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Abstract. A method of multiple working hypotheses was applied to a eanfgcatchments 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 asiett performances of the submitted models, revealingrdiit
hydrological behaviours along the catchment set. The baadhstudy offered a characterization of the catchmentstixets
through the description of the hydrographs formation. Thantification of the different flow processes (surface,argoil
flows) was consistent with the scarse in-situ observatiensdmains uncertain, as a result of equifinality issue. Tiadial
description of the simulated flows over the catchments, nagdiable by the model, enabled to spot counterbalanciiegtsf
between internal flow processes, including the compens&tiothe water transit time in the hillslopes and in the dagie
network. New insights are finally proposed into strategioahitoring and calibration constraints setting up.

Copyright statement. The authors agree to the licence and copyright terms of Coperniclis&idns as of 24 November 2017.

1 Introduction
1.1 Flash flood events: an issue for forecasters

Flash floods are “sudden floods with high peak dischargedypea by severe thunderstorms that are generally of linaitedl
extent”. (IAHS-UNESCO-WMO (1974); Garambois (2012); Braatdhl. (2014)). They are often linked to localised and major
forcings (greater than 100 mm, Gaume et al. (2009)) at thdshebsteep-sided, meso-scale catchments (with surfaas afe
10-250 kn#).

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 mygeayéhere were no fewer than five flash floods a year on the
Mediterranean Arc between 1958 and 1994 (Jacq, 1994), aydehd to be amplified against a background of climate change
(Llasat et al., 2014; Colmet Daage et al., 2016). Flash fleogstitute a significant hazard and, therefore, a conditkerask
for populations (UNISDR 2009, Llasat et al. (2014)). They particularly dangerous due to their characteristicgh@é)sud-



10

15

20

25

30

denness of events makes it difficult to warn populationsmetiand can lead to panic, thus increasing risk, when a pipula
is unprepared (Ruin et al., 2008); ii) the traditional carted monitoring systems are not adapted to the temporal @atihb
scales of the flash floods (Borga et al., 2008; Braud et al4 Rl the magnitude of floods implies significant amount&ie
netic energy, which can transform transitory rivers intoeats, resulting in the transport of debris ranging frorne Bediments
to tree trunks, as well as the scouring of river beds and thsi@n of banks (Borga et al., 2014).

A major area of interest for flash floods is, therefore, beithr assessment, to enable them to be forecast and thentleva
populations to be pre-warned. Greater knowledge and utagheliag is required to better identify the determining dastthat
result in flash floods. In particular, in order to implemenegional forecasting system, the properties of the catcksnand
the climatic forcing and linkages between them which leaftbish flood events need to be characterised.

1.2 Flash flood events: understanding flow processes

Due to the challenges involved in forecasting flash flood=zgthas been considerable research done on the subjedielestt

ten years. Examples include the HYDRATE project (2006-2@#&ume and Borga (2013)), which enabled the setting up of a
comprehensive European database of flash flood flash evemglleas the development of a reference methodology for the
observation of post-flood events; the EXTRAFLO project @013, Lang et al. (2014)) to estimate extreme precipitedind
floods for French catchments; the HYMEX project (2010-2@2@binski et al. (2014)) focusing on the meteorologicalleyc

at the Mediterranean scale, and, in particular, on the tiomdithat allow extreme events to develop; the FLASH pitqj2@12

- 2017, Gourley et al. (2017)) assessing the ability andriigavement of a flash flood forecasting framework in USA on the
basis of real-time hydrological modelling with high residn forcing; or the FLOODSCALE project (2012-2016, Brauagk
(2014)), based on a multi-scale experimental approach poave observation of the hydrological processes that ledldsh
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 moistate §Cassardo et al., 2002; Marchandise and Viel, 2009;diepet al.,
2013; Mateo Lazaro et al., 2014; Raynaud et al., 2015) andstieage 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 anetet-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 areaeafdtthments, that arises from localised soil saturatibis Jtate-
ment surmises that there is little direct Hortonian flow, tather 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 precipitatwants, over a 3.9 kfncatchment area (Braud et al., 2014), un-
derlined the dominance of the intra-soil dynamic. Firsglgsis of the water from the first 40 cm of the soil layer reeeal
a "flushing" phenomenon, the water present at the start be@ipgced by so-called "new" rainwater (Braud et al., 2016a;
Bouvier et al., 2017). In addition, even if the peaks of thed® mainly consisted of new water, with a proportion varying
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betweerb0% and80%, it appears that, over the entire period of the events, okémaccounts for betweefd% and80% of
the total volume of water discharged, which supports theidante of water pathways in the soil.

Finally the geological properties themselves appear to akens of the storage capacities available over the timesca
involved in flash floods (which are of the order of a day). Frompe flow balances of flash flood events (Douinot, 2016),
studies of the diverse hydrological responses of sevetethggents over the same precipitation episode (Payrasale 2012),
or the application of regional hydrological models dedkcitio flash flood simulation (Garambois et al., 2015b), tieediture
tends to demonstrate the low storage capacity of non-kedgin&ntary and marl-type catchments, and, converselpdtential
for storing large volumes of water in the altered rocks ohg@ra or schist formations.

1.3 Applying a multi-hypothesis framework for improving hy drological understanding of the flash flood events

The knowledge gained about the development of the flow psese@or example, the tracing of events carried out durieg th
FLOODSCALE project, Braud et al. (2014)), relates to stadia a number of specific sites where flash floods could be ob-
served while they were taking place. However, being ableeteegalise the knowledge gained is limited by the specifianeat
of each study (McDonnell et al., 2007) and by the gap betweeispatial scale of forecasts (meso-scale), compared héth t
of the in-situ observations (<10 Kin(Sivapalan, 2003). Hydrological modelling work can besidered as a means of extrap-
olating knowledge to an extended geographical area, ggssitiering catchments with differing physiographic projes.

Moreover, hydrological models viewed as "tentative hypsts about catchment dynamics" are interesting toolsgtnge
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 hydrologicasponses accurately (Buytaert and Beven, 2011; Clark, &Cdl1;
Fenicia et al., 2014; Coxon et al., 2014; Ley et al., 2016;idtart al., 2016). Using a same model’s structure but difter
solely in terms of the hypotheses tested, in the form of megjuhe comparison is then focused and restricted to thelogdr
ical assumptions tested. Doing this avoids the limitatiomgnterpretation that are often encountered in compa atdies of
models (Perrin et al., 2013), where numerical choices déureince results independently of the underlying assumgtion

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 (Fenicié. £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 studies using the aforementioaetefrorks are related to continuous hydrological studiesder
to assess hydrological hypotheses through the overallolggical signature of the catchments. In this work, we edttdre
method of multiple working hypotheses to the assessment efant-based hydrological model framework.

The objective is to test a number of proposed hydrologicattioning that occur during flash flood events on a set of
contrasting catchments in the French Mediterranean are#e Wik proportion of flows passing through the soil appeaiset

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?

— Which are the flow processes proportions, according to thetgend the catchments?

The aim of this article is to attempt to answer these questismg a multi-model approach that tests different typdsy/of
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 Mediteaian
Arc. Several new representations for the soil column an@rgrdund flows were proposed (Douinot, 2016) and includéialen
MARINE model, in the form of modules that can be used to teffédint hydrological functions (Section 3). Those difigre
hydrological dynamics were applied to a set of catchmentssgnted in Section 2 - with physiographic properties isgme
tative of the whole of the French Mediterranean Arc. The grenfince of each model was then examined and subjected to a
comparative study (Section 4 and 5). The contributions@f#sults for improving the hydrological functioning unstanding
are lastly discussed in Section 6 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 regmtgive of the physiographic variability found in areasewéhflash
floods occur; (i) numerous studies of flash floods have ajréaen carried out on the Gardon and Ardéeche (Ruin et al.,;2008
Anquetin et al., 2010; Delrieu et al., 2005; Maréchal et2009; Braud et al., 2014), which could guide the interpretadf

the modelling results (Fenicia et al., 2014); and (iii) agiderable number of observations of flash flood events aiigbiga

for these catchments.

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 differg@ihe
Ardéche catchment upstream of Ucel sits essentially onradtgriaedrock with some sandstone on its edges, while dogarstr
the geology changes to a predominantly schist and limestonetions. Similarly, the upstream part of the Gardon fvatent
consists of schistose bedrock while, downstream, the lbkdsoimpermeable marl-type and granite formation. The Hikra
catchment is splitted into mostly schist and granitic heatevsheds (the Valleraugue and la Terrisse sub-catchyeerdsa
predominantly limestone plateau (Saint Laurent le Minigo-satchment). Finally, the Salz is characterised by seniary
bedrock comprising sandstone and limestone (Figure 2).
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Figure 1. Locations of the catchments studied, with a topographic visualisati®hat resolution (Source: IGN, MNT BDALTI)

The Ardeche and the Gardon catchments have been subjetgrisiire monitoring and studies (see lter reference, Wtasa. lter-
europe.net/deims/site/rbv_fr_13), leading to prior klemlge on hydrological understanding. Both the local in-sikperiments
(Ribolzi et al., 1997; Braud and Vandervaere, 2015; Brawd.e2016a, b) and the modelling studies focused on this area
(Garambois et al., 2013; Vannier et al., 2013) tend to a Hgdical classification according to those contrasted ggodd
properties and, in agreement with the usual hydrogeolbgligaature found in the litterature (Sayama et al., 201 kt&fiet al.,
2017a). Marls, sandstone and limestones without karstem@cterized by limited storage capacities, resultingghér runoff
coefficients, and high sensitivity to the initial soil maist (Ribolzi et al., 1997; Braud et al., 2016a). In contriasgyranite and
schist transects located on hillslope of the Ardeche cagetipmfiltration tests and analysis of electrical resistigignals show
high permeability of the geological substratum in depthgswged up to 2.5 m in depth); and high storage capacitieb+eac
ing up to 600 mm in 7 out of 10 assessments with artificial fuycthe 3 remaining test suggesting local unaltered bedrock
(Braud et al., 20164, b). The natural resistivity profilegests a regular soil bedrock interface when the latter sbimsgchist,
while the granite one presents a more chaotic structur@llfithe continuous comparative study of two experimensiigs
over surface areas of the order of one?knone located on the schist upstream part of the Gardon catufyie other one
on it granite downstream part - suggests rapid subsurfagepilocessing on the schist area, while flow formation appears
be controlled by the extension of the saturated zone retat#te river on the granitic site (Ayral et al., 2005; Maréobizal.,
2009, 2013).



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), iggaand gneiss (GG), marls (Ma) and schists (Sc) subcategofiéseld values are the
dominant geology; mean annual precipitatidt:m]) ; Hydrometry: discharge time-series availability (Period); mean inteual discharge@[m?>.km 2.5~ ]);

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

statistics are calculated from HydroFrance databémtkp://www.hydro.eaufrance.fr/) and the pluviometric ones using adidata 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 B | % (% (%] (%] (%] | mm)|  [mPkm2sTY  Period
fla L'Ardéche Vogué 622 0.17| 0.47 Ls 10.5 57 719 0.0 119 1587 | 0.041 0.62 225 00-15
£1b Ucel 477 020 0.45 Ls 13.7 0.0 845 0.0 18 | 1577 | 0.046 0.79 230 05-1]
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
f1d 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 18.0 121 61.2 | 1370 | 0.026 0.48 1.82 94-11
#2b Corbes 220 0.16| 0.27 L 9.3 0.0 34.2 9.0 475 | 1460 | 0.022 0.57 2.28 94-11
f2¢c 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 3.2 240/ 1160 | 0.019 0.39 1.21 00-15
#3b LaVis St Laurent le Minier| 499 0.10| 0.26 Lsi 4.0 830 1.0 3.2 8.8 | 930 | 0.018 0.42 1.10 00-15
#3c  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 0.0 100.0|f 1920 | 0.049 1.13 4.0 08-15
4 La Salz Cassaigne 144  0.13| 0.37 Lsi 335 565 0.0 51 49| 700 | 0.008 0.20 1.31 01-15
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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)

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 dischargsesvations were available, according to the dates whehyithe-
metric stations were installed (Table 1).

Flood events with peak discharges that had exceeded tharZstern period daily discharge £, in Table 1, corresponds
to the alert threshold for flood forecasting centers in Fedmweere 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 coixecells; and rainfall occurring in different seasons -mhain autumn
and early spring). Such a selection risked complicatingsthdy because flow processes can vary from one season teanoth
Nevertheless, it allowed us to test the ability of the modelaal with different (non linear) flow physics regimes. Nalo that,
moderate or intense rainfall events without respectivedipdical response might be abducted from the analysiseitlesless
the first alert threshold used here is small enough to havéeat®m of flood events with contrasted runoff coefficierads
Table 2).

Precipitation measurements were taken from Météo FradeAMIS radar network (Tabary, 2007), which provides pre-
cipitation measurements, at a resolutionl dfm x 1 km, every five minutes. The French flood forecasting serviceHS®:
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 deptilolacombining these radar measurements with raingauge ™zt
processed dataset is here used as inputs of the model. Hafel rrroduct is firstly assessed through an individualssgnity
analysis of the standard MARINE model (DWF model, see se@i@h When presenting an atypical sensitivity to the sail
depth parameter, the rainfall event is discarded of theysagisuggesting questionable measurements. Dependihg axdil-

ability of the results of rainfall and hydrometric measuesits, 7 to 14 intense events were selected for each catclfhadahe



2). Each set is finally splitted into a calibration and vafidia subsets as follow: the extreme events were kept fodatn,
and a minimum number of 3 calibration events is chosen inrdodeover the wide range of soil moisture initial condition.
As the MARINE model is event-based, it must be initialisethice into account the previous moisture state of the catahme

which is linked to the history of the hydrological cycle. $hvas done using spatial model outputs from Météo-FrandMs S
5 operational chain (Habets et al., 2008), including a melegical analysis system (SAFRAN, Vidal et al. (2010)), & so

vegetation - atmosphere model (ISBA, Mahfouf et al. (1985)) a hydrogeological model (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 syaie initialisation of MARINE.

Table 2. Properties of the flash flood events: average on the eventsgtfdard deviation)D: coding name of the concerned catchments
(Figure 1 :#1 for the Ardechefi2 for the Gardon§3 for the Hérault and¢4 for the Salz);N....: number of observed flash flood events; P
[mm] mean precipitation ... [mm.kh~']: maximal intensity rainfall per eveng,..: specific flood peakm?.km=2.s~*]; Hum: initial

soil moil moisture according to SIM output (Habets et al., 2008); CRoffucoeficient%)]

ID  Outlet Newt P [mm] Loz [mm.h™ Qpear[m® Em™2.s71] Hum [%] R[]
fla  Vogiié 10 192(+93) 17.3(46.2) 1.33(+0.57) 58(+6)  0.50(£0.16)
#1b  Ucel 10  208(+105) 19.1(£7.1) 1.41(40.70) 56(4+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(410.6) 2.15(£1.15) 56 (+4)  0.51(40.20)
#2a  Anduze 13 182(£69) 26.9(+12.6) 2.10(+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(40.43) 59 (+8)  0.45(40.16)
#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(412.1) 1.63(+0.87) 52(+8)  0.60(40.23)
#3d  Valleraugue 7 156(£110) 16.4(£8.7) 2.14(+1.33) 48 (+6) 0.62(+0.22)
4  Cassaigne 8 136(+47) 17.8(46.2) 1.48(40.64) 57(+7)  0.55(40.24)

3 The multi-hypothesis hydrological modelling framework
10 3.1 The MARINE model

The MARINE model is a distributed mecanistic hydrologicaldel specially developed for flash flood simulations. It mMede
the main physical processes in flash floods: infiltrationslewel flow, lateral flows in soil and channel routing. Conedysit
does not incorporate low-rate flow processes such as eeagpiration or base flow.
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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 Dat@aw used in the TOPMODEL hydrological model (Roux et al.,
2011), but was developed in greater detail as part of thidystsee Section 3.2). Lastly, the third module represergsland
and channel flows. Rainfall excess is transferred to thehoaat outlet using the Saint-Venant equations simplifieth wi
kinematic wave assumptions. The model distinguishes gifig with a drainage network - where channel flow is calculate
on a triangular channel section (Maubourguet et al., 2083t grid cells on hillslopes - where overland flow is cal¢athfor

the entire surface area of the cell.
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Figure 3. The MARINE model structure, parameters and variables. The GraAmpt 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 front
¥ [m], and, saturated and initial water contertts andd; [m®.m~3], respectively. Subsurface flow contains the following parameteik: s
thickness [m], lateral saturated hydraulic conductivity K [t} local water depth h [m], transmissivity decay with depth (m), and bed
slope S [m.m!]. The kinematic wave contains the following parameters: surface wapghd [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 [AY®.s]. The module 2 described in this

figure corresponds to the standard definition applied in the MARINE model.

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 froairthge network cells, according to a drained area thrdsfipl
soil survey data to initialize the hydraulic and storageperties of the soil, which are used as parameters in theatfdh 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 7 G, hydraulic conductivity at saturation, used in infiltratimodelling
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- Ci, and friction coefficients for low and high-water channeis.-andn,,, respectively, withm,. andn,, uniform throughout
the drainage network. G, C, and C are the multiplier coefficients for spatialised, saturatgdraulic conductivities and
soil depths. In this study, modifications of the module 2 Ggbsurface downhill flow) were tested in order to deterntliree
possible ways that a number of proposals for intra-soil bigdyical functioning could be modelled. Consequentlyiéas of

C. and G.,,, new parameters of calibration were introduced, as de=tiibthe following section.
3.2 Modelling lateral flows in the soil: the development of a mlii-hypothesis framework

We proposed several modifications to Module the subsurfacelownhill flow submodel covering three hypotheses about

hydrological functioning:

— Deep Water Flow model (DWF): it assumed deep infiltration dre formation 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 depfh;pso (m) (See Figure 4). Given the lack
of knowledge and available observations, a uniform cdiibnawas applied to the depth of altered rockBw 5 (m)

- which is rapidly accessible on the scale of a rain eventuGdwater flow was described using the generalised Darcy
law (¢4, Equation 1). The exponential growth of the hydraulic caiidity at saturation, as the water table(,) rises,
assumed an altered-rock structure where hydraulic coivitycat saturation decreases with depth (the TOPMODEL
approach).

h w_Do
qdw = de'Dtot€$p< d : t) -S (1)
mp

with hq.[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; Kuw = Craw - Kppsor[m.s~'], the simulated hydraulic conductivity at saturation; and Do, =
Dgpsoi + Dw B, the soil column depth. Calibrated parameters arein red color.

— Subsurface Flow model (SSF): it assumed that the formaticgulosurface 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 altered soil
rock interface acts as a hydrological barrier. The rapidrssion of shallow soils results in the development of rapid
flows due to the steep slopes of the catchments and the ecéstérapid water flows circulating through the macropores
as the soil becomes saturated. The soil column was thussergesl by a two-layers model (see Figure 5): an upper layer
of depth equal to the soil depfbz ps.; (m) and a lower layer of uniform depthyy, 5 (m). The lateral flows in the upper
layer were described by the generalised Darcy law. Howeragiations 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
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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 tiidriaulic conductivity of the substratum as being equivalen
to that of the soil divided by 50 (this choice being guided oy orders of magnitude generally observed in the literature
(Le Bourgeois et al., 2016; Katsura et al., 2014)). The atteocks were thus assumed to mainly play 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 (Eoi&t). When the upper layer is saturated, filling by a piston
effect is allowed. The depth of the soil layérg p,,.;, was set according to the soil data, while the depth of thetsaoim

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

Osoit — 1
Gss = K- Dppsol €xp (011> S (2)
meg
hwp—D
qdw = de'DWBeﬂfp( wE WB) .S (3)
mp
Gins = —K 0H (0s0i1,0w B) )

0z

with: hsoq and hw g|[m], the soil water depth in the upper and lower layer respectively; 0s.;; and 6w 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
Koo = Crae-Kppsorand 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 assuinae the presence of subsurface flow was due to
both local saturation of the top of the soil column, but als® 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 sataratié;,,, - was no longer simply imposed, but, instead, calibrated

using an additional coefficient,,G,,.

de = Ck:du: '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 defit
altered rock, that the same volume of water was allocatedlfanodels. The SIM humidity indices (Section 2.2) were used

25 to set an overall water content for all groundwater flow medet a given flood-with-thetwe-compartmentefthe SSkand

D\WFmodelsthenh Zine

aWa) A a onten N on
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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 pathsdss), 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 adeyequation 8). The envelc(p(gi + 20@.)7 1= ln) consequently
defines the 95 % confidence interval of the observed flows.

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 overarching envel(o@i + 20y, = 20m0d7i), 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 mogelli

and measurement uncertainty definitions.

1 I~ d;
DEC ==Y el = — (6)
n i—1 n i—1 Omod,i
Omod,i = 0.5%Q+0.0257; (7
o5 = 0.05%5; * (1+ Yi ) 8)
) Q1o

with ePE¢ the DEC modelling error at timé §; ando;, the observed discharge and the uncertainty of measurerrténtea;
d; the discharge distance between the model prediction atit{ipgand the confidence interval of observed fIcM]si Qam);
Omod,i the simulated uncertainty at tinie) and@ 1o respectively the mean inter-annual discharge and the a0rgaximum

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

Results of the models were firstly assessed and benchmaskegl performance scores (section 5.1). The evaluatiors&gtu
on the performance of the models in reproducing the hydpigrén overall terms, but also, more specifically, on theilitsth
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 whiehdbserved flow was greater than 0.25 times the maximum
flow during the event.

— Flood recession: this stage begins after a periad ¢the catchment concentration time according to Bransloyiméila
(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 DEC score has provided a standard assessment of thelimp@etors enabling a reasonable weighting of the simu-
lations. However, for a sake of easy understanding, theep&aige of acceptable points of the simulated median timesser
Qmed_INT [%] (Douinot et al., 2017) - was chosen to evaluageability of the models to reproduce overall flows, risingélo
waters and high discharges. A point is defined as acceptaida the median simulated value stands within the modelling
acceptability zone{(g)i + 20y, £ 20m0d,i), i = 1n) , i ' - 5
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Conversely, Qmed_INT was not relevant for the evaluatiothefcapacity to reproduce recessions, because the caoulat
of this score—basedon-simulateddischargevalues- during the recession interval strongly depends on perdioca at high
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 remessierval. Through the consideration of tHg,,. score here, it
was assumed that the recession rate is a relevant feature cdtchment’s hydrologic properties (Troch et al., 201igHher,
2009).

l dy; dy;
S dui
Aslope = i=h_dt i (9)

l dij;

2ok di

4: and 2 are respectively the observed and the simulated recessiesiat a time stepwhich belongs to the flood
recession intervali = k...0).

where

The evaluation was completed through the description ohtbdelling errors (section 5.2), in order to identify thokatt
were inherent in the choice of model structure, regardléghe calibration methodology adopted (Douinot et al., 2017
Attention was paid on the a priori and a posteriori confideimterval of the model simulations respectively defined by
<[y§n»z‘or—5th ’ yg}rim‘—95th]7 i— 1n) and ([yiDEC—Sth : yiDEC—QSthL i=1..n Whereyfrior—&ith andyfrior—%m are the
5t and the 98 percentile of the 5000 model simulation values at timand wheregy”* 5" andyPFC =" gre the 4
and the 95" percentile of the same but weighted series according to E@ Ealibration criterion.

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

defining the a priori and a posteriori confidence intervalthefmodelling errors:

0 it |yt <20y,

6?7Ith = a-wth g L ’ (10)
# otherwise (- if @~ > 0; +if y2~ " <0)

with ef‘*“h isthe =" percentile of the o modelling errors distribution at time .

The latter definition allows for an informative translatiohthe prior and posterior confidence intervals (Douinotigt a
2017): a value ofsf‘””“‘ equal to0 indicates that th@?‘”h bound lies within the discharge confidence intervalf i&
et <1, the y® ™" bound lies within the acceptability zone; and:§f~**" is larger thanl then errors of modelling is
detected or remained. In addition, the benchmark of bothaai gnd a posteriori confidence intervals allows for highling

which were the remaining modelling errors that were indumgthe model’'s assumptions, and those that were inducedeby th

a—xth ,

calibration.
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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 catchmentEigure 6 shows the average and standard deviations of thed QME
scores obtained after calibration of the DWF, SSF and SSF-D\Wifeta for each catchment studied-alseshowsthemean

catehments. The DWF model assuming deep infiltration anddhedtion of an aquifer flow in altered bedrocks showed
better performance in the Ardéche catchme),(while in the Gardonf@) and the Salzié) catchments, the SSF and SSF-
DWF models, assuming the formation of subsurface flows dubdattivation of preferential flowpaths by local saturation
(SSF), with development of flow at depth (SSF-DWF), produd¢edrost accurate results. On the Hérault catchmig)s (
the modelling results obtained with each model, in terms wfe@ INT, were less obvious, although the SSF-DWF model
seemed to stand out to some extent. The differences in medelrmance were more pronounced for the validation events.
The better-performing models tended to be more consisigtft,equivalent Qmed_INT scores on calibration and valatat
events (for example, the DWF model on the Ardectiy or the SSF and SSF-DWF models on the Gard@y)( There was
also a deterioration in performance in several models tadtaiready been judged less effective (for example, the 38F a
SSF-DWF models on the Ardéchglf, or the DWF model on the two catchments of the Héraalt,andt3d).

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 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 catchmemMeyras 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 subjecn&idarable annual meteorological forciAghereforecalibration

. The calibrationof C}4,, consistently

tendedto simulatesignificantflow at depthfor thesetwo catchmentsexclusively higher valuesfrom the prior confidence

interval havingbeenselectedFigure7). In generalthe calibrationof the Cy.4,, parametenf the SSF-DWFmodelcorrelates

with the moreor lesssustainedannualhydrologicalactivity of the catchmentsthe confidencenterval of the Cy.4,, coefficient
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Assessment on all the hydrographs
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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 hyglogThe x axis refers to the ID number of each catchment (Figure
1). Finally, Mean attribute refers to the average results over all the catchments obtainecaalitmedel.
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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 (the., parameter, Equation 3)

is restrictedto low valuesfor the catchmentsvith low meaninter-annuallischargegt?a, £2b, £2c, £3a, £3b, £4) andinversely

for the catchmentsvith high meaninter-annuatischargegtl, 13c and43d).
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5.1.2 Detailed performances: assessment of the models tmsiate the different stages of an hydrograph

Figure 8 shows the detailed assessments according to tb#isstages of the hydrographshe-ebjeetiveis It _highlights
whether the overall performances (Figure 6) reflect unifoesults along the hydrographs, or if they actually hide @sted
likelihood of the simulations over the different hydrognafs stages.

Uniform results are observed on the Gardon catchment ateSaabd Anduzefifa and{2b) and on the Salz catchment
(#4): the SSF and SSF-DWF models demonstrated clearly superitormances for all stage-specific assessment on those
catchments. For the Gardon catchment at Miglt)( the detailed assessment (Figure 8) shows that the ogeizdiriority of
the SSF and SSF-DWF models is mainly due to a better simulafitire rising limb. Nevertheless, for any score, the SSF and
SSF-DWF models present either similar of the best modellsglts compared to the DWF model.

On the Ardeche catchmentsl g, £1b, f1c, #1d), the overall performances reflect the simulation of thénldgcharges and
of the flood recessions. There, the DWF model gives the badtsas simulate those hydrograph’s stages. Conversealgaits
slightly less well with the simulation of the rising flood weas$. As it would be shown in the section 5.2, all the modeld ten
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 performance.tlea noticed that the SSF-DWF model clearly better simulated
the rising flood waters of the Ardeche head watershed)( explaining the overall good performance as well of thislelmn
this catchment (Figure 6).

Assessment on the rising limbs Assessment on the high flows Assessment on the recessions
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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 ovbighelischarges stage; right.s;ope scores. High Qmed_INT scores
and conversely lowA ;.. Values indicate good performances of the model.
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On the Hérault, the detailed evaluation enabled us to djstai the performance of the different models. On the ond fam

the 2 larger catchmentsl andf1b), the DWF model get slightly better performances for risingl waters simulations, while
the SSF model gave more clearly better simulations of thelfitecessions. On the other hand the SSF-DWF model generated
the best simulations of the rising flood waters and of the fHiglvs on the upstream catchments of La Terris8e) and

5 Valleraugue {3d), while the DWF model simulated better flood recessionsé&lmnstrated 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 d¢edelgth the differences in the geological and topograghica
properties of the Hérault8; see Figure 2 and Table 1). The hydrological behavioursilsired for the Valleraugue and La
Terrisse sub-catchments, which are predominantly gcaaitd schistose, and where slopes are very steep, can Ingdisktied

10 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

Overall
Rising limb
High flows
Recession
FEFFFIFFFPRIILLE

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.

The figure 9 sums up the highlighted models according to thesaed hydrograph’s stage. It shows when one’s model has a
clearly higher performance according to the following diéifin: a model is assessed as clearly superior when the looward
of the confidence interval of it score is higher than the medeues of the scores obtained with the other models. lateve
15 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 Salzfi) 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 downstredécie catchment§l(a, 10, f1c¢);
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— 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 Héragt(£3d) and of the
Ardéche {1d) catchments.

5.2 Modelling errors inherent in the models’ structures

For the sake of conciseness, only the simulabéseveralshydrographs over one catchment is presented. Figure 10sshow
the simulation results of the three models over the Ardédehenent at UceliLb). 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; 86SSF-DWF models). When - at a time i - the a priori
confidence interval (grey color) does not cross the accépyategion (green color), it means that no parameter setgan
acceptable simulation, and consequently modelling edoesto the structure - assumptions - of the model is detediben
the posterior confidence interval (salmon color) is outtiigeacceptability zone, modelling error is remaining. Finahether
the prior (posterior) interval is large or small, the mosdefructure allows for reaching a more or less large rangerofiated
values (the model prediction is more or less uncentagpectively).

Representing the soil column with either one compartmdrg @QWF model) or two compartments (SSF or SSF-DWF
models) leads to distinct a priori confidence interval of elbdg errors (grey). Théirststructure(the DWF model constrains
the simulated flows at the beginning of the event, before tisebof precipitation, because the width of the confidenteal
of the modelling errors is low at that point. More specifigait tends to underestimate the initialisation discharigesause
the variation interval of the errors over this period is medhantly negative. This may explain this model’s relativiculty
in reproducing the onset of floods, since the calibratiorhefiarameters did not allow the acceptability zone on thisgia
the hydrograph to be reached. A resulting interpretatiguliegble to the catchment sets is that good results in miodethe
rising flood waters with the DWF model means that the obsengathrflow is relatively slow and could be reached in spite of
the restrictive modelling structure (as examgile, £3b).

Likewise, it can be noted that the one-compartment stradtue. the DWF model) allows flexibility in the modelling of
high discharges and flood recessions, because the confitieacal of the modelling errors is quite large over thesequs
in the hydrograph. However, it also led to the underestiomatif high discharges and flood recessions. In fact, the prior
modelling error interval (in grey color) has a negative hidth respect to the acceptability zone. The calibrationlijrelows
the simulations to be selected, at the intersection of teeability zones and a priori confidence in modelling exrdihis
generally corresponds to the calibration of a low-deptaratl rockDyy g, in order to make the model more sensitive to soil
saturation and more responsive, via the generation of eanlyff. From that resulted lowy; 3, the simulated water storage
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capacity is limited, which might explains the inadequacyhef DWF model for catchment with small runoff coefficient®, (
table 2).

Conversely, the two-compartment structure (the SSF andCB8F models) offers flexibility in modelling the beginning
of events, flood warnings and high discharges, but the plditmodel flood recessions is more constrained. SSF and SSF-
DWF models simulate fast flood recession in comparison to Md-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 exampl, #4).

In the SSF and SSF-DWF models, the addition of a flux calibnapiarameter in the subsoil horizons, not surprisingly,
leads to wider variations in the a priori modelling errorsséyprising finding, however, is that the calibration of theetal
conductivity of the deep laye€q.,, Seems to affect only the simulation at the beginning of §drdgraphs (see the events
of 01/11/2011 and 13/11/2014, figure 10), and has very ldffect on flood recessions. The high similarities of the iprio
modelling intervals of the SSF and SSF-DWF models explainsthmlar performances of those models. In the same way,
when there is improvement of the performance through the 38, it concerns the early rising of the flood, as the detailed
performances have already shown it, the SSF-DWF enablirtgdrid early start of the flood events.
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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

h. The proportional
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 calculategufé 11 shows theesuahtsfer simulated runoff contribution, i.e.
the water which has not passed through the soil at any poire.cbntributions of these surface flows on the whole of the
hydrograph (Figure 11, left) and those that support higbldisges (Figure 11, right) are distinguished. Note thatther
contributions are not detailed, being correlated to theffiassessment, and therefore leading to a similar analysis

The runoff contribution simulated by the DWF model discrediven more that model for representing the hydrological
behaviour of the GardoriZ) and Salz{{4) catchments. Really high proportion of runoff contriloutover the entire hydrograph
were simulated, ranging from 40 to 98 %. In contrast, the fepeemental measurements made on the Gardon (Bouvier, et al.
2017; Braud et al., 2016a) provide evidence on the propwsiid new water - which might be seen as an upper bound forfrunof
contribution volume - ranging from 20 to 40 % of the volumeshia hydrograph. The SSF and SSF-DWF model conversely
gave more reasonable runoff contribution, although reimgihigh, ranging from 19 % and 62 %.

The assessmertf the flow contributionsthroughthe most suitablemodel’s simulationsfor eachcatchmentyevealedin
section5.1 areconsistantvith the catchmenset'sdiversity. Houti

when Consideringhe-modelrevealedas
meostsuitablein-seetions-1i-e. the DWF model for the Ardéche catchment and the SSF anel®®F models for the Gardons
catchment, thélewecontributionassessmeneemae-becensistanivith-catehemr set'sdiversity-—Fhe runoff contributions to
the high flows of the hydrographs were slightly lower on the¢hdownstream Ardéche catchmeitisa(f1b, 1c, with runoff
contributions included between 17 and 57 %) compared toutheff contributions on the Gardon catchmetg, £2b, §2¢)
and on the upstream part of the Ardéchéd, with runoff contributions between 20 and 78 %). It caates the properties of
the catchments and the rainfall forcing, the first catchmsahset{la,11b,#1c) having deeper soil cover, with more permeable
soil texture (see table 1), and being forced by rainfall idthher maximal intensities (see table 2) than the second f#t& (

12b, £2¢). Withoutvalidatingthe estimationdoneit clearly suggestshatthe assessmerf theflow contributionsthroughthe

On the downstream catchments of the Héraiia(13b), the variation intervals of the surface flows estimatgdhie three
models overlap. It may explain why the three models can seljeod reproductions of the hydrological signal : the calilon
step makes possible, from that integrated point of viewbtaio an analogous distribution of the flows processes.

Notwithstanding the uncertainty related to the model'sebavhen any model has been identified most suitable thrcwgh t
performances, the largest uncertainties are related tpat@meterization of the models, a consequence of the egjitifiof
the solutions when calibrating a hydrological model adgatims solely criterion of the reproduction of the hydrolagisignal.
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While, in terms of plausibility, several sets of parameteayioe equivalent, even for the same model, these sets of ptaem
are likely to lead to different hydrological functioning.

Flow proportion on the all hydrograph Flow proportion on the high flows
1= owr | | N v
g | m ssF | g - | | |
T SSF-DWF |
s . | I
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g | |
£ ] # < | | | ||
o | o
7] | |
o -ka:III|H|Im| WY | IMH
o _| ! . o _| ® mean value —— Q5th - Q95th |
° T T T T T T T T T T 1 © T T T T T T T T T 71
S5838888888% S5838888888%
HFHEHERHEHEEHEEHEHRHRE HFHEHFEHRHEHHFHEHEHR
Catchment Catchment

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).

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

Spatialisecand
integratecchangesn moisturelevelsandflow velocitiesgeneratedvithin the catchmentfiavebeenconsideredn orderto give

new detailson the differentimpactsof the models’sstructure put alsoto explainthe resultinguncertaintywhenassessinghe

flow processeslistribution. Next, are described the results of four setiohs, equally considered to be plausible according
to the DEC criterion, obtained from the DWF and SSF modelsrfukitions by model, see Table 3). The Hérault catchment
at Saint-Laurent-le-Miniert@b) has been considered because of the equivalence of thelsrtodepresent that catchment.

Figure 12 compares the changes over time in the state ofatailegsion and the different simulated flow velocities of ther
“model + parameter set” configurations (Table 3). Figure d@pares the spatial distributions of these variables, ateng
moment.

In terms of hydrographs, quite logically given the similixelihood scores, the simulations diféet very little. Overalthe

A onfig onan natedflood-ne ha D\A Mmodelfin-the P\A Nnd- D\A onfig onsyaene negreater
iy 0 aHooaP /Y 0C VY a-DOW 0 aguratio s 2 ggrea

of the different simulated flowpaths. The proportions ofevgiassing through the soil column (via sub or surface-swizbns)
wereare highly variable: with an average of 39 % for the DWF2 mo82I% for the SSF2 model, 61 % for the DWF1 model
and 68 % for the SSF1 model (Table 3). This is both due: i) tethectural choices (DWF and SSF) which involved a different
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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

saturation dynamics and the incorporation of differenetypf flow, and ii) to the choice of the parameters which inedlv
flow velocities of different orders of magnitude.

The choice of a model’s structure (DWF and SSF) implied diifiees in soil moisture spatial distribution and dynamic,
which in turn impacted the timing of the flow processes. Wit DWF structure, the soil moisture distribution is sensitiv
to the soil depth spatial distribution, as a result of therelase in the simulated intra-soil flows as a function of wedbte
height (cf. Section 3.2, Equation 1). Consequently, the DWiel@h produced a greater contrast in saturation levels fegtwe
different areas of the catchment (Figure 13, a, d). With tBE 8odel, the overall catchment saturation level is moredlto
the topography: saturated cells were observed close ta#iradie network, and, conversely, lower water contenterugiper
reaches of the catchments. In fact, for the SSF model, thfofaing is mainly involved in saturation of the upper stzler
(the dashed lines in Figure 12-b), which reacts very ragmliyrecipitation.

As a result of the contrasted soil moisture dynamic, the flel@aities simulated in the soil showed consecutive difiees.

At the start of flooding, the SSF structure resulted in aryéadrease in flow velocities due to a higher and more homogene
saturation level of the upper soil layer (Figure 12-c). Ganrely, with the DWF model that simulated a more heterogeneou
spatial saturation of the catchment, the simulated veéscihcrease was delayed, and the maximum values reachesvavas
to four times lower.

The dynamic in the drainage network as well were impactechbychoice of the structurgtherunefi-velocitiesaverage

Hislopesshowingthe overallsameshapewhateverhemodelchoose(Figure ). The runoff velocities average
in-the-drainagenetwork reflected the earlier inlet of the subsurface floncpsses through the fast saturation of the upper
compartment with the SSF modeksit-inereasedarlierateachbeginningef-thesimulatedevents (Figure 12- e). The DWF

model yields a more contrasting variation in the runoff eéies in the drainage network, mirroring variations inl saituration

levels.

The choice of parameters mainly implied different rangegadiie for the velocities simulated, in the soil, on the stefaf

ysAs-exemple, The calibration of th€,; andCyq,, parameters-the
fourconfigurations controlled the order of magnitude in the adflase velocities (Table 3, and Figure 13, b, e, h, k). As well
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the calibrated”, (infiltration capacity control) an®y 5 (depth of the subsoil horizon) parameters controlled tfiration,
leading to more or less high number of cells with saturatixecess or infiltration capacity reached (Figure 13, c, f,,iahd
consequently to more or less high proportion of runoff oherhillslope (Figure 12, d).

Several order of magnitude were actually allowed while ees§pg the calibration objective because transit time ef th

different water pathways compensate each otAsrforeshadowedy thosefour conflguranons the selection of plausible

parameter sets for any model in any catchment shéalg

parametesetsappeardo-shew: i) a posmve correlation between the parametégsandn,. andn,,, suggestlnghlslsaetuauy

drainage network when a larger proportion of runoff fromd¢atchments is simulated (i.e la#, would imply lown,. andn,,)

and vice versa; ii) a positive correlation betwegnandC}s, Crqw parameters, suggesting the necessity of accelerating the
intra-soil flows when high infiltration rate is allowed anchsequently, when larger proportion of subsurface flow isitted.
Thus,asaresultef-themodelealibration, a degree of compensation occurs in the siredlansfer times between the various
water paths, from the hillslopes to the drainage networll,feom the drainage network towards the outlet.

25



a) Hydrograph at Saint Laurent le Minier
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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 %
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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?.s™1): 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.
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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 (8ach.1), the resulting errors in simulating the differersigets of
the hydrographs (Section 5.2) and the catchment propé8sion 2.1), the hydrological behaviour of the catchnoamt be
interpreted subset by subset as follow:

— The SSF and SSF-DWF models showed better overall performariiteno 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 hamnaiafion of the flows in the soil through local saturationltie
to the climate forcing. Although the models exhibited sanperformances, the contrasting physiographic charatiter
of these catchments suggest that there are different eapdas for this better fit of the SSF-DWF model. On the Gardon,
the very high intensities of the observed events (Table @)aarihe low soil depth (Table 1) may explain the limitations
on vertical infiltration due to the properties of the soil &rdyeological bedrock. As a result, the rapid formation of a
saturated zone at the top of the soil column, favours runudf subsurface flux by activating preferential paths in the
soil. This interpretation is in agreement with the field $sdachieved on a shist upstream sub-catchment of the Gardon
the shist substratum being the predominantly geology ofGhedon catchment (see section 2.1, Ayral et al. (2005);
Maréchal et al. (2009, 2013)). On the Sald)( the soil is deeper and the precipitation intensitieselov®n the other
hand, the geological bedrock composed of marls, sandstamhiraestone is assumed to have low permeability and the
soil is less conductive due to its predominantly silt-loaxttire. As a result, despite the lower forcing intensitibs,

surface soil can reach saturation, which might explain viley3SF 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 gave a better rgmtasion 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 only. This intégi@n is enforced by the field studies achieved this time in
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

event, which this model structure is not able to represkntinitial-explanationfer-this-mayie-in-the-designof-the

plausible
explanation is the default calibration, which uses a unifdepth of active subsoil horizonB,y 5, during a flood. This
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might mask the appearance of local saturation zones, argltisquent runoff due to shallow soil and discontinuities
in the permeable base layer (for example, in the downstreatimentary layers, where infiltration tests have shown
the appearance of runoff, see Section 2.1). In contrastS8fe and SSF-DWF models do not display this weakness
because the varying nature of soil depthis(s.;, Which determines the depth of the upper compartment) alkhe

rapid development of flows via preferential paths in the Bloitks, thus enabling the simulation of such local dynamics

— The third subset consists in the downstream part of the Hi€t@a,3b). The models’s performances contrasted with the
Hérault catchment heads3¢, #3d), suggesting a hydrological behaviours related to tirasted geological properties.
An interpretation of hydrological functioning is nevertgs not possible, given the similar overall results ofidrg the
models and that no distinctions can be drawn according &r atliteria;suchasperformancen-termsofthesimulation
of flood recessionfor example.

— The last subset consists in the catchment hegdds 3¢, andi3d). We observed 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 assdaivith these catchments, and additionally the presence
of rapidly formed flows, providing a good simulation of theinig flood waters-t-sheuldbe-neotedthat-hereagain,

theresults. Thefactthatthe modelSSF-DWFthatpreciselyallegedto representhe simultaneougormationof shallow

anddeepsubsurfacélows, did not completelyoutperformedhe 2 othersmodelsis interesting.From our point of view,

it pointsout thelimit of their artificial implementationusinga thresholdinfiltration from the top layer to the deepone.

In the reality, the simultaneougyenerationof the two fluxes more probablyrefersto the spatialheterogeneityf the

soil propertiesand speciallyin the headwatersheds within a catchmentell (2.5 km?), that either might allow deep

infiltration or fasttop soil saturation.

6.2 Overcoming the remaining uncertainty

Thesubmittednulti-hypothesigestclassicallyfacedto theequifinalityissuerelatedio theparameteuncertaintyandhighlighted

the onerelatedto the model’s structure.The comparativeand detaileddescriptionof the simulation revealedthe model’s

structurecontrols,andthusgyving almostdirectguidelinesto overcomehe equifinalityissue.

Oneof the objectivesof the study,the assessmerdf the flow contributionsto the hydrographsis not completelyreached,

mainly becausef theparameteuncertaintySection5.3.1).Thebenchmarlof modelingconfigurationsscanninghedifferent

simulatedprocesse¢Section5.3.2), showedhow the calibrationlead to that uncertainty.The wide rangeof values,that has

beenallowedthroughthe parametesetup,enabledcounterbalancingffectsbetweenthe internal velocitiessimulated.As a

directconsequencejariableflow contributionscould be simulatedwhile finally producingsimilarly likely hydrographsThis

pointsout directfurther objectivesfor improving andbetterrestrainingthe calibrationof the models.While severalrangesof

valuefor theinternalflow velocitieshavebeensimulated,a reasonableestrictionbasedon the velocity likelihood could be
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foreseenThis further perspectiveshouldalso shift experimentaktudiestoward a betterassessmentf the watertransittime
alongthedifferentpathwaysathillslopescale eitherusingdirectmethodssuchthe waterisotopetracing (Tetzlaff et al., 2018),
or developing imaginative indirect ones such as the diatanirtg (Pfister et al., 2017b), or even taking advantagesgexuded
particles and water turbidity measurements.

5 The equifinality of the modelson severalcatchmentsnostly points out the limit of the assessmerdf hydrologicalmodel

throughthe solely useof the hydrologicaldischargeime seriesat the outlet. Leadingup toward a multi-criteria calibration,

the detailedcomparativedescriptiondetaileddiscrepancie®f the simulationsand thus guidelinesfor integratingjudicious

informationto differentiatethe models’sadequacyThe distinguishedsaturationspatialpatternsgeneratedy the DWF and

SSFstructuressuggesthe relevancyof the soil moisturedistributionassessmertlonghillslopesandsoil heterogeneitiesas

10 thefirst structureémplied asoil moisturedynamicrelatedto local soil propertiesyhile thelatterimplied asoil moisturepattern

relatedto thedistanceo thedrainagenetwork.In addition,thedescriptionof theapriori modellingerrors(Sections.3.2)points

theway towardsanoptimalconsideratiorof theearlyrising limb andtheflood recessionwhencalibratingthe modelsoverthe

dischargdime seriesIndeed the model'sstructureappearedo mostly controltheseparticularstagesspeciallythe simulated

timing of the first stageandthe simulateddynamicof the latterone.A consequentiyneedof accuratedischargebenchmarks,

15 particularlyduring thesestagesshoulddirectfurther the river monitoringtowardhigh temporalresolutionof theriver level,

therisingandrecedinglood stage$eingshortperiodsduringflashfloods,andeffortsfor reducingthe uncertaintyof therating

curveat low andmoderatelow, ratherthangettingextremedischargeneasurementséncluding asexamplehysteresiof the

dischargecurves (Le Coz et al., 2014).
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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 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 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 artipaccording 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 trasec
(the SSF-DWF model), there was flow generation via both thigaditin of preferential pathways, initially by saturatioh
the top of the soil column, and a significant increase in trselflux 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
overall, or partial model performance in terms of simulgtine hydrographs; the proportions of the processes sietjland
the timing and form of flood recession.
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7.2 Conclusions on our understanding of the processes inwad

The specificuseof a multi-hypothesidrameworksupportsa clearcomparisorof the hydrologicalbehaviourswhich in turn

hasprovidedthe mainbasisof theinsightsof this study. From the application and validation of the three bialsical models,

the 12 catchments of the study could be classified into fotegeamies: i) the Gardon and Salz catchments, for which tHe SS
model is better suited to reproducing the hydrological aigkhor these catchments, this highlights the importancledl
and surface soil dynamics in the generation of flows, esfigetthe beginning of a flood; (ii) the Ardeche catchments, f
which the DWF model most accurately reproduce the observed fibhis indicates more regular and integrated hydroldgica
functioning at the catchment level, with the flows generdieidg directly related to the moisture history and rainfalumes;
(iii) the Hérault catchments at Valleraugue and La Terrissel the Ardeche catchment at Meyras, which have steepdlop
catchment heads, where the SSF-DWF model stands out, simggbsth sustained and significant hydrological activity at
depth during flash floods, and surface activity in the esthbiient of early flows at the beginning of events; (iv) the ldira
catchments at Laroque and Saint-Laurent-le-Minier, foiciwimo 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 hydrolodigaitioning of the catchments, or the experimental esionatof
flow processes. The results suggest that the behaviourdasfroants under extreme forcing is a continuation of the Hgdioal

functioning normally encountere&

Anetherobjectiveefthestudy,wast The assessment of the flow processes in the catchmentsweomaiertain, owing to the
equifinality issuetheassessmememainsaneertainNevertheless, The analysis of the internal processesamhabexplain the
compensation effects between the simulated flow path veadthe resultinguncertaintyof the calibratedparametesets,on

theonly basisof thedischargdime seriesin-thedrainagaetworkandin thehilislope—thatisthemadepossiblehroughawid

In addition,otherdetaileddescription®f the simulations such

asthe spatialdynamicof the soil moisturedistributionor the modellingerrors,highlightedthe actualimpactsof the model’s

assumptionsnthesimulationsTherevealedliscrepanciebetweenmodels- namelytherangeof valuesof theflow velocities,

the spatialpatternof the soil moisture the earlyrising limb timing andthe recessiorrate of the hydrographsfinally defined

pertinentmilestonedor improvingtheassessmemtf the model'sadequacy.
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