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Abstract. The MARINE hydrological model is a distributed model dedicated to flash flood simulation. Recent developments
of the MARINE model are exploited in this work: on the one hand, fermerlyrelying-on-waterheight-transfers of water through
the subsurface, formerly relying on water height, now take place in a homogeneous soil column based on the velumetrie-seil
water-eontentsoil saturation degree (SSF model). On the other hand, the soil column is divided into two layers, which represent
respectively the upper soil layer and the deep weathered rocks (SSF-DWF model). The aim of the present work is to assess
the performanees-accuracy of these new representations for the simulation of soil saturation-moisture during flash flood events.
An exploration of the various products available in the literature for soil moisture estimation is performed. The perfermaneces
efficiency of the models are-for soil saturation degree simulation is estimated with respect to several sett-motstare-products,
either at the local scale or spatially extendeddistributed: i) The gridded soil moisture product provided by the operational
modeling chain SAFRAN-ISBA-MODCOU; ii) The gridded soil moisture product provided by the LDAS-Monde assimilation
chain, based on the ISBA-a-gs land surface model and assimilating satellite derived data; iii) the upper soil moistare-water
content hourly measurements taken from the SMOSMANIA observation network; iv) The Soil Water Index provided by the
Copernicus Global Land Service (CGLS), derived from Sentinell/C-band SAR and ASCAT satellite data. The case study is
performed over two French Mediterranean catchments impacted by flash flood events over the 2017-2019 period. The local
comparison of the MARINE outputs with the SMOSMANIA measurements, as well as the comparison at the basin scale
of the MARINE outputs with the gridded LDAS-Monde and CGLS data lead to the same-eenchastonsfollowing conclusion:
both the dynamics and the amplitudes of the soil meisture-saturation degree simulated with the SSF and SSF-DWF models
are better correlated with both the SMOSMANIA measurements and the LDAS-Monde data than the outputs of the base

model. Fhe-opportunity-ofimproving-Finally, the soil saturation degree simulated by the two-layers model ealibration-is-then

diseussedfor the deep layer is compared to the soil saturation degree provided by the LDAS-Monde product at correspondin
depths. In conclusion, the developments presented for the representation of subsurface flow in the MARINE model enhance

the soil meisture-saturation degree simulation during flash floods, with respect to both gridded data and local soil moisture

measurements.
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1 Introduction

The risk associated with flash flood events is of growing importance, in particular in the Mediterranean area (Payrastre et al.,
2011; Ruin et al., 2014; Sudrez-Almifiana et al., 2019). Sinee-extreme-Extreme precipitation events are expected -with-good
eonfideneesto increase both in frequency and in-amplitude in the context of a changing climate (IPCC, 2014 );-the-perfermances

of the-modeting—. In particular, modeling systems for short term predictions represent valuable tool for decision making
and organization of emergency systems. The accuracy of modelling tools available for operational purposes are then of in-
creasing stake. The main variable of interest for flood simulations at the catchment scale is usually the integrative-discharge
vartabledischarge variable, that integrates all the processes taking place at the subsurface and the surface of the catchment.
However, surface runoff, itself controlled by soil infiltration rates, is shown to exacerbate both human and material risks during
extreme events (Vincendon et al., 2010). The representation of soil processes in the models is thus a key factor for flash flood

simulation (Berthet et al., 2009).

Several mechanisms generate the partition between infiltration and surface runoff. Surface runoff can happen when rainfall
intensity excess the maximum infiltration rate of the soil (infiltration excess), or when the precipitation volumes exceed the
storage capacity of the soil (saturation excess). Then, the generation of surface runoff directly rely on the water content of the
subsurface. Within the subsurface, both vertical infiltration flows and lateral transfers take place. These flow are controlled by
the physical characteristics of the porous media, such as its hydraulic conductivity or its capacity at saturation. In addition,
preferential flows happen through macropores or fractured aquifers.

Among the variety of models developed for flash flood simulation, a-targe—panel-offormalism—is—appliedto-model-the

OmMho—<€o acratton—o atto

vs-the physical processes takin
lace in the subsurface are represented based on various formalisms. When some models do not consider the infiltration flow at
the scale of the flood event (Berthet, 2010), other models represent the soil column as one or several reservoirs, with different

degree of refinement for the representation of the physics of the processes. Vertical infiltration flow can be parametrized through
simple calibrated relations, in particular through linear relations (Perrin et al., 2003), or exponential relations. Other approaches

apply a more physically-oriented representation of vertical infiltration in the subsurface based on the Richard’s equation. The

lateral transfers in the subsurface are generally represented in flood models through Kinetic wave equations. In this case, the

controlling-coeffieients-are-whether-parameters controlling the infiltration rates are either calibrated (Roux et al., 2011) or ex-
tracted from pedological and geological descriptions (Bouilloud et al., 2010; Vincendon et al., 2010; Vannier et al., 2014).

S—va y—©O RHOGe1tS—ap a1OT-SHoSutta presehtation vearSrtargeun At e s rorthic g atton—o1—+in ah

through—the—subsurface—during flood—events—Various works quantify the sensitivity of different mode

parametrization (Tramblay et al., 2010; Garambois et al., 2015; Douinot et al., 2017; Edouard et al., 2018; Lovat et al.,

Is to the subsurface
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2019).They show that the

surfacerunoff-simulation-during-uncertainties in the rm%mwmmgz
and surface runoff simulations during flood events.
In addition, both the lack of soil and deep ground description and by-the-tack—of-underground-flows—measurements—the
uncertainties associated with soil moisture (SM) estimations lead to an hazardous validation of the model outputs (Manus

et al., 2009). In this work, an exploration of the various products available in the literature for soil moisture estimation

is performed. Three main types of data can be used to estimate the performances—of-event-based-efficiency of hydrologi-

cal models regarding the soil moisture: i) local ground measurements provide locally accurate estimations of soil moisture

at shallow depths.

measurements are representative of relatively larger areas and hence they can be compared to spatially distributed simulation
outputs around the point of measurement (Brocca et al., 2009; Tramblay et al., 2010). In particular, the SMOSMANIA net-

work consists of 21 ground point measurements in

Southern France (Calvet et al., 2007; Albergel et al., 2009; Parrens et al., 2012); ii) eontinuous—land surface and distributed

hydrological models provide gridded information over a large area and they can provide information for different depths and

different variables. H
medelHnput—For example, the SAFRAN-ISBA-MODCOU modelling chain (Habets et al., 2008) as well as the LDAS-Monde
products (Albergel et al., 2017) are both based on the ISBA surface scheme (Noilhan and Planton, 1989; Noilhan and Mahfouf,
1996), implemented in the SURFEX ptateform-platform (Masson et al. 2013) iii) Satellite imagery prov1des valuable spatlally

remote sensing techniques have been developed for obtaining soil moisture from satellite measurements. Microwave remote
sensing (RS)y-provides a means to quantitatively describe the water content of a shallow near-surface soil layer. However, the
variable of interest for applications in short- and medium-range meteorological modelling and hydrological studies over vege-
tated areas is the root-zone soil moisture(RZSM)-eentent, which controls plant transpiration but is not directly observable from
space. Since the near-surface soil moisture (SM)-is related to RZSM-soil moisture through diffusion processes, assimilation
algorithms may allow its retrieval. Estimation of RZSM-the root-zone soil moisture from intermittent remotely sensed surface
SM-data had focused on the assimilation of such data into land surface models. Many studies now also suggest that constraining
those =5Ms-land surface models using various types of earth observations, including vegetation related earth observations, may

lead to a better representation of the RZSMroot-zone soil moisture (Bolten et al., 2009; Pezij et al., 2019; Wagner et al., 2012

. In addition, simplified approaches (e.g., Soil Water Index) have also been developed for obtaining root zone soil moisture.

The MARINE model (Model of Anticipation of flows-and-INondationsfer-extreme-Events)-Roux-etal52011)-Runoff and

INundations for Extreme events) is a distributed, physically-based-hydrelogical-medelphysically-based hydrological model
Roux et al., 2011). MARINE is tested-used by operational French flood forecasting services for flood risk assessment. The

recent developments of the MARINE model proposed by Douinot et al. (2018) lead to an improved representation of the sub-
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surface flowflows: on the one hand, transfers of water through the subsurface, formerly relying on water height, now take place
in a homogeneous soil column based on the soil saturation degree (SSF model). On the other hand, the soil column is divided
into two layers, which represent respectively the upper soil layer and the deep weathered rocks (SSEF-DWF model). These de-

velopments enhance the degree of refinement of the soil physics described in the model. The impacts of this representation of
the subsurface on the water discharge are extensively studied by Peuinet2046)Douinot et al. (2018). However, their influence
on the spatial dynamie-dynamics of soil saturation degree has not yet been explored.

Thus this work aims to assess the impacts of the developments proposed by Douinot et al. (2018) to include a physically
oriented soil representation in MARINE, with respect to the soil saturation degree (SSD) dynamics during flash flood events.
The performances-of-the-medelare-efficiency of the models for SSD simulation is estimated with respect to several soil mois-
ture products: i) The gridded soil moisture product provided by the operational modeling chain SAFRAN-ISBA-MODCOU,
available at the 8 km x 8 km spatial resolution (Habets et al., 2008); ii) The gridded soil moisture product provided by the
LDAS-Monde assimilation chain, based on the ISBA-a-gs land surface model and assimilating high resolution spatial remote
sensing data (Albergel et al., 2017; Calvet et al., 1998). This work uses the version of LDAS-Monde at the 2.5 km x 2.5 km
spatial resolution ; iii) the upper—set-moisture-hourly-hourly soil water content measurements taken from the SMOSMA-
NIA observation network (Calvet et al., 2007); iv) The Soil Water Index provided by the Copernicus Global Land Service
(CGLS), available at the kilemetrie-1 km x 1 km resolution and derived from Sentinell/C-band SAR and ASCAT satellite
data (Bauer-Marschallinger et al., 2018a). The comparison between the MARINE output for seil-saturation-SSD dynamics and
these three sources of data is performed both at the local point measurement scale and at the catchment scale. These products

represent valuable indicators of the spatio-temporal dynamics of soil moisture at various scales.

In section 2, the MARINE modelalong-with-, its new developments for the soil model are-deseribed;together-with-the-two

catechments-and-the-events-putunderlightfor-this-stadyand also the study cases considered for this work are described. The
soil moisture preduets-data used in this work are also presented in this section. In section 3, the methods employed-applied for

model set up and calibration and the comparison protocol are presented. The last section consists in the results presentation

zone—and discussion presentation.

2 Model and data

2.1 The Marine flash-flood model

This section presents the base version of the MARINE model as proposed by Roux et al. (2011), together with the two evoluted
versions of the model implemented by Douinot et al. (2018) for soil processes description. The figure 1 summarizes the main
state variables and flux regarding soil processes for the three versions of MARINE.
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Figure 1. Summary of the main state variables and flux regarding soil processes for the three studied versions of MARINE: The Base Model
BM), the Subsurface Flow model (SSF) and the coupling of the SSF and the Deep Water Flow models (SSF-DWF). The two flux introduced
in the SSF-DWF are colored in red. Each column represents the soil column for one grid cell of the model. h stands for water height in the

soil layer and @ stands for SSD of the layer. For the SSF-DWF model, the sur f and deep subscripts are used to describe the upper soil layer

and the deep soil layer, respectively.

2.1.1 Base model (BM)

The MARINE model {Reux-et-al;2041)-s a distributed, physically-based-hydrological-medel-physically-based hydrological
model (Roux et al., 2011). MARINE consists of three main modules: first, precipitation is separated between surface runoff
and infiltration using the Green and Ampt model; then the subsurface flows are represented using an approximation of the
Darcy’s law; finally, the overland and river fluxes are simulated using the Saint-Venant equations simplified with kinematic
wave approximation. The connections between the model components are extensively described in Roux et al. (2011). Based
on sensitivity analyses of the model¢Garambois;2012), five parameters are calibrated in MARINE for the representation of the
soil and the surface: the multiplier coefficient for soil depth maps (C), the multiplier coefficient for the spatialized saturation
saturated hydraulic conductivity used in lateral flow modelling (Cs,) the multiplier coefficient for the spatialized hydraulic

conductivity at saturation that is used in infiltration modelling (Cl4,), and two friction coefficients for low and high-water

channels (Garambois, 2012).

2.1.2 The subsurface flow model (SSF)

This work uses the recent developments for the representation of the infiltration into the subsurface and the new twe-layer
two-layers soil model proposed by Douinot et al. (2018). These new models are integrated into PLATHYNES, the modeling
platform of the French Service for Flood Forecasting (SCHAPI). In the MARINE base model, the transfers through the sub-
surface are a function of the water height (h). However, Douinot et al. (2018) shows that expressing the subsurface flows as

function of the velumie-seil-water-eontent-soil saturation degree (6) of the cell instead of its water height appears to be a more
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appropriate choice to represent the activation of preferential paths. Thus, Douinot et al. (2018) define a new subsurface flow

model (SSF) where the lateral flows are expressed as a function of the volumie-seil-waterecontent-saturation degree of the cell.
2.1.3 The two soil layers model (SSF-DWF)

In the soil model initially implemented in MARINE (base model, see section 2.1.1), the soil is represented by a single layer.
Douinot et al. (2018) proposes a version of the soil model for which two soil layers are defined: the so-called deep water flow
model (DWF). With the DWF soil model, the soil column is subdivided by two layers which represent the "upper soil’ part and
the *weathered rock’ part of the soil. This subdivision involves the definition of two new flows, in addition to the lateral flow
in the upper soil to represent 1) the flows between the cells and the flows towards the drainage network in the weathered rock,
Qaeep(Paeep) and 2) the vertical infiltration flow, from the "upper soil” layer to the *weathered rock’ layer Osyrs, b

In this DWF model, the depth of the upper layer is equal to the soil depth provided by the soil data-base-database and the deep

layer has an uniform depth over the catchment. The deep layer depth is calibrated for each catchment.

The two hypetheses-developments made for the SSF and the DWF models can be merged to create the SSF-DWF model for
the subsurface flow representation in MARINE: in the SSF-DWF model, the soil column is separated into two layers. Vertical
and lateral transfers in the upper soil layer are described as a function of velimie-sott-meisturethe soil saturation degree . In
the SSF-DWE, the flows in the deep layer remains-is defined as a function of the water height in the deep layer. The integration
of the SSF-DWF model in MARINE necessarily implies the calibration of two additional parameters: 1) the ratio between of
the hydraulic conductivity at saturation for the upper soil layer and for the deep layer; 2) the uniform depth of the deep layer.
Extensive descriptions of the DWF, the SSF and the SSF-DWF model *s-physics and parametrization are presented in Douinot

et al. (2018). The above-named acronyms are consistent with the ones used by Douinot et al. (2018).
2.2 Studied cases
2.2.1 The Ardeche at Vogue and the Orbieu at Lagrasse catchments

In this work, the study case is performed over two catchments located in the South of France, particulary-submitted-particularl
prone to flash flood events: the Ardeche river at Vogue and the Orbieu river at Lagrasse. These two catchments have been
selected for this study because i) numerous flash flood events have been inventoried over the last decade over these catchments

(Gaume et al., 2009) and ii) ene-SMOSMANIA-station(Calvetet-al5-2007)-4s-SMOSMANIA stations are installed since 2006

within-each-of-inside these catchments for real-time superficial soil meisture-water content measurements (see section 2.3.4)

Calvet et al., 2007).

Figure 2 presents the geographic situation of these two catchments. The digital elevation model (DEM) from the French
Geographic Institute FGNIGN-BD Topo©, www.geoservices.ign.fr) at the 25-m resolution is considered in this work. The

pedological information is taken from the French national institute for agronomic research (INRA) soil data-base-database for
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the Ardeche and Languedoc-Roussillon regions (Robbez-Masson et al., 2000). The land cover information is taken from the
Corine Land Cover 2006 data-base-database (Aune-Lundberg and Strand, 2010).

The Ardeche catchment (622 km?, from 193 m.a.s.l. to 1347 m.a.s.1.) is located in the Cevennes region, exposed to intense
precipitation events due to the convection of humid sea air masses over the Cevennes mountain slopes. The Orbieu catchment
(236 km?, from 135 m.a.s.1. to 807 m.a.s.L.) is also exposed to Mediterranean extreme events, in-particatar-with-for example the
dramatic flood event of October 2018. The Ardeche catchment presents a mixed geology, globally with metamorphic rocks and
schists on the upper part of the catchment and sedimentary plains downstream (source: www.infoterre.brgm.fr). The land cover
for the Ardeche catchment is mainly mixed forest, natural grasslands and shrubs. The Orbieu catchment consist in a sedimentary
area, mainly covered by arable land. Both catchments are little anthropized. The soil is 27 cm deep on average for the Ardeche
catchment, with depths between 5 cm and 50 cm, and 37 cm deep on average for the Orbieu catchment, with depths between
shallow and 73 cm. The soil texture is mainly sandy-loam for the Ardeche catchment, with silt deposits downstream and it is
mainly silt and silty-loam for the Orbieu catchment. Extensive geomorphological descriptions of these two catchments can be

in Adamovic et al. (2016); Douinot et al. (2018)

found i

‘Ardéche basin at
| Vogiie - 622 km?
e g

Orbieu basin at
Lagrasse - 236 km?

.
Q SMOSMANIA stations

ADES stations

Figure 2. The two studied catchments located in the South of France: the Ardeche river at Vogue and the Orbieu river at Lagrasse. Mon-
itoring networks: soil meisture-water content (SMOSMANIA network stations) and the national groundwater ADES network stations

(www.ades.eaufrance.fr).



190

195

200

205

210

215

2.2.2 The studied events

In this work, the ANTILOPE quantitatives—quantitative precipitation estimates (QPE) (Champeatx-et-al;2609)-are used for
precipitation estimation (Champeaux et al., 2009). The ANTILOPE-QPE are based on a fusion between the radar data pro-

vided by the operational radar network ARAMIS (Tabary, 2007) and the measurements at plaviemetersraingauges, spatialised
by kriggingkriging method. ANTILOPE-QPE precipitation are available en-the-at hourly time step ;—at-the-kilometric-and
1 kmx1 km resolution. The critized observed discharges at the outlet of the two catchments are taken from the hydrometric

French database (www.hydro.eaufrance.fr). Table 1 presents the characteristics of the studied eventevents.

Three flash flood events are considered for each catchments over the 2017-2019 period. This period is chosen because it
corresponds to the period of availability of the LDAS-Monde at fine scale (2.5 kmx2.5 km resolution and 3 hours time step)
(Bonan et al., 2020). The heterogeneity of the studied events has to be noted: for the Orbieu catchment, the extreme event of
October 2018 represents the historical maximum for this region, with well known dramatic damages to infrastructures and

populations. This flood has the particularity to be extremely fast, with about two hours between the precipitation peak and the

discharge peak at the Lagrasse station. A very specific pattern of precipitation occurred during this event. The precipitation
field was oriented along the main axis of the river, resulting in intense and devastating surface runoff (Caumont et al., 2020

. This response time appears to be faster than the response time regularly considered for this station (about 5 hours). On the
opposite, the two other events considered for the Orbieu catchment, in February and Mars-March 2017, represent relatively
small floods, with return periods of five years and two years, respectively. For the Ardeche catchment, the 2018 autumn has
the particularity to present a serie of intermediate flood events. For this period, the damages have-mainty-mainly have been
induced by the duration of the flooding period. Fer-During the event defined for-this-study—«(from November 2018, 22nd to
November 2018, 28thy, the precipitation amounts do not represent extreme value;-however, However, flood damages have been
noticed during this period. Consequenly, this event is considered as an important flood event. In addition, different hydrological
responses can by distinguished for spring or autumn seasons, due to different soil and vegetation conditions ;-or possible snow
contributionand-meteorological-antecedents. This variety in the structures of the six events considered for this study represents

both a robustness guaranty and a challenge for the modeling exercise.

2.3 Seil-Available soil moisture products-availabledata

The table 2 summarizes the five products compared in this work for soil moisture estimation: The SAFRAN-ISBA-MODCOU
(SIM) root zone saturation degree, the LDAS-Monde root zone soil water content, the CGLS Soil Water Index (SWI) and the
soil water content measurements provided by the SMOSMANIA network. For the LDAS-Monde and SMOSMANIA data, the
SSD s retrieve by dividing the soil water content values by its saturation value in the respective product.
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Table 1. The six events considered in this work for the Ardeche at Vogue and the Orbieu at Lagrasse catchments, with cumulated volume
(Precip.) and maximal intensity (I%),,) of ANTILOPE-QPE precipitation, maximal hourly observed discharge (Q2:.). The stars indicate
the return period of the flood: (*) for a 2-years, (**) for a 5-years, and (***) for a 100-years return period. The given dates and duration
are the ones considered for the hydrological simulations. S.MS. is the initial sei-metstare-SSD provided by the SAFRAN-ISBA-MODCOU

chain for the first day of the simulations, on average over the catchment.

Ardeche catchment Orbieu catchment

Event Ev 03 2018* Ev 112018** Ev042019* || Ev022017** Ev032017* Ev 102018***
Dates 09-20/03 22-28/11 23-29/04 10-18/02 23-28/03 14-19/10
Duration | 11days 6days 6days 8days 6days 4days
Precip. 170 mm 98 mm 146 mm 79 mm 58 mm 193 mm
I 11 mm.h™"  9mm.h™! 12mm.h~ || 5mm.h™! 7 mm.h~! 24 mm.h~*

obs 580m3.s7!  627mP.s™t 513misT! || 181m st 99m3sTt 448 mPsT!
SMS. 57.62 % 62.69 % 50.81 % 55.5% 53.8 % 47.83 %

Table 2. Summary of the five products compared in this work for soil moisture estimation: the provided variable: SSD (SS), Soil water

content (WC) and Soil water content at saturation (WSAT) or Soil Wetness Index (SWI); the spatial and temporal resolution of the product
and the data source or the model used to obtain the product.

Shortname ~ Variable ~ Spatialresol. = Timestep Depth Data source or model
LDAS-Monde ~ WCWSAT 2.5 km 3hours  0-40cm 15BA-a-gs+assimilation.
MARINE SS 200mor250m  Lhour  calibrated MARINE
SMOSMANIA -~ WC, WSAT  local point Lhour  Sem, 10cm, 20cm, 30cm  Measurements

SWICGLS  SWI Lkm daily  Surface Sentinel-1, MetOp/ASCAT

2.3.1 The SAFRAN-ISBA-MODCOU products

The SAFRAN-ISBA-MODCOU operational modeling chain (SIM) (Habets-et-al52008)-uses the ISBA surface scheme, cou-
pled with the MODCOU hydrological model for underground flows and forced by the SAFRAN atmospheric reanalysis
(Habets et al., 2008). SIM outputs are available since 1958, on an hourly basis, on a regular mesh at the 8-km resolution.
In particular, SIM provides moisture-data-volumetric soil water content for the root layer of the soil. This work uses the outputs
of two available versions of SIM: 1) SIM1, which uses the force-restore version of ISBA, ISBA-3L (Noilhan and Planton,
1989; Noilhan and Mahfouf, 1996); and 2) SIM2, which uses the diffusive version of ISBA, ISBA-DIFPecharme-et-al-204H)
, with a vertical soil column discretization into a maximum of 14 layers (Decharme et al., 2011). In ISBA-3L, the root zone
motstire-corresponds to the humidity-ofthe-second soil layer. In ISBA-DIF, the humidity-water content of the root zone is
considered as the sum of the humidities-water content of the ISBA-DIF layers between 10 cm and 30 cm deep for this specific
study. The daily soil humidities-water content of SIM correspond to the value at 06 UTC each day. In-this-werk;thereot-zone



230 moistare-The SIM1 and the SIM2 chains provide both the volumetric soil water content and the soil water content at saturation

for the root zone. The SSD of the root zone (i.e. the volumetric soil water content divided by its value at saturation) is directl
rovided by the SCHAPI for this work. The root zone SSD provided by the SIM1 product is used for the initialization of

the soil-saturation-SSD in MARINE, as it is the product used by Deuinet26+6)-Douinot et al. (2018) and Garambois (2012)
to calibrate the MARINE model. The SIM2 seil-meisture-data-SSD is compared to the MARINE-soil-meisture-outputsSSD
235 simulated with MARINE.

2.3.2 The LDAS-Monde product

LDAS-Monde (Atbergelet-al;2647)-s a data-assimilation framework that assimilates satellite derived data into the ISBA land
surface model (Albergel et al., 2017). It uses the ISBA-A-gs (Calvetet-al-1998)model, the COz-responsive version of ISBA

Calvet et al., 1998). ISBA-A-gs allows to simulate photosynthesis and fluxes of CO-. The diffusive version of ISBA (ISBA-
240 DIF) is used. ISBA-A-gs-allows—to-simulate-photesynthesis-and-flaxesof-CO-—In addition, LDAS-Monde assimilates LAI

(Leaf Index Area) data provided by the European service Copernicus Global Land (CGLS), with a sequential assimilation
algorithm (Simplified Extended Kalman Filter). The contribution of the assimilation of satellite data for the simulation of
surface fluxes has been tested for various application cases, in particular over Europe and France by Fairbairn et al. (2017),
Leroux et al. (2018), Dewaele et al. (2017) and Barbu et al. (2011). In this work, the version of LDAS-Monde which uses
245 the AROME atmospheric model outputs for the atmospheric forcing of the model is used (Albergel et al., 2018; Bonan et al.,

2020). These AROME-forced outputs are available since July 2017, at the 2.5 kilometer resolution and at three-hour time steps.

250 their-main-characteristics.

255 CGLSSSM-CGLSSSMEor the two considered catchments, the soil column is discretized into 11 layers, with fixed depths. The
depth of the total soil column considered for LDAS-Monde is 300 cm for the two catchments. LDAS-Monde provide both the
soil water content and the maps of soil water content at saturation for each of this 11 layers. For each layer, the SSD is retrieved
by dividing its soil water content by the soil water content at saturation. The choice is made in this work to synthesize the eleven
LDAS-Monde layers as three average layers: the surface layer (average of layers 1 kmSentinel-+8%(Baver-Marsehatlinger et-al-2018a)
260 FHEMA-VHSRTHEM-EandSSMto J), the deep layer (average of layers 6 to 11). and the total layer (average of all the 11
layers). Thus, the surface layer represents depths from 0 cm to 40 cm and the deep layer represents depths from 40 cm to
300 cm. The SSD of the surface layer is noted H Usy, s and it is computed as the average of SSD of the layer 1 kmSentinel-+;

10
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mAME-WS MetOplASCAT3 % Porigo-etab2045-20475t0 5. The SSD of the deep layer is noted HU, and it is computed
as the average of SSD of the layer 6 to 11.

2.3.3 The CGLS Soil Water Index product

The Copernicus Global Land Service (CGLS) provides both-Surface-Seil-Meisture (SSM)-and-Soil Water Index (SWI) values
at the 1-km spatial resolution and at the daily time step (Bauer-Marschallinger et al., 2018a). The SWI product combines the
Sentinel-1/C-SAR band data and the MetOp/ASCAT data, in accordance with the algorithm presented by Bauer-Marschallinger
etal. (2018b i i i

data. In this work, the SWI values pro-
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presents a good data availability, despite some events being less covered than others (e.g. March 2018 or November 2018 over
the Orbieu catchment). In this product, the number of informative pixels per catchment for the studied cases is greater than
14% of the catchment area. Censequently+n-this-werkDespite the SWI variable is not directly commensurable with the SSD
variable, the CGLS SWI product is taken into account to perform the comparison with the soib-meoistare-dynamics of the SSD
simulated in MARINE. Nevertheless. this literature exploration-of-the data-available forsoilmoisture description-illus

2.3.4 The SMOSMANIA network

The SMOSMANIA project (Sei-Meisture-soil moisture Observing System Meteorological Automatic Network Integrated
Application, Calvet et al. (2007); Parrens et al. (2012)) provides soil moistire-water content measurements for 21 stations
of the automatic ground station network of Météo-France (the RADOME network), along a 400 km Mediterranean-Atlantic
transect in southwestern France. Each SMOSMANIA station is equipped with four ThetaProbes ML2X instruments forming
a soil profile at the depths 5, 10, 20, 30 cm. Volumetric soil meisture-water content is recorded at each depth and data are
transmitted each 15 minutes since 2006 for all the stations. Two stations are considered for this work: the Mouthoumet station,
located inside the Orbieu at Lagrasse catchment, and the Barnas station, located inside the Ardeche at Vogue catchment. For
these two stations, soil moisture profiles are available over the whole 2017-2019 period. The sensors calibrations are regularly
checked and the vertical variability of soil properties is taken into account for these calibrations. For each sensor, the SSD

is retrieved by dividing the measured soil water content by its value at saturation estimated at the location of the point of

measurement.

12



3 Methods

3.1 Comparison protocol

335 3.1.1 <Cheiee-oflayersfor-the LDAS-Meondesoil moisture

340

345

350

The SMOSMANIA observation network provides valuable information for the upper soil water content. However, itraises-the

355 issue-to-compare-pointmeasurementsto-scale differences exist between the point measurements and the gridded simulated soil
moisturewater content. Various strategies might be used to face this issue, among which averaging at a large time scale (Tram-

blay et al., 2010; Fuamba et al., 2019). In this study, considering the fast-evolving processes involved, we choose to maintain
the hourly time step for soil moisture analysis. The important spatial variability of the soil moisture is then taken into account
by spatial averaging the gridded simulated values around the measurement point. In order to consider equivalent surfaces for
360 the grids simulated in MARINE and provided by the LDAS-Monde and CGLS data, the MARINE seil-meoistare-SSD maps
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are averaged on a 1 km? area around the measurement point. In addition, the MARINE-drainage-network-is-execluded from
ion-among the MARINE grid cells, some are part of the river drainage
network. As the physics of the SSD in the drainage network i tth i i i
teads to-exelude 4-meshes-over 16 from -the-average area-forare not the same than over hillslope cells, the cells corresponding to
the MARINE drainage network are excluded from the 1 km? area around the measurement point, For the Ardeche catchment,
and-no-mesh-for4 drainage cells are excluded from the 16 cells around the measurement point. For the Orbieu catchment-—, no
drainage cells are located within I fm? around the measurement point, so no cells are excluded.

3.1.1 Indiees

Concerning the comparison between the MARINE simulation and LDAS-Monde, for the base and SSF models, which use a
one layer soil discretization, the MARINE SSD is compared to the H Usyy s values. For the SSE-DWE model, which uses a
two-layers soil discretization, the saturation degree of the MARINE upper layer is compared to LDAS-Monde /Uy, s values,
and the saturation degree of the MARINE deep layer is compared to the LDAS-Monde H Uge., values. The total average
LDAS-Monde layer is used for overall comparison. The behaviors of each of the 11 soil layers in LDAS-Monde are presented
in Appendix B.

3.2 Indices

The performance of the simulated discharges are-is estimated at the hourly time step through the usual Nash-Suteliffe Efficieney
Nash and Sutcliffe (1970) criteria (NSE) and also through the LNP index, defined by Roux et al. (2011) as in equation 1, where
Q°% (Q%:.) and Q*™™ (Q™ ) represent the (maximal) observed and simulated discharged, respectively;-ane-, Discharges

max max

are expressed in m>.s~1. 7% (resp. T5“™) is the time (in seconds) when the observed (resp. simulated) discharge reaches it

maximum value. Tconcentration ~(in seconds) is the concentration time of the catchment. The advantage of the LNP index is
to give equal weight to the NSE values (first term), to the peak value estimation (second term) and to the timing of the peak

simulation (third term). LNP appear to be a integrative criteria well-suited for flash flood modelling (Lovat et al., 2019).

D@ — Q)

1 - 1 | sim __ )obs | 1 | Tszm Tobs |
LNP=Z=. ( ot )+7.(17 mamObS max )+7(1 Z;)z;x max ) (1)
3 Z(Q?bs - Q;')bs)2 3 max 3 Tconcentratwn

The comparison of the sei-moisture-SSD simulated in MARINE and provided by LDAS-Monde is performed at the catch-
ment scale using the relative bias and the Kendall correlation over values averaged at the catchment scale. In addition, the
spatial dynamics of the simulated seil-meistare-SSD are quantified using the spatial moments ¢; and J, defined by Zoccatelli
et al. (2011). The §; and J> moments take into account the distance of each grid cell to the drainage network and they allow to

represent both the overall location of the soil-meoistare-SSD field with respect to the outlet and the number of modes (i.e con-
centration points in this case) of the field. The exact formulation of the §; and - spatial moments as functions of the spatiall
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distributed field and of the distance to the river network can be found in equation 2 and equation 3 in Zoccatelli et al. (2011).

The closer of 1 are the §; values, the more eentred-centered around the centroid of the catchment is the field. Values of 6; lower
that 1 mean that the field get-gets closer from the outlet;-whereas-values-higher-that-. Values of ; higher than 1 characterize a
field overally located on the highest-areas-upstream part of the catchment. The closer of 1 are the d values, the more uniform
is the distribution of the field. Values of d, lower that 1 represent an unimodal distribution and-vataes-of the field. Values of
02 higher that 1 medetikely-represent a multimodal distribution. Despite being initially defined by Zoccatelli et al. (2011) to
characterize rainfall fields, the J; and d, moments also appear to be particularly relevant when applied to seil-moisture-SSD
fields.

3.3 Model set up
3.3.1 Parametrization and precipitation forcing

The MARINE model requires the definition of i) the digital elevation model (DEM), ii) soil survey data to compute the
hydraulic and storage properties of the soil and iii) land-use data to configure the surface roughness parameters. The IGN-25
m DEM is used in this work. The soil depths and soil texture maps are taken from the INRA soil data-base-database for the
Ardeche and Languedoc-Roussillon regions (Robbez-Masson et al., 2000). The parameters of the pedotransfer function are

computed based on the USDA soil classification (Spaargaren 1995). Land cover is prov1ded by the Corine Land Cover 2006

ationrdatabase

Aune-Lundberg and Strand, 2010). This study uses the calibration of MARINE provided by Garambois et al. (2015) for the
Orbieu catchment and a250-m-—reselation-by Douinot et al. (2018) for the Ardeche catchment. The medekeefﬁpﬂf&&eﬁﬂme

base model has been thoroughly tested over the last
ten years or so, including on the catchments studied in this work (Roux et al., 2011; Garambois, 2012; ?: Douinot et al., 2018
whereas the SSF-DWF model has just been developed. The model is set up over a regular mesh. The spatial resolutions

applied by Garambois et al. (2015) and Douinot et al. (2018) for the calibration are kept. For the Orbieu catchment, the spatial
resolution is 200 m and 250 m for the Ardeche catchment.The ANTILOPE QPE data are used as hourly precipitation input

for the MARINE model, available at the kilometric resolution. Despite the precipitation information is given at the hourl

time step, the sub-hourly processes are simulated using a 5 minutes computation time step and results are aggregated at the
hourly time step. Figure 3 presents the IGN-25 m DEM and the soil depth maps used for the two studied catchments. Table 3

presents the calibrated parameter values obtained for each catchment by Peuwinet(2646)-Douinot et al. (2018) and Garambois
et al. (2015) and used in this work.

3.3.2 Discharge simulation

Figure 4 presents the discharges at the outlets, simulated with MARINE using the base, the SSF or the SSF-DWF models
together with the observed discharges during the flood events. Table 4 presents the associated LNP and Nash Sutcliffe Efficiency
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Figure 3. The IGN-25 m DEM and soil depth maps from the INRA soil data-base-database used for MARINE parametrization for the two

studied catchments.

Table 3. Calibrations obtained by Peuirot(20+6)-Douinot et al. (2018) and Garambois et al. (2015) for the Orbieu at Lagrasse and Ardeche
at Vogue catchments: the multiplier coefficient for soil depth maps (C-), the multiplier coefficient for the spatialized sataration-saturated
hydraulic conductivity used in lateral flow modelling (Css) the multiplier coefficient for the spatialized hydraulic conductivity at saturation
that is used in infiltration modelling (Cjg4a), two friction coefficients for low and high-water channels (Cp1 and C'p2), and deep layer depth

for the SSE-DWF model (C4¢¢P).

Basin: Ardeche Orbieu

Calibration: Peuinot(264+6)-Douinot et al. (2018)  Garambois et al. (2015)
C. (-) 2.86 1.3

Crga  (—) 1.34 15

Chss (-) 3241 10000

Cpi  (m'3s7Y) 144 9.1

Cpe  (m'3.s71) 185 2

cdeer m 1.42 0.51

(NSE) performance criterias of the simulated discharges, referring to hourly observed discharges. The main effect of computing
the transfers through the subsurface as a function of the volumetric soil water content instead of the water height (SSF model) is
to flatten the overestimation of the simulated discharge during the flow rise, at the beginning of the events. This behavior will be

explained in the result section: there is no gradient of initial soil water content over the 8x8km-SEM-meshand-therefore-smaller
subsurface-contribution-8 km x 8§ km SIM mesh. Therefore, the contribution of the subsurface to the discharge at the beginning
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of the events is smaller in the SSF and SSF-DWF than in the base model. However, in the SSF-DWF model, this-dynamies-is
these dynamics are influenced by the contribution of the deep layer, itsel-mainly-which is controlled by the parametrization
of the thickness of this deep layer. Nevertheless, the calibrations of the three models clearly require to be improved in order
to better simulate the discharges at the outlets, in particular for the Orbieu catchment and for the SSF-DWF model. However,
since this paper focuses on comparing the soil-moisture-dynamie-SSD _dynamics simulation according to the soil physics

considered in the model, and considering that the variety in the structures of the considered events (see section 1) is a limit to

accuracy, the calibrations proposed by Douinot et al. (2018)
and Garambois et al. (2015) are directly applied to this work. As the SSF model doesn’t involved additional parameters

model p

the same calibration is used for the SSF and the base model, given by Douinot et al. (2018) for the Ardeche catchment and

Garambois et al. (2015) for the Orbieu catchment. The SSF-DWF model involves to also calibrate the depth of the deep layer.
Therefore, the calibrations of the SSF-DWF model performed by Douinot et al. (2018) for both the Orbieu and the Ardeche

catchment are used.

ardeche , Ev_03 2018 ardeche , Ev_04 2019
800 40 800 40
600 30 600 30
400 20 400 20
200 A " 10 200 10
0 0 0 0
10/03 12/03 14/03 16/03 18/03 20/03 25/04 27/04 29/04
— ardeche , Ev_11_2018 orbieu, Ev_02 2017 -
o D
o' 600 30 150 753
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Figure 4. Discharges at the outlets, simulated with MARINE using the base, the SSF and the SSF-DWF models, and observed discharges.
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Table 4. LNP and Nash Sutcliffe Efficiency (NSE) performance criterias for discharges simulation at the outlet for the six studied events
over the two catchments, for the base model (BM), the Subsurface Flow model (SSF) and the subsurface flow model coupled with the Dee
Water model (SSF-DWFmedets), referring to hourly observed discharges.

Ardeche catchment Orbieu catchment

Event Model LNP NSE Event Model LNP NSE
Ev032018 BM 0.79 0.57 Ev 022017 BM -0.36  -2.46
Ev 032018 SSF 0.63 0.24 Ev 022017 SSF 026 0.38
Ev 032018 SSF-DWF 049 0.09 Ev 022017 SSF-DWF -0.09 -1.28
Ev 042019 BM 058 -0.12 || Ev032017 BM -3.55  -11.27
Ev 042019 SSF 026 0.75 Ev 032017 SSF 025 0.23
Ev 042019 SSF-DWF 0.15 0.69 Ev 032017 SSF-DWF -1.62 -593
Ev 112018 BM 0.76  0.44 Ev 102018 BM -043  -2.28
Ev 112018 SSF 0.57 0.15 Ev 102018 SSF 026 -0.31
Ev 112018 SSF-DWF 0.73 -037 || Ev102018 SSF-DWF -0.19 -1.56

4 Results and discussions
4.1 Comparison at the point measurement scale

Figure 5 puts together i) the seil-meistare-SSD measurement at the four sensor depths for the Barnas (for the Ardeche catch-
ment) and the Mouthoumet (for the Orbieu catchment) SMOSMANIA stations; ii) the seil-moistare-SSD simulated with
MARINE, on average over a 1-km? area over the station location (see section 3.1.1). For the simulations using the SSF-DWF
soil model, the moisture of the surface layer is considered here; iii) the LDAS-Monde surface sei-moistire-SSD HU .,y for
the 2.5 kmx2.5 km grid cell that contains the SMOSMANIA station; iv) the CGLS SWI when available for the 1 kmx1 km
grid cell that contains the SMOSMANIA station for the Orbieu catchment. No CGLS SWI data are available for the grid cell
that contains the station for the Ardeche catchment. Table 5 provides the Kendall correlations associated with the hourly time
series presented en-in figure 5. The values in bold are the best correlation values between the SMOSMANIA measurements

and the MARINE outputs or the LDAS-MONDE HU s for each event.

Sett-motisture-The dynamics of soil saturation degree simulated with the base model significantly differs-differ from the sim-
ulations using the SSF and the SSF-DWF models: the soil layer empties faster with the base model, leading to a simulated seit

SD significantly lower than the SSF and SSF-DWF
models. Overally for the simulated events, the simulated setl-meisture-SSD and the SMOSMANIA measurements appears to

be better correlated when using the SSF-DWF model rater than the base model or the SSF model. The soil physics used in the
SSF-DWEFE, i.e. the use of the vohsmie-volumetric soil water content rate and the vertical discretization into two layers, allows

to enhance the soil-meisture-SSD simulation for the surface layer, with respect to in-situ measurements. This point will be
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developed by considering the catchment average of simulated seil-meisture-SSD in the next section.

In addition, the soil-moisture-simulated-for-the-surface-tayer-with-SSD output of the SSF-DWF is-globally-higher-than-for
the-two-other-model are generally larger than the output of the base and SSF models. This behavior can be explained by the

fact that, for the SSF-DWF model, soil-depths-the depths of the upper layer are taken from the INRA soil data-basedatabase,
whereas for the base model and SSF model, a multiplicative, calibrated coefficient superior-to-greater than 1 is applied. Con-
sequently, the depths considered for the surface layer are thinner in the SSF-DWF than in the base model and SSF model. The

saturation of the surface layer is then reached faster.

Besides, the LDAS-Monde HU,,, s appears to be globally satisfyingly correlated with the SMOSMANIA measurements,
with slightly different correlations for the four sensor depths. This shows that the dynamie-dynamics of the LDAS-Monde
HU,y,s variable is locally significant with in-situ surface soil-meoisture-SSD measurement. The reliability of the LDAS-
Monde HU,, s dynamicforsurfacesotbmoisture-dynamics for surface SSD description can thus be considered as satisfying.
On the contrary, the correlation between the daily CGLS SWI values and both the MARINE outputs and the SMOSMANIA
measurements appear to be low. However, a more extensive study of the validity of this product at the local scale would be

needed to draw further conclusions.

4.2 Comparison at the catchment scale

4.2.1 Water-eontent-of-thesurfacelayerCatchment average behavior

Figure 6 presents the soil motsture-saturation degree time series, on average per catchment, simulated with MARINE using the
base, the SSF or the SSF-DWF models, together with the catchment average of the LDAS-Monde HUy,,, ¢, the daily CGLS
SWI values and the daily SIM2 HU values (see section 2.3.1). When the SSF-DWF model is applied, the surface layer is con-
sidered here. Table 6 presents the Kendall correlations associated with the hourly times series. The same observations as for
the comparison at the local scale can be drawn: both the dynamics and the amplitudes of the setb-moistare-SSD simulated with
the base model significantly differ from the outputs of the two other models. When no precipitation happens, the soil drainage
in the base model is faster than for the SSF and the SSF-DWF models. In addition, the soil-meisture-SSD simulated with the
SSF-DWF model is globally higher than the one simulated with the SSF model, on average per catchment. The seil-moistare
SSD simulated with the SSF-DWF model appears to be better correlated with the LDAS-Monde H U,y time series, for four
of the six studied events. Considering that the dynamics of the LDAS-Monde HUs,,, s ts-are of satisfying accuracy (see section
4.1), the SSF-DWF model appear-appears to improve the simulation of the dynamics of the surface layer moisture, compared
to both the SSF and the base models. This results appears to be particularly reliable, since it is observed both a-at the point
measurement scale and at the catchment scale. It can be physically explained by the fact that, in the SSF and the SFF-DWF
models, the lateral transfers are computed as a function of the vetumie-volumetric soil water gradients, whereas in the base

model, they are computed as a function of the water height gradient. Indeed, since the water height gradient between two cells
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Figure 5. SMOSMANIA seil-meoistire-SSD measurement at the four sensor depths for the Barnas (Ardeche catchment) and the Mouthoumet
(Orbieu catchment) stations, together with the seit-meisture-SSD simulated with MARINE, the LDAS-Monde HUs.,s and the CGLS SWI
when available at the measurement point location. For the MARINE simulations using the SSF-DWF soil model, the moisture of the surface

layer is considered here.

depends on the slope between the cells and the cells textures, water height gradients are larger than vetumie-volumetric soil
water gradient when no precipitation happens. Consequently, lateral flows based on the water height gradients are larger than

lateral flows based on the velumie-volumetric soil water gradient.

On-overallQverall, the temporal dynamics of the CGLS SWI, in average per catchment is-are more consistent with the SSF
and SSF-DWF models outputs than with the base model output. In particular, for the events of February and March 2017 on the
Orbieu catchment, the sharp deereases-of-the-soil-meisture-decrease of the SSD simulated in the base model is not observed in
the CGLS SWI values. In addition, for the event of Nevembre-March 2018 on the Ardeche catchment, which is the longest of
the studied events, the dynamie-dynamics of the CGLS SWI is-very-are consistent with the sotbmeisture-SSD simulated with
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Table 5. Kendall correlations between Smosmania measurements at each depth and MARINE seil-meisture-SSD simulated with each soil
model or the LDAS-Monde HUsyry . The values in bold are the best correlations between the SMOSMANIA measurements and the
MARINE outputs or the LDAS-MONDE H U, s for each events.

Orbieu catchment Ardeche catchment
Soil model Depth | Ev022017 Ev 032017 Ev102018 | Ev112018 Ev032018 Ev 042019
Base 05cm 0.254 0.239 0.512 0.569 0.452 0.69
Base 10cm 0.193 0.24 0.499 0.617 0.41 0.695
Base 20cm 0.248 0.261 -0.65 0.617 0.457 0.693
Base 30cm 0.207 0.211 -0.625 0.631 0.493 0.694
SSF 05cm 0.457 0.76 0.354 0.476 0.122 0.368
SSF 10cm 0.486 0.777 0.44 0.507 0.161 0.40
SSF 20cm 0.518 0.736 -0.435 0.571 0.19 0.416
SSF 30cm 0.569 0.744 -0.391 0.573 0.208 0.447
SSF-DWF  05cm 0.488 0.83 0.303 0.622 0.379 0.808
SSF-DWF  10cm 0.518 0.839 0.331 0.646 0.404 0.843
SSF-DWF  20cm 0.544 0.808 -0.4 0.698 0.427 0.855
SSF-DWF  30cm 0.59 0.801 -0.342 0.665 0.436 0.846
HUgyry 05cm 0.826 0.909 0.748 0.67 0.25 0.766
HUgury 10cm 0.846 0.869 0.641 0.672 0.27 0.815
HUgury 20cm 0.841 0.88 -0.537 0.649 0.285 0.814
HUgury 30cm 0.779 0.819 -0.467 0.639 0.305 0.806

the SSF and SSF-DWF models. Likewise, catchment averages of the SIM2 HU values are also better correlated with the SSF
and SSF-DWF models outputs than with the base model output, despite the ranges of variation of the daily SIM2 HU values

are narrower than the range for the CGLS SWI values.

4.2.2 Spatial variabilit

Figure 7 presents maps of seil-moisture-SSD simulated with the base, the SSF and the SSF-DWF models, and the maps of
LDAS-Monde HUsy,, ¢, for the example of the event of November, 2018 on the Ardeche catchment. The daily products are
not presented here because the daily time step does not allow to represent the fast-evolving flood processes. Four time steps
of the simulation are considered: first time step of the run, one time step during the flow rise, the peak flow hour and one
time step in the flow decreasing. This example illustrates the results previously described: the saturation of the surface layer is
faster reached for the SSF-DWF model than in the others. In addition, the spatial pattern of the setl-meisture-SSD simulated
with MARINE appears to be consistent with LDAS-Monde HU,,,y maps. An-otherinteresting resultis-that-the-sot-motsture

—These results are also observed for the other
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events, not presented here.

Figures 8 and 9 present the J; and d spatial moments computed for the MARINE seitmeistare-SSD outputs, for the LDAS-
Monde HU,,,¢ and for the CGLS SWI at the daily time step. Since no lateral transfers are represented in the LDAS-Monde
and the CGLS SWI product, the MARINE drainage network is used to compute the spatial moments for both of them. The
distinction between the base model outputs and the SSF and SSF-DWF model outputs can still be made. The general behav-
ior of the §; spatial moment when computed on the seil-meistare-SSD is that the J; increases when precipitation happens

and then decreases at a variable rate. Indeed,

after a precipitation event. The &, time series obtained with both the SSF and the SSE-DWE models are significantly closer
simulated with the base model are globally closer from the outlet than with the SSF and the SSF-DWF models—This-can-be

explained-by-thefasteremptying-of-the-, that is to say that the propagation of the water throught the drainage network in the
upper soil layer in-is faster for the base model than in-the-other-two-models—Indeed;fasterlateral-transfersfrom-each—eell

8 downh elHead-to-soil-moisture-distribution-overally-higher-around-the-outlet-at-each-time-stepfor the SSF and the

SSF-DWF models. The analysis of the §; time series allows to quantify the impact of the calibration of lateral transfers on the

The general behavior of the d, spatial moment is that the §, decreases with precipitation, with seil-meistare-SSD fields more
centered around the area of maximum rainfall, and then increases with the spread of the soil-meisture-SSD fields along the
drainage network. The - values for the SSF and SSF-DWF models are globally closer to 1 than for the base model—tndeed;

sinee-the-soil-saturation—, that is to say that the SSD fields simulated with the SSF and SSF-DWF models are globally more

uniform than for with the base model. This can be explained by the fact that the SSD is globally higher for the SSF and
SSF-DWF models than for the base model (see figure 6), the difference between the seil-saturation-SSD and saturation in the

drainage network (i.e. 100%) is stronger for the base model than for the other two models. This leads to sei-meistare-SSD
fields more uniform for the SSF and SSF-DWF models than for the base model. This result is particularly observed for the

Orbieu catchment. The analysis of the d, time series allows to quantify the differences between one the one side, base model
and on the other side the SSF and the SSE-DWF models.

Both the ¢; and d2 spatial moments computed for the LDAS-Monde HU,,,, s are globally closer to 1 than when computed
for the MARINE outputs. Indeed since the spatial resolution is-of the LDAS-Monde H Uy, product is 2.5x2.5 km?, whereas
it is 200x200 m or 250x250 m for the MARINE simulations, the spatial variability of the LDAS-Monde H U,y is lower than
for the MARINE outputs. The ; and - spatial moments computed for the CGLS SWI are very close to 1, with tiny variations.
This can be explained not-enly-by-thespatial-resotutioncoarser-thanfor the MARINE-outputs-but-also-by-the important by the

facts that 1) the spatial resolution of the CGLS SWI grids is coarser than the MARINE resolution and ii) the amount of missing
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pixelin-this-data-seureepixels is important in the CGLS SWI product, in particular for the Ardeche catchment. The-computation

A 0 MOMER A he miohtne aad to A On

The analysis of the §; and Jo spatial moments provides an innovative way to assess the spatial variability of the SSD fields.
The reaction of the SSD fields to precipitation are quantified. The difference between the spatial repartition of the ouputs of
the base model on the one side and the SSF and SSF-DWF models on the other side, is highlighted.
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Figure 6. Seil-moisture-SSD time series, on average per catchment, simulated with MARINE using the base, the SSF or the SSF-DWF
models, and LDAS-Monde HUs.,,y and SWI CGLS values, in average per catchment.

Table 6. Kendall correlations between LDAS-Monde and MARINE seil-meistareSSD, on average per catchment, for each soil model.

Orbieu catchment Ardeche catchment
Soil model LDAS-Monde | Ev022017 Ev032017 Ev102018 | Ev112018 Ev032018 Ev 042019
Base HUgyry 0.092 0.19 0.647 0.642 0.534 0.623
SSF HUgyry 0.581 0.752 0.601 0.402 0.332 0.406
SSF-DWF HUgyry 0.6 0.867 0.59 0.512 0.647 0.724
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Figure 7. Maps of simulated seil-moistureSSD, for the example of the event of November, 2018 on the Ardeche catchment. MARINE
simulation output with the base, the SSF and the SSF-DWF models are presented, and also the LDAS-Monde H U,y maps. Four time steps
of the simulation are considered: first time step of the run, one time step during the flow rise, the peak flow hour and one time step in the flow

decreasing.

4.2.3 Water content of the deep layer

Figure 10 presents the seit-moisture-SSD simulated for the deep layer with the SSF-DWF model, together with the LDAS-

Monde HU e, time series, on average per catchment. Fhe-piezome evelsrecorded-at-the measurement point of the ADE

networkforeachecatchmentare-alsorepresented-on-this-figure-Table 7 presents the Kendall correlations between the SSF-DWF
deep layer moisture and the LDAS-Monde HU jcep.

For the Ardeche catchment, the simulated deep layer moisture is well correlated with the LDAS-Monde HU ey, With

Kendall correlations between 6.4% and 8.7%. This result enhance the reliability of the deep layer calibration in the SSF-DWF
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Figure 8. Time series of index 61 defined by Zoccatelli et al. (2011) for the six events, computed for the seil-meoistare-SSD outputs for the
BM, SSF and SSF-DWF models, and also for the LDAS-Monde H U, s variable and the CGLS SWI.

Table 7. Kendall correlations between LDAS-Monde and MARINE deep layer moisture for the SSF-DW model.

Orbieu catchment Ardeche catchment
Soil model LDAS-Monde | Ev022017 Ev032017 Ev102018 | Ev112018 Ev032018 Ev 042019
SSF-DWF HUgeep -0.401 -0.258 -0.005 0.757 0.642 0.869

Furthermorefor-the-events-over-For the Orbieu catchment, the simulated deep layer moisture appears not to be consistent
with the LDAS-Monde H Uy, in particular for the two events of February and March 2017. For the strong event of October
2018 on the Orbieu catchment, the sharp increasing of the deep soil-meoisture-SSD at the end of the rainfall event is observed
570 in both the SSF-DWF model and in the LDAS-Monde HU g, The-calibration-of-the-deep-layer-in-the- SSE-DWF-medel-for

O DA Monde
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Figure 9. Time series of index 62 defined by Zoccatelli et al. (2011) for the six events, computed for the seil-moistare-SSD outputs for the
BM, SSF and SSF-DWF models, and also for the LDAS-Monde H U, s variable and the CGLS SWI.
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For the Ardeche catchment, the good correlations between the LDAS-Monde HUge., and the deep layer moisture simu-

lated with the SSF-DWF model highlights the consistency of this model for this catchment, and it corroborates the results of
Douinot et al. (2018) which tend to show that this model is particularly suitable for discharge simulation in shale watershed.
Conversely, for the Orbieu catchment, the weak correlations between the LDAS-Monde HU ., and the SSF-DWF model

585 output corroborates the fact that this model seems less well suited for sedimentary catchments. These results illustrate the
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difficulty to represent the hydrological dynamie-dynamics of the deep soil layers, with limitation due to the lack of knowledge

concerning the physical description of the subsurface water storage (Martin et al., 2004; Maréchal et al., 2013; Vannier et al.,
2016).

The calibration of the deep layer in the SSE-DWFE model for the Orbieu catchment leads to an emptying of deep SSD faster
than for the LDAS-Monde H Ugec;, variable. The simulation of the deep layer water content strongly depends on the calibration
of the deep layer thickness, the deep layer porosity and the vertical and lateral hydraulic conductivities in the deep layer. In this
work, the vertical and lateral hydraulic conductivities of the deep layer are considered to be equal. Additional research regarding
the deep layer calibration should be led. In particular, the Height Above Nearest Drainage (HAND) method would offer the
opportunity to take into account the terrain physical characteristics in the deep layer parametrization (Nobre et al., 2011).
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Figure 10. SSD simulated for the deep layer with the SSF-DWF model, together with the LDAS-Monde H U, time series, on average per

catchment.
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The local comparison of the MARINE outputs for surface soil meisture-saturation with the SMOSMANIA measurements,
as well as the comparison at the basin scale with the gridded LDAS-Monde and CGLS data lead to the same conclusions:
soth-motstire-SSD simulated with the base model significantly differs from the simulations using the SSF and the SSF-DWF
models. When no precipitation happens, the soil layer empties faster with the base model, leading to a simulated seil-meistare
SSD significantly lower with the base model than with the two other models. This behavior can be physically explained by the
fact that, in the SSF and the SFF-DWF models, the lateral transfers are computed as a function of the velumie-yolumetric soil
water gradients, whereas in the base model, they are computed as a function of the water height gradient. Indeed, since the
water height gradient between two cells depends on the slope between the cells and the cells textures, water height gradients
are larger than velumie-volumetric soil water gradient when no precipitation happens. Consequently, lateral flows based on the
water height gradients are larger than lateral flows based on the velumie-volumetric soil water gradient. In addition, the dy-
namics as well as the amplitudes of the sot-metsture-SSD simulated in the SSF model and for the upper layer in the SSF-DWF
model are better correlated with both the SMOSMANIA measurements and the LDAS-Monde data than the outputs of the base
model. Considering that the dynamics of the LDAS-Monde HU,,, s is-are of satisfying accuracy, this assessment leads to the
conclusion that the SSF-DWF model improves the simulation of the dynamics of the surface layer moisture, compared to both
the SSF and the base models. This results appears to be particularly reliable, since it is observed both a the point measurement

scale and at the catchment scale.

In the SSF-DWF model, the simulation of the moisture in the deep layer is also compared to LDAS-Monde moisture data
provided for deeper layers;-as-well-asltocal-ptezometrie-measurements-avatlable-for-each-eatehment. However, the simulation
of the deep layer water content strongly depends on the calibration of the deep layer thickness, the deep layer porosity and the
vertical and lateral hydraulic conductivities in the deep layer. These results illustrate the difficulty to represent the hydrological

dynamie-dynamics of the deep soil layers, with limitation due to the lack of knowledge concerning the physical description

of the subsurface water storage. Further conclusions concerning the simulation of deep soil-meisture-SSD would then require

an extensive work to enhance the parametrization of the deep layer in the SSF-DWF model Jnparticularthe Height Abeve

In conclusion, this work exposes that enhancing-the-degree-of refinement-computing the infiltration flow as a function of

saturation degree instead of the water height in the MARINE model
appears-to-enhanee-the-upper-enhance the soil moisture simulation during flash floods, with respect to both spatiatized-modet

outputs-and-satellite-based-data-local measurements and spatially distributed products.

the soil

Appendix A: Litterature review of available satellite derived products
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Various products derived from remote imagery are available for soil moisture estimation, at various spatial and temporal scales.

In particular, the relevance of five products is investigated for this study. Table A1 summarizes the investigated products and
665  their main characteristics.

Table Al. Investigated satellite derived soil moisture products and their main characteristics: data producer, provided variable -Soil Water
Index (SWI) or Superficial soil moisture (SSM), spatial resolution and the satellite imagery used.

Shortname Producer Variable  Spatial resol. Satellite source

CGLS SWIL  CGLS SWI 1km Sentinel-1, MetOp/ASCAT

CGLS SSM - CGLS SSM 1lkm Sentinel-1.

THEIA VHSR  THEIA-Land ~ SSM 1km Sentinel- 1, as-wet-as-with respeetto-toeatsoil- moisture measurements—Sentinel -2
SMOS-IC. INRA-CESBIO  SSM  25km SMOS L3

ESA CCl ESA SSM 25km AMEWS, MetOp/ASCAT

* The Copernicus Global Land Service (CGLS) provides both Surface soil moisture (SSM) and Soil Water Index (SWI)
values at the 1-km spatial resolution and at the daily time step (Bauer-Marschallinger et al., 2018a). The SWI product
combines the Sentinel-1/C-SAR band data and the MetOp/ASCAT data, in accordance with the algorithm presented by

670 Bauer-Marschallinger et al. (2018b), whereas the SSM product is derived from only the Sentinel-1/C-SAR band data.
In this work, the SWI values provided for the top 5 cm soil are considered. The uncertainties for the CGLS SSM are
computed by adding the different sources of uncertainty occurring in the product preparation and they represent about
8% of the SSM values. No uncertainties estimation is provided for the SWI product.

* The soil moisture with very high spatial resolution product (VHSR), provided by the THEIA-Land pole (www.theia-land.fr),
675 offers soil moisture maps with a 6-days frequency and at the sub-parcel scale on several sites in France, in Europe
and around the Mediterranean basin (El Hajj et al,, 2017). The THEIA-Land VHSR soil moisture product exploits the
Sentinel-1 radar and Sentinel-2 optical Copernicus image series, following a neural network signal inversion algorithm.
The extent of the two studied basins is covered by this product. However, the footprints of the images being variable
depending on the dates, the whole catchments are not covered for all dates. The amount of gaps in this product is

680 significant: only 12 images are available over the studied events. In particular, no data are available over the Ardeche
catchment for the studied dates.

* The SMOS-IC product provides daily SSM at the 25-km resolution (Fernandez-Moran et al., 2017). The SMOS-IC soil
moisture are derived from the SMOS satellite data, based on the algorithm presented by Wigneron et al. (2007). This
method uses the new calibrated values of the soil roughness and effective scattering albedo parameters presented by

685 Lietal. (2020). The uncertainties associated with the SMOS:IC product are estimated through the TB-RMSE index,
presented by Al-Yaari et al. (2019) and represent about 5% of the SMOS-IC SSM values.

30



690

695

700

705

710

715

¢ The ESA CCI product provides surface soil moisture datasets at daily temporal time step and 25 km spatial resolution. In
this product, the AMI-WS and MetOp/ASCAT/C-band data are merged with several radiometer soil moisture products
along the algorithm presented by Wagner et al. (2012). The uncertainties associated with the ESA CCI SSM product is

considered as the variance of the dataset, estimated through triple collocation analysis. Uncertainties represent about 3%
of the ESA CCI SSM values.

Figure Al jointly displays the catchment average for these products over the studied events. The impact of the spatial
resolution on the spatially averaged values can be clearly noticed. The coarse resolution (e.g. 25 km and 30 km resolution)
SMOSIC and ESA CCI soil moisture products appear to be overally lower than the products at the kilometric resolution
CGLS and THEIA-Land VHSR). In addition, the ESA CCI product is known to provide globally wetter SSM than the
SMOSIC product, as mentioned by Dong et al. (2020). However, it is to be noted that this products comparison is mainly
informative regarding the temporal dynamics of the products but their respective biases cannot be directly compared, mainly.

for two reasons: i) the compared variables are not necessarily commensurable (i.e. SSM and SWI

in each product for the SSM estimation might differ.

; 1i) the soil depth considered

Important discrepancies are observed in the temporal dynamics for the different products. Since the study area is rather
small, no validation of these products at the catchment scale is available and the relatively low uncertainties estimates provided
by the reference publications do not allow to explain these differences. As no particular temporal behavior can be distinguished
among the five product, the choice has been done for this work to particularly focus on the product presenting the best data
availability and the finest spatial resolution. For the SMOS-IC and the THEIA-Land VHSR products, and also for the CGLS
SSM products, too many values are missing for these data sources to be reliably used. On the contrary, the CGLS SWI product
presents a good data availability, despite some events being less covered than others (e.g. March 2018 or November 2018
over the Orbieu catchment). In this product, the number of informative pixels per catchment for the studied cases is greater
than_14% of the catchment area. Consequently, in this work, the CGLS SWI product is taken into account to_perform the
comparison with the soil moisture simulated in MARINE. Nevertheless, this literature exploration of the data available for soil
moisture description illustrates the difficulty to estimate surface soil moisture based on satellite data at small catchment scales
(2 100km?).

Appendix B: Choice of layers for the LDAS-Monde soil moisture

Figure B1 presents the spatial average of the soil moisture, for each catchment and for each of the eleven soil layers described
in_the LDAS-Monde product. Two behaviors can be distinguished for the different layers: for the five superficial layers,
the response of the soil moisture to precipitation is fast, with important amplitudes; for the deeper layer, the response to
precipitation is slower and the amplitude ranges are narrower. Moreover, the diurnal cycle of solar radiation significantly
influences up to the fifth layer, i.e. up to 40 cm deep. In addition, over the two studied catchments, the spatial patterns of
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Figure Al. Daily values of Surface soil moisture (SSM) or Soil Water Index (SWI) provided by the CGLS, SMOS-IC, THEIA-Land VHSR
and ESA CCI products (left axis), along with associated ANTILOPE precipitation (right axis),on average over the two studied catchments

during the six simulated events.

soil moisture are similar for the eleven layers. Indeed, the spatial distribution of soil moisture is mainly controlled by the soil

texture, which is considered as vertically uniform in the ISBA-A-gs model.
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