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Abstract.

This paper presents a methodological framework designed for the event-based evaluation of short-range hydro-meteorological

ensemble forecasts, in the specific context of an intense flash-flood event characterized by high spatio-temporal variability. The

proposed evaluation adopts the point of view of end-users in charge of the organization of evacuations and rescue operations at

a regional scale. Therefore, the local exceedance of discharge thresholds should be anticipated in time and accurately localized.5

A step-by-step approach is proposed, including first an evaluation of the rainfall forecasts. This first step helps to define appro-

priate spatial and temporal scales for the evaluation of flood forecasts . The anticipation of the flood rising limbhydrological

responses (discharge thresholds) is then analyzed at a large number of ungauged sub-catchments, with a focus on the flood

rising limb period, and using simulated flows and zero-future rainfall forecasts as references. Based on this second step, several

gauged sub-catchments are selected, at which a detailed evaluation of the forecast hydrographs is finally achieved.10

This methodology is tested and illustrated on the October 2018 flash-flood, which affected part of the Aude River basin

(south-eastern France). Three ensemble rainfall now casting research products recently proposed by Météo-France are eval-

uated and compared. The results show that, provided that the larger ensemble percentiles are considered (75% percentile for

instance), these products correctly retrieve the area where the larger rainfall accumulations were observed, but have a tendency

to overestimate its spatial extent. The hydrological evaluation indicates that the discharge threshold exceedances are better15

localized and anticipated if compared to a naive zero-future rainfall scenario, but at the price of a significant increase of false

alarms. Some differences in the performances between the three ensemble rainfall forecast products are also identifiedThe

results confirm the added value of these ensembles to improve discharge threshold detection and anticipation, but at the price

of a significant increase of false alarms.

Finally, even if the evaluation of ensemble hydro-meteorological forecasts based on a low number of documented flood20

events remains challenging due to the limited statistical representation of the available data, the evaluation framework proposed

herein should contribute to draw firstrobust conclusions about the usefulness of newly developed rainfall forecast ensembles

for flash-flood forecasting purposerainfall ensemble forecast approaches, and about their limits and possible improvements.
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1 Introduction

Flash �oods contribute in a signi�cant proportion to �ood-related damages and fatalities in Europe, particularly in the25

Mediterranean countries (Barredo, 2006; Llasat et al., 2010, 2013; Petrucci et al., 2019). As an illustration, over the period

1989-2018, four of the eight most damaging �oods in France were �ash �oods, each having caused insurance losses that ex-

ceeded 500 million euros according to the French Central Reinsurance Fund (CCR, 2020). These �oods are characterized by

fast dynamics and high speci�c discharges (Gaume et al., 2009; Marchi et al., 2010), which largely explain their destructive

power. They generally result from heavy precipitation events, typically exceeding hundreds of millimeters of rainfall totals30

in less than 6 hours, falling over river basins of less than 1000 km2 of drainage area. They are also characterized by a high

spatio-temporal variability and limited predictability (Georgakakos, 1986; Borga et al., 2008). Improving the capacity of �ood

monitoring and forecasting systems to anticipate such events is a key factor to limit their impacts and improve �ood risk man-

agement. Although several operational �ash-�ood monitoring services based on weather radar rainfall are already implemented

worldwide (Price et al., 2012; Clark et al., 2014; de Saint-Aubin et al., 2016; Javelle et al., 2016; Gourley et al., 2017; Park35

et al., 2019), these systems can only offer limited anticipation due to the short response times of the affected catchments.The in-

tegration of short-range, high resolution rainfall forecasts in �ash-�ood monitoring services is required to increase anticipation

times beyond current levels (Collier, 2007; Hapuarachchi et al., 2011; Zanchetta and Coulibaly, 2020).

Weather forecasting systems that are well suited to capture heavy precipitation events have been developed in the last decade

with the emergence of high resolution and convection-permitting numerical weather prediction (NWP) models (Clark et al.,40

2016). The spatial and temporal resolution of such models (typically 1 km and 1 min) are more relevant to the scales of the

(semi-)distributed hydrological models that are commonly used in �ash-�ood monitoring and forecasting systems. Convection-

permitting NWP models may also be combined with radar measurements through assimilation and/or blending techniques to

obtain improved and seamless short-range rainfall forecasts (Davolio et al., 2017; Poletti et al., 2019; Lagasio et al., 2019). De-

spite these advances, the use of high resolution rainfall forecasts to issue �ash-�ood warnings still faces numerous challenges,45

mainly due to the uncertainties in the temporal distribution and the spatial location of the high rainfall accumulations cells over

small areas (Silvestro et al., 2011; Addor et al., 2011; Vincendon et al., 2011; Hally et al., 2015; Clark et al., 2016; Armon

et al., 2020; Furnari et al., 2020). Accurate forecasts and a reliable representation of forecast uncertainties are thus necessary

to provide useful �ash-�ood warnings based on outputs of NWP models. The question of quantifying uncertainties in hydrom-

eteorological forecasting systems has been increasingly addressed through ensemble forecasting approaches (e.g. Valdez et al.,50

2022; Bellier et al., 2021; Thiboult et al., 2017). Several ensemble �ash-�ood forecasting chains have been proposed in the

literature, involving either convection-permitting NWP models for early warnings (Silvestro et al., 2011; Addor et al., 2011;

Vié et al., 2012; Al�eri and Thielen, 2012; Davolio et al., 2013, 2015; Hally et al., 2015; Nuissier et al., 2016; Amengual

et al., 2017; Sayama et al., 2020; Amengual et al., 2021), or radar advection approaches and/or radar data assimilation in NWP

models for very short-range forecasting (Berenguer et al., 2011; Vincendon et al., 2011; Silvestro and Rebora, 2012; Davolio55

et al., 2017; Poletti et al., 2019; Lagasio et al., 2019).
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New approaches to �ash-�ood forecasting need to be appropriately evaluated, and cannot rely only on the evaluation of

the high resolution rainfall forecasts used as input. In one sense, �ood forecasting veri�cation can be seen as a form of fuzzy

veri�cation of rainfall forecasts (Ebert, 2008; Roberts and Lean, 2008), accounting for the averaging effect and the non-linearity

of the rainfall-runoff process, and also for the postitions of the watershed limits. Flood fForecast evaluation is generallyoften60

based on long time series of observed and forecast data. However, in the case of �ash-�ood forecast evaluation, working on long

time series is often not possiblemanybarriersneedtobeovercome. At �rst, hHigh resolution ensemble rainfallre-forecasts from

convection-permitting NWP models are rarely available for long periods of re-forecasts. This is due to the fast evolution of input

data (type, availability) and the frequent updates brought to the NWP models or the data assimilation approaches (Anderson

et al., 2019). SecondlyMoreover, because of the limited frequency of occurrence of heavy precipitation events triggering65

�ash �oods, the data-sets available for evaluation are very often limited to some speci�c severe events, which highly limits

the possibility of satisfying the typical requirements for a robust evaluation of hydrological forecastsmodeloutputs (Addor

et al., 2011; Davolio et al., 2013). Event-based evaluations often rely on the visual inspection of forecasts against observed

hydrographs or on the assessment of the anticipation of exceedances over pre-de�ned discharge thresholds, and such often

at a few gauged outlets, where the main hydrological responses to the high rainfall accumulations were observed during the70

event (Vincendon et al., 2011; Vié et al., 2012; Davolio et al., 2013; Hally et al., 2015; Nuissier et al., 2016; Amengual

et al., 2017; Lagasio et al., 2019; Sayama et al., 2020). When different forecast runs are available for the same event and

along its duration (e.g., short-range forecasts generated by NWP models from different forecast initialization cycles) and/or

when different basins are affected by the same event, statistical scores and frequency analyses, such as the RMSE, the CRPS,

contingency tables or ROC curves, may also be used to provide a synthetic evaluation of the performance of the forecasts75

for the event being evaluated (Davolio et al., 2017; Poletti et al., 2019; Sayama et al., 2020). Although widely used in the

scienti�c literature and in post-event reports, these evaluation frameworks raise several methodological questions: i) without a

general guidance, the focus on one event or a few typical severe events may generate an event-speci�c evaluation, which might

not be reproducible across different events or might not be statistically representative of forecast performance for other future

events; ii) scores that offer a synthesis of performance over spatial and temporal scales might conceal the internal (in space80

and in time) variability of forecast performance (over different forecast initialization times and along lead times); iii) forecast

evaluations that focus on gauged outlets that display the main hydrological responses to rainfall only offers a partial view of the

forecasting system's performance, notably when impacts are also observed at ungauged sites and/or when signi�cant spatial

shifts exist between observed and forecast rainfalls. Therefore, the evaluation of short-range �ash-�ood forecasts at the event

scale requires considering speci�c forecast quality attributes evaluated at gauged sites (where observations are available) but85

also a more regional-scale evaluation at ungauged sites, in order to achieve a more robust evaluation of forecast performance.

Several authors already pointed out the interest of providing such regional scale hydrological evaluations (Silvestro and Rebora,

2012; Davolio et al., 2015; Anderson et al., 2019; Sayama et al., 2020).

In this paper, an evaluation of three new ensemble rainfall forecast products is presented in the perspective of their use for

�ash �ood forecasting. The evaluated products have been speci�cally developed by the French meteorological service (Météo-90

France) to generate short-range rainfall forecasts (1 to 6 hours of lead time) that can potentially better capture Mediterranean
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heavy precipitation events. The products comprise the French AROME-EPS reference ensemble forecast (Bouttier et al., 2012;

Raynaud and Bouttier, 2016), and two experimental products merging AROME-EPS and another convection permitting NWP

model-AROME-NWC (Auger et al., 2015), with optional incorporation of spatial perturbations as post-processing (Vincendon

et al., 2011). Since the two experimental products have been released only for the autumn 2018 period in France, the evalu-95

ation can only be based on a single event, i.e. the heavy �ood that occurred in the Aude River basin on October 15th, 2018.

Therefore, a new framework is proposed for the evaluation of �ash-�ood hydro-meteorological ensemble forecasts at the event

scale. In this approach, the evaluation is mainly focused on the capacity of the hydrometeorological forecasts to anticipate

the exceedance of prede�ned discharge thresholds and to accurately localize the affected streams within the region of inter-

est. These are two essential qualities of hydrometeorological forecasts that are needed to plan rescue operations in real time.100

This approachis speci�cally designedto addressthe questionsof spatialandtemporalsamplingof the evaluatedforecasts,

accordingto the characteristicsof the event.We adoptthe point of view of end-users,who aim at providing resourcesand

assistancefor evacuationsandrescueoperationsata regionalscale.Themainhydrologicalresponsesto therainfall needto be

anticipatedin timeandaccuratelylocalizedwithin theregionof interest. The forecast-based �nancing approach developed for

humanitarian actions adopts a similar pragmatic approach, but with the aim to release funding and trigger short-term actions105

in disaster-prone areas worldwide (Coughlan de Perez et al., 2015). Others methods with a speci�c interest for operational

considerations have also been recently proposed for the case of deterministic forecasts (Lovat et al., 2020).A step-by-step

approachis proposedhereafter,�rst basedon an initial assessmentof the rainfall forecasts,with a focus on the time and

spacewindowsof observedor forecasthigh rainfall accumulations.Then,a spatialanalysisof the anticipationcapacitiesof

differenthydro-meteorologicalensembleforecastingproductsis performed,focusingon themostcritical phaseof the �oods110

(hydrographrising limbs). Basedon this secondstep,a detailedevaluationof the performanceof the hydro-meteorological

forecastsis conductedat someselectedrepresentativecatchmentoutlets.

Threeensemblerainfall forecastproductscoupledwith two rainfall-runoffmodelsareevaluated.Therainfall forecastshave

beenspeci�cally developedby theFrenchmeteorologicalservice(Météo-France)to generateshort-rangerainfall forecasts(1

to 6 hoursof leadtime) thatcanpotentiallybettercaptureMediterraneanheavyprecipitationevents.Theproductscomprisethe115

FrenchAROME-EPSreferenceensembleforecast(Bouttier et al., 2012; Bouttier et al., 2016),andtwo experimentalproducts

mergingAROME-EPSand anotherconvectionpermitting NWP model-AROME-NWC(Auger et al., 2015),with optional

incorporationof spatialperturbationsaspost-processing(Vincendon et al., 2011).Thesenewproductshavebeenreleasedfor

theautumn2018periodin France,andtheyareevaluatedbasedon theheaviest�ash-�ood eventobservedduringthis period,

i.e. the �ood thatoccurredin theAudeRiver basinon October15th, 2018.Theensemblerainfall forecastsareusedasinput120

to the two rainfall-runoff models,which differ in resolutionandstructure.The objectiveof this studyis not to comparethe

rainfall-runoffmodels,butratherto evaluatetheensemblerainfall forecaststhroughthelensof rainfall-runoffmodelling,in two

complementarycontexts:a) hydrometeorologicalforecastsat gaugedoutlets,basedon a long-termcalibratedsemi-distributed

rainfall-runoff model and b) hydrometeorologicalforecastsat gaugedand ungaugedcatchments,basedon an event-based

calibratedandhighly distributedrainfall-runoffmodel.125
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In the following, Section 2 presents the step-by-step evaluation framework proposed for the event-scale evaluation of en-

semble forecasts. Section 3 presents the case study, the data and models used to produce discharge forecasts. In Section 4,

the obtained results are presented and evaluated. Section 5 discusses the main outcomes, while Section 6 summarizes the

conclusions and draws the perspectives of this study.

2 Methodology for an event-scale evaluation of hydro-meteorological ensemble forecasts130

The proposed evaluation framework aims at determining if the magnitude of the �oods generated by heavy precipitation

events can be correctly anticipated based on ensemble rainfall forecasting products. It is considered that such products might

not perfectly capture the complex spatial and temporal patterns of the observed rainfall, although they might still be useful to

inform �ood risk decision-making. More precisely, the question of anticipating high discharges that might exceed prede�ned

discharge thresholds is addressed. The evaluation should not focus only on selected river sections, but offer a comprehensive135

view of anticipation capacities for the whole river network, including ungauged rivers.

Another challenge of the event-scale evaluation is to select a limited number of aggregated criteria that help drawing sound

conclusions, owing to the possible high spatial and temporal variability of rainfall and runoff values and of model performance,

as well as to the many possible combinations of time steps, forecast lead times and locations along the river network, that need

to be considered in the evaluation. For this reason, a step-by-step approach is proposed (Figure 1). It is �rst based on an140

initial assessment of the rainfall forecasts, with a focus on the time and space windows of observed or forecast high rainfall

accumulations. Then, a geographical analysis of the anticipation capacities of the ensemble �ood forecasts is performed at

a large number of ungauged outlets, focusing on the most critical phase of the �oods (hydrograph rising limbs). Based on

this second step, a detailed evaluation of the performance of the �ood forecasts is conducted at some selected representative

catchment outlets. These different steps are described below.Theproposedframeworkis organizedin threesteps(Figure1).145
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Figure 1.Overall principle of the proposed evaluation framework with its three steps of evaluation along the hydrometeorological forecasting

chain

2.1 Step 1: Reliability of the rainfall ensemble forecasts

The twofold objective of this initial phase is to analyze the quality of the rainfall forecasts and to de�ne the relevant spatial

and temporal scales to be used in the subsequent analyses. Three different aspects are considered for a comparison of observed

and forecast rainfall values:

– The hyetographs of the average rainfall intensities over the studied area are �rst plotted for each rainfall ensemble product150

and the different forecast lead times. They are used to assessing if, on average, the time sequence and the magnitude of the

rainfall intensities are well captured by the products. A reduced time window, where signi�cant intensities are forecast

or measured, is selected for the next steps of the analysis. This time window is hereafter called "hydrological focus time"

(HFT).

– Maps of the sum of forecast and observed hourly rainfall amounts during the HFT are then generated to assess if the155

areas where high rainfall accumulations were predicted and actually occurred coincide. One map is produced per forecast

product, forecast lead time and ensemble percentile. These maps compare the spatial distribution of accumulated rainfalls

from the aggregation of all forecast runs that were delivered during the event. It is thus the rainfall totals that are �rst
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evaluated. These maps also help to delineate the areas affected by high totals of measured or forecast rainfalls. The next

evaluation steps will focus on these areas, which are hereafter designated as "hydrological focus area" (HFA).160

– Classical rank diagrams (Talagrand and Vautard, 1997; Hamill, 2001) are computed for the entire HFA domain and HFT

period, for each forecast product and speci�c lead times. The aim is to quickly detect or con�rm possible systematic

biases or lack of variability in the forecast ensemble rainfall products. The diagrams are calculated considering all rainfall

pixels over the entire HFA, and also for particular high rainfall intensities of interest (in mm/h). Rank diagrams show

the frequencies at which the observation falls in each of the ranks of the ensemble members for each forecast product,165

when members are sorted from lowest to highest. They are used to determine the reliability of ensemble forecasts and to

diagnose errors in its mean and spread (Hamill, 2001). Typically, sloped diagrams will indicate consistent biases in the

ensemble forecasts (under- or over-estimation of the observations); U-shaped or concave diagrams are a signal of a lack

of variability in the distribution given by the ensemble forecasts; an excess of variability will result in a rank diagram

where the middle ranks are overpopulated.170

2.2 Step 2: Hydrological anticipation capacity during the �ood rising limb

The objective of this second step is to characterize the anticipation capacity of pre-selected discharge threshold exceedances

for the whole HFA (including a large number of ungauged outlets) and during the most critical phase of the event (i.e. the �ood

rising limb), based on the ensemble discharge forecasts. The evaluation is essentially based on a classical contingency table

approach (Wilks, 2011), with some important adaptations aiming to focus the analysis on the most critical time window from175

a user perspective (runs of forecasts preceeding the threshold exceedance), and to aggegate the forecats issued during this time

window, independently of the lead-times (i.e., a hit is considered if at least one of the forecasts has exceeded the threshold

at any lead time).Theanalysisis basedon a conventionalcontingencytableapproach(Wilks, 2011),but two adaptationsare

introducedhere:i) only one targetinstantof time is consideredfor eachanalyzedoutlet (i.e., the �rst time stepat which

the selecteddischargethresholdis exceeded),andii) all leadtimesareaggregated(i.e., a hit is consideredif, at this outlet180

andtargettime, at leastoneforecastissuedin the previoustime stepshasexceededthe thresholdat any leadtime). Based

on this framework, forecasting anticipation timesdelays are also computed (see Appendix A for a detailed description of the

implemented method).

To ensure a certain homogeneity over the focus area (HFA), the same return period is used to de�ne the discharge thresholds

at the different outlets. A 10-year return (Aubert et al., 2014) was considered appropriate in this study given the magnitude185

of the �ood event investigated (see Section 3), but it can be adapted to the intensity of any evaluated �ood event. In addition,

maps can be drawn for each forecasting system, each threshold level and ensemble percentile, to show the spatial distribution

of the outlets that display hits, misses, false alarms or correct rejections. The corresponding histograms of misses, false alarms

and hits, sorted by categories of anticipation time, can also be drawn to provide an overall performance visualization for

the comparison of the different systems when considering all the HFA focus area. Finally, ROC curves based on the above190
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de�nitions of hits, misses and false alarms are drawn to help to rank the methods independently of a speci�c percentile (see

Appendix A).

To enable the integration of ungauged outlets in the analysis, the discharges simulated with observed radar rainfall are con-

sidered as reference values for the computation of the evaluation criteria (reference simulation, RS hereafter). An additional

run is generated to help to interpret the results: it corresponds to a zero-value future rainfall scenario (RF0 hereafterin Figure1),195

i.e. forecasts are based on the propagation along the river network of past generated runoff only. This scenario helps to distin-

guish the part of the anticipation that is actually attributable to the rainfall forecasts and the part that can be explained by the

propagation delays of the generated runoff �ows along the river network.

2.3 Step 3: Detailed forecast analysis at some selected outlets

The main objective of this last step is to make the connection between the discharge thresholds anticipation results (step200

2), and the detailed features of the ensemble hydrological forecasts. This is achieved by an in depth analysis of forecast

hydrographs at different outlets, covering the whole HFT. The outlets are selected according to the results appearing on the

maps elaborated in step 2, with the objective to cover the various situations (hit, miss or false alarm). The evaluation is based

on the visual analysis of the forecast hydrographs for �xed forecast lead times (Berenguer et al., 2005) and on the spread-

skill relationship, which evaluates the consistency between ensemble spread and ensemble mean error for the different lead205

times (Fortin et al., 2014; Anctil and Ramos, 2017). The spread-skill score for each lead time is obtained by comparing the

RMSE of the ensemble mean (the skill) and the average of the standard deviations of the ensemble forecasts (the spread), as

suggested by Fortin et al., 2014. The advantage of this score is that it can be easily calculated from the forecast outputs and

provides also a measure of reliability of the ensembles (Christensen, 2015; Hopson, 2014). Finally, gauged outlets can also be

examined in this phase, allowing the evaluation framework to also incorporate the hydrological modeling errors in the analysis.210

3 Case study, data and models

3.1 The October 2018 �ash-�ood event in the Aude River basin

The Aude River basin is located in southernsouthwestern France (Figure 2). It extends from the Pyrenees mountains, in its

South upstream edge, to the Mediterranean Sea. Its drainage area is 6,074 km2. The climate is Mediterranean, with hot and

dry summers and cool and wet winters. The mean annual precipitation over the basin is about 850 mm. High discharges are215

observed in winter and spring, but the major �oods generally occur in autumn, and result from particularly intense convective

rainfall events.
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Figure 2. The Aude River basin, its river network, and theobserved rainfall accumulations observed fromduringtheOctober2018�ood (14

October 2018 00:00 to 15 October 2018 23:00, according to the ANTILOPE J+1 quantitative precipitation estimates (see Section 3.2).

A major precipitation event occurred in this area from the 14th to the 16th October 2018, with particularly high rainfall

accumulations during the night of 14th to 15th October. The maximum rainfall accumulations hit the intermediate part of the

Aude River basin, just downstream the city of Carcassonne (Figure 2). Up to 300 mm of point rainfall accumulation was220

observed (Caumont et al., 2021). The maximum accumulated rainfall amounts over short durations were also extreme: up to 60

mm in one hour and 213 mm in six hours recorded at Villegailhenc (Figure 2), while the local 100-year rainfall accumulation

is 200 mm in six hoursto becomparedto thelocal100-yearpercentileof 200mmin 6-hours (Ayphassorho et al., 2019). By its

intensity and spatial extent, the 2018 event nears the record storm and �ood event that hit the Aude River basin in November

1999 (Gaume et al., 2004).225

The October 2018 �oods of the Aude River and its tributaries led to the activation of the highest (red) level of the French

�ood warning system "Vigicrues" (vigicrues.gouv.fr). They caused 14 deaths, about 100 injuries and between 130 and 180
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million euros of insured damages (CCR, 2018). The �oods were particularly severe on the tributaries affected by the most

intense rains in the intermediate part of the Aude basin (Trapel, Rieu Sec, Orbiel, Lauquet), and also on the upstream parts of

the Cesse and Orbieu tributaries (see Figure 2). The peak discharge on the main Aude River at Trèbes reached the 100-year230

value (Ayphassorho et al., 2019) only 9 hours after the onset of the rainfall event. In contrast, the peak discharges were high

but not exceptional and caused limited inundation in the upstream and downstream parts of the Aude River basin. The high

observed spatial and temporal rainfall and runoff variability makes this �ash-�ood event a challenging and interesting case

study, for the event-scale evaluation framework of short range �oodhydro-meteorological forecasts proposed in this study.

3.2 Observed hydrometeorological data235

High resolution quantitative precipitation estimates (QPEs) for the event were obtained from the Météo-France's ANTILOPE

algorithm (Laurantin, 2008), which merges operational weather radar (30 radars operating in October 2018) and rain gauge

observations, including not only real time observations, but all observations available one day after the eventwhich werenot

availablein realtime. These QPEs are called ANTILOPE J+1 hereafter. A comprehensive reanalysis of this product is available

for the period from 1 January 2008 to 18 October 2018, at the hourly time step and0.01° (� 1 km by 1 km) spatial resolution.240

This product was used in this study to calibrate and run the hydrological models.

Discharge series were retrieved from the French Hydro database (Leleu et al., 2014; Delaigue et al., 2020) for the 31 stream

gauges located in the Aude River basin, over the period 2008-2018. Additionally, peak discharges of the October 2018 �ood

event at ungauged locations were estimated during a post-�ood �eld campaign (Lebouc et al., 2019) organized within the

Hydrological cycle in the Mediterranean eXperiment (HyMeX; Drobinski et al., 2014) research program.245

Evapotranspiration values, necessary to run the continuous rainfall-runoff model, were estimated using the Oudin for-

mula (Oudin et al., 2005), based on temperature data extracted from the SAFRAN meteorological reanalysis produced by

Météo-France on an 8 km x 8 km square grid (Vidal et al., 2010).

3.3 AROMEArome-based short-range rainfall ensemble forecast products

Rainfall forecasts are based on Météo-France's AROME-France NWP model (Seity et al., 2011; Brousseau et al., 2016).250

AROME-France is an operational limited area model that provides deterministic weather forecasts up to two days ahead. Its

high horizontal resolution allows to explicitly resolve deep convection, which is well suited to forecast heavy precipitations.

Three different AROME-based short-range rainfall ensemble forecast products were evaluated in this work:

– AROME-EPS is the ensemble version of AROME-France (Bouttier et al., 2012; Raynaud and Bouttier, 2016). AROME-

EPS results from perturbations of model equations, initial conditions and large-scale coupling of the NWP model. In255

2018, AROME-EPS was a 12-member ensemble forecast, updated every 6 hours (four times per day: at 3h, 9h, 15h and

21h UTC), and providing forecasts up to two days ahead.

– "pepi" is a combination of AROME-EPS and AROME-NWC (Auger et al., 2015). AROME-NWC is a con�guration

of AROME-France designed for now-casting purposes; it is updated every hour and provides forecasts up to 6 hours
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ahead. In order to take into account sudden weather changes, AROME-NWC is used with time lagging (Osinski and260

Bouttier, 2018; Lu et al., 2007), which consisted here in using the last 6 successive runs of AROME-NWC instead of

using only the most recent run. The resulting "pepi" product provides forecasts for a maximum lead time of 6 hours. It

combines 12 members from the last available AROME-EPS run, and 1 to 6 members from AROME-NWC, depending

on the considered lead time. The resulting number of members varies between 13 (for a 6-hour lead time) and 18 (for a

1-hour lead time).Thenumberof membersin the"pepi" productis 18(respectively13)for aleadtimeof 1h(respectively265

6h).

– "pertDpepi" is obtained by shifting the original "pepi" members 20 km in the four cardinal directions on top of the

unperturbed pepi members, to account for uncertainties in the forecast rainfall location. The number of members is �ve

times the number of the "pepi" ensemble, i.e. varies from 65 to 90 members depending on the lead time. This product

is based on the concepts proposed by Vincendon et al. (2011), but uses a simpler framework to derive the test-product270

speci�cally designed for this study. The shift scale of 20 km represents a typical forecast location error scale: according

to Vincendon et al. (2011), 80% of location errors are less than 50 km. The value of 20 km has been empirically tuned

to produce the largest possible ensemble spread on a set of similarly intense precipitation cases, without noticeably

degrading the ensemble predictive value as measured by user-oriented scores such as the area under the ROC curves.The

spatialshift appliedto this productrepresentsan idealdistancebecausei) it capturesthemainuncertaintiesdueto the275

localizationof therainfall event,andii) it is ashift thatdoesnot combinetoo incompatibleareas.

These three rainfall forecast products have the same spatial (0.025° by 0.025°) and temporal (1 hour) resolutions, and cover the

same saptial window as AROME (metropolitan territory of France). For the comparison with rainfall observations, they were

disaggregated on the corresponding 1 km by 1km grid. In order to issue hydrological forecasts every hour, the last available runs

of AROME-NWC and AROME-EPS (and the resulting pepi and pertDpepi ensembles) were systematically used, according280

to the products updates. The AROME-NWC and AROME-EPS forecasts were supposed to be immediately available for each

update (i.e. the computation delays were not considered).

Figure 3 showsthe initial assessmentof the three ensemblerainfall productsconducted by Météo-France, for rainfall

accumulationsexceeding5 mm/h. The scoreswere computedon the whole Frenchterritory and for the entire year 2018.

Leadtimesfrom 2 hoursto 6 hourswereconsideredaltogether.Thevaluesdisplayedaboveeachpoint representtheforecast285

histogramdividedbyprobabilityclasses(i.e.for AROME-EPS,thereare192Kzerorisk forecasts,andsoon).Thesepreliminary

resultssuggestaslightly betterperformanceof thepertDpepiproduct,in termsof reliability diagramaswell asROCcurves.

Figure3.Evaluationof rainfall ensemblesfor rainfall exceeding5 mm/handleadtimesfrom 2hto 6h:a)Reliability diagram,

b) ROCcurves(POD,Probabilityof detectionandFAR, falsealarmrate).

In thisstudy,thethreeensemblerainfall productsprovideforecastsupto 6hataspatialresolutionof 0.025° (� 2 km2). The290

AROME-NWC andAROME-EPSforecastsaresupposedto be immediatelyavailablefor eachupdate(i.e. the computation

delaysarenot consideredin thecomputationof anticipationtimes).
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3.4 Rainfall-runoff models

The ensemble rainfall forecasts were used as input of two rainfall-runoff models, which differ in their resolution and struc-

ture.Two rainfall-runoff modelswereselectedfor theevaluation. The GRSDi model is a semi-distributed continuous hydro-295

logical model adapted from the GRSD model (Le Moine et al., 2008; Lobligeois, 2014; De Lavenne et al., 2016) to better

simulate autumn Mediterranean �oods that typically occur after long dry summer periods (Peredo et al., 2022). The Cinecar

model is an event-based distributed model, speci�cally developed to simulate �ash-�oods of small ungauged headwater catch-

ments, with limited calibration needs (Versini et al., 2010; Naulin et al., 2013; Le Bihan, 2016). Both models were calibrated

against observations and presented good performance for the 2018 �ood event, as presented below, where we provide more300

information about the models and their implementations.

The objective of this study is not to compare the rainfall-runoff models. Since the RS hydrographs (hydrographs simulated

with ANTILOPE J+1 rainfall observations) are systematically used as reference for the evaluation of the �ood forecasts, the

evaluation results should not be directly dependent on the rainfall-runoff model but rather on the nature of the rainfall forecasts

used as input. The interest of using two models here is mainly to strengthen the evaluation, by involving two complementary305

models in terms of resolution and calibration approach: a) because of its high spatial resolution, the Cinecar models helps

to extend the evaluation of discharge threshold anticipation to small ungauged catchments, b) because it was not speci�cally

calibrated on the 2018 event (calibration on the whole 2008-2018 period), the GRSDi models offers an evaluation of the total

forecast errors at gauged outlets, including both the rainfall forecasts errors and the rainfall-runoff modeling errors. This is

achieved by the comparison of �ood forecasts with both RS hydrographs and observed hydrographs. However, the proposed310

evaluation framework could also be applied by using one unique rainfall runoff model.

GRSDi model

GRSDi is a soil moisture accounting, reservoir-based hydrological model that runs at an hourly time step with rainfall and

evapotranspiration as input data. The model has 7 parameters to be calibrated against observed discharges. For its implemen-

tation, the Aude River basin was divided into 123 modelling units (gray contours in Figure 3a) of approximately 50 km2. The315

model calibration and validation were performed for the same period (2008-2018), including the October 2018 �ood event: 16

gauged outlets were selected for the calibration and 15 for the validation. The averaged KGE (Kling-Gupta Ef�ciency - Gupta

et al., 2009) valuescalibration(validation)valuesobtained were of 0.80 (0.71) for the 16 calibration outlets (15 validation out-

lets), which indicates good model performance, except for one validation outlet, where a low KGE value of 0.1 was obtained

(Figure 3a). After visual inspection of the simulated discharges, this low performance was explained by an overestimation of320

the base �ow, with however limited impact on the peak discharges during the high �ows and �ood events. The model and its

performance evaluation is presented in details in Peredo et al. (2022).
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Figure 3. Calibration-validation results for the two rainfall-runoff models: a) KGE values at calibration and validation outlets (stream

gauges) for the GRSDi model and the period 01/10/2008 at 0h to 15/10/2018 at 23h, b) Peak discharge difference (in %) between CINECAR

simulated discharges and HyMex (HYdrological cycle in the Mediterranean EXperiment) estimates (stars - Lebouc et al., 2019) or stream

gauges (diamonds) when the model is calibrated over the Aude 2018 �ood event.

CINECAR model

The Cinecar model combines a SCS-CN (Soil Conservation Service - Curve Number,CN ) model for the generation of

effective runoff on the hill slopes and a kinematic wave propagation model on the hill slopes and in the stream network. The325

model runs at a 15 min time-step and was speci�cally developed to simulate fast runoff during �ash �oods, with a lesser focus

on reproducing delayed recession limbs. The main parameter of the model requiring calibration is the Curve Number (Naulin

et al., 2013). For the implementation of the model, the Aude River basin was divided into 1174 sub-basins with an average area

of 5 km2 (gray contours in Figure 3b). The shapes of the river reaches and hill slopes are simpli�ed in the model but their main

geometric features (slopes, areas, length, width) are directly extracted from the Digital Terrain Model (DTM). TheCN values,330

�rst �xed on the basis of soil types and antecedent conditions, were further tuned to reach a better agreement between simulated

and observed peak discharges for the Aude 2018 �ood (Hocini et al., 2021). The resulting model was overall consistent with

�eld observations, with errors on peak discharges generally comprised in the� 20%range (Figure 3b).
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