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Abstract. A method of multiple working hypotheses was applied to a eansfgcatchments in the Mediterranean area to analyse
different types of possible flow dynamics in soils duringlilfieod events. The distributed, process-oriented modelRNNE,

was used to test several representations of subsurface fteksding flows at depth in fractured bedrock, and flows tigto
preferential pathways in macropores. Results showed astett perfomances of the submitted models, revealingrelifte
hydrological behaviours along the catchment set, and cpresly, giving advances in characterising the flash flood@ssing
over the Mediterranean area. Those results are supportibeioygonsistency with the rare available in-situ meas@mnand

the prior knowledge of several catchments. The charaet&isis of course carried out within existing equifinaliégues. The
descriptive potential of the distributed model was therdusespot counterbalancing effects between internal flovegsses

and to finally propose new insights into strategical momipand calibration constraints setting up.
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1 Introduction
1.1 Flash flood events: an issue for forecasters

Flash floods are “sudden floods with high peak dischargesluged by severe thunderstorms that are generally of limited
areal extent”. (IAHS-UNESCO-WMO (1974); Garambois (201Rjaud et al. (2014)). They are often linked to localised
and major forcings (greater than 100 mm, Gaume et al. (2089))e heads of steep-sided, meso-scale catchments (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 foothilleeTregions affected are highly specific and marked by theantia
of the Mediterranean climate system and mountainous taypdgr

The large specific discharges, and intensities of pretipitamakes the flash floods being classified as extreme. Never
theless, those events are not scarce nor unusual since mgeayéhere were no fewer than five flash floods a year on the
Mediterranean Arc between 1958 and 1994 (Jacq, 1994). Rtasds constitute a significant hazard and, therefore, aidons
erable risk for populations (UNISDR 2009, Llasat et al. (@)1They are particularly dangerous due to their charesttes:
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(i) the suddenness of events makes it difficult to warn pdpra in time, and can lead to panic, thus increasing riskerwh
a population is unprepared (Ruin et al., 2008); ii) the tiadal connected monitoring system are not adapted to thpdeal
and spatial scales of the flash floods (Borga et al., 2008;Be&al., 2014); iii) the magnitude of floods implies signifita
amounts of kinetic energy, which can transform transitargrs 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, beitdrassessment, to enable them to be forecasted and thanele
populations to be pre-warned. Greater knowledge and utaaheliag is required to better identify the determining éastthat
result in flash floods. In particular, in order to implemenégional forecasting methodology, the properties of thetoaents,
and the climatic forcing and linkages between them whicH tedlash flood events need to be characterised.

1.2 Flash flood events: understanding flow processes

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

to amplify the phenomenon (Llasat et al., 2014; Colmet Dad@ge., 2016), there has been considerable research dohe on t
subject over the last ten years. Examples include the HY ORpg¥Dject (2006-2010, Gaume and Borga (2013)), which edable
the setting up of a comprehensive European database of ftashffash events, as well as the development of a reference
methodology for the observation of post-flood events; tha EXFLO project (2009-2013, Lang et al. (2014)) to estimate
extreme precipitation and floods for French catchments4iIEX project (2010-2020, Drobinski et al. (2014)) focugion

the meteorological cycle at the Mediterranean scale, anghiiticular, on the conditions that allow extreme eventiseelop;

the FLASH project (2012 - 2017, Gourley et al. (2017)) adsgsthe ability and the improvement of a flash flood forecagtin
framework in USA on the basis of real-time hydrological mitidg with high resolution forcing; or the FLOODSCALE praje
(2012-2016, Braud et al. (2014)), based on a multi-scalerxntal approach to improve observation of the hydraialgi
processes that lead to flash floods.

In the North-Western Mediterranean context - speciallyceoned by specific autumnal convective meteorological tsven
the European cited research demonstrates, in partidudaimiportance of cumulative rainfall (Arnaud et al., 1998n&ati et al.,
2009),(Camarasa-Belmonte, 2016), previous soil moistiate (Cassardo et al., 2002; Marchandise and Viel, 200$edies et al.,
2013; Mateo Lazaro et al., 2014; Raynaud et al., 2015) andstiieage capacity of the area affected by the precipitation
(Viglione et al., 2010; Zoccatelli et al., 2010; LobligeoZ)14; Garambois et al., 2015a; Douinot et al., 2016). Timehioed
influence of the spatial distribution of precipitation aneet-related storage capacities, reported in the studynofnaber of
particular events (Anquetin et al., 2010; Le Lay and Sau)2i@07; Laganier et al., 2014; Garambois et al., 2014; raetial.,
2016), suggests a hydrological reaction, in some areaeafatthments, that arises from localised soil saturatibis Jtate-
ment surmises that there is little direct Hortonian flow, @ather the production of runoff through excess soil sainmator
lateral fluxes in the soil resulting from the activation oéfarential pathways.

The geochemical monitoring of eight intense precipitagwents, over a 3.9 kircatchment 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 (Btial., 2016a; Bouvier et al., 2017). The proportion of neater
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at the peak of the flood varied betwegits and80% depending on the intensity of precipitation and the moestavel at the
start of the event. Conversely, over the entire period o&tlent, it appears that new water accounts for only beteghand
30% of the total volume of water discharged, which underlinesdbminance of intra-soil dynamics.

Being able to define the storage capacity of the soil colunanusial in explaining the varied responses of the catchment
Geological properties, which are crucial physiographiarabteristics for determining the total storage capadigatchments
(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). Frompdénflow balances of flash flood events (Payrastre et al., 2012)
studies of the diverse hydrological responses of sevetahognts over the same precipitation episode (Douinot6 R0
the application of regional hydrological models (Gararshadial., 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. Flopmamics 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 “soiteradl
substratum” combination.

1.3 The potential of a multi-model study for understanding tydrological behaviour

The knowledge gained about the development of the flow psesedor example, the tracing of events carried out during
the FLOODSCALE project, Braud et al. (2014)), relates tal&s 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
nature of each study (McDonnell et al., 2007) and by the gawdsn the spatial scale of forecasts (meso-scale), cowhpare
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 toolsstnge
hypotheses about hydrological functioning using a systiem@ethodology. A considerable amount of recently pulgistvork
has involved comparative studies, using numerical modedgvelop or validate the hypotheses about the type of hydical
functioning that is most likely to reproduce hydrologicabponses accurately (Buytaert and Beven, 2011; Clark, &Cdl1;
Fenicia et al., 2014; Coxon et al., 2014, Ley et al., 2016;i¢taret al., 2016). For example, Fenicia et al. (2014) shoat th
the performance of different models tested on the AtterirBasLuxembourg 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 thdslgiteng threshold behaviour; conversely linear modelshwi
parallel storage elements led to better reproduction ofiylaeological signature of the catchments with smoothgroeses.

The principle of "the method of multiple working hypothesesto 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 fofrmodules. Doing this avoids the limitations on interptieta that
are often encountered in comparative studies of modelsi{Raral., 2013), where numerical choices can influenceltesu
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dependently of the underlying assumptions. The comparativdy makes it possible to conclude either a known hydicdbg
functioning, which is distinguished by the better perfonme 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 ttelps determine avenues for further research.

The multiple working hypotheses framework is usually aggblising a flexible conceptual and lumped model framework,
such as the FUSE (Clark et al., 2008) or SUPERFLEX (Fenicé £2011). But also, Clark et al. (2015a) and Clark et al.
(2015b) have proposed a unified structure to test multipleking hypotheses within a distributed modeling framewdr.
our knowledge, the case study using the aforementionedefraniks are related to continuous hydrological studies deor
to assess hydrological hypotheses through the overallolggical signature of the catchments. In this work, we edttdre
method of multiple working hypotheses to the assessmem efvant-based hydrological model framewofke objective
is to test a number of proposed hydrological functioning tha occur during flash flood events on a set of contrasting
catchments in the French Mediterranean area.

1.4 Current issues, objectives and plan

Other than the observations discussed above, which were ared specific small site (<10 Ky there is little information on
the formation of flows in the soil and/or geological layers.i\&lthe proportion of flows passing through the soil appeatset
significant, questions arise about how they form:

— Are they subsurface flows that take place in a restricted @frdee root layer, as a result of preferential path activeio

Or, are they lateral flows taking place at greater depth coatgpe@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 neftine geological bedrock?

The aim of this article is to attempt to answer these questismng a multi-model approach that tests different typdsyof
drological dynamics. The study was based on MARINE, a plajlsibased, distributed hydrological model (Roux et al120
Garambois et al., 2015a), which was developed specifiaattyddel flash floods in the catchments of the French Meditearan
Arc. Several new representations for the soil column ancrgrdund flows were proposed (Douinot, 2016) and included in
the MARINE model, in the form of modules that can be used todd&erent hydrological functions. Those different hyero
logical dynamics were applied to a set of catchments withsjgiyaphic properties representative of the whole of ttea&mn
Mediterranean Arc. The performance of each model was themied 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 perfarenaheach model. Section 5 presents the key results of tig,stu
in the form of a comparative description of the simulatiohattresulted from the different modelling choices made. The
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contributions of the results for improving the hydroloditanctionnning understanding are lastly discussed iniSe@& before

concluding.

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

We studied the behaviour of four catchments and eight nestethments in the French Mediterranean Arc (Figure 1). The
catchments (in the order they are numbered in Figure 1) wergetof the Ardeche, Gardon, Hérault and Salz rivers; these
were selected for the following reasons: (i) they are regm&gtive of the physiographic variability found in areasenehflash
floods occur; (i) numerous studies of flash floods have ajrdmbn carried out on the Gardon and Ardeche (Ruin et al.,
2008; Anquetin et al., 2010; Delrieu et al., 2005; Maréchalle 2009; Braud et al., 2014), for example. Knowledge & th
hydrological functioning of these catchments could gufgeinterpretation of the modelling results (Fenicia et2014); and

(iii) a considerable number of observations of flash floochevare available for these catchments.

Legend
DEM (m)
I o0
[ 3750
8| 17500

8 111250

I 1500.0

[ catchment
[J subcatchment
© outlet

Figure 1. Locations of the catchments studied, with a topographic visualisatidhat resolution (Source: IGN, MNT BDALTI)

The main physiographical and hydrological properties ef¢htchments are presented in Table 1. Figure 2 shows the con-
trasted geological properties of the studied area : théosats are marked by a clear upstream / downstream differd@ihe
Ardéche catchment upstream of Ucel sits essentially onratgriaedrock with some sandstone on its edges, while dogarstr
the geology changes to a predominantly schist and limeston&tions. Similarly, the upstream part of the Gardon lvaient
consists of schistose bedrock while, downstream, the lbkdsoimpermeable marl-type and granite formation. The Hikra
catchment is splited into mostly schist and granitic heatergheds (the Valleraugue and la Terrisse sub-catchmamdsa
predominantly limestone plateau (Saint Laurent le Minig-satchment). Finally, the Salz is characterised by seniary

bedrock comprising sandstone and limestone (Figure 2).
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The local in-situ experiments (Ribolzi et al., 1997; Brand &andervaere, 2015; Braud et al., 2016a, b) and the modelli
studies focused on this area (Garambois et al., 2013; Vlaeha., 2013) tend to a hydrological classification acawngdio
those contrasted geological properties and in agreemaititstive usual hydrogeological signature found in the ldgtare
(Sayama et al., 2011; Pfister et al., 2017a). Marls, sandsiod limestones without karst are characterized by linsted
age capacities, resulting in higher runoff coefficients] aigh sensitivity to the initial soil moisture (Ribolzi et,a1997;
Braud et al., 2016a). In contrast, infiltration tests andyais of electrical resisitivity signals in granite and sthransects
located on hillslope show high permeability of the geolaggubstratum in depth (measured up to 2.5 m in depth); artd hig
storage capacities reaching up to 600 mm in 7 out of 10 assesswith artificial forcing, the 3 remaining test suggestin
local unaltered bedrock (Braud et al., 2016a, b). The nhtasistivity profile suggests a regular soil bedrock iraegf when
the latter consist in schist, while the granite one presemi®re chaotic structure. Finally, the continous compagatiudy of
two experimental sites over surface areas of the order okere one located on the schist upstream part of the Gardon catch-
ment, the other one on it granite downstream part - suggapid subsurface flow processing on the schist area, while flow
formation appears to be controlled by the extension of thérated zone related to the river on the granitic site (Agtall.,
2005; Maréchal et al., 2009, 2013).

Legend

[J catchment
[ subcatchment
® outlet

Geology
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I granite and gneiss
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marls
schists

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 figure 1 and table 2; aré} fkean

slope [-]; soil properties: mean soil depth [m] and main soil texturg (s = sandy loam texture, L = loam texture; Lsi = silty loam texture; Gealpgycentage

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

dominant geology; mean annual precipitatiétjspsm]) ; Hydrometry: discharge time-series availability (Period); mean imewal discharge@[m?>.km 2.5~ ']);

2 year return period of maximum daily discharggH. [m?>.km~2.s~']); 10 year return period of maximum hourly dischar@a (o [m?>.km~2.s~']). Hydrometric

statistics are calculated from HydroFrance databémtkp://www.hydro.eaufrance.fr/) and the pluviometric ones using adlidata from the raingauge network of

the French flood 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 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 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 databank, http://wwdudy
eaufrance.fr/). Eight to twenty years of hourly dischargsasvations were available, according to the dates whehyithe-
metric stations were installed.

Flood events with peak discharges that had exceeded tharZetern period daily discharge {9, 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 modealeal with different (non linear) flow physics regimes. Tima af
this selection was to be able to analyse, more broadly, bwat@hment behaviour during intense hydrological attiiNote
also that, moderate or intense rainfall events withouteetige hydrological response might be abducted from théysaisa
Nevertheless the first alert threshold used here is smaliginto have a selection of flood events with contrasted runoff
coefficient (see Table 2).

Precipitation measurements were taken from Météo FraddeAMIS radar network (Tabary, 2007), which provides pre-
cipitation measurements, at a resolution dfm x 1 km, every five minutes. The French flood forecasting serviceHS®R:
Service central d’hydrométéorologie et d’appui a la priévigles inondations) used then the CALAMAR patented softwar
(Badoche-Jacquet et al., 1992) to produce rainfall dephlslacombining these radar measurements with raingaugeTas
processed dataset is here used as inputs of the model. Hiafell iroduct is firstly assessed through an individualssigrity
analysis of the standard MARINE model (DWF model, see se&ibj When presenting an atypical sensivity to the soil depth
parameter, the rainfall event is discarded of the studyuggesting questionable measurements. Depending on thataity
of the results of rainfall and hydrometric measurements T4t intense events were selected for each catchment (Table 2
Each set is finally splitted into a calibration and validatgubsets as follow: the extreme events were kept for vadidaf
minimum number of calibration events is chosen in order tecthe wide range of soil moisture initial condition.

Some differences in meteorological forcing and the hydyiolal 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 intensitiesgeh@een recorded in
the Gardon catchment?). The events selected on this catchment cover a wide rdnzea flows despite relatively uniform
cumulative precipitation. The Hérault catchmen) @t Laroque and Saint Laurent le Minier had more uniformrbiadjical
responses for meteorological forcing similar to that of@sdon catchment in terms of precipitation, but these waret in
intensity.

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. $hvas done using spatial model outputs from Météo-FrandMls S
operational chain (Habets et al., 2008), including a mefegical analysis system (SAFRAN, Vidal et al. (2010)), & so
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vegetation - atmosphere model (ISBA, Mahfouf et al. (19858 a hydrogeological model (MODCOU, Ledoux et al. (1989)).
Based on the work of Marchandise and Viel (2009), the spd&#y 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 events: average on the eventsgdard deviation)D: coding name of the concerned catchments

(Figure 1 :#1 for the Ardéchefi2 for the Gardon§3 for the Hérault ang¢4 for the Salz);N..:: number of observed flash flood events; P

[mm] mean precipitation .. [mm.h~']: maximal intensity rainfall per eveng), .. : specific flood peakmn?.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[]
fla  Vogié 10 192(+93) 17.3(£6.2) 1.33(£0.57) 58 (+6) O.SO(iO 16)
16 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(10.82) 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(469) 26.9(+12.6) 2.10(4+1.67) 53 (£7) 0.31(+0.13)
#2b  Corbés 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(+0.43) 59(+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¢ LaTerrisse 7 193(+103) 22.1(+12.1) 1.63(40.87) 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)
t4  Cassaigne 8 136(+47) 17.8(£6.2) 1.48(+0.64) 57 (£7) 0.55(+0.24)

3 The multi-hypothesis hydrological modelling framework
3.1 The MARINE model

The MARINE model is a distributed mecanistic hydrologicaldel specially developed for flash flood simulations. It mede
the main physical processes in flash floods: infiltrationylawvel flow, lateral flows in soil and channel routing. Conedysit
does not incorporate low-rate flow processes such as eeagpiration 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 infiltratiomgsihe Green-Ampt model. The second module representsratsu
downhill flow. It was initially based on the generalised Bat@aw used in the TOPMODEL hydrological model (Roux et al.,
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
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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:3'], cumulative infiltration | [mm)], saturated hydraulic conductivity k [m'$, soil suction at the wetting front

¥ [m], and, saturated and initial water conterftisand@; [m>.m~2], respectively. Subsurface flow contains the following parameteis: s
thickness [m], lateral saturated hydraulic conductivity K [} local water depth h [m], transmissivity decay with depif) (m), and bed
slope S [m.m!]. The kinematic wave contains the following parameters: surface wapghdh [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 [n'2.s]. The Module 2 described in this
figure corresponds to the standard definition applied in the MARINE mdidedrresponds, in fact, to the scope of model modifications

proposed in this study, which are described in the next section (sec#ign 3.

The MARINE model works with distributed input data such 3saidigital elevation model (DEM) of the catchment to
shape the flow pathway and distinguish hillslope cells fraairsage network cells, according to a drained area thrdskipl
soil survey data to initialize the hydraulic and storageperties of the soil, which are used as parameters in ther@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 ieiai@be able to reproduce hydrological behaviours acdyrate
Based on sensitivity analyses of the Garambois et al. (2008El, five parameters are calibrated: soil depth,tke saturation
hydraulic conductivity used in lateral flow modelling 7 G, hydraulic conductivity at saturation, used in infiltratimodelling
- C;;, and friction coefficients for low and high-water channels.-andn,, respectively, withn,. andn,, uniform throughout
the drainage network.,GC,, C; and C are the multiplier coefficients for spatialised, saturdtgdraulic conductivities and soil
depths. In this study, it was specifically Module 2 (i.e. sufesce downhill flow) that was subject to modifications in@rtb
determine the possible ways that a number of proposals ti@-#&oil hydrological functioning could be modelled. To tthis,

modifications were made to the parametersa@d G,,.
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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&dois et al.
(2015b). The integration of this hydrologically active zonto MARINE was done by the calibration of, Csoil-depth data
from the BDsol databases (Robbez-Masson et al., 2002) tifieially 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 teelgg-
ical properties of the bedrock (Fenicia et al., 2014; Pfisted., 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 boupdeas transparent. The soil column could be modelled as a
single entity of depthD,,; (m), which is at least equal to the soil depth; pso; (m) (see Figure 4). Given the lack of
knowledge and available observations, a uniform calibratvas applied to the depth of altered rockBy 5 (m) - a
level that is rapidly accessible on the scale of a rain ev@rgundwater flow was described using the generalised Darcy
Law (¢4, Equation 1). The exponential growth of the hydraulic caniity at saturation, as the water tabley(,) rises,
assumed an altered-rock structure where hydraulic coivitycat saturation decreases with depth (the TOPMODEL
approach).
qaw = Kaw * Dior€xp <hdemf> - S 1)

mp,
with hqa. [m], the water depth of the unique water table; my,[m], the decay factor of the hydraulic conductivity at saturation with
soil depth; S[—], the bed slope; Kaw = Chaw - KBpsor[m.s™'], the simulated hydraulic conductivity at saturation; and Do =
Dgpsot + Dw i, the soil column depth. Calibrated parametersarein red color.

— Subsurface Flow model (SSF): We assumed that the formatienbsurface lateral flows was due to the activation of
preferential paths, like the in-situ observations of Kediset al. (2014) and Katsuyama et al. (2005). The altereergoll
interface acts as a hydrological barrier. The rapid satnaif 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 repessby a two-layer model (see Figure 5): an upper layer of
depth equal to the soil depihizps.; (m) and a lower layer of uniform deptby, 5 (m). The lateral flows in the upper
layer were described by the generalised Darcy Law. Howeagiations in hydraulic conductivity were expressed as a
function of the mean water content of the layer,(;) and not of the height of wateh(,;;) that would form a perched
water table (Equation 2). Expressing the variability in taxdic conductivity as a function of the saturation rateced
appears to be a more appropriate choice for representiractivation of preferential paths in the soil by the increiase
the degree to which the soil is filled. The decay factor of theéraulic 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 layeg,(, Equation
3), in the form of a deep aquifer, were limited by setting tiidriaulic conductivity of the substratum as being equivalen
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to that of the soil divided by 50 (this choice being guided by 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 (Eof). When the upper layer is saturated, filling by a piston
effect is allowed. The depth of the soil layérs p ., Was set according to the soil data, while the depth of thetsatim

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

Gsoi —1
(ss = Kss : DBDsol exrp (l) .S (2)
me
h -D
qaw = Kaw - Dwp exp (WBWB> -8 )
mp
oH 95072 70
Qinf = _de% (4)

with: hsoi and hw g[m], the soil water depth in the upper and lower layer respectively; 6.: 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
Kys = Crss-Kppsor and K g, = 0.02- K, [ms '], the simulated 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 wasvasd that the presence of subsurface flow was due
to both local saturation of the top of the soil column, bubdle 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 sataratis 4, - was no longer simply imposed, but, instead, calibrated

using an additional coefficient,,G,,.

Kaw = Craw 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 deft
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 iisiitdin.

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 eachlrttbd 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 theai
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DBDsoI

qss(esoil)

qinf(esoiI’eWB)

Soil column

-
Duwe

Soil column

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.

uncertainties of modellinﬁ(amod,i), i= ln) (equation 7) and those related to the flow measuren(e(ra:t@), i= ln)
(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 asd peaks of floods in order to be able to forecast flash floods)
while always being aware of the uncertainties in the refezdlow measurements.

Given the lack of information, these uncertaint(ea(s;Qi), 1= ln) 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 adeueuation 8). The envelc([(g)i + 201;1.), i = ln) consequently
defines the 95 % confidence interval of the observed flows.

The modelling uncertaintieé(amod,i), i= 1n) were set at a minimum value - as a function of the basic catnohme
module, thus ensuring that the evaluation of the hydrograpbuld not be unduly affected by the reproduction of re&dyiv
low flows which were strongly dependent on initialisatiomgsprevious moisture data that were not the subject of tbidysIn
addition, it was assumed that a modelling uncertainty of 1&&tind the confidence interval of observed flows was accleptab
(equation 7). Finally, the overall overarching envel@@i + 20y, £ 2amod,i), 1= 1n> defines hereafter the acceptability
zone, that is to say the interval into which any simulated flevuld be considered as acceptable, according to the moglelli

and measurement uncertainty definitions.
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1 — 1o~ d;
DEC:EZQDEC = E; (6)

=1 Omod,i
Omod,i = 0.5%xQ+0.025%7; @)
o 0.05*gi*(1+ Yi ) @)
Qm10

with ePE¢ the DEC modelling error at timé §; ando;, the observed discharge and the uncertainty of measurerrtémea;
d; the discharge distance between the model prediction atit{igand the confidence interval of observed ﬂo@g,si 207;1.);
Omod,i the simulated uncertainty at tinie) and( 1o respectively the mean inter-annual discharge and the &0mgaximum
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 models and praaicemparative description of the physical processes repres
by each model.

Results of the models were firstly assessed and benchmaskegiperformance scores (section 5.1). The evaluatiorsixtu
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 teergbd 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 periagd ¢the catchment concentration time according to Branslyiséila
(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 dihpeak flooding + 48h).

The Qmed_INT [%] score (Douinot et al., 2017) was chosen éduate the ability of the models to reproduce overall flows,
rising flood waters and high discharges. The DEC score haslcprovided a standard assessment of the modellingserror
enabling a reasonable weighting of the simulations. Butrdepto analyse the results, the Qmed_INT [%] score is preder
for the easy understanding it provides through it meanindgfinition. For the time interval considered, Qmed_INT de§
the percentage of points within the modelling acceptabiitne for the median forecast of the calibrated model, with t
acceptability zone determined by, .4 etoy.

Conversely, Qmed_INT was not relevant for the evaluatiothefcapacity to reproduce recessions, because the caoulat
of this score - based on simulated discharge values - dunagecession interval strongly depends on performanceght hi
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discharges. Instead, we used thg,,. score defined in the equation 9. It calculates the averagéata error in simulating
the decreasing rate of the discharge during the flood remressierval. Through the consideration of tHg;,,. score here, it
is assumed that the recession rate is a relevant feature ebtchment's hydrologic properties(Troch et al., 2013¢cKer,

2009).

! dyi _ dyi
A _ Zi:k dt — dt 9
slope — 1 d; ( )
2=k di

d

where d;i and d{;’t are respectively the observed and the simulated recessies at a time stepwhich belongs to the flood

recession intervali = k...1).

The evaluation was then completed through the descripticdheomodelling errors (section 5.2). The objective was to
identify those that were inherent in the choice of modeldtre, regardless of the calibration methodology adopgtethat
respect, attention was paid on the a priori and a postemofidence interval of the model simulations respectivelfingel by
([yg)riorfE)th 7 yfrior795th]7 i= 1n) and ([yiDECffnfh : yiDch%thL i— 1n) WhereyfriarfE)th andy/;inrior795th are the
5" and the 95* percentile of the 5000 model simulation values at timand wherey?F¢—5t" andyPFC =% gre the 4"
and the 95" percentile of the same but weighted series according to E@ &alibration criterion.

Those confidence intervals were standardized accordiniget®EC modelling error definition (equation 6), respectivel

defining the a priori and a posteriori confidence intervalhefmodelling errors:

H —xth
ca—aoth _ J 0 it [y <200y, (10)
i - a—xth P . . . o
=% 2,0,510“ otherwise (- if y? """ > 0; +if yo """ <0)
with ¢~ isthe 2 percentile of the o modelling errors distribution at time d.

The latter definition allows for an informative translatimithe prior and posterior confidence intervals (Douinotle2017)):

a—xth
%

a value ofe equal to0 indicates that th@f‘*“h bound lies within the discharge confidence interval) & e,?*”””‘ <1,

the """ bound lies within the acceptability zone; andeff~**"

is larger thanl then errors of modelling is detected or
remained. In addition, the benchmark of both a priori andstgyiri confidence intervals allows for highlighting whiwere
the remaining modelling errors that were induced by the ®dssumptions, and those that were induced by the cabiprat

For those reasons; "

were used as the baseline of the modelling errors analysis.

In a third part, the flow processed simulated using the 3 nsadlat assessed and discussed (section 5.3). The objectikes w
to: i) identify the impact of the choice of a model on the pnties of the simulated hydrograph and, ii) assess the netgva
of the modelling results according to the known hydrologlmehaviours (cf. Section 1.2). In the light of the uncertgiaf
the flow contributions’ assessment, and as the equifindlitigeomodels were emerging in several catchments, the cabe of
Hérault at Saint Laurent le Minier is detailed. The objezsiwere to clarify the actual differences induced by the rede

processes and to identify the origins of the models’ equifina
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5 Results
5.1 Performance of the models
5.1.1 Overall performances of the models

Assessment of the performances by catchmentFigure 6 shows the average Qmed_INT scores obtained afterateon
of the DWF, SSF and SSF-DWF models for each catchment studialdol shows the mean and standard deviations obtained
from the series of calibration (top) and validation (botjawents, calculated over all the parts of the hydrographs.

The DWF model assuming deep infiltration and the formationnodquifer flow in altered bedrocks showed better perfor-
mance in the Ardéche catchmeft), while in the Gardonf@) and the Salzf#) catchments, the SSF and SSF-DWF models,
assuming the formation of subsurface flows due to the adivaff preferential flowpaths by local saturation (SSF), dadel-
opment of flow at depth (SSF-DWF), produced the most accueatdts. On the Hérault catchmep8), the modelling results
obtained with each model, in terms of Qmed_INT, were lessantsy although the SSF-DWF model seemed to stand out to
some extent. The differences in model performance were prargounced for the validation events. The better-perfogmi
models tended to be more consistent, with equivalent QniNed stores on calibration and validation events (for example
the DWF model on the Ardechél() or the SSF and SSF-DWF models on the Gard@h (There was also a deterioration in
performance in several models that had already been juégsdffective (for example, the SSF and SSF-DWF models on the
Ardéche {1), or the SSF model on the two catchments of the HérgRdtandi3d).

SSF model versus SSF-DWF modeBs a reminder, the difference between the SSF and SSF-DWFIsisdeat the latter
has an extra calibration parametefz,,, - to be able to initialise a significant lateral flow in the spib&orizons of the soil
column (see Equation 3). The lateral hydraulic condugtiintthe deep layer is configured using the hydraulic congiigti
from BD-sol: K4, = Craw - KBDsol, With Crg. S€t 100.02 - Cfs, in the SSF model and calibrated in the SSF-DWF model.
The small differences between the SSF and SSF-DWF modelseshihat 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 explagirttilar modelling results: they are at the heads of highatlen
catchments with steep slopes (Table 1), and are subjechgdarable annual meteorological forcing. Thereforebecation of
the saturation hydraulic conductivity parameter of thessiithorizon tended to result in a significant flow at depthtfase
two catchmentszgﬁ € [3,36] for #1d and ~— € [5,34] for #3d, Figure 7, with this ratio set to 50 in the SSF model). In

Crdw

general, the calibration of th&;.4,, parameter of the SSF-DWF model (Figure 7) seems to be cardaleth the more or less
sustained, annual hydrological activity of the catchmethts confidence interval of th€}4,, coefficient is restricted to low
values for the catchments with low mean inter-annual diggsa(Figure 742a,2b, 12c, #3a, 13b, #4) and inversely for the
catchments with high mean inter-annual dischargesiBc andj3d).
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Figure 7. Top: Mean inter-annual discharge {tkm~2.s71) for the catchments. Bottom: a posteriori distribution of the calibration of the

subsoil horizon hydraulic conductivity in the SSF-DWF model (he., parameter, Equation 3)

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

Figure 8 shows the detailed assessments according to tod#ictages of the hydrographs. The objective is to highligh
15 whether the overall performances (Figure 6) reflect unifoesults along the hydrographs, or if they actually hide @sted
likelihood of the simulations over the different hydroghafs stages.
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Uniform results are observed on the Gardon catchment ateSahd Anduzef@a andf2b) and on the Salz catchment
(84): the SSF and SSF-DWF models demonstrated clearly supaitormances for all stage-specific assessment on those
catchments. For the Gardon catchment at Migiet)( the detailed assessment (Figure 8) shows that the ogeadriority of
the SSF and SSF-DWF models is mainly due to a better simulafithe rising limb. Nevertheless, for any score, the SSF and
SSF-DWF models present either similar of the best modelksglts compared to the DWF model.

On the Ardéeche catchmentgl, £1b, f1c, §1d), the overall performances reflect the simulation of thénldgscharges and
of the flood recessions. There, the DWF model gives the badtses simulate those hydrograph’s stages. Converselgaits
slightly less well with the simulation of the rising flood veas$. As it would be shown in the section 5.2, all the model tend
to underestimate initial flows prior to the event and during tnset of a flood. The DWF model, in particular, exhibits this
modelling weakness (see, for example, the onset of floodieihydrographs for the 18/10/2006 and 01/11/2014 eventséh U
(#1b), Figure 10), which explains the poorer performanceaift lse noticed that the SSF-DWF model clearly better simulated
the rising flood waters of the Ardeche head watershiéd)( explaining the overall good performance as well of thigiglon
this catchment (Figure 6).

On the Hérault, the detailed evaluation enabled us to djstit the performance of the different models. On the ond j@am
the 2 larger catchmentgl andg1b), the DWF model get slightly better performances for rising@ waters simulations, while
the SSF model gave more clearly better simulations of thelfteoessions. On the other hand the SSF-DWF model generated
the best simulations of the rising flood waters and of the Higlvs on the upstream catchments of La Terrisse) and
Valleraugue {3d), while the DWF model simulated better flood recessions&lomnstrated results explained why there is not
a specific model that stands out on this catchment. In additicuggests a marked influence of the physiographic ptieger
on the development of flow processes because they are ¢edeléth the differences in the geological and topograghica
properties of the Hérault8; see Figure 2 and Table 1). The hydrological behavioursilsited for the Valleraugue and La
Terrisse sub-catchments, which are predominantly gcaaitd schistose, and where slopes are very steep, can Ingdistied

from those of Laroque and Saint-Laurent-le-Minier, whicé mainly sedimentary and in the form of large plateaus.
5.1.3 Summary of the assessment

The figure 9 sums up the highlighted models according to thesagd hydrograph’s stage. It shows when one’s model has a
clearly higher performance according to the following diéfin: A model is assessed as clearly superior when the lbaend
of the confidence interval of his score is higher than the aredalues of the scores obtained with the other models. éatev

that the catchments set might be divided in 4 groups:

— a first group of catchments where the SSF and DWF-SSF moddtemiy give either similar or better performances
than the DWF models. This is the case for the Gard@hdnd the Salz) catchments;

— a second group of catchments where the DWF model gives thedsests according to all the scores besides the rising

flood waters assessment. This is the case for the downstredéctie catchmentsl(a, £1b, £1c);
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Figure 8. Assessment of the models by catchment over the different stages loydhographs. Left : Qmed_INT scores calculated over the
rising flood waters stage; center: Qmed_INT scores calculated oveighelischarges stage; rights;.,. scores. High Qmed_INT scores

and conversely lowA ., Values indicate good performances of the model.

— a third group where the models’s results are not really disbke. For those catchment, the DWF model appears to
slightly simulate better the rising flood and the high disgeawhile the recession is better represented by SSF model.
This is the case for the downstream Hérault catchméBts £3b);

— a last group where the SSF-DWF model slighty generated bistterising flood and the high discharge, while the
recession is better represented by DWF model. In this groaitharhead watersheds of the Hératt(3d) and of the
Ardéche {1d) catchments.

5.2 Modelling errors inherent in the models’ structures

For the sake of conciseness, only the simulation of the lyrdmhs of one catchment is 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 flowsyelbas the inherent errors in the simulations. This hidftigthe
modelling errors due to the choice of model structure (DWH; 88SSF-DWF models). When - at a time i - the a priori
confidence interval (grey color) does not cross the accéipyategion (green color), it means that no parameter segan
acceptable simulation, and consequently modelling edoesto the structure - assumptions - of the model is detediben

the posterior confidence interval (salmon color) is outsiigeacceptability zone, modelling error is remaining. Finahether

the prior (posterior) interval is large or small, the mosdefructure allows for reaching a more or less large rangeroflated

values (the model prediction is more or less uncertain).
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Figure 9. Summary of the models’s benchmark. A (2) color(s) is (are) attribide@ach score and each catchment when one (or two )

models give(s) clearly superior performance: the score of a medigfined as clearly superior when the lower bound of it confidence
interval is higher than the median values obtained with the other models.upeeiarity of a model might be half attributed whether the
criteria is only respected for the calibration processes. Color attributrange for the DWF model; blue for the SSF model; green for the
DWF-SSF model; and grey when the superiority of one’s model is undeted.

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 moidellerrors (grey). The first structure (the DWF model) conss¢éhe
simulated flows at the beginning of the event, before thetafgarecipitation, because the variation interval of thedelting
errors is low at that point. More specifically, it tends to arestimate the initialisation discharges because thatiamiinterval
of the errors over this period is predominantly negativasThay explain this model’s relative difficulty in reprodogithe
onset of floods, since the calibration of the parameters alidifiow the acceptability zone on this part of the hydrograpbe
reached. A resulting interpretation applicable to theloaent sets is that good results in modelling the rising floatews with
the DWF model means that the observed rising flow is relatiskely and could be reached in spite of the restrictive maaiglli
structure.

Likewise, it can be noted that the one-compartment stradinrthe DWF model) allows flexibility in the modelling of high
discharges and flood recessions, because the confidencalmtiethe modelling errors is quite large over these peviodhe
hydrograph. However, it also led to the underestimationigii llischarges and flood recessions. In fact, the modelliray e
interval has a negative bias with respect to the acceptabdne. The calibration finally allows the simulations todedected,

at the intersection of the acceptability zones and a prionfidence in modelling errors. This generally correspondthé
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calibration of a low-depth altered rodRyy 5, in order to make the model more sensitive to soil saturatimhmore responsive,
via the generation of early runoff. Consequently, goodltesn modelling the high flows with the DWF model would suggest
relatively moderate observed runoff that could be reachespite of the restrictive modelling structure.

Conversely, the two-compartment structure (the SSF andC38F models) offers flexibility in modelling the beginning
of events, flood warnings and high discharges, but the phditmodel flood recessions is more constrained. SSF and SSF-
DWF models simulate fast flood recession in comparison to WWd-Dnodel, suggesting that good results in modelling the
flood recession with the SSF model might be interpreted asdasn to normal or low discharge are observed on the rtlate
catchments. As well, the relative position of the modeHargor confidence interval, with respect to the acceptgi#ione,
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 calibnatiarameter in the subsoil horizons, not surprisingly,
laed to wider variations in the a priori modelling errors. érising finding, however, is that the calibration of theeral
conductivity of the deep laye€'.q4.,, S€€EMS to affect only the simulation at the beginning of yardigraphs (the events of
01/11/2011 and 13/11/2014), and has very little effect oodflieecessions.
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Figure 10. Calibration of the three models for the Ardeche catchment at Ytb), The results of the simulation of five flood hydrographs,
and the inherent modelling errors (equation 10) for each model (tfF;xentre: 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 emdf&interval for each model (i.e. with no calibration) are shown in.grey

(*): event of calibration;«x): event of 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 hydrograph. The propation
volumes of the water making up the hydrographs, that ar@a the three main simulated paths - on the surface, throwgh th
top or through the deep layer of the soil - were calculateguiéi 11 shows the results for the runoff contribution, he.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 dischargeguei 11, right) are distinguished. (Note that the other riomtions

are not detailed, being correlated to the runoff assessraedttherefore leading to a similar analysis).

Relationship between the assessment of the flow contributis and the simulated model: The SSF and SSF-DWF
models suggest very similar proportions of subsurface flavetuding those at the catchment heads. Calibration ofdulct
properties at depth influences - as intended - only the ptigperof 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 Salz{{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¥leough these experimental results only represent aciiwithie
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 resuttsradd 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 simulatefhse 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.

Considering the most suitable models, revealed in sectibn.B. the DWF model for the Ardéche catchment and the SSF
and SSF-DWF models for the Gardons catchment, the runoffibatibns to the high flows of the hydrographs appear to be
slightly lower on the three downstream Ardéche catchmeiiss {1b, f1c, with runoff contributions included between 17 and
57 %) compared to the runoff contributions on the Gardonhoaemt ¢2a,2b, 12c) and on the upstream part of the Ardéche
(#1d, with runoff contributions between 20 and 78 %). This peiwuld be brought closer to the properties of the catchments
and the rainfall forcing, the first catchment subgég(#1b, 1c) having deeper soil cover, with more permeable soil textu
(see table 1), and being forced by rainfall with lower maXimgensities (see table 2) than the second fi2e 12b, £2c). It

23



20

10

15

doesn’t validate the estimation done, but it clearly sugg#sat the assessment of the flow contributions through thst m
suitable model’s simulations for each catchment are ctargisvith each other.

On the downstream catchments of the Hérag8a(43b), it can be noted that the range of variation of the surfeoves
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, feomntegrated point of view - to obtain an analogous distidouof
the flows processes.

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

Notwithstanding the uncertainty related to the model'siehavhen any model has been identified most suitable thrcwgh t
performances, it can be noticed that the large uncertaiatie related to the parameterization of the models, a capsegq
of the equifinality of the solutions when calibrating a hyldgical model against the sole criterion of the reproductid the
hydrological signal. While, in terms of plausibility, seaésets of parameters may be equivalent, even for the samelmod
these sets of parameters are likely to lead to differentdigdical functioning. This is especially the case for the DWivédel,
for which the relative proportions of processes simulateglead on the choice dbyy 5.

Flow proportion on the all hydrograph

Flow proportion on the high flows

DWF | | |

- 1 1 : A

T SSF-DWF |
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Figure 11. Proportion of surface runoff in the flows at the outlet. Left: The praparover the whole hydrograph; right: the proportion at
high discharges (Observed flow greater than 0.25 times the maximunddiong the event).

5.3.2 Detailed study of four plausible simulations on the H&ult watershed at Saint Laurent-le-Minier

In order to better understand the different impacts behiedypotheses on which the models are based, but also tdrexpla
the resulting uncertainty when assessing the flow procefisgthution, other variables, such as (spatialised atefnated)
changes in moisture levels in the catchments or the flow itede@enerated by modelling choices, have to be considbied,

we describe the detailed results of four simulations, atswsitlered to be plausible according to the DEC criteriotgiold
from the DWF and SSF models as well as four sets of parametsaJéble 3). We considered the Hérault catchment at Saint-
Laurent-le-Minier §3b) because the criteria previously used had not shown aeyrwdel to be more representative. The
objective was to highlight how the models differed in termdl@v development, and what compensations occurred between

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

ID NSE  Dwp[m] Crl—]  Craw/Crss[—] 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 sbdoiation and the different simulated flow velocitiesaiif
“model + parameter set” configurations (Table 3). Figure d@pares the spatial distributions of these variables, ateng
moment, as an example.

In terms of hydrographs, quite logically given the similéelihood scores, the simulations differ very little. Oatyrthe
DWF1 configuration anticipate flood peaks; the DWF model (inDki¢F1 and DWF2 configurations) generated greater flows
at the end of rain episodes; and these same configuratiom$ ireg 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&figurations).

The notable difference in the generation of hydrographsdésontribution of the different simulated flowpaths. Thepar-
tions of water passing through the soil column (via sub ofas@-soil horizons) are highly variable: with an averag8®®6
for the DWF2 model, 53 % for the SSF2 model, 61 % for the DWF1 madd|68 % for the SSF1 model. This is due both to
the structural choices (DWF and SSF) which involve a satumatiynamic and the incorporation of different types of flomg a
the choice of the parameters which involves flow velocitieditfering orders of magnitude.

Figure 12-b) shows the different saturation dynamics wwdlin the DWF and SSF structures. The DWF structure entails
continuous drainage of the catchment, including at ing#lon. This results in a noticeable continuous decraeatieel water
content of the soil, including at the beginning of an everticlr slows down saturation during the onset of flooding. Intrast,
the overall soil water content of the soil profile (solid ljrieom the catchment simulated by the SSF model are distingai
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 cartraaturation levels between different areas of the casrtim
This results from the decrease in the simulated flows as difumof water height (cf. Section 3.2, Equation 1), which @&k
the draining of each grid cell sensitive to spatial disttidu of the soil depth. With the SSF model, the overall catehin
saturation levels appear to be more related to the topograghobserve saturation of the cells close to the drainageart,
and, conversely, lower water content in the upper reachideafatchments. In fact, for the SSF model, rainfall foréggainly

involved in saturation of the upper soil layer (the dasheddiin Figure 12-b), which reacts very rapidly to preciptat
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The flow velocities simulated in the soil (Figure 12-c) arkéd to the saturation dynamics. At the start of flooding SB&
structure results in an early increase in flow velocities ttua higher saturation level of the upper soil layer. Morepthee
flow model chosen and fixing of the parametey) to simulate the activation of preferential paths in the $®¥del (Equa-
tion 2 allows a much greater variation of simulated velesitover the short period during which the watershed is datlira
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 elobijgarameters - in particuléf s, here - influences the order of
magnitude of the simulated velocities but not the evolutiar 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&ilgure 13, centre) shows similarities with the areas ad@tly the
flows. For the four configurations, the development of flowghim soil only partially reflects the state of saturation, ibig
correlated with the physiographic properties of the sopp{tgraphy and thickness) and the spatial distribution dénrelogical
forcing. The different orders of magnitude in the simulatetbcities reflect the calibrations of tli&,;,/Cq., parameters in
the four configurations.

The simulated runoff velocities in the catchment area (FEdi2-d) differs only by their order of magnitude, their exan
being similar. The order of magnitude of the runoff velagstis mainly due to the number of grid cells in the catchmettt wi
excess infiltration. It reflects the influence of the infilivatcontrol parametet,';,, and the depth of the subsoil horizddyy 5.

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 theffris generated by exceeding the storage capacity of fifetse
is the case for configurations DWF1 and SSF1, where the giiglwiéh non-zero runoff velocities correspond to the gritlsce
where the saturation state of the soil column has been rdaoheunoff is generated by exceeding the infiltration céiyaof
the soil; this is the case for configurations DWF2 and SSF2 foclwthe coefficienC};, 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 thendgg network is observed; this is due to the fast saturafitimeo
upper compartment of the soil column, producing consedyarierflows 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 Garctmichment at Anduzei2a): ppw r = 0.46 and pssr = 0.18. This
shows the necessity of slowing down flows in the drainage otwhen a larger proportion of runoff from the catchments
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is simulated (i.&”}; 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 pathis, the hillslopes to the drainage network, and from therdrge
network towards the outlet.

6 Discussion
6.1 On the hydrological functioning of the catchments studid

The benchmark of the models’s performance on the catchreéfgals to reveal 4 subsets, suggesting 4 distinct hydoalbg
behaviours. According to the modelling assumptions (8adii1), the resulting constraints in simulating the défarstages
of the hydrographs (Section 5.2), and according to the oacih properties (Section 2.1), the hydrological behavaduthe
catchment can be interpreted subset by subset as follow:

— The SSF and SSF-DWF models shows better overall performavitte r{o particular pattern) in the first subset : the
Gardon {2) and Salz{{4) catchments. This suggests, on the one hand, rapid cattheasetivity with fast rising flood
waters as well as fast flood recession, and on the other, fanmaf the flows in the soil through local saturation tied to
the climate forcing. Although the models exhibit similarfoemances, the contrasting physiographic charactesist
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 fordgeological bedrock; as a result, the rapid formation of
a saturated zone at the top of the soil column, favours rumadf subsurface flux by activating preferential paths in
the soil. This interpretation is in agreements with the figtladies achieved on a shist upstream sub-catchment of the
Gardon, the shist substratum being the predominantly ggad the Gardon catchment (see section 2.1, Ayral et al.
(2005); Maréchal et al. (2009, 2013)). On the Sal) (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 predominantlylain 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 veyrmon the Ardeche second subset, appear to be linked to
hydrological activity at depth, including that taking ptaduring intense floods, as suggested by the better fit of the
DWF model. Here, in particular, the model gives a better regmeation of the relatively slow and uniform hydrological
recessions from one event to the next, reflecting an aqujiferflow whose discharge properties are governed by the
properties of the catchment bedrock only. Again, this jrtetation is enforced by the field studies achieved this time
a granite experimental sub-catchment localised in the dowam part of the Gardon (Section 2.1, Ayral et al. (2005);
Maréchal et al. (2009, 2013)), the Ardeche catchment beiagitic. The somewhat delayed flood timing that the struc-
ture of the one-compartment model imposes seems to indicatehere are more rapid flows at the beginning of an
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e) Mean runoff velocities in the drainage network
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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 i in the drainage networkx): event of calibration;«x): event of

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.

event, which this model structure is not able to representinitial explanation for this may lie in the design of the
15 model: the drainage network being structured into £ kitained areas. The comparison with the observed hydroigraph

network for the catchment showed an under-representatitireampstream drainage network, which may have resulted
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in a delay in the modelling of the signal, despite the modigrofg a good overall fit. A second possible explanation is
the default calibration, which uses a uniform depth of &csivbsoil horizons)yy g, during a flood. This might mask the
appearance of local saturation zones, and the subsequefit 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-DWFelsalb not display this weakness because the varying
nature of soil depthslfg p.;, Which determines the depth of the upper compartment) altbe rapid development of
flows via preferential paths in the soil blocks, thus enapthe simulation of such local dynamics.

The third subset consists in the downstream part of the Hét@a, 3b). The models’s performances constrast with the
Hérault catchment heads3¢, #3d), suggesting a hydrological behaviours related to tiérasted geological properties.
An interpretation of hydrological functioning is neveriags not possible, given the good overall results offeredthgr
models and that no distinctions can be drawn according ter attiteria, such as performance in terms of the simulation

of flood recession, for example.

The last subset consists in the catchment heglds 3¢, andg3d). 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 assdaoivith these catchments, and additionally the presence
of rapidly formed flows, providing a good simulation of theinig 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 section 5.3.2 gives a benchmark of modelling configomatiscanning the different simulated processes. Whileahigz
urations presents comparable likelihood In this comparidtthe simulated processes, the equivalence of the coafigos,
presented in terms of integrated modelling of the flow at titéet, the equivalence is refuted by the differences geediia:

— the proportions of water passing through the ground or dwerstirface, 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 aittestimation of the structural errors in the modellingyad better

15 visualisation of what the different hypotheses of hydratagfunctioning involve, and points to new options for coaming

models, as well as the potential contributions from new Kedge/observations:
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— The DWF and SSF structures generate vertical dynamics atidadispatial saturation patterns. The current availgbili

of high-resolution telemetry measurements with high spatbverage (for example, Sentinel-1-based satellitehEart
Observation data (Enenkel et al., 2016; Cenci et al., 20dfi§)s the opportunity to conduct a qualitative assessmint
soil moisture patterns. The temporal resolution (up to sixs) 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 oeam

of events during, or shortly after, an episode would pro@dénteresting research avenue, in terms of distinguistihiag
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 eftfmodel selected (use of the DWF model tends to resultin more
runoff on slopes) and its calibration emerge as new objestier constraints, because they imply distinct hydrolalgic
behaviours. Tracing flows via isotopic measurements isuitgécto the meso-scale catchments studied, nor to theaspati
representation of the MARINE model, which assumes an itstesous and complete mixing of the water volume and
does not calculate residence times (McDonnell and Bevel4)2@onversely, the use of an indicator of the presence
of runoff, such as diatom tracing (Pfister et al., 2017b)psunsed 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.

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 #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#ue scale of modelling (where, as a reminder] 00 m)
encompasses macrostructures (for example, prefereatiad)that 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 timesliadde particular, intermediate hydrometric stationsiico

be used to calibrate the transfer function of the hydroklgiggnal from the drainage network to the outlet.

Finally, the evaluation based on the ability of the simuliasi 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 of ftowising and receding floods), it would make sense to
carry out specific calculations for each hydrometric stasind its associated discharge curves (using the Baratihddet
(Le Coz et al., 2014), for example).
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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 relatiprsitin
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 hydrologicabeiavith a physical and distributed basis - three types of
dynamic of soil saturation were postulated and tested .dfitst 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 repnegent
overall, or partial model performance in terms of simulgtihe hydrographs; the proportions of the processes sietjland
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 hydrolagimodels, the 12 catchments of the study could be classified i
four categories: i) the Gardon and Salz catchments, forlwthie SSF model is better suited to reproducing the hydroédgi
signal. For these catchments, this highlights the impae#gaof local and surface soil dynamics in the generation of<jow
especially at the beginning of a flood; (ii) the Ardeche catehts, for which the DWF model most accurately reproduce the
observed flows. This indicates more regular and integrayeldofogical functioning at the catchment level, with theafto
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 surfacévégtin

the establishment of early flows at the beginning of eveiistt{e Hérault catchments at Laroque and Saint-LaureMitger,

for which no model shows any significant difference.

The modelling results help to draw consistent assumptionsydrological behaviours, which corroborate when avéglab
the knowledge and observations on the overall hydrolodicadtioning of the catchments, or the experimental esionatof
flow processes. The results suggest that the behaviourabfroants under extreme forcing is a continuation of the Hgdioal
functioning normally encountered. Several earlier staidiave pointed to a potential correspondence between logical
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functioning and the nature of the geological bedrock. Thimievidence on the Hérault, where the evaluation of theethre
models highlighted different hydrological behaviours @fhare linked to differences in the geological nature of titeltments.
Also, the Gardon and Ardeche catchments, which have ragplamnainly schistose and granitic geology, exhibitedetignt
behaviours, in correspondance with the field experimentaias of the region. On the other hand, the similar hydiichg
behaviours of the Gardon and the sedimentary Salz catchanertjuite surprising owing to their contrasted geological a
other physiographical properties. These results, howeli@mot contradict the earlier studies, which suggest atigaiship
between storage capacity in the substratum and the natutes afeological bedrock, while the similarity highlightedra
concern the formation of flows in the soil.

Another objective of the study, was the assessment of theftosesses. Owing to the equifinality issues, the assessment
remains uncertain. Nevertheless, the analysis of thenakerocesses highlighted the compensation between th@flmesses
simulated - in the drainage network and in the hillslope tihenade possible through a wide range of flow velocities &ited,
as being the main reason of the equifinality issue. The @etdiéscription enables finally to propose new strategies ffetter
constraint of the models.

Lastly, identifying the most pertinent hydrological moslér each catchment enables the key elements in the gemerati
of flash floods to be highlighted, which, in turn, could serwefurther develop methods for forecasting flash floods. For
example, distinctions in hydrological behaviour reveabetiveen the catchments of the Gardon and the Ardéche - the firs
one appearing more reactive with important runoff and sriase flows through preferential flowpaths - might shift tossa
different considerations when setting up a flash flood fatiog method over those contrasted area. It corroborate®fults
of Douinot et al. (2016) which highlighted contrasted imigsaaf taking into account the spatial variability of pretgtion in a
flash flood forecasting method. These contrasted impactsideed be explained by the more pronounced spatial vatiabil
of the rainfall over the Gardon catchment, but also by thalldgnamic of the soil water content of the Gardon catchment
revealed in the present study.

7.3 Conclusions about the method used

The use of the hydrological model as a diagnostic tool altbthe classification of the catchments studied. It also dautes to

the overall knowledge of these catchments in order to improvderstanding of hydrological functioning during flastoéls.

The study also demonstrates: i) the complementarity of fiblskervations in the interpretation of results, ii) the tatibns

in the evaluation and drawing of distinctions between medadhen constrained solely on the basis of the reproduction of
an integrated response; and iii) the contribution that aalysis of equally performing parameter sets and possibldeino
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 modesstly, distinguishing between models based on the eoolwf
internal variables - flow velocities and soil saturatiorteta makes it possible to highlight the value added by thergse

potential of a distributed model with a physical basis, sasMARINE.
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