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Abstract. This paper presents a coupled observation anddown and bottom-up approaches are combined and the mod-
modelling strategy aiming at improving the understanding ofels are used as “hypothesis testing” tools by coupling model
processes triggering flash floods. This strategy is illustratedievelopment with data analyses in order to incrementally
for the Mediterranean area using two French catchmentgvaluate the validity of model hypotheses. The paper first
(Gard and Ardéche) larger than 2000%rThe approach is presents the rationale behind the experimental set-up and
based on the monitoring of nested spatial scales: (1) the hillsthe instrumentation itself. Second, we discuss the associated
lope scale, where processes influencing the runoff generatiomodelling strategy. Results illustrate the potential of the ap-
and its concentration can be tackled; (2) the small to mediunproach in advancing our understanding of flash flood pro-
catchment scale (1-100 Ky where the impact of the net- cesses on various scales.

work structure and of the spatial variability of rainfall, land-
scape and initial soil moisture can be quantified; (3) the larger

scale (100—1000 kf), where the river routing and flooding

processes become important. These observations are part &f Introduction

the HyMeX (HYdrological cycle in the Mediterranean EX-

periment) enhanced observation period (EOP), which will The Mediterranean area is prone to intense rainfall events,
last 4 years (2012—2015). In terms of hydrological modelling, Sometimes triggering flash floods that may have dramatic
the objective is to set up regional-scale models, while ad-consequences (e.Buin et al, 2008. Although several stud-
dressing small and generally ungauged catchments, whickes have addressed flash floods, understanding the processes

represent the scale of interest for flood risk assessment. Togeading to them is still an active research question. Before
any further analysis, it is necessary to define what a flash

Published by Copernicus Publications on behalf of the European Geosciences Union.



3734 I. Braud et al.: Multi-scale observation and modelling for flash flood understanding

flood is.Gaume et al(2009) cite an IAHS-UNESCO-WMO  on the conditions, one or several factors can impact the hy-
(1974) definition of flash floods: “sudden floods with high drological response significantly. As a consequence, the pre-
peak discharges, produced by severe thunderstorms that adéctability of such events remains low. In addition, this pre-
generally of limited areal extent”, which is quite vague. In dictability is lowered by a high non-linearity in the hydrolog-
a further study compiling flash flood data across Europe,ical response related to threshold effe®egger et a].2012
Gaume et al(2009 write “...extreme flood events induced and structured heterogeneity on all sca@$$chl and Zehe
by severe stationary storms have been considered as flag005.
floods..”. They underline that flash floods are generally as- Thus, assessing flash flood susceptibility and under-
sociated with intense rainfall exceeding 100 mm in a fewstanding flash flood processes further require a multi-scale
hours and affecting limiting areas (see aBmuvinet and De-  and cross-combined hydrometeorological approach. Further-
lahaye 2010. Nevertheless, they also point out that the gen-more, it is necessary to transfer the knowledge acquired on
erating rainfall can also be long-lasting rainfall (about 24 h a given scale to another scale, the so-called change-of-scale
with moderate intensities but leading to accumulative rain-problem Bléschl and Sivapalgnl995 Sivapalan 20033.
fall of several hundreds of millimetres), which is quite spe- Additionally, to assess the risk everywhere, it is necessary
cific to the Mediterranean region (e.Delrieu et al, 2005. to provide reliable hydrological simulations and predictions
In terms of magnitudeGaume et al(2009 show that their  in ungauged basins (the PUB problem, Saeapalan2003a
European flash floods sample was characterized by specifieirachowitz et al.2013 and on various scales (from a few
peak discharges ranging from about 0.5 to &&mt km=2.  km? to 1000 kn?). Kirchner (200§ advocates field experi-
In the following, we retain the following criteria for the defi- ments specifically designed to address the change-of-scale
nition of a flash flood. The rise of the hydrographs should beproblem in order “to get the right answer for the right rea-
very short (a few hours or less for catchments of 1-109 km sons” Klemes 1986 Grayson et a).1992. The strategy is
and less than 24 h for catchments of about 1008)kifo be based on nested catchments, allowing the sampling of spatial
considered as flash floods, the events must also have a signilteterogeneity on all scaleSiyapalan2003h. Examples of
icant peak discharge, larger than 0.3sn' km=2 . the use of this strategy are the CUASHI initiativeeed et al.
Such flash flood events are characterized by time- an®006 and the AMMA project [ebel et al, 2009.
space scales that conventional measurement networks are notThis study builds on these recommendations and is fo-
always able to sampleCgeutin and Borga2003 Kirchner, cused on the monitoring, understanding and modelling of
2006. In addition, flash floods are locally rare events, so theyflash floods in the Mediterranean context. It contributes to
are difficult to capture by field-based experimenBorga  the enhanced observation period of the HyMeX (HYdrologi-
etal, 2008. Borga et al(2008 recommend the use of event- cal cycle in Mediterranean Experiment) prograbrdgbinski
based and opportunistic observations, in particular post-floocet al, 2014, the FloodScale projechttp://floodscale.irstea.
surveys, to try to understand the processes leading to flasfi/) and the Cévennes-Vivarais Mediterranean Hydrome-
floods. A standardized method for post-flood field surveysteorological Observatory (OHM-C\attp://www.ohmcv.fr
was proposed bgaume and Borg2008 andMarchi etal.  Boudevillain et al. 2011). The two main scientific questions
(2009. During the HYDRATE EU project Borga et al, we are addressing are as follows:
2011, a significant effort was dedicated to the collection of o )
hydrometeorological data on flash floods in Europagme 1. How can we dogument the var|ab|I.|ty from the h|llslope
et al, 2009 Marchi et al, 2010, leading to new insights into scale to the regional scale of active hydrological pro-
flash flood characteristic86rga et al. 2011). Spatial and cesses between and during flash floods ?
temporal rainfall variability, landscape characteristics and
soil humidity are recognized as important influential factors
in flash flood generatiorBrga et al.2010. Several authors
(Sangati et a).2009 Anquetin et al. 201Q Viglione et al, To address these questions, the study relies on the collec-
2010a b) proposed methods to determine the characteristion of new data on flash flood and hydrological processes
tic spatial and temporal scales of the processes leading ton all scales and their corresponding hydrological mod-
flash floodsBorga et al (2008 andBouilloud et al.(2010 elling. The experimental set-up relies on multi-scale (nested
showed that it is essential to use high-resolution space-timsub-catchments) field-based observations, covering the re-
rainfall fields provided by weather radars to properly anal-gional scale (two catchments of about 200Fkntomple-
yse and understand flash floods. Others showed the impomented with opportunistic measurements during high, in-
tance of topographyNorbiato et al. 2009, geology, soils  tense rainfall events affecting those catchments. The oppor-
(Anquetin et al.201Q Braud et al.201Q Martin, 2010 and  tunistic measurements are conducted during special observa-
initial soil moisture Borga et al.2007 Le Lay and Saulnier  tion periods (SOPSs) in autumn, in particular during HyMeX
2007 Gaume et a).2009 Tramblay et al.2010 or the im-  SOP1 conducted in autumn 201Rucrocq et al. 2014).
pact of hydraulic routing within the river network and geo- The nested sub-catchments are representative of the vari-
morphological controlsBonnifait et al, 2009. Depending  ability of landscape conditions in the Mediterranean region.

2. How can we describe and simulate the corresponding
processes on the various scales?

Hydrol. Earth Syst. Sci., 18, 37333761, 2014 www.hydrol-earth-syst-sci.net/18/3733/2014/
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The multi-scale approach allows the documentation of active Temporal scle

small-scale processes and of how they aggregate on large
scales (Fig.l). The length of the experiment and the set-
ting of continuous measurements allow the documentatior
of “normal” catchment behaviour as well as “extreme” be-
haviour in order to capture potential threshold effects and/ol
abrupt changes in catchment functioning. From our experi-
ence (se®raud et al, 20143, the 4-year duration of the ex-

periment and the large area involved in the monitoring, en-
sures that significant events will be captured within the dura-
tion of the monitoring in at least one of the small catchments.
Long-term time series from operational networks are also
collected and analysed to get information about hydrological

10 years
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processes over longer timescales. Finally, an innovative mon
itoring strategy for flash floods, relying on recent progress
in instrumentation and sensors, is proposed, complemente..

by.OPpc.)rtumStlc m.elasuremgnts to document discharges anl%gure 1. Diagram showing the characteristic spatial scales of
soil m0|styre condltlpns during floods, as We”, qs to performthe processes considered in the study (black boxes, diagonal from
geochemistry sampling to trace back water origin. Data analyotiom left to top right) and the associated typical observation
ysis and models are combined in an iterative way (B)g. timescales; the required data characterizing the catchments physi-
to increase our process understanding and modelling capaal properties for each scale (purple box, top left); the modelling
bility. In the particular case of flash floods, the collection of approaches (red box, bottom right). Interactions between scales and
new data is of paramount importance as flash floods are exthe question of how the change-of-scale problem is addressed are
pected to trigger previously unobserved behavio@srga shown with the blue arrows for the model meshing and orange ar-
etal, 2008. rows for the process representation. HRU means hydrological re-
This paper presents the multi-scale observation strategyPonse unit

for two large Mediterranean catchments in France (Sect. 2)
and the associated modelling approach (Sect. 3). Then th-
potential of this strategy is illustrated first using data analysis
and modelling results (Sect. 4) before drawing conclusions
and discussing perspectives (Sect. 5).

T T T T T T T T T 1
10 100 1000m®  0.01 01 1 10 100 1000km”

Spatial scale

Objectives: Process understanding, role of various factors on the
hydrological response (soils, vegetation, land use, networks, etc)
Various investigation scales: from the hillslope to the larger catchments

4

Data analysis and derivation of the catchment perceptual
models

= Set-up of dedicated models representing the landscape
heterogeneity at the target scale, based on the current
knowledge and available data

= Use of the models in a hypothesis testing framework

2 The multi-scale observation set-up

2.1 Introduction

Results analysis: é@mparison between
model outputs and observations and
analysis of the discfepancies
—=Problems with the parameters
specification?

=Problems with the process
representation?

Model evolution

=Improvement of input data and
parameters

—=Change in process representation
=Addition of new processes to the

model
=Processes not taken into account?

= &

Figure 2. Proposed iterative approach combining observation and

The experimental set-up focuses on two pilot sites in France
the Gard and the Ardeche catchments (Bjgwhich belong
to the OHM-CV network.

The observation strategy relies on nested-catchments in
strumentation (mostly continuous over the 4-year duration of
the experiment) covering the following spatial scales (Ejg.

New data collection
and analyses

1. the hillslope scale, where processes influencing runoft
generation and its concentration can be tackled,;

2. the small- to medium-catchment scale (1-106km modelling to advance our understanding of the processes and their
where the impact of network structure and of the spatialmodelling.
variability of rainfall, landscape and initial soil moisture
can be quantified;
, . remote-sensing data, lidar digital elevation models (DEMS),
3. the larger scale (100-1000 Bnwhere the river routing

etc.) complement the traditional measurements (rain gauges,
water level, soil moisture, etc). The set-up also favours the
Innovative observations (enhanced weather radar, discombination of various measurements on the same hill-
drometer networks, stream gauging using non-contact techslopes/catchments in order to enhance the potential for un-
niques, dense limnimeter networks, very high resolutionderstanding the active processes during and between floods.

and flooding processes become important.

www.hydrol-earth-syst-sci.net/18/3733/2014/ Hydrol. Earth Syst. Sci., 18, 37361, 2014
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2.2 Experimental set-up on the hillslope scale

Operational and research rain gauges|

Operational ARAMIS radars

Hillslope is recognized as the appropriate scale to assess
flow-generating processes. Recent papers show that, in a con-
text with sub-surface dominant flow, the long-term monitor-
ing of various hillslopes can lead to the emergence of new
concepts such as the “fill and spill” mechanisms, underly-
ing the role of bedrock micro-topography on runoff initiation,

HyMeX SOP1 radars

Discharge gauging stations
Operational
* Research

LS-PIV discharge gauging stations

Research catchments

o connection and propagatioiirbmp-van Meerveld and Mc-
e Donnell 2006 Anderson et a).2009 Graham et a}.2010).
Loy rse cchmerts Based on such a perceptual model, modelling studies using

25m IGN DTM
0
400
I 800
I 1200
I 1700

3-D models and virtual experimenté/éiler and McDonnel|l
2004 Herbst et al.2006 Fiori et al, 2007 Hopp and Mc-
Donnell 2009 James et al.2010 were used to assess the
major control on the hillslope response (slope, bedrock per-
T w e meability, soil depth, rainfall depth) or to derive new mod-
elling approaches (e.gtehmann et al(2007) based on per-
colation theory). The “fill and spill” concept and the associ-
ated sub-surface flow was found to apply in other locations

(2388kn?), are outlined by the bold black line. The small re- ' th€ world (Uchida et al. 2003 and could be relevant for
search catchments are shown with orange boundaries. The figurBart of the Cevennes'vwff:lrals region, which is our region of
also shows the operational rain gauge network, the operational anfiterest Cosgnde_y and Didon-Les¢d99Q Trambla_y etal.
research meteorological radar network, as well as the operationa#010. especially in the forested area and granite lithology. In

and research (standard and LS-PIV) discharge gauging stations. this region, infiltration and runoff field experiments (Ayral,
2005; Marchandise, 2007) showed that the infiltration capac-

ity of the topsoil was very high (a few hundreds of millime-
tres per hour) in the forested and granite lithology, gener-
ally excluding surface runoff as an active mechanism. These
experiments and modelling studieAnguetin et al. 201Q
Braud et al.2010 also raise questions about the impervious-
This site-based strategy is complemented with opportunishess of the bedrock, which is often assumed in models. For
tic measurements during floods. When trying to capture flaskschist lithology, on the field scale, Brunet et al. (2010) also
flood events in a given region, and especially in the threeshow the existence of soil saturation at the interface between
small catchments, it is important to have an idea of the likeli- the soil and the bedrock, but only ephemerally at the soil sur-
hood of observing above-threshold events during the 4-yeaface (e Bourgeois et a].2012. Other studies conducted in
duration of the experiment. The discharge time series at oucultivated areas (mainly vineyards) showed that surface Hor-
disposal are not long enough to perform the same kind ottonian runoff may also be a dominant mechanism in the study
study as the one proposed byutman and Karlingg2003. region Hébrard et al.2006 Nicolas 2010. Runoff studies
However, it is possible to use long series (1951-2003) ofbased on rainfall simulations and the analysis of in situ events
daily precipitation from three rain gauges located close toshowed that a process similar to the “fill and spill” mech-
the three small catchments as a proxy for this assessment. Wmism mentioned above can be encountered at the soil sur-
have computed the frequency with which large precipitationface, in relation to micro-topography and vegetatibiico-
events have been recorded by these three rain gauges, and flag, 2010. Of course, during an event, and according to the
probability of recording a value higher than 150 mm-i€.4 rainfall intensity or soil saturation, the dominant process can
and decreases t 0.2 for 200 mm (see details iBraud et  change. When rainfall intensities become very high, surface
al., 2014h. However, over the 4-year project duration, these runoff can be observed even in areas classified as “prone to
probabilities increase te: 0.9 and~ 0.5 respectively. The sub-surface runoff”. Rocks are sometimes encountered at the
likelihood of recording precipitation values above 150 mm is surface, which leads to surface runoff whatever the rainfall
therefore quite high over the project duration, which givesintensity.
hope that flood events will also be monitored on the three In the present study, the experimental set-up aims at char-
small catchments. acterizing the dominant processes during and between floods
In the following, we successively describe, for the various for different types of Mediterranean hillslopes, the final ob-
scales, the scientific questions addressed by the experimenjective being the definition of a hillslope typology, allowing a
(see also Figl) and the experimental set-up itself. Oppor- spatialization of the results to non-monitored catchments. For
tunistic data collection during floods is also described. this purpose, various hillslopes typical of the Mediterranean

Figure 3. Location and elevation map of the study area. The
two main catchments studied: Gard (20622kmand Ardeche

Hydrol. Earth Syst. Sci., 18, 37333761, 2014 www.hydrol-earth-syst-sci.net/18/3733/2014/
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Table 1. Hillslope experimental set-up.

Instrumented slopes Valescure (Gard) Tourgueille (Gard) Pradel/Gazel (Ardéche)
Slope characteristics Steep slopes, Steep slopes, Moderate slopes,
natural vegetation, natural vegetation, cultivated area (vineyard, pasture),
granite bedrock schist bedrock sedimentary clay limestone bedrock
Dominant processes Saturation-excess runoff, Saturation-excess runoff,  Surface flow on cultivated areas,
expected sub-surface flow sub-surface flow unknown in pastures or forests
Surface runoff None None One vineyard hillslope studied in
measurements Nicolas(2010; several fields tested
with new prototype of rainfall simulator
Soil moisture 20 soil moisture sensors Same as Valescure Continuous soil moisture at 10 (2),
measurements (10 points and 2 depths on 1 hillslope transect 20-25 (2) and 30-40 (1) cm
— 20, 40 cm) during 1 year in two vineyards, one piece of fallow land,
on 3 hillslope transects four pastures, two forests since May 2013
Sub-surface 2 different fields with natural  None None
flow measurements and artificial events
Soil topography 1m lidar DEM 1m lidar DEM 1m lidar DEM
Soil hydraulic properties  Infiltrometers Infiltrometers Infiltrometers, Beerkan tests
Soil depth and bedrock Perforation method Perforation method Perforation method
topography
Geophysical survey Electrical resistivity If possible Not scheduled yet
Landscape segments In detail with field work General field survey General field survey
analysis (pedology) and GiSnalysis and GIS analysis
Vegetation analysis In detail with field work Only general survey Only general survey
and VHR image analysis and VHR image analysis and VHR image analysis

* geographical information system.

environment in terms of spatial variability in soil depth, soil to the altered bedrock) to document the initial water deficit
hydraulic properties, pedology, vegetation and geomorpholat the beginning of a rain event. In addition, the long-term
ogy are selected and instrumented. We also explore the perariation of soil water content is of interest in order to as-
meability/imperviousness and storage capacity of the undersess topography and vegetation influence on soil moisture
lying altered bedrock. Soil moisture variations and the im- redistribution, as well as to document potential soil satura-
pact of topography and vegetation on pre-event initial soiltion. The sensors are left in place for 1 year to monitor the
moisture are also documented. The instrumented hillslopesvhole hydrological cycle, then dismantled and moved to an-
are located in three small catchments (Valescure, Tourgueillegther hillslope. The chosen duration relies on the hypothe-
Gazel), corresponding to different geologies (Tablend  sis that one hydrological year is enough to sample both dry
Fig. 3). Details on instrumentation and protocols are pro-and humid conditions and determine the response time of soil

vided below and summarized in Taldle moisture as well as the associated soil hydraulic properties.
Four transects have already been instrumented in the Vales-
2.2.1 Hillslope monitoring cure catchment(Figs. 3 and4a) with different lithologies

(granite, orthogneiss), aspects (east or west) and slopes (20—
In the Gard catchments, with granite or schist lithology and a40°). The fifth transect has just been installed in the Tour-
forest land cover, saturation excess is thought to be dominargueille catchment (Figs® and4b) on schist lithology.
(see above). For this type of dominant runoff process, the When the transect is dismantled, a geomorphology and
experimental set-up is the following. Several hillslopes arevegetation survey is performed along the transect using the
selected according to lithology, slope, aspect, vegetation antlandscape segments” methoéilleron, 1995 Morsche)
a transect from the bottom to the top of the slope is instru-
mented. In each transect, soil water content is measured con- Ihttp://mistrals.sedoo.fr/HyMeX/Parameter-search/
tinuously at 10 locations and 2 depths (20 cm and the closes?editDatsld=878&datsld=878&project_name=HyMeX

www.hydrol-earth-syst-sci.net/18/3733/2014/ Hydrol. Earth Syst. Sci., 18, 37361, 2014
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X Soil moisture transects
Rain measurements

2 A "
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Figure 4. Elevation map and instrumentation (@f) the Valescure catchment (3.9 Bn(b) the Tourgueille catchment (10 Kin the Gard
catchment.

Auzon (116 km2), Cladubgne (43 k) and Gazel (3.4 k') 1973 is used with a separate observation of horizontal struc-
ture, vegetation ground cover and vertical structure (in rela-
tion to interception). In addition, the main soil properties are
characterized along each transect, in order to assess mean
values and spatial variability. Particle size analysis, dry bulk
density measurements and infiltrometkafidervaere et al.
2000 provide the textural and hydraulic soil properties. Elec-
trical resistivity Brunet et al.2010 combined with mechan-
ical perforations is used to characterize the soil depth.
In the Gazel catchment (Ardeche catchment; see location
in Fig. 3), where infiltration excess runoff is thought to be the
dominant process (e.fylicolas 2010, the experiments focus
on the documentation of the soil infiltration capacity and ini-
tiation of ponded conditions at the surface. First, nine sites
J— , (see location in Fig5) with different land uses (two vine-
= - - - - ] yards, four pastures, one piece of fallow land, two small oak
S— E— woods) are selected. They have been equipped since April
Figure 5. Elevation map and instrumentation of the Gazel (2km 2013 with continuous soil m'0|sture measurements .at about
Claduégne (43kR) and Auzon (116kM) catchments in the 10,20 and 30-50cm depth, in order to document soil satura-
Ardéche catchment. The black rectangle shows the position of thdion. Second, specific field campaigns are conducted to doc-
zoom provided at the top left of the figure. ument the spatially distributed soil response times to rain-
fall: between rainfall onset and soil surface saturation (sig-

nature of soil surface properties and initial moisture condi-

o . tion), and between soil surface saturation and runoff (sig-
2006 to document the landscape organization and its geo- ) (sig

morphological dvnamics. in particular water pathw Thi nature of surface micro-topography). The idea is to find a
orphological dynamics, In particuar water patnways. Swayto rank various land uses in terms of infiltration capacity

?:)enths?: ::?q::alr?clselr]rlct'?::];\'/:n;lef xoiﬁ.ﬁ::?gga?'ts’ ;ﬁ%?f'and runoff generation while avoiding long time-consuming
: ucture igentirication). uidi lonal, quantita- i.-ation tests based on infiltrometers. For this purpose,
tive and spatialized description of the vegetatibagompte

LS-PIV dicharge gauging station

Water height, discharge, conductivity, temperature

*

Limnimeters CTD-Divers

]

Limnimeters mini-Divers

HyMeX SOP1 radars

<
Operational rain gauges
HPiconet rain gauges

A

Soil moisture sensors

*

Rainfall simulation location

]
Infiltration tests
"

Sub_catchments with limnimeters

Catchments boundary
=

Main river network
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a simplified rainfall simulator, called a “saturometer”, is pro- - Length (m) A 4
posed. As compared to previous rainfall simulator types, the ™1 rvses — 22T
water quantity needed to feed the apparatus is reduced and
can be fed with a manual pump. The size of the wetted sur:
face is about 1 rhand the rainfall intensity can range from 5
to 250 mm L. Instead of waiting for the permanent regime,
the time of ponding is determined visually. An analytical re-
lationship between ponding time and rainfall intensity is used
to derive estimates of hydraulic conductivity and capillary
sorptivity, according to equations proposedBugulier et al.
(1987. The saturometer was tested in 2013 in three fields
(see location in Fig5) (two vineyards and one pasture). It
will be moved to other fields in the coming years to sam-
ple additional land uses. More details about the saturometer
can be found ivandervaere et a{2014 andMalam(2014). Figure 6. Scheme of the experimental se_t_-up in the Foptot for 3
To complement the analysis, fields are monitored for ruI,]Of.rsyb-sun‘ace flow and bedrock permeability study based on artifi-

. . . . . ial and natural rainfall events. Th Vi mbin il moistur
and erosion using devices describedNicolas (2010 and cial and atural rainfall events. The device combines soil moisture
probes, piezometers, tensiometers, electrodes for electrical resistiv-
Grangeor(2012.

ity and salt injection in order to characterize both vertical and lateral
flows in the soil.

Soil moisture . . O

Piezometer H

Tensiometer

&}
Electrical ‘
resistivity |

bl

Salt injection

Soildepth (cm) 15

2.2.2 Characterization of sub-surface flow and bedrock

role
2.2.3 Data analysis and generalization

In the Gard catchment, an important issue is also to deterTo analyse water content time series from the transects,
mine the role of sub-surface runoff in flood generation, eitherinverse modelling based on the Richards equation is per-
by direct contribution to the flood volumes or by drainage of formed in order to retrieve the intrinsic soil properties fol-
the soils during inter-events, as well as the role of bedrocklowing methods derived frorhoew and Mause(2008 and

The experimental set-up combines various measurementd/olischldager et al(2009 (seelLe Bourgeois et al.2012.
(Buttle and McDonald2002 Joerin et al. 2005 Tromp-  The results are summarized in terms of spatial statistical dis-
van Meerveld et al.2007 Kientzler and Nagf2008 Gra-  tribution of soil characteristics for a given hillslope. These
ham et al. 2010 Burke and Kasahay2011): soil moisture  distributions are compared amongst hillslopes. Relationships
probes, piezometers, trench for sub-surface flow collectingbetween the statistical distributions of the hillslope proper-
sprinklers or upslope trench for water input and natural orties and the general features of the landscape such as slope,
chemical tracers (see Fig). One 10 plot (P1) was imple-  geomorphology and vegetation are studied (Alg.et al.,
mented in spring 2012 (see location in Hg) and was dis- 20123. These landscape features are used to provide a hill-
mantled in 2013 after recording four artificial rainfall events slope typology, based on the processing of very high reso-
and 20 natural ones. This first plot is characterized by a steefution images acquired in the small catchments: 1 m reso-
slope (about 4% and relatively deep soils (about 80 cm). The lution DEM (lidar data) and 0.5m resolution satellite im-
second one (P2) was installed in October 2013 in shalloweages (Quickbird and/or Pléiades images), leading to a hill-
soils (about 50 cm) and on a lower slope{R(Fig. 4a). The  slope typology relating soil moisture dynamics, infiltration
protocol was incrementally improved during the first events capacity, soil hydraulic properties, soil structure and vegeta-
and is now stabilized as follows. Two rainfall configurations tion to more easily measurable quantiti®ofsche| 2011).

can be applied: a homogeneous rainfall on the plot or a rainThe sub-surface flow field experiments, as well as the electri-
fall only at the top of the slope —in either case with a constantcal resistivity surveys, are analysed to understand water path-
intensity. Three piezometers are inserted into the soil and argvays within the topsoil and the underlying altered bedrock in
open only at the bottom to document possible saturation abrder to derive lateral flow velocity and test the relevance
the soil-bedrock interface. Close to the piezometers, two soibf the “fill and spill” mechanism. If possible, the altered
moisture probes and two tensiometers are installed at variousedrock storage capacity will be assessed. All the data ac-
depths as indicated in Fi@. Electrodes for the monitoring quired on the hillslope scale can be used to run detailed mod-
of electrical resistivity during the rainfall event are also in- els of hillslopes with different hypotheses about active pro-
stalled close to the piezometers. Finally, salt can be injecteadesses (e.d-roch et al, 2003 Weiler and McDonne}12004

in atrench at the top of the slope and the electrical conductiv2007 Graham and McDonnglR010 in order to verify the

ity is monitored in the piezometers and/or thanks to electricalconsistency between the observed and simulated water path-
resistivity. ways and fluxes.
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2.3 Experimental set-up on the small catchment scale In order to obtain high-resolution rainfall, relevant for the
interpretation of the hydrological response to flash floods on

On the small catchment scale, runoff coefficients are generg small scale (e.cCreutin and Borga2003), research radars

ally shown to decrease with increasing catchment size (e.gwere deployed during the autumn in 2012 and 2013 (and will

Braud et al. 2001, Cerdan et a).2004. In recent years, as hopefully be deployed in the autumn of 2014) (§aecrocq

for hillslope (e.g.Hopp and McDonnell2009, the concept et al.(2014) for details), in combination with high-resolution

of hydrologic connectivity has emerged as a unifying frame-rain gauge networks such as the HPiconet (seeFFig.

work for understanding the catchment behaviour on differ- The data will be used to set up and assess distributed hy-

ent scales further (e.¢mbroise 2004 Bracken and Croke  drological models, focusing mainly on lateral flow represen-

2007 Lexartza-Artza and Wainwrigh009. These papers tation and network connection (see Sect. 3.2). The models

distinguish the structural connectivity (which is static) from will be used in a hypothesis testing framewo{drk et al,

the functional connectivity which focuses on the role of var- 2011, Fenicia et al.2011) in an iterative way as shown in

ious objects in the landscape (e.g. ponds, buffer, change iig. 2, allowing a better understanding of active processes, in

slopes) in producing runoff, storing water or transferring particular an assessment of the relative importance of rainfall

it (Sivapalan 2003. Recent work has shown that dense and landscape spatial variability. Talipresents a synthesis

limnimeter networks combined with very-high-resolution li- of the experimental set-up. Further details are given below.

dar DEM provide valuable insight into the connectivity ques-

tion for headwater catchmentérécha) 2011 Maréchal 231 Nested discharge measurement network

etal, 2012 Sarrazin2012. Various types of reaches can be

identified. These can be artificialized reaches (such as ditchg, the Gard catchment, two small catchments are instru-

and roads) or natural reaches, either unchannelled or wellmented: the Valescure catchment, dominated by granite ge-
channelled. Each type of reach has a different impact on flowyogy and a forest cover (3.9 Bnwith five gauge$, and
continuity and velocity. The interpretation of such limnime- the Tourgueille catchment dominated with a schist geology
ters networks also requires a high spatial and temporal resoand a forest cover (10 ki with three gaugés(see details
lution of rainfall fields for a correct interpretation of the hy- jn Table 2 and Fig.4). The Avéne catchment (60 K) a

drological response (e.§arrazin 2012. . tributary of the Gardon d’Alés, has also been equipped with
The objectives of the experimental set-up in small t0three gaugés(Table2, Fig. 3). The Avéne represents other
medium catchments (1-100 Ryrare the following: lithologic and topographic conditions, combining karstic and

crystalline rocks upstream (wooded areas), thick carbonated

deposits and cultivated areas downstream. The nested sub-
atchments allow the separate monitoring of each typical

qpandscape, and in particular of a karstic sub-catchment. It

should be noted that, although karstic areas have been shown

to play an important role in the region (eDelrieu et al,

2005, they are not central to our experimental set-up. We

have chosen to rely on data collected in another observatory,

the Medyciss observatotyand the corresponding modelling

3. to compare effects of the intrinsic properties of the sub-Studies of the associated teams to address karstic areas (e.g.

catchments (soil properties, land use, geology, etc.), thé-oustau et %'2013-
initial condition (soil moisture) and the spatial and tem- [N the Ardéche catchment, three nested sub-catchments are

poral variability of rainfall on the rainfall-runoff rela- 9auged: the Gazel catchment (3.44nthe Claduégne catch-

tionships on different scales from the hillslope to the Ment (43 ki) with a water level plus a flow velocity senSor
medium catchment: and the Auzon catchment (116 Rnwith an image-based

LS-PIV system (large-scale particle image velocimetry; see
4. toidentify the hydrologically dominant processes in dif- the details in Sect. 2.4.2).
ferent medium catchments representative of the land-
scapes of the Mediterranean region and their character- 2http://mistrals.sedoo.friHyMeX/Parameter-search/

istic hydrological “signatures” (e.gsupta et al.2008;  7editDatsId=986&dats|d=986&project_name=HyMeX

: ; : . . 3http://mistrals.sedoo.frHyMeX/Parameter-search/
5. to provide a map of “hydrological functioning units”, ,ggitbatsid=987&datsld=987&project_name=HyMeX

1. to document, in small catchments, the transition be-
tween hillslopes and network and the role of gullies in
order to understand when and where runoff is produce
and becomes concentrated;

2. to assess the effect of spatial and temporal variability
of rainfall on the distributed hydrological responses in
small to medium catchments (1-100%m

also called “hydro-landscapesD¢hotin and Braud “4http://mistrals.sedoo.fr/HyMeX/Parameter-search/
200§ or “morphological functioning areas”DPu-  ?editDatsld=988&datsld=988&project_name=HyMeX
vinet et al, 2013, combining field observation, high- Shttp://mww.medycyss.org/

resolution GIS layers, lidar DEM and the hillslope ty-  Shttp://mistrals.sedoo.fr/HyMeX/Parameter-search/
pology mentioned earlier. ?editDatsld=993&dats|d=993&project_name=HyMeX
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For all these stations, it is necessary to gauge the river The collected data are useful for doing the following:
to establish the stage—discharge relationship. Traditional salt
dilution, current meter methods or hydroacoustic profilers
are used for low to medium discharges and for floods in
small streams only. When higher velocity and flow depth, o
as well as floating debris, are present, this presents a danger
to the operators and the sensors. This typically occurs during 3. measure the space and time connectivity to the perennial
floods in medium to large streams. In this case, modern non-  drainage network

intrusive methods, such as surface velocity radars (SVR) (see . )
Sect. 2.5.3), are deployed. 4. assess the relative importance of rainfall and landscape

spatial variability.

1. assess the runoff contribution to the intermittent
drainage network

detect emergence of runoff at the head of small basins

2.3.2 Limnimeter networks )
2.3.3 Geochemistry measurements

The objectives of the limnimeter networks are somewhat dif- _ . . i ]
ferent in the Valescure and Claduégne catchments. In th&any studies have shown an interest in using geochemical
Valescure catchment, the limnimeters and thermo-button@nalysis for the determination of the origin of water and the
(temperature sensors) are installed in the 0.8 Gartaou water pathways. For instance, inter-element ratios including
sub-catchment (Figia), mainly in the intermittent drainage B& ST, C&/Sr, SiG; concentration an#’Sr/®’Sr isotopic ra-
network with a drainage area of 0.01 to 0.3%rihe objec- tios are used for studying the relative contributions of soil
tive is to get a yes/no answer to the following question: isWater and groundwater to stream water discharge during in-
there water in the river reach and how long does it last? Fof€nse rainfall eventd.and etal, 2000 Iwagami et al.2010.
the thermo-buttons it is assumed that the water temperaturdvestigations of the spatial and temporal dynamics of dis-
is lower than the air temperature to detect such network actiSClved organic carbon (DOCHope et al. 1997 are used
vation. The automatic sensors network (time step of 2 min) ist® characterize the dominant runoff processes and origin of
complemented by field surveys aiming at mapping the extenWwater fluxes: rapid runoff, soil water (sub-surface flows) and

sion of the active drainage network before, during and afteldroundwater component€gsper et al2003. In this study,
a rainfall event. the spatial and temporal variability of the water stable iso-

In the Claduégne catchment (Ff), the limnimeter net-  OPes 61.80’ 3D) of the rainfall, stream, soil and groundwa-
work” has been set up on a larger scale with 11 limnimeterders at different t|mes_cales (seasonal down to intra-event) are
sampling sub-catchments of 0.17 to 2.2%mith variability ~ US€d to do the following:
in geology and land use. The sensors are installed mainly ;
in headwater sub-catchments where the landscape proper-
ties are homogeneous. The river reaches are also intermit-
tent. When possible, controlled sections are chosen to al- 2. study the evolution of the different reservoir contribu-
low the determination of stage—discharge relationships. The  tions during and after flood events.

Claduéegne catchment has been shown to be located in a re- o ) )
gion with a high gradient in annual rainfall (e.Nlolinié Opportunistic collection of samples of soil water, ground-
et al, 2012. In order to get high-resolution rainfall, the Wr?\ter and stream water is performed during and after intense
catchment is equipped with the HPicohdense network of rainfall eyents in the Valgscgre catchmgpt (see Sect. 2.5.2
rain gauges (10 gauges; see FBy. During autumn 2012 gnd Iocgtlon of samplers in Elga). In_addltlon, some gaug-
and 2013, the area was also covered with two research radaf8d stations are equipped with continuous measurements of
(Ducrocq et al.2014 Fig. 5). te_mperature and yvater electrical cqndgchwty (CTD—Dlvers;
In all these catchments, very high resolution (VHR) i- Figs. 4 and5), which can also provide interesting informa-

dar digital terrain model (DTM) and satellite images were tion about the division of runoff into surface, sub-surface and
acquired to accurately determine water pathways on hill-groundwater flow (e.gBirkinshaw and Web2010).

slop_es and the_lr cc_)nnectlvny with the drainage network2.3'4 Documentation of the surface hydraulic

(drainage density, distance from a reach), but also the con- roperties

nectivity between hillslopes and potential networks, and the brop
drainage network morphology (width, depth, etc.) (&gt-
razin, 2012. Detailed land cover maps are also being derived

identify the bedrock and soil reservoir dynamics during
base flow conditions

A field campaign aiming at documenting the variability of
surface hydraulic properties was conducted in May—June

from Pléiades or Quickbird images. 2012 in 17 fields in the Claduégne catchment (Bignd de-
Thttp://mistrals.sedoo.fr/HyMeX/Parameter-search/ tails in Fig. 7). They were selected from the cross-analysis

2editDatsld=994&dats|d=994&project_name=HyMeX of pedology, land cover and geology maps following the
8http://mistrals.sedoo.fr/HyMeX/Parameter-search/ method ofGonzalez-Sosa et &2010. The tested hypoth-

?editDatsld=656&dats|d=656&project_name=HyMeX esis is that land use has a major influence on the observed
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Table 2. Small to medium catchments monitoring. CTD-Divers measures conductivity, temperature and water pressure.

Catchments Valescure Tourgueille Avéne

Gazel/Claduégne/Auzon

Catchment
characteristics

Steep slopes,
natural vegetation,
granite bedrock

Steep slopes,

natural vegetation,
schist bedrock rocks; downstream
cultivated areas on thick

carbonated deposits

Upstream wooded areas
on karstic and crystalline

Moderate slopes,
cultivated area
(vineyard, pasture),

sedimentary clay
limestone bedrock

Dominant processes  Saturation-excess runoff, Saturation-excess runoff, Unknown

Surface flow on cultivated areas,

expected sub-surface flow sub-surface flow unknown on pastures or forests
Rain gauges five gauges and one disdrometer  two gauges and one disdrometer three gauges HPiconet on Gazel/Claduégne
Discharge gauging 0.3, 0.5, 0.6, 0.9, 3.%m 1,25, 10k 10, 21, 60 knd 3 (Gazel), 43 (Claduégne),
stations 116 (Auzon) kn?
Limnimeter 5 limnimeters, 18 thermo-buttons  None None 11 limnimeters (7 mini-Diver
network and survey of gullies during and 4 CTD-Divers) in
and after events in the Claduégne catchment
the 0.3 kn? sub-catchment
Geochemistry Sampling of rainfall, Continuous temperature None Continuous temperature and
soil and groundwater and conductivity conductivity (Gazel, Claduegne)
during events and continuous at the outlet and four limnimeters with electrical
conductivity at the outlet conductivity and temperature
Infiltration Performed during Collection of existing data Collection of 17 sampled fields using
tests hillslope monitoring existing data infiltrometers and Beerkan
DEM 1m lidar DEM 1m lidar DEM 1m lidar DEM 1m lidar DEM (Gazel, Claduégne),
25m DEM (Auzon)
Pedology Languedoc-Roussillon soil Languedoc-Roussillon Languedoc-Roussillon Ardeche soil database

database and landscape soil database soil database

segments locally

Vegetation map
(summer and winter)

Detailed land use map
based on Pléiades images

Detailed land use map
based on Pléiades images

Detailed land use map
based on Pléiades images

Detailed land use map

based on Quickbird images
(Gazel, Claduégne);

Landsat images (Auzon)

hydraulic properties rather than the soil texture. TWO type Srees i vanses o o mosure N
of infiltration tests were performed: positive head infiltration e s s s +
tests in 40 cm diameter cylinders (three replicates) and SUC - e taor
tion (—20 mm) infiltration tests using mini-disk iNfIltrOME- .ot s
ters 4.5 or 8 cm in diameter (Decagon Devices Inc., Pullman

WA) (zero to two replicates). The infiltration tests were com- 7 5
plemented with particle size data analysis, including coarse” »
fragments. The infiltration tests are analysed using-&mss- *

Field for infiltration tests and soil moisture measurements |

abatére et al2006 and theVandervaere et a(2000 meth- e e
ods to get more robust results. A comparison of in situ esti- 1

mates and various pedo-transfer functions is scheduled. Sp¢™™”**"

cial attention is paid to accounting for coarse fragmefisy =™

et al, 2002 and the impact of macropores in enhancing hy- et soncy

Microwave_Segment_Gazel

draulic conductivity close to saturation (eSchwartz et al.
2003 Gonzalez-Sosa et ak010.

0 500 1000 1500 2000

Figure 7. Location of soil moisture measurements during SOP1 in

2.3.5 Data analysis methods

) ) . filtration tests is also visible.
Various approaches are considered for analysing the spatial

and temporal patterns of the hydrological response at the dif-

the Gazel catchment. Detail of the location and land use of the in-

ferent scales. They have not been implemented yet as datet al, 2005 Gupta et al.2008 Coopersmith et 8l2012. For
collection is ongoing, but the aim is to highlight the main the small catchments, rising and falling limbs of limnimeter
factors controlling the catchment behaviour and signatureglata and transfer times of runoff will be analysed in relation
of the rainfall-runoff relationship across scald®eighley to rainfall characteristics and initial soil moisturgarazin
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2012. Sivapalan2003h andMcDonnell et al.(2010 point titative precipitation estimations (QPEsKifstetter et al,
out the interest of travel time distributions that are particu-201Q Delrieu et al, 20143. Results show that radar QPE
larly suited to the analysis of the limnimeter and lidar DTM quality is good over the entire region of interest in the case
data. They allow testing hypotheses about connected and uref deep convection but the “hydrologic visibility'Pgllarin
connected parts of the catchme8t(razin2012). et al, 2002 is rather poor in the mountainous part of the
For the rainfall/discharge data, several methods, summacévennes-Vivarais region both in the winter season and for
rizing the catchment behaviour, will be implemented, such aghe long-lasting shallow convective events of the autumn.
flow duration curves\{dzquez et a).2008 Willems, 2009, The latter events are less critical in terms of flash flood gener-
and recession analysis to derive storage—discharge relatiomtion due to their moderate intensities, but they produce large
ships Kirchner, 2009. Statistical approachedAlf et al., rainfall amounts (up to 100 mm in a few daysodart et al.
201Q 2012a b) can relate the hydrological response to ex- 2011 that increase the initial soil moisture. In order to im-
planatory variables that are representative of a scale (rainprove rainfall estimation, enhanced rainfall observation ca-
fall characteristics, lithology, land use, rainfall parameters,pabilities were deployed during the HyMeX SORAugrocq
initial soil moisture, soil properties, slope). Bayesian net- et al, 2014: 2 X-band Doppler-polarimetric radars, 2 non-
works (Maes et al.2007) as well as fractal analysis based coherent fast-scanning X-band radars, 23 disdrometers and a
on lidar DTM (Martin et al, 2014 are also tested for better number of additional rain gauges networks, which were in-
flash flood understanding. The analysis particularly focusestalled in the mountainous parts of the Ardéche and Gard wa-
on identifying whether the relationships between observedersheds (Fig3). Most of this additional set-up was operated
factors on one scale are identical on other scales and whetheluring autumn 2013 as well. This allows a unique reinforce-
fractal approaches can provide invariant descriptors whichment of the operational observation system and the possibil-

can be compared between catchmehtwi{ez et al.2017). ity to investigate rainfall variability on the very short spatial
and temporal scales relevant for the analysis of flash flood
2.4 Large catchments generation processes on all scales.

A rainfall reanalysis prototype was derived for year 2008
On this scale, the observation mainly relies on operationalDelrieu et al, 2013 and recently extended to the 2007-
networks and it is complemented by research observation2012 period. It relies on 5 min operational radar data and 1 h
during the EOP (enhanced observation period) (BjgOn rain gauges amounts. Rainfall fields are provided on a daily
this scale and at the lowest ones, one of the main objectivemescale and 1 kiresolution grid using kriging interpola-
is to improve the spatial and temporal resolution of rainfall tion for each single day of the year. For the most significant
fields and to quantify their uncertainty. For discharge mea-rain events, two additional products are provided:
surements, the objective is to improve the estimation of the
stage—discharge relationship, especially during high-water
conditions, using innovative non-intrusive methods, and to

quantify the discharge uncertaintyanq how it prppagatesinto 2. hourly rainfall amounts combining radar and rain
hydrographs or the water balance. Given the high space and gauges using kriging with external drift (KED) on

time variability of rainfall (e.gMolinié et al, 2012 associ- 1k resolution grids or hydrological meshes (sub-
ated with flash floods, accurate rainfall and discharge data catchments) from 5 to 300 K

are crucial to improving our understanding of the process
through data mining, as well as to obtaining accurate input A more detailed reanalysis will be performed for the
forcing and evaluation data for regional hydrological modelsHyMeX EOP (2012-2015) using the additional rain gauges

1. radar rainfall fields with a 5 min time step at 1 kmes-
olution grid

(Borga et al.2008 Bouilloud et al, 2010. and research radars, with a finer grid (100 m) and time
(15 min) resolutions.
2.4.1 Rainfall estimation For the quantification of rainfall uncertainty, two ap-

proaches are considered. The first one relies on a statistical
Since 2000, OHM-CV collects, critically analyses and per- analysis of rainfall errors
forms rainfall re-analyses with the data sets from the opera- . . ) )
tional rain gauge networks operated by Météo-France (MF), 1- USing rain gauge data to establish reference rain
Service de Prévision des Crues Grand Delta and Electricité ~ @mounts for the radar-only estimatésrétetter et al.
de France (252 hourly gauges complemented with 160 daily ~ 2010 Delrieu et al, 20143 and

rain gauges) and the four MF weather radars located at o through a novel approach exploiting the Kriging estima-

Nimes, Bolléne, Sembadel and St Nizier (F8). A radar tion variances for the rain gauge and radar-rain-gauge
data processing system called TRADHy (Traitements des merging estimates.

données radar pour I'hydrologie) has been develoed-(
rieu et al, 2009 Bouilloud et al, 2010 with a geostatisti- The radar errors, analysed conditionally with respect to
cal framework for assessing the quality of the radar quan-the rain intensity thanks to generalized additive models for
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location, scale and shape (GAMLSS), are shown to be radarthe images were destroyed automatically in the absence of
range- and rainfall-type-depender€(rieu et al, 20143. significant events. The system was improved to record in-
The KED estimates are shown to be systematically more acdependently and continuously the water level with a 5min
curate than the estimates provided by the radars and the ratime step. Images for LS-PIV analyses are recorded once a
gauge network considered separately. By comparing the raispecified water level threshold is exceeded. LS-PIV gauging
gauge ordinary kriging errors and the KED ones, the addedstations provide discharge estimations for high flows far be-
value of the radar proved also to be most important for theyond the values recorded using standard gauging methods,
smallest space—time scales, those of interest for a flash floodnd they automatically record all floods occurring by day-
generation study. The next step will be the implementationtime, even the fastest ones. Methods are also developed to
of a stochastic simulator to generate ensembles of plausiblexploit non-professional movies of flooding rivers, and a pro-
rainfall time series, derived from the re-analyses and the aseedure is proposed to volunteers on the FloodScale project
sociated error models, for use as inputs in distributed hydrowebsité? (Le Boursicaud et al.2014. LS-PIV and SVR
logical models. are non-contact techniques providing the flow velocity at the
The second approach is based on a geostatistical spacdree surface only, which requires the additional use of an ap-
time rainfall generatorl{epioufle et al. 2012 Leblois and  propriate depth-average-to-surface-velocity ratio in order to
Creutin 2013, based on the turning-band methddath- compute discharge (sée Coz et al. 201Q for a discussion
eron 1973. The rainfall fields are classified into rainfall of coefficient values). Also, a bathymetry cross section pro-
classes based on a Kohonen classification. Each class is cofile must be determined based on pre- and post-flood surveys.
sidered as statistically homogeneous. For each class, the sphis important to study the morphodynamical evolution of the
tial structure of rainfall is estimated jointly on all time steps stream during the flood in order to assess the additional dis-
relevant to the class. In the case successive time steps aoharge uncertainty due to possible bed changes.
within the same class, information is also gained about the The additional flood discharge gaugings obtained thanks
temporal structure of the rainfall. The rainfall simulator hasto LS-PIV or SVR (see Sect. 2.5.3) are incorporated into
been adapted to be conditioned to observed rain gauge data Bayesian inference framework for establishing stage—
to produce several realizations of rainfall fields, respectingdischarge relationships and for rigorously estimating the
the values observed at the rain gauges locations and refleckssociated uncertainty. A methodology, called BaRatin
ing the rainfall uncertainty at the other points (example used(BAyesian RATINg curve) l(e Coz et al. 2014, and some
in Renard et a).2011). Typical target resolution is 1kfn  tools have been developed to analyse stationary rating curves,
and 1 h. New ongoing developments include the generation.e. assuming that the stage—discharge relationship is stable
of rainfall fields in non-homogeneous zones (related to to-over the period under consideration. The method can be de-
pography in the case of the Cévennes-Vivarais region), basedomposed into three main steps:
on concomitance of local Kohonen-derived rainfall classes in
various subregiongQllagnier, 2013. Resulting region-wide 1. determination of hydraulic priors from the hydraulic

rainfall patterns exhibit a useable concomitance with inde- analysis of the gauging site, possibly complemented by
pendent classes of atmospheric synoptic situations. numerical modelling
2.4.2 Discharge measurements 2. review and validation of existing stream gaugings. An

uncertainty is associated with each of them using con-
The primary source of information about discharges comes  ventional and original methods ¢ Coz et al. 2012,
from the hydrological services of different organizations and this is taken into account in the estimation of the
(Fig. 3). This operational network only covers watershed rating curve
larger than about 50-100 KmA major limitation comes
from the often poor documentation of the rating curves for 3 Bayesian inference and simulation of a set of plausible
high and extreme discharges due to the impracticability of ¢ pves.
classical gauging techniques during floods. To progress in
this matter, LS-PIV stationd ¢ Coz et al. 2010 were de- Up to now, the method has been applied to the Ardéche
veloped and installed over several gauging stations (allowcatchment gauging stations, including all types of existing
ing for cross control of discharge estimation between methgaugings and to the research stations operated by the in-
ods) and at new locatioPiFig. 3). In the system described volved research teams, providing the most probable stage—
by Le Coz et al(2010, images were recorded continuously discharge relationship and the associated 95 % uncertainty.
even without floods and the water level was recorded WithinOngoing work deals with the propagation of all the sources
the images. However, it was only available during floods as

10http://floodscale.irstea.fr/donnees-en/
9http://mistrals.sedoo.fr/HyMeX/Parameter-search/ videos-amateurs-de-rivieres-en-crue/
?editDatsld=996&datsld=996&project_name=HyMeX videos-amateurs-de-rivieres-en-crue
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of uncertainty in hydrographs. A software implementing the in advance, only six dates were sampled (23, 24, 26 Septem-
method has been developed and is distributed fot-free ber; 10, 25, 26 November).
In the second protocol, six fields located along a transect
2.5 Opportunistic observations (corresponding to the installation of a microwave link during
SOP1) were selected, with increasing altitude from site A to
During HyMeX SOP1, three types of opportunistic observa-F (from about 250-525 m) (red diamonds in Figy. Within
tions were performed: manual soil moisture measurementgach field, a 50 m long transect was defined and soil moisture
to document its evolution before, during and between eventsneasurements were taken every 2 m using a ThetaProbe unit
in the Gazel catchments; geochemistry sampling of rainfall,(Delta-T device). Between 14 September and 5 December
river and soil waters, as well as field survey of gully acti- 2012, 16 dates were sampled. Details are providddiina
vation in the Valescure catchment; and discharge measureet al.(2014).
ments of flooding rivers using SVR in the Ardeche and Gard
catchments. The opportunity of sending teams into the field2,5.2 Event monitoring (geochemistry sampling and
is determined thanks to a real-time warning system, which gullies activation survey)
is deployed in autumn, based on the analysis of information
made available on the HyMeX SOP website. During HyMeX During HyMeX SOP1, three significant events were recorded
SOP1, this task was performed by professional meteorologin the Valescure catchment: 24 September (50 mm), 26 Oc-
ical forecasters from Météo-FrancBucrocq et al. 2014, tober (115 mm) and 9-10 November (93 mm). The last two
but in 2013 and the autumn of the other years, the forecastevents were sampled for geochemical analyses using au-
ing was and will be performed by non-professional volun- tomatic samplers (see location in Figa). The samplers
teers, with the help of AROME (Applications of Research to have to be launched manually before the beginning of the
Operations at MEsoscale) meteorological forecasts, hydroevent. Two automatic 24-bottle samplers sample stream wa-
logical forecasts from operational services, as well as nearter and rainfall respectively. Ten Tensiometers Tensionic and
real-time rainfall gauges and radar image data provided bythree lysimeters are also deployed for soil water sampling.
Météo-France. The availability of near-real-time radar dataRegular sampling is also performed monthly in five stream
is also very useful for guiding the teams towards the mostwater points over the Valescure catchment. Measurements
interesting areas, once they are in the field. Unfortunatelyconcern physico-chemical parameters (pH, electrical con-
as shown bybucrocq et al(2014), our region of interestwas  ductivity, temperature, Na, Ca, K, Mg, NHF, Ci, NG;,
one of the less affected by high rainfall events during HyMeX SQy, alkalinity HCG; + CO%‘), stable isotopes of the water
SOP1, with maximum daily rainfall of 75-100 mm, whereas (180,160, 2H/1H), total and dissolved organic carbon (TOC
values of up to 300 mm day were recorded in other areas and DOC) and trace elements (Li, B, Al, Si, Ti, V, Cr, Mn, Fe,
of the western Mediterranean. Nevertheless, these events ao, Ni, Cu, Zn, As, Rb, Sr, Mo, Cd, Sh, Cs, Ba, La, Ce, TI,
lowed the testing of the efficiency of the warning protocols pb, Th, U). All analyses are performed at the HydroSciences
and made it possible to improve them for the next falls. TheMontpellier analytical platforms.
detail of the opportunistic observations performed in 2012 Field survey complementing the automatic limnime-
is given below. All the opportunistic measurements will be ters and thermo-buttons networks were performed for the
continued in the autumn of the coming years (2013-2015). 24 September, 26 October and 9-10 November events. A se-
ries of maps was produced, showing the active hydrographic
2.5.1 Soil moisture measurements during network before, during and after each event (see examples in
HyMeX SOP1 Sect. 4.2).

Opportunistic observations of soil moisture were performed2 5.3  Stream gauging during floods

on two scales (field and small catchment) during HyMeX

SOP1 (autumn 2012) in the Gazel small catchment (Fig. When an important event is forecasted several teams of two
In the absence of continuous measurements in that CatCI’people are sent to the field in order to gauge flooding rivers
ment (which only started in spring 2013), the objective wasat pre-selected sections (the operational and research stations
to document soil moisture status before, during and after main Fig. 3; gauging is always undertaken from a bridge). For
jor rainfall events. Two protocols were set up. The first onethe largest sections, the teams are equipped with surface ve-
relies on random soil moisture measurements (10-14 pointgcimetry radars (SVR) (Fig8a), which are used to mea-
per field) using a capacitive sensor (Delta T, SM 200). Tensure the surface flow velocity, pointing upstream (F8b)

sites were sampled (four pastures, four vineyards, one fallovat 13 positions across the section (see Big). The water

and one bare-soil field; see triangles in Fi. Due to time  |evel must also be measured at the time of the measure-
constraints and the difficulty to anticipate rainfall events well ment. The technique allows measuring surface flow veloci-
ties safely and rapidly. Combined with pre- and/or post-event
Uhttps://forge.irstea.fr/projects/baratin bed geometry surveys, it yields useful stream gauging data
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variability (Samaniego et al201Q Douvinet et al. 2013.

The top-down approach consists of deriving “emergent prop-
erties” (Sivapalan2003H or “functional traits” McDonnell

et al, 2007, from a combination of data analysis and pro-
cess conceptualization (e.irchner, 2006, across scales.
Approaches based on statistical methddlsdt al., 2010, or
data interpretation by segmentation of the rainfall-discharge
time series l(atron et al, 2008 Kirchner, 2009 Willems,
2009 Furusho et a).2014, can also be used. Both the
top-down and bottom-up approaches are complementary and
their comparison can help understand the main drivers of the
functioning of the system.

In agreement with the hypothesis testing framework, most
of the models used in our study are developed within mod-
7 positions in the second path : make the measures in between elling frameworks, such as JAMS (Jena Adaptable Modelling
System) Kralisch et al, 2007 and LIQUID (Viallet et al,

Figure 8. (a) Photo of a measurement performed with a surface .
velocimetry radar (SVR)(b) position of the measurement transect 2006, Bringer et a,l,'2010' These mlodelllng tools allow us
relative to the bridge(c) location of the positions within the section 0 build “a la carte” models and to incrementally assess the

where measurements are carried out. impact of changing one hypothesis, either in terms of pro-
cess representation or in terms of parameter specification.
Calibration is also avoided as much as possible in order to

for sections not documented otherwise or for discharge val-obtain direct links between the simulated processes and the

ues which cannot be measured with standard intrusive methavailable dataKirchner, 2006).

ods Pramais et a].2013. For the smallest sections, salt di- A key point in the model application is also the catch-

lution methods are used. ment discretization. The latter aims at defining the “func-
tional units”, based on the available information on the vari-
ous scales. Many approaches have been proposed in the liter-

3 Modelling strategy ature in terms of spatial discretization (é/good et al, 1988
Flugel 1995 Reggiani et al. 1998 Dehotin and Braud
3.1 Introduction 2008. These “homogeneous” units should reflect the hydro-

logical behaviour: production of infiltration excess runoff,
The main objective of the modelling effort is to formalize saturation excessS€hmocker-Fackel et al2007), storage,
the understanding and knowledge of the main hydrologicaltransfer or accumulation zondsif et al, 2006a b), surface,
processes at play, between and during flash floods on vaisub-surface or groundwater flowdtron and Gallart2007,
ious spatial scales and to hierarchically organize the domRogger et al. 2012 and their connectivity $chmocker-
inant processes and interactions between them. The mod-ackel et al. 2007 Lin, 2010. The approach used in this
elling strategy adopted thus belongs to a “hypothesis teststudy is built on those papers and it combines image analysis
ing” framework, as described hylorin et al. (2006, Zehe  and field work to derive such functional units.
et al. (2009 or Clark et al.(201]) (see Fig.2), rather than
to a more operational framework such as flood forecast-3.2 Small catchment modelling
ing. Several modelling approaches are developed and com-
pared, on the scale of small catchments of a fewf kamd  On this scale, the objective of the modelling studies is to
on the regional scale of large catchments. The models debuild models able to represent the diversity of observed
veloped in the study use different assumptions and represercatchment behaviours and to simulate the main processes as
tations of hydrological processes, following both bottom-up evidenced by observations. The models are used here as “hy-
and top-down approaches, as definedSiyapalan(20033. pothesis testing tools” in order to understand the impact of
The bottom-up approach consists of generalizing on largedifferent modelling choices, process representation, parame-
scales simplifying assumptions of linearity and/or boundaryter specification on the hydrological responses and to retain
value problems based on patrtial differential equations estabthe hypotheses which are the most in agreement with the ob-
lished on small scales. This leads to the identification and calserved behaviour and/or synthesis of observation. This is on-
ibration of “effective parameters” which are sometimes dif- going work and only the principles are given here.
ficult to link with measurable quantitieSivapalan 20033, The first modelling approach is built on the CVN model
although recent methods combining the use of small-scal¢Anquetin et al.201Q Braud et al. 2010, developed within
parameters variability and regionalization techniques wereghe LIQUID modelling framework. It discretizes the land-
shown to be more efficient in preserving spatial patterns ofscape into irregular hydro-landscap&ebotin and Braud
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2008. Infiltration and water redistribution are modelled us- dynamics (mostly a few k&). This necessitates the build-
ing an efficient solution of the Richards equatidRoés ing of distributed hydrological models with simplified pro-
2003 Varado et al. 20060 with hydraulic properties de- cess representations as compared to the approach described
scribed using standard pedo-transfer functidRavfls and  before (Sect. 3.2), but with a good process representation
Brakensiek 1985. The model takes into account the verti- on sub-catchments of a few KmAnother difficulty of this
cal heterogeneity of soil hydraulic properties as described irmodelling task is that we can no longer rely only on ex-
the available soil databases. Excess runoff is instantaneouslyerimental catchment data, but have to work with data from
directed towards the closest river reach where water flow ighe operational observation networks. These operational net-
modelled using the kinematic wave equation. Evapotranspiworks have their own objectives which may differ from our
ration components have also been added in order to provideesearch concerns. For example, the operational discharge
continuous simulationsvannier, 2013. The model will be  stations on our catchments are designed for flood forecasting
enriched step by step (e.Benicia et al. 2008 to test the  and thus are not much concerned with the accuracy of mea-
following hypotheses: surements during inter-event periods. Consequently, analyses
of the available rainfall-discharge time series are performed
1. Does the improved description of soil hydraulic proper- t check the consistency of the rainfall and runoff volumes
ties, as derived from in situ observations, improve the (pehaviour across nested catchments, evolution during the
realism of model simulations? rainy season, etc.) and take into account their uncertainty.
) ) . . In addition, various metrics are computed with the aim of
2. Does the inclusion of sub-surface flow improve the Sim- .p 54 cterizing the spatial and temporal variability of rainfall
ulation of inter-event processes and initial conditions \ ithin the catchments (e.ganon et al. 2010. Analytical
before events? models (e.gViglione et al, 20104 and/or simple hydrologi-
cal models may also be considered to better characterize the
spatially variable hydrological response as a function of the
spatial rainfall and the measured discharge.
The approach implemented first is a bottom-up approach
(Sivapalan2003a 2009 Bldschl 2006 in which hydrologi-
cal processes are modelled on the scale of small hydrological
response units, based on the CVN model presented in the pre-

A second approach uses the RuiCells modzoyvinet vious section and the iterative approach illustrated in Eig.
et al, 2013. This cellular automaton assesses, in a bottom-(Vannier 2013. The second approach consists of distribut-
up and step-by-step approach, the sensitivity of the surfacéd the top-down approach presentediischner (2009 on
flow dynamics to rainfall intensity, infiltration excess, land Sub-catchments of a few Kiin this approach each catch-
use or topography. As this model only simulates surfacement is considered as a single dynamical system. The model
runoff, possible mismatch with observations can be a diag_formulation is directly derived from the data analysis, re-
nostic of the importance of sub-surface flow. For the smalltaining the main features of the sub-grid variability and the
catchments, the model implements lidar DEM. The modeldominant processeZ¢he et al. 2009. This model is en-
thus allows the mapping of surface flow concentration, tak-fiched with an explicit representation of routing in the hydro-
ing into account possible soil erosion and threshold effectdraphic network and is currently being implemented within
and provides estimation of peak flow discharges and cumuthe JAMS framework. As a third complementary approach,
lative runoff amounts, according to the catchment morphol-the J2000 modelKrause et a|.2006), implemented in the
ogy. It can also help in quantifying surface transfer time andJAMS platform, is also run in parallel in order to provide in-
possible reinfiltration before reaching a network; this quan-Sight into the meaning of the parameters identified using the
tification is undertaken in order to determine if this processPottom-up approach.
should be included in the CVN model. Running the model In addition, following the example oBonnifait et al.
on several catchments with similar input data allows the def-(2009, who used the CARIMA hydraulic model with the
inition of indices and measures that can be used to comparéischarge simulated by n-TOPMODEL (TOPography-based
catchmentsouvinet et al. 2013. hydrological MODEL) Gaulnier and Le Lay2009 and

showed that the Gorge of the Gardon and its floodplain were
3.3 Regional-scale modelling very influential in the hydrograph dynamics downstream, the

use of a 1-D hydrodynamic model to represent flow routing
The specific objective of regional modelling is to representin the channel network will also be implemented and cou-
the main hydrological processes on large territories (severabled to the hydrological models. As the influence of river bed
thousands of ki) and to be able to simulate not only dis- topography and river engineering facilities on flow routing
charge at large catchment outlets, but also the hydrologicalithin the river network becomes dominant on the hydro-
variables on intermediate scales consistent with flash floodyraph dynamics when the catchment reaches a certain size

3. What is the impact of the choice of different spatial dis-
cretization or functional units definition on the model
results?

4. What is the relative impact of rainfall and landscape
spatial variability on different scales?
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(Brath and Montanari2000, we expect an improved simu- at the catchment outlet. Before mid-October, soil moisture
lation of hydrograph dynamics and water heights. increases rapidly in response to rainfall, but returns to low
A comparative analysis of the spatial and temporal scalevalues (between 10 and 15 %) within 15days (note that a
on which the different approaches provide consistent and/osignificant event occurred on 28-30 August (81 mm) which
relevant information will be conducted. The objective is to explains the high values at the beginning of the period. Af-
assess which information and results are usable for each aper the 26 October event (115 mm), soil moisture still de-
proach on the various scales. This requires working on adereases after the rainfall event but remains higher than about
equate metrics, necessary to assess the similarity betwee?d %. The cumulative rainfall since the beginning of the
model simulations and observations, especially for flashSOP (including the 28-30 August and 26 October events)
floods where the Nash-Sutcliffe efficiency coefficient, tradi- reaches about 400 mm. The discharge time series follows the
tionally used, may not be appropriatéathner et al2007% same temporal pattern as soil moisture, with a very signifi-
Gupta et al. 2008 Moussa 2010. As much as possible, cant response once the soil remains wet, accompanied by a
hydrological signaturesqupta et al.2008 Willems, 2009 larger base flow (about 50-100L%. However, the max-
Clark et al, 2011, as derived from the data analysis will imum peak discharge registered during SOP1 is moderate
be used. A multi-site and multi-variable evaluatidfa@ado  (2.35n? s~ 1) when compared to the maximum value since
et al, 20063 Moussa et a) 2007 will be performed. In addi-  the beginning of the measurements in 2003 of 125m,
tion, the use of uncertain observed data to evaluate and conregistered in October 2006.
pare several modelling scenarios raises significant method- Figure 9b shows the same figure but with soil moisture
ological challenges because model evaluation entails commeasured manually on the small catchment scale (Gazel,
paring two time series of distributions, as opposed to two3 kn?). At each date, the soil moisture data is the average of
times series of values. Innovative comparison schemes wilthe 6 transects 25 measurements transett(red squares)
be developed for this purpose, following approaches pro-or the average of all the random manual measurements per-
posed by the probabilistic-forecasting community (€ajo formed within the 10 fields (see locations in Fig. 7). Soil
and Tamea2007). moisture is low at the start of SOP1 (about 12 %) and in-
creased rapidly after the first rainfall events to reach values
around 25-30%. There is no measurement available to see
which value is reached when it dries. At the end of the period,
values larger than 30 % are reached. In terms of discharge,
the Gazel river is almost dry until the end of October (less
than 1L s1). The 26 October event only moderately affects
this catchment, but the discharge increases to about 18.L s
1. What is the temporal variability of soil moisture during Itis necessary to wait until the 9-10 November event (65 mm
HyMeX SOP1 and is the variability consistent across at Le Pradel) to measure a significant response in the river,
scales? with discharge reaching 1hs1. After this event, a base
flow of about 10L 1 continues to flow into the river. The
2. What are the active hydrological processes on differentnext event (26—27 November) only brings 43 mm of rainfalll
spatial and temporal scales during the 9—11 Novembein the Gazel catchment. But this is sufficient to trigger a re-
2012 event? sponse similar to that of the previous event with less rainfall.
i ) .. Huza et al(2014 show that, after the catchment soil mois-
- How can we decrease rainfall and discharge estimation, ;e reaches a threshold of about 22 %, a significant response
uncertainty? with a larger runoff coefficient is obtained. This threshold

4. Which information about dominant regional-scale pro- is very close to the 25 % observed locally in the Valescure
cesses can be derived from the combination of data analcatchment.

4 Results

In this section, we illustrate how the currently available ob-
servations and models provide interesting insight into the fol-
lowing questions:

ysis and modelling? Figure 10 shows maps of the soil wetness index (SWI)
over the south-east France domain from September to
4.1 What is the temporal variability of soil November 2012, as calculated operationally by Météo-
moisture during HyMeX SOP1 in relation to France from outputs of the SAFRAN-ISBA-MODC&U
the hydrological response and is this variability hydrometeorological chairHabets et a).2008. Figure9c
consistent across scales? shows the discharge at the main outlets of the Gard and

Ardéche catchments for the same period. Fidufe-c show
Figure9a shows the time evolution of local soil moisture (at that, in the Gard and Ardéche catchments, the soils are very
one point in transect T2 — see location in Mg) at depths
of 20 and 40 cm between 1 September and 5 December 2012.12gystame d'analyse fournissant des renseignements atmo-
The figure also provides the daily rainfall in the middle of the sphériques a la neige-Interactions between Soil, Biosphere, and
Valescure catchment, as well as the instantaneous dischargemosphere-MODCOU
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Figure 9. (a) Daily rainfall at the Castle spring rain gauge in the Valescure catchment (top panel); variable time step discharge (black) and
local soil water content at 20 (red) and 40 (green) cm depths in one site of Transect T2 in the Valescure catchment during autumn 2012 (see
Fig. 4a for the location of T2 and the Castle sprin@®). Daily rainfall at two stations Berzéme and Le Pradel (top panel); hourly discharge
(black) and manual soil moisture performed along six transects (red) or randomly (green) in the Gazel cafch#wenage daily catchment

rainfall from the SAFRAN-ISBA-MODCOU reanalysis for the Ardeche and Gard catchments (top) and corresponding hourly discharge at
the catchments outlets.

dry during September and remain dry on 25 October, with- Figures9 and10show that, on the three scales (local, small
out significant discharge at their outlets (Fg). The 26 Oc-  catchment, regional scale), similar behaviours are observed
tober event significantly wets the soils in the upper part ofwith a progressive wetting of the catchments during the SOP,
the catchments (FidL0d), but the downstream part remains until saturated conditions are reached after 27 October in the
unsaturated, with lower values of the SWI in the Gard. A Valescure catchment and 9-10 November in the Gazel and
quick discharge increase is observed at both outlets afteon a regional scale. Once saturated conditions are reached,
this event (Fig9c). The response is larger for the Ardéche the response in terms of discharge is quicker and larger, even
catchment than for the Gard, associated with a higher SWIif the rainfall amounts are not so important. There is there-
The subsequent events, and especially the 9-10 Novembdore a high consistency of the relationship between soil mois-
event (Fig.10e), lead to full saturation of the two catch- ture variations and catchment response on the three scales.
ments. The soils remain saturated during the whole monttOur study catchments were not affected by very high rain-
of November (Fig10f). The catchment response to the last fall events in 2012, so the observations conducted in the au-
two events is very quick. As for the Valescure and Gazeltumn in the next few years will provide more data to confirm
catchments, the response to the 9-10 November event iwhether the results obtained in 2012 can be generalized.
larger, although the rainfall amount is lower or similar: 68.5
(63.1) mm for the 25-26 October event and 67.5 (50.7) mM4.2  What are the active hydrological processes on
for the 9-10 November events in the Ardéche (the Gard) different spatial and temporal scales during
catchments. Nevertheless, low maximum peak discharges are  the 9—11 November 2012 event?
recorded: for instance only 4341, i.e. 10 % of the max-
imum ever recorded at the outlet of the Ardeche catchmeni, this section, we illustrate how the data collected on
(maximum peak discharge recorded in the Ardeche at Sauzghe various spatial scales can be used to derive informa-
St-Martin about 4500 fs™*, and maximum daily discharge - jon about active processes during the rainfall event which
2510n¥s™Y). occurred on 9-11 November 2012. The rainfall amount
was 93mm in the Valescure catchment and 100mm in
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= Figure 11.Left: time evolution of the Valescure stream water elec-

trical conductivity (EC), Calcium (Ca), Aluminum (Al), total or-
ganic carbon (TOC) and Cartaou subsystem discharge during the
9-10 November 2012 flood. Right: Valescure stream water isotopic

composition §180).
Figure 10. Maps of the soil wetness index (SWI) derived from P &70)

the SAFRAN—-ISBA-MODCOU chain for six dates during autumn
2012. An SWI of 0 means dry soils and an SWI of 1 saturated soils.3t the onset of the event. By using EC and Ca, new water
Catchments boundaries appear in brown and main rivers in white. (EC=28pScm?, Ca=0.8mgL?) is found to be between
36 and 56 % of the runoff at the peak. For another event (26—
_ _ _ 27 October 2012)§180 led to a 35% contribution of new
the Tourgueille catchment, and the rainfall recorded in they ater at peak flow. Terrigenous elements such as Al and TOC
Claduegne catchment varied between 63 mm (Le Pradel) angdy g also help assess the contribution of the different layers

82mm (Berzeme) (see also Fig). For this event, we ex- ot the soil to the flood. This first result must be refined by:
amine the results provided by the geochemistry sampling in

the Valescure catchment, the limnimeters networks (Vales- 1. accounting for the soil water isotopic or chemical com-
cure and Claduégne catchments), as well as the discharge re-  Position, which is now monitored before the beginning
sponse on all scales. of each event;

Figure 11 shows the simultaneous behaviour of the elec-
trical conductivity (EC), isotopic compositiost®0, Ca, Al
and TOC concentration of the stream water in the Vales-
cure catchment (3.9 ki during the 9—10 November 2012 3. considering a larger range of events to relate the contri-
flood event. Note that because of sensor failure, discharge  bution to the magnitude of the floods;
at the outlet had to be reconstructed from the data at the
other gauging stations: the discharge of the four upstream
sub-catchments has been summated after a translation us-
ing a constant velocity of 2 nT$. For the downstream sub-
catchment, a rainfall-runoff model, previously calibrated on This will be achieved by combining geochemical data with
the catchment, has been used. The increase of TOC, Al, thphysically based hydrodynamical models. Note also that it is
dilution of Ca and the variation of EC correspond in time expected that a flood of major magnitude would bring differ-
with the discharges. AbodfO, there is also a good synchro- ent contributions in surface or sub-surface water flows at the
nization with the discharges at the beginning of the flood,outlet of the catchment. This information will be used for cal-
till 00:00 UTC on 10-11 November, but the isotopic com- ibrating the hydrological processes with multi-variable con-
position then appears to be independent from the dischargérols, such as discharges, of course, but also geochemistry.
This is due to the fact that the isotopic composition of the For the same event, Fig2 shows the river network ex-
rainfall changes between 09:00 and 10:00 UTC, from nearlytension 4 days before, during and 9 days after the event, as
—2.5t0—5 %o. This latter value is very close to the one of the obtained from the limnimeters network and field survey in
stream a few hours later, so that variations cannot be detectetthe Cartaou catchment (Valescure sub-catchment). The max-
anymore after this moment. The runoff decomposition be-imum extent of the active hydrographic network observed on
tween “old” water (i.e. pre-existing water) and “new” water 10 November 2012 is quite comparable to those of the first
(i.e. rainfall water) is based on the assumption that the streantwo episodes of the autumn (24 September and 26 October
water is a mixing between (1) rainwater and (2) the isotopi-not shown). We note a significant extension of the active net-
cally and chemically constant base flow constituted of deepwvork before (Figl2a) the event. The extension is at a maxi-
water (groundwater and/or weathered area water) determinechum during the event (Fig.2b) and decreases after the event

2. applying a three-component mixing, including rainfall
water, soil water and deep water;

4. relating both the old and new water proportions to the
understanding of the real processes of both surface and
sub-surface flow.
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terms of specific discharges is quite different across scales
in the Ardéche (Figl4b) and Gard (Figl4c) catchments.

In the Gard, the maximum peak discharge decreases with
increasing catchment size, which also reflects the lower cu-
mulative rainfall amount, when moving downstream. In the
Ardéche catchment, the maximum specific peak discharge is
of the same order of magnitude for a large range of catch-
ments sizes (from 3.4 to about 600%mith the exception of
catchment no. 3). There is a link between maximum specific

Therme_butten peak discharge and the cumulative rainfall (e.g. in the small-
U‘mmmr est catchments, nos. 1, 2 and 11) but also no. 4 which has
® been affected by a large cell with cumulative rainfall larger
fcitvs hyerographic network than 90-105 mm. The picture is certainly more complex, re-

quiring further analysis, in particular by considering the im-
pact of rainfall intensity, which will be possible when accu-
rate radar rainfall estimates are available.

Figure 12. Mapping of the active hydrographic network within the 1 Ne first results presented in this section show that, for the

Cartaou sub-catchment 4 days bef@a during(b) and 9 daygc) selected event, sub-surface flow processes, initial soil mois-

after the 9—10 November 2012 event. Stars show the location of théure as well as lithology are important factors explaining the

limnimeters and the black points those of the thermo-buttons. Thehydrological response on small scales. Rainfall variability

blue lines show the active hydrographic network at the various datebecomes an important factor when moving to larger scales.

and the brown lines the “potential” river network as derived from a Given the moderate peak discharge registered for this event,

1mresolution lidar DEM analysis. it cannot be considered as a flash flood event, but provides
interesting insight into the hydrological response under mod-
erate rainfall conditions. The analysis of other events and of

(Fig. 12c). The significant extension of the active network be- the continuous time series will help gain more insight into the

fore and after the 10—-11 November event is consistent withinterplay of the various factors of the hydrological response

the high soil moisture level (about 30 %) which is reachedand into the identification of possible specific responses dur-

after the 26 October event and remains high after that (seéng flash flood events.

Fig. 9a).

Figure13shows the limnimeter response to the same event o )

for the Claduégne catchment. The rainfall presents a slighf3 How efficient are the methods proposed in the study

altitudinal gradient with more rainfall at higher altitude, but in quantifying and reducing rainfall and discharge

a good synchronization in the intensities. The catchmentwas ~ Uncertainty?

probably not fully saturated at the beginning of the event, asFigure15 gives an example of hourly estimates together with

shown by the absence of reactions to the first rainfall peak, . . . : .
at points sg1, mi4 and sj3, which only respond to the secon he|r. uncerFamty obtained by the rt_aanaly3|s methodolqu laid
' ' out in Delrieu et al.(2014h. In this example, the estima-

peak (Fig.13c-e). Some points react very quickly to rain- tion is performed for hydrological meshes of 10%aver the

four main Cévennes watersheds (Ardéche, Céze, Gardons,
Vidourle). The top graphs display the estimates obtained by
. o _the rain gauge network through ordinary kriging alone (left)
all (e.g- sg2, Figl3e). The response appears quite differen and with the radar—rain-gauge merging through kriging with

tiated according to the Iltholc_)gy qnd .pO.SS'bly land use. Inexternal drift (right). In the bottom graphs, the correspond-
terms of scale, the response is quite similar and synchronous

. . ihg maps of standard deviations of the estimation error are
for the three largest catchments (FIgb), explained by high . . .
velocity in the river network (2—2.5nmé measured at the displayed with much smaller values for the KED estimates,

2 : indicative of the added value of the radar data for the consid-
Claduégne outlet around the peak), but with longer reces- . .

. . ered time- and space scales. These results are very promis-
sions for the largest catchments. The analysis of more events

) , : ing and will be used to improve the rainfall field estimates,
will be necessary to confirm the role of lithology and/or land : . -
o especially during HyMeX EOP, where additional research
use on the sub-catchment characteristics.

. . ; ) radars are available. As mentioned in Sect. 2.3, these addi-
Figure 14a provides the cumulative rainfall for the event . . L .
: : . - tional radars will be very useful in improving our knowledge
duration (9—10 November) using an ordinary kriging of the . . -
. of rainfall spatial and temporal variability for catchments of
rainfall gauges. Although smoothed as compared to radar
. , o about 1-100 krh
data, it illustrates the large spatial variability of the cumu-

lative rainfall amount on the regional scale. The response in

Hydrographic netwok. {Lidar DEM)

to Horton runoff (Fig.13e), and to a lesser extent bzl on
basaltic scoria (Figl3c). Some limnimeters do not react at
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Figure 13. Water level from the limnimeters network of the Claduégne catchment for the 9-11 November 2012 event. The location of
the various limnimeters is shown in par{a), which also provides the geology map from BRGM (Bureau de Recherches Géologiques et
Minieres). On the right, the various panels present several groups of limnimeters and the associated representative réa) theuifpese

largest sub-catchments: Gazel, sj1, Claduégne (3.4, 12.3, 48dspectively)i(b) two headwater sub-catchments bz1 and sgl on basalt
geology;(c) four sub-catchments in the Gazel: mi2 and mi4 on marl-calcareous geology, mi3 and Gazel with a mix of marl-calcareous and
basalt geology(d) three sub-catchments with different geologies: sj2 with regosols, sj3 with marls and sg2 with basalt and forest.

Figure 16 illustrates how the additional stream gauging measurements (blue points) were performed around 1.5m.
from the opportunistic measurements or from the continu-When these gauging are combined with the standard gaug-
ous LSPIV system can improve the stage—discharge relationings, the uncertainty at 1.5 m (blue shading) is 45 %. So al-
ship accuracy for the Volane River, a tributary of the upperthough they have a larger error than the SVR gaugings, the
Ardéche River (no. 4 in Figl4a). The stage—discharge rela- numerous LS-PIV gaugings at moderate discharge decrease
tionship itself is not very sensitive to the additional gaugingsthe uncertainty more than the three SVR gaugings at high dis-
(all the four curves are superimposed in Hif), because the charge. When all the gaugings are used in the analysis (green
station section is very stable and well controlled. The impactshading), the uncertainty at 1.5 m is reduced to 29 %, show-
of new gaugings is very visible on the corresponding uncer-ing the added value of the two types of non-contact gaug-
tainty. For instance, at 1.5m the uncertainty is 49 % whenings. This kind of analysis will be performed for the other
only standard gaugings (black points) are considered (gregauging stations and used to quantify the uncertainty of the
shading). Although the LS-PIV gaugings (red points) from discharge time series and hydrological water balance, which
year 2012 only sampled moderate discharges, their additiocan be used in the evaluation of the hydrological models.
to the analysis reduces the uncertainty to 35% at 1.5m (pink The results presented in this section illustrate the value of
shading). In October 2013, one very intense event hit thigshe proposed methods in quantifying and reducing the un-
catchment, with a maximum water height of 2.6 m, far be- certainty of both rainfall fields and discharge time series for
yond the maximum ever gauged. Three SVR opportunisticflash flood studies.
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Figure 14. (a) Cumulative rainfall for the 9-10 November 2012 the historical records, which can provide useful information
event obtained by kngmg of the rain gauges. Corresponding Speabout catchment characteristics or fUnCtioning (See the recent
cific discharge for the same event in sub-catchmentgopfthe review of Troch et al, 2013.
Ardéeche catchment ant) the Gard catchment. The hourly rain-  The iterative approach is illustrated using the CVN non-
fall data from a rain gauge in the Claduégne catchnignand the  calibrated model, described in Sect. 3. First simulations,
Valescure catchmerft) are also provided by the vertical blue lines pased on soil storage capacity derived from available soil
as illustration of the r_ainfall intensity_. The b_oundaries of tht_a sub- gatabases, which only describe the topsoil relevant for agro-
catchments and location of the gauging stations are shown in pan(ﬂomic purposes, lead to poor simulation results, as illustrated
@). in Fig. 17 for the Ardéche at the Meyras catchment (no. 3 in
Fig. 14a). The model simulation is too responsive, with an
overestimation of peak discharges and recessions that are too
4.4 What information about dominant, regional-scale  quick. The specification of the water storage capacity of the
processes can be derived from the combination of soil is therefore re-examined, using new data analysis (reces-
data analysis and modelling? sion analysis) of available long-term discharge series. The
objective is to estimate catchment storage capacity and satu-
This section illustrates how the iterative approach of Bjg. rated hydraulic conductivity in the weathered bedrock, which
combining observation and modelling, and the bottom-upare not documented in the existing soil databases. Weath-
and top-down approaches are used to enhance our knowkred bedrock has been shown to be a significant source of
edge of dominant active hydrological processes in the studyvater storage within the studied catchmentan(nier et al,
area. In both cases, we use discharge recession analysis fra#®13. Geology is identified as the main driver governing the
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layer (green and orange respectively) and the model based on the
Figure 16. lllustration of the error reduction in discharge esti- Kirchner (2009) modelling approach (black). This graph is provided
mation when opportunistic SVR measurements (blue points) andp log scale for the discharge in pan@l) for the year 2008, and
LS-PIV (red points) stream gaugings for high flow are added tothe rainfall corresponds to an hourly local gauge (dark blue) and
standard gaugings (black points) in the stage—discharge estimatioisAFRAN-ISBA-MODCOU reanalysis (light blue). Par{b) pro-
The error bars correspond to errors of 5% for standard gaugingsyides a zoom (in linear scale) for the period 20 October—6 Novem-
7% for SVR gaugings and 20 % for LS-PIV gaugings. The lines per 2008 with two significant events. The rainfall corresponds to an

are the rating curve (RC) computed using the BaRatin softwarenourly local gauge (dark blue) and hourly kriged estimates (light
and the shaded colours correspond to the 95 % uncertainty boundgye).

when standard gaugings only (grey), standard + SVR (blue), stan-
dard + LS-PIV (red) and standard + SVR + LS-PIV (green) gaugings
are included in the RC computation.

range of these characteristiéa@nier et al,2013. Figurel7 be mainly governed by change in catchment water storage.
shows that the use of this information into the CVN model However, the results are much poorer during the summer pe-
improves both the long-term and event discharge simulationriods where evapotranspiration influence adds complexity to
even if the peaks are still overestimated and the recessionthe catchment response (Fig7). Figure17 also shows that
are still too quick. The improvement is very significant when both modelling approaches provide quite good results during
the underlying geology is granit&/énnier, 2013. The sim-  wet periods. Recessions are somewhat better simulated with
ulation results are still improved when the weathered layerthe Kirchner method, but the peak of the November 2008
is included for schist geology, but the recessions remain toevent has a delay as compared to observation. On the other
quick (not shown, se®annier, 2013. hand, the timing of the CVN model is more in agreement
The CVN model is based on the bottom-up modelling ap-with the data.
proach. The data-driven method (or top-down approach) is These results illustrate how the iterative approach of Fig.
also used to see how they, i.e. the top-down and the bottomhelps enhance our knowledge of the functioning of the catch-
up approaches, can be complementary. Kiiehner (2009 ments on a regional scale and of ungauged catchments in
method is applied to the recession analysis of natural disan incremental manner. The combined use of the top-down
charge time series of the Ardéche catchmehtligmovic  and bottom-up approach is also promising, and the next step
et al, 2014, leading to a simple model of catchment func- will be the generalization of comparisons such as the one of
tioning where the discharge at the outlet is assumed to deFig. 17. The new data collected thanks to the experimental
pend only on the catchment storage, and where the paranset-up presented in Sect. 2 will provide new times series on
eters of the model are estimated from the data. The methodifferent scales, which will be analysed following the same
performs much better for catchments with granite geologyapproaches in order to confirm or disprove and generalize the
(Adamovic et al. 2014. The results also show that, in win- conclusions drawn from the analysis of historical discharge
ter, such catchments can be considered as simple dynamictime series, for instance the importance of geology on the
systems and that discharge fluctuations can be assumed thfferentiation of the hydrological response in the study area.
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