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Abstract. A method of multiple working hypotheses was applied to a easfgcatchments in the Mediterranean area to analyse
different types of possible flow dynamics in soils duringtili®od events. The distributed, process-oriented modelRINNE,
was used to test several representations of subsurface fimhgding flows at depth in fractured bedrock, and flows tigto
preferential pathways in macroporeResultsshowedcontrastedoerfomance®f the submittedmodels,revealingdifferent

hydrologicalbehavioursilongthecatchmenset,andconsequentlygiving advance characterisingheflashflood processing

overthe Mediterraneamrea.Thoseresultsaresupportedy their consistencyvith therareavailablein-situ measuremeniand

theprior knowledgeof severakatchmentsThe characterisatiois of coursecarriedoutwithin existingequifinalityissuesThe

descriptivepotentialof the distributedmodelwasthenusedto spotcounterbalancingffectsbetweeninternalflow processes

andto finally proposenewinsightsinto strategicamonitoringandcalibrationconstraintsettingup -rewthatthermestrealistic
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1 Introduction
1.1 Flash flood events: an issue for forecasters

Flash floods arelefinedas “sudden floods with high peak discharges, produced byeséhrenderstorms that are generally
of limited areal extent”. (IAHS-UNESCO-WMO (1974); Garanb@2012); Braud et al. (2014)). They are often linked to
localised and major forcings (greater than 100 mm, Gaumk @09)) at the heads of steep-sided, meso-scale catthmen
(with surface areas of 10-250 Kin n Europe, particularly intense flash floods are observedgminantly on the north west

of the Mediterranean Arc, at the level of the mountain fdtghiThe regions affected are highly specific and marked ey th

influence of the Mediterranean climate system and mountaitapography-Fhesteegiopographyandsmalisizeoftheareas
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o physi hicpnd logicatonditions.
The large specific discharges, and intensities of pretipitamakes the flash floods beitigatocecurbeing classified as

extreme Neverthelesghoseeventsarenot scarcenor unusuakinceHeweverthis-deesnetnecessariymeantheiroceurrence
is-exeeptional: on average, there were no fewer than five flasddla year on the Mediterranean Arc between 1958 and 1994

(Jacq, 1994yFheEM-BA nternationabDisasteiDatabasewhichrecordsnaturaldisastersffectingpopulationsaorldwide

which-areundergeinginereasingurbanisationflashfleeds They are particularly dangerous due to their charactesisfi)

the suddenness of events makes it difficult to warn populatio time, and can lead to panic, thus increasing risk, when a

population is unprepared (Ruin et al., 200@) the traditional connectednonitoring systemare not adaptedo the temporal

and spatialscalesof the flashfloods (Borga et al., 2008; Braud et al., 201#i);the magnitude of floods implies significant

amounts of kinetic energy, which can transform transitorgrs into torrents, resulting in the transport of debrisgiag from
fine sediments to tree trunks, as well as the scouring of beds and the erosion of banks (Borga et al., 2014).

A major area of interest for flash floods is, therefore, bettdrassessment, to enable them to be forecasted and tiarnele

problematicespeciallyatthe sealeofthesesmalleatechment$reater knowledge and understanding is required to belger i
tify the determining factors that result in flash floods. Imtgalar, in order to implement a regional forecasting noelbiogy,

the properties of the catchments, and the climatic forcimdjlankages between them which lead to flash flood events meed t
be characterised.

1.2 Flash flood events: understanding flow processes

Due to the challenges involved in forecasting flash floodseé&slly against a background of climate change which iditen

to amplify the phenomenon (Llasat et al., 2014; Colmet Dadgs., 2016), there has been considerable research dohe on t
subject over the last ten years. Examples include the HY ORg¥Dject (2006-2010, Gaume and Borga (2013)), which edable
the setting up of a comprehensive European database of ftaghffash events, as well as the development of a reference
methodology for the observation of post-flood events; thd EXFLO project (2009-2013, Lang et al. (2014)) to estimate
extreme precipitation and floods for French catchmentsHthRIEX project (2010-2020, Drobinski et al. (2014)) focugion

the meteorological cycle at the Mediterranean scale, anghiiticular, on the conditions that allow extreme eventieteelop;
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the FLASH project (2012 - 2017, Gourley et al. (201&3pessinthe ability andtheimprovemenbf aflashflood forecasting

frameworkin USA onthebasisof real-timehydrologicalmodellingwith highresolutionforcing; or the FLOODSCALE project

(2012-2016, Braud et al. (2014)), based on a multi-scalerx@ntal approach to improve observation of the hydralagi
processes that lead to flash floods.

In the North-WesterrMediterraneartontext- speciallyconcernedy specificautumnalconvectivemeteorologicabvents-

theEuropeartitedresearcllemonstrates, in particular, the importance of cumulatiugall (Arnaud et al., 1999; Sangati et al.,
2009),(Camarasa-Belmonte, 201itevious soil moisture state (Cassardo et al., 2002; Mardise and Viel, 2009; Hegeds et al.,
2013; Mateo Lazaro et al., 2014; Raynaud et al., 2015) andstiiage capacity of the area affected by the precipitation
(Viglione et al., 2010; Zoccatelli et al., 2010; Lobligeo)14; Garambois et al., 2015a; Douinot et al., 2016). Tmebioed
influence of the spatial distribution of precipitation ancert-related storage capacities, reported in the study miira-

ber of particular events (Anquetin et al. (2010); Le Lay aadISier (2007); Laganier et al. (2014); Garambois et al1£0
Faccini et al. (2016) suggests a hydrological reaction, in some areas of tlobicents, that arises from localised soil satura-

tion. This statement surmises that there is little directtbtdan flow, but rather the production of runoff through ese soil
saturation, or lateral fluxes in the soil resulting from tleé\wetion of preferential pathways.

The geochemical monitoring of eight intense precipitaéeents, over a 3.9 kfrtatchment area, during the FLOODSCALE
project (Braud et al., 2014), revealed a "flushing" phenoonein at least the first 40 cm of the soil layer, the water prese
at the start was replaced by so-called "new" rainwater (Bietal., 2016a; Bouvier et al., 2017). The proportion of neater
at the peak of the flood varied betwegit, and80% depending on the intensity of precipitation and the moéstavel at the
start of the event. Conversely, over the entire period oetrent, it appears that new water accounts for only bet@eghand
30% of the total volume of water discharged, which underlinesdbminance of intra-soil dynamics.

Being able to define the storage capacity of the soil colunmnusial in explaining the varied responses of the catchment
Geological properties, which are crucial physiographiarebteristics for determining the total storage capaditatchments
(Sayama et al., 2011; Pfister et al., 2017a), also appeart@beers of the storage capacities available over the timlesm-
volved in flash floods (which are of the order of a day). Fromp@nflow balances of flash flood events (Payrastre et al., 2012)
studies of the diverse hydrological responses of sevetaha@nts over the same precipitation episode (Douinot6 R0
the application of regional hydrological models (Garamstedial., 2015b), the literature tends to demonstrate thestovage
capacity of non-karst sedimentary and marl-type catchsyamid, conversely, the potential for storing large volunfesater
in the altered rocks of granitic or schist formations. Flomamics during flash floods thus appear to depend on the hgdrog
logical functioning of the catchments which again emplessthe importance of the saturation dynamics of the “soiteredl

substratum” combination.
1.3 The potential of a multi-model study for understanding tydrological behaviour

The knowledge gained about the development of the flow psesefor example, the tracing of events carried out during
the FLOODSCALE project, Braud et al. (2014)), relates talis on a number of specific sites where flash floods could be
observed while they were taking place. However, being ablgeneralise the knowledge gained is limited by the specific
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nature of each study (McDonnell et al., 2007) and by the gaywd®n the spatial scale of forecasts (meso-scale), couhpare
with that of the in-situ observations (<10 KinSivapalan, 2003). Such hydrological modelling work cancbnsidered as a
means of extrapolating knowledge to an extended geogral@riea, possibly covering catchments with differing pbgsaphic
properties.

Moreover, hydrological models viewed as "tentative hypsts about catchment dynamics" are interesting toolsstn¢e
hypotheses about hydrological functioning using a systiem@thodology. A considerable amount of recently pulgistvork
has involved comparative studies, using numerical modedevelop or validate the hypotheses about the type of hygical
functioning that is most likely to reproduce hydrologicatponses accurately (Buytaert and Beven, 2011; Clark, &(dl1;
Fenicia et al., 2014; Coxon et al., 2014; Ley et al., 2016;i¢tart al., 2016). For example, Fenicia et al. (2014) shoat th
the performance of different models tested on the AtteriBasLuxembourg corroborate the various hydrological psses
known to occur in this catchment; non-linear models areebdtir modelling the hydrological dynamics of drainage sub-
catchment basins on impermeable bedrock layers and thdskiteng threshold behaviour; conversely linear modelshwi
parallel storage elements led to better reproduction ofiflaeological signature of the catchments with smoothgraeses.

The principle of "the method of multiple working hypothesisto compare the results from models governed by different
assumptions about hydrological processes. Comparisensvan more meaningful if the structure of the models contpare
differs solely in terms of the hypotheses tested, in the fofmodules. Doing this avoids the limitations on interptieta that
are often encountered in comparative studies of modelsi{Raral., 2013), where numerical choices can influenceltesu
dependently of the underlying assumptions. The comparativdy makes it possible to conclude either a known hydicdbg
functioning, which is distinguished by the better perfonoe of the inherent model, or indeterminacy in the case ofjaive
alent fit of the models. The equifinality of the models remamssructive because it makes it possible to detect the lyidgr
uncertainties behind the hypothesis of the models, whieh trelps determine avenues for further research.

The multiple working hypotheses framework is usually agglising a flexible conceptual and lumped model framework,
such as the FUSE (Clark et al., 2008) or SUPERFLEX (Fenicé. £2011)Butalso, Clark et al. (2015a) and Clark et al. (2015b)
have proposeda unified structureto test multiple working hypotheseswithin a distributed modeling framework. To our

knowledge, the case study using the aforementioned frameworks areedeia continuous hydrological studies in order to

assess hydrological hypotheses through the overall hygica! signature of the catchments. In this work, we extdre t
method of multiple working hypotheses to the assessmem distributed;meecanisticand event-based hydrological model
framework.The objective is to test a number of proposed hydrological factioning that occur during flash flood events
on a set of contrasting catchments in the French Mediterranea area.

1.4 Current issues, objectives and plan

Other than the observations discussed above, which were arad specific small site (<10 Kin there is little information on
the formation of flows in the soil and/or geological layers.i\&lhe proportion of flows passing through the soil appeatset
significant, questions arise about how they form:
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— Are they subsurface flows that take place in a restricted@frdee root layer, as a result of preferential path active®io
Or, are they lateral flows taking place at greater depth coafgh@to those seen in some aquifer?

— Does the geological bedrock or an altered substratum plalgdimited to that of mere storage reservoir, or is it adjive

involved in flood flows formation?

— Can the hydrological processes be discerned from the nattine geological bedrock?

The aim of this article is to attempt to answer these questismg a multi-model approach that tests different typédsy/of
drological dynamics. The study was based on MARINE, a plajlsibased, distributed hydrological model (Roux et al120
Garambois et al., 2015a), which was developed specifiaatlyddel flash floods in the catchments of the French Mediteaian
Arc. Several new representations for the soil column anatrgrdund flows were proposed (Douinot, 2016) and included in
the MARINE model, in the form of modules that can be used todé&ferent hydrological functions. Those different hyero
logical dynamics were applied to a set of catchments withsjgigyraphic properties representative of the whole of tteaé&
Mediterranean Arc. The performance of each model was themigred and subjected to a comparative study.

The structure of the publication is as follows: Section 2cdiégs the catchments and different datasets used in tHg. stu
Section 3 describes the MARINE model and the hypothesest dlosu dynamics that were tested. Section 4 describes the

evaluation methodology used to characterise the perfazenaheach model. Section 5 presents the key results of tHg, stu

the form of a comparative description of the simulationg teaulted from the different modelling choices malastly;the

Thecontributionsof theresultsfor improving

the hydrologicalfunctionnningunderstandingrelastly discussedn Section6 beforeconcluding.

2 Catchments and data used in the study
2.1 Study catchment set

We studied the behaviour of four catchments and eight nesterthments in the French Mediterranean Arc (Figure 1). The
catchments (in the order they are numbered in Figure 1) vimrgetof the Ardéche, Gardon, Hérault and Salz rivers; these
were selected for the following reasons: (i) they are regrtdive of the physiographic variability found in areasewéhflash
floods occur; (i) numerous studies of flash floods have ajrdmkn carried out on the Gardon and Ardéche (Ruin et al.,
2008; Anquetin et al., 2010; Delrieu et al., 2005; Maréchalle 2009; Braud et al., 2014), for example. Knowledge &f th
hydrological functioning of these catchments could guleeinterpretation of the modelling results (Fenicia et2014); and
(i) a considerable number of observations of flash floochévare available for these catchments.

The main physiographicabbnd hydrological propertiesof the catchmentsare presentedn Table 1. Figure 2 showsthe

contrastedjeologicalpropertiesof the studiedarea: the catchmentaremarkedby a clearupstream’ downstreandifference.

The Ardéchecatchmentupstreamof Ucel sits essentiallyon a granite bedrockwith somesandstoneon its edges,while
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Figure 1. Locations of the catchments studied, with a topographic visualisati®hat resolution (Source: IGN, MNT BDALTI)

downstreamthe geologychangego a predominantlyschistand limestoneformations.Similarly, the upstreampart of the

Gardoncatchmentonsistof schistosdedrockwhile, downstreamthebedrockis impermeablenarl-typeandgraniteformation.

TheHeraultcatchments splitedinto mostlyschistandgraniticheadwatershedéheValleraugueandla Terrissesub-catchments)

andapredominanthlimestoneplateauSaintLaurentle Minier sub-catchmentkinally, the Salzis characterisetly sedimentary

bedrockcomprisingsandston@andlimestone(Figure?2).
Thelocalin-situ experiments (Ribolzi et al., 1997; Braud and Vandervaed&52Braud et al., 2016a, Bhdthe modelling

studiesfocusedon this area (Garambois et al., 2013; Vannier et al., 20@&8) to a hydrologicalclassificationaccordingto

thosecontrastedyeologicalpropertiesand in agreementsvith the usualhydrogeologicakignaturefound in the litterature

(Sayama et al., 2011, Pfister et al., 201 Marls, sandston@andlimestoneswvithout karstarecharacterizedby limited storage

capacitiestesultingin higherrunoff coefficientsandhigh sensitivityto theinitial soil moisture (Ribolzi et al., 1997; Braud et al.,

2016a).In contrast,infiltration testsand analysisof electricalresisitivity signalsin graniteand schisttransectdocatedon

hillslope show high permeabilityof the geologicalsubstratumn depth(measuredip to 2.5 m in depth);and high storage

capacitiesreachingup to 600 mm in 7 out of 10 assessmentwith artificial forcing, the 3 remainingtest suggestindocal

unalteredbedrock (Braud et al., 2016a, bhe naturalresistivity profile suggests regularsoil bedrockinterfacewhenthe

latter consistin schist,while the graniteonepresent@a morechaoticstructure Finally, the continouscomparativestudy of two

experimentasitesoversurfaceareasf theorderof onekm? - onelocatedon the schistupstreanpartof the Gardoncatchment,

theotheroneonit granitedownstreanpart- suggestsapidsubsurfacélow processingntheschistareawhile flow formation

appeargo be controlledby the extensionof the saturatedzonerelatedto the river on the granitic site (Ayral et al., 2005;

Maréchal et al., 2009, 2013).
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Figure 2. The geology of the Ardéche catchment (left), the Gardon and Héraighments (center), and the Salz catchment (sources : BD

Million-Géol, BRGM)







Table 1 summarises the main geological, soil and topogcapbharacteristics of the catchments studied.

Table 1.Physiographic properties and hydrological statistics of the 12 catchiiznteding name of the catchments used at figuamdtable2; area [kmi]; mean
slope [-]; soil properties: mean soil depth [m] and main soil texturg (s = sandyloamtexture,L = loamtexture;Lsi = silty loamtexture; Geology: percentage

of bedrock geology [%] including sandstone (Sa), limestone (Li), itgaand gneiss (GG), marls (Ma) and schists (Sc) subcategofiédeld valuesare the

dominantgeology; mean annual precipitatioR [(nsm]) ; Hydrometry:dischargdgime-seriesavailability (Period); mean inter-annual dischargg#. .km 2.5~ ']);

2

2 year return periodf maximum daily dischargelp2[m?>.km™2.s71]); 10 year return periodf maximum hourly discharge;r10[m?>.km~2.s7']). Hydromet-

1 )

ric statistics are calculated from HydroFrance databéid ' Ecologie-du-développementdurable-et-deténergie2QH)://www.hydro.eaufrance.fr/) and the

pluviometric ones using rainfall data from the raingauge network of teadfrflood forecasting services.

ID  River Outlet Soil properties Geology? Hydrometry

Area Slope| Depth  Tx Sa Li GG Ma Sc P Q (@p2 Quio Period

[km?]  [-] (m  [] (%] %] (%] (%] (%] | [mm]|  [mPhkmTtsTY Period
fla L'Ardéche \ogué 622 0.17| 0.47 Ls 10.5 57 719 0.0 119 1587 | 0.041 0.62 225 00-15
g1b Ucel 477 0.20| 0.45 Ls 13.7 0.0 845 0.0 1.8 | 1577 | 0.046 0.79 230 05-15
flc Pont de la Beaume 292 0.22| 0.39 Ls 14.0 0.0 86.0 0.0 0.0 | 1690 | 0.056 0.75 2,53 00-15
g1ld Meyras 99 0.24| 0.32 Ls 54 0.0 94.6 0.0 0.0 | 1720 | 0.036 0.72 2.92 00-15
f2a Le Gardon Anduze 543 0.16| 0.25 L 7.2 1.5 180 12.1 61.2 | 1370 | 0.026 0.48 1.82 94-15
§20 Corbes 220 0.16| 0.27 L 9.3 0.0 34.2 9.0 475 | 1460 | 0.022 057 2.28 94-15
f2c Mialet Roucan 240 0.17| 0.22 L 2.0 0.6 2.9 9.4 85.1 | 1407 | 0.023 0.62 254 02-15
#3a  L'Hérault Laroque 912 0.14| 0.26 Lsi 6.7 545 117 3.2 24.0| 1160 | 0.019 0.39 1.21 00-15
#3b LaVis St Laurent le Minier| 499 0.10| 0.26 Lsi 4.0 83.0 1.0 3.2 88 | 930 | 0.018 0.42 1.10 00-15
g3c  L'Arre La Terrisse 155 0.19| 0.25 L 195 123 27.2 6.2 34.8 | 1130 | 0.027 0.61 2.0 00-15
#3d  L'Hérault Valleraugue 46 0.27| 0.25 L 0.0 0.0 0.0 0.0 100.0f 1920 | 0.049 1.13 4.0 08-15
f4 La Salz Cassaigne 144 0.13| 0.37 Lsi 335 56.5 0.0 51 4.9 700 | 0.008 0.20 1.31 01-15%
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2.2 Forcing inputs and hydrometric data

The hydrometric data were derived from the network of openal measurements (HydroFrance databaittip;//www.hydro.

eaufrance.fr/). Eight to twenty years of hourly dischargsasvations were available, according to the dates whehyithen-
metric stations were installed.

Flood events with peak discharges that had exceeded tharZetern period daily discharge (£, in Table 1, corresponds
to the alert threshold for flood forecasting centres in Fedmeere selected as events to be included in the study. This, o
one criterion for hydrological response was considereds T to a selection of precipitation events of varying orsg(for
instance: rainfall induced by mountains, stagnant coixescells; and rainfall occurring in different seasons -mhain autumn
and early spring). Such a selection risked complicatingsthdy because flow processes can vary from one season t@anoth
Nevertheless, it allowed us to test the ability of the modeadi¢al with different (non linear) flow physics regimes. Tha a
of this selection was to be able to analyse, more broadlyativeatchment behaviour during intenseentshydrological
activity. Note alsothat, moderateor intenserainfall eventswithout respectivenydrologicalresponseanight be abductedrom

theanalysisNeverthelesshefirst alertthresholdusedhereis smallenoughto havea selectionof flood eventswith contrasted

runoff coefficient(seeTable2).

Precipitation measurements were taken from Météo FradeAMIS radar network (Tabary, 2007), which provides pre-
cipitation measurements, at a resolutioni dfm x 1 km, every five minutesThe Frenchflood forecastingservice(SCHAPI:

Servicecentrald’hydrométéorologiest d’appui a la prévisiondesinondationslusedthenthe CALAMAR patentedsoftware

(Badoche-Jacquet et al., 1998) producerainfall depthdataby combiningtheseradarmeasurementwith raingaugedata.

This processeaﬂataseis hereusedasmputsof the model. %e%measu%eme%wereea%ratedbﬁereeaste@tmeﬁeneh

e Eachrainfall product

is firstly assessethroughan individual sensitivity analysisof the standardMARINE model (DWF model, seesection3.1).

When presentingan atypical sensivityto the soil depthparameterthe rainfall eventis discardedof the study, assuggesting

questionablaneasurementsDepending on the availability of the results of rainfall amgirometric measurements, 7 to 14

intense events were selected for each catchment (Tabiga2hsetis finally splittedinto a calibrationandvalidationsubsets

asfollow: theextremeeventswverekeptfor validation.A minimumnumberof calibrationeventsis choserin orderto coverthe

wide rangeof soil moistureinitial condition.

Some differences in meteorological forcing and the hydjicial responses of catchments can be noted. The Ardéthe (
is subject to more significant events in terms of cumulatikecipitation, with a notable orographic gradient. In castr
cumulative precipitations in the Salz catchme) @re the lowest. The highest precipitation intensitiesehzeen recorded in
the Gardon catchment2). The events selected on this catchment cover a wide refrugak flows despite relatively uniform
cumulative precipitation. The Hérault catchmen®) @t Laroque and Saint Laurent le Minier had more uniformrbladjical
responses for meteorological forcing similar to that of@sdon catchment in terms of precipitation, but these waxet in
intensity.

10
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As the MARINE model is event-based, it must be initialisethice into account the previous moisture state of the catnhme
which is linked to the history of the hydrological cycle. $hias done using spatial model outputs from Météo-Franddls S
operational chain (Habets et al., 200Bj;luding a meteorologicaknalysissystem(SAFRAN, Vidal et al. (2010))a soil -
vegetation atmospherenodel(ISBA, Mahfouf et al. (1995)andahydrogeologicamodel(MODCOU, Ledoux et al. (1989)).

Based on the work of Marchandise and Viel (2009), the spd&dy root-zone humidity outputs (resolution8=km x 8 km)
simulated by the SIM conceptual model were used for the satie initialisation of MARINE.

Table 2. Properties of the flash flood evensserageon the eventset(+ standardieviation).ID: coding name of the concerned catchments
(Figure 1 :41 for the Ardechef2 for the Gardon§3 for the Hérault and4 for the Salz);N...: number of observed flash flood events; P

[mm] mean precipitation [,,,q. [mm.k~']: maximal intensity rainfall per eveng, .. : specific flood peakm?.km=2.s~']; Hum: initial
soil moil moisture according to SIM output (Habets et al., 2008); CRofficoeficient] %)

ID  Outlet Neot P [mm] Lnaz[mm.h™ Qpeak[m® km™2.s71] Hum [%] R[]
#la  Vogiié 10 192(£93) 17.3(£6.2) 1.33(£0.57) 58 (+6) O.50(i0 16)
#1b  Ucel 10 208(£105) 19.1(£7.1) 1.41(+£0.70) 56(+5)  0.47(£0.17)
flc Pontde la Beaume 10 222(+122) 20.5(+6.2) 1.79(£0.82) 56 (£5) 0.51(+0.22)
flc  Meyras 10 235(£141) 25.6(+10.6) 2.15(+1.15) 56(+4)  0.51(+0.20)
#2a  Anduze 13 182(£69) 26.9(+12.6) 2.10(+1.67) 53(+7)  0.31(+£0.13)
#2b  Corbeés 14 196(+73) 31.4(+11.6) 1.90(+0.93) 55(+7)  0.32(+0.15)
#2¢  Mialet Roucan 14 177(+72) 30.9(+13.2) 1.85(+0.85) 51(+7)  0.33(+0.15)
#3a  Laroque 7 188(+95) 16.0(£8.1) 0.82(40.43) 59(4+8)  0.45(+0.16)
#3b St Laurent le Minier 7 153(+95) 18.4(+8.9) 1.14(+0.31) 56 (+9)  0.47(+0.16)
3¢ La Terrisse 7 193(£103) 22.1(+12.1) 1.63(£0.87) 52(+8)  0.60(+0.23)
#3d  Valleraugue 7 156(+£110) 16.4(+8.7) 2.14(+£1.33) 48 (+6) 0.62(£0.22)
g4 Cassaigne 8 136(+47) 17.8(+6.2) 1.48(+0.64) 57 (+7) 0.55(40.24)

3 The multi-hypothesis hydrological modelling framework

3.1 The MARINE modelframewerk

The MARINE model is a distributed mecanistic hydrologicaldel specially developed for flash flood simulations. It mede
the main physical processes in flash floods: infiltrationrlawel flow, lateral flows in soil and channel routing. Conedysit
does not incorporate low-rate flow processes such as eeaspiration or base flow.

MARINE is structured into three main modules that are runefach catchment grid cell (see Figure 3). The first module
allows the separation of surface runoff and infiltratiomasihe Green-Ampt model. The second module representsrabsu
downhill flow. It was initially based on the generalised Dat@w used in the TOPMODEL hydrological model (Roux et al.,

11
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2011), but was developed in greater detail as part of thidystuastly, the third module represents overland and channe
flows. Rainfall excess is transferred to the catchment buimg the Saint-Venant equations simplified with kinematave
assumptions. The model distinguishes grid cells with andige network (where channel flow is calculated on a triamgula
channel section (Maubourguet et al., 2007)) from grid cefishillslopes (where overland flow is calculated for the renti

surface area of the cell).
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Figure 3. The MARINE model structure, parameters and variables. The GragAmpt infiltration equation contains the following param-
eters: infiltration rate i [m.s'], cumulative infiltration | [mm], saturated hydraulic conductivity k [m$, soil suction at the wetting fronk

[m], and, saturatedsurrent and initial water content&, andd; [m®.m~3], respectively. Subsurface flow contains the following parameters:
soil thickness [m], lateral saturated hydraulic conductivity K [M]s local water depth h [m], transmissivity decay with depth, (m),

and bed slope S [m.m]. The kinematic wave contains the following parameters: surface wafghd [m], time t [s], space variable x
[m], rainfall rate r [m.s''], infiltration rate i [m.s™!], bed slope S [m.m'], Manning roughness coefficient n [MY?.s]. The Module 2
described in this figure corresponds to the standard definition applied MARINE model. It corresponds, in fact, to the scope of model

modifications proposed in this study, which are described in the next s¢sgotion 3.2.)

The MARINE model works with distributed input data such gsa idigital elevation model (DEM) of the catchment to
shape the flow pathway and distinguish hillslope cells fraairchge network cells, according to a drained area thrdshipl
soil survey data to initialize the hydraulic and storageperties of the soil, which are used as parameters in thea@ifih and
lateral flow models; iii) vegetation and land-use data tdfigome the surface roughness parameters used in the ovéidand
model.

The MARINE model requires parameters to be calibrated ieai@be able to reproduce hydrological behaviours acdyrate
Based on sensitivity analyses of the Garambois et al. (2008l five parameters are calibrated: soil depth,tke saturation
hydraulic conductivity used in lateral flow modelling G, hydraulic conductivity at saturation, used in infiltratimodelling
- Ci;, and friction coefficients for low and high-water channels.-andn,,, respectively, withm, andn,, uniform throughout

15 the drainage network.,G,, C, and C are the multiplier coefficients for spatialised, saturadtgdraulic conductivities and soil
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depths. In this study, it was specifically Moduldi2. subsurfacelownhill flow) that was subject to modifications in order to

determine the possible ways that a number of proposals ti@-#oil hydrological functioning could be modelled. To ttids,
modifications were made to the parametersa@d G,,.

3.2 Modelling lateral flows in the soil: the development of a mlii-hypothesis framework

The role of altered rocks has been demonstrated in the prework of Payrastre et al. (2012); Vannier et al. (2013)a@#ois et al.
(2015b). The integration of this hydrologically active zanto MARINE was done by the calibration of,Csoil-depth data
from the BDsol databases (Robbez-Masson et al., 2002) tiieially increased to take account of the substratum.

Here, the aim was to integrate hydrological activity at iepspecially given that it seems to differ according to tbelog-
ical properties of the bedrock (Fenicia et al., 2014; Pfistal., 2017a). We proposed a number of modifications to Modul
covering three hypotheses about hydrological functioning

— Deep Water Flow model (DWF): we assumed deep infiltration &edformation of an aquifer flow in highly altered
rocks. In hydrological terms the pedology-geology bouydeas transparent. The soil column could be modelled as a
single entity of depthD,,; (m), which is at least equal to the soil depths pso (m) (see Figure 4). Given the lack of
knowledge and available observations, a uniform calibratvas applied to the depth of altered rockByw 5 (m) - a
level that is rapidly accessible on the scale of a rain evérdundwater flow was described using the generalised Darcy
Law (g4, Equation 1). The exponential growth of the hydraulic carithity at saturation, as the water tablg;(,) rises,
assumed an altered-rock structure where hydraulic covitycat saturation decreases with depth (the TOPMODEL
approach).

h w_Do
qdw = de'Dtotexp< d ! t> -5 (1)
mp

with hg [m], the water depth of the unique water table; m,[m], the decay factor of the hydraulic conductivity at saturation with
soil depth; S[—], the bed slope; Kaw = Craw - KBDsol [m.s’l], the simulated hydraulic conductivity at saturation; and Dy, =
Dgpsot + Dw i, the soil column depth. Calibrated parametersarein red color.

— Subsurface Flow model (SSF): We assumed that the formafisnlsurface lateral flows was due to the activation of
preferential paths, like the in-situ observations of Kedset al. (2014) and Katsuyama et al. (2005). The altereeraoil
interface acts as a hydrological barrier. The rapid satmaif shallow soils results in the development of rapid flows
due to the steep slopes of the catchments and the existemapidfwater flows circulating through the macropores as
the soil becomes saturated. The soil column was thus regessby a two-layer model (see Figure 5): an upper layer of
depth equal to the soil deptbizps.; () and a lower layer of uniform deptPy 5 (m). The lateral flows in the upper
layer were described by the generalised Darcy Law. Howeeeiations in hydraulic conductivity were expressed as a
function of the mean water content of the layéyr,{;) and not of the height of wateh(,;;) that would form a perched
water table (Equation 2). Expressing the variability in taydic conductivity as a function of the saturation ratecied
appears to be a more appropriate choice for representiragctivation of preferential paths in the soil by the increiase
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the degree to which the soil is filled. The decay factor of th@rlulic conductivity as a function of the saturation rate

- My - was set according to the linearized empirical relatiomsetbped by Van Genuchten (1980), between hydraulic
conductivity and soil water content for the different clessf soil textures. Flows in the lower soil layey.(,, Equation

3), in the form of a deep aquifer, were limited by setting tidraulic conductivity of the substratum as being equivalen
to that of the soil divided by 50 (this choice being guided iy drders of magnitude generally observed in the literature
(Le Bourgeois et al., 2016; Katsura et al., 2014)). The attepocks were thus assumed to play, mainly, a storage role.
Infiltration occurring between the two layers was initialgstricted by the Richards equations which were incorpdrat
using the set hydraulic properties of the substratum (Eoof). When the upper layer is saturated, filling by a piston
effectis allowed. The depth of the soil layérg p,.;, was set according to the soil data, while the depth of thetsaioim

- Dy g - was calibrated in the same way as in the DWF model.

esoi -1
dss = Kss . DBDsol €Tp (l) -5 (2)
meg
h —-D
Gdw = Kaw - Dwpexp (WBthB> ) (3)

dinf = _de% (4)
with: hsoi and hw g[m], the soil water depth in the upper and lower layer respectively; 0.: and 8w g[—], the soil water content
of the upper and lower layer respectively; mq[—], the decay factor of the hydraulic conductivity with soil water content 6,,:;; and
Ky = Chss-Kppsor and K4, = 0.02- K, [m.s™'], the smulated hydraulic conductivity at saturation of the upper and lower layer

in the SSF model respectively.

The Subsurface and Deep Water Flow model (SSF-DWF): It wasyass that the presence of subsurface flow was due
to both local saturation of the top of the soil column, bubdlge development of a flow at depth, as a result of significant
volumes of water introduced by infiltration and a very alteseibstratum whose apparent hydraulic conductivity was

already relatively high. This hypothesis of the processdeal modelling approach analogous to the SSF model (Figure
5), where the hydraulic conductivity at substrate sataratix 4, - was no longer simply imposed, but, instead, calibrated

using an additional coefficient, G, .

Kgw = dew - KBDsol in SSF-DWF model (5)

The soil water content prior to simulation was, similarhjtialised for each model, in order to ensure, for a fixed ket

altered rock, that the same volume of water was allocatedlfanodels. The SIM humidity indices (Section 2.2) were used
to set an overall water content for all groundwater flow medet a given flood, with the two compartments of the SSF and
SSF-DWF models then having an equal water content at iisiéidin.
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Figure 5. SSF and SSF-DWF models: flow generation by the
saturation of the upper part of soil column and activation of pref-
Figure 4. DWF model: flow generation by infiltration at depth erential pathsqss), with support flow at depthg(.,), and water
and support of a deep aquifef(, (ha. ), €quation 1). exchanges from the upper layer to the lower one according to
both soil water contenty(, s (05011 ,0wr)). See equations 2, 3

and 4, for the definition of the flows.

4 Methodology for calibrating and evaluating the models
4.1 Calibration method

The three hydrological models studied - DWF, SSF and SSF-DWeére walibrated for each catchment by weighting 5,000
randomly drawn samples from the parameter space for eachklrttbd Monte Carlo Method). The weighting was done using
the DEC (Discharge Envelope Catching) score (equation$)udsed by Douinot et al. (2017), in order to integrate theaxi
uncertainties of modeIIiné(amod,i) i= 1n) (equation 7) and those related to the flow measuren(e(rat@), i= 1n)
(equation 8). The choice of DEC is justified by the desire tapadhe evaluation criterion to the modelling objectives (f
example, by focusing calibration on reproduction of the asid peaks of floods in order to be able to forecast flash floods)
while always being aware of the uncertainties in the refeedtow measurements.

Given the lack of information, these uncertaint(e(s%), i= 1n) were set at 20 % of the measured discharge, which
is in line with the literature on discharge measurements foperational stations (Le Coz et al., 2014), and increasedily
with the 10-year hourly discharge, beyond which, as a génele, the observed flow is no longer measured, but derived by
extrapolation from a discharge curve, making it less adeueguation 8)Theenvelop((gi +204,), 0= 1n> consequently

defineshe 95 % confidencanterval of the observedlows.

The modelling uncertaintieé(amod,i), 1= ln) were set at a minimum value - as a function of the basic catohme
module, thus ensuring that the evaluation of the hydrograpbuld not be unduly affected by the reproduction of reédyiv
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low flows which were strongly dependent on initialisatiomggprevious moisture data that were not the subject of thidysIn
addition, it was assumed that a modelling uncertainty of 1&&tind the confidence interval of observed flows was accleptab

(equation 7)Finally, the overall overarchingenvelop( (9: £ 204, £20m0d.i), 1 = ln) defineshereafterthe acceptability
AN 7

zone,thatis to saythe intervalinto which any simulatedflow would be consideredasacceptableaccordingto the modelling

andmeasuremenincertaintydefinitions.

1 & 1<~ d;
DEC =~ DEC - = : 6
n izzlg n ; Omod,i ( )
Omod,i = 0.5%xQ+0.025x*g; (7
o5, = 0.05%7;* (1 + Yi ) (8)
Qo

with ¢PE¢ the DEC modelling error at tim& g; and o, the observed discharge and the uncertainty of measurerhent a

time i; d; the discharge distance between the model prediction atiifpg and the confidence interval observedlows

% Omod,i the simulated
uncertainty at time; @ andQ@ 10 respectively the mean inter-annual discharge and the &0ryaximum hourly discharge of

the related catchment.
4.2 Metrics and key points in model evaluation and comparison

The objective was to evaluate the fit of the modeis

, and provide
a comparative description of the physical processes reptes by each model.

Resultsof the modelswerefirstly assessedndbenchmarkedising performancescoreg(section 5.1 hefirststepwasto
i i ellingresultsiromthe DWF, and DWHmedels. The evaluation focused

on the performance of the models in reproducing the hydpigran overall terms, but also, more specifically, on theilitgb
to reproduce the characteristic stages of floods: risinglfleaters, high discharges, and flood recession. These stages
defined as follows:

— Rising flood waters: the period between the moment when teerabd flow rate exceeded the mean inter-annual dis-
charge of the catchment and the date of the first flood peak.

— High discharges: this stage includes the points for whiehabserved flow was greater than 0.25 times the maximum
flow during the event.

— Flood recession: this stage begins after a period ¢the catchment concentration time according to Bransloyiséila
(Pilgrim and Cordery, 1992}, = 21.3- L/(A%! . 5%2)) after the peak of the flood, and ends when discharge is rising
again (or, where appropriate, at the end of the event - the ¢ihpeak flooding + 48h).

The Qmed_INT [%] score (Douinot et al., 2017) wa®serused to evaluate the ability of the models to reproduce tivera
flows, rising flood waters and high discharg&bhe DEC scorehasactually provideda standardassessmerdf the modelling
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errorsenablinga reasonablaveighting of the simulations.But in orderto analysethe results,the Qmed_INT[%] scoreis

preferredior the easyunderstandingt providesthroughit meaningfuldefinition. For the time interval considered, Qmed_INT

defines the percentage of points within the modelling aad®iitty zone for the median forecast of the calibrated moaéh
the acceptability zone determined by,.q et o Smeaety.

Conversely, Qmed_INWwasnetusedwasnot relevant for the evaluation of the capacity to reproducessions, because
the calculation of this scorebasedon simulateddischargevalues - during the recession interval strongly dependsesn p

formance at high dischargesistead we usedthe A;,,. scoredefinedin the equation9. It calculateghe averagestandard

error in simulatingthe decreasingate of the dischargeduring the flood recessioninterval. Throughthe considerationof

the Agoe SCorehere,it is assumedhat the recessiorrate is a relevantfeature of the catchment'shydrologic properties
(Troch et al., 2013; Kirchner, 2009)\e thereforechoosdo-makeavisualcomparisorofthesimulatedandobservedecessio

l dy;  dy;
Zi:k| dyt — dyt

©)

Aslope =

l dy;
>k di

where 9. and % arerespectivelythe observedandthe simulatedrecessionatesat atime stepi which belongsto the flood

recessioninterval (i = k...1).

The evaluationwas then completedthroughthe descriptionof the modelling errors (section5.2). The objective was to

identify thosethatwereinherentin the choiceof modelstructure regardles®of the calibrationmethodologyadoptedIn that

respectattentionwaspaidon the apriori anda posterioriconfidencenterval of the modelsimulationsrespectivelydefinedby

([y;prior—mh yprior—95th‘|7 i— 1n) and ([yq_DEC—Sth 7 yv_DEC—gs)thL i = 1n) Wherey;prior—&h andyqj_)rio’r—%th arethe
X 7 AN

) Ji

5" andthe 95" percentileof the 5000modelsimulationvaluesattime i, andwherey??“—*"" andy”F°~%!" arethe 5

andthe 95 percentileof the samebut weightedseriesaccordingto the DEC calibrationcriterion.

Thoseconfidenceintervalswere standardizedccordingto the DEC modelling error definition (equation6), respectively

definingthea priori andaposterioriconfidencentervalsof the modellingerrors:

H —axth
S IV ity <200y,

i a—axth
Y5 +2-0y,

2:0mod;

€

(10)
otherwise (- if y2 ™" > 0; +if y*~*" <0)

K2

with ¢~ isthe 2" percentile of the o modelling errors distribution at time i.
Thelatterdefinitionallowsfor aninformativetranslatiorof theprior andposteriorconfidencentervals(Douinot et al. (2017)):

a—xth

avalueof ¢} equalto 0 indicatesthatthe 3> ~**" boundlies within the dischargeconfidencenterval;if 0 < 2" <1,

a—xth

the y*~**" boundlies within the acceptabilityzone;and if ¢ is largerthan 1 thenerrorsof modelling is detectedor

remainedln addition,the benchmarlof both a priori anda posterioriconfidencentervalsallowsfor highlightingwhich were

theremainingmodellingerrorsthatwereinducedby the model'sassumptionsandthosethatwereinducedby the calibration.

Forthosereasons¢® "

12

wereusedasthe baselineof the modellingerrorsanalysis.
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In athird part, theflow processedimulatedusingthe 3 modelswasassessednddiscussedsection5.3)-A-secondpartof

..... ! A A anth
a a 2 o

The objectives were to:

i) identify the impact of the choice of a model on the properf the simulated hydrograph and, ii) assess the relevaribg
modelling results according to the known hydrological haetars (cf. Section 1.2)in thelight of the uncertaintyof the flow

contributions’assessmengndasthe equifinality of the modelswereemergingin severalcatchmentsthe caseof the Hérault

at SaintLaurentle Minier is detailed.The objectiveswereto clarify the actualdifferencesnducedby the modelledprocesses

andto identify the origins of the models’equifinality.

5 Results
5.1 Performance of the models
5.1.1 Overall performances of the models

Assessment of the performances by catchmentigure 6 shows the average Qmed_INT scores obtained afileratean of
the DWF, SSF and SSF-DWF models for each catchment studidsb klaows the mean and standard deviations obtained from
the series of calibration (top) and validation (bottom)resecalculate@verall the parts -from-erparts of the hydrographs.
hi ectionanalvsedhe differencesn-performancedependinconthe-modelusedandtheea ....-‘.=.=

model assuming deep infiltration and the formation of anfaqdiiow in altered bedrocks showed better performance in the
Ardéche catchmentl), while in the Gardont@) and the Salzi@) catchments, the SSF and SSF-DWF models, assuming the
formation of subsurface flows due to the activation of prefigial flowpaths by local saturation (SSF), and developrogihbw
at depth (SSF-DWF), produced the most accurate results. ©dé&hault catchment8), the modelling results obtained with
each model, in terms of Qmed_INT, were less obvious, althdlig SSF-DWF model seemed to stand out to some extent. The
differences in model performance were more pronouncedvalidation events. The better-performing models terode
more consistent, with equivalent Qmed_INT scores on ciin and validation events (for example, the DWF model on the
Ardéche {1) or the SSF and SSF-DWF models on the Gard@ (There was also a deterioration in performance in several
models that had already been judged less effective (for pkarthe SSF and SSF-DWF models on the Ardéghg or the
SSF model on the two catchments of the Héraait,ands3d).

SSF model versus SSF-DWF models a reminder, the difference between the SSF and SSF-DWFIsigdRat the latter
has an extra calibration parametefz,,, - to be able to initialise a significant lateral flow in the soib&orizons of the soil
column (see Equation 3). The lateral hydraulic condugtiiitthe deep layer is configured using the hydraulic congitgti
from BD-s0l: K 4, = Craw - KBDsot» With Cray S€t 100.02 - Cis5 in the SSF model and calibrated in the SSF-DWF model.
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Figure 6. Qmed_INT scores: mean Qmed_INT scores obtained for the calibréibph and validation (bottom) events, by model and

catchment. The Qmed_INT scores were calculated for the whole hygrogleft)—modelling-of-therising-flood-waters{eentre)and
modellingof-high-dischargegright): The x axisrefersto thelD numberof eachcatchmen{(Figurel). Finally, Mean attributerefersto the

averagaesultsoverall the catchmenbbtainedwith eachmodel.
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Figure 7. Top: Mean inter-annual discharge {rkm~2.s™!) for the catchments. Bottom: a posteriori distribution of the calibration of the
subsoil horizon hydraulic conductivity in the SSF-DWF model (the., parameter, Equation 3)

The small differences between the SSF and SSF-DWF modelseshthat this flexibility does not produce any significant
improvement, with the exceptions of the Ardeche catchmeMeyras and the Hérault catchment at Valleraugue. These two
areas have a number of common features that could explagirttiar modelling results: they are at the heads of highatlen

catchments with steep slopes (Table 1), and are subjechgidarable annual meteorological forcing. Thereforeacation of
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the saturation hydraulic conductivity parameter of thessilhorizon tended to result in a significant flow at depthtfase

two catchmentséﬁ € [3,36] for §1d and C:dm € [5,34] for 43d, Figure 7, with this ratio set to 50 in the SSF model). In

general, the calibration of th@y 4, parameter of the SSF-DWF model (Figure 7) seems to be cardaleth the more or less

sustained, annual hydrological activity of the catchmethis confidence interval of th€}4,, coefficient is restricted to low
values for the catchments with low mean inter-annual diggsa(Figure 7§2a,{2b, 12c, #3a, 13b, #4) and inversely for the
catchments with high mean inter-annual dischargési8c andg3d).

5.1.2 Detailed performances: assessment of the models tmsiate the different stages of an hydrograph

Figure 8 showsthe detailedassessmenisccordingto the specificstagesof the hydrographsThe objectiveis to highlight

whetherthe overall performancegFigure6) reflectuniform resultsalongthe hydrographsor if they actuallyhide contrasted

likelihood of the simulationsoverthedifferenthydrographs’stages.

Uniform resultsare observedon the Gardoncatchmentat Corbesand Anduze (§2a and §2b) and on the Salz catchment

(#4): the SSFand SSF-DWFmodelsdemonstratedlearly superiorperformancedor all stage-specifiassessmenin those

catchmentsk-or the Gardoncatchmentat Mialet (12¢), the detailedassessmertFigure 8) showsthatthe overall superiorityof

the SSFandSSF-DWFmodelsis mainly dueto a bettersimulationof therising limb. Neverthelesdpr anyscore the SSFand

SSF-DWFmodelspreseneithersimilar of the bestmodellingresultscomparedo the DWF model.

Onthe Ardéchecatchmentgtla, £1b, f1c, §1d), the overall performanceseflectthe simulationof the high dischargesnd

of theflood recessionsT here the DWF modelgivesthe bestresultsto simulatethosehydrograph’stagesConverselyjt deals

slightly lesswell with the simulationof the rising flood waters.As it would be shownin the section5.2, all the modeltend

to underestimaténitial flows prior to the eventandduring the onsetof a flood. The DWF model,in particular,exhibitsthis
modellingweaknesgsee for exampletheonsetof floodsin thehydrographgor the 18/10/2006and01/11/2014eventsin Ucel

(#1b), Figure10), which explainsthe poorerperformancelt canbenoticedthatthe SSF-DWFmodelclearly bettersimulated

therising flood watersof the Ardécheheadwatershed#1d), explainingthe overallgoodperformanceaswell of this modelon

this catchmen{Figure6).

OntheHérault thedetailedevaluatiorenabledusto distinguishthe performancef thedifferentmodels Ontheonehand,on

the2largercatchment$ila andf1b), theDWF modelgetslightly bettermperformancesor rising flood waterssimulationswhile

the SSFmodelgavemoreclearly bettersimulationsof theflood recessionsOn the otherhandthe SSF-DWFmodelgenerated

the bestsimulationsof the rising flood watersand of the high flows on the upstreamcatchmentsf La Terrisse(43c) and

Valleraugug(#3d), while the DWF modelsimulatedbetterflood recessionTheseconstratedesultsexplainedwhy thereis not

a specificmodelthat standsout on this catchmentln addition,it suggests markedinfluenceof the physiographigroperties

on the developmenf flow processedecausehey are correlatedwith the differencesin the geologicaland topographical

propertiesof the Hérault(43; seeFigure2 and Table 1). The hydrologicalbehaviourssimulatedfor the ValleraugueandLa

Terrissesub-catchmentsyhich arepredominanthygraniticandschistoseandwhereslopesarevery steepcanbedistinguished

from thoseof Laroqueand Saint-Laurent-le-Minienyvhich aremainly sedimentanandin theform of largeplateaus.

20



10

15

20

25

30

5.1.3 Summary of the assessment

Thefigure 9 sumsup the highlightedmodelsaccordingto the assessetydrograph’sstage It showswhenone’smodelhasa

clearlyhigherperformanceccordingo thefollowing definition: A modelis assessedsclearlysuperiorwhenthelower bound
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Figure 8. Assessmentf the modelsby catchmenbverthe differentstagesf the hydrographsLeft : Qmed_INTscorescalculatedoverthe

rising flood watersstage;center:Qmed_INTscorescalculatedoverthe high dischargestage right: Ao, ScoresHigh Qmed_INTscores

and converselylow Asiope valuesmdlcategood performance®f the model. GempaﬁsemHhemedeHedaﬁdebseFveebharaeteﬁstm

of the confidencénterval of his scoreis higherthanthe medianvaluesof the scoresbtainedwith the othermodels.It reveals

thatthe catchmentsetmight bedividedin 4 groups:

— afirst groupof catchmentsvherethe SSFand DWF-SSFmodelsuniformly give eithersimilar or betterperformances
thanthe DWF models.This is the casefor the Gardon(42) andthe Salz(#4) catchments;

— asecondyroupof catchmentsvherethe DWF modelgivesthe bestresultsaccordingto all the scoresesidegherising

flood watersassessmenthis is the casefor the downstreamArdéchecatchmentgtila, 16, £1c¢);

— athird groupwherethe models’sresultsare not really discernible.For thosecatchmentthe DWF model appeardo

slightly simulatebetterthe rising flood andthe high dischargewhile the recessioris betterrepresentetty SSFmodel.

Thisis the casefor thedownstreanHéraultcatchmentst3a, £3b);

— a last group wherethe SSF-DWFmodel slighty generatedetterthe rising flood and the high dischargewhile the

recessioris betterrepresentetly DWF model.In this grouparethe headwatershedsf the Hérault(#3c¢, #3d) andof the
Ardéche(t1d) catchments.
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Figure 9. Summaryof the models'sbenchmarkA (2) color(s) is (are) attributedfor eachscoreand eachcatchmentwvhen one (or two )

modelsgive(s) clearly superiorperformancethe scoreof a modelis definedas clearly superiorwhen the lower boundof it confidence

interval is higherthanthe medianvaluesobtainedwith the othermodels.The superiorityof a modelmight be half attributedwhetherthe

criteriais only respectedor the calibrationprocessesColor attribution: orangefor the DWF model; blue for the SSFmodel;greenfor the

DWF-SSFmodel;andgreywhenthe superiorityof one’smodelis undetermined.

5.2 Modelling errors inherent in the models’ structures

For the sakeof concisenesspnly the simulation of the hydrographsof one catchmentis presented. Figure 10 shows the

simulation results of the three models over the Ardechehca¢nt at Ucel {1b). It shows the simulated hydrographs, and
their confidence intervals, compared with observed flowsyelkas the inherent errors in the simulations. This hightcthe
modelling errors due to the choice of model structure (DWH; 86 SSF-DWF models)Vhen- at atimei - the a priori

confidencdnterval (grey color) doesnot crossthe acceptabilityregion (greencolor), it meanghatno parametesetgivesan

acceptablesimulation,andconsequentlynodellingerrorsdueto the structure- assumptions of the modelis detectedWhen

theposteriorconfidencenterval(salmoncolor)is outsidethe acceptabilityzone modellingerroris remaining.Finally whether

theprior (posterior)intervalis largeor small,the model'sstructureallowsfor reachingamoreor lesslargerangeof simulated

values(the modelpredictionis moreor lessuncertain).

Representing the soil column with either one compartméetWF model) or two compartments (SSF or SSF-DWF mod-
els) leads to distinct a priori confidence interval of modellerrors (grey). The first structure (the DWF model) consgréhe
simulated flows at the beginning of the event, before thetafgerecipitation, because the variation interval of thedelting
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errors is low at that point. More specifically, it tends to argstimate the initialisation discharges because thatiamiinterval
of the errors over this period is predominantly negativasThay explain this model’s relative difficulty in reprodaogithe
onset of floods, since the calibration of the parameters dicaliow the acceptability zone on this part of the hydrogrép

be reachedA resultinginterpretatiorapplicableto the catchmensetsis thatgoodresultsin modellingtherising flood waters

with the DWF model meansthat the observedising flow is relatively slow and could be reachedn spite of the restrictive

modellingstructure.

Likewise, it can be noted that the one-compartment stradinrthe DWF model) allows flexibility in the modelling of high

discharges and flood recessions, bec#iuseonfidencenterval of themodellingerrorsthevariationintervalsinthemedeling
erroers is quite large over these periods in the hydrograplweter, it also led to the underestimation of high dischsuaysd

flood recessions. In fact, the modelling error interval hasgative bias with respect to the acceptability zone. Thbredéion
finally allows the simulations to be selected, at the intgtisa of the acceptability zones and a priori confidence ietiong
errors. This generally corresponds to the calibration afva-dlepth altered roclkDyy 5, in order to make the model more
sensitive to soil saturation and more responsive, via timeggion of early runoffConsequentlygoodresultsin modelling

the high flows with the DWF modelwould suggestelatively moderateobservedunoff that could be reachedn spite of the

restrictivemodellingstructure.

Conversely, the two-compartment structure (the SSF andlB38F models) offers flexibility in modelling the beginning of
events, flood warnings and high discharges, but the abditpadel flood recessions is more constrair@8FandSSF-DWF

modelssimulatefast flood recessiorin comparisorto the DWF model, suggestinghat good resultsin modellingthe flood

recessionwith the SSF model might be interpretedas fast return to normal or low dischargeare observedon the related

catchments. As well, the relative position of the modeHergor confidence interval, with respect to the acceptgtdione,
shows that the structure leads to an unbiased estimate oh#s of a flood, a slight overestimation of high discharged,an
underestimation of flood recessions.

In the SSF and SSF-DWF models, the addition of a flux calibnggarameter in the subsoil horizons, not surprisingly, taed
wider variations in the a priori modelling errors. A surmgfinding, however, is that the calibration of the laterahductivity
of the deep layei(q4.,, Se€MS to affect only the simulation at the beginning of gdrdgraphs (the events of 01/11/2011 and
13/11/2014), and has very little effect on flood recessidhistastpointwasalsevisiblein-the-analysisof-floedrecessions,
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Figure 10. Calibration of the three models for the Ardéche catchment at itk), The results of the simulation of five flood hydrographs,
and the inherent modelling errors (equation 10) for each model (1dfF;[@entre: SSF; bottom: SSF-DWF). The median simulation and the
posterior confidence interval are shown, respectively, in red dntbsaThe confidence intervals of the measured flows and the acceptability
zone are shown, respectively, in green and blue. The a priori erd&interval for each model (i.e. with no calibration) are shown in.grey

(x): eventof calibration;(xx): eventof validation.
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5.3 Analysis of relevance of the internal hydrological proesses simulated
5.3.1 Characterisation of the hydrological processes sintated

Each time a model is run it generates its own paths for waterdkit attempts to reproduce the hydrographe proportional

volumesof the watermakingup the hydrographsthatarisefrom the threemain simulatedpaths- on the surface throughthe

top or throughthedeeplayer of thesoil - werecalculated. Figure 11 shows the results for the runoff doution, i.e. the water

which has not passed through the soil at any point. The dmitons of these surface flows on the whole of the hydrograph
(Figure 11, left) and those that support high dischargegufei 11, right) are distinguishefhNote thatthe othercontributions

arenot detailed peingcorrelatedo the runoff assessmenandthereforeeadingto asimilar analysis).

Relationship between the assessment of the flow contributis and the simulated model:The SSF and SSF-DWF mod-

els suggest very similar proportions of subsurface flowsluiting those at the catchment heads. Calibration of hyidrau
properties at depth influences - as intended - only the ptigosrof subsurface and deep aquifer flows (which are not show
here). The DWF model suggests a larger contribution fromffuadhe generation of high discharges, whatever the cagetim
modelled. In fact, we observed a 15 to 30 % increase in thegptiops of surface flow between the DWF model and the SSF
and SSF-DWF models.

Relevancy of the flow contributions deduced from the modelsimulations: The performance of the DWF model was

noticeably different on the Gardot) and Salzf{4) catchments, where simulated runoff was much more praremiaver the
entire hydrograph. Here, the DWF model showed runoff prapastranging from 40 to 98 %. However, the few experimental
measurements made on the Gardon (Bouvier et al., 2017; Btaald 2016a) provide firm evidence on the proportions of new
water - i.e. water resulting from meteorological forcingidg the event - which range from 20 to 40 % of the volumes in the
hydrograph. This clearly points to a lower runoff rate. E¥eough these experimental results only represent aciivithie
granitic part of the catchment, they appear to call into joeghe hydrological functioning suggested by the DWF model
Conversely, the observations lend support to the resuttradd by the SSF and SSF-DWF models, where runoff rates were
between 19 and 62 %. On the Salz there are no experimentalatisas available, and, therefore, observed resultsatdre
corroborated, by the orders of magnitude of the simulatefase flows. Nevertheless, in view of the extremely largeoffin
proportions suggested by the DWF model, the SSF and SSF-DWElstodctures, with more reasonable assessements, appear
to be more pertinent for characterising the types of praxseescurring.

Consideringhe mostsuitablemodels revealedn section5.1,i.e. the DWF modelfor the Ardechecatchmenandthe SSF

and SSF-DWFmodelsfor the Gardonscatchmentthe runoff contributionsto the high flows of the hydrographappearto be

slightly lower onthethreedownstreamArdéchecatchmentgtla, f1b, 1c, with runoff contributionsncludedbetweenl7 and

57 %) comparedo the runoff contributionson the Gardoncatchmen(t2a, #2b, £2c) andon the upstreanpart of the Ardéche

(#1d, with runoff contributionsbetween?0 and 78 %). This point could be broughtcloserto the propertiesof the catchments

andthe rainfall forcing, thefirst catchmensubset(f1la, #1b, #1c) havingdeepersoil cover,with morepermeablesoil texture

(seetablel), andbeingforcedby rainfall with lower maximalintensities(seetable 2) thanthe secondone2a, £2b, £2c). It
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doesn’tvalidatethe estimationdone,but it clearly suggestghat the assessmertf the flow contributionsthroughthe most

suitablemodel’ssimulationsfor eachcatchmentreconsistantvith eachother.

On the downstream catchments of the Hérag8a(#3b), it can be noted that the variation intervals of the sugflows

estimated by the three models overlap. It may explain whytttee models can achieve good reproductions of the hydoalbg
signal - in that the calibration step makes it possible, feomintegrated point of view - to obtain an analogous distidouof
the flows processes.

Capacities of the models to give an assessment of the intetripw contributions:

Notwithstandingthe uncertaintyrelatedto the model's choicewhenany model hasbeenidentified mostsuitablethrough

the performancesit canbe noticedthatthe large-Fhe-abeve uncertainties are related to the parameterizatitimeofodels,

a consequence of the equifinality of the solutions when ity a hydrological model against the sole criterion @& th
reproduction of the hydrological signal. While, in terms tdysibility, several sets of parameters may be equivaéyet) for
the same model, these sets of parameters are likely to ledifiedent hydrological functioning. This is especiallyethase for

the DWF model, for which the relative proportions of processienulated depend on the choicelofy 5.

Flow proportion on the all hydrograph Flow proportion on the high flows
1= owr | | N oy
PRy =1 T
T SSF-DWF |
. Wil 1 H
g |
£3- #|| | AL LL TS
o o
n
I | || M L L |
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Figure 11. Proportion of surface runoff in the flows at the outlet. Left: The préparover the whole hydrograph; right: the proportion at

high discharges (Observed flow greater than 0.25 times the maximunddiong the event).
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5.3.2 Detailed study of four plausible simulations on the Heult watershed at Saint Laurent-le-Minier

of-theseldtions. In order to better understand the diffeiempactsbehindthe hypotheses on which the models are based,

butalsoto explainthe resultinguncertaintywhenassessinghe flow processeslistributionef-thevariouslikely-parametersn
the-hydrologicalchangedhattakeplacein-theeatehments, other variables, such as (spatialised and integrateah)ggs in
moisture levels in the catchments or the flow velocities gatieel by modelling choices, have to be considered.

Next, we describe the detailed results of four simulati@isy considered to be plausible according to the DEC aviteri
obtained from the DWF and SSF models as well as four sets offfeiess (see Table 3). We considered the Hérault catchment
at Saint-Laurent-le-MinierBb) because the criteria previously used had not shown amynmalel to be more representative.
The objective was to highlight how the models differed imtsrof flow development, and what compensations occurred
between processes to allow the equifinality of solutions.

Table 3. Realistic models and parameter sets for the Hérault catchment at Sanert-de-Minier ¢3b). Cs,:;: the contribution to the
hydrograph of flows passing through the sail};4., /Cj.. : the value of the parametéfyq,, for model DWF (Equation 1) or the value of
the paramete€;,,, for the model SSF (Equation 2).

ID NSE  Dwg|m] Crel~]  Ckaw/Ciss[—] nr[—] np[—]  Csou[%)]
DWF1 0.82 0.15 17.3 8711 19.6 19.11 61
DWF2 0.84 0.11 2.34 4416 19.16 7.63 39
SSF1 0.89 0.40 15.81 45284 15.96 5.86 68
SSF2 0.89 0.34 2.08 22543 14.06 6.42 53

The figure 12 compares the changes over time in the statel sbsoration and the different simulated flow velocitiesafif
“model + parameter set” configurations (Table 3). Figure @ pares the spatial distributions of these variables, ateng
moment, as an example.

In terms of hydrographs, quite logically given the similikelihood scores, the simulations differ very little. Oakrthe
DWF1 configuration anticipate flood peaks; the DWF model (inRke¢F1 and DWF2 configurations) generated greater flows
at the end of rain episodes; and these same configurationi$ ires: slight underestimation of peaks for floods of average
intensity (18/10/2009 and 05/03/2013) and, converselpvanestimation of the peaks for exceptional floods (12/0812and
01/11/2011), compared with the SSF model (in the SSF1 an@ 8&ffigurations).

The notable difference in the generation of hydrographsasontribution of the different simulated flowpaths. Thepar-
tions of water passing through the soil column (via sub ofase-soil horizons) are highly variable: with an averag8®fo
for the DWF2 model, 53 % for the SSF2 model, 61 % for the DWF1 maddl68 % for the SSF1 model. This is due both to
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the structural choices (DWF and SSF) which involve a satmatynamic and the incorporation of different types of flomgl a
the choice of the parameters which involves flow velocitiediffering orders of magnitude.

Figure 12-b) shows the different saturation dynamics wedlin the DWF and SSF structures. The DWF structure entails
continuous drainage of the catchment, including at ing#dion. This results in a noticeable continuous decraeaieei water
content of the soil, including at the beginning of an everticl slows down saturation during the onset of flooding. Imtcast,
the overall soil water content of the soil profile (solid jrieom the catchment simulated by the SSF model are distinguai
by a gradual decrease towards a state of equilibrium. Takimgre 13 (the left-hand column), we can also observe diffees
in spatial dynamics. The DWF model produces a greater canitraaturation levels between different areas of the caértim
This results from the decrease in the simulated flows as difumof water height (cf. Section 3.2, Equation 1), which @sk
the draining of each grid cell sensitive to spatial disttitnu of the soil depth. With the SSF model, the overall catehtn
saturation levels appear to be more related to the topograghobserve saturation of the cells close to the drainagearte,
and, conversely, lower water content in the upper reachiéeaatchments. In fact, for the SSF model, rainfall forégwgainly
involved in saturation of the upper soil layer (the dasheddiin Figure 12-b), which reacts very rapidly to preciotat

The flow velocities simulated in the soil (Figure 12-c) arkéd to the saturation dynamics. At the start of flooding 3B&
structure results in an early increase in flow velocities thua higher saturation level of the upper soil layer. Moreptiee
flow model chosen and fixing of the parameiey) to simulate the activation of preferential paths in the $&¥lel (Equa-
tion 2 allows a much greater variation of simulated velesitover the short period during which the watershed is saftlira
Conversely, for the DWF model, the variation interval of siated velocities is two to four times lower, and the reaction
changes in soil moisture appears to be more linear. The elobisarameters - in particulél; ., here - influences the order of
magnitude of the simulated velocities but not the evolutwar time, which depends on the structure of the model (the flo
modelling equation and the representation of one or two estngents).

The spatial distributions of the flow velocities in the s&ilure 13, centre) shows similarities with the areas adigbly the
flows. For the four configurations, the development of flowthia soil only partially reflects the state of saturation, ibig
correlated with the physiographic properties of the sop@graphy and thickness) and the spatial distribution @déorelogical
forcing. The different orders of magnitude in the simulatetbcities reflect the calibrations of thi&, ,,/Cq., parameters in
the four configurations.

The simulated runoff velocities in the catchment area (FédL2-d) differs only by their order of magnitude, their ex@n
being similar. The order of magnitude of the runoff velastis mainly due to the number of grid cells in the catchmettt wi
excess infiltration. It reflects the influence of the infilimatcontrol parametet,’,, and the depth of the subsoil horizddyy .

At the end of the event, we note the presence of average, eronranoff rates on the catchments with the DWF model, a
consequence of grid cells that are still saturated.

The spatial distributions of the flow velocities on the cateimts (Figure 13, right) show the two types of functioning
suggested by the four proposed configurations. Either theffiis generated by exceeding the storage capacity of thelse
is the case for configurations DWF1 and SSF1, where the giglwih non-zero runoff velocities correspond to the gritlsce
where the saturation state of the soil column has been rdacheunoff is generated by exceeding the infiltration cityaof
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the soil; this is the case for configurations DWF2 and SSF2 foclvthe coefficient, set at a low value (cf. Table 3), limits
infiltration.

The changes in runoff velocities in the drainage networkyfé 12-e) reflect the soil saturation dynamics (Figure 12-b
For the SSF model, an early increase in velocities in thendg network is observed; this is due to the fast saturafitimeo
upper compartment of the soil column, producing consedyarterflows through activation of preferential flow pathsize
beginning of the event. The DWF model yields a more contrgstariation in the runoff velocities in the drainage network
mirroring variations in soil saturation levels. Finallycan again be noted that only the structure of the model infleg the
evolution over time of flows in the drainage network, wher@schoice of parameters - particularly, herg andn,, - affects
the order of magnitude of the simulated velocities.

Taking the example of the four configurations, the seleatfgaiausible parameter sets appears to show a correlattareba
the parameter€’;, andn, andn,. This is actually a general results of the models calibratithere are high values of the
Pearson correlation coefficient, especially for the Garcaichment at AnduzeiZa): ppyw r = 0.46 andpssr = 0.18. This
shows the necessity of slowing down flows in the drainage otwhen a larger proportion of runoff from the catchments
is simulated (i.e”; is low). In all cases, where the values@®@f are low, the transit flows through the ground are also slower
(i.e. the values o€}, Craw Were low). Thus, as a result of the model calibration, a degifecompensation occurs in the
simulated transfer times between the various water paths, the hillslopes to the drainage network, and from thendige
network towards the outlet.

6 Discussion

6.1 On the hydrological functioning of the catchments studid

Thebenchmarlof themodels'sperformancenthecatchmensetleadsto reveald subsetssuggestingt distincthydrological

behavioursAccordingto the modellingassumptiongSection5.1), the resultingconstraintdn simulatingthe different stages

of the hydrographqSection5.2), andaccordingto the catchmenpropertiesSection2.1), the hydrologicalbehaviourof the

catchmentanbeinterpretedsubseby subsetsfollow:

— The SSF and SSF-DWF models shows better overall performavite rfo particular pattern) in the first subset : the
Gardon {2) and Salz{4) catchments. This suggests, on the one hand, rapid cattheaetivitywith fastrising flood

watersaswell asfastflood recession, and on the other, formation of the flows in theteodlugh local saturation tied to

the climate forcingAlthoughthe modelsexhibit similar performances, the contrasting physiographic charatiterisf

these catchments suggest that there are different exjgagsdor this better fit of the SSF-DWF model. On the Gardon,
the very high intensities of the observed events (Table &jaarthe low soil depth (Table 1) may explain the limitations
on vertical infiltration due to the properties of the soil &mdgeological bedrock; as a result, the rapid formation of
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Figure 12. Comparison of the results of four equally plausible simulations on the H&&8aint Laurent le Minier (Table 3). a) Flood
hydrographs (solid lines) and outlet flows transiting via the soil (dashed)lirb) Evolution in the overall moisture content of the soil
column. ¢) Evolution in simulated mean velocities in the subsoil horizon (DWéet) and in the upper part of the soil column (SSF model).

d) Average runoff velocities on the hillslopes. e) Average runoff Vil in the drainage netwoi(s): eventof calibration;(x*): eventof

validation.
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a) DWF1: Soil moisture - M = 82.3 % b) DWF1: Velocities in soil - M = 0.06 cm/s c) DWF1: Runoff velocities - M = 3.33 cm/s
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Figure 13. Spatialised outputs for a given moment during the event of 18/10/20@n¢dthe development of the flood, whefg=

74 m?.s71): a-d-g-j) soil moisture conditions simulated, respectively, by the garditions DWF1, DWF2, SSF1, SSF2; b-e-h-k) discharges
in the soil simulated, respectively, by the configurations DWF1, DWFE1ISSSF2 (N.B: different colour scheme); c-f-i-l) surface flow
velocities simulated, respectively, by the configurations DWF1, DWFE1SSSF2.

a saturated zone at the top of the soil column, favours ruemadf subsurface flux by activating preferential paths in

the soil. This interpretationis in agreementsvith the field studiesachievedon a shistupstreanmsub-catchmenof the

Gardon,the shistsubstratunbeing the predominantlygeology of the Gardoncatchmeniseesection2.1, Ayral et al.
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(2005); Maréchal et al. (2009, 2013)). On the Sai) (the soil is deeper and the precipitation intensitiesio®@n the
other hand, the geological bedrock composed of marls, samelsind limestone is assumed to have low permeability
and the soil is less conductive due to its predominantlylaiin texture. As a result, despite the lower forcing iniibes

the surface soil can reach saturation, which might expldip the SSF model offers the best fit.

The considerable hydrological responses, in terms of veljron the Ardéchsecondsubset, appear to be linked to
hydrological activity at depth, including that taking péaduring intense floods, as suggested by the better fit of the
DWF model. Here, in particular, the model gives a better remm&ation of the relatively slow and uniform hydrologi-
cal recessions from one event to the next, reflecting an exgtyipe flow whose discharge properties are governed by
the properties of the catchment bedrock onfgain, this interpretationis enforcedby the field studiesachievedthis

time in a graniteexperimentakub-catchmenbcalisedin the downstreanpart of the Gardon(Section2.1, Ayral et al.

(2005); Maréchal et al. (2009, 2013)), the Ardéche catchirhemg granitic. The somewhat delayed flood timing that
the structure of the one-compartment model imposes seeinditaite that there are more rapid flows at the beginning
of an event, which this model structure is not able to reprege initial explanation for this may lie in the design ogth
model: the drainage network being structured into £ kitained areas. The comparison with the observed hydroigraph
network for the catchment showed an under-representatitiewpstream drainage network, which may have resulted
in a delay in the modelling of the signal, despite the modfrofg a good overall fit. A second possible explanation is
the default calibration, which uses a uniform depth of &siubsoil horizons)yy 5, during a flood. This might mask the
appearance of local saturation zones, and the subsequerit due to shallow soil and discontinuities in the permeabl
base layer (for example, in the downstream sedimentarydayénere infiltration tests have shown the appearance of
runoff, see Section 2.1). In contrast, the SSF and SSF-DWFetsath not display this weakness because the varying
nature of soil depthslfz psor, Which determines the depth of the upper compartment) altbw rapid development of

flows via preferential paths in the soil blocks, thus enapthre simulation of such local dynamics.

Thethird subsetonsistdn thedownstreanpartof the Hérault(#3a,3b). Themodels’sperformancesonstrastvith the

Héraultcatchmenheadg#3c, #3d), suggesting hydrologicalbehaviourselatedto the contrastedjeologicalproperties.

An interpretation of hydrological functioning is nevertisgs not possible, given the good overall results offeredtbgr
models and that no distinctions can be drawn according tr aftiteria, such as performance in terms of the simulation

of flood recession, for exampla

The last subsetconsistsn the catchmenheadg(f1d, £3c, and£3d). We observe superior performances from the DWF

and SSF-DWF models, with a particular improvement in thedaséng of rising flood waters when using the SSF-DWF
model. This suggests the presence of several types of floheisail with strong support from flows at depth, which
corroborates the high mean inter-annual discharges agsdaivith these catchments, and additionally the presence
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of rapidly formed flows, providing a good simulation of theing flood waters. It should be noted that, here again,
modelling the drainage network for an area greater thandisgrved on these steep-sloped catchments can also affect
the results.

6.2 On the uncertainty of the flow contribution assessment / ®the equafinality issue

The section5.3.2 gives a benchmarkof modelling configurations,scanningthe different simulatedprocessesWhile the

configurationpresentgomparabldikelihoodr-thiscompariseref thesimulategprocesseshee quivalenceftheconfigurati

presented in terms of integrated modelling of the flow at tiéet, the equivalence is refuted by the differences geedria:

— the proportions of water passing through the ground or dverstirface, linked to the infiltration control mechanism,
governed here by the chosen configuration.

— the saturation dynamics of the soil, which are linked to tbe/$l developed in the soil, governed here by the structure of

the chosen model.

— the orders of magnitude of the simulated flow velocities,clutare related to both the choice of the model structure and
the parametrization.

A detailed description of the configurations, together véithestimation of the structural errors in the modellingowad
better visualisation of what the different hypotheses alfrbjogical functioning involve, and points to new optionsdssessing

constraining models, as well as the potential contribtibom new knowledge/observations:

— The DWF and SSF structures generate vertical dynamics atidadispatial saturation patterns. The current availgbili
of high-resolution telemetry measurements with high spatdverage (for example, Sentinel-1-based satellitehEart
Observation data (Enenkel et al., 2016; Cenci et al., 20dfig)s the opportunity to conduct a qualitative assessment
soil moisture patterns. The temporal resolution (up to sixs)l is not adapted to flash-flood time scales and prevents
their use for real-time evaluation of hydrological simidas. However, observing some saturation patterns for coeam
of events during, or shortly after, an episode would pro@dénteresting research avenue, in terms of distinguistiag
hydrological reactions of the catchments in a spatialisadmer, which could help confirm the accuracy of the models
tested.

— The different flow proportions related to the structure eftodel selected (use of the DWF model tends to result in more
runoff on slopes) and its calibration emerge as new objestior constraints, because they imply distinct hydrolaigic
behaviours. Tracing flows via isotopic measurements isuitécgto the meso-scale catchments studied, nor to theaspati
representation of the MARINE model, which assumes an itasteeous and complete mixing of the water volume and
does not calculate residence times (McDonnell and Bevely)2@onversely, the use of an indicator of the presence
of runoff, such as diatom tracing (Pfister et al., 2017b)psuasged particles or the turbidity of water, offers an inclire
means of detecting the degree of surface flows in a flood, anld coake it possible to better constrain the partitioning
of the hydrographs.
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— The different proportions in the simulated flows are allowgdhe simulation of transfer times, of varying length, oa th
different water paths: runoff, flows through the soil, and the drainage network. These arise, in particular, as d#resu
of the calibration of flow velocities having different ordesf magnitude. It would be difficult to envisage a constraint
on the orders of magnitude of the simulated velocities bee#lue scale of modelling (where, as a reminder] 00 m)
encompasses macrostructures (for example, prefereatiad)pthat cannot be quantified without detailed analysis-C
versely, separate optimisation of the drainage networdktlag parameters that control flow on the hillslopes, wounttli
the possible compensations between the transfer timeslimdde particular, intermediate hydrometric stationsiico
be used to calibrate the transfer function of the hydrolaigggnal from the drainage network to the outlet.

— Finally, the evaluation based on the ability of the simuwliasi to reproduce the characteristic stages of floods demon-
strates the greater impact of the choice of model structarthe rise and recession of floods. They, therefore, point
the way towards an optimal consideration of these parts ehifdrograph. The choice of an evaluation score based
on a comparison of time series proved pertinent as a resith eénsitivity at the onset of a flood. The uncertainty in
flow measurements was systematically taken into accourdlf@atchments. In order to refine the information on the
measured flows (and, more precisely, the average range & fltowising and receding floods), it would make sense to
carry out specific calculations for each hydrometric stasind its associated discharge curves (using the Baratinhddet
(Le Coz et al., 2014), for example).

7 Conclusions and Perspectives
7.1 Summary of the study’s objectives and methodology

The objective of the study was to improve our understandfritash flooding on the French Mediterranean Arc. In particula
attention was paid to the dynamics of soil saturation inloatents during these events, and their possible relatipnsitin
the physiographic diversity encountered. The method ueadisted in considering hydrological models as a diagodstil

to test hypotheses about the functioning of catchments.

Based on the structure of the MARINE model - a hydrologicabteiavith a physical and distributed basis - three types of
dynamic of soil saturation were postulated and tested.dritst case (the DWF model), we assumed an aquifer dynamit, wit
infiltration at depth, and the generation of strong base atipaccording to the volume of infiltrated water; in the setcase
(the SSF model), it was the activation of preferential pattthe soil/altered rock interface that generated the ritgjof the
flows passing through the soil, with the lower part of the solumn serving only as a storage reservoir; and in the ttasec
(the SSF-DWF model), there was flow generation via both thigadimn of preferential pathways, initially by saturatioh
the top of the soil column, and a significant increase in treelflux via the subsequent infiltration of water present apeee
levels.

The same calibration strategy was used for the three modelset of 12 catchments which are representative of thesgiver
characteristics of the Mediterranean Arc. Whether a modet®# good fit was evaluated on the basis of: scores repiegent
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overall, or partial model performance in terms of simulgtihe hydrographs; the proportions of the processes siedjland
the timing and form of flood recession.

7.2 Conclusions on our understanding of the processes inwad

From the application and validation of the three hydrolaginodels, the 12 catchments of the study could be classifiediaur
categories: i) the Gardon and Salz catchments, for whicB8femodel is better suited to reproducing the hydrologigale.
For these catchments, this highlights the importance @flland surface soil dynamics in the generation of flows, eafhec
at the beginning of a flood; (ii) the Ardéche catchments, foicl the DWF model most accurately reproduce the observed
flows. Thisdemenstratemdicates more regular and integrated hydrological fumitig at the catchment level, with the flows
generated being directly related to the moisture histodyramfall volumes; (iii) the Hérault catchments at Vallegae and
La Terrisse, and the Ardéche catchment at Meyras, which s@ep-sloped catchment heads, where the SSF-DWF model
stands out, suggesting both sustained and significant logical activity at depth during flash floods, and surfacévigtin
the establishment of early flows at the beginning of eveistt{e Hérault catchments at Laroque and Saint-LaureMitger,
for which no model shows any significant difference.

Themodellingresultshelp to draw consistenassumption®n hydrologicalbehaviourswhich corroboratevhenavailable,

theknowledgeandobservation®n the overall hydrologicalfunctioningof the catchmentspr the experimentakstimationof
flow processes-ereacheatehmentthe bestperformingmodelswerethosewhereresultsreflectedthe-availableknewle

correspondedo-experimentabbservationsThe results suggest that the behaviour of catchments unttenge forcing is a
continuation of the hydrological functioning normally euntered. Several earlier studies have pointed to a patertire-
spondence between hydrological functioning and the naifitee geological bedrock. This is in evidence on the Hérault
where the evaluation of the three models highlighted dffiehydrological behaviours which are linked to differenagethe
geological nature of the catchmentdso, the GardonandArdéchecatchmentswhich haverespectivelymainly schistoseand

granitic geology,exhibiteddifferent behavioursjn correspondancwith the field experimentaktudiesof the region. On the

other hand, the similar hydrological behaviours of the Garaind the sedimentary Salz catchment are quite surprisimgado
their contrasted geological and other physiographicgb@rties. These results, however, did not contradict thigeeatudies,
which suggest a relationship between storage capacityeisubstratum and the nature of the geological bedrock, e
similarity highlighted here concern the formation of flowghe soil.

Anotherobijectiveof the study,wasthe assessmertf the flow processesOwing to the equifinality issuesthe assessment

remainauncertainNeverthelesgheanalysiof theinternalprocessehighlightedthecompensatiobetweertheflow processes

simulated in thedrainagenetworkandin thehillslope- thatis madepossiblethroughawide rangeof flow velocitiessimulated,

asbeingthemainreasorof the equifinalityissue.Thedetaileddescriptionenabledinally to proposenewstrategiegor abetter

constrainof themodels.
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revealedin- Lastly, identifying the most pertinenthydrologicalmodelsfor eachcatchmeninableshe key elementsin the

generatiorof flashfloodsto behighlighted,which, in turn, couldserveto furtherdevelopmethoddor forecastinglashfloods.

For exampledistinctionsin hydrologicalbehaviourevealedbetweerthe catchment®f the Gardonandthe Ardéche- thefirst

oneappearingnorereactivewith importantrunoff and subsurfacdlows throughpreferentiaflowpaths- might shift towards

differentconsiderationsvhensettingup aflashflood forecastingnethodoverthosecontrastedirea.lt corroboratesheresults

of Douinot et al. (2016yvhich highlightedcontrastedmpactsof takinginto accounthe spatialvariability of precipitationin a

flashflood forecastingnethod.Thesecontrastedmpactscanindeedbe explainedby the more pronouncedpatialvariability

of the rainfall over the Gardoncatchmentput also by the local dynamicof the soil water contentof the Gardoncatchment

revealedn the presenstudy.

7.3 Conclusions about the method used

The use of the hydrological model as a diagnostic tool altbthie classification of the catchments studied. It also dmurtes to
the overall knowledge of these catchments in order to improwderstanding of hydrological functioning during flasioéls.
The study also demonstrates: i) the complementarity of fiblskervations in the interpretation of results, ii) the tations

in the evaluation and drawing of distinctions between medaghen constrained solely on the basis of the reproduction of

an integrated response; and iii) the contribution that aalyais of equally performing parameter sets and possibldeio

functioning can make to guide the choice of new and bettestcaimts, and the strategic observations that need to be mad

in order to differentiate between equally plausible modestly, distinguishing between models based on the eoolwdf
internal variables - flow velocities and soil saturatiornteta makes it possible to highlight the value added by thergsie
potential of a distributed model with a physical basis, sasMARINE.
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