catchments and a

total of six storm events. The results suggested that theladed runoff volume may be
improved as the time step decreases up to 1 h for one catchment and even up to 5 min for the
other catchment with higher rainfall intensities and a faster respbmseerty et al. (1997
analysed the sensitivity of the SARMA model to the spatial and tempbdiscretization of

rainfall inputs while holding the parameters constant. They showed that the runoff volumes
cumulated over a-gnonth period significantly changed when the time step decreases from 6 h
to 1 h. The surface runoff resulted in being the esporally sensitive model component,
which is attributed to the varied averaging of higtensity shorduration precipitation
events that affect surface runofieong et al. (203Qdeveloped a suhourly version of the

SWAT model and tested it on a small catchment. They showed the improvement in model
performance when suthaily predicted streamflows (at 15 min and 1 h) are aggregated to
daily averages compared to daily simulatiosuits. Similar results were shown alsoYsng

et al. (2018, using hourly and daily rainfall observations as inputs of the SWAT model for
daily streamflow simulation on one meditgized catchment, e, for the same model,
contrasting results were found Egnnan et al. (20Q7or the ranking of subdaily and daily

inputs options on one small catchment.

Despite these overall encouraging findings, the common modelling practice is still to choose
the model and input data time step equal to the evaluation time step. The assessment of
aggregateautputs using shorter tirgtep data is rarely reported, even among the increasing
number of studies examining the time scale dependencies of rainfaff model parameters
(e.g.Littlewood and Croke, 2008Vang et al., 20090strowski et al., 20LQittlewood et al.,

2011 Bastola and Murphy, 2013.ittlewood and Croke, 2033In these studies, simulation
outputs and performance scores at different time stepss@metimes compared at one
aggregation time scale, daily or houfg.g. Wang et al., 200%and sometimes without a
preliminary aggregatioffe.g. Littlewood and Croke, 20p8However, the rankings of model
performance at different time steps may depend on the evaluation time scales chosen for
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comparative analysis. A comparison across a wide range of evaluatioscties could help
find general tendencies or specific behaviours emerging at certain time scales.

The case of artificial reservoirs is an example of an application of hydrological models that
could benefit from time steps shorter than the operation model step. For large floed

control or wateisupply reservoirs, their management may only require the forecast of daily
inflows, but these daily inflow forecasts may be obtained using an hourly model and
aggregating the outputs to obtain the daily inflowisTéould provide a better description of

flood events, which contribute most of the flow volume. Although this approach is still rare in
the reservoir operation literature, examples of its advantages can be found. For example,
Schreider and Jakeman (20Gipplied the IHACRES model at ahburly time step for ten
catchments in the Upper Murray Basin, feeding Hume and Dartmouth lakes, two of
Australiabds four | ar ges tterm daydorevasts of sreamflbmse y s h
used for reservoirso6 operational +eurlystge ment
simulations with the same or higher accuracy than by daily model simulations.

Although this approach of using shorter time steps intuitively makes sense, rinem/aral
reasons that may limit the added value of short-8tee data when looking at results at larger
aggregated time scales. First the model input data, especially rainfall, may have a lower
signatto-noise ratio at shorter time steps due to thatgredifficulty validating data and the
greater uncertainty in areal averaged rainf@flg et al., 1997 Obled et al., 2009 Second,
catchments behave like lepass filters, which may smooth out the shiertm variability of

input and limit the sensitivity of outputs to this additional inforiorat This may be especially

true when the characteristic time of studied events is far longer than the time stée.gised
Obled et al., 2009 The model structure itself may also be less appropriate to catch the greater
complexity of processes at shorter time steps, as already expressed for exarhhlghey

(1993. Last, the averaging effect of output data aggregation may also limit the usefulness of
using fine timestep input data. Hence, it is useio investigate the influence of the time step

on modelling results, since there may be a compromise between the expected advantages
obtained by refining the inputs and the model time step, and the possible limits affecting
model efficiency at shorter tiensteps more than at the larger evaluation time step.

3.1.3 Scope and structure of the article

The literature review has shown that, despite the general knowledge of the importanee of sub
daily variability of rainfall for flood volume modelling, the advantagésising rainfall data

at fine temporal resolution for flow simulation are still not well quantified. There is a need for
further investigations to evaluate the usefulness of short-diege information for
hydrological model simulations, by comparing diéfiet model timestep outputs at common
aggregated time scales, using a large set of catchments. A parallel can be made between these
investigations on the temporal discretization issue and the studies conducted to investigate the
impact of refined spatiatliscretization of catchments on modelling results, which have
received more attention in the literatufgee e.g.Obled et al., 1994Das et al., 2008
Lobligeois et al., 2014 RecentlyMelsen et al. (201§anoted the surprising contrast between
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the trend of increasing spatial resolutions and the stagnation of time steps usedritiaralib
and validation of the VIC model (based on 192 studies of last two decades), and they
advocated the need of a simultaneous refinement of temporal resolutions.

The present research aims at better understanding the usefulness of fiseepirhgdre

climatic data for hydrological model performance on a large set of 240 catchments and 2400
flood events. This will allow going beyond the specific conclusions of previous single
catchment tests by investigating the relationship of model performance behatvitifierent

time steps with a number of catchment and flood event characteristics. Simulations made at
different subdaily time steps (up to 6 min) will be aggregated and compared at selected
evaluation time scales going from skiburly to daily. This chice is essential to provide a
rigorous evaluation framework and to ensure consistency in the comparison. This analysis has
the advantage of quantifying the possible improvements in hydrological simulations evaluated
at certain aggregated time scales usingrter timestep information.

In Section 3.2, the general testing framework and evaluation methodology followed for
comparing simulations at different model time steps are presented. In Section 3.3, the results
of model performance at different time stepn the whole catchment set are presented and
discussed. The different performance behaviours and the possible explanatory variables
behind these differences are investigated. Section 3.4 provides some concluding remarks and
discussion on the limitatioraf this work and the perspectives for further research.

3.2 Testing approach and evaluation methodology

3.2.1 Testing approach for model evaluation at different time steps

The main objective of this study is to analyse the usefulness of using short time step
information and modelling when the analysis is performed at larger (aggregated) time steps.
To this aim, we applied the testing approach summarized in Fig. 3.1.
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Model time step (t.s.) x; € X, Model time step (t.s.) x;, € X,
6—,12—,30 — minute 6—,12—,30 — minute
X, ={1—,3—,6—,12 — hour Xn = { 1 — hour
1 day
Precipitation Precipitation
observations observations
atts x; atts x
GR4 GR4
rainfall-runoff rainfall-runoff
model model
Simulated Simulated
streamflows streamflows
atts. x; atts. x
Daily aggregation Hourly aggregation
Simulated Simulated
streamflows streamflow s
at daily t.s. at hourly t.s.
Evaluation and Evaluation and :
comparisons comparisons
(forall x; € X;) (for all x, € Xy,)

FIGURE3.1 z Testing approach followed for model evlation and comparisons at different time
steps. Left panel: daily evaluation for simulation time steps from 6 min to 1 day; right panel: hourly
evaluation for simulation time steps from 6 min to 1 h.

The GR4 model is run at a short time step using inpansl simulating outputs at the same

time step. Then model outputs are aggregated at a larger time step, which is called the model
evaluation reference time scale. The model was run at eight time steps: 6, 12, 30 min, 1, 3, 6,

12 h and 1 day (d). So, all tersteps are multiples of shorter time steps (except in the case of

30 and 12 min). For an exhaustive comparative evaluation, output series at a certain model
time step were aggregated at all the larger time steps: 12, 30 min, 1, 3, 6, 12 h and 1 day. This
met hodol ogy aims to answer the question: n WF
can model performance benefit from shortertene ep i nf or mati on and mo
the significance of the differences between model performance at difféanamtsteps,

statistical tests were performed. Since the evaluation statistics of models at different time
steps are paired (i.e. the same basins are used) and not normally distributed, we used the
Friedman rank test, also known as the Friedmanviap andysis of variance(Friedman,

1937, to determine whether two or more paired samples have been selected from populations
having equamedians.
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3.2.2 Calibration and evaluation procedure

The available 8/ear data period was split into two test gadriods (01/08/200%31/07/2009

and 01/08/20031/07/2013). Eight years were judged sufficient to applying a common
calibrationvalidation procedurde.g. as shown at a daily time step by Merz et al., 2009
following the splitsample testK | e me g ) on1h@ 8v6 #year subperiods. The models
were calibratedn each sulperiod, using the KlinigGupta efficiency (KGE) criterio(Gupta

et al., 2009 as objetive function, calculated on all the time steps of the-etiod before
aggregation at the evaluation reference time scale. The KGE criterion is calculated as:

0 "00 p i p W p w p (3.1

wherer is the linear correlation coefficient between simulated and observed floissthe
ratio of the standard deviation of simulated flows to the standard deviation of observed flows,
i.e. a measure of relative variability between simulated and obserusssy@is the ratio of
the mean of simulated flows to the mean of observed flows, i.e. an index of the overall bias in

water balance. The 6ideal 6 whidiusl. for KGE and

The model evaluation is presented here only onltdoa fevents of the validation syderiod

after temporal aggregation at each reference time scale. The overall evaluation was performed
with the KGE criterion and its three components (variability ratioatio of meang and
correlationr). To ensure thesignificance of these aggregated statisticS @it and ),

these criteria were calculated on the ten events taken altogether for each catchment (and not
on each single event individually). Moreover, for events with durations shorter than three
days, the event start and end were adjusted to have an evaluation period lasting at least three
days.

For the comparison of simulations at different model time steps, we used the relative KGE
Index (Y ) as formulated byerat et al. (2012to compare two modelling options, here
called alternatives, i.e. simulation at the reference time ste@ndx, i.e. simulation at the
shorter time steg<r:

(3.2)

343

an
an

33

: - an
Y g &

where & p 0 'O0Gs a metric measuring the discrepancies between simulated and
observed flows, withm=0 for a perfect simulationj is the observed streamflow at the
reference time step i is the simulated fio using the model at the reference time stapd

n is the flow simulated at time stegr and then aggregated at time ste}y ~ ranges from

il to 1, with positive values c oxwithersspestndi ng
to the reérence, and viceersa for negative values. The interpretation of this index is further
detailed in Table 3.1 adapted frdrerat et al. (2012 The bounded range of the index is an
advantage for calculating mean results over large sets of catth(a.g. Mathevet et al.,

2006.
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i, o> | O A jha /0 A yRa Interpretation
1 0 Simulated flow (gm) at time stgp (t.s.) x is perfect according t
metric m
05 1/3 Error metric m for gmat t.s. x is 3 times smaller than for referer
r

0.33 1/2 Error metric m for gmat t.s. x is twice as small as for reference
0.05 9/10 Error metric m for gm at t.s. x is 10% smaller than for referencg
0 1 Error metric m for @m at t.s. X is equal to that of reference r
10.05 10/9 Error metric m for gmat t.s. x is 10% larger than for reference
10.33 2 Error metric m for gmat t.s. X is twice as large as for reference
10.5 3 Error metric m for gm att.s. x is 3 times larger than for referenc

[ +H Osimat t.s. r is perfect according to metric m

TABLES3.1 z Summary for interpretation of the relative KGE indexRkce, between simulations at the
reference time step r and the shorter time step x using the error metricl aha Eﬂ |TAEA
(Lerat et al., 2012.

A complementary assessment was carried out on each flood event individually to evaluate the
proper identification of flood peak magnitude and timing. This was based on three event
based criteria, name0 Yo , andw ‘Qdefined as:

C

0

Yoo ———— (3.3)
0
Yo 00 00 (3.4)
B N s N &
w0 p - (3.5)
B N s
whereY0 [] is the 6peak flow erroré6 that has an
overestimation and negative for underestimation; and 0 are the simulated and
observed peak flow amplitudes, respectivdiy; [ti me st ep s ] i's the O6ti me
has an ideal value at zerd:0 and o 0 are the time steps of the observed and
simulated peaks, respectively; -] is the O6vol umetriCrssandf i ci e

Winston (2008, that has an ideal value at 1. For an unbiased model, VE represents the
fraction of water delivered at proper time along a time horizon (i.e. the flood event peniod of
time steps, in our case), so it is a measure of tkeeaw\goodness of simulated streamflows
timing.

3.3 Results and discussion

3.3.1 Performance with time step over the whole catchment set

In this section, we present a summary of the results of our testing approach for the whole
catchment set by evaluating over tleested flood events the outputs obtained at different
model time steps and then aggregated at the reference evaluation time scales. Figure 3.2
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shows a summary of how model performance evolved when evaluated at a daily reference
scale by the relative KGEhdlex {Y ) as the model time step varies from daily to 6 min
(from right to left on the horizontal axis). The mediagcRIndex is positive at all the sub

daily time steps (Fig. 3.2) and reaches its maximum at 6 h"'With=0.05, meaning that the

error metric (AKGE) is 10% smaller than for the daily reference (see Table 3.1).

Median - 1st/3rd quartile ~  =---- 5th/95th percentile

Rkee [X |1d]

6m 12m  30m 1h 3h 6h 12h 1d
Model time step [log(s)]

FIGURE3.2 z Summary of the relative KGE index normalized with daily reference over the whole
catchment sample as the moddlme step changes from 6 min to 1 day.

Figure 3.2 suggests that the model performance atlailjptime steps evaluated on a daily
basis is higher than at the daily time step on average over the entire catchment set and this
improvement seems to stabilizem 12-h or 6h time steps. The Friedman test applied on the
KGE indices at different time steps confirms the significance of performance differences
between the median KGE valugs\alue< 2.2e16) and the trends in performance seen in
Fig. 3.2: (i) tre performance greatly improves passing from 1 day to 12 h, and the
performance upper bound is reached at tHe tBne step, for which the median KGE is
significantly higher than at all other time steps, except thetiBe step; (ii) a trend reversal
(KGE degradation) is found going from thehlto the émin time step, which results in a
statistically nomsignificant difference between KGE from thentn and tday model time
steps (at significance level 0.05).

The distinctive KGE components (variability ratipratio of mean$ and correlatiorr) were

used to evaluate whether the differences in performance at different time steps can be related
more to the variability, balance or timing of streamflow. Figure 3:B-¢ashows a summary

of the statistics of how these three components evolvedasaged at the daily reference

scale over the time steps tested. Note that the optimal value for the three components is 1. On
average over the whole sample, the relative variability and the correlation at the daily time
step are improved by going towarsisorter time steps, while on the contrary the capacity of

the model to reproduce the water balance (ratio of mbarss slightly deteriorated. It
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therefore seems that reducing the time step has the caiifgetr of limiting the capacity of
the model tomaintain a good water balance simulation in Higlv conditions. However,
note that: (i) the median bias over floods was already significant at the daily time step
(b=0.935) and worsens of 0.036 points passingtarétime step; (ii) when evaluated oreth
whole time series, the median ratio of medr)sq stable at 1 for all time steps (not shown).

Table 3.2 reports a summary of the evaluation by the three-basad criteria0 Yo , and

® ', calculated on each flood event after aggregatiornefsimulated hydrographs at the

daily reference time scale. All the evdrdsed performance criteria improved as the model
time step becomes shorter. The largest improvement is obtained when passing from 1 day to
12 h. The negative median peak flow errgiiew that, on average, simulated peaks are under
estimated by the model at all time steps, but are closer to observed peaks at shorter time steps.
The overall timing of the hydrographs is better reproduced atlgilyptime steps with respect

to daily, asreflected by the VE values. The flood peak timing is improved at shorter time
steps on a significant part of the 2400 events (e.g. passing from daHly tw Shorter time
steps,Yo becomes null for more than 300 events). This improvement concernasée of
advancedYo pQ or delayed Yo  pQ) simulated peaks, that are reduced atdaily

time steps, and is more significant considering only events witliailplag times (e.gYo

is null respectively for 60% and 79% of the 1079 eventh Vaig time shorter than 12h at

daily and 6h model time step). This expected result confirms previous findings in the
hydrological literature, illustrating that daily models inevitably fail to correctly reproduce
hydrograph timing due to the aggregatiofeef at the daily scalée.g. Asadzadeh et al.,

2016.
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FIGURE3.3 z Summary of the KGE components evaluated on flood events at the daily reference scale
over the whole catchment sample as the model time step changes from 6 min to 1 day. (a) Relative
variability, a; (b) ratio of means b; (c) correlation,r.
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Model time step

6-min 12-min 30-min 1-h 3-h 6-h 12-h 1d

Median peak flow error,

e -10.5% | -10.6% | -10.9% | -10.6% | -10.7% | -11.2% | -12.6% | -17.1%
YU [%]

Median volumetric

- 0.759 0.760 0.759 0.759 0.761 0.763 0.756 0.737
efficiency, VE []

Number of events with
null time to peak error, 1760 1764 1758 1760 1747 1748 1680 1443
Yo TQ@%onthe | (73.3%) | (73.5%) | (73.3%) | (73.3%) | (72.8%) | (72.8%) | (70.0%) | (60.1%)

whole set)

Number of events with

positive time to peak errol 351 348 352 353 357 362 387 480
YO pQ@onthe | (14.6%) | (14.5%) | (14.7%) | (14.7%) | (14.9%) | (15.1%) | (16.1%) | (20.0%)
whole set)

Number of events with

negative time to peak errq 289 288 290 287 296 290 333 477
Yo P Q% onthe | (12.0%) | (12.0%) | (12.1%) | (12.0%) | (12.3%) | (12.1%) | (13.9%) | (19.9%)
whole set)

TABLE3.2 z Summary of model performance over the 2400 flood events set, evaluated at the daily
reference time scale, byhe three eventbased criteria, YO Y0 , andc Qbest values are highlighted
in italics).

The same simulation results were evaluated|ahalreference time scales from 12 h to 12
min. Figure 3.4 shows that the distribution of the relative KGE index has analogous behaviour
at all the reference time scales. TResze distribution is symmetrical around zero, which
means that the performanaegroved by using shorter model time steps for approximately
onehalf of the catchments and that it deteriorated for the other half. This result may appear a
bit paradoxical since one could expect that a shorter time step systematically yields
performance mprovement by providing additional information. However, this can be
explained by the limits of the added value of short {8t@p data discussed in the introduction
(see Section 3.1.2).

The mediarRkce index is quite stable at all model time steps fothadl reference time scales,

being slightly positive just for the 112 reference time scale (as it was for 1 day) and slightly
negative at all other reference scales. This is in line with the results found at the daily
reference time scale for which KGE nma values of the 6 timestep model were
significantly higher than other model time steps. Hence these results indicate that, for
reference time steps shorter than or equal to 6 h, on average and on our catchment set, there is
no added value of using ster model time steps (when evaluation is based on outputs
aggregated at the reference time scales).

As the reference time scale decreases, the interquartile range is narrower around zero,
meaning that the differences in performance become smaller. This could be expected, since
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the time scales are increasingly closer (note the logarithmic scale ofatie in Fig. 3.4).

For the extreme behaviours, the largest jumps in performance are found passing from the
reference time scale to a model time step equal téhalier onethird of the reference. After

that, there is a slower trend, or a plateau of perémice is reached.
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FIGURE3.4 z Summary over the whole catchment set of the relative KGE Index normalized to
different reference time scales: (a) 12 h; (b) 6 h; (c) 3 h; (d) 1 h; (e) 30 min; (f) 12 min.

Like the daily evaluation, the Friedman test applied on the KGE indices evaluated at all the
different reference time scales confirmed the presence of significant differences between the
median KGE values at different model time steps (wifhvalue < 2.2€l16). The ranking of

the results from different model time steps is coherent with that found at the daily evaluation

time step.
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The evaluation by the evehased criteria at all the reference time scales leads to similar
conclusions. Consistently with theilyaevaluation, from 1zh to 3h reference time scales,

the identification of flood peaks and timing is improved at shorter time steps. For example,
for the 6h reference, the median er&SH is reduced from0.17 at 6h time step t60.13 at

1-h or shater, 1+ fis stable, and 4 becomes null for more than 430 events-&t time step

or shorter. The differences in performance are smaller as the reference scale decreases, and
vanish from 1h or shorter. For the hourly reference, median valué75|}q>rfandw fare stable

(at-0.14 and 0.73, respectively) for all shorter model time steps.

3.3.2 Behavioural catchment clusters for the evolution of model
performance

For more detailed analysis, the daily reference was chosen because of the greater differences
between performance at the daily reference scale and at shorter time steps. We distinguished
three types of performance behaviours with time steps: (i) improvement, (ii) insensitivity and
(i) degradation of the KGE Index as the time step becomes shortgraiittoned the set of
catchments into distinct groups using clustering analysis techniques. The optimal number of
clusters was confirmed to be three, based on the optimum average silhouette width and the
CalinskiHarabasz criteria(Ca |l i Es Kk i and ). Ha patitoa sthe , catcintem 4
behaviours, we used the-ideans algorithm, a welinown iterative algorithm solving the
clusteing problem by minimizing a sum of squared Euclidean distances from the centroid of
the groups. The result of this clustering method is shown in Fig. 3.5 in terms of the changes
with time step in the relative KGE Index at the daily reference scale. istis@tsummary of

the three catchment clusters is reported in Table 3.3. It shows that half of the catchments are
not statistically sensitive to the time step (not at all or only slightly) and that a similar
proportion (about onéourth each) is subjecbteither improvement or degradation, with a
larger number of improvements.
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FIGURE35 z Partitioning of model performance with time steps over the 240 catchments (one line
per catchment) in three groups using thek-meansalgorithm. The three clusters correspond to (i)
improvement, (ii) insensitivity or (iii) degradation of the KGE Index aghe time step becomes finer.

Improvement Insensitivity Degradation

cluster cluster cluster
0.06 10.09 10.36

Min, median, max relative KGE index values of _
h model (with daily ref.) 0.19 0.03 10.14
0.60 0.20 10.03

Number of catchments (% on thdiole set) 65 (27%) 122 (51%) 53 (22%)

Median KGE of da|l3r/er:)odel (evaluated at daily 0.708 0.700 0795
Median KGE of 121rr;o)del (evaluated at daily 0.785 0.712 0.762
Median KGE of 6h model (evaluated at daily ref 0.815 0.720 0.742
MedianKGE of 3-h model (evaluated at daily ref 0.804 0.713 0.720
Median KGE of th model (evaluated at daily ref 0.803 0.716 0.735
Median KGE of 3&n|?e;n)odel (evaluated at daily 0.804 0.716 0.697
Median KGE of 12mrr1e:cn)odel (evaluated at daily 0.799 0.722 0.692
Median KGE of 6m|nrer;())del (evaluated at daily, 0.798 0718 0698

TABLE3.3 7 Statistical summary of the three behavioural catchment clusters of model performance
evolution, with median KGE values of simulations at different time steps, evaluated on flood events at
the daily reference scale.

Figure 3.6(ad) shows a summary of thdistribution of the KGE Index and its three

componentsg, b, r) over the three catchment clusters for the two extreme model time steps

(daily and émin) evaluated at the daily reference. Figure 3.6(a) shows that, on average, the
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improvement catchment dter presents lower KGE values for the daily reference model than
the degradation cluster. On these catchments, the margin of progress is therefore greater, and
the large time step may be an actual limitation for the model to reach higher performance. For
the improvement cluster, the KGE increase is related to an improvement in the relative
variability and correlation (i.e. at thergin time stepa andr values are closer to 1), while the
average ratio of meand)(slightly deteriorates. For the degradatioluster, the drop in
performance is mainly explained by a counterproductive augmentation of the relative
variability, which was already too highX1), and a degradation of the bias (ratio of means
which was already too low), while the correlationfagly stable. The KruskaWallis non
parametric tes(Kruskal and Wallis, 1952was used towaluate whether the mean ranks of

the KGE Index and its components are significantly different between the catchment clusters.
The test confirmed the significance in differences (at the 0.05 significance level) between the
three groups of all the performanindices at the reference and finest time scales (daily-and 6
min), except the daily bias. The most significant differences are in the relative variability
component.
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FIGURES3.6 z Distribution over the three catchment clusters of the performance scores of the daily
and 6-min models evaluated at the daily reference scale: (a) KGE; (b) relative variabiligy, (c) ratio

of means b; and (d) correlation,r. The box plots report the median value and interquaite range, and
the whiskers represent the minimum and maximum values. The optimal score (1) is highlighted by a
horizontal dashed line.

3.3.3 Understanding the causes underlying the behavioural catchment
clusters

To better understand the differences betweertasiswe first searched for possible regional
trends. The geographical distribution of clusters is shown in Fig. 3.7. Except for a cluster of
degrading catchments in northwestern France, no strong regional trend could be identified.
This may indicate thalbcal physical characteristics have a greater influence than regional
climatebased influences. The comparison of Fig. 3.7(c) and Fig. 2.1 (with the network of 6
min raingauges, see Chapter 2) also shows that the zones with lower benefits (or degradation)
are not systematically the zones with lower density of rain gauges (see for example the south
east Mediterranean arc).
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FIGURE3.7 z Geographical distribution of the three behavioural catchment clustersesponding to (a)
improvement, (b) insensitivity and (c) degradation of the KGE Index as the time step becomes finer.

Therefore, the different behavioural catchment clusters were analysed in relation to 20
explanatory variables, i.e. the morphological agdro-climatic (MH) characteristics, the rain
gauges density (RGD) indicators (see Chapter 2, Table 2.1) and the floochasedt(FE)
characteristics (see Chapter 2, Table 2.2). The Kriskalis test was performed to decide
whether the distributionsf dhese variables are significantly different for the three catchment
clusters. The rejection of the null hypothesis (p<0.05) means that the explanatory variable
considered in the test is likely to have an imprint on the evolution of model performance with
the time step. Table 3.4 reports the results of Krudkalllis test on the explanatory
variablesd distributions and their medi an
characteristics that turn out to have significant differences among catchlusters (at
significance | evel 0.05) are mostly flood e
precipitation does not appear among the most influential FE characteristics. None of the
morphological or hydralimatic descriptors showed significadifferences between clusters,
except the streamflow autmrrelation, but this is highly dependent on the dynamics of flood
events. The smaller catchments could be expected to present faster responses to precipitations
and to benefit more from fine tempbrasolution of rainfall but this was not the case on our
catchment set. None of the-nin rain gauges density indicators showed significant
differences between catchment clusters of model performance. This surprising result could be
related to other facte impacting the quality of rainfall data that we did not consider in our
analysis (e.g. measurement errors ahi® rain gauges, uncertainty on daily amount, rain
gauges spatial distribution, etc.). We remind also that the spatial resolution of thdadaily

used is 64 k) so the uncertainty of daily precipitation is larger for smaller catchments. This
could partly explain the nesignificant difference of catchment area and rain gauges density
indicators between clusters.

For the influential charactetisi ¢ s , the clustersé ranking i s
the same along the entire cumulative distribution), as shown in Fig-I8.88a expected, the

model performance tends to benefit more from finer time steps for rapid basins with a shorter
response time and higher streamflows and rainfall temporal variability, i.e. a lower GOUE
Index, a lower daily flow autgorrelation, and a higher flow shape coefficient and gradient.
Also, for catchments with shorter flood and storm duration the perfoemsigaificantly
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benefits from finer time steps. Conversely, performance tends to be insensitive or deteriorate

at shorter time steps for slower catchments with highly -eateelated streamflows and

longer flood events. Note that the GOUE Index calculaiedstreamflows proves more
significant than the one calculated on rainfall, as shown by the different orders of magnitude

of the pvalue in Table 3.4 and the distance of cluster distributions in Fig. 3.8(c) and (h). This

is in line with the fact that theinfall temporal variability is not sufficiently smoothed out by

t he model for t he degradati on cdstimatedeflowd s c a't
variability discussed in the previous section.

Note also that some of these significant characterigteorrelated, as discussed in Chapter

2, but we chose to keep all of them in the analyses. This choice is motivated by the fact that
setting a discriminating threshold of correlation would be an excessively arbitrary choice,
because some characterisficeve more significant than others even if highly correlated with
each other. This is proved by the different orders of magnitudevalues for the correlated
flood-based characteristics. Moreover, some characteristics, such as catchment area and
hydradic length, do not show an imprint in the evolution of model performance, even if quite
well correlated with the rainfalunoff lag time (r=0.61 and r=0.68).

As complementary analysis, we performed the statistical test by considering different classes
of catchments, in order to search for possible patterns masked by considering all the
catchments together. We split the total set of 240 catchments intsetubf 120 catchments,

by considering the median value of each characteristic that did not shoificaign
differences between clusters (MH & RGD). On each-setbwe performed the Kruskal
Wallis test to decide whether the distributions of the variables (MH & RGD) not used for sub
setting were significantly different between catchment clusters. Moreawerchecked
whet her the <clusters?o ranking was t he same
characteristics subject to testing (as in Fig. 3.8). Only the daily precipitation intensity
coefficient emerged as influential for some conditions (at smmfie level 0.05): (i) for
catchments with low altitudes (z<363m); (ii) for catchments with low runoff coefficient
(RC<0.34). This analysis, still neexhaustive, shows that other masked general patterns are
not easy to detect by considering only-sasof particular catchments.
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# Explanatory variable Median by cluster p-value
@) (ii) (iii)
Improvement | Insensitivity
Degradation

MH9 Flow autecorrelation at 24 h-| 0.80 0.85 0.88 9.4 x 16¢
FE1 Flood duration [h] 79.00 116.25 136.50 9.7 x 1
FE8 GOUE Index of daily streamflow (atrfn ref.) ] 0.59 0.73 0.80 9.3x 1@
FE4 24-h flow shape coefficient][ 1.38 1.20 1.17 1.3x 16
FE2 Storm duration [h] 26.50 35.75 40.00 8.1x1¢
FES Mean flow gradient [mm/h?] 0.018 0.009 0.012 6.7 x 16
FE6 Rainfaltrunoff lag time [h] 9.55 14.13 15.40 9.3x 16
FE7 GOUE Index of daily precipitation (aitrén ref.) f] 0.13 0.18 0.17 2.0x 1&
RGD2 | Average rain gauge area [km?] 289.05 316.91 270.23 2.1x 10!
MH8 Base Flow Index][ 0.58 0.57 0.55 2.9x 10!
MH6 Runoff coefficient 0.34 0.33 0.38 3.6x 10!
MH10 | Daily precipitation intensity coefficien][ 9.29 9.22 9.19 4.2x 10!
MH4 | Average slope] 0.09 0.08 0.07 4.5x 101
FE3 Event amount of precipitation [mm] 54.14 63.02 65.55 4.6x101
RGD1 | Number of rain gauges influencing the catchmept [ | 5 5 5 5.1x 10!
MH5 Topographic Index] 13.02 13.38 13.24 8.3x 10!
MH2 Hydraulic length [km] 24.27 24.66 2491 8.6x 10!
MH7 | Aridity Index {] 0.78 0.75 0.76 9.2x 10!
MH3 | Averagealtitude [m] 371.38 365.04 325.19 9.3x 10!
MH1 | Catchment area [km?] 381.56 332.43 358.51 9.8x 10!

TABLE3.4 z Results of KruskdWallis tests on the differences of potential explanatory characteristics (flood
eventbased (FE), morphological and hydilonatic (MH) characteristics and rain gauge density (RGD)
indicators) for the three behavioural catchment clustenslered by p-value. The first eight characteristics
highlighted in italics show significantly different medians among catchment clusters at a significance level 0.05.
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FIGURE3.8 z Cumulative distributions of the eight characteristics presenting significant differences
among the three behavioural catchment clusters: (a) flow autoorrelation at 24 h, (b) flood duration,

(c) GOUE Index of daily streamflow (at6nin reference), (d) 24-h flow shape coefficient, (e) storm
duration, (f) mean flow gradient, (g) rainfallrunoff lag time, (h) GOUE Index of daily rainfall (at-6
min reference).

3.4 Conclusions and perspectives

3.4.1 Summary

This research aimed at understanding the potential hydralogenefit of short time step
hydro-climatic data to simulate streamflow, over a large and varied set of 240 catchments and
2400 flood events. A lumped rainfalinoff model was run at eight time steps from 6 min to 1
day. The modelling results at diffeteiime steps were aggregated and compared at different
evaluation time scales ranging from duturly to daily. The statistical analysis of the
simulation results on the whole catchment set showed significant differences in model
performance at differeninie steps.

On average, the use of shorter time steps significantly improved streamflow simulations when
evaluating on a daily or 1R reference time scale, with the greatest improvements obtained
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for a time step of 6 h. At shorter reference time scalds ¢8 shorter), the differences in
performance are smaller and there is a trend reversal, i.e. a slight average degradation of
performance at finer time steps on our catchment set. At all the evaluation reference time
scales, three types of behaviours effprmance evolution with time step can be found: (i)
improvement, (ii) insensitivity and (iii) degradation of the KGE Index as the time step
becomes shorter. At all reference time scales, the largest jumps in performance are found
when changing to a modgine step equal to orealf or onethird of the reference. However,

as the reference time scale decreases, performance varies less.

An assessment of the ability of the model to correctly reproduce peaks magnitude and timing
over the 2400 flood events skhed a marked improvement passing from daily to-caiby

time steps for both aspects. In particular, the results highlight that a daily model time step
provides poorer results in representing flood peaks and timing, even when the simulation is
evaluated aa daily scale.

The three different classes of model performance behaviour were further analysed at the daily
reference time scale, for which the largest performance differences were found. The KGE
components of relative variability and correlation araisicantly different among catchment
clusters at the two extreme model time steps (daily and 6 min), and are improved or degraded
at shorter time steps depending on the catchment clusters. In contrast, the daily bias is not
significantly different among uabkters and is slightly degraded on average over all three
clusters.

The relationship of the different behaviours with a number of catchment and flood event
descriptors was investigated by statistical tests. Some characteristics showed significant
differenees between behavioural catchment clusters: the fddw autoecorrelation, the flood

and storm duration, the rainfallinoff lag time, the flow gradient and shape coefficient and
the GOUE Index of temporal variability in rainfall and streamflow seriesav@nage, model
performance is significantly improved at finer time steps for the basins presenting shorter
response times and flood durations, lower streamflow-emrti@lation, and shorter and highly
variable storm events, i.e. low GOUE(P) values. On dtieer hand, for the catchments
characterized by higher flow autmrrelation and longer but less intense events, model
performance is degraded at shorter time steps, on average, mainly because of the excessive
variability of the simulated flows.

3.4.2 Limits of this study and further research needs

The positive and original aspect of this work is the use of a large number of catchments and
an evaluation methodology based on different reference time scales, for the sake of seeking
general conclusions. The resuisnfirmed that working on different catchments and time
scales is necessary, since different model performance dependencies on time step were found
over different catchments and across the range of reference time scales. However, the results
may still be #ected by certain limitations.
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First, the results may be dependent on the single model structure used in this study across
different catchments and time steps. The GR4 model is a simple but robust model, which has
already demonstrated good performanceosxra wide variety of catchments at daily and
hourly time stepge.g. Perrin et al., 2003Le Moine et al., 2007Van Esse et al.2013.
However, we know that some of our colleagues would prefer aptatie model structure
(e.g.Fenicia et al., 2031vVan Esse et al., 20).3Also, the same model structure was applied

at all time steps by simply adapting certain time stependent parameters, with average
good performance at all time steps. This is in line with previous studies on the GR4 model at
daily and hourly time stepg.g. Le Moine, 2008 The coherent and good performance across
time steps confirms that the GR4 structure is flexible enough to run properly at daily and sub
daily time steps as well. However, since the GR4 model was originally deddjape more
extensively tested) at a daily time step, some refinements of the model structure may still be
necessary at sutbaily time steps. Specifically, it was noted that the bias (evaluated on flood
events) tended to slightly degrade from daily to sraime steps, i.e. the model capacity of
controlling the water balance is slightly degraded atdaily time steps. Thus the proposed
model testing approach across time scales proves to be a valuable tool to diagnose model
deficiencies. The performancé GR4 model at subaily time steps would rise if a solution

was brought to the water balance degradation issue (and this would reduce the number of
surprising cases where overall performance degraded with shorter time steps). Thus, the
actual benefits imsing refined resolution input data may be underestimated by the use of the
current fixed structure of GR4 at sdhily time steps. More research on large data sets using
other models is still needed to improve our quantitative understanding of the$ehesing

shorter time step data.

The results may also partially depend on the calibration and evaluation methodology used. In
this study, a simple calibration function based on the KGE Index calculated on streamflows at
the model time step resolutiovas used. The choice of the objective function may be partially
responsible for the bias degradation on flood events. Indeed the simulations at shorter time
steps may be more constrained to follow the fine temporal dynamics than to reproduce the
long-term water balance. Hence some adaptation of the objective function may be needed
when changing model time step and this could help solve some cases of degradation when
evaluating at longer time steps.

Last, another limitation of this study is the applicatidronly a lumped approach for spatial
discretization. This does not allow considering the spatial heterogeneity in precipitation over
the catchment, which is greater as the time step decreases, and the interactions between spatial
and temporal discretizatio Therefore, further research will explore the extension of the
testing framework presented at multiple time steps with a -destnibuted modelling
approach, in line for example with the study reportedLbbpligeois et al. (2014, thus
investigating the effect of spatial and temporal discretization simultaneously.
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4. Model diagnostics at multiple time steps

In Chapter 3, we have shown that the GR4 rairfaibff model may be run at multiple time

steps simply by adaptation of some of its parameters, with good average accuracy over a large
catchment set. However, this is only a necessary starting point, anaisgprovements at

shorter time steps seem to be needed. In fact, some problems have been noticed, such as the
degradation of performance affecting a significant number of catchments as the time step
decreases. In particular, we have highlighted a worgeointhe underestimation of flood
volumes when using shorter modelling time steps. In order to investigate the possible causes
of these undesirable problems, we proceeded to a model diagnosis by specific evaluations of
the model inpustateoutput responsat different time steps.

First, we show that the temporal variability of precipitation inputs has a significant impact on
model performance over flood events, contrary to potential evapotranspiration. At first glance,
this impact may seem just an expeécigeneral improvement. However, by analysing the
model bias, a countentuitive degradation of the capacity of reproducing the water balance is
still observed by using higher resolution precipitation patterns, instead of a conttasity
pattern ovetarger durations. Since the precipitation volume is constant and only its temporal
distribution changes, this result clearly indicates the presence of structural problems in the
way the precipitation is processed in the model.

Then our model diagnosis sased on targeted evaluations of the consistency of the inner
fluxes of the model, especially in terms of volumes of water losses and gains that contribute
to reproduce the water balance. Our analyses show how neglecting what can be considered as
the inteception process in the GR4 model (or badly representing it) has a cascade of
consequences at different time steps. The automated calibration of the model alleviates only
partially the lack of interceptiolossesby the compensation of other fluxes, whidbds the
problems especially on loigrm evaluations. However, this cascade of consequences results
in a worsening of flood simulations and in particular in an underestimation of the flood
volumes. Also, the calibrated parameters are impacted by sptino&step dependencies,
because of the lack of interceptitmsses Following the results of the evaluations presented

in this chapter, some possible ways of improvement of the GR4 model structure will be
suggested, and they will be tested and analys€dhapter 5.
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4.1 General scheme of our model diagnostics framework

4.1.1 Model diagnosis scope

Our model diagnostics will deal with the performance and internal consistency of the model at
daily and suldaily time steps. We designed a set of tests and analysegheitaim of
understanding the problems that affect the current model structure. This approach can be
interpreted as model diagnosigfollowing Yilmaz et al. (2008

fiModel diagnosis is a process by which we make inferences about the possible causes of an
observed undesirable symptom via targeted evaluations of thestgtebutput response of
the system model . 0

The results of a model diagnos s h o u | dnadeduarikbs in ngodet performaiice a n d
p o i toward fihe specific aspects of the model structure and/or parametrization that are
causing the problem(@)(Yilmaz et al.,, 2008 Our targeted analyses are summarized in
Figure 4.1 and will provide the basis for the identification and improvement of a muli time
step model, ensuring the consistency in model performance and internal fumgctainin
multiple time steps. The following targeted evaluations will be presented in the present
chapter:

(1) the impact of the inputs temporal distribution on model performance (Section 4.2);
(i)  the consistency of model internal fluxes at different time stepsi¢BetB);
(i)  the consistency of model parameters and states at different time steps (Section 4.4);

First, for the model inputs, we analyse the impact of two opposite assumptions for the
temporal distribution of precipitation and potential evapotranspiragiafistributed temporal

pattern and a uniform pattern (see Section 4.2). Second, the analysis of the consistency of
model internal fluxes simulated at different time steps is proved to be a key question of this
model diagnosis (see Section 4.3). The moliedes considered are interceptitmss actual
evapotranspiration, and groundwater exchanges. Although we do not have measures of these
fluxes, we can expect or require the model to satisfy some physical principles, as the
continuity equation in time of ghvolumes of cumulated fluxes. In the end of the Chapter, the
analysis of model parameters and states consistency at different time steps is proposed to
complete the diagnosis (see Section 4.4) and to better explain the impacts of time step on the
model fluxes.
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FIGURE.1 z Scheme of our process of model diagnosis and improvement at multiple time steps.

4.1.2 General remarks on the evaluation procedure

In all the tests presented in the following sections, the calibratibdation procedure is the
same as the one presented in Chapter 3. We remind that the avayablepgriod was split
into two 4year test sulperiods (20062009 and 20022013) and tk splitsample test
(KI e me g ,) was appliéd The model is calibrated on eachprind, using the KGE
criterion(Gupta et al., 200%s objective function, calculated on the streamflow at all the time
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steps of the calibration syieriods. The evaluation was performed on both the whole
validation sukperiods and on thset of selected flood events. The differences in performance
between different modelling hypotheses were evaluated by means of the following criteria:

(i) the KGE criterion and its components (relative variability, ratio of means and
correlation), evaluateloth on the whole time series and on flood events only;

(ii) the criteria on the Flow Duration Curve (FDC), i.e. ratios of extreme quantiles of
simulated and observed flows, and bias in the slope of the FDC.

A nonparametric statistical hypothesis test, e Friedman tes{Friedman, 193)/ was used

to detect significant changes in mean ranks of performance across the alternative tested
moddling options over the catchments set (at significance level 0.05). Théostnalysis

of the Friedman tegiConover, 1999is used to rank the different alternatives (by multiple
pairwise comparisons) and the ranking is showed as a complement to box plots or to average
values reported in tables. Since the Friedman test is based on ranking theev(tiadbl
criteria values in our case), it must be applied according to the boundaries and optimal values
of the different criteria:

(i) for criteria with optimal value at the upper limit of their domain (e.g. KGE and r) the
test is directly applied on the oigl score values;

(ii) for criteria with optimal values not equal to the domain upper boundary (e.g. relative
variability, ratio of means, ratio of quantiles of the FDC and slope bias), the test is
applied on the transformed values so as to make the optatua wfinity (e.g. taking
the inverse of the absolute value of the criterion centered at zero at its original
optimum).

Note also that when a difference in ranks b
by the statistical test, it should berther discussed according to the absolute difference in
average values of criteria. In fact, the difference in ranks does not mean that the differences in
the criteria distributions are significant f
interpretation. To this end, an arbitrary level for the numeric differences between criteria
should be considered. For example we consider negligible an absolute difference of average
values ofKGE (and its components) and FDC quantiles ratios smaller than 0.0

4.2 Hypotheses on the model inputs temporal distribution

In this section, we present the results of some modelling tests using different hypotheses of
the temporal distributions of model inputs, i.e. precipitation and evapotranspiration. Note that

the volumes of the model inputs are consistent across the following tests, i.e. the daily

precipitation and evapotranspiration do not change but their distribution over the day does.
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4.2.1 Precipitation temporal distribution

Some tests were performed for assessingirtipact of the precipitation constaintensity
hypothesis over different durations on model performance. This is interesting because the
temporal variability of rainfall is more uncertain than the total amount, and the catchment
low-pass filtering behavigusmooths out this variability (see the statistical analysis on our
data sets in Chapter 2). In Chapter 3 we showed that the streamflow variability simulated by
the GR4 model generally increases as the model time step decreases. This increase in
simulatedvariability, together with a balance bias degradation, is responsible for the model
performance degradation on flood events detected for a significant part of our catchment set
(about 20%). This finding means that for a part of our catchment set, the G4 does not
smooth out sufficiently the precipitation input variability. For this reason, we can expect that
for some catchments, a precipitation constargnsity pattern could even improve the model
performance at one short time step, e.g. one hoitin, espect to the use of the observed
precipitation temporal pattern. We tested this hypothesis, by running the GR4 model at the
hourly time step by the use of larger time steps (+,e6-312-h and tday) for the source data

of precipitation and a hypleetic uniform distribution over this time span. The use of this
constantintensity pattern was compared with the use of the hourly precipitation observations
by evaluating model performance over the whole validation period and on flood events only.

4.2.1.1 Evaluation over the whole validation period

The evaluation over the whole validation period indicates that the precipitation censtant
intensity hypothesis has a very slight impact on the average model performance at the hourly
time step with respect to the udeobserved hourly precipitation (see Table 4.1).

The statistics in Table 4.1 summarize the distributions over the catchment set of the
performance scores (KGE, its components, and the-B&¥ed criteria) calculated over the
whole time series. In generdhis set of criteria shows limited changes in the average model
performance across the different tested options. However the Friedman test andhtspost
analysis detect the following significant changes in the performance mean ranks of the
aggregated K& statistics (with g@-valueof 1019):

(i) mean scores of the hourly model using source data at 6 h time step are higher than in
other cases;

(i) mean scores of the hourly model using 3 h and 12 h source data are higher than with
hourly data;

(i) mean scores with daily data are lower than all other time steps.

These differences in ranks are not impressive on the average values of KGE and not even on
other quantiles (not shown) because the average differences for the different tests are in the
orde of 0.01 of KGE values, and so can be considered as negligible. For example, for more
than twathirds of thebasins, th&KGE values increase using source datalatiénhe step with

respect to hourly data, but the mean absolute increase in KGE is onfy DN@@ also that
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opposing trends are observed, for example for 40% of the catchments a slight unexpected
improvement is observed passing froam 10 1-d constanintensity duration with a mean
increase in KGE of 0.02. Conversely, the opposite trend &rdkt of the catchments (60%)

IS associated to a mean increase of 0.03. The most evident changes among the KGE
components are found in the correlation which degrades relatively more passing from the sub
daily to daily constanintensity duration.

Statistics of model performance criteria f] evaluated over Precipitation constantintensity duration
the 8-years validation period (at the hourly resolution) [time step]
1-h 3-h 6-h 12-h 1-d
Median KlingGupta Efficiency KGE [-] 0.820 | 0.822 | 0.823 | 0.822 | 0.813
Friedman test on the KGE distributions: significant differen c b a b d

(for different letters) and ranking (alphabetical order)

Median relative variabilitya [-] 0.989 | 0.988 | 0.988 | 0.989 | 0.988
Median ratio of meandy [-] 1.009 | 1.004 | 1.004 | 1.005 | 1.007
Median linear correlatiom, [-] 0.897 | 0.899 | 0.900 | 0.895 | 0.884
Median 99" quantiles ratio, Q99/Q9%us[-] 0.972 | 0973 | 0.977 | 0.984 | 0.980

Percent bias in the slope of the rsielgment of the flow 1.394 | 1.600 | 2.830 | 4.167 | 6.854
duration curve (0.2 0.7 flow exceedancerobabilities) [%0]

TABLE 4.1 z Summary of the distributions over the catchment set of the performance criteria
evaluated over the whole validation period for the hourly model wih the precipitation constant
intensity hypothesis over different durations (1, 3, 6, 12 h and 1 d). The ideal value is 1 for all the
criteria except for the percent bias in the slope of the flow duration curve (FDC) that is 0%. The
results of the Friedmantest on the KGE scores are shownrfa significance level of 0.05.

Among the indexes calculated on the FDC, the ratios of tHeg@antiles of simulated and
observedlows show an interesting unexpected trend, being improved with larger source data
resolutions (12 h and 1 d), on average. For example, by using hourly source data, the high
flows with an exceedance probability of 1% are underestimated on average of about 3%,
while the average underestimation is reduced to about 2% by using conteasity
precipitation over larger durations (12 h and 1 d). This means that, counterintuitively, the
high-flows volumes and peaks (linked to the largest precipitation events) seem to be better
simulated by neglecting the actual temporal distribution of pitation over the day. On the

other hand, He percent bias in the slope of the me&gment of the FDC

(Yo € n'Q06 "Rk ) shows an expected trend with marked differences. On average, the bias
Yo € nN'Q6 Qi is positive for all the alternative tests, indicating that the simulated
response is more rapid than the observed catchment response. A constant improvement is
detected by using finer temporal resolutions for precipitation data, with a reduction adghe bi

of more than 5% passing from 1 d to 1 h consiatensity durations.
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4.2.1.2 Evaluation over the flood events only

Figure 4.2 shows the comparison of the results of the hourly model simulations evaluated on
flood events, by using the hourly observed precipitaend the uniform temporal patterns
over different durations. The box plots in Figure 4.2(a) show that, on average, the model
using the observed hourly precipitation markedly outperforms the model using a uniform
precipitation pattern over time intervalarger than 3 h. In fact, the median KGE value
decreases from 0.729 using hourly observations to 0.645 using daily uniform precipitation
(i.e. a decrease of more than 11%). The Friedman test (with itthpostnalysis) confirms

that this trend is signifant, with a pvalue < 10", and specifies also that all the options with
subdaily patterns (1, 3, 6, 12 h) outperform the one with daily uniform precipitation. Overall,
this is explained by a coherent average ranking for the variability and correlatigpponents

Figure 4.2(b, d). Conversely, the water balance criterion (ratio of means) follows an opposite
and counterintuitive trend being improved by the uniform precipitation pattern over larger
durations, coherently with the analogous trend of tHef@@v quantiles ratio observed in the
previous section. The ratio of means (Figure 4.2(c)) shows a general underestimation of the
flood volumes (of 10% on average) by the hourly model with hourly precipitation data. This
underestimation is partially (butgsiificantly) reduced by the constantensity precipitation
pattern over the day.

Despite the general positive trend highlighted above for the aggregated KGE statistics, for a
part of our catchment set (about 15%), the richerdaily temporal informatn in the

rainfall signal steadily degrades the global performance of the GR4 model. For the
36 catchments for which model performance degrades passing from the use of daily uniform
patterns to hourly observations, the mean degradation in KGE is 0.06 tiatt negligible.

These results confirm the findings presented in Chapter 3, specifying that while for a major
part of the catchments, shorter time step information is effective for flood simulation, a
degradation of the model performance may be fountheslata time step decreases even
when using the same model and evaluation time steps (e.g. 1 hour). This degradation is
mainly due to:

(i) ageneraldecrease of the ratio of meais. water balance bias degradatidor) the
majority of the cases;

(i) anexcesive increase of the relative variabilityr a minor part of the catchment set.
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FIGURE.2 z Distribution over the catchment set of the performance criteria over the selected flood
events for the hourly model with the precipitation constant-intensity hypothesis over different
durations (1, 3, 6, 12 h and 1 d): (aKGE (b) relative variability, a; (c) ratio of means,b; and (d)
correlation, r. The box plots report the median value, interquartile range, @hthe whiskers represent
the 10th and 90th percentiles; the red points refer to mean values. The letters above each box plot
specify the ranking (alphabetical order) and the significant differences detected by the Friedman test
at significance level 0.05distributions with the same letter are not significantly different).

The trend of the model balance bias is particularly interesting for the GR4 model diagnostics
for two reasons:

() While the problem of the relative variability increase as the time stepatss could
be due to errors in precipitation and streamflow data for some catchments (at least
partially), the negative trend in model balance bias cannot be a problem of data errors
In fact we remind that the precipitation and streamflow volumes are constant across
the different tests presented here, where only the temporal patterns change. This means
that the balance bias degradation is due tanadequacies in therainfall -runoff
modd at sub-daily time steps orto more problems in the calibration phase at
shorter time steps
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(i) The general decrease of the ratio of meahsiging finer time step informatidmas a
negative impacbn modelperformance for mosof the 240basins. For exani b
degrades passing from daily to hourly constatensity patterns for about 65 % of the
catchments. This happens also when the overall performance (i.e. KGE) improves (as
for analogous tests in Chapter 3). On the other ithedncrease of relativeaviability
is a counteproductive issue only for a minor part of the catchment set (for about
30% of the basins passing from daily to hourly precipitation constant patterns).

4.2.2 Potential evapotranspiration temporal distribution

We remind that the potentigvapotranspiration (PE) at the daily time step was calculated
using the temperatufgased formula proposed Iudin et al. (200band daily temperature

data from the SAFRAN reanalysis. Hourly temperature observations were not available, so
the original source data time step for PE is daily. Thus, irnr aoddisaggregate PE at the sub

daily time steps some assumptions have to be made. To evaluate the impact of the
hypothesized temporal distribution of potential evapotranspiration over the day, we tested two
different temporal patterns:

) AUNni f or m: dailg Yalues ofrP& uniformly disaggregated over-daby time
steps (see Figure 4.3(a)); this is the simplest hypothesis to disaggregate daily data at
shorter time steps, in the condition of lack of data;

(i) A ( Qu)assiin u s o i d dally vaiuastot PE idaggregated over the day using the
shape of the crest section of a simave between 6:00 and 19:00 (with maximum
from 12:00 noon to 13:00) and null values in the rest of the day/night (Figure 4.3(b));
this is a more physicalipased hypothesis, that igtcally used for describing diurnal
variations of temperature, radiation and degtag factorge.g. Tobin et al., 2033
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FIGURE 4.3 z Hypotheses of sukdaily temporal patterns for potential evapotranspiration
(disaggregation of a daily unit value): (a) uniform pattern; (b) (quasiisinusoidal pattern.

The results of model performance with these two dfierhypotheses were analysed for
different subdaily time steps (from 6 min to 12 h) on the whole time period of model
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validation and on flood events periods only. However, only the hourly model results are
presented here, because these are represertb#ilvehe subdaily time steps tests.

4.2.2.1 Evaluation over the whole validation period

If we evaluate the GR4 hourly model simulations by the KGE criterion and its components on
the whole time series, we note that the two PE temporal patterns (uniform sswidaljuead

to very similar performance scores, as shown in Table 4.2. The median KGE on the catchment
set is 0.82 for both the uniform and sinusoidal-dalty distribution. The entire distributions

of KGE and its components,(b andr) remain stable m The Friedman test detects a slightly
significantdifference between the ranks of KGE scores of the two testing hypotheses, with a
p-value < 1@ (just slightly lower than the significance level). However, the differences
between the two modelling optisnn terms of KGE scores are negligible. For example for
60% of the catchments the uniform pattern slightly outperforms the sinusoidal, with a mean
difference in KGE of only 0.003 points.

Also by evaluating the two tested PE temporal patterns by the mdms=d on the Flow
Duration Curve (FDC), the conclusions are similar. No significant difference is detected by
the statistical test and the distributions of the scores are very similar for the two options. For
example, Table 4.2 reports the median valiethe ratio of the 99 quantiles of simulated

and observed streamflow and of the bias in the slope of the FDC.

Statistics of model performance criteria f] evaluated over the 8years validation | PE temporal pattern

period (at the hourly resolution) Uniform | Sinusoidal

Median Kling-Gupta Efficiency KGE [-] 0.822 0.820
Friedman test on the KGE distributions: significant differences (for different lette . b
and ranking (alphabetical order)
Median relative variabilitya [-] 0.986 0.989
Median ratio of means [-] 1.008 1.009
Median linear correlatiom, [-] 0.899 0.897
Median 99" quantiles ratio, Q9@/Q9%ns[-] 0.972 0.972

Percent bias in the slope of the rsiggment of the flow duration curve (G.2.7 flow
2.286 1.394

exceedancprobabilities) [%0]

TABLE 4.2 z Summary of the distributions over the catchment set of the performance criteria
evaluated over the whole validation period for the hourly model with the uniform and sinusoidal
temporal patterns for potential evapotranspiration. The ideal value is 1 foall the criteria except for
the percent bias in the slope of the flow duration curve (FDC) that is 0%. The results of the Friedman
test on the KGE scores are shown for a significance level of 0.05.

4.2.2.2 Evaluation over the flood events only

The two PE tempordistributions lead to very similar results also when model performance
is evaluated on flood events only, as reported in Figure 4.4. The absolute difference in mean
KGE and components values on the 240 catchments with the uniform and the sinusoidal
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distributions are smaller than 0.003 points, so the statistical differences in mean ranks

detected by the statistical test are considered negligible.
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FIGURE 4 z Distribution over the catchment set of the perfornance criteria over the selected flood
events for the hourly model with uniform and sinusoidal temporal patterns for potential
evapotranspiration: (a) KGE (b) relative variability, a; (c) ratio of means,b; and (d) correlation, r.
The box plots report themedian value, interquartile range, and the whiskers represent the 10th and
90th percentiles; the red points refer to mean values. The letters above each box plot specify the
ranking (alphabetical order) and the significant differences detected by the Friedan test at
significance level 0.05 (distributions with the same letter are not significantly different).

4.2.2.3 Conclusions and our choice of a subdaily pattern

The almost identical performance scores for the-daily simulations with the two PE
temporal pattens represent a useful outcome for at least two reasons:

(1) it led us to validate the choice of a quasiusoidal temporal pattern for PE
because, for a same level of performance, we prefer to adopt a more physically
based assumptiqe.g. see Fig. 2 in Tobin et al., 2013
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(i) the noninfluence of suldaily patterns of PE confirms that the high frequencies of
potential evaporation aremoothed out by the catchment lpass filtering
behaviour, contrary to precipitatig@udin et al., 2006 so we expect that the lack
of data for suldlaily estimates of PE does not affect our modelling results.

4.3 Consistency of the model internal fluxes at different time
steps

4.3.1 Motivation

In gereral, the consistency of the model internal fluxes in time should be considered a
prerequisite for the identification of a mulime step model, as suggested in Section 4.1.1
(see Figure 4.1). A consistent rainfalnoff model at different time steps shd simulate the

same cumulated internal fluxes, in addition to the same accurate outputs. One could perhaps
argue that accurate simulations of the only output (streamflow at the outlet) at different time
steps are also achievable by inconsistent intemdel functioning at different time steps,
thanks to compensations among the internal fluxes. However, we think that a model
displaying temporal inconsistencies of fluxes would beutbmal for different reasons:

(1) Inconsistent model fluxes andompensations in the model are likely to be
associated to inconsistent calibrated parameters at different time steps.

(i) If accurate streamflow simulations are achieved by inconsistent model fluxes at
different time steps, this would be evidence of largectiral uncertainties.

(i) Since it I's pPheferghteanewge t(Kiréhner,t he r |
2006, a lumped hydrological model at multiple time steps should respect the
physical law of the mass conservation, in terms of volumes consistency. In other
words, by decreasing the model time step we can expect that the dynamics of each
flux are better described (thanks to a finer representation of inputs temporal
variability) but the volumes cumulated in time should be coherent with the ones
obtained by simulations at larger time steps.

Also, previous evaluations of the model indicated tednof an analysis of the consistency of
model fluxes at different time steps. As we have shown in Chapter 3 and Section 4.2.1, a
problem of balance bias degradation for the GR4 model simulations over flood events
emerges as the data and modelling timp becomes shorter than daily. This problem is not
linked to input data because of the construction of the tests (i.e. the consistency of cumulated
inputs at multiple time steps, as already discussed), sauteigo the rainfallunoff model
(structure ad/or parameters). In particulahet decrease in the ratod-means criterion over

flood events, by using shorter time steps for input data and modelling (see Figure 4.2(c) and
3.8(c)), indicates that:
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(i) On average, in higHow conditions, the catchment tea balance is currently better
reproduced by the daily GR4 model rather than thedsilly versions of the model.

(i) Since for all time steps we used consistent inputs (same cumulated volumes of P and
PE), we deduce that, over flood events, the simulatedri@dses are overestimated
and/or the gains underestimated at-dally time steps with respect to the daily
model.

For these reasons, it is essential to analyse the changes in the model internal fluxes across
different time steps not only for building @nsistent multtime step model but also to
understand the causes of thieserved undesirable balance bias degradation at shorter time
steps over flood events

4.3.2 Analysis of the consistency of interception, evapotranspiration
and groundwater exchanges

We focus here on the internal fluxes of the GR4 rainfafioff model corresponding to
catchment water losses and gains, i.e. fluxes going outside of the basin before reaching the
outlet or gains from the outside of the basin. We do not focus on water thateare just
transfers in time (e.g. the percolation from the production reservoir or the unit hydrographs
outputs).We consideherethe integrated fluxes over tim{@é mm over the integration time

step, obtainedby multiplying themodel fluxes (mm/time step by the time stepThen the

fluxes of the GR4 model considered here are:

a) Interception loss(O or ‘@dmmy]), representinghe evaporation from intercepted water
(see Section 1.3.1, p. 35, forbaoaderdefinition of the procesand its scalg that
occursmainly during a rainfall eventand shortly after In the GR4baselinemode]|
the interception losss modelled at the basin scades the difference between input
precipitation0h and net rainfall, 0 (see Section 2.6.1, Egs. (2%)). This
formulation allows evaporation of intercepted water only for the time steps with
rainfall (P>0) and thus negreaory sot he h @e emidb £ e s i
here thathe net rainfalld is calculated as the differenbetweenprecipitationP and
potential evapotranspiratiofe (limited to positive values or zerognd then the
interceptionlosscan be formulated as:

O [ EDhO [mm] (4.1)
where:O is the interceptiotossficomputed as ihere were an interception storage of
zero capacity (Perrin et al., 2003and zero resistance to potential evapotranspiration
energy;P andE are the precipitation and potential evapotranspiration cumulated over
the currat time stepYo [mm]. Accordingly, the net rainfall and net evaporation
capacity are respectively: 0 OandO O O.

b) Actual evapotranspiration (AE or Es [mm]) from the production (soil moisture
accounting) store, corresponding to #maount & water evaporated from the store
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under the effect of the net evapotranspirammount(see Section 2.6.1, Eq. (2.9)).
We remindhere belowthe discrete equation to calcul#E:

Y¢ — OAT-E
00 —— [mm] 4.2
p p — OAI-E

where:"Y[mm] is the production store water content (at the beginning of the time
step); @ [mm] is the maximum capacity of the SMA stor€® is the net
evapotranspiration capacity (i®. O) [mm].

c) Exchanged fluxesor inter-catchment groundwater flows(F. andFe [mm]) that can
be lossesH.) or gains Fg), according to the sign of the calibratedparameter (and
F). The half potential exchangdg, is calculated as ikq. (2.9) (see Section 2.6 that
is alsoreported below (see E4.3)). Actual gains are as twice &s(see Eq. (4.4)).
Actual losses~. are limited by the water available in the routing store and by the
flows components coming from the unit hydrographs (see Eqg. (4.5)):

8

Y .
0 o — o [mm] (4.3
0 (O [mm] (4.9
"0 i EEGh'Y 0 Yo | EBGhO Yo [mm] (4.5)

where:'Y [mm] is the level in the routing store at the beginning of the time siep;
[mm] is its onetime-stepahead capacitypp [mm/timestep] is the groundwater
exchange coefficient) [mm/time-step] is the water input into the routing store, i.e.
the output of the first unit hydrograph (UH1); amd[mm/time-step] is the direct flow
component coming from the second unit hydrograph (UH2).

In the following we analyse the accumulation in time of these different fluxes obtained by
simulations at di#rent time steps, by cumulating each flux over the whole validation period
of 8 years (including the two-ylear validation suiperiods) and ovethe selectedlood
events. These fluxes are not measurable at the catchment scale and are obtained mncalibrati
on the measurable flux that is the outlet streamfldawever,their accumulation over long
periods (larger than a daghouldbe consistent for multiple modelling time steps to comply
with the simple mass balance equation.

To evaluate the consistenciytbe simulated fluxes at multiple swlaily and daily time steps,
we considered the daily model fluxes as the reference, in terms of volumes, since we showed
that the latter (daily fluxes) allow obtaining a better water balance simulation.

For each tested model time stepfrom 6 min to 1 day, we calculated the ratio of each
cumulated flux simulated by the model at time skepormalized on the corresponding
reference flux simulated at daily time step. We called these ratiauithelativeflux ratios.

They arenon-dimensional indexes, evaluated for each catchment, by the following equations:
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O wpQ oo 4.6
@0 5o (1 (46)

0 O WP Q 0 Qv 4.7
O (@ 6 'q) ’Q [-] ( . )
2 0 0O 48
1 (@ "O p 'Q [-] ( * )
&' WP Q O 4.9
Qm "O p 'Q [-] ( * )

where:O @, 0 ‘Ow, and'O  represent the cumulated interceptloss actual evaporation

and exchanges fluxes (losses or gains) [mm] of the GR4 model at tuaisubme stepw

with N o¢hp ¢o 1t Efphohpip E; O pQ, 6 Op'Q, O pQ and™O p'Q represent the
cumulated interceptiotoss actual evaporation and exchanges fluxes (lo§8gsnd gains,

"0O) [mm] of the GR4 model at the dailytmest@ The fAopti mal o value
flux ratios is 1, which correspds to consistent modelled fluxes at different time steps.

Note that:
(1) The calculation of the cumulative flux ratios for the exchanged flukgsi.g.
"O0 wPQ and™O0  wp Q, is admissible on our catchment sbecause
"OpQ andO pQ are not null for all the catchments (th@nimum absolute
value of O pQ and™O p'Q isabout 4 mm
(i) Since the exchanged fluxes can be either positive or negative we calculated the
index™O o Q by Ecps. (4.8) and (4.9correspoding to the two cases:
(A)’O pQ<0, i.e. catchments presenting losses at daily reference
(197 catchment®f our sample).
(B)"O pQ>0, i.e. catchments presenting gains at daily reference
(43 catchmenty
This allows to univocallynterpretthe values of theatios, because of the possible
change in sign in the numeratdO( w) with respect to the denominator. This
means that fo& ' a® Q we can have the following cases:
- (Bn&! P'Q p,i.e. gains are larger at sdhily time step;
- (B2)&! c'Q phi.e. gains are larger at daily time step;
- (B3) &' P Q T i.e. the exchanges are gains at daily time step but
become losses at sulaily time stepx.
Three similar cases could potentially be found for the case (A).

4.3.2.1 Evaluation over the whole validation period

Figure 4.5 (ad) shows a statistical summary of the evolution of the cumulative flux ratios
calculated over the eiglyear validation period as the time step changes (for the catchment
set). The evolution of théux ratios is presented by some quantiles over the catchment
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sample as the time step decreases from 1 day to 6 min (from right to left claxis. XThe
following clear trends in the fluxes evolution are detected:

a) The interception loss steadily decre@&s as the time step decreases reaching a
median 'O @& P 'Q of about 19 %. In other words, on average, the
cumulated interceptiotoss simulated by the nin model is only less than one
fifth of the same flux simulated by the daily model. Nthat the dispersion
around the average cumulative ratios is relatively small (thand 9%' quantiles
are close to less than 10% around the median ratio). It means that the interceptive
losses significantly and constantly decrease at shorter time fetepl the 240
catchments. The decreaseeis the highest(-31%)when passing fror dto 12 h.

b) The actual evaporation from the production reservoionotonically increases as
the time step becomes finer, reaching a media® @& QP 'Q of about
145%. The increaseateis the highest(+18%)when passing frormh dto 12 h. The
trend in actual evaporation cumulative ratios is opposite to the one for interception.
This may be explained by the direct compensation of a reduced intercksson
(see also discussion below on absolute differences in fluxes and Table 4.3).

c) Thenegative groundwater exchanged fluxes at daily reference (lagsesironger
as the time step becomes shorter, reaching a median incease, @& "0 'Qh
of abou 165 %. As it was noted for actual evaporation, the trend in negative
exchanged fluxes is opposite to the one for interceptm.it seems that the
model compensates the reduced intercegdtiss at subdaily time steps also by
increasing exchange losseln opposition to this general trend, the losses are
reduced at some stdaily time steps (with respect to daily) only for 6 out of the
197 catchments with groundwater losses at daily time step.

d) The positive groundwater exchanged fluxes at daily refezefgains)decrease
with time step, on average, reaching a median decrease at 6 min of about 50 %
(&' oa ®»Q T). Moreover, for 15 out of the 43 catchments with
groundwater gains at daily time step (35% of the set), the gains become zero and
even change sign as the time stepecreases (K[<0). This means that these
catchments gain water at the daily time step, but as the time step decreases their
water gains become losses that get larger as the time step becomes finer.

These large changes in cumulated fluxes, over the whole series, must be further specified in
absolute terms (i.e. in mm) for each time step, without the normalization by the daily
reference, in order to allow a comparison of the magnitude of changes fifférent fluxes.

Table 4.3 reports the median values of annual averages of cumulated fluxes for all the tested
time steps and the median value of the net cumulated losses (the sum of intetospgtion
actual evaporation and exchanges for each catchmierghows that the changes in the
different fluxes over the whole series counterbalance each other perfectly, by providing a
constant average net (total) loss across the different time steps.
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The absolute changes of cumulated fluxes shown in Table & .3y large. Unfortunately,

we do not have angneasurements for these fluxes to provide a physical validation of the
internal behaviour of the modedhn future works, it would benteresting to compare the
internal fluxes modékd at different time stepso observations in a sma#ixperimental
catchment(with measurements of the fluxes of intejesb have a reference for the
assessment of the fluxes consiste(@yen considering the potentipfoblemsto overcome

e.g. correspondence between mdddland observedvariables, representativeness of the
measurmentsat the basin scaletc). However, hereit is interesting to discusat leastthe
order of magnitude of the annual interceptiosssimulated at different time steps, compared
to the mean annualrecipitation and to the total evaporation. In fact, from the literature, it is
expected that, at least in temperate climates (as in France), the annual intetosptitay
represent a significant portion of the total evaporation, and amount up-509% 50f
precipitation (Calder, 1990 Savenije, 2004 Gerrits, 2010 Thus, one may note that the
simulated annual interceptioloss at the daily time step is more consistent with this
expectation (se@able 4.3) In fact, at he daily time stephe interceptionlossrepresents an
important part of total evaporation (about 40%) but significantly decreases at shorter time
steps. Moreover, whil¢he simulated interception flux at the daily time step represents on
average the 25%f precipitation, it drops down to less tha&%b at the shortest®in time step

(we remind that the median value of mean Hatenual precipitation over the catchment set is
940 mml/y, see Chapter 2). Thisugh comparisoprovides a first validation asur choice of
using the daily modelled fluxes as a reference.

Annual cumulated flux statistics [mm/y] Model time step
over the 8years validation period 6-m | 12m | 30m | 1-h 3-h 6-h | 12h | 1d

Median annual interceptidnss | [mm/y] 45 55 69 81 108 | 135 | 166 | 241

Median annual actual evaporation from| 455 | 449 | 437 | 430 | 409 | 391 | 367 | 311
production reservoirAE [mm/y]

Median annual groundwater losses, fronj 122 | 122 | 117 | 113 | 108 | 101 92 72
basindosingwater at daily time stef.
[mm/y]

Median annual groundwater gains, from| 29 30 32 53 57 53 60 78
basins gaining water at daily time stég,

[mm/y]

Median annual net losses-AE+F -Fg) 601 601 | 600 | 603 | 603 | 603 | 602 | 604
[mml/y]

TABLE4.3 z Summary of the annual averages of the cumulated internal fluxes modelled by the GR4
model at different time steps.

It is also interesting to analyse the dispersion over the catchment set of the absolute changes
of cumulated fluxes around the averagesvjgted in Table 4.3. To provide an example,
Figure 4.6 shows the comparison between the annual averages of cumulated fluxes simulated
at the daily time step and the same fluxes obtained by the hourly simulation. For a consistent
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multi-time stepmodelthe wints should be aligned along the 1:1 liidus,it is evident that

the current structure of the hourly GR4 model is not consistent with its daily original version

for the whole catchment set. Still the model manages to get a coherent water balance at the
out !l et (see the equality of tot al O6net | os s
between interceptioloss actual evaporation and groundwater exchanges.
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FIGURE4.5 z Summary of the cumulativeflux ratios at different time steps (with daily reference)
over the whole validation period and the 24Gcatchment set: (a) interceptionloss, I; (b) actual
evaporation from production reservoir, AE (c) groundwater lossesFL; (d) groundwater gains,FG
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FIGURE4.6 7 Annual average cumulated fluxes from daily and hourly GR4 model simulations over
the 240-catchment set: (a) interceptionloss, I; (b) actual evaporation from the production reservoir,
AE; (c) atual groundwater losses, (negative values represent gains), F; (d) net losses (=I+AE+F).

4.3.2.2 Evaluation over the flood events only

The same analysis of the internal fluxes volumetric consistency at different time steps was
performed also by evaluating on thelexted flood events only. Figure 4.:ashows a
statistical summary of the evolution of the cumulative flux ratios as the time step changes, by
evaluating over the set of 2400 selected flood events.
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FIGURE4.7 z Summary of the cumulative flux ratios at different time steps (with daily reference)
over the 2400 flood events for the 24Gcatchment set: (a) interceptionloss, I; (b) actual evaporation
from the production reservoir, AE (c) groundwater lossesfL; (d) groundwater gains,FG
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By comparing the statistics of flux ratios in Figures 4.7 and 4.5, it can be noted that the same
trends of changes in fluxes simulated at different time steps are found when evaluating either
on flood events only or over tlehole 8years validation period. In more detailed and relative
terms, it seems that:

a) Theinterceptionlossdecreases with time step also on flood events, but at a slightly
lower rate than on the wholalidation periodreaching a media® @& % Q of
about 30 %.

b) The actual evaporation from the production reservanmonotonically increases at
shorter time steps also on flood events, and at a higher rate than on the whole series,
reaching a mediaoa O @& QP Q of about 285 %.

c) Thenegative groundwater exchanged fluxes at daily reference (logsesironger as
the time step becomes shorter at around the same rate than on the whole series,
reaching a median increa$®) @& "Qb Q hof about 190 %.

d) The positive gromdwater exchanged fluxes at daily reference (gadejrease, on
average at the same rate than on the whole series, reaching a median decrease at 6 min
of about 50 %00 @& PQ ™ .

Also for flood eventdable 4.4reports a summary of éhchanges in model fluxes at different
time steps in absolute terms (mm), averaged on a daily basis that is the most appropriate scale
to evaluate the average fluxes over the selected floods (since the averagki fetah is of a

few days).It shows themedian values of the daily average cumulated fluxes and the net
cumulated losses (the sum of interceplimss actual evaporation and exchanges over floods
for each catchment). Table 4.4 shows thatcontrast to the case of the whole series
validation, the changes in the different fluxes over flood events do not counterbalance
each other, but the total net losses increase as the time step decrea$éss increase in

total net losses is mainly due to the increasing losses from the underground exchaleges w
interceptionlossand actual evapotranspiration counterbalance almost perfectly. For example,
by passing from the daily simulation to themin one, the average daily total net losses
increase of about 30% (while the losses from the surface compsineerception and
evaporation, change of only 4%).
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Daily cumulated flux statistics [mm/d] over the

Model time step

2400 selected flood events 6-m | 122m | 30-m | 1-h 3-h 6-h 12-h 1-d
Median daily interceptiotoss | [mm/d] 0.23 | 0.27 | 0.32 | 0.36 | 0.45 | 052 | 0.61 | 0.72
Median daily actual evaporation from producti
] 0.71 | 0.68 | 0.63 | 0.58 | 0.51 | 0.44 | 0.37 | 0.25
reservoir AE [mm/d]
Median daily grandwater losses, from basins
] o 130 | 1.27 | 1.25 | 1.20 | 1.12 | 1.06 | 0.98 | 0.76
losing water at daily time step, [mm/d]
Median daily groundwater gains, from basing
o o 034 | 025 | 021 | 0.50 | 0.54 | 0.59 | 0.65 | 0.67
gaining water at daily time stepg [mm/d]
Median daily net losse$HAE+F -Fg) [mm/d] 213 | 215 | 2.09 | 207 | 204 | 1.99 | 1.88 | 1.67
Median daily losses from interception +
) 098 | 099 | 099 | 1.00 | 1.00 | 1.01 | 1.01 | 1.02
evaporationl(-rAE) [mm/d]

TABLE 4.4 z Summary of the daily average of the cumulated internal fluxes modelled by the GR4

model at different time steps over the 2400 selected flood events.

The scatteplots in Figure 4.8 show the comparison of the daily average fluxes calculated
from hourly and daily simulations and confirm the trends discussed above for the whole
catchment set. It shows that the net losses are generally inconsistent and greater at hourly time

step than at daily (points lying above the identity line for positive losses).ré&$ust is
analogous at all time steps: the net losses are greater at-dthigubme steps with respect to
the daily model for at least 93% of the 240 catchments (for 222 catchments a&nti2for

226 at 6min time step).
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FIGURE4.8 z Daily average cumulated fluxes from daily and hourly GR4 model simulations over the
2400 selected flood events: (a) interceptionloss, I; (b) actual evaporation from the production
reservoir, AE (c) actual groundwater los®s, (negative values represent gainsk; (d) net losses
(=I+AEHF).

4.3.3 Implications and formal proof of the temporal inconsistency of
the neutralisation function for interception

The problem of fluxes inconsistency reported in the previous sections sudiggsterhe of

the GR4 model components should be changed as the time step decreases in order to ensure a
consistent water balance. In particuliwe current simple representation of interception as a

P-E neutralisation functiorisee Eq. (4.1));orrespondig to the assumption of zecapacity
interception storage, is natonsistentat subdaily time stepssince it leads to increasingly
reduced interceptiolossesat shorter time step# order to ensure coherent fluxes, it seems
necessary to changéet sinple neutralisation function governing the interception flux to
intercept more water at shorter time steps. Our analyses indicate thatdailgublme steps,

the process of interception would be repres
would be extended up to a daily time interval. This could be done by adding an interception
reservoir in the model at swdaily time steps. These results are in line with previous findings

in the literature, as analogous empirical analysis of the impact ofstiepeonthe modelled
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interceptionloss by Haddeland et al. (2006 and also with the broad definition of the
interception as a procegs.g. Gerrits, 2010

Haddeland et al. (20Q06analysed the sensitivity of the simulated internal fluxes of the
Variable Infiltration Capacity (VIC) model to modiine step and data temporal resolution
(decreasing from daily to hourly). Similarly to our resudgddeland et al. (200®bserved

that, also for the VIC model, the changes in the cumulated model fluxes and outputs at
different time steps are explained g scheme used to parametrize canopy evaporation. The
possibility of intercepting the whole current precipitation at the daily time step leads to
increased intercepted volumes at daily time steps rather than-daifpbime steps.

Gerrits (2010, reviewing the definitions of interception in the literature, uad that
interception should be defined by considering it as a process, governed by the sum of the
change of an interception storage and the evaporation from this stock. She reported that the
time scale of the interception process is in the order of opeAdeer a daily time sparfor

most climatesthe change of interception storage approaches zero and the interéeggion
becomes uppdimmited by the potential evaporation, i.e. our assumption of-zepacity
interception store.

In the following, wepropose a proof to add a formal argument for the inadequacy of the
neutralisation function at stdbaily time steps. In a retrospective way, this proof lays the
foundation of our empirical findings on the temporal inconsistency of the assumption-of zero
capacity interception.

Proof of the temporal inconsistency of zer@apacity interception

A simple formal proof of the general inconsistency of the neutralisation function (Eq. (4.1)),
corresponding to zercapacity interception) at multiple time steps isegivbelow based on
classical deductive logic. It is proved by contradiction that the neutralisation function may
provide consistent results when applied on data at two different time ¥teps ( Yo )

if and only if (if) a particular condibn is verified. The condition is that the precipitation and
potential evapotranspiration values at the shorter time 3t@p () are ranked in the same
way (i.e. eithe® ‘Oor0 O for all the duration of the larger time steéfd( ). If this
condition is not verified the neutralisation calculated on data at the fine resolution and
cumulated over the larger time st&p is smaller than the neutralisation calculated
directly on data at th¥o resolution.

For facilitaing the understanding of the notation, the case of hotjharid daily ¢) time
steps is assumed. However, the same proof is valid for any other couple of time steps (with
notationh for the shorter time step auddor the larger one).
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Proof of the temporal inconsistency of the neutralisation function for interception

HypothesesLet'©O  "QHQM HQ be the set of the 24 hours of a day.
The hourly precipitationd( ) and potential evapotranspiratid® ( are consistent with the daily values (and
'0) in terms of daily accumulations:

v > -

’p U L
(N
I'p (e (o)
w

Clam: i EDHO B T ED R v 0 Ol 0s0d ©0O!QO
Otherwise, if the condition on the righide is nottrud ED RO B [ ED RO

Proof: First, thesimple conditional stateme(if condition) can be easily proved directly from the hypothes
Let the estimations of interceptidoss at daily and hourly time step follow the notati@ and O
respectively. From the ngalisation function (Eg. (4.1)), we havé® | ED RO and G
B | ED RO
"OandQ, will be equal in the two following alternative cases, as stated by the claim:
1. If0 017Qo g B IEDRO B O ©O ITEDHO ©
2. Ifo0 010 Qg B 0 0 1 EDFRO 0
Second, théiconditionalstatementiff) in the claim can be proved by contradiction.
The claim is negated assuming the following assertion (i.e. its negatited ap):
i EDFRO B. I ED HO hotQ
OAAABDAOOCEBGEDKBAAGRNOA xEOE O !Qv0 ATA O 11QnN0

\

n

The possible existence of a third sub&t with 0 'O 1 "QnN "0 is not considered ste it would not
change the proof.

By considering this partition of tH®set, it is true that:

B, I ED FO B. El0hO B, I ED FO B. O B. 0
Then, following the negation of the claim to be provedwe would have:

i EDRfO B T EDFRO ©CTEDHO B, O B, 0 (Assertionqg).
However, the sum on the righide of the last assertion cannot be equal to neithereitherO , but must be
smaller thad E D HO . This comes from the definitions of the s@sand"O, which lead to:

B, 0 O B, O ©°B, O B, 0 ‘0, and

B, ©O o B, 0 ©°©B, O B, 0 0.
So,when the conditond O ! "O0s0 O ! "™ 'O is negated we have:
i EDRO B 1| ED RO , asstated in the end of the claim.

The negation of the claim implies two contradictory assertipram¢ g). Since these cannot both be true,
assumption that the claim is false must beng: Then the claim is true.

Q.E.D. (end of proof)

Note that ora normal rainy day (when interception is an active process) the precipitation and
potential evapotranspiration rarely respect the condition for the temporal consistency of
neutralisation proved above. This condition should be ensured in two particular diype

climate: (i) hot temperatures and very lavensity precipitation (P[mm]<E[mm]), or (ii) cold

temperatures and hightensity precipitation (P[mm]>E[mm]). Conversely, in a temperate
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climate as in France, it is more likely that precipitation and pieleavapotranspiration at
subdaily time steps do not rank the same all along the day. It is sufficient to see some
statistics of average hourly values of precipitation and evapotranspiration in a temperate
region (as in France) and think at the interemitty of storm events to understand it.
Moreover, empirical proof of this was provided by our analyses of the inconsistetioy of
interceptionlossin the GR4 model simulations at different time steps on our catchment set.

4.4 Consistency of model parameters a nd states at different
time steps

4.4.1 Model parameters

Three of the four free parameters of the GR4 model affect the formulation of two internal
fluxes considered in the analysis of the previous section, i.e. actual evaporation and
groundwater exchanges. Amotige three internal fluxes considered, only the interception
lossis independent of all parameters. The actual evaporation from the production reservoir
depends on the capacity of this reservxi), (@s stated in Equation (4) Rerrin et al. (2003

The groundwater exchanges are directly related to the groundwater exchanges coedficient (
and the capacity of the routing reserveg)(as in Equation (18) iRerin et al. (2003 So we

can logically expect that the inconsistencies in model internal fluxes at different time steps are
likely to imply inconsistent parameter values Xgfx andxs) across time steps.

As we have highlighted in Chapter 2, threfetlve four free parameters of the model are
theoretically timestep dependentx{ xs, and xs), and their theoretical relationships can be
derived from the integration of the model governing equatises also Le Moine, 2008, pp.
172173. So, the comparison of the calibrated parameters at different time steps has to be
done after normalization at a same reference time step by using these theoretical relationships
(see Table 2.3 in Chagt2). We have shown a brief statistical summary of the changes in the
distributions of the four parameters of the GR4 baseline model in Appendix F (Figure F.1).
Here we further analyse this issue by searching for possible links between the fluxes
inconsigencies and the deviations of the parameters from their theoreticalsteme
dependencies.

To provide a first overview of the impact of time step on parameters, Figure 4.9 shows the
comparison of the parameters calibrated at the hourly and daily timeategur catchment

set. The daily parameter values are normalized at an hourly reference by using their
theoretical relationships (see Table 2.3, Chapter 2). For a consistentimelstep model,

the points should be aligned along the 1:1 line. In gémegowod but not perfect coherence

may be observed in the four graphs. At first glance, the most marked deviation from the
identity line regards the time base of the unit hydrogragh This deviation is due to the unit
hydrographs discrete construction, which leads to increasingly precise estimationsxof the
parameter as the time step decreases (as further discussed in Appendix F). The other
parameters seem to be relatively moreststent, even if an asymmetric dispersion around the

161



4. Model diagnostics at multiple time steps

identity line seems to appear farandx., for which a trend of decrease of the parameters at
shorter time steps seems to be plausible. However, a thorough comparison cannot be done by
means of Figurd.9, because the ranges of the parameter values are too large compared to
their average deviations at different time steps. To complement the analysis, we must further
analyse the deviations of the parameters from their theoretical time step dependakaygoy

the daily model parameters as a reference (see Table 4.5 and Figure 4.10).
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FIGURE4.9 z Comparison of the GR4 model parameters calibrated at the hourly and daily time steps
over the 240-catchment set(the daily model parameters are normalized at the hourly reference by
their theoretical relationships): (a) capacity of the production store ki); (b) water exchange
coefficient (x2); (c) capacity of the routing store at one time step aheadd); (d) time base of the unit
hydrograph (xa).

Table 4.5 reports some statistics useful to better understand the changes in parameters at the
eight tested time steps. The median values of the parameters at the two extreme time steps, i.e.
1 day and 6 minutes, showrd relative differences (compared to the parameter average
value) especially for th& andxs parameters. This trend is confirmed at all the tested time
steps by the median values of the relative changes/(g@guation in Table 4.3) between the

daly reference parameters and the corresponding calibrated values. Note that these relative
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changes at different time steps are comparable to the relative standard deviation (modulus of
the coefficient of variation) of the parameters over the catchment set.

Figure 4.10 shows the distributions of the deviations of the parameters calibrated at the eight
time steps (from @ninute to tday) from the corresponding value obtained by calibration at
the daily time step (all parameters are normalized at the houdyenee). The optimal
deviation for a consistent mulime step model should be around zero, as the daily reference,
at least for the parameters governing the water balance (aboyeatixz, andxs to a minor
extent). We report this complementary as& also for the time base parametey,
governing the linear routing of the unit hydrographs. However, the impact of time skgp on
was already clear in Figure 4.9 and it has already been disdisesedlso Le Moine, 20D8

that it is normal that its values stabilize at shorter time steps, going towards more precise
estimations of the catchment response time.

Median Relative | Median relative change(Dr1) of parameter calibrated

parameter | Standard at time stepDt, with respect to the daily reference

Parameter | Units | (normalized | deviation . De. Yl e "HIw: "H[%]

at 1 href) % [%0] where . ¥'| is thei-th parameter calibrated at t.s.Dt
1d 6m | 1d|6m| 6m | 12m | 30m 1lh 3h 6 h 12 h

X1 [mm] | 264 | 232 181 91 | -10 | 210 | 9 | 8 | -7 | 7 | 5

X2 [mm/h] | 058 | -1.07 | 282 | 176 | 59 | 57 | 53 | 46 | 41 | 33 | -24

Xa [mm] | 114 | 106 | 153 | 154 | -6 6 | 5 | 7 6 | 5 | 2

X4 [h] 48 12 50 | 123 | -72 -71 -70 -68 -62 -53 -35

TABLE 45 z Median values of the GR4 parameters calibrated at daily andn@in time step, their
coefficient of variation, and the median relative changes in parameter values at seven time steps from
6-min to 12-h with respect to the daily value over the 24€catchmert set.

This additional analysis allows disclosing some clear trends in the parameters dependency
with time step also faxi andxz, and to a smaller extent fies:

(1) On average, the capacity of the production steredecreases at swutaily time
stepswith respect to the daily reference values. This decrease is significant in
terms of ranks distributions (see results of the Friedman test in Figure 4.10) and is
also important in relative terms (see Table 4.5).

(i) The water exchange coefficiemt, steadilydecreases with time step. The decrease
is clearly significant in terms of distributions (see also Friedman test results) for all
the time steps. In relative terms, the changeg:avith time step are the most
impressive among the first three parametsirg;e they are the closest to the order
of magnitude of the coefficient of variation (see Table 4.5).

(i)  On average, the capacity of the routing store at one time step akesleghtly
decreases (see Table 4.5). This change is not always significant for all the tested
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time steps (see results of the Friedman test). The distributions of the parameter
deviations from the daily values are quite symmetric around O (Figure 4.10) wit
increasing dispersion.
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FIGURE4.10 z Distributions of the deviations of the GR4 model parameters between the daily model
reference and the eight time steps from 6 min to 1 day over the 24éatchment set the parameters
are normalized at the hourly reference by their theoretical relationships): (a) capacity of the
production store (x1); (b) water exchange coefficient X); (c) capacity of the routing store at one time
step ahead %3); (d) time base of the wit hydrograph (xs). The box plots report the median value,
interquartile range, and the whiskers represent the 10th and 90th percentiles; the red points refer to
mean values. The letters above each box plot specify the ranking (alphabetical order) and the
significant differences detected by the Friedman test at significance level 0.05 (distributions with the
same letter are not significantly different).

The presence of these trends highlighted above for:tkeandxs parameter is coherent with
our expetations following the model fluxes inconsistencies.

164



4. Model diagnostics at multiple time steps

The impact of time step on the water exchange coefficterst the largest among the three
parameters (after the logicalexpected one oms) and it is straightforward to interpret. In
fact, the GR4 radel groundwater exchanges (see Eq. {#4))) have the sign o& and their
absolute value increases with the absolute value. @o, the observed changes in the water
exchange coefficient correspond well to the observed changes in model fluxedeatishe
steps, i.e. the water losses increase (larger negagiwealues) and the gains decrease
(reduction of positivexz values).

On the other hand, the links between the changes irxitlaad x3 parameters and the
corresponding governed fluxes (actual evaporatidf),and exchanges;, respectively) are

less straightforwardindeed,the fluxes depend on the evolution of the corresponding state
variables, i.e. production and routing store levealspectively (see Eq. (4.2) and (4.3)).
Moreover, the increase in the AE fluxes at shorter time steps is at least partially explained by
the net evapotranspiration capaci® ( O “Q that increases as the interceptitmss
decreases. So we further dissubke possible links between fluxes changes and production
and routing store levels in the following section where we present the impact of time step on
these state variables.

4.4.2 Model states

The GR4 model states include:

- the water content in the productiatore, i.e.."Y[mm], linked to the no#inear
functions of actual evaporation (see Eq. (4.2)), infiltration and percolé@ermin et
al., 2003;

- the level of the routing store, i.& [mm], linked to the exchanged flusgsee Eq.
(4.3)) and to its outflow, i.e. the main permanent component of the simulated
streamflow;

- the unit hydrographs inputs, i.e. the rainfall excess that is being routed by the two unit
hydrographs.

The linearity of the unit hydrographs (UH) ensuthe consistency of the statesponse
function of the UH to the rainfall excess at different time steps. So here we focus only on the
two first model states, i.e. the production and routing stores levels, which in addition are
directly linked to the interal fluxes impacted by the model time st&fE@ndF).

Table 4.6 reports a summary of the distributions of the filling rafteke two storegi.e. the
ratios between the amount of water in sh@eandits capaciy, i.e. — for the production store

and — for the routing storefor the GR4 model at different time steps, over the whole

catchment set. The statistics of the two stores levels are calculated overetires8nulation
period at the same resolutions as the model time steps (froim ® 1-day).
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Note that:

- The maximum capacity of the production staxg floes not depend theoretically on
the time step (as already discussed in the previous se@mny possible change of
the filling rates of this store at multiple time steps would depend directly on the actual
changes in the store inputd (and'O ) and the concerned fluxeAK, and the store
filling and percolation).

- The filling rate of the roting store is calculated as the ratio of the stock and the actual
maximum capacityd ) calibrated at each model time step without the normalization
at a common reference time step (given by integration of the governing equation of the
store) This choicés motivated by the importance of analysing the actual values of the
filling rates, which are the ones directly impacting the exchange (see Eq. (4.4)).

Median of model stores filling Model time step
rates (FR) [] time-series 6m 12m | 30m 1h 3h 6 h 12 h 1d
statistics over the catchment set

Production store mean FR 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56

Production store FR fQquantile | 0.31 0.30 0.30 0.30 0.30 0.30 0.30 0.29

Production store FR 9Qquantile | 0.78 0.78 0.79 0.78 0.78 0.79 0.79 0.78

Production store FR coefficientdq 0.32 0.33 0.32 0.33 0.33 0.33 0.34 0.34

variation

Routing store mean FR 0.13 0.16 0.20 0.24 0.31 0.37 0.43 0.51

Routing store FR T0quantile 0.10 0.11 0.14 0.17 0.22 0.26 0.31 0.36

Routing store FR 90quantile 0.17 0.20 0.26 0.31 0.40 0.48 0.56 0.66

Routing store FR coefficient of| 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22

variation

TABLEA4.6 z Summary of the distribution of the states of the production and routing stores of the
GR4 model at different time steps over the whole validation period and the selected flood events for
the 240-catchment set.

The results in Table 4.6 show that:

(i) For theproduction soil moisture accounting (SMA) store: the filling rates do not
change on average when changing the model time step. The median value (for the
240 catchments) of the mean filling rate over thge8rs period is stable at about
56% across all ma time stepsAlso, the extreme quantiles (#&nd 94" and the
coefficient of variation of the production store filling rate do not significantly
change. This is coherent with the expected slow dynamics of this store, which must
lead to a constant meéing rate (for different model time steps).
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(i) For the routing store: the filling rates significantly decrease with the model time step.
The median value steadily decreases from 51% at the daily time step to 13%-at the 6
min time step. The same decreasirend is observed on the extreme quantiles. It is
interesting to note that the coefficient of variation is constant (around 22%) across
time steps.

Some interesting interpretations of these results can be deduced by linking the statistics of the
model stoes filling rates at different time steps with the changes observed in parameters and
fluxes.

4.4.2.1 Discussion on the changes in the production store filling rates

Figure 4.11 shows the coherence of the hourly and daily filling rates of the production
reservoirfor each catchment (mean and"fuantile). Note that the slight dispersion around
the 1:1 line (emerging for the 9Quantile) is likely to be explained by the fact that the
statistics are calculated at each model resolution. For a perfectly fair csonpahe hourly
simulations could have been preliminarily aggregated at the daily time step (before statistics
calculation).

Note that even if the maximum capacity of the production store decreases on average at
shorter time steps (see Table 4.5 and [Egut0), its filling rate is stable (Figure 4.11).
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FIGURE4.11 z Coherence of the production store filling rates between daily and hourly GR4
simulations over the catchment set: (a) mean values; (b) 90quantiles of filling rates.

We have showed that by decreasing the time step of the GR4 model, the interoestion
decreases (due to inputs temporal distribution) and, as a consequence, the actual evaporation
from the production stored('Q increases (se€able 4.3). Since the level of the production

store does not change, tA& changes can be explained by the differences of net precipitation
and net potential evaporation inputs (due to intercegsschanges). In fact, in Equation

(4.2) we may note thdhe AE flux increases with the filling rate of the production store and
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with the net evapotranspiration capac®y ( O O). Since the filling rates are stable as the
time step changes, the observed increase in AE fluxes at shorter time stepstiallgshee

to the increase of the net evapotranspiration capaOify §o,the impact of the time step on

the production part of the model is only due to the structural inadequacy of the interception
component! This induces a febdck on the actual aporation from the production store, that

is only due to the different input®(andd ) and not to other structural problems.

4.4.2.2 Discussion on the changes in the routing store filling rates
The level of the routing store is linked to two internal fluxésthe GR4 model: (1) the
exchange fluxesH) and (2) the outflow of the stor@g).

(1) Is there a link between the decreasing filling rates and the exchange?

The exchange fluxesQ depend on the routing store filling rate as we have reported in Eq.
(4.3) (from Perrin et al., 20030ne may easily note from this equation that the absolute value

of the exchange|K|) increases with the filling rate of the routing store . Thus, the

decreasingrend observed in the routing store levels at shorter time steps is in opposition to

the observed increase of magnitude of the exchange. This means that the decrease of the
routing store filling rates is noteshyaghesed b
exchange component to compensate the reduced interclegstion

(2) Is there a link between the decreasing filling rates and the outflow?

The outflow of the routing reservoir is governed by a differential-limerar emptying
function, such as:

— 40,4 (4.10)

where Qand| are two parameters that can be fixed or calibrated. In the GR4 niQdel,
depends on the calibrated parameiefsee here below), while is fixed at 5.

As showed by previous authors who contributed to the GR4 models chain devel¢pment
Le Moine, 2008, Appendix C, pp. 22276), the integration of this equation onimé step
gives the outflow of the reservoir given by Equation (2@ anrin et al. (2003 here reported:

Y
0 Y Yy Y p p o [mm] (4.11)

where we have:

p 412
 p O (mm] 1
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which is used to transform the integrated equation over a time step and obtain-tm easy
interpret parameter to be calibrated)( representingthé r e f e r e-bapagity ons tiner e
step ahead (that cannot be exceeded at the end of the time step).

From Equation (4.12), d= Moine (2008 observes, it is possible to obtain the relationship to
transform the parameten from one time stepYo into the corresponding parametdr at
time stepYo, i.e.:

_ (4.13)

|
‘<<| <

For example, by passing from the time sip ¢ tQto Y0 p'Q the ratio of maximum

O0referenced@TT c(arpuadc2i2l, ifop s v).iSince thew capacity increases at
shorter time steps and the average stocks should not change, the mean filling rates should be
reduced as the time step decreases by the same factor of Equation (4.13).

So we found that #htheoretical transformation described above explains well the observed
trends reported in Table 4.6. In fact, the decrease in the routing store filling rates at shorter
time steps corresponds to the transformation described above, not only for thellmgan fi
rates but also for their ¥0and 9¢' quantiles. One may easily check this relationship by
verifying the transformation (Eq. (4.13)) applied to the statistics of Table 4.6. As a
complement, Figure 4.12 shows the coherence of the hourly and dixily fites of the
routing store for each catchment (mean arttl @antile) after applying the transformation of
Equation (4.13), over the whole catchment set. These results are satisfactory, since they
should allow inferring the model states (e.g. initahditions of reservoirs before a storm
event) at one short time step (e.g. 1 h) from the state at a larger time step (e.g. 1 day).
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FIGUREL.12 7 Coherence of the routing store filling rates between daily and hourly GR4 simulations
over the catchment set, by applying the theoretical relationship between timstep and routing store
capacity: (a) mean values; (b) 90 quantiles of filling rates.
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4.5 Synthesis

In this chapter, we have set up a diagnostic framework of the internal consistency of the GR4
model at multiple time steps. This analysis was based on targeted evaluations of the input
stateoutput response of the GR4 model. Particular attemtesdevoted to:

(1) the impact of inputs temporal distribution on model performance;
(i) the consistency of the internal fluxes of the model across different time steps;
(i)  the impact of time step on calibrated parameters and model states.

Eventually, thismanifold diagnosis led us to point towards serious inadequacies of the current
model structure at sutbaily time steps and to understand possible ways of improvement.

Some problems in the performance of the GR4 model atigilyp time steps were already
presented in Chapter 3. In particular, we showed that for a significant part of the catchment
set (about 20%) model performance degrades using shorter model time steps on flood events.
It was shown that this degradation is mainly due to the undesired wagsainiheratio of
meanscriterion (bias) by using shorter time steps for the majority of cases (even when
average global model performance improves).

In our model diagnosis, we started analysing the impact of the temporal distribution of the
precipitation and evapotranspiration inputs over the day, showing that thedasiyb
distribution of precipitation inputs is more important than for evapotranspiration.

Despite the general improvement of simulations of flood events by using precipitation data at
shorer time steps (i.e. short@onstanintensity durations some contrasting results were
found. Above all, the water balance criterion follows an opposite trend being imm@as\kd
constantintensity duration increase$his is counterintuitive becausbket use of larger data

time steps corresponds to a loss of informat®teMmporal variability), while the volumes are
consistent. Nevertheless, this problem is in line with what was found in Chapter 3, i.e. general
significant decrease of thratio of meas over flood events with shorter model time steps.
These results indicate that the capacity of the GR4 model to reproduce the water balance is
jeopardized by simply using shorter temporal resolutions for precipitation inputs (even using
the same model timstep!). These results suggest some structural inadequacies that are
strictly linked to the use of precipitation in the GR4 model equations at shorter time steps.

As for the potential evapotranspiratiowe tested two different temporal patterns atdaty

ti me steps: dnbseidau np d totrenr man.d THhe two patterns
(with no significant change) by evaluating either over the whole validation period or over
flood events onlyThus,the sinusoidal temporal pattesito bepreferred to the uniform one,

because it has a sounder physicaiged basis, and is likely to lead to more consistent
representations of the moisture fluxes.

The problem of water balance degradation at shorter time steps was linked to the rainfall

runoff model functioning, by a detailed analysis of the internal modelled fluxes inconsistency.
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In fact, the interceptiotoss actual evapotranspiration and intatchment groundwater flows
markedly change as the time step becomes fiflee. implicit assumpton in the model
structure of zero-capacity interception storage turned out to be not admissible at sub
daily time steps This was proved both empirically and formally: by our simulations of the
GR4 model leading to large changes of interceptass volumes at different time steps
(based on this assumption) and by a mathematical proof.

The large undeestimation of interceptiolossvolumes at shorter time steps affects the other
fluxes by strong effects of compensation. Sinte model components after he
interception function receive more water at shorter time stepsthe other functions for

water balancelosure, i.e. the actual evaporation from the production store and the losses by
groundwater exchangare used to get rid of more water outside of theatchment These
compensations seem to be able to ensure the good water balance at all time steps only by
evaluating on average over the whole series, thety lead to increasingly biased
simulations over flood events

In the end of our model diagnosiwe evaluated the impact of the time step on model
parameters and states. These impacts were analysed with particular attention to their links
with the previously examined temporal inconsistencies of model fluxes.

For the GR4 model parameters, our analgsclosed some clear trends of the values of the
waterbalance parameters (the capacity of production skterand the water exchange
coefficient x2) across different time steps that differently fromwere neithera-priori
expected nor obvious by looking at the distribution over the catchment set. However, the
inconsistencies of model fluxdsretell possiblespuriousimpacts on parameters that are
eventually confirmed by our analysefor(x: and x2). On average, the capgciof the
production storexi, and the water exchange coefficiext, decrease at stdnily time steps

with respect to the daily reference values. These impacts are directly related to the fluxes
inconsistencies and to the model states. In fact, whaeptioduction store capacityi)
decreases the average filling rate of the store is constant across time steps. This confirms that
the increase in actual evaporation directly depends on the different amounts of net
precipitation and evaporation capacitydifferent time steps. On the other hand, the water
exchange coefficientxf) decrease is directly explained by its role in the exchange fluxes
equation. The latter equation dependsxpandxs (via the routing store filling rate), but only
the xo changesn order to contribute compensating the reduced intercepissiat shorter

time steps.

As for the filling rates of the routing store, it is shown that they decrease with time step, but
coherently to the integration of their outflow differential equati®@ur analysis of the GR4
model states has an important practical implicatibe:model states representing the levels

of the production and routing stores are transferrable across different model time steps

In the next chapter, we will present our atpgs performed to solve the problem of internal
fluxes consistency. Our primary structural modification will be adding an interception store,
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4. Model diagnostics at multiple time steps

to favour the capacity of the model of evaporating intercepted water -alagyliime steps.

After solving the poblem of the interceptiolossinconsistencyywe should still focus on the

actual role of the exchanges at different time steps. In fact, it has been shown that they seem
determinant for the bias over flood events, while actual evaporation and interdegson
counterbalance each other. Other exchange functions will be tested to see whether a reduction
of the role of exchanges in higlows conditions would further improve the water balance.
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ensuring the fluxes consistency at multiple time steps

In Chapter 4 we have shown that the GR4 rainfaloff model is affected by problems of
internal inconsistencies when run at multiple -glally time steps. It has been proved that
these internal fluxes inconsistencies depend on the model structuretidalggra structural
inadequacy has been detected in the neutralisation function which represents the interception
process at daily and swaily time steps. The GR4 model, with the neutralisation function,
intercepts less and less water as the timedgepeases from daily to 6 min. Thsslikely to

be thecauseof a chain of compensation effects on the model internal fluxes and parameters,
which worsens the simulation bias over flood events at shorter time steps.

To solve this problem, a change of ihéerception component is necessary. This structural
modification is testedby addinga simple interception store as the first model component in
the production part of the GR4 model. We propose to fix its capacity parameter, in order to
ensure the interpgion flux consistency. The results of this new model structure are evaluated
by criteria on model performance and on the temporal consistency of the modelled fluxes.
The two aspects are evaluated over the whole simulation period and flood events anly. Thi
analysis validates the insertion of the interception store in the GR4 model-ddisubme

steps, because it leads to significant benefits for model fluxes temporal consistency and for
model performance over floods.

However, a decrease of performaneer low flows is detected. It is argued that this problem
could be solved by testing alternative exchange functions. The use of the exchange function
proposed byLe Moine (2008 in combination with the model with the interception store
proposed hersolves the problem on low flows and provides further improvement to model
performance over flood events (reduction of the bias).

Finally, other complementary tests are performed to take into account the precipitation
intensity in the model. Our testedpiementations of an infiltratieexcess runoff component

and a precipitation correction factor are briefly presented. They did not provide any
significant improvement to the current version of the model. However, these tests are not
exhaustive and some tiifese issues may deserve further research in the future.
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5.1 General scheme of our model structure modifications

In this chapter, we present the structuradifications of the GR4 model that have been
tested at daily and stdaily time steps with the aims of:

(1) Improving model performance and particularly reduce the simulations bias
(underestimation) on flood events that was detected at daily and even raobe at
daily time steps;

(i) Improving the internafluxes coherenceat multiple time steps and particularly
stabilize the interceptiotoss and the other interdependent model fluxes (actual
evaporation from production reservoir and iatatchment groundwater
exchanges).

We apply the testing protocol for model calibration and validation used in the previous tests
of the GR4 model at multiple time steps (see Chapter 3 and 4). Calibration is performed using
the KGE criterion on streamflows at all the time stefphe time series as objective function.

As explained in Chapter 4, we propose a-step approach for empirical model identification

of a consistent muHiime step model, which complements the validation of model
performance with the validation of the n=istency of model fluxes and parameters across
time scales. In our approach,structural modification is accepted if and only if most of

the criteria of model performance are improved (or not degraded) and the fluxes
consistency criterion is improved (omot degraded) too

In the validation process, model performance will be evaluated using different criteria on
streamflow over the whole validation period and over flood evdrdgs,KGE, relative
variability, ratio of means, correlation and Fb@sed critria (extreme quantiles of flow
ratios and slope bias in the rsggment of the FDC). Note that since our evaluation of model
performance is based on a mudtiteria approach, the problem of model identification is not
an easy task. A compromise choicestioe made by the modeller if significant improvements

in some criteria are detected at the price of a degradation of other criteria.

For the validation of the temporal consistency of fluxes (at multiple time steps), we will use
the multiplicative bias ingkes defined in Chapter 4 and cal@gnulative flux ratios(i.e.

ratios of cumulated fluxes simulated at different time steps) on the whole validation time
series and on the flood events only.

Regarding the models naming, thaseline model structure sinply called GR4, refers to

the structure described iRerrin et al. (2008and run at multiple time steps by simple
adaptation of its fixed timdependent parameters (i.e. the model used in the previous
chaptes). We remind that the number in the model name stands for the number of free
parameters (4). Analogously, the model versions presented in this chapter will be called by a
code (i.e. an acronym) starting wiBRXwhereX is the number of free parametefdtte new
version. The final part of the code is composed of letters and numbers, with letters
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5. Towards a consistent mutime step model

abbreviating a particular structural modification and numbers standing either for the ordinal
number of the implemented structure and/or for a new fixed parawatee, as for instance:
WGR4I116 stands for GR4 baseline model with a f
component.

For sake of clarity, odemmedf masnew wdelrli vedf et
be defined as the number of model components involved by the structural modification with
respect to the baseline GR4 model. For exampiestaorder derived model will concern the

insertion (or modification) of onlpne particular model component (function) with respect to

the baseline model (e.g. the addition of only an interception model component or the sole
modification of the groundwater exchange function lead to-dirder derived models). The
combination of wo first-order model adaptations in one new structure generasesand

order derived structure, and so on.

To summarize all the modifications, the following four points recall finst-order
modificationsof the GR4 baseline model that we have testadutiple time steps and that
will be presented in this chapter:

I.  Insertion of arinterception storage component (see Section 5.2);

II.  Modification of thegroundwater exchange function(see Section 5.3);
[ll.  Insertion of a function accounting forfiltration -excess capacitysee Section 5.4.1);
IV. Insertion of gorecipitation correction factor (see Section 5.4.2).

The largest part of our work has been devoted to the first point (interception), and will be
thoroughly presented in this chapter. Oureistigations on the other three types of structural
modifications have been less exhaustive and will be presented in fewer details. Only some of
all the possible highesrder modifications (given by the combination of the fosier ones)

have been testeathd will be presented in this chapter, such as the combinattbe ofsertion

of an interceptionstore with a modified exchange function saturating on Higlwvs (see
Section 5.3).

5.2 Refinement of the interception component

The need of a refinement of thaterception component of the model is motivated by the
results of our model diagnosis (Chapter 4): the neutralisation function currently used in the
GR4 model proved inadequate to consistently represent the interception process across daily
and subdaily time steps, as demonstrated by both an empirical analysis and a formal proof.
This inadequacy is the cause of large undesired st effects on model internal fluxes and
parameters, whiclare presumablyrelatedto a degradation of the model simulatiomger

flood events (i.e. increasing bias as the time step decreases).

Given the observed compensations between model fluxes, it seems necessary to stabilize in
priority the interceptioiossat different time steps in order to make all the model fluxeemo
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consistent. This could be done by extending the memory of the function used for representing
interception to durations longer than the model time step by using a store.

Thus, we will test the insertion of an interception store in the GR4 model atadailgub

daily time steps, to replace the temporally inconsistent neutralisation function. A similar
complexification of the interception component of the GR4 model was already tested in a
previous study on the development of the hourly version of the medbbut detecting any
significant improvement of model performan@dathevet, 2005; pp. 22P21). Mathevet

(2009 tested the insertion of an interception store of either fixed or free capacity in the GR4
hourly model but he did not report in his PhD thesis é&stet] function for interception and
detailed results. According to his evaluation framework, he claimed that the insertion of an
interception store would not lead to any significant improvement in model performance.
However, unlike usMathevet (200bdid not evaluate neitheghe model fluxes consistency

nor the simulation performance on flood events. For this reason, we may expect that the
refinement of the interception component deserves more attention and that we could find
different conclusions thaMathevet (2005 thanks to our differenévaluation framework.

Also, Mathevet (200p (p. 223) recognizes that his efforts in the hourly model development
focused more on the routing part of the model than on the production part. So, he argued that
further work should deepen the question of optimality of the pramuctunctions
(interception, evaporation and infiltration).

5.2.1 A new structure with a bucket -style interception store

For the complexification of the interception component, we consider the insertion of a simple
bucketstyle store at the top of the current GR4 model structure (see Figure 5.1). The
interception store has acapacity of a few millimetres("O ), which alows to temporarily

store an amount of intercepted rainfa)l for a few hours or days. The stock of water in the
store overflows and productiwoughfall (0 ) when the capacitD is exceeded, while is
reduced byevaporation (O) at the potenial rate, unless the effective water supply rate
(P+1/ ) is limiting. This simple type of interception model component has been already used
in rainfall-runoff modelling at swdlaily time steps by other authdesg. Kandel et al., 2005

The interception store capacif® ) could be either fixed or calibrated, according titecia

based on model performance and internal fluxes consistency. We will evaluate both
possibilities by empirical modelling tests. As for denoting the new versions of the model, we
name asGR4-1 the model obtained by adding an interception store ofl foagpacity and as
GR5-1 the model with the interception store of free capacity (which would becomé"the 5
free parameter of the model).

Given the fixed timestep numerical implementation of the model, the order of the
interactions of the two climatic inpai(P and'O ) with the interception store could impact the
modelling results, especially at larger time steps. Two possible implementations of the
interception model component represented in Figure 5.1 are possible, depending on the
priority given at thebeginning of each fixed time step to either throughfall or evaporation
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from the store. In the first implementation (named 11), the througtifal) {s calculated prior

to evaporation @), while in the second (named 12), the evaporation is priohrtoughfall

(see Table 5.1). In the following, the derived model structures of these two implementations
are denoted respectively as GR4(or GR5I1) and GR4I2 (or GR512).
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FIGURES.1 z Schematic representation of the GR#tand GR5I model structure, modified from the
GR4 baseline model byPerrin et al. (2003 by insertion of an interception store (of maximum
capacityImax). The storecapacity may be either fixed (in GR4) or calibrated as a fifth free parameter
(in GR5I).

Since part of the potential evapotranspiration energy availgples(used to evaporate water
from the interception store, only the differend® 'O remainsavailable to evaporate
water from the production saihoisture accounting store. In other words, with respect to the
GR4 baseline model and the corresponding notation established by model equdiemsin
etal. (2003 (see also Section 2.6,1lin the GR4l and GR5I model structures (for botH1
and-12 versions) the net evaporation capadtyis equal toO O. In the same way, the
rainfall intensities are smoothed by the interception store, lthtoughfalld is the new

net rainfalld .

The total actual evaporatidoss(O ) will be the sum o0 andO, whereO is theamount of
water evaporateftom the production storesee Eq. (2.9) isection 2.6.), calculatechereas
a fundion of the newnet evaporation capacity
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0 x (5.1)

Interception store with throughfall prior to Interception store with evaporation prior to
evaporation (I11) 7 Equationsovera t i me throughfall (I12) 7 Equationsovera t i me s
17 The throughfall § ) rate is calculated as: 17 The actual evaporatiofQ)) rate is calculated as:
- .. O (O] .. .. O
0 aoathy —e—— O I EOh g
Yo Yo

2 The actual evaporatioiQ)) rate is calculated as;| 2 The throughfall ¢ ) is calculated as:

P © I - e e O 0o |
O | EOh = 0 0 Aoy ———— O

Yo Yo
31 Thel store water content is then updated as: | 37 Thel store water content is then updated as:

0O 0 0 OYo ™00 0 O 0 Yo

TABLE 5.1 z Equations of the two implementations of the interception store depending on the
priority given to either evaporation or throughfall (model names with either 11 or 12).Pand O are
the rainfall and potential evapotranspiration rates over the time stepy O@ is the interception
store capacity;"Ois the initial water content in the interception store (at the beginning of the time
O O A PO ¥ thaddqtual evaporation rate from thd store; 0 s the throughfall rate from thel store.

5.2.2 Results of the GR4-1 model with an interception store of fixed
capacity

The interception store capacity was initially fixed, with different values (ranging from

to 15 mm), to test the sensitivity of model results to this parameter. This choice dagsama

avoid possible interactions with the other production parameters of the model (i.e. capacity of
production store and water exchange coefficient) in the calibration step. We have chosen to
test a limited number of fixed values (less than 20) to lin@thnumber of models runs at short

time steps and so the calculation t i FRoe,. The
consists in the following eighteen values:

- 0.1mm;
- all values between 0.25 and 3 mm with a step of 0.25 mm;
- 4,5,7.5, 10 and 1&mm.

Note that the neutralisation function of the GR4 baseline model is equivalent to an
interception store of null capacity, and so the tested capacity values are nineteen.
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The range ofO values was chosen by extending of a few millimetres thiedlypange of
interception storage capacities reported in the literature for different land cover(¢ypes
Gerrits, 2019 The choice of considering more values between 0.25 amu 8vas based also

on our first analysis on the fluxes consistency at multiple time steps. In fact, this analysis
indicated that the capacities between 0.25 amdn8 were more effective to stabilize the
internal fluxes at multiple time steps, as reported in details later (see Section 5.2.4).

For eachO value in theF set, we recalibrated the GR4models, and so théour free
parameters that are in common with the GR4 baseline model are changed in the calibration
phase. To summarize the results of the GR4nd GR4I2 models (19 modelling tests for

each version and time step), we selected for each catchment thevdixedof interception

store capacity (among the nineteen) that leads to the maximum KGE value in calibration
mode. We named this fixed catchmelependent capacitgs 0 o p,ttd indicate that it
consists of the optim&  values within thd- set

In this way, the selected results provide a first estimation of the oo of performance
that can be achieved by adding an interception store of fixed capacity (within the kmited
set). A summary of the model performance at hourly and daily times s provided
respectivelyin Table 5.2 and Table 5f8r the two new model versions (GRY% and-12) and

for the baseline model without interception store (GR4).

The results at the hourly time step (Table) SBow that, on average, the GR4and-I2
models lead to a marked improvement with respect to the GR4 baseline model for both
evaluations over the wholey&ar period and over flood events. The average improvement in
KGE is of about 1 point (i.e. 13 over the whole period and 3 points over flaants with

both GR4I1 and-12 implementations. It is important to note the positive pronounced trend in
the ratio of meandbf in flood conditions. At the hourly time step, the median ratio of means
increases from about 90% with the GR4 model to 93%h whie GR4l models with
interception store. In other words, the average flood volumes underestimation is significantly
reduced by introducing the interception store in the GR4 mdHel:flood volumes are
underestimated on average by 7% with the new-GRddel, while they were underestimated

by 10% with the GR4 baseline moddlhis confirms thatthe introduction of the
interception store is especially advantageous for improving the simulation of flood
events with respect to the baseline modeds it was sggested in Chapter 4.

On the other hand, at the daily time step (Tabl¢ tha differences in average performance
between GR4 and GR4/-12 are smaller, and over the whole validation period they are
negligible (<1). A significant improvement (1.5 pais of KGE) is still detected by
evaluating over flood events, but is clearly less pronounced than for the hourly time step.
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Median Median criteria on the whole series Median criteria on flood events

Hourly | ImaxStore (validation) (validation)

model capacity

KGE[-] | all] b[] r[-] |KGE[-]| a[] b[] r{-]
[mm]

GR4 0 0.820 0.989 1.009 0.897 0.727 0.969 0.904 0.832

GR411
7.5 0.832 0.998 0.999 0.912 0.759 0.975 0.929 0.839
(F-op?)
GR4I12
(F-oph 7.5 0.833 0.999 0.999 0.912 0.759 0.972 0.928 0.841
-Op

TABLES.2 z Summary of the median performance criteria of théourly GR4 (baseline), GR41 and -

I2 models, with fixed capacityO , over the catchment set. The criteria presented are the KGE and
its components over the whole validation period and over the selected flood events. The results are
presented for the'O capacity (F-opt) which provides the maximum KGE value in calibration mode,
selected for each catchment among the set of 19 valuestween 0 and 15 mm.

Daily Median Median criteria on the whole series Median criteria on flood events
model | ImaxStore (validation) (validation)
capacity | KGE[-] | a[l] b [-] ri-I | KGE[-] | a[l b[] r[-]
[mm]

GR4 0 0.836 0.992 |1.005 |0.906 |0.718 0.934 | 0.935 | 0.800
GR4I1 | 5.0 0.836 0.998 | 1.000 |0.915 | 0.735 0.938 | 0.950 | 0.807
(F-opY)
GR412 | 5.0 0.833 0.997 1.001 0.914 0.731 0.936 0.947 0.811
(F-opt)

TABLES.3 z Summary of the median performance criteria of thelaily GR4 (baseline), GR4l and-12
models, with fixed capacityO , over the catchment set. The criteria presented are the KGE and its
components over the whole validation period and over the setged flood events. The results are
presented for the'O capacity (F-opt) which provides the maximum KGE value in calibration mode,
selected for each catchment among the set of 19 values between 0 and 15 mm.

Note that the two implementations of GIR4and-I2 lead to very similar model performance

scores at the hourly and daily time steps by both evaluations over the whole time series and
over flood events. The differences in the median values of KGE and its components between

these two implementatiorare negligible, being in the order of 10Thus, with respect to
model performance, a choice between the two model versions-I(G&4d -12) would be

arbitrary. The same conclusion is inferred by looking at the performance scores at all the other

subdalily time steps, from 6 min to 12 h.

In Figure 5.2 we provide a more detailed summary of model performance scores over the
catchment set for the evaluation over flood events. The statistics of performance of the GR4

12 model are presented for a represemgasubset of interception capacities ranging from 0 to
15 mm and for the suket of optimal capacities selected in thes€E-opt). The Friedman
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test shows the significant improvement in the whole distribution of the KGE anebfatio
means criteria, whepassing from zermterception storage to any interception store capacity
greater or equal to 1 mm. On the contrary, on average, the relative variability and the
correlation are more stable across the different tests reporegure 5.2 The differenes in
performance between the GR#nodel with the catchmerttependent interception capacities
(F-opt) and with the fixed capacity between 5 and 10 mm (for all catchments) are not
significant, except for the correlation (see results of the tedfignre 5.2).Also, the
maximum median KGE over floods for a single fixed capacity (among the 19) for all
catchments is obtained with the interception capacity of 2.5 mm. However, the performance
scores of the models with capacities from 2 to 10 mm arsigoificantly different according

to the Friedman test (note that the test was applied for all the 19 tested capacities and not only
the ones reported in the figure).

The average performance scores reported in Table 5.2 and Table 5.3 are associaed to lar
median interception store capacities, i.e. 7.5 and 5 mm respectively at the hourly and daily
time steps. It is interesting to note that these values are larger than the typical values reported
in the literature(i.e. observations)even if an accuratehgsical interpretation of our simple
interception model is not our objectiaad is made difficult by theepresentativeness tfe
measuremestat the basin scale One may refer for example to the review of canopy
interception byGerrits (2010 (see her Table 1.1 and references therein). The values of typical
water storage capacities reported for France range from 1.7 to 3.8 mm, with values lower than
2 mm for broadeaved trees forests and values larger thannB for coniferous (see
Aussenac, 1968

So, the GR4 model benefits more in terms of model performance from higher values of
interception storage capacity than what has been reported in the literature (even if the
comparison is rough). This could beled to he specific internal functioning of the GR4
model and in particular to what happens inside the model when the interception capacity
increases. As highlighted in Chapter 4, there is an internal feedback mechanism that
compensates for interceptidoss and exchange fluxes. This is verified by looking at the
changes of the parameters of the @Rdodel for different interception store capacities (see
Figure 5.3). In fact, when adding an interception store of increasing capacity, we observe a
consequet decrease (in absolute value) in the water exchange coefficient, as shown in Figure
5.3(b). At the hourly time step, the median water exchange coefficignpdsses from

1o ynm/h with the GRbaselinemodel to 1@ ymm/h with both the GR42 and GR4I1
models with the interception capacities selected on the basis of perforrramgie (This is a
relative change from the baseline GR4 parameter of about 61%. At the daily time step, the
analogous relative change isaout 42% (the mediax» passes from0.87 t0-0.51 mm/d).
The second maximum relative change is in the production store capacity (about 11% between
GR4 and GR42-F-opt). On average, the two other parameters are more stable when adding
the interception stre. So the need of higher values of interception capacities in thel GR4
model (to maximise model performance) is especially linked to this mechanism of
compensations of the interception and exchange components of the model. This issue will be
further digussed in terms of model fluxesSection 5.2.5
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FIGURES.2 7 Distribution over the catchment set of the performance criteria over the selected flood
events for the GR42 hourly model with different interception store capacities: (a)KGE (b) relative
variability, a; (c) ratio of means, b' and (d) correlation, r. The model with null interception store
"""" TAO O OEA -i'exbioe AM@®MAE QU TAITAXAARO B
catchmentspecific capacity selected in thdé- set of 19 capacities between 0 and 15 mm. The box
plots report the median vdue, interquartile range, and the whiskers represent the 10 and 90"
percentiles; the red points refer to mean values. The letters above each box plot specify the ranking
(alphabetical order) and the significant differences detected by the Friedman teat significance level
0.05 (distributions with the same letter are not significantly different).
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FIGURES.3 7 Distribution over the catchment set of the calibrated values of the four free parameters

of the GR4I12 hourly model with different interception store capacities: (a) capacity of the production

store (x1); (b) water exchange coefficient X2); (c) capacity of the routing store at one time step ahead

(x3); (d) time base of the unit hydrograph &s). The model with null interception store capacity

AT OOAOPITAO OF OEA '21 -AAOCAI RADAREAAI AT oBDEDAT DEA
dependent capacity selected in thé& set of 19 capacities between 0 and 15 mm. The box plots report

the median value interquartile range, and the whiskers represent the 10 and 90" percentiles; the

red points refer to mean values. The letters above each box plot specify the ranking (alphabetical

order) and the significant differences detected by the Friedman test asignificance level 0.05
(distributions with the same letter are not significantly different).

5.2.3 Results of the GR5| model with interception store of free
capacity

The findings reported in the previous section led us to question the possible benefits of
calibrating the interception store capacity for each catchment by automated calibration, within
a continuous domain, instead of choosing a fixed value within a limitecbeetve tested the
GR51 model (Figure 5.1) with interception store with free capadtinging the number of
calibrated parameters of the model from four to five.
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Our scope here is to evaluate whether the performance of thd @B&el is improved with
respect to the GR#model, thanks to the increased degrees of freedom in the modeh®
increased number of free parameters would jeopardize model calibration and so performance
and robustness. We remind that this analysis based on performance improvement is only the
first step in our process of model identification at multiple tsteps that will be followed by

an analysis of the impact of the interception store on model fluxes consisteddferent

time steps (see next Section 5.2.5).

Table 5.4 and Table 5.5 repohte average performance statistics for the two versions of the
GR5-1 model atthe hourly and daily time steps. The two model versions (GRind-12)

lead to the same average scores. Note that the median calibrated values of the interception
capacity are very similar for the two model versions at the hourly time stele, they are

more different at the daily time step. This is due to the fact that the different order of
operations in the two implementations of the interception store has an impact only at larger
time steps, as logically expected (because inputs gregajed).

Median Median criteria on the whole series Median criteria on flood events
Hourly I max Store (validation) (validation)
model capacity
[mm] KGE [-] al] b[] r-] KGE [-] al] b [-] r{-]
GR511 5.79 0.828 0.995 | 0.996 | 0.912 0.753 0.977 | 0.933 | 0.833
GR512 5.96 0.829 0.996 | 0.997 | 0.911 0.752 0.976 | 0.934 | 0.834

TABLES5.4 z Summary of the median performance criteria of thdourly GR5I11 and-12 models, with

free (calibrated) capacity'O

components over the whole validation period and over the selected flood events.

, over the catchment set. The criteria presented are the KGE and its

Median Median criteria on the whole series Median criteria on flood events
Daily I max Store (validation) (validation)
model capacity
[mm] KGE [-] al] b [] r{-] KGE [-] a[] b[] r{-]
GR511 6.45 0.830 1.001 1.000 0.912 0.725 0.935 0.946 | 0.807
GR5I12 5.08 0.832 1.001 1.002 0.912 0.724 0.926 0.944 | 0.807

TABLES.5 z Summary of the median performance criteria of thelaily GR5I1 and -12 models, with
free (calibrated) capacity’'O , over the catchment set. The criteria presented are the KGE and its
components over the whole validatiom period and over the selected flood events.

We compared the performance statistics of the -GR®Bdels with the statistics of the GR4

and GR4l models with fixed interception store capacities reported in the previous section

(Table 5.2 and Table 5.Figure 5.2). The average scores of the GRodels are slightly

lower than those of the GR4models (with capacity-opt) at both time steps and they are

even lower than the scores of the GR4 baseline model at the daily time step. However, in

general these differences in average performance are not significant (lepsttham KGE

and components values). Also, the Friedntast was applied to detect any significant
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difference between the distributions of the performance scores of thé @Bfel and those

of all the nineteen GR#models (for all tested fixed capacities). The test stated that there is
no significant diffeence (at a 0.05 significance level) between the KGE scores over the whole
series and over flood events for the GR&models and the GRMA model with any fixed
capacity between 2.25 and 10 mm (using the same capacity for all catchments). This means
that thee is no added value to be gained by calibrating the interception capacity together with
the other four free parameters of the GR4 model.

In other words, the added complexity of a free interception store capacity is not necessary and
may also be countermpauctive in terms of model performance. The interception store capacity
should be fixed independently from the other parameters and a search step of about 0.25 mm
should be sufficient in terms of model performance. This finding could be explained by a
redwtion of the robustness of the model with an increased number of free parameters. The
difficulty of calibrating the interception store capacity in the GR&odel is revealed also by

the interaction between this parameter and the water exchange coeféineady discussed

in the previous section (sd&gure 5.3) By means of this interaction, the same levels of
model performance are achieved for different parameters sets and this proves the presence of
equifinality problems in the GRb model calibration In this context, a possible way out of
these problems is our second step of empirical model identification based on the temporal
consistency of the internal fluxes.

5.2.4 Fixing the interception store capacity by seeking the fluxes
coherence at different time steps

5.2.4.1 The choice of a reference for the interception flux

As demonstrated in the previous sections, the insertion of an interception store in the GR4
model may lead to significant improvements in model performance at the hourly time step,
for both evaluatins over the whole-8ear period and over flood events. At the daily time
step, only a slight improvement over flood events was detected for the optimal fixed
interception capacitiesF{opt). No improvement of model performance was found by
calibrating thanterception parameter, with even a slight degradation at the daily time step. So
in terms of model performance, our tests lead usctept the insertion of an interception

store in the GR4 model at hourly but not at the daily time step

Moreover we haveshown that there is a problem of identification of the interception store
capacity due to interactions with the exchange coefficient, if model identification is based on
the sole basis of model performance. For this reason, we expect that the impravethent
temporal consistency of the model fluxes could help identifying this new component of the
model at sukdaily time steps.

The choice of not accepting the insertion of the interception store at the daily time step,
because of model performance isslesgs us to the possibility of considering as a reference
the daily interception flux calculated by the neutralisation function. Moreover, the fact that
the insertion of an interception store seems necessary only-dagylime steps is in line

188



5. Towards a consistent mutime step model

also wth the definition of the interception process in the literature. As argueBabgnije

(2004, evaporation fr om iasthefastfeegbadk tothe atnaogpheloee d e
(within a time spn of about one day) of the rainfall that does not reach thezooé or the

drainage system. ASereto (2010 r e ¢ 0 g n i the #me tsdala bf thé@ interception

process is in the orderofoneday The broad definition of int
time scale support our choice of using the dagytralisation as the reference flux for the
interceptionlosscalculated by the interception store at-glaly time steps.

Thus we searched for the interception store capatiiasx that could ensure the coherence

of the interception fluxes at diffent subdaily time steps (from 6 min to 12 h) with the
reference given by the daily neutralisation function. The criterion of fluxes consistency that
we chose to optimize is tlieimulative flux ratio(see Eq. (4.6) in Chapter 4). We remind that

it is defined as theratio of the cumulated flux simulated by the model at time skep
normalized on the daily reference flux cumulated over tiye&8 simulation periadSo the
cumulative flux ratio is equivalent to a ratsb-means criterion (ratio of simulatedud on

daily reference).

5.2.4.2 Determination of the interception store capacities ensuring the temporal
consistency of the flux

A simple iterative search algorithm was set up in order to maximise the coherence of the
interception fluxes at each time step with taly reference flux. The iterative procedure is
based on exploring the interception capacity space between 0 and 15 mm and calculating the
corresponding interceptidiessat each model time step A search step of 1 mm is chosen

for a first screening of the parameter space to detect a provisional (rough) optimal interception
parameter for the temporal consistency of the fluxes (between timex steg the daily
reference). Then the search is neited in a range of 2 mm around this first optimal value and

the search step is reduced to 0.25 mm in order to find a refined solution. The effectiveness of
the search step size is finally verified by checking that the cumulative flux ratio is close to 1
(optimal value) with a maximum tolerance distance of 5 % (arbitrary threshold). Applied to
each catchment and for each time step, this procedure led us to identify the interception store
capacity that is optimal for ensuring an estimation of the cumulatecceptionlossthat is
coherent across model time steps.

The average values (over the catchment set) of the resulting optimal interception capacities
for the fluxes temporal consistency are reported Table 5.6 for the two tested
implementations (I1 ank2) of the interception store.

For the two implementations, the maximum relative deviation around the optimal cumulative
flux ratios is about b at any time step, anhe median relative difference in cumulated
interception fluxes over the catchment sets lower than 8 b at all time steps These
satisfactory resultsonfirm that the discrete search step of 0.25 mm is fine enough for our
scope. We remind that for the GR4 baseline model (without interception stora)nineum
relative difference of # cumulated interception fluxes at different time steps was at least
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o 1 (and largely greater than this for time steps shorter than 12 h), as shown in Chapter 4
(seeFigure 4.5.

Implementation of Median interception store capacity[mm] at time stepx for Max relative
the interception the maximisation of the coherence of interception fluxes with|  deviation from
store daily reference optimal cumulative
1| 12h 6 h 3h 1h 30m | 12m | 6m flux ratio [%0]
d
11 0 |250 |225 |200 |2.00 |[200 |200 |200 |33
12 0 |[125 |150 |1.75 |2.00 |200 |200 |200 |31

TABLE5.6 7z Median values of the optimal interception capacities at different time steps over the
catchment set. The criterion optimized for the temporal consistency of the simulated interception
fluxes is the cumulative flux ratio of the simulated fluxes at timetsp x normalized with the daily
reference.

The resultsn Table 5.6show that, on average, for the two implementations, the interception
capacity for ensuring the consistency of fluxes with the daily reference stabilizes at a value of
2 mm when the time ep decreases from daily to 6 min. However, a different trend emerges
for the two implementations for time steps larger than 3 h. The first implementatioe€ds

larger interception capacities at larger sldily time steps (e.g. 2.5 mm at 12 ahd pesents

a not monotonous trend (increasing between 1 d and 12 h and then decreasing at shorter time
steps). This may be explained by the fact that the interception storéhvatlghfall prior to
evaporation (see equations in Table 5.1) needs larger dapaoitavoid being bypassed by

the precipitation at larger time steps, because the throughfall is calculated before evaporation.
On the contrary, for the second implementation (I12), the trend of the optimal capacities for
different time steps is monotonquscreasing from the daily zesiorage to the -Bnm
capacity at the 6nin scale. For this reasowe choose the second implementation for the
interception store (I2), since we think that its behaviour is more intuitive for this
monotonous relationship heten the storage capacity and the time steps. This
implementation is also in line with what is classically done in conceptual m@dgld<andel

et al.,, 200% and with the physical description of the interception process that is usually
proposedsee, for instance, Aussenac, 1968, Sectioh BiZoarticular, it is recognized that
evaporation phenomemaostlyoccur at the beginning of the interceptnocess, because the
surface temperature of the leawesay behigher than the air temperature. Then, with the
continuation of the rainfall event, these phenomena rapidly re@owersey, throughfall
increases with time. Athe beginning of a rainfakvent most of the water drops can be
intercepted by the vegetatiomhen intercepted wateaccumulates over the plant surfaces
until the maximum storage capacity is reached, i.e. until the surface tension forces are
exceeded by the force of gravity.

The digribution of the optimal interception capacities of the @R4nodel at different time
steps is reported in Figure 5.4. It shows the stabilization of the parameter (to values around 2
mm) as the time step decreasHse relationship between interceptiorpaaity and time step

was verified to be monotonous not only on average but also for each cat¢hotestiown)
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FIGURES 4 z Distribution over the catchment set of the optimal capacity of the interception store of
the GR412 model for ensuring the temporal consistency of the simulated interception flux with the
daily reference flux. The box plots report the median value, intquartile range, and the whiskers

represent the 10h and 90h percentiles; the red points refer to mean values.

5.2.5 Results of the GR4-12 model with interception store of
catchment -dependent capacity based on fluxes consistency

After the determination of thiaterception capacities ensuring the temporal consistency of the
interception flux, we have run the GR2 model with these catchmedépendent capacities.

In the following, we present the evaluation of this model from the point of view of the
temporal cosistency of the simulated fluxes corresponding to catchment water losses and
gains: interceptiooss actualevapotranspiratiofrom the production storand groundwater
exchanges. The motivations for analysing these specific internal fluxes of the werdel
introduced in Chapter 4. The reader can refer to Section 4.3.2 for the definition of these fluxes
in the GR4 baseline model and for the definition ofdeulative flux ratioshat will be used

also in this section. Note that only the equations gomgrthe interception fluxes have been
directly changed in the GRI2Z model with respect to the GR4 baseline model. So the changes
in the other fluxes willindirectly result from this change (and the possible changes in
optimized parameter values).

Here ou scope is to analyse the effectiveness of the -@R#odel in order to reduce the
large undesired changes of fluxes simulated by the GR4 baseline model at different time
steps. We will analyse whether the stabilization of the interception flux as thestipe
changes in the GRI model leads to a stabilization of all the other model fluxes. In case this
happens, we will evaluate whether the improved fluxes consistency leads to improved water
balance simulations over floods.

5.2.5.1 Evaluation of the temporal con sistency of fluxes over the whole validation
period

Figure 5.5 reports a summary of the evolution of the internal fluxes of thelGRédel
cumulated over the wholeygar validation period as the time step decreases from 1 day to 6
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min (over the catchmérset). The changes are normalized to the chosen reference given by
the fluxes of the daily GR4 model (GR2 model with zerecapacity interception storage).

Figure 5.5 shows thahe model fluxes have been stabilized across different time steps
thanks to the introduction of the interception store In fact, the median value and the
interquartile range of the cumulative flux ratios are centred around the optimal ratio (1) for all
the fluxes at all time steps, unlike the baseline model case. The cumulatedption flux

does not change of more than 1.5 % at all time steps. As a consequence, also all the other
modelled fluxes deviate on average by less than 5% from the correspondent reference daily
model fluxes. So, these results show that the insertiom aftarception store in the GR4
model at suldaily time steps can provide large improvements in terms of temporal
consistency of the modelled fluxes over a long period. Figure 5.5 shows that, for interception
lossand actual evaporation, the extreme quesit{3" and 9%") of the cumulative flux ratios

do not deviate much from 1 (about 5 % at most). Only for the exchange fluxes there are still
some important relative changes (>20%). However, these large relative deviations can be
associated to small abstdudeviations (in mm) with respect to the whole annual water
balance of the catchment, because the reference exchange flux can be small. Moreover, for the
GR412 model even the largest relative deviations in the exchange fluxes are much lower than
the onesobserved for the GR4 baseline model (see Figure 4.5). Note thaaiie scales of

the graphics in Figure 5.5 and Figure 4.5 are different. We chose this to allow detecting the
relative changes of the actual fluxes of the @R4nd GR4 models which adifferent (by

more than a factor of 10 in general). If the sanseales were used, the relative changes in the
fluxes of the GR42 model would be not visible because they would be crushed in a too
narrow strip around the optimal ratio.

To summarize thehanges in fluxes in absolute terms (mm), Table 5.7 provides the median
values of the annual cumulated fluxes and the total net cumulated losses simulated at the eight
tested time steps. The fluxes appear to be stabilized also by looking at their absdge a

values simulated by the model at different time steps. Figure 5.6 shows the comparison of the
cumulated fluxes between the hourly and daily models for all the 240 catchments. It shows a
very good temporal consistency of the simulated fluxes owemtiole catchment set, with
almost all the catchments presenting approximately the same fluxes as the time step changes
from daily to hourly. So the problem of large changes in cumulated fluxes is solved in general
over the catchment set by the new vergibthe model with interception store (GR2).

Also the problem of cases of groundwater exchange fluxes changing sign as the model time
step changes is almost completely solved, as shown in Figure 5.6(c). There were 15 cases
with the GR4 model, and nowitlv the GR4I2 model only 3 catchments still present this
problem but with very small exchange fluxes (absolute cumulated annual values lower than
20 mm).
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FIGURES5.5 1T Summary of the cumulative flux ratios of the GR4model at different time steps (with
daily reference) over the whole validation period and theczd€hment set: (a) interceptidoss |; (b)
actual evaporation from the production reservak, (c) groundwater losse&L; (d) groundwater gains,
FG.

193



5. Towards a consistent mutime step model

In this general view of good consistency of modelled fluxes, only one very critical outlier is
detected by looking at the scatterplots in Figure 5d§(dt is the only point presenting a
difference of ddy and hourly fluxes of more than 67 mm/y (186 mm/y). This catchment is
the Espérelle brook at Rogu®ainteMarguerite (602 krfi BanqueHydro code:
A033950100) , t hat is characterized by a ty,
hydro-climatic chaacteristics of this catchment reveal that its significant water losses are
determinant for the water balance: with iré@mual mean values of precipitation and
potential evapotranspiration of 1200 mm/y and #2b/y respectively, the mean annual flow

is orly 55 mm/y! The drainage density indicator of this catchment is very high (225 km
indicating that watetends to infiltrate in the soil. The model calibration well detects this
characteristic, by assigning one of the largest negative values to thengxotwefficient

(about ¢ pgmm/h). So, in this case, it is not surprising thatfinedinterceptioncomponent

does not manage to solve the problem of inconsistent values of exchange fluxes across time
steps.

This particular case indicates that anothebpem of structural inconsistency (not driven by a
compensation of the interceptitosyg seems to jeopardize the coherence of the exchange flux
across time steps when the groundwater exchange flux is necessarily very high. This seems to
be due to a strugtal problem located in the exchange function itself. So it seems that this
problem should be solved by other specific structural modifications of the exchange function.

Annual cumulated flux statistics [mm/y] Model time step
over the 8years validation period 6-m | 122m | 30om | 1-h 3-h 6-h 12-h 1-d

Median annual interceptidoss | [mm/y] 242 | 243 | 241 | 240 | 242 | 242 | 242 | 241

Median annual actual evaporation from
) ) 306 | 305 | 305 | 308 | 307 | 308 | 308 | 311
production reservoitAE [mm/y]

Median annual gnandwater losse$rom
basins Ising water at daily time step, 77 74 77 72 75 74 73 72
[mml/y]

Median annual groundwater gains, from
basins gaining water at daily time stéjp, 70 60 64 77 79 80 78 78
[mml/y]

Median annual net lossels-AE+HF -Fg)
602 | 602 | 604 | 603 | 603 | 602 | 602 | 604
[mml/y]

TABLES.7 z Summary of the annual averages of the cumulated internal fluxes modelled by the GR4
12 model at different time steps.
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FIGURES.6 7 Annual average cumulated fluxes from daily and hourly GR2 model simulations over
the 240-catchment set: (a) interceptionloss, I; (b) actual evaporation from the production reservoir,
AE (c) actual groundwater losses, (negative values represent gainF; (d) net losses (#+AEHF).

5.2.5.2 Evaluation of the temporal consistency of fluxes over the flood events only

Figure 5.7 shows the relative changes of the fluxes cumulated over the selected flood events
provided by the simulations of the GRmodel at theeight tested time steps. As in the case

of the evaluation over the whole validation period, also over the flood events, there is a large
improvement of the fluxes consistency with respect to the baseline model. In fact, the median
cumulative flux ratios @6-min time step are 1.14, 0.64, 1.16 and 1.34 for intercejss

actual evaporation, groundwater losses and gains respectively. These values are much closer
to one than for the case of the GR4 baseline model, for which they were about 0.3, 2.85, 1.9,
and 0.54 respectively (see Figure 4.7).

The fact that the interception flux over flood events is not stabilized could be a surprise at
first, given the methodology followed to build the GR4model. However, this is likely to be

due to the fact that weakie not taken into account the initial and final conditions of the
interception store (whether it is empty or nat)the beginning and at the end of each flood
event In fact, the interception fluxs calculated over the same actual duration of the flood
events for each time step. However, in this specific evaluation, the use of a same temporal
window is not the most correct choice to assess a temporal coherence of the flux, because the
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interception store used at sdhily time steps could provide more wato evaporate, coming

from the time steps before the considered storm event. Also, it could store some water that
will be evaporated the day after the end of the selected flood event period. We decided not to
further explore the issue, because the chamgdke interception flux is relatively low and is

not important in absolute terms. In fact, by looking at the average daily fluxes of interception
lossand actual evaporation from the production reservoir (see Table 5.8), one may observe
that the averagehange in interceptiolossover floods is at most 0.1 mm/d and it is perfectly
compensated by the actual evaporation changes (see last line in Table 5.8). Since this
compensation is confined to the evaporative losses, this means that we have solved the
problematic effects chain affecting the groundwater losses that was detected in the GR4
model.

Still, the groundwater losses significantly increase on average of @laguiby passing from

daily to hourly or sukhourly time steps) also in the new GR4model, although they no
longer have to compensate for spurious changes of intercépg®wolumes. The largest part

of the changes of groundwater losses across time séspbden reduced (they increased by
aboutw 1P In the baseline model) by adding the interception store. The residual problem of
inconsistency of the exchange fluxes in the @R4nodel is likely due to a structural
inconsistency of the exchange functioreltsAn indication of the same kind is also found by
looking at the evolution of the groundwater gains (Figure 5.7(d)). In fact, on average, we
remind that in the GR4 model they decreased with time step to compensate for the reduction
of interception losse Now, in the GR42 model, they increaseavithout the need to
compensate for other fluxes changes
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FIGURES.7 z Summary of the cumulative flux ratios at different time steps (with daily reference)
over the 2400 flood events for the 24Gcatchment set: (a) interceptionloss, I; (b) actual evaporation
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Table 5.8shows that the median daily net losses still present aease at shorter time steps

in the GR412 model of aboutpb (it is almost 4 times less than in the baseline model). This
increase in total net losses is now essentially due to the underground exchange function itself,
given the trends observed in the mitet fluxes at different time steps and the perfect
compensation of interceptidassand actual evaporation frothe production reservoirTable

5.8). The scatteplots in Figure 5.8 present the comparison of the daily average exchange
fluxes and the totanet losses calculated from hourly and daily simulations, confirming the
trend observed in the average valuéthe simulation bias is still worse at shorter time steps
than at daily, this increase of exchange losses is likely to be a potentiallyraddsgictural
inadequacy of the model. In the next section we will evaluate this possible residual impact on
the GR412 model performance, especially on the bias of flood events simulations at shorter
time steps.

Daily cumulated flux statistics [mm/d] ower the Model time step
2400 selected flood events 6-m | 122-m | 30-m | 1-h 3-h 6-h 12-h 1-d
Median daily interceptiotoss | [mm/d] 0.82 | 082 | 082 | 082 | 0.82 | 0.81 | 0.80 | 0.72

Median daily actual evaporation from producti
] 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.17 | 0.19 | 0.25
reservoir AE [mm/d]

Median daily grandwater losses, from basins

] o 0.88 | 0.87 | 0.88 | 0.81 | 0.87 | 0.82 | 0.78 | 0.76
losing water at daily time step, [mm/d]

Median daily groundwater gains, from basins
o o 0.90 | 0.50 | 0.57 | 0.78 | 0.87 | 0.83 | 0.78 | 0.67
gaining water at daily time stepg [mm/d]

Median daily net losse${AE+F -Fg) [mm/d] 181 | 180 | 181 | 1.72 | 1.77 | 172 | 1.72 | 1.67

Median daily losses from interception +
) 1.02 | 1.02 | 1.02 | 1.02 | 1.02 | 1.02 | 1.02 | 1.02
evaporationltAE) [mm/d]

TABLES.8 z Summary of the daily average of the cumulated internal fluxes modelled by the GR4
model at different time steps over the 2400 selected flood events.
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FIGURES.81 Daily average cumulated fluxes from daily and hourly @R4nodel simulations over the
2400 selected flood events (with regression line): (a) actual groundwater losses, (negative values represent
gains),F; (d) net losses (=AE+F).

5.2.5.3 Model parameters consistency of the GR4I2 model

In Chapter 4, we have shown that, for the GR4 baseline model, the inconsistencies in model
internal fluxes at different time steps result in inconsistent parameter values. In particular, the
clearest impact of the fluxes incastencies on the parameters of the GR4 model is detected
on the water exchange coefficierd, which steadily decreases with time step (going towards
larger negative values). Here, we expect that the spuriousstapedependency ok is
reduced, givenhte large improvement in the temporal consistency of the fluxes of thdZ5R4
model. Figure 5.9 shows the distributions of the deviations okitparameters of the GR4
baseline model (left panel) and the GR4model (right panel) calibrated at the eigime

steps from the corresponding value obtained by calibration at the daily time step. For a
consistent comparison, the parameters at all different time steps are converted to their
corresponding hourly value ([mm/h]) by applying the theoretical reldtiprderived from the
integration of the model governing equations, as already discussed in Chapters Gead 4
also Le Moine, 2008, pp. 17273.
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FIGURES.9 z Distributions of the deviations of the water exchange coefficientxg) parameter
between the daily model reference and the eight time steps from 6 min to 1 day over the 240
catchment set (the parameters are converted to #ir corresponding hourly values by their
theoretical relationships): (a) GR4 baseline model; (b) GRR with interception store of catchment
dependent capacity to ensure the flux temporal consistencyqg-fiux). The box plots report the median
value, interquartile range, and the whiskers represent the 10 and 90h percentiles; the red points
refer to mean values. The letters above each box plot specify the ranking (alphabetical order) and the
significant differences detected by the Friedman test at signifance level 0.05 (distributions with the
same letter are not significantly different).

Figure 5.9 shows that the water exchange coefficient parameter is stabilized thanks to the
insertion of the interception store. The decreasing trend that was observ€dR4 (left

panel) has disappeared for GR4(right panel). For the new model version, the average
deviation of the parameter is centred at around zero (its optimal value) at all time steps. Some
cases of large relative deviations of the parameter fatrelift time steps are still found over

the catchment set, but no particular trends are detected.

Table 5.9 reports some statistics useful to better understand the positive effect of the
interception store on the temporal coherence of all the-RR4rametrs. The median values

of the parameters at the two extreme time steps, i.e. 1 day and 6 minutes, are much more
stable than what was observed for GR4 (see Table 4.5). Note that the relative changes of the
first three parameters at different time stepsrem@ much lower than the relative standard
deviation of the parameters over the catchment set.

The spurious trends that were observed in the GR4 parameters dependency with time step
(especially forx: and x2) have been drastically reduced after refining tihterception
component. This finding corroborates the results presentedabgtski et al. (2011 who

showed that some parametéhst are common to different model structures of increasing
complexity are highly scale dependent in simpler models but become progressively more
stable in more complex model structures.
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5. Towards a consistent mutime step model

Parameter | Units | Median Relative Median relative change Drel.) of parameter calibrated
parameter standard | at time stepDt, with respect to the daily reference
(converted to | deviation yn i De. V1 e “Hiw. "H[%]
Lo ref. E [%] where e. ¥'| is thei-th parameter calibrated at t.s.Dt
valueg
1d 6m 1d |[6m | 6m 12m [30m | 1h 3h 6h 12 h
X1 [mm] 264 244 | 181 | 90 -3 -4 -4 -4 -2 -2 -2
X2 [mm/h] | -0.58 | -0.63 | 282 | 227 -2 -3 -3 -3 +1 +1 +3
X3 [mm] 114 122 | 153 | 164 +4 +4 +5 +5 +3 +3 +2
X4 [h] 48 12 50 | 110 | -72 -72 -71 -71 -63 -63 -36

TABLES.9 7z Median values of the GR4R parameters calibrated at daily and émin time step, their
coefficient of variation, and the median relative changes in parameter values at seven time steps from
6-min to 12-h with respect to the daily value over the 24€catchment set.

5.2.5.4 Evaluation of model performance of the GR4-12 model

Table 5.10 reports the median values of the criteria of model performance over the whole
validation period and over flood events for the hourly simulation of the-kZRdodel with

the capacityloptiux (€nsuring the temporal consistency of the model fluxes). For comparison,
the same statistics are reported for the GR4 baseline model and for tH2 @B&el.

Hourly Median criteria on the whole | Median FDC-basedcriteria Median criteria on flood
model series (validation) (validation) events (validation)
KGE | a[] | b[] | r[-] | ENiil Slope |ENii| KGE | a[] | b[] | r[-]
0 "E R OH b "E R OH 0
- ias -
[-] [-]
FDC
[%]

GR4 0.820 | 0.989 | 1.009 | 0.897 | 0.972 | 1.394 0.952 | 0.727 | 0.969 | 0.904 | 0.832

GR412 | 0.827 | 0.991 | 1.008 | 0.905 | 0.979 | 4.526 0.887 | 0.742 | 0.979 | 0.920 | 0.836

(l opt—flux)

GR5I2 | 0.829 | 0.996 | 0.997 | 0.911 | 0.980 | 7.499 0.837 | 0.752 | 0.976 | 0.934 | 0.834

TABLES.10 z Summary of the median performance criteria of the hourly GR4 (baseline), GiR4dand
GR5I2 models. The interception capacity in the GRI model is the one fixed to ensure the flux
temporal consistency (optfiux), While in the GR5I2 model it is calibrated using the KGE criterion on
the whole series as objective function

Comparison with the baseline model

The GR412 model withloptsiux capacity outperforms the baseline model for the criteria over
the whole period (i.e. regime) and more significantrgroflood events, as confirmed also by
the Friedman test (see also FigureldHat is reported later for comparison with also another

201



5. Towards a consistent mutime step model

structure). On the other hand, a decrease of performance-ifolowonditions is detected by

a marked degradation ofdlratio of the lower quantiles of the flow duration curve (Table
5.10). Low flows appear to be more un@stimated by the new GR2 model with
interception store than they were by the baseline model. This consequently increases the bias
in the slope oftie midsegment of the flow duration curve.

Comparison with the GR512 model

First, we remind that the GR2 model (with the calibrated interception capacity) is a sub
optimal choice with respect to GR2 (with the loptfiux Capacity) because GR3 doesnot
ensure the model fluxes temporal consistency as well asI&Ribes. However, it is
interesting to see if some performance benefits could be provided by calibrating the
interception store (GRE), and understand the reasons of the performance changes.

With respect to the GRER model, the GR42 model withloptfiux Capacity shows a slight
decrease of performance over flood events (not significant according to the Friedman test).
However, the GR82 model degrades more the simulation of lows flows t@&R412 does

with respect to GR4. One may note that the performance changes betweé¢? SR5GR4

I2 are essentially related to the following differencesthe interception and exchange
components

(i) the average interception store capacity is about 6fonf@R512 and 2 mm for GR4
12;

(i) the change of interception capacity has a direct impact on the exchange flux and its
related parameter (see Section 5.2.2; Figure 5.3(b)): when the interception capacity
increases, the absolute value of the exchange cesilfidecreases.

Note that the changes in the exchange have a direct impact on the simulation bias, while the
changes in the interception flux are almost perfectly compensated by the feedback of the
actual evaporation from the production store (as we prbyexir previous analyses).

So a logical deduction from the observations above could explain the observed changes of
performance. The further improvement of the floods volume simulation of-1&Réth

respect to GR42 should be linked to the reduced im@orte of the exchange due to the
reduction of the water exchange coefficient. In fact we remind that for most of the catchments
(about 80 % of the set) the exchange is negative (losses). So the reduction of the absolute
value of the exchange coefficient @R512 is likely to be the cause of the improvement of

the raticof-means If) criterion over floods. For this reason, we think that further tests should
attempt at recovering the gains in performance of the-l2R&odel over flood events by
changing the eshange function shape to reduce the exchange flux influighconditions

with respect to regime.

Decision on the acceptance of the GRI2Z model structure

The GR4I12 model structure with I.xnx capacity (ensuring the fluxes temporal
consistency) is accepted as an improvement of the current GR4 model at sudly time
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5. Towards a consistent mutime step model

steps.In fact, it significantly improves the model adaptability at different time steps thanks to
the internal fluxes stabilizatn and its positive consequences (e.g. improved transferability of
parameters). This model seems to be better, in this provisional version (as it has been
proposed so far), for applications of the model focusing on regime oiflbwghconditions

rather tha low flows. In these conditions, our modification of the model significantly
improves the fluxes consistency and provides significant benefits in performance with respect
to the baseline model. Further tests should focus on possible improvements-flowow
simulations. These could be achieved in different ways, such as:

(1) modifying the interception function itself for low incoming precipitation rates;

(i) modifying the exchange function shape with particular attention to improving low
flow simulations;

(i)  testng the insertion of a precipitation correction factor.

Here we decided to terminate our tests on the refinement of the interception function, because
its introduction has already proved many benefits and it seems now more urgent to work on
other model comonents. In the rest of this chapter, we will focus more on the exchange
function providing evidence of its importance for improving model performance on low
flows.

Further research for improving the interception component

We report here some ideas on et possible ways of improvement of our simple
interception model that could help improving l#aw simulation. These ideas are inspired
by the wellestablished Rutter mod€Rutter et al., 1971 one of the most often used
conceptual models for interception at sidily time scales(Valente et al., 1997Gerrits,
2010. The two following characteristics of the Rutter model could be combined with our
bucket interception store:

(i) a slow leaking function fronthe interception store, that allows draining a small
portion of intercepted water to the production reservoir;

(if) the addition of a free throughfall branch, i.e. throughfall which does not touch the
interception store at all (i.e. a fixed portion of thecp#ation P).

These modifications should reduce the evaporation from the interception store when it is
filled by low precipitation rates, but they could not be effective for improvingflow
simulation because of the compensative feedback of the etiapofeom the production

store. Thus, we suspect that these changes would be of second order with respect to the
modification of the exchange function to attempt reducing the impact on low flows.

5.2.5.5 Relationship between interception store capacity and catchme nt
characteristics

We performed a first rough analysis of the possible relationship between the interception
parameter and some catchment characteristics. A proper correlation analysis was not possible
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5. Towards a consistent mutime step model

because the interception capacity values have a wvewy dispersion, being highly
concentrated around a median value and with only a few values around. For example, at the
hourly time step, there are only five capacity values for the 240 catchments, ranging from 1.5
to 2.5 mm and their standard deviation .220mm. This low dispersion is likely to be (at least
partially) due to the choice of using a search step of 0.25 mm for screening the parameter
space in our optimization procedure. However, the impact of this discrete search step on the
cumulated flux isnot large, as already discussed. So we think that a first analysis of the
parameter dependency on catchment characteristics is still possible.

The analysis was performed at the hourly time step, for which the capacities are stabilized at
their values corigponding to short subourly time steps. The indicators of catchment
characteristics that we considered are the following twelve: surface, altitude, topographic
index, mean annual precipitation and potential evapotranspiration, aridity index, runoff
coefficient, daily precipitation intensity index, GOUE index of precipitation temporal
variability (at 6min), percentage of broddaved, coniferous and mixed forest covers (see
Chapter 2).

By grouping the 240 catchments in five classes according to theicaptem capacity
parameter, we searched for possible clear monotonous relationships between the capacity
values and the catchment characteristics. This trend was visually identified by means of box
plots if most of the quantiles of the distribution of techment characteristics changed in

the same way (increasing or decreasing) by increasing interception capacity.

Among the 12 indicators considered, the clearest trend was found for thg endldix, as

shown in Figure 5.12Ghe most arid the catchmasf the lower the interception capacity. This
trend corresponds to the logical expectation of a decrease of the interception capacity for
increasingly arid environments, where the vegetation cover shouldpbeser This
information could be useful to rafly prescribe first approximate capacity values of the
interception store of the GR2 model in function of the aridity index of the catchment.
However, our advice is to favor a more accurate method for ensuring the temporal consistency
of the interceptio flux.
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FIGURES.10 7 Aridity index of the 240 catchments grouped by the interception store capacity of the
GR412 model at hourly time step. The values of the store capacity are those fixed to ensure the
temporal consistency of the interception flux at different time steps.

Two other variables turned out to be seemingly correlated with the interception capacity
parameter, but to a lower extent: the surface, and the GOUE index of precipitation temporal
variability. Smaller catchments and catchments with higher precipitatoabiity are
associated to higher interception capacities. The effect of the catchment size is likely to be
due to the spatial averaging of this parameter, which should increasingly smooth out possible
localized high values of storage capacities as dtiehment surface increases.

Some limits of our analysis couldide'the possible links of the model parameter with some
expected explanatory variables, like the forest cover. In addition to the low number of pre
defined values of capacity values, anothmit is the fact that we defined the capacities by
the internal coherence of the model (with the daily modelled flux) and not by a physical
approach.

205
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5.3 Attempts at improving model performance by
modification of the exchange function

As shown in our previouanalyses of model fluxes across time steps, the underground losses
are generally too large during flood events, at daily and even more-dagyltime steps, for

both the GR42 and GR4 models. In particular, in the GR4model, the exchange flux is

not subject to a compensation of interceptimss changes, but it is still increasing
significantly at shorter time steps and this worsens the flood volumes simulation bias. We
attempted solving this problem by searching ways of reducing the groundwats thsing
floods. To this end, we tested some variants of the grawatdr exchange function designed

to either saturate (i.e. come to a limit) or reduce the increase of exchanged fluxesfiovhigh
conditions or change its dependency on the routing &oel.

5.3.1 Tested variants of the exchange function

The common thread of our tested modifications is that they are supposed to change the
distribution of the exchange flux along different streamflow levels.

We did not question thdependency of the excharg function on the routing reservoir
levelitself. This starting point relies on previous works on the development of the GR4 model
(Nasaémento, 1995 Perrin, 2000 Le Moine, 2008 showing that the current solution
outperforms several alternatives (suchhesdependency from the production reservoir level).
Moreover, since our scope is to change the distribution of the exchange for different levels of
streamflows, the dependency on the routing store level is the most logical one. Note that we
re-tested som previously tested functions for the exchafg@gerrin, 2000 Le Moine, 2008,

as changing the exponent of the power function, because our evaluation framework is
different from the previous works cited. In fact, the added vafumir evaluation stems from

the attention pal to the internal fluxes of the model and to the flood events simulation.

The following four classes of exchange function were tested:

1. As areference comparison, a simplified version of the baseline mitielut exchange
function at all (F=0) has been tested. This model version has been calR&¥0 (for
zeraexchange fluxF) and has onl free parameters since the exchange coefficient is
not used. Of course, this model is not expected to improve modetmarice, given the
importance of the exchange flux to allow a correct catchment water balance. In fact, in
regime conditions, the current exchange function of the GR4 model seems essential and
effective (as shown by the analysis of the fluxes over theenvbmlies). The aims of this
test are: (i) to show the possible lowmund of model performance when the exchange
component is neglected, and (ii) especially to show the impact of a null exchange flux on
the bias over flood events.

2. We tested the exchangantction of the model developed the Moine (2008 starting
from the GR4 baseline model. This exchange function was identifike bjoine (2003
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as a valid alternative to the GR4 model 0s
low flows. This originated a wekstablished model version derived from the GR4
baseline model at the daily and hourly time step that has been called GR5 (5 free
parameters). This version of the model is used as the elementary block of the semi
distributed GRSD nodel (e.g. Lobligeois et al., 20)4The exchange function of this

model is alinear function of the routing reservoir level. Its formulation includes an
additional free parameter (xs [-]), representinghe level of the routing store for which

the exchanged flux changes sig\s proposed bye Moine (2008, this linear exchange
function is:

Y
0O 0o — o (5.2)
W

where:R is the level in the routing store [mm)y its reference capacity (one time step
ahead) [mm]w the threshold level for which the exchange function changes in sign (with
® N TP ), andw the water exchange coefficient [mm/t.s.].

In the following we vill call this structureGR5FL (whereL stands for linear function for
exchange[F) to better distinguish it from other models names. This linear exchange
function has been tested also with the interception store of thelZRmulation,
leading to ase@nd-order modificationcalledGR512-FL.

. The first new exchange function variant that we propose involves theradification
of the exponent(p) of the power function (the current exponent is 3.5) of the level of the
routing reservoir. The-power exchage function is:

O w (b_ (53)
where:R is the level in the routing store [mm)) its reference capacity [mm{y the
water exchange coefficient [mm/t.s.], amna@ positive exponent. The sensitivity of model
performance to different values pfhas been tested. We tested valuep tdwer and
greater than 3.5 (ranging from 2 to 5). Our expectation isthiea¢xchanges in higffow
conditions are reducebly increaing the exponent of the power function, because

calculated by raising a term that is always lower than 1-f&éo powerp. However, also

values ofp lower than 3.5 have been tested because of the interaction of the change in p
values with the calibrated values®f. This structure is calle@R4Fp-X, whereX is the
exponent of the power function.

. One may note that bsaising the exponent of the powknction, exchanges are overall
reduced whatever the routing reservoir level is. On the contrary, our previous analyses on
the modelled fluxes seem to indicate that the exchanges should be reduced only in high
flows conditions. For this reason, we tessmine exchange functions saturating as the
routing reservoir filling rate approaches 1, in order to reduce the losses only when the
routing reservoir is fuller.
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We tested several functions basedhyperbolic tangent and sigmoid functions of the
routing reservoir level (or of its power functionsfome preliminary tests with slightly
different arguments of these functions (i.e. with different power functions of the routing
reservoir level, as argument) led us to choose the following formulation:

Y
O wo &Quv— (5.4)
W

The model derived from the baseline model with the exchange defined by using the
hyperbolic tangent function of the routing reservoir levelakbed GR4-Fth. This function

has been tested alsath the interception store of the GR2 formulation, building a
secondorder modificatiorcalledGR4-12-Fth.

Our tests for the improvement of the exchange function are obviously not exhaustive. For
example, other variants of the exchange functions alodeother combinations with the
GR412 model structure with interception store could have been tested. However, as already
mentioned, our study follows other previous works for the empirical development of the
model that have tested other tens of variahthe exchange functions.

5.3.2 Synthesis of the results with different exchange functions

Table 5.11 shows the average performance scores over the catchment set for seven
representative implementations of the model variants described in the previous sebigon at
hourly time step. The performance scores of the GR4 baseline and thik GRdels are also
reported to ease comparison. The model performance is evaluated by different criteria
calculated over the whole time series, the FDC and the flood events.

Theaverage values of the criteria over the catchment set (see Table 5.11) show that:

1. The GR3F0 model without exchange function at all presents the most significant loss of
performance for all aspects (regime, low and high flows). In particular, it leadsutgea
overestimation of the mean lotgrm streamflow, and of the low flows. This proves that
the exchange function of the GR4 model is essential to provide accuratebalatare
simulations. This finding corroborates the results presentetiebivloine (2008 who
showed that it is better to include the exchange function in the model, also rather than
other surrogate solutions (as input correction factors). Also, it is important to note that
even without exchange losses at all, the flood volumes wstdeegion is significantly
degraded with respect to GR4.

2. The GR5FL model, with the linear exchange function proposed_éyMoine (2008,
provides, in general, better average scores (for the different criteria) than all other tested
options except the ones derived from GIR4The use of a linear exchange function (with
a fifth additional free parameter) provides a marked improvementr@sgfect to GR4 for
both low flows and flood events simulation. The average scores ofFER%ver the
whole series and over flood events are slightly lower than for thel&Rth model, but
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GR5FL is better than the latter for low flows. For this reastwe, ¢ombination of the
insertion of an interception store (GRR) with the use of the linear exchange function of
GR5FL seems promising, because the two modifications are advantageous for different
aspects. Indeed, this expectation is rntet: GR5-12-FL model (with interception store

and linear exchange function with change in sign) provides the best average scores
over all conditions (regime, low and high flows)However, this gain of performance is
achieved by increasing the complexity of the model lwyrayla fifth free parameter.

3. The performance of the GR% models (exchange function with different exponents of
the power function) is not satisfactory. For exponents lower than 3.5, even if the flood
bias is improved, a degradation of model performarscehiserved over the whole
validation period and more significantly over low flows. For higher exponents,
performance is only improved over low flows but is significantly degraded over the whole
series and flood events.

4. The GR4Fth model derived from the baline by saturating the exchange flux in Righ
flows (by the hyperbolic tangent function) performs well in general, but highly
underestimates low flows. The floods volume bias is reduced, but less than by the GR5
FL and GR4I2 models which provide also ltet results in general.

Figure 5.11shows the distribution of the performance scores over flood events (at the hourly
time step) for the GR4 baseline model, the @GR4nd GR5I2-FL model with interception
store and linear exchange function. It shows: that

(1) The performance improvements provided by both the -@ZRd4nd GR5I2-FL
structures are statistically significant for the KGE, relative variability and-adtio
means criteria over floods.

(i) The GR5I2-FL model leads to an additional significant improvetriarthe ratio
of-means criterion over floods also with respect to the-GR#odel.
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Hourly Median criteria on the whole | Median FDC-based criteria Median criteria on flood
model series (validation) (validation) events (validation)
KGE | a[] | b[] | r[] | EMLT| Slope |Efill KGE | a[] | b[] | r[]
[-] E R CH bias EROCH [-]
[ | e | [
(6]
GR4 0.820 | 0.989 | 1.009 | 0.897 | 0.972 1.39 0.952 | 0.727 | 0.969 | 0.904 | 0.832

GR4I12 | 0.827 | 0.991| 1.008 | 0.905| 0.979 4.526 0.887 | 0.742 | 0.979| 0.920| 0.836
(lopt-flux)

GR3-FO | 0.658 | 0.960 | 1.177| 0.857 | 0.972 | -21.26 | 1.671 | 0.668 | 0.868 | 0.866 | 0.795

GR4 0.815 | 0.997 | 0.997 | 0.894 | 0.976 11.01 | 0.795 | 0.707 | 0.955| 0.923| 0.813
Fp-2

GR4 0.809 | 0.977| 1.019| 0.882| 0.973 -1.37 1.006 | 0.711 | 0.953 | 0.869 | 0.829
Fp-5

GR4Fth | 0.825 | 0.991 | 1.004 | 0.900 | 0.975 8.92 0.820 | 0.725 | 0.957| 0.914 | 0.828

GR412- | 0.830 | 0.989| 1.007 | 0.904 | 0.977 4.46 0.894 | 0.743 | 0.977| 0.921 | 0.834
Fth

GR5FL | 0.826 | 0.993| 1.002 | 0.903| 0.979 -2.35 1.023 | 0.737 | 1.018 | 0.924 | 0.829

GR5I12- | 0.831 | 0.998| 1.002 | 0.909 | 0.991 -2.03 1.017 | 0.747 | 1.032| 0.936 | 0.835
FL

TABLE5.11 z Summary of the median performance criteria of different hourly model structures
derived by modification of the exchange function in the GR4 baseline model and irethew GR4I2
modified version with interception store.

Note that all the model solutions presented above that are derived from GR4 only by changing
the exchange function (without interception store) are aogtimal choice because of the
modelled fluxegnconsistency across time steps. In fact, in all these models-FBRGR4

Fp-X, GR4Fth, GR5FL), the interceptiorprocessis modelled by the same neutralisation
function as in the GR4 baseline model. So the interception flux is affected by the same
tempoal inconsistencies that affect also all the -sejuent model fluxes, as in the GR4
baseline model. However, we tested these models to show the changes in performance given
only by the firstorder modification of the exchange (independently from inteime)pt
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FIGURES.11 z Distribution over the catchment set of the performance criteria over the selected flood
events for three models run at the hourly time step: GR4, GR2 (with interception store) and GR5
I2-FL (with interception store and linear exchange function): (a)KXGE (b) relative variability, a; (c)
ratio of means,b; and (d) correlation, r. The box plots report the median value, interquartile range,
and the whiskers represent the 1@ and 90" percentiles; the red points refer to mean values. The
letters above eah box plot specify the ranking (alphabetical order) and the significant differences
detected by the Friedman test at significance level 0.05 (distributions with the same letter are not
significantly different).

Finally, the findings of this section leads to retain the GR5I2-FL model with the
interception store and the linear exchange function at subaily time steps.For sake of
brevity, the model could be renamed@R51 (with 5 parameters and interception store). This
model ensures large improvemerdf the temporal consistency of the modelled fluxes (as
shown for its parent mod@&R412) while also significantly improving model performance in
all conditions (regime, low and high flowg)he GR5| model equations are furthpresengd

in AppendixG.
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5.4 Attempts at taking into account rainfall intensities for
improving the production function

As we have highlighted in Chapter 1, it is generally recognized in the literature that the
rainfall intensity is a key driver for runoff generation. This is paréidyl important in
rainfall-runoff modelling at short time steps, as hourly andsally, for the possibility of
considering the actual variability of rainfall intensities.

In the GR4 and GR4R models, rainfall intensity is considered in the intercepfinction

and in the infiltration to the produwateti on r
limitedo i . e. there is no threshold | imiting I
identified two other different ways to take into acebrainfall intensity.

First, arate-limited function can be introduced to represent the infiltraBaness runoff
process. Several authors argued that this is a key mechanism of runoff generation that acts at
short time durations (particularly at houriind sukhourly scales) as already reported in
Chapter 1. A second way of considering the precipitation intensity can be the use of a
correction factor depending on the precipitation intensity. A few implementations of these
two additional components of thmodel were tested and they are briefly discussed in the
following sections.

5.4.1 Infiltration -excess runoff based on precipitation intensity

We designed and tested some mathematical functions for representing an infitxatss
runoff mechanism, by a simfitation of the perceptual model of the-salled Horton
overland flow. Following this concept, we decided to test the introduction of -#imatid
function in the model that acts immediately after interception to generate a direct runoff
component forigh values of precipitation. The function is activated only for precipitation
intensities higher than a threshold, with the aim of increasing runoff in these conditions.
Conversely, low precipitation rates may still entirely infiltrate in the productioresWe
tested the addition of this function in both the GR4 baseline model and its derived version
with interception store (GR). In the GR4 baseline model, the infiltratiercess runoff
component acts on the net precipitatioRn,( given by the neuadisation function).
Analogously, its insertion in the GR2 model is located on the throughfaltf) branch,

after interception, as shown in Figure2.1
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FIGURES.12 7 Schematicrepresentation of the production part of the GR8-PR model structure,
derived from the GR4I12 model (baseline model by Perrin et al. (2003) with interception store), by
addition of an infiltration -excess runoff function, f(Pth, %), depending on the intesity of net

precipitation (i.e. throughfall, Pth).

This infiltration-excess runoff function takes as input the net precipitation (throughfall) and

separates it in two components:

- a part of the throughfalP t may potentially infiltrate in the productionose; the part
Ps(of P t Hhhat)actually fills the store is determined as in the GR4 baseline model (in

function of the store filling rate).

- the remaining part, namdek, contributes to the direct runoff componentgssing

the production store.

The fdlowing two alternative functions were tested to operate this separation:
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where, for both the alternative functionsis a positive fixed parametet],|andxs [-] is a free
parameter representing the speed of the yield rate of the infilt@tioess runoff=/Pth) in
approaching the unity. The variation range of the freamater has been fixed toh p 1

After some first sensitivity tests, we have fixed a value of 3.0 and 5[Oifoequations (5.5)

and (5.6) respectively. The main difference between the two functions is that one (5.6)
increases more gradually as the ppiation intensity increases than the other.

The two alternative functions above (Eqg. (5.5) or (5.6)) are inserted in the production part of
the model, as represented in Figure25As for the new model names, when the infiltration
excess function is add in the GR4 baseline model, the new model structures are Gitled
PRexpand GR5PRpf respectively for the exponential function (Eqg. (5.5)) and the power
function (Eqg. (5.6)). Analogously, when inserted in the @R4nodel, the new structures
codes ar&sR512-PRexpandGR512-PRpf

Table 5.12 reports the average performance scores of the new model structures obtained by
adding the infiltratiorexcess runoff component to either the GR4 baseline model or the GR4

I2 model with interception store. It showsat for all the criteria the new model structures

lead to similar levels of average performance as treient model structuréGR4 or GR4

12) without any significant change. So it seems that this complexification of the model is not
effective for improvng the simulation of flood events, as it could be expected. The best
performance scores over floods is provided by the -@RBRpf model but the changes in

KGE and components are lower tharEdd can be considered negligible.

Note that these tests intdgd to be only a first exploration of this issue and do not provide a
comprehensive view. Future work on the model development should further investigate this
issue by testing other possible implementations.
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Hourly Median criteria on the whole | Median FDC-based criteria Median criteria on flood
model series(validation) (validation) events (validation)
KGE | a[] | b[] | r[] | EfMiT| Slope |Efil| KGE | a[] | b[] | r[]
[-] E R CH bias EROCH [-]
[ | e | [

[%]

GR4 0.820 | 0.989 | 1.009 | 0.897 | 0.972 1.39 0.952 | 0.727 | 0.969| 0.904 | 0.832

GR4I12 | 0.827 | 0.991| 1.008 | 0.905| 0.979 4.53 0.887 | 0.742 | 0.979| 0.920| 0.836
(lopt-flux)

GR5 0.822 | 0.989 | 1.010| 0.897 | 0.971 -0.11 0.976 | 0.728 | 0.974| 0.910| 0.838
PRpf

GR5 0.820 | 0.986 | 1.008 | 0.897 | 0.970 0.71 0.963 | 0.729 | 0.974| 0.904 | 0.835
PRexp

GR512- | 0.826 | 0.994 | 1.007 | 0.906 | 0.984 212 0.930 | 0.749 | 0.985| 0.926 | 0.841
PRpf

GR5I12- | 0.828 | 0.995| 1.007 | 0.904 | 0.983 4.62 0.909 | 0.744 | 0.979| 0.921 | 0.831
PRexp

TABLE5.12 z Summary of the median performance criteria of different hourly model structures
derived by insertion of an infiltration-excess runoff function in the GR4 baseline model and in the
GR412 model with interception store.

5.4.2 Precipitation intensity -based corre ction

The introduction of a correction factor for precipitation has been considered only for
reference, as done IBerrin (2000 at the daily ime step. In fact, we agree wilerrin (2000

in stating that the use of such correction factors is tricky and ambiguous because it is halfway
between data processing and hydrological ode

The correction factor that we tested is a multiplicative coefficient applied to precipitation. We
definedit as a function depending on precipitation intensity that decreases as the precipitation
increases. The tested function was defined by the following equation:

5 0 0p wQ (37)

where:xs is a free parameter determining the correction factor magnitude for small values of
P[], andl i s a fixed parameter determining the
approaching the unity as the precipitation increades[ The f r e emap & fixadnet er 0
to ph p 1 The fixed parametdr has been fixed to 1.5, after first sensitivity tests (by
calibrating it and fixing it at its median value).

The precipitation correction factor has been added to the baseline model either with exchange

(in GR4) or without exchange function (in GH) to analyze the contribution of only the

correction function without its interaction with the exchange. This function did not bring any
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significant improvement with respect to the baseline version of the modeh Atided to the
model without exchange it provides slightly lower average scores than the GR4 baseline

model. We do not report the statistics of its performance scores since these tests did not lead
us to any other specific conclusion.
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5.5 Synthesis

In this chapter, we have presented the empirical tests performed for improving the model
performance and the internal coherence of the GR4 model afladybtime steps. As
indicated by our previous analysis (see Chapters 3 and 4), a modification of the GR4 model
structure at sublaily time steps is needed to improve the consistency of the model fluxes at
multiple time steps. This is expected to possibly improve also simulations accuracy,
especially over flood events.

To this end, we have tested the insertion oinderception store in the production part of the
GR4 model, as our previous analysis indicated the need of increasing the capacity of the
model to evaporate intercepted water atdaity time steps. This structural modification has
been implemented bysaample buckestyle interception store with either a fixed or calibrated
maximum capacity. Two possible implementations of the interception component on a
discrete time steps were tested (named -GRAnd GR4I2), depending on the priority given

to either throughfall or evaporation calculation. A first evaluation of this structural
modification was based on model performance. It validated the benefit of adding the
interception store in the GR4 model at gldily time steps. In fact, both implementations of

the interception store with either a fixed or calibrated capacity led to a significant increase of
model performancd he flood volumes bias is significantly reduced by the insertion of the
interception store in the baseline modelNo significant improvema of model performance

was found by calibrating the interception parameter with respect to the use of a fixed value (in
a range between 2 and 10 mm). Moreover, some difficulties in the calibration of this
parameter were detected because of its interactwith the exchange function (and its
calibrated parameter).

Then, we evaluatethe benefit of the insertion of the interception store for improving the
coherence of the internal fluxes at different time steps. For each catchment, we calculated the
floptimdo i nterception capacity t hat all ows en.
interception flux at all time steps using the daily reference flux of the GR4 model. The
relationship between this optimal interception capacity and the time step was shown to be
clearer for one of the two implementations of the interception store-(&Rvith evaporation

prior to throughfall at each time ste@o, this implementation was preferred and tested at
time steps ranging from-@in to 1 day, with the catchmedépendentapacity ensuring the

fluxes consistency. This test proved tiia¢ stabilization of the interception flux as the

time step changes leads to a significant improvement of the coherence of all the other
model fluxes The consistency of the model fluxes Igatb a consistency in model
parametersAlso, model performance is significantly improved over regime and-figyh
conditions. On the other hand, a decrease of performance feflol® simulations is
detected. To improve this aspect, we have focusedhenmodification of the exchange
function.

Thus, we have presented the tests performed with a few different exchange functions. These
tests also aimed at further improving model performance over flood events. Some new
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functions are proposed to reduce thehanged fluxes in higllow conditions, but, contrary

to our expectation, this did not lead to any other significant improvements for the floods bias.
Also, we tested another existing alternative of the exchange function of GR4, i.e. the linear
exchange foction proposed byLe Moine (2008, with an additional free parameter
permitting a seasonal change of sign in the exchange flux. The combination of this exchange
function with the GR42 structure proposed here is proved to be the most effectiveosolut

for further increasing model performance with respect to the baseline model, also on low
flows. Then, this model structure, with the interception store and the linear exchange function,
provides significant improvements of model performance atsilip time steps with respect

to GR4 in a multcriteria perspective (regime, floods and low flows).

Thus, we recommend the new model structure(renamed here a$&R5I, with an
interception store and five free parameteee Appendix § for the improvement of both
model performance and internal coherence at subaily time steps.This is a positive and
promising conclusion because it means teasuring the improvement of the temporal
consistency of the model fluxes (with the interceptistore) represents an added value for
model performance in any condition

In the end, we have briefly presented some attempts of introducing in the model a function
taking into account the impact of rainfall intensity on flow production. These tests based o
the introduction of either an infiltratieexcess runoff component or a precipitation correction
factor did not provide any significant improvement of model performance. However, our
implementations of these functions are not exhaustive, and further evorthe model
development could focus on other variants or combinations of these structural modifications.
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Conclusions

This PhD thesis focused on issues relate@gpbralscaling in hydrological modellingrhis

issueis linked to essential operational demands, as for example the need of adaptive models
for multiple time steps, in flood forecasting systemsn¥olves also multiple interelated

scientific questions such :aghe relationship between processes, the observation and
modelling scales, and the dependency of model parameters and structures on time step. These
issues, long overlooked in the hydrological literature, have only received attention very
recently.

In this PhD thesis, we have explored #uaptability of the GR rainfalrunoff models for
different daily and suolaily time steps. The main objective was to identify an adaptive-multi
time step model starting from the wkhown GR4 model, initially deveped at the daily

time step, anghopularly known as GR4&ee Perrin et al., 20D3To this end, we have first
carried out a diagnosis to highlight the current structural inadequacies of the ruatelwe

have based the modification of the model on the improvement of its internal consistency at
different time steps.

Main contributions

All along this thesiswe have evaluated our modelling tests over a large set of 240 catchments
and 2400 obserdgeflood events, in order to obtain as general results as possible emsute
arobustmodel diagnas over a wide variety of hydrdimatic conditions.

This thesis brings anethodological innovatiomwith the proposal of a new approach for
empirical model identification based on two validation steps:

0] the improvement of model performance;
(i) the evaluationof fluxes consistency across time scales.

Impact of time step on model performance

The evaluatiorof model performance at multiple time steps was based on two levels: (a) the
evaluation of the outputs aggregated at larger time scales, to allow comparisons of criteria
across different model time steps; (b) the evaluation of the outputs at the modskpmier
assessing performance at the model (short) temporal scales. The distinction of these two
levels is necessary when dealing with a miirtie step model.

The use of refined modelling time steps (hourly and-tsulirly) is obvioudy neededto

estimde timing and intensity ashortduration eventgflash floods) but one open question is
whether it could contbute also to improve the simulation of events, with different dynamics

and durations, in terms of volumes. We tried to answer this questiosityy the GR4 model

at different sukdaily time steps. Our results indicate that, on average, the use of a shorter
model time step (up to 3 h) may significantly improve model performance even when
simulations are evaluated at a larger (daily) time scdtanKs to our extensive tests on a

large data set, we were able to analyse the links between model performance behaviour and a
number of catchment and flood events characteristics. This led us to detect that improvements
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of model performance at shorter tinsteps should be rather expected for -fasictive
catchments, subject to shaidration and highhvariable flood and storm events.

This analysis was useful also to detect the presence of model deficienciesdatlystime
steps, such as the degradatairthe model bias at shorter time steps. This kind of analysis
could be applied to other models for the same diagnostic purpose.

Diagnoss of the internal coherence of the model

We have proposed a model diagnostic procedure based on some specificonsmbfathe

model inputstateoutput response at different time steps. First, the impact of inputs temporal
distribution on model performance has been evaluated. Despite the general positive impact of
higherresolution precipitation inputs on model perforro@, our results confirmed the
presence of a structural inadequacy in the GR4 model at shorter time steps, affecting its
capacity to reproduce adequately the water balance.

A major outcome of our diagnosis was given by the analysis of the fluxes consiatenc
multiple time steps. The quest of the internal coherence of the model across time steps led us
to understand and localize the structural inadequacies at multiple time steps. In particular, the
evaluation of the consistency of the water gains and dosseéhe model time step changes
proved to be essential. For the GR4 model, it was proved that the current representation of the
interception (i.e. fasteedback evaporation term) as a simple neutralisation function generates
multiple internal inconsisteies in the model at swuibaily time steps. The automated
calibration of the model seeks to compensate the underestimation of interdeptat

shorter time steps by modifying other fluxes (evaporation from production reservoir and
exchange). In this waythe problems are hidden but the capacity of reproducing the water
balance in higHlow conditions is jeopardized. Moreovehe inconsistency of interception
fluxes due to this structural inadequacy leadssparious timestep dependenciesf the
calibraed parameters.

Improvements of the GR models at multiple suldaily time steps

Finally, we have shown that it is possible to solve the problems of model internal coherence
by targetedstructural changes following the indications provided by the fluxes diagnostics at
multiple time steps. In particular, in the case of the GR models, the insertion of an
interception store of fixed capacity proved to dféective to stabilize all the modéuxes

across time step§his turned out to make the calibrated parameters more consistent across
time steps. This finding indicates that the analysis of parameterstipalependencies must
always be preceded by an evaluation of the coherence of tthel fluxes across time steps,

to avoid confusing spurious parameters trends with something hydrologically meaningful.

Last but not least, the structural modifications made to improve the internal coherence of the
model lead also to improve model performarat sukdaily time steps. The simulation bias
over flood events is significantly reduced thanks to the insertion of the interception store,
something that nobody would have suspected initially.
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Thus, we have finally retained this new improved model siracwith interception store

(GR4I) that is best suited for coherent simulations at multiple time steps. This structure
includes an intercepti on -dalytoe fepy) with afpxedii.e.nt 06 a
not optimised) capacity, which must bemputed for a given time stém climate inputs of

the catchment, so that the interception flux equals the daily neutralisation liexus€ of the

linear exchange functionvith an additional parameter proposed in the previous workeby

Moine (2008 is also suggesteés a complementary change that fits better with the
introduction of theinterception store in the model, leading to a new model with 5 free
parameters (GRYH.

Perspectives for further research

Here below, we briefly discuss sometioé most interesting perspectives of this PhD thesis.

Further improvements of the model

Regarding the transferabilitpf the modelacross time stepsour work brought large
improvements in the coherence of the model fluxes, solving almost all the identified
inconsistencies. However, a residyaioblem of (relatively slight) inconsistency of he
exchange fluxes in the GR4model remains. This could beue to aresidualstructural
inconsistency of the exchange functiorhis hypothesis should be further tested in future
works on the model development. Moreover, linked to this, a megroved exchange
function could be identified by starting fromdifferential equation formulation allowing an
analytical integration over fixed time steps (as it is currently done for the other model
equations that are sequentially integrated over the time step).

Finally, further work on model development could evaluateirtipact of the currently used
floperator splitting (sequential flux approach(Clark and Kavetski, 20)0for the
integration of the model governing equations of the GR models on a fixed time step. It would
be interesting to analyse the differences between this approach and a possible global solution
of the whole statspace system(or a numerical approximation), in terms of model
performance and consistency of parameters across time steps. Work on this Bantobet

al. (2017 is in progress (at Irstea) and may provide further insights on the s#luctu
behaviour of the model.

Operational flood forecastingapplications

Thestructural improvements that we have introduced in the GR simulation modeldaigub

time steps will be directly transferable in the GRP forecasting m@s#sthet, 201D that is
currently used (at the hourly time step) in the flood forecasting centres in France. In fact, the
production part of the GRP model is composed of the same components as the GR4
simulation model initially used in this work (with the neutralisafiamction for interception).

So, the GRP model is affected by the same problem of inconsistency of the interception flux
across time steps. To solve this, we suggest using the interception store proposed in this thesis

(in place of the neutralisation funati) which should allow effectively (and coherently)
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changing the time step of the GRP model. We think that the effects of the current
representation of interception by a neutralisation function in the GRP model are qualitatively
the same as what has besgrown for the GR4 model. Thubased on our findings in the
simulation contextthe insertion of an interception store in the GRP malékely to be a
goodsolution for improving:

(1) the adaptability of the model across different-dally time steps;
(i) themodel's ability to reprodudde flood volumes.

The structural modification proposed for fleeecasting mdel (GRP) couldbe testedn our

large databaseusing different time stepdrom 5 minutes to 1 day). Last, in the forecasting
context, it will beinteresting to analyse the effects of data assimilation techniques when the
model time step changes.

Combined refinement oftemporal and spatial resolutiors

Further research on the temporal issues shbeldcarried out not only with &umped
approach, buélso witha semtdistributed (or distributed) one. A spatially (sedistributed
approach could perhaps be preferred at shorter time steps because the spatial variability of
precipitation increases as the time step decreases. However, we considerithptdliement

of the lumped model presented in this work was a necessary prior step to testing a semi
distributed version of this model. Neverthelessemplorationof the simultaneous refinement

of the temporal and spatial model resolutions was conductedrallel to this thesis. | have
collaborated in the eceupervision of a MSc thesis woriGoullet, 2016 leading to
encouraging result®Ve have tested semidistributed version of the GR models, called-GR

SD (Lobligeois, 2014, with different combinations of temporal and spatial resolutions,
ranging respectively from 3 to 24 h and from 250 kmspatially lumped. These modelling
tests were performed on three catchments (extracted from our 240 catd®t)gmesenting
varied characteristics. The resufteported in Goullet, 20)6howed that the simultaneous
refinement of spatial and temporal resolutions could lead to a synergistic effect for improving
model performance, specially in Mediterranean catchments subject to highhable
storms. The positive effects of a combined refinement of spatiporal resolutionsnay
enhance the benefits of modelliaghigh temporatesolutiors obtained in this thesis.
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Appendices

A - Complements to literature review: Time stepping
schemes

One importantissue in the context aemporalscaling in rainfalirunoff modelling is the
accuracy and stability of numerical schem@$ten analytical solutions for the systems of
differential equations classically used in hydrological models do not exist for most fluxes
formulations. Thus, numerical approximations techniques must be(espdsee Clark and
Kavetski, 201). These approximations may be needetvat different levetsfor the whole
system of interconnected fluxes and for each flux separately.

At a first level we may distinguish between:

I.  Operatorsplitting (OS), orii s e q u e n t approachClark and Kavetski, 2030
which decomposg unwieldy systems ofdifferential equationsinto simpler sub
problems, which can be tredtandividually using an analytical solution om
numerical approximation for each of them (see the second level, for the possible
numerical approximations of each flux);

II.  Global solutiors of the whole statspace systemf differential equations.

At a secod level, different classes of numerical methods may be applied, for each individual
flux, if we have adopted the OS approach, or for the global system, otherwise. One may
distinguish between:

i.  Explicit vs.implicit formulations;
ii.  Fixedstepvs.adaptiveimplementatios.

The most commonly used scheme in current conceptual hydrological modelseiplicé

Euler method (EE)t approximates the analytical solution using the fluxes at the beginning of
each time stegexplicit formulation) It is commonly used, for its algorithmic simplicity and
computational speed, but it is known to be highly unreliable unless numerical error control is
used. Converselyimplicit Euler method (IE)Juses the fluxes at the end of the time step
(implicit formulation). It requires more expensive iterative solutidmst it is generally more
robust and facilitatemodel calibration thanks to derived smooth response surfatmslly

both these methods are used with a figsegp implementation.

As discussed bylark and Kavetski (20001t is recognized that the fixestep size time
stepping schemes can produce inaccurate (in both explicit or implicit formulations) or
unstable (in the explicit case) solutions. To overcome these limitationsadhptive
approximation schemeeduces the step si2® until the error is below a userescribed
tolerancet. However, the adaptive integration with error control remains rare in conceptual
hydrological models. A synthesis of the main numerical schemes used in hydrological
modelling is reported iable A.1 which highlights their advantages and disadages.
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In the GRHJ rainfall-runoff model(Perrin et al., 2003 it was chosen to adofie operator

splitting technique with analytical integration of each individual model flux in a
predetermined sequencElark and Kavetski (20)0and Kavetski and Clark (20)1suggest

that the use oDSis probablysuboptimalf or t he additi onal Asplitt]
the whole statspace syster(delays or over/uret estimation of the flux given by the original
governingequations). However, to our knowledge, thgact of the operator splitting in
hydrological modelling has not been thoroughly investigated yet. The authors cited above

only tested the impact of th@umerical approximations othe second level of the
classification above, but they did not analyse the case of the operator splitting with analytical
integration of each flux.

Still, we agree witlClark and Kavetski (2090n saying that it is not recommended to use the

OS scheme without formulating the governing differential equations. They state that
governing equationsra seldom formulated when OS is used. However, in the case of the

GR4J model, the governing equations have been formulated for all flsgesLe Moine,

2008, except the groundwater exchange. The main limitation of the OS approach without
formul ati on of g o vteemodehcgnceptgalization icorglated with thdh at
numerical implementatian. Thi s may reveal abecausd niodetlirg| o gi ¢
errors arising from the physical conceptualization and numerical implatientbecome

difficult to separate, diagnose, and resay€lark and Kavetski, 2030

Clark and Kavetski (201)0evaluate8 different time stepping schemiesterms of numerida
reliability and computational efficiency by using 6 different conceptual rainfatff models
on 13 catchmentsThey show that th@umerical errors of fixedtep explicit time stepping
schemesroutinely dwarf the structural errorsof the model concepélization. These
numerical errors have significant implications for hypothesis testing, sensitivity analysis,
parameter estimatiorfand interpretation and operational predictionFor example, he
numerical amifacts of unreliable timstepping schemes cacompensate for stctural
weaknesses in the model, as highlighted alskidetski and Clark (200) andKavetski et al.
(201D, leading a model to obtain better results for the wrong reaoos the range of 8
time stepping schemes evaluateddigrk and Kavetski (20)0the fixedstep IE method and
the adaptive explicit Heun method emerge as good practical choices.

Also Kavetski et al. (201)1showthe importance of using robust numerical approximations

The use of the unreliable fixestep EE time stepping scheme is shown to introduce artificial
time scale dependencies in model paramgeteos detected by using the implicit Euler
scheme. The EE same is unreliable alsén the context of hypothesis testingince it
produces changes in performances between validation and calibration that are not observed
when using a robust numerical approximation as the IE scheme. Another effect of numerical
approxmations noted byavetski et al. (201)lis that since the EE scheme evaluates the
outflows before the inflows are added to the sprkintroduces a delajnto the response
dynamics, which unreliably interacts with the explicit routing component of the models.
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Numerical Advantages Disadvantages E?<ample of moqels
method implementing it
Only conditionally stable;
unreliable (unless using The most part of
Explicit Euler Algorithmic simplicity; numerical control error); conceptual
method (EE) computational speed. inconsistencies at different hydrological
time steps; less robust for models
larger step sizes
Unconditionally stable; robust eve Need of expensive iterative Models in
for large step sizes; smooth solutions (e.g. Newton SUPERFLEX
Implicit Euler solution with respect to input Raphson rc.)o.t solver): framevyork
method(IE) forcing and parameters (importar) S (Kavetski et al.,
in gradientbased parameter 9 plextty; 2011

optimization).

computational cost.

Adaptive sub

Computational costoughness
of the resulting objective

Rarely usede.g.

221;;2;195 Stability and accuy. function (Kavetski and Clark, Clark z;rz)dlgavetskl,
2010
GR4J(Perrin et al.,
L P i al f
Qp.eratolr Algorithmic simplicity; .O t e.n t I. a .n 5P 2009
splitting with . ) . inconsistencies at different
. computational speed; analytical| . . TOPMODEL
analytical . . time steps (to be verified cas|
. . solutions may become possible f (Beven, 199y
integration of individual fluxes by case)jess robust for larger
most fluxes step sizes VIC (Wood et al.,

1992

TABLE A.1z Summary of approximation methods generally used to solve numerically continuous
differential equations in hydrological modelling with main advantages/disadvantagesrad examples
of models implementing these methods.
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B - Complements to Chapter 2: Analysis of the quality
of the 6-minute precipitation measurements

This appendix is a complement@h apt er 2 (Section 2.2.1 ARain
results of our analysis of the coherence betweenn@ite raingauges measurements and

hourly data reconstructed at the same stations (at Irstea) by using the COMEPHORE
reanalysis by Météérance.This analysis of data coherence was performed at 257 rain
gauges stations of therBin network operating over the period July 260Becember 2006,

which is common between the two databases we have.

Figure B.1 shows that the mean absolute deviationseestthe hourly cumulus fromr@in
rain gauges data and from the hourly reanalysis are negligible (always smaller than 0.01 mm).

Figure B.2 shows that the maximum absolute deviations are also small on average (3 mm).
Note that the presence of rare and sgnificant errors can be due to the fact that the
reference hourly data reconstructed from the COMEPHORE reanalysis are combined with
daily surface measurements anthBiute radar observations.

Figure B.3 shows that the mdlror frequency is very higtlpeing at least 95% for all the
stations.

This analysis confirms a very good consistency of the two products, which is an evidence of
good quality for the precipitation data used in this work.
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FIGURE B.% Cumulative distribution of mean absolute error etween hourly cumulus from the 6
minute rain gauges and hourly values reconstructed at the same stations at Irstea by using the
COMEPHORE reanalysis by Météwance (257 stations with enough data over the common period
July 2005z December 2006).

FIGUREB 2 z Qumulative distribution of maximum absolute error between hourly cumulus from 6
minute rain gauges and hourly valueseconstructed at the same stations at Irstea by using the
COMEPHORE reanalysis by Métémance (257 stations with enough data over he common period

July 2005z December 20086.

248
















































