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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. A step-by-step approach is proposed, including first an evaluation of the rainfall forecasts. This first step
helps to define appropriate spatial and temporal scales for the evaluation. The anticipation of hydrological responses (discharge
thresholds) is then analyzed, 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.

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 evaluated and
compared. The 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 flood events
remains challenging due to the limited statistical representation of the available data, the evaluation framework proposed herein
should contribute to draw robust conclusions about the usefulness of newly developed rainfall ensemble forecast approaches,

and about their limits and possible improvements.

1 Introduction

Flash floods contribute in a significant proportion to flood-related damages and fatalities in Europe, particularly in the Mediter-
ranean 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 floods in France were flash floods, each having caused insurance losses that exceeded 500

million euros according to the French Central Reinsurance Fund (CCR, 2020). These floods are characterized by fast dynamics
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and high specific 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 totals in less than 6
hours, falling over river basins of less than 1000 km? 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 flood monitoring and
forecasting systems to anticipate such events is a key factor to limit their impacts and improve flood risk management. Although
several operational flash-flood 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; Park et al., 2019), these
systems can only offer limited anticipation due to the short response times of the affected catchments.The integration of short-
range, high resolution rainfall forecasts in flash-flood 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.,
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 flash-flood 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 flash-flood warnings still faces numerous challenges,
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 flash-flood 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.,
2022; Bellier et al., 2021; Thiboult et al., 2017). Several ensemble flash-flood 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; Alfieri 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; Davolio

et al., 2017; Poletti et al., 2019; Lagasio et al., 2019).

New approaches to flash-flood forecasting need to be appropriately evaluated. Forecast evaluation is often based on long time
series of observed and forecast data. However, in the case of flash-flood forecast evaluation, many barriers need to be over-
come. High resolution ensemble rainfall re-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). Moreover, because of the limited frequency of occur-
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rence of heavy precipitation events triggering flash floods, the data-sets available for evaluation are very often limited to some
specific severe events, which highly limits the possibility of satisfying the typical requirements for a robust evaluation of hy-
drological model outputs (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-defined discharge
thresholds, and such often at a few gauged outlets, where the main hydrological responses to the high rainfall accumulations
were observed during the 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 fore-
casts for the event being evaluated (Davolio et al., 2017; Poletti et al., 2019; Sayama et al., 2020). Although widely used in the
scientific 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-specific 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 space
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 significant spatial
shifts exist between observed and forecast rainfalls. Therefore, the evaluation of short-range flash-flood forecasts at the event
scale requires considering specific forecast quality attributes evaluated at gauged sites (where observations are available) but
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 Reb-
ora, 2012; Davolio et al., 2015; Anderson et al., 2019; Sayama et al., 2020).

In this paper, a new framework is proposed for the evaluation of flash-flood hydro-meteorological ensemble forecasts at the
event scale. This approach is specifically designed to address the questions of spatial and temporal sampling of the evaluated
forecasts, according to the characteristics of the event. We adopt the point of view of end-users, who aim at providing resources
and assistance for evacuations and rescue operations at a regional scale. The main hydrological responses to the rainfall need
to be anticipated in time and accurately localized within the region of interest. The forecast-based financing approach devel-
oped for humanitarian actions adopts a similar pragmatic approach, but with the aim to release funding and trigger short-term
actions in disaster-prone areas worldwide (Coughlan de Perez et al., 2015). Others methods with a specific interest for oper-
ational considerations have been recently proposed for the case of deterministic forecasts (Lovat et al., 2020). A step-by-step
approach is proposed hereafter, first based on an initial assessment of the rainfall forecasts, with a focus on the time and space
windows of observed or forecast high rainfall accumulations. Then, a spatial analysis of the anticipation capacities of different

hydro-meteorological ensemble forecasting products is performed, focusing on the most critical phase of the floods (hydro-
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graph rising limbs). Based on this second step, a detailed evaluation of the performance of the hydro-meteorological forecasts

is conducted at some selected representative catchment outlets.

Three ensemble rainfall forecast products coupled with two rainfall-runoff models are evaluated. The rainfall forecasts have
been specifically developed by the French meteorological service (Météo-France) to generate short-range rainfall forecasts (1
to 6 hours of lead time) that can potentially better capture Mediterranean heavy precipitation events. The products comprise
the French AROME-EPS reference ensemble forecast (Bouttier et al., 2012; Raynaud and Bouttier, 2016), and two experi-
mental 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). These new products have been
released for the autumn 2018 period in France, and they are evaluated based on the heaviest flash-flood event observed during
this period, i.e. the flood that occurred in the Aude River basin on October 15™, 2018. The ensemble rainfall forecasts are
used as input to the two rainfall-runoff models, which differ in resolution and structure. The objective of this study is not
to compare the rainfall-runoff models, but rather to evaluate the ensemble rainfall forecasts through the lens of rainfall-runoff
modelling, in two complementary contexts: a) hydrometeorological forecasts at gauged outlets, based on a long-term calibrated
semi-distributed rainfall-runoff model and b) hydrometeorological forecasts at gauged and ungauged catchments, based on an

event-based calibrated and highly distributed rainfall-runoff model.

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 conclu-

sions and draws the perspectives of this study.

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

The proposed evaluation framework aims at determining if the magnitude of the floods 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 flood risk decision-making. More precisely, the question of anticipating high discharges that might exceed predefined
discharge thresholds is addressed. The evaluation should not focus only on selected river sections, but offer a comprehensive
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.
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The proposed framework is organized in three steps (Figure 1).
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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

130 The twofold objective of this initial phase is to analyze the quality of the rainfall forecasts and to define 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 first plotted for each rainfall ensemble product

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

135 rainfall intensities are well captured by the products. A reduced time window, where significant intensities are forecast
or measured, is selected for the next steps of the analysis. This time window is hereafter called "hydrological focus time"

(HFT).
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— Maps of the sum of forecast and observed hourly rainfall amounts during the HFT are then generated to assess if the
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 first
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).

— Classical rank diagrams (Talagrand and Vautard, 1997; Hamill, 2001) are computed for the entire HFA domain and HFT
period, for each forecast product and specific lead times. The aim is to quickly detect or confirm 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,
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.
2.2 Step 2: Hydrological anticipation capacity during the flood 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 ungauged outlets) and during the most critical phase of the event (i.e. the flood rising limb),
based on the ensemble discharge forecasts. The analysis is based on a conventional contingency table approach (Wilks, 2011),
but two adaptations are introduced here: i) only one target instant of time is considered for each analyzed outlet (i.e., the first
time step at which the selected discharge threshold is exceeded), and ii) all lead times are aggregated (i.e., a hit is considered
if, at this outlet and target time, at least one forecast issued in the previous time steps has exceeded the threshold at any lead
time). Based on this framework, forecasting anticipation delays 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 define the discharge thresholds
at the different outlets. A 10-year return period was considered appropriate in this study given the magnitude of the flood event
investigated (see Section 3), but it can be adapted to the intensity of any evaluated flood 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 above definitions of hits, misses
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and false alarms are drawn to help to rank the methods independently of a specific percentile (see Appendix A).

To enable the integration of ungauged outlets in the analysis, the discharges simulated with observed radar rainfall are
considered 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 (RFO in Figure 1), i.e.
forecasts are based on the propagation along the river network of past generated runoff only. This scenario helps to distinguish
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 flows 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 (step 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 fixed 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 lead times (Fortin et al., 2014;
Anctil and Ramos, 2017). 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.

3 Case study, data and models
3.1 The October 2018 flash-flood event in the Aude River basin

The Aude River basin is located in southwestern France (Figure 2). It extends from the Pyrenees mountains, in its South up-
stream edge, to the Mediterranean Sea. Its drainage area is 6,074 km?. 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 are observed in win-

ter and spring, but the major floods generally occur in autumn, and result from particularly intense convective rainfall events.

A major precipitation event occurred in this area from the 14" to the 16" October 2018, with particularly high rainfall accu-
mulations during the night of 14" to 15" 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 was 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), to be compared to the local 100-year percentile of 100

mm in 6-hours (Ayphassorho et al., 2019). By its intensity and spatial extent, the 2018 event nears the record storm and flood
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Figure 2. The Aude River basin, its river network, and the observed rainfall accumulation during the October 2018 flood (14 October 2018
00:00 to 15 October 2018 23:00).

event that hit the Aude River basin in November 1999 (Gaume et al., 2004).

The October 2018 floods of the Aude River and its tributaries led to the activation of the highest (red) level of the French
flood warning system "Vigicrues" (vigicrues.gouv.fr). They caused 14 deaths, about 100 injuries and between 130 and 180
million euros of insured damages (CCR, 2018). The floods 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 Trebes reached the 100-year
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
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observed spatial and temporal rainfall and runoff variability makes this flash-flood event a challenging and interesting case

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

3.2 Observed hydrometeorological data

High resolution quantitative precipitation estimates for the event were obtained from the Météo-France’s ANTILOPE algo-
rithm (Laurantin, 2008), which merges operational weather radar (30 radars operating in October 2018) and rain gauge obser-
vations, including observations which were not available in real time. A comprehensive reanalysis of this product is available
for the period from 1 January 2008 to 18 October 2018, at the hourly time step and 0.01 ° (=~ 1 km?) spatial resolution. 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 flood
event at ungauged locations were estimated during a post-flood field campaign (Lebouc et al., 2019) organized within the
Hydrological cycle in the Mediterranean eXperiment (HyMeX; Drobinski et al., 2014) research program.

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

3.3 Arome-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).
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. In
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 configuration
of AROME-France designed for now-casting purposes; it is updated every hour and provides forecasts up to 6 hours
ahead. In order to take into account sudden weather changes, AROME-NWC is used with time lagging (Osinski and
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 number of members in the "pepi" product is 18 (respectively 13) for a lead time of

1h (respectively 6h).
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— "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 five
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-product
specifically designed for this study. The spatial shift applied to this product represents an ideal distance because i) it
captures the main uncertainties due to the localization of the rainfall event, and ii) it is a shift that does not combine too

incompatible areas.

Figure 3 shows the initial assessment of the three ensemble rainfall products, for rainfall accumulations exceeding 5 mm/h.
The scores were computed on the whole French territory and for the entire year 2018. Lead times from 2 hours to 6 hours
were considered altogether. The values displayed above each point represent the forecast histogram divided by probability
classes (i.e. for AROME-EPS, there are 192K zero risk forecasts, and so on). These preliminary results suggest a slightly better

performance of the pertDpepi product, in terms of reliability diagram as well as ROC curves.

a) 1, b) 10
0.8 | === AROME-EPS 0.8
>
§ pepi
20.6 | = pertDpepi 40 0.6
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3 2 103 a
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Forecast probability FAR

Figure 3. Evaluation of rainfall ensembles for rainfall exceeding 5 mm/h and lead times from 2h to 6h: a) Reliability diagram, b) ROC curves

(POD, Probability of detection and FAR, false alarm rate).

In this study, the three ensemble rainfall products provide forecasts up to 6h at a spatial resolution of 0.025 ° (=~ 2 km?). The
AROME-NWC and AROME-EPS forecasts are supposed to be immediately available for each update (i.e. the computation

delays are not considered in the computation of anticipation times).
3.4 Rainfall-runoff models

Two rainfall-runoff models were selected for the evaluation. The GRSDi model is a semi-distributed continuous hydrological

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

10
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autumn Mediterranean floods that typically occur after long dry summer periods (Peredo et al., 2022).The Cinecar model is an
event-based distributed model, specifically developed to simulate flash-floods of small ungauged headwater catchments, with
limited calibration needs (Versini et al., 2010; Naulin et al., 2013; Le Bihan, 2016). Both models were calibrated against ob-
servations and presented good performance for the 2018 flood event, as presented below, where we provide more information

about the models and their implementations.

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 4a) of approximately 50 km?,
The model calibration and validation were performed for the period 2008-2018, including the October 2018 flood event: 16
gauged outlets were selected for the calibration and 15 for the validation. The KGE calibration (validation) values obtained
were of 0.80 (0.71), which indicates good model performance, except for one validation outlet, where a low KGE value of
0.1 was obtained (Figure 4a). After visual inspection of the simulated discharges, this low performance was explained by an
overestimation of the base flow, with however limited impact on the peak discharges during the high flows and flood events.

The model and its performance evaluation is presented in details in Peredo et al. (2022)

CINECAR model

The Cinecar model combines a SCS-CN (Soil Conservation Service - Curve Number, C'N') model for the generation of effec-
tive runoff on the hill slopes and a kinematic wave propagation model on the hill slopes and in the stream network. The model
was specifically developed to simulate fast runoff during flash floods, 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 implemen-
tation of the model, the Aude River basin was divided into 1174 sub-basins with an average area of 5 km? (gray contours in
Figure 4b). The shapes of the river reaches and hill slopes are simplified in the model but their main geometric features (slopes,
areas, length, width) are directly extracted from the Digital Terrain Model (DTM). The C'N values, first fixed 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 flood (Hocini et al., 2021). The resulting model was overall consistent with field observations,

with errors on peak discharges generally comprised in the +20% range (Figure 4b).

4 Results
4.1 Opverall performance of the rainfall ensemble forecast products

Figure 5 shows the temporal evolution of the hourly observed rainfall (ANTILOPE J+1) and the hourly forecast rainfall from
the three ensemble products (AROME-EPS, pepi and pertDpepi) at a) 1 hour and b) 6 hours of lead time. Rainfall intensities
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Figure 4. 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 Oh to 15/10/2018 at 23h, b) Peak discharge difference (in %) between CINECAR simulated

discharges and HyMex estimates (stars) or stream gauges (diamonds) when the model is calibrated over the Aude 2018 flood event.

(mm/h) are averaged over the entire Aude River basin area. Overall, the observed rainfalls are well captured by the forecast
products. The ensemble forecast distributions are similar among the three products, except for some time steps corresponding
to the most intense rainfall period, where the added value of the AROME-NWC model used in the pepi and pertDpepi products
can be noticed. As expected, the spread of the ensemble forecasts increases from AROME-EPS to pepi and pertDpepi, with
some few exceptions that can be explained by the spatial averaging. This is in agreement with the increase in the number of

ensemble members.

In general, the observed average rainfall rates are contained in the ensemble forecast ranges, except at the end of the rainfall
event, on the 15" October between 7:00 and 11:00 UTC, where all ensemble forecasts overestimate the rainfall rates, particu-
larly for the 1-hour lead time forecast. This is expected to have limited impact on the anticipation of floods, since it affects only
the end of the rainfall event. The shape and magnitude of the average observed rainfall hyetograph is well anticipated by the
1-hour lead time forecasts, while a time-shift of 2 hours is observed on the rising limb, and lower average rainfalls are observed
at the rainfall peak for the 6-hour lead time forecasts. Even if not totally satisfactory, the time-shift remains significantly lower
than the lead time of 6 hours. This means that the rainfall forecasts are still helpful to anticipate the actually observed intense

rainfall period, even if it is not perfectly positioned in time. This should result in an added value of the hydro-meteorological
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(boxplots), during the October 2018 flood event. Rainfall rates are averaged over the Aude River basin. The boxplots correspond to AROME-

Figure 5. Temporal evolution of observed hourly rainfall rates (black dots), and a) 1 hour and b) 6 hours lead time ensemble forecasts
EPS (green), pepi (orange) and pertDpepi (purple). Whiskers reflect the min-max range and boxes the inter-percentile (25%-75%) for the

ensemble forecasts to anticipate the flood rising limbs, for this specific area and rainfall event.

forecasts.
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As mentioned in section 2, the objective is not only to evaluate the overall quality of the rainfall forecast products, but also
to define relevant space and time frames (HFA and HFT, respectively), which will help in illustrating the quality and usefulness
of these products for flood forecasting. The selected space and time frames must include observed as well as forecast high
intensities, but not many areas or time steps with low intensities in both observation and forecasts. These areas are of little
interest to flood forecasting, and they may mask the main features of the forecasts when carrying out an event-based forecast
quality analysis. Based on the hyetographs presented on Figure 5, the HFT was set hereafter from the 14™ of October at 20h00
to the 15™ at 10h00 UTC. This corresponds to a 15-hour period over which hourly observed and forecast average rainfall
intensities on the Aude basin were larger than 2 mm/h. The choice of the HFA will be commented hereafter.

Figure 6 shows the spatial distribution of accumulated observed and forecast rainfall over the 15-hour HFT time window.
For the forecast products, the ensemble mean, the 75% percentile and the 95% percentile at 1-h lead time are plotted. The area
affected by the high rainfall accumulations (over 280 mm within 15 hours) is, in general, captured by the rainfall products.
The added value of the AROME-NWC model, generating locally more intense rainfall rates in the forecasts, can be seen by
comparing the AROME-EPS and the pepi fields. The influence of the spatial shifts introduced in the pertDpepi product is
also visible, when comparing it with the pepi product. It is also interesting to note that the ensembles means are not able to
capture the magnitude of the highest observed rainfall accumulations. Only the tail of the ensemble distributions at each pixel
(75% and 95% percentiles) can approach the observed intensities. However, for these percentiles, the area of high intensities
spreads and becomes larger than the area seen in the observed field of rainfall accumulations. This behavior is particularly
marked in the pertDpepi product, which is probably a combined effect with the spatial shift of the perturbations introduced by
this product. Figure 6 also provides the required information to set the HFA. Even if not entirely hit by the observed heavy
precipitation event, the Aude River basin is almost entirely covered with high forecast rainfall accumulations. This led to the
choice of keeping the entire Aude River basin as HFA. Considering this whole area will help in evaluating the impact of false

alarms when forecasting floods.

The overall spread of the rainfall ensemble products can be further analyzed based on the rank diagrams presented on Figure 7.
The diagrams are plotted for a lead time of one hour and pull together all the time steps within the HFT and the pixels of the
HFA. Note also that they have been divided (i.e., stratified) into three sub-samples according to the observed hourly rainfall
intensities. Overall, the U-shape of the rank histograms indicates a lack of spread of the three ensemble products (under-
dispersive ensembles), although still moderate, when it comes to capture the observations within the ensemble spread at the
right time and location. The histograms obtained for each sub-sample reveal a shift towards negative (resp. positive) bias, when
the largest (resp. lowest) observed rainfall intensities are considered. This bias appearing in the rank diagrams when data sets
are stratified based on observed values, even for perfectly calibrated ensembles, is a well-documented phenomenon (Bellier
et al., 2017). Observation-based stratification should therefore be considered with caution in forecast quality evaluation. It is
nevertheless interesting to note the influence of stratification in the bias revealed by the rank diagrams. It can be a consequence
of the limited spread of the ensemble rainfall forecasts. But it may also reflect the shifts and mismatches in time and space of

the ensemble forecasts, already illustrated on figures 5 and 6.
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Figure 6. Comparison of observed and forecast (one hour lead time) rainfall rates over 15 hours (from 14" of October 22 h to 15" of October
13 h) : a) observed rainfall, b) e) h) AROME-EPS ensemble mean, 75% and 95% percentiles, c) f) i) pepi ensemble mean, 75% and 95%
percentiles, d) g) j) pertDpepi ensemble mean, 75% and 95% percentiles

345 Figure 6 shows that the largest observed rain rates generally correspond to high percentiles of the ensembles. As a con-
sequence, to produce effective hydrological forecasts based on a good estimate of the rainfall rates over the high rainfall
accumulation period and area, users would need to work based on a high ensemble percentile value (the 75% percentile in
the present case study; Figure 6.e-g), rather than on the ensemble mean value. However, it should also be noted that making
decisions based on high percentiles of ensemble forecasts (i.e., lower chances of occurrence) may also generate false alarms in

350 the regions surrounding the area hit by the intense rainfalls, as illustrated in Figure 6. Hydrometeorological forecasting is no
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exception to the well-known decision principle: the larger the uncertainties (i.e. the lower the sharpness) affecting the predic-
tions of the variable(s) on which the decision is based, the larger the safety margin will be to guard against the risk of unwanted
consequences. In the present case study, this means working on higher quantiles to avoid misses, and accepting to deal with a

larger area at risk and potential false alarms.
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Figure 7. Rank diagrams of the three ensemble products for lead time one-hour : a) AROME-EPS, b) pepi, ¢) pertDpepi.

4.2 Hydrological anticipation capacity

As mentioned in section 2, the hydrological forecasts are first evaluated on their ability to detect, with anticipation, the ex-
ceedance of pre-defined discharge thresholds. The objective is to provide a comprehensive view of the anticipation capacity
for ungauged streams and main gauged rivers. The criteria and maps presented were computed based on the CINECAR hy-
drological model simulations, and include the entire sample of, 1174 sub-basins outlets. The hydrological simulations based
on observed ANTILOPE rainfall are considered as the reference scenario (RS). Hourly rainfall accumulations were uniformly
disaggregated to run the model at a 15-min time resolution. The discharge thresholds correspond to the 10-year discharge
return period, estimated by the SHYREG method (Aubert et al., 2014). The choice of a 10-year return period was motivated
by two main reasons: i) this is a discharge level for which significant river overflows and damages are likely to be observed on
many streams ; ii) according to the RS simulation, during the October 2018 flood event about half of the 1174 sub-basins in
the HFA were hit by floods with peak discharge exceeding this threshold. It is also important to remind that all forecast lead
times are combined for the computation of the scores presented in this section (see Appendix A): i.e. one exceedance detected
in advance for at least one forecast run is considered as a detection (hit). This means that one unique result (either a hit, a miss,

a false alarm or a correct rejection) is obtained for each of the 1174 sub-basins.

Figure 8 illustrates the resulting ROC curves obtained for the three hydrometeorological ensemble products.

In the figure, the points related to the 75% percentiles of the ensembles are highlighted on each curve. The point obtained
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Figure 8. ROC curves summarizing the anticipation of exceedances of the 10-year discharge threshold, for the October 2018 flood event
in the Aude River basin. The hydrological forecasts presented are based on AROME-EPS, pepi and pertDpepi rainfall ensemble products,
and the CINECAR hydrological model. The black stars indicate the scores obtained for the 75% percentile of the hydrological ensemble

forecasts. The gray diamond shows the POD for the RFO forecasts (zero-future rainfall forecast).

for forecasts using a zero rainfall scenario (RFO) is also presented. The added value of the pepi ensemble, compared to the
AROME-EPS ensemble, was already observed in the forecast rainfall analysis (Section 4.1). It is also clearly visible here : for
a selected ensemble percentile, both ensembles provide similar false alarm ratios, but the ensemble based on the pepi rainfall
product has a higher probability of detection. For a spatial overview of the results, the maps of hits, misses, false alarms, and
correct rejections based on the 75% percentiles are presented on Figure 9. In the central area of the Aude River basin, the missed
detections for pepi ensemble are lower, when compared to the AROME-EPS ensemble (see Figures 9.b and c). This is in line
with the better capacity of the pepi ensemble forecast product to capture the observed high rainfall accumulations (Figure 6).
Overall, the use of the pertDpepi ensemble product leads to a reduction of the number of false alarms (255, Figure 9.d), when
compared to the two other ensemble products (290 for AROME-EPS and 292 for pepi). In practice, the spatial perturbation

introduced by the pertDpepi ensemble leads to contrasted effects depending on the area and ensemble percentile considered.
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The pertDpepi spatial perturbation leads to an increase of the area covered by high accumulated rainfalls when considering the
highest percentile values of the rainfall ensembles, as clearly visible on Figure 6 for the 95% percentile. However, the spatial
perturbation may also have a smoothing effect of the high rainfall values when considering intermediate ensemble percentiles,
385 with, consequently, a reduction of false alarms in some areas. This is clearly the dominant effect for the 75% percentile of the

pertDpepi ensemble product and the 2018 event.

Correct Rejection
I False Alarm
B Hit

B \viiss

Figure 9. Maps of anticipation (0-6h) of the 10-year return period discharge threshold : a) RF0 scenario, b) AROME-EPS ensemble (75%
percentile), c) pepi ensemble (75% percentile), d) pertDpepi ensemble (75% percentile). Hits are displayed for anticipation times exceeding

15 min. Black dots represent the outlets where a detailed analysis of the forecasts is proposed in Section 4.3.
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The comparison of the ROC results of the ensemble hydrological forecasts with those of the RF0 scenario - i.e. future rainfall
set equal to zero - helps to further evaluate the added value of the ensemble rainfall forecast products. All ensemble forecasts
lead to an increase of the number of hits (9) and of the probability of detection (Figure 8). However, this gain is obtained at the

390 cost of an increase in the number of false alarms. When we look at the 75% percentile of the ensembles (black stars), close to
50% of the sub-basins of the Aude River basin where the 10-year discharge return period is not exceeded are associated with a

false alarm.

300-
| ..
]
0
£
2 200
(7]
£
(/2]
(1]
2
0
=
- . I
5h-6h 4h-5h 3h-4h 2h-3h 1h-2h  15min-th  MISS False alarms
Anticipation

Ensemble RFo ] ARoME-EPS [ pepi ] pertDpepi

Figure 10. Comparison of 10-year threshold anticipation times for the RFO scenario and the three ensemble products with the 75% ensemble

percentile

Figure 10 shows the distribution of anticipation times, within categories ranging from 15 min to 6 hours, for sub-basins with
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hits in Figure 9. The Figure also shows the number of sub-basins where either no anticipation (i.e., those with misses) or false
alarms are observed, and confirms the observations already made on Figure 9: lower number of false alarms for the ensemble
forecasts based on the pertDpepi rainfall product, when compared to AROME-EPS and pepi ; and higher number of sub-basins
associated with misses for forecasts of the RFO reference scenario, as expected. But the results presented on Figure 10 also
confirm the added value of using the rainfall ensemble products to increase anticipation times of the exceedance of the 10-year
discharge threshold: the anticipation times remain mostly between 15 min and 1 hour for RFO forecasts, whereas they exceed
2 hours for more than a half of the sub-basins in hit with the three ensemble rainfall products. The use of the rainfall ensemble
forecasts is key in the present case study to extend anticipation times beyond 2 hours.

Figure 10 illustrates the necessary trade-off between gaining hits and larger anticipation times, and increasing false alarms
as a consequence, when using ensemble hydrological forecasts to anticipate discharge threshold exceedances. Is it worth when
compared to the RF(Q forecasts (no future rainfall), where false alarms are avoided, but the number of misses is increased,
and the anticipation times are lower, as in the case of the 2018 event? The answer to this question depends on the end-users
of the forecasts and their capabilities to respond to flood warnings. Further considerations on the cost and benefits associated
with the hits and increased forecasting anticipation times, but also with the misses and false alarms, would be needed to fully
address the question. For instance, in our case study, if we consider the Percent Correct (PC) score (Wilks, 2011) - i.e. the
fraction of the N forecasts for which a forecast correctly anticipated the event (hit) or the no-event (correct rejection) - then
the conclusion would be that the RFO forecast outperforms the three ensemble hydrometeorological forecasts, at least when
the decision is based on their 75% percentile. This is because the PC scores are of 80% for RF0, 71% for AROME-EPS, 73%
for pepi and 77% for pertDpepi. However, this score gives the same cost or benefit to misses, false alarms, hits and correct
rejections. Additionally, it does not consider the added value of the increased anticipation of the threshold exceedances. This
shows that an in-depth evaluation of hydrometeorological forecasts with scores and quantitative metrics could strongly benefit
from taking into account the end-user’s constraints and needs, as much as possible. When evaluating potential rainfall ensemble
products or the added value of different hydrometeorological forecasting systems on the basis of a post-event analysis, as in
the case illustrated in this study, we cannot ensure the actual usefulness of the forecasts until they are deployed in practice
and used in real-time operations. Nevertheless, from the evaluation framework proposed here, we were able to identify that the
hydrometeorological ensemble forecasts can offer better anticipation times than the RFO forecasts, although this anticipation

has a cost, i.e. an increase in the number of false alarms, which the user would need to be able to accept.

4.3 Detailed hydrological forecasts evaluation at selected outlets

To complement the assessment results, a detailed analysis of the hydrometeorological forecasts is carried out at six selected
gauged outlets, covering a variety of situations (see Figure 9 for their location). Outlets 1 and 2 correspond to weak hydro-
logical reactions - i.e. the peak discharge of the RS reference scenario remains largely below the 10-year discharge threshold
in both cases. At outlet 1, the previous step, i.e. the evaluation of discharge threshold anticipation capacity during the flood

rising limb, showed a correct rejection, whereas at outlet 2 a false alarm was obtained with the three ensemble forecast prod-
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ucts. Outlets 3 and 4 correspond to small size watersheds, located in the most intense observed rainfall area. For both outlets,
the 10-year threshold exceedance could not be detected with significant anticipation with the RF0 forecast scenario (15 min
of anticipation time for outlet 3, and 0 min -i.e. miss - for outlet 4), whereas anticipation times of 3h15min were obtained
with the 3 ensemble forecast products. Outlets 5 and 6 represent larger watersheds. At these outlets, the 10-year threshold
exceedance could be anticipated with the RFO forecast scenario (anticipation times of 45 and 60 min respectively). However,
these outlets also show an increase of the anticipation capacity with the ensemble rainfall forecasts: anticipation times ranging

from 2h45min to 4h45min at outlet 5 depending on the rainfall forecast product, and of 6 hours at outlet 6 for the three products.

The results presented hereafter are based on the GRSDi model simulations. The choice of this model is driven by the possibil-
ity to compare the forecast hydrographs to both the simulated (RS scenario) and the observed hydrographs at gauging stations,
with a hydrological model which was not specifically calibrated to the 2018 flood. This allows us to compare errors related to
the rainfall forecasts to those related to the modelling errors. Figures 11 to 16 present, for each of the six selected outlets, three
panels of results. The first one on the left shows the spread/skill score for all lead times (one to six hours). The other panels
allow us to visually inspect the shape and spread of the forecast hydrographs (mean and quantiles of the ensemble forecasts) for
an intermediate lead time of three hours, and compare the forecasts to the simulated (RS) and observed discharges. Only pepi
(middle panel) and pertDpepi (right panel) forecast hydrographs are presented (the AROME-EPS hydrographs are provided in
the Appendix B). It should be noted that the "forecast hydrographs" are represented for a fixed three hours lead time, and are
not continuous discharges series in time as in the case of the observed and simulated hydrographs. They rather represent what

could be predicted by the forecasts issued three hours before each time step ¢ of the flood event.

The results obtained for outlets 1 and 2 (weak hydrological reactions) are presented on Figures 11 and 12. For outlet 1,
the reference RS (simulated) hydrograph is overall correctly retrieved by the forecasts (Figure 11). For outlet 2, the forecast
hydrographs show a larger dispersion and a significant overestimation, in particular for the upper percentiles (Figure 12). This
overestimation is present in the forecasts based on the three ensemble rainfall products. It explains the false alarm observed on
Figure 9, when the percentile 75% is considered. It is directly related to the overestimation of rainfall in areas surrounding the
actually observed high rainfall accumulations area, as identified on Figure 6. The spread/skill relationship scores (Figures 11.a
and 12.a) show that the hydrological ensemble forecasts tend to have a higher spread/skill score for the first lead times in all
rainfall products. It becomes close to one after 2 to 4 hours of lead time for the hydrological forecasts based on AROME-EPS
and pepi rainfall products (i.e., the spread correlates well with the errors). For the forecasts based on pertDpepi, the score tends
to stabilize around 1.5 (i.e. there is 50% more spread than ensemble mean skill in these forecasts), highlighting a shortcoming
of potentially over - or unnecessary - wide spread in this ensemble product. The larger dispersion of the pertDpepi forecast
ensemble is confirmed by the hydrographs, and is in particular visible for the 5%-95% percentiles inter-quantile range, while
the range defined by the 25% and 75% percentiles show limited difference with the respective inter-quantile range in the pepi
ensemble product. This confirms the tendency of pertDpepi rainfall product to modify differently the extreme percentiles and

the intermediate ones when compared to pepi. In practice, the over-dispersion observed for extreme percentiles could have
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limited the performance of the pertDpepi ensemble if these extreme percentiles had been used by a user. This was also visible
on Figure 8: a large increase of false alarm rates with the pertDpepi ensemble product in the upper part of the ROC curve.
Lastly, the comparison of observed and simulated hydrographs shows a different performance of the hydrological model
between outlets 1 and 2. The modelling errors are limited in the case of outlet 1, whereas the observed discharges are over-
estimated by the model in the case of outlet 2. In this second case, the comparison between observed, simulated and forecast

hydrographs shows that a large part of the total forecast error can be attributed to modelling errors.
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Figure 11. Detailed hydrological forecasts evaluation at outlet 1: a) spread/skill relationship, b) hydrographs of 3 hours lead time forecasts

with pepi, ¢) hydrographs of 3 hours lead time forecasts with pertDpepi. In blue, the observed hydrograph at the gauging station.
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Figure 12. Detailed hydrological forecasts evaluation at outlet 2: a) spread/skill relationship, b) hydrographs of 3 hours lead time forecasts

with pepi, ¢) hydrographs of 3 hours lead time forecasts with pertDpepi. In blue, the observed hydrograph at the gauging stations.

In the cases of outlets 3 and 4 (small size watersheds in the most intense observed rainfall area - Figures 13 and 14), the
reference RS hydrograph largely exceeds the 10-year discharge threshold at the very beginning of the flood rising limb. The
3-hour forecasts also exceed the thresholds and anticipate well the initial increase of the river discharges. This results in the
hits presented on Figure 9, and in the good anticipation times, exceeding 3 hours for both outlets. A forecast user could be
satisfied with such information (anticipation of threshold exceedance) to start a flood response. However, when we look in
detail at the spread-skill relationships and the shape of the hydrographs, we can see shortcomings in the ensemble forecasts and

important differences between outlets 3 and 4. For both outlets, the forecast hydrographs show a delay in the flood rising limb
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and flood peak, comparatively to the simulated hydrographs. This means that shortcomings are present in the rainfall forecast
products in terms of the dynamics of the time evolution of the rainfall event. These shortcomings could not be directly captured
in the previous evaluation scores, but might be an important feature for forecast users. The flood rising limb is overall better
represented in the case of outlet 3. At outlet 4, the 3-hour forecast hydrograph simulated hydrographs present a large delay
comparatively to the simulated hydrograph (3 hours between observed and 75% percentile 3-hour forecast peak discharges).
This delay comes with a significant underestimation of the flood peak magnitude by the ensemble mean and 75% percentile,
although the 95% percentile is closer to the simulated discharge peaks. This goes along with the general tendency of the rainfall
ensemble means to underestimate the higher rainfall accumulations (Figures 6 and 7). At outlet 4, the forecasts also show a
double (sometimes triple) peak in the 3-hour forecast discharges, which are not detected in the simulated hydrographs.

For both outlets, the spread/skill relationship scores reflect the influence of the temporal shifts between the simulated and
forecast hydrographs. Temporal shifts directly result in an increase of the error term of this score (the term that is used to
measure skill). At outlet 3, where forecasts resemble better the simulated hydrographs, the skill-spread relationship is close to
one for the ensembles based on AROME-EPS and pertDpepi, which can be interpreted as a sufficient variance of the forecast
spread to cover the errors. The ensemble based on pepi, on the contrary, has 1.5 times more spread than skill at 3 hours of lead
time. At outlet 4, the shortcomings of the ensembles in terms of spread/skill relationship become more evident, as all ensembles
show very low values of the spread-skill relationship. At this outlet, the disparity between forecast and simulated hydrographs
is too high and, the large forecast spread, as seen in the hydrographs, is not enough to cover the timing errors. A better time
dynamics of the ensemble rainfall products is needed to be able to improve the quality of the hydrological forecasts. At both
outlets, and comparatively to outlets 1 and 2, we also note that the spread-skill relationship score almost does not change with
forecast lead time, except for pepi-based forecast at the longer lead times.

The comparison of observed hydrographs with simulated and forecast hydrographs also provides interesting information
about the relative importance of modelling and forecasting errors. At outlet 3, the observed and simulated hydrographs have a
different shape, whereas the simulated and forecast hydrographs appear similar despite a time delay. At outlet 4, observed and
simulated discharges resemble (despite a time delay), but both are very different from the forecast hydrograph. This indicates
that modelling errors are a major source of uncertainty at outlet 3 (if we consider that observations represent well the true flow

values), comparatively to rainfall forecast errors, while the opposite is seen at outlet 4.

Finally, Figures 15 and 16 present the forecast results obtained for outlets 5 and 6, corresponding to outlets at which significant
anticipation is possible even without rainfall forecasts (RF0 scenario, see Figure 9.a). It can be seen that the hydrological
reactions at these outlets are important, as the 10-year discharge threshold is exceeded by the reference RS scenario in the
intermediate phase of the flood rising limb, although not as much as for the outlets 3 and 4, where the discharges largely
exceeded this threshold. This is explained by the location of these catchments, at the limits of the most intense observed
rainfall area. Overall, the forecast hydrographs are less dispersed than in the preceding cases, and the differences between

the three rainfall forecast products is less evident, with only a slightly larger spread for the forecasts based on the pertDpepi
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Figure 13. Detailed hydrological forecasts evaluation at outlet 3: a) spread/skill relationship, b) hydrographs of 3 hours lead time forecasts

with pepi, ¢) hydrographs of 3 hours lead time forecasts with pertDpepi. In blue, the observed hydrograph at the gauging station.
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Figure 14. Detailed hydrological forecasts evaluation at outlet 4: a) spread/skill relationship, b) hydrographs of 3 hours lead time forecasts

with pepi, ¢) hydrographs of 3 hours lead time forecasts with pertDpepi. In blue, the observed hydrograph at the gauging station.

ensembles. This lower difference between products can be a direct result of the larger influence of flood propagation in the
hydrological forecast, limiting the influence of rainfall forecast uncertainties in comparison with the former cases. However,
some shortcomings of the rainfall forecasts are still visible in both cases. At outlet 5, the flood rising limb of the simulated
hydrograph is well captured by the 25%-75% inter-quantile range of the 3-hour ahead forecasts, but the forecasts display a
delay of about 2 hours in terms of timing of the peak discharge. This time shift of forecasts may explain the misses that appear
in the upstream parts of the catchment (Figure 9). At outlet 6, the forecasts tends to slightly overestimate the peak of the
simulated hydrograph, although the 5% quantiles remain close to the simulated peak.

The influence of modelling errors also clearly appears here. At outlet 5, simulated and observed hydrographs are close to
each other during the main peak, but the first peak of the observed hydrograph is not represented in the simulation. At outlet
6, the simulated discharges follow the same pattern as the observed discharges, but the magnitude of the peak discharge is un-
derestimated by the model. In both cases, the modelling errors are partially compensated in the forecasts, under the condition
that a user looks at the higher quantiles of the ensemble forecasts, as the 5%-95% inter-quantile range of the 3-hour ahead
forecasts gets closer to the observed peak discharges. Overall, these two outlets mainly illustrate how the evaluation of rainfall

forecasts products can be influenced also by the ability of the hydrological model to propagate the flood event from upstream
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to downstream within the catchment.
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Figure 15. Detailed hydrological forecasts evaluation at outlet 5: a) spread/skill relationship, b) hydrographs of 3 hours lead time forecasts

with pepi, ¢) hydrographs of 3 hours lead time forecasts with pertDpepi. In blue, the observed hydrograph at the gauging station.
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Figure 16. Detailed hydrological forecasts evaluation at outlet 6: a) spread/skill relationship, b) hydrographs of 3 hours lead time forecasts

with pepi, ¢) hydrographs of 3 hours lead time forecasts with pertDpepi. In blue, the observed hydrograph at the gauging station.

5 Discussion
5.1 Added value and limitations of the implemented evaluation framework

After an initial analysis of the performance of the three rainfall forecast products, the evaluation procedure proposed in this
paper focused on the capacity of the hydrological forecasts to anticipate the exceedance of selected discharge thresholds. Sev-
eral authors have suggested using thresholds and contingency tables to perform a robust regional evaluation of hydrological
ensemble forecasts (Silvestro and Rebora, 2012; Anderson et al., 2019; Sayama et al., 2020). In this study, a step further is

proposed towards (i) focusing only on the rising limb phase of the flood hydrograph - i.e. the most critical phase in terms of
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anticipation needs for preparedness and emergency response, as already suggested by Anderson et al. (2019), and (ii) splitting
the analysis into a geographical point of view (discharge threshold anticipation maps) and a temporal point of view (histogram
of anticipation times). The illustrative example of the October 2018 flood in the Aude river basin in France showed that this
approach provides a synthetic and meaningful information about the possible gains in anticipation compared with the RF0
reference forecast where future rainfalls are considered as null. It also informs about the relative performance of the evaluated
rainfall forecast ensemble products, even if the products appeared relatively similar at first sight in the example showed here.
This analysis can be easily adapted to other flash flood events with different characteristics, or even to other types of floods.
For instance, different discharge thresholds can be set to better distinguish the areas where the main flood reactions were ob-
served, a larger threshold can be applied to the anticipation time to decide for a hit (a minimum threshold of 15 minutes of
anticipation time was used in this study), and different ensemble percentiles can be selected to better illustrate the role that the
probability threshold plays when evaluating different forecast products. The threshold anticipation maps are also helpful for
the selection of outlets where hydrographs should be analyzed in more details in the last phase of the evaluation. They avoid
focusing only on outlets where large anticipation is possible without rainfall forecasts (RF0 scenario). The differences between
the hydrological forecasts based on rainfall ensemble products may be more difficult to identify at these outlets, because of the
large influence of flood propagation in the hydrological forecasts. The threshold anticipation maps also allow to select outlets
corresponding to a variety of situations (i.e. hit/miss/false alarm/correct rejection), which may help in bringing up details about

the complex features of the hydrological ensemble forecasts.

If the proposed approach has several advantages, it has also some limitations. Particularly, the procedure used for the com-
putation of the contingency tables and the anticipation times can be considered as optimistic, at least in some situations. At
first, as explained by Richardson et al., 2020, having a sequence of several consistent forecasts is often a desired quality in fore-
casting systems. Specific tests of the consistency of forecasts have been proposed (Ehret and Zehe, 2011; Pappenberger et al.,
2011). In this study, only the first time a forecast exceeds the discharge threshold value was considered to conclude to a hit (or
a false alarm) and to compute the anticipation time, without considering the consistency of several successive forecasts. This
can be seen pertinent when dealing with flash floods, when it is often not possible to wait for forecast consistency in real-time
to activate flood response actions. However, it could also be interesting to use the same method and to consider the number of
runs correctly anticipating the threshold exceedances (or non-exceedances) to fill the contingency table. Secondly, since two of
the three rainfall products used in this study are still experimental (pepi and pertDpepi), and are not yet included in the real time
production workflow of Météo-France, it was not possible to integrate the actual delivery times of the forecasts in this study.
To obtain a more realistic view of the actual anticipation capacity, the delivery times of the different rainfall forecast products
need to be integrated in the computation of the contingency tables and anticipation times, as proposed by Lovat et al. (2020).
This means that the hydrological ensemble forecasts should be considered only from the delivery time of the rainfall forecast
products used as input, instead of from the beginning of the sequence of time covered by the rainfall forecasts. This integration
would probably lead to a reduction of the number of hits and of the anticipation times obtained with the hydrological ensemble

forecasts in this study, whereas it would not affect the results obtained for the RFO forecast, where no future rainfall scenario
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is used.

Lastly, it should also be noted that the last step of the evaluation analysis proposed in this study, which is based on the whole
hydrographs and spread and skill scores, remains essential to bring a detailed view of the strengths and limits of the different
ensemble products evaluated. Particularly, the shortcomings of an ensemble with a too large dispersion (which is the case of the
pertDpepi product) and the impact of temporal shifts on the quality of the forecasts would have been more difficult to identify
without this last step of the analysis. The analysis of hydrographs also provides detailed explanations for the hits/misses/false

alarms/correct rejections observed on the discharge threshold anticipation maps.

5.2 What should be concluded about the comparative performance of the three forecast ensemble products

evaluated?

The contribution of the rainfall forecast ensemble products to the anticipation of discharge thresholds, with respect to the sce-
nario where no future rainfall forecast is available (RFO scenario) was clearly illustrated here. This contribution lies mainly
in the high reduction of the number of misses on the threshold anticipation maps (Figure 9), and in a significant gain in the
anticipation times for almost all sub-basins (Figure 10). It also depends on the ensemble probability (or percentile) that is
considered to define a forecast event (in our case, the 75% percentile). The use of ensemble forecasts was essential to obtain
anticipation times greater than one hour when a hit was observed, even if this positive effect was counterbalanced by the occur-
rence of a high number of false alarms in other areas of the catchment. This implies that, in order to conclude about the added
value of ensemble forecasts, it is necessary to consider the balance between the actual gains and costs for a given user of the
forecasts (Verkade and Werner, 2011). Particularly in the case of flash floods, the user is often interested in reducing misses and
increasing hits and anticipation times. This means that users need to consider how much of a false alarm rate they can handle,
and how much risk they can take (i.e., what percentile of the ensemble distribution they should consider). These are, however,

difficult questions to answer. More flood event evaluations are needed to enhance our understanding of these trade-offs.

In the present case study, the pepi rainfall ensemble product was built from the AROME-EPS product by adding one to six
additional members (depending on the lead time). This strategy had globally a positive influence on the quality of the ensemble
forecasts, with a significant decrease in the number of misses for an equivalent number of false alarms (Figure 10). This can be
directly related to the increased reliability of the pepi forecasts compared to the AROME-EPS forecasts, and therefore the bet-
ter capture of the high rainfall accumulations periods (Figure 5) and extension (Figure 6) when considering the 75% percentile.
Finally, in the case of this event, the pepi product provides an added value for the characterization of the main intense rain cell,
without a significant degradation of the ensemble performance in the surrounding areas, where the rainfall accumulations were
less intense. However, this overall improvement does not result in a significant increase of the anticipation lead times obtained

with the pepi product compared to the AROME-EPS product (Figure 10).
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Adding spatial perturbations in the four cardinal directions to the members of the pepi ensemble led to an increase of the
number of members in the pertDpepi ensemble product, which varies from 65 to 90 members depending on the lead time.
Overall, this resulted in a larger dispersion of the ensemble, particularly visible on the extreme percentiles (5%-95%), and led
to positive as well as negative effects, both visible in the evaluation results. The high rainfall accumulation period is still well
captured (Figure 5), but the maximum rainfall area is not as well localized, comparatively to the observations, as for the pepi
ensemble (Figure 6). Regarding the discharge threshold anticipation maps (Figures 9 c) and d)), the reduction of the number
of false alarms with pertDpepi is mainly due to the choice of the 75% percentile, which is not modified in the same way as
higher percentiles when compared to the pepi ensemble. This is confirmed by the hydrographs analyses (Figures 11 to 16),
which overall confirm the over-dispersion of pertDpepi for higher percentiles of the ensemble distribution.

Moreover, the anticipation times are slightly reduced with pertDpepi when compared to the two other ensemble products
(Figure 10): 221 (over 1174) sub-basins show an anticipation time of more than two hours, against 245 for AROME-EPS and
259 for pepi. Again, the detailed hydrographs analyses (Figures 11 to 16) confirm that pertDpepi does not efficiently compen-
sate the time shifts in the representation of hydrographs. The addition of spatial perturbations leads to a significant increase
in the number of members, which significantly increases the computing times with the pertDpepi rainfall ensemble product

(up to 72 additional members compared to pepi), but there is no clear benefit in adding these members in the case evaluated here.

6 Conclusions

In this paper, we proposed and tested a methodological framework for the evaluation of short-range flash-flood hydrometeo-
rological ensemble forecasts at the event scale. Focusing on the evaluation of a single flood event is necessary because of i)
the relatively low frequency of flash floods occurrences, and ii) the limited length of available re-forecast periods for newly
developed ensemble rainfall forecast products based on convection permitting NWP models. In order to enhance the value of a
single-event evaluation, the point of view of an end-user of the forecasts is adopted in the proposed methodological approach.
This approach combines different steps. Firstly, it comprises a preliminary analysis of rainfall observations and forecasts, which
provides a first overview of the quality of the ensemble rainfall products and information needed to select the most relevant
ensemble percentile and spatial and temporal scales for the analysis. Secondly, a hydrological forecast analysis evaluates the
detection of discharge threshold exceedances and the corresponding anticipation times. It considers the flood rising limb of the
hydrographs, and illustrates the gains in anticipation comparatively to a reference scenario where zero rainfall is forecast for
the future. Thirdly, a detailed analysis of forecast hydrographs and spread/skill scores at outlets selected based on the former
step is carried out. It aims to better illustrate the skills and the limits of the evaluated hydrological ensembles. This methodol-
ogy was tested and illustrated on the major flash-flood event that hit the Aude River basin in South-Eastern France in October
2018. Three ensemble rainfall forecast products recently developed by Météo-France were compared, i.e. the AROME-EPS
ensemble (12 members), the pepi ensemble combining AROME-EPS and AROME-NWC members (13 to 18 members), and

28



640

645

650

655

660

665

670

https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

the pertDpepi ensemble adding spatial perturbations to the pepi ensemble (65 to 90 members).

The study illustrated the multifaceted and complex issue of evaluating single flood events. It confirmed the interest of the
proposed evaluation procedure to help forecast users to efficiently define beforehand the space and time windows to be used for
the forecast performance evaluation. This was achieved by comparing the observed and forecast rainfall hyetographs and accu-
mulations over the entire catchment area (step 1). The analysis of discharge threshold exceedance detection (step 2) contributed
to illustrate the geographical features of the flood event and the anticipation capacities offered by each of the rainfall ensemble
products. The comparison with a zero rainfall future scenario confirmed the gains in anticipation offered by the ensembles.
From the threshold anticipation maps, it was also possible to select outlets that correspond to a variety of situations of interest
to a forecast user (hits, misses, false alarms, correct rejections). These outlets could then be investigated in more details, based
on observed, simulated (with observed rainfall as input to the hydrological model) and forecast hydrographs (step 3). This last
phase illustrated further strengths and limitations of the different rainfall forecast products, including the shifts in timing that

affect forecast skill and the main sources of forecast errors (rainfall forecasts or hydrological model).

The evaluation finally led to balanced conclusions about the three products of rainfall ensemble forecasts. These products
clearly enhance the anticipation times when compared to a zero-rainfall future scenario, but tend to overestimate the spatial ex-
tent of the area of the highest rainfall accumulations. This results in a higher risk of overestimating flood threshold exceedances
in the surroundings of this area (i.e., an increase of false alarms). The actual added value of the evaluated forecasts for an end-
user therefore depends on the relative benefits of the increased anticipation and costs of the false alarms. However, the results
also showed a hierarchy between the three evaluated products, and a clear added value of the pepi ensemble product could be
identified. According to the significant time shifts of forecasts hydrographs in several sub-basins, which seem to significantly

limit the anticipation times, the introduction of temporal perturbations could probably be an interesting alternative to be tested

Finally, even if evaluating ensemble hydrological forecasts based on a single flood event remains a very challenging issue
due to the limited statistical representation of the available data, single event evaluations are needed and important to advance
operational flood forecasting systems. The evaluation framework proposed in this study could be helpful in drawing rapid and
robust conclusions about the interest of newly developed rainfall ensemble forecast approaches.
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Appendix A: Methodology used for the evaluation of discharge thresholds anticipation with hydrological ensemble

forecasts

The methodology used to evaluate the anticipation of the exceedances of selected discharge thresholds was directly inspired
by the principle of the ROC curves method developed by Mason (1982); Wilks (2011). The ROC curve (Relative Operating
Characteristics diagram) is a criterion evaluating the capacity of a forecasting system to detect the occurrence (reciprocally
the non-occurrence) of an event. In hydrology, the event generally corresponds to the exceedance of a discharge threshold,
and the ROC curve is generally built to summary long time series of forecasts at one single basin outlet. Comparing at each
time step the respective position of the forecast (for a given probability and a fixed lead time), the reference observation or
simulation, and the considered discharge threshold, permits to calculate the probability of detection (POD) and the false alarm
rate (FAR) (Wilks, 2011; Jolliffe and Stephenson, 2012). The ROC curve is then plotted by using the pairs of points (FAR;

POD) corresponding to different forecast probabilities.

In this study, the conventional computation of a ROC curve was adapted following the idea to focus the analysis on the first
exceedance of a selected alert discharge threshold, at the event temporal and geographical scales. This led to introduce the two

following evolutions:

— only one unique time step for each outlet is considered, i.e. the first time at which the reference hydrograph (here the
simulated hydrograph RS) exceeds the considered threshold (or the time of peak of the reference hydrograph, in case of
no threshold exceedance). The drastic reduction of the number of considered time steps is compensated by the common

consideration of the large number of outlets hit by the event.

— all the forecasts delivered before and covering the considered time step are merged to evaluate the anticipation/detection
of the threshold exceedance, without considering a unique lead time. In practice, we consider that a threshold exceedance

is forecasted if at least one of the merged forecasts hydrographs exceeds the threshold.

This neighborhood method is in the line of the methods discussed in Schwartz and Sobash (2017), the difference being that
here it is a temporal neighborhood by max function that is considered.

More concretely, for each hydrological outlet in the HFA, a discharge threshold is at first set based on a given return period.
The corresponding discharge values were directly derived from the SHYREG database (Aubert et al., 2014) in this study. For
each outlet, the discharge threshold is then comared with the reference RS simulation at any date (day and hour) within the

duration of the event:

— If the threshold is exceeded by the reference RS simulation (fig A1), the date (day and hour) of the first exceedance is
identified. All the discharge forecasts issued before and covering this date (according to the maximum forecast lead time,
i.e 6 runs) are then selected. For a given forecast probability (ensemble percentile), a hit is counted in the contingency
table if at least one of the six runs exceed the discharge threshold at any lead time (fig A1 - left), and a miss is counted

if none of the six forecast hydrographs exceed the threshold at any lead time (fig A1 - right)
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Figure A1. Illustration of the discharge threshold exceedance detection method - cases of a hit (left) and a miss (right)

Figure A2. [llustration of the discharge threshold exceedance detection method - cases of a false alarm (left) and a correct rejection (right)

— In case the discharge threshold is not exceeded by the reference RS simulation (fig A2), the date of the peak discharge of
the reference RS simulation is first identified. The six discharge forecasts issued before and covering this date are then
selected. Again, a false alarm is counted if at least one of the selected runs exceed the discharge threshold at any lead

715 time (fig A2 - left), and a correct rejection if none of the selected runs exceed the discharge threshold at any lead time
(fig A2 - right)

A contingency table is finally obtained for each considered forecast percentile, each table containing as many values (hit,
misses, false alarms, correct rejection) as the number of outlets in the HFA. The ROC curve can then be drawn by deriving the
POD and FAR scores from the contingency tables, following the traditional way described above.
720
An advantage of this way of building contingency tables, is that each table can be presented on a map, by drawing the

evaluation obtained at each outlet or sub-basin (hit, miss, false alarm or correct rejection). This permits to easily analyze how
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the ensemble forecasts performed geographically according to these criteria.

725 Additionally, for each hit entry of the contingency tables, the anticipation time can also be evaluated (fig Al - left). It
corresponds to the difference between (i) the time of exceedance of the discharge threshold by the reference simulation and (ii)
the time of the first forecast run that detects a threshold exceedance. We can thus draw the distribution of the anticipation times

obtained over the considered outlets, for the different percentiles and ensemble forecast.
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Appendix B: Forecast hydrographs obtained for AROME-EPS
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Figure B1. Detailed hydrological 3 hours lead time forecasts evaluation at outlet 4 for AROME-EPS. In blue, the observed discharge at the

gauging station
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Figure B2. Detailed hydrograph for 3 hours lead time forecasts evaluation at outlet 4 for AROME-EPS. In blue, the observed discharge at

the gauging station
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Figure B3. Detailed hydrograph for 3 hours lead time forecasts evaluation at outlet 4 for AROME-EPS. In blue, the observed discharge at

the gauging station
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Figure B4. Detailed hydrograph for 3 hours lead time forecasts evaluation at outlet 4 for AROME-EPS. In blue, the observed discharge at

the gauging station

35



https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

—— Observed discharge lead time +3h
8001| --- Simulated discharge ‘ ‘
Inter—quantile 5-95
Inter—quantile 25-75
600-| —— Ensemble mean

--- 10-year threshold

04 - ! ! ! ;
14/10 18 h 15/10 00 h 15/10 06 h 15/10 12 h 15/10 18 h

Figure BS. Detailed hydrograph for 3 hours lead time forecasts evaluation at outlet 4 for AROME-EPS. In blue, the observed discharge at

the gauging station
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Figure B6. Detailed hydrograph for 3 hours lead time forecasts evaluation at outlet 4 for AROME-EPS. In blue, the observed discharge at

the gauging station

36



730

735

740

745

750

755

760

765

https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

References

Addor, N., Jaun, S., Fundel, F., and Zappa, M.: An operational hydrological ensemble prediction system for the city of Zurich (Switzerland):
skill, case studies and scenarios, Hydrology and Earth System Sciences, 15, 2327-2347, https://doi.org/10.5194/hess-15-2327-2011, 2011.

Alfieri, L. and Thielen, J.: A European precipitation index for extreme rain-storm and flash flood early warning, Meteorological Applications,
22, 3-13, https://doi.org/10.1002/met.1328, 2012.

Amengual, A., Carri6, D. S., Ravazzani, G., and Homar, V.: A Comparison of Ensemble Strategies for Flash Flood Forecasting: The 12
October 2007 Case Study in Valencia, Spain, Journal of Hydrometeorology, 18, 1143—-1166, https://doi.org/10.1175/JHM-D-16-0281.1,
2017.

Amengual, A., Hermoso, A., Carri6, D. S., and Homar, V.: The sequence of heavy precipitation and flash flooding of 12 and 13 September
2019 in eastern Spain. Part II: A hydro-meteorological predictability analysis based on convection-permitting ensemble strategies, Journal
of Hydrometeorology, https://doi.org/10.1175/jhm-d-20-0181.1, 2021.

Anctil, F. and Ramos, M.-H.: Verification Metrics for Hydrological Ensemble Forecasts, pp. 1-30, Springer Berlin Heidelberg, Berlin,
Heidelberg, https://doi.org/10.1007/978-3-642-40457-3_3-1, 2017.

Anderson, S. R., Csima, G., Moore, R. J., Mittermaier, M., and Cole, S. J.: Towards operational joint river flow and precipi-
tation ensemble verification: considerations and strategies given limited ensemble records, Journal of Hydrology, 577, 123966,
https://doi.org/10.1016/j.jhydrol.2019.123966, 2019.

Armon, M., Marra, F., Enzel, Y., Rostkier-Edelstein, D., and Morin, E.: Radar-based characterisation of heavy precipitation in the east-
ern Mediterranean and its representation in a convection-permitting model, Hydrology and Earth System Sciences, 24, 1227-1249,
https://doi.org/10.5194/hess-24-1227-2020, 2020.

Aubert, Y., Arnaud, P., Ribstein, P., and Fine, J. A.: La méthode SHYREG débit-application sur 1605 bassins versants en France métropoli-
taine, Hydrological Sciences Journal, 59, 993—-1005, https://doi.org/10.1080/02626667.2014.902061, 2014.

Auger, L., Dupont, O., Hagelin, S., Brousseau, P., and Brovelli, P.. AROME-NWC: A new nowcasting tool based on an operational mesoscale
forecasting system, Quarterly Journal of the Royal Meteorological Society, 141, 1603-1611, https://doi.org/10.1002/qj.2463, 2015.

Ayphassorho, H., Pipien, G., De Meritens, 1., and Lacroix, D.: Retour d’expérience des inondations du 14 au 17 octobre 2018 dans I’ Aude,
Tech. rep., Ministere de la transition écologique et solidaire et Ministere de I’intérieur, http://www.cgedd.developpement-durable.gouv.fr/
IMG/pdf/012561-p{_}rapport{_}clele876a.pdf, 2019.

Barredo, J. I.: Major flood disasters in Europe: 1950-2005, Natural Hazards, 42, 125-148, https://doi.org/10.1007/s11069-006-9065-2, 2006.

Bellier, J., Zin, 1., and Bontron, G.: Sample Stratification in Verification of Ensemble Forecasts of Continuous Scalar Variables: Potential
Benefits and Pitfalls, Monthly Weather Review, 145, 3529-3544, https://doi.org/10.1175/MWR-D-16-0487.1, 2017.

Bellier, J., Bontron, G., and Zin, I.: Selecting components in a probabilistic hydrological forecasting chain: the benefits of an integrated
evaluation, LHB Hydrosci. J., 107, https://doi.org/10.1080/27678490.2021.1936825, 2021.

Berenguer, M., Corral, C., Sanchez-Diezma, R., and Sempere-Torres, D.: Hydrological validation of a Radar-Based nowcasting technique,
Journal of Hydrometeorology, 6, 532—549, https://doi.org/10.1175/JHM433.1, 2005.

Berenguer, M., Sempere-Torres, D., and Pegram, G. G.: SBMcast — An ensemble nowcasting technique to assess the uncertainty in rainfall
forecasts by Lagrangian extrapolation, Journal of Hydrology, 404, 226-240, https://doi.org/10.1016/j.jhydrol.2011.04.033, 2011.

Borga, M., Gaume, E., Creutin, J. D., and Marchi, L.: Surveying flash floods: gauging the ungauged extremes, Hydrological Processes, 22,
3883-3885, https://doi.org/10.1002/hyp.7111, 2008.

37



770

775

780

785

790

795

800

https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

Bouttier, F., Vié, B., Nuissier, O., and Raynaud, L.: Impact of stochastic physics in a convection-permitting ensemble, Monthly Weather
Review, 140, 3706-3721, https://doi.org/10.1175/MWR-D-12-00031.1, 2012.

Brousseau, P., Seity, Y., Ricard, D., and Léger, J.: Improvement of the forecast of convective activity from the AROME-France system,
Quarterly Journal of the Royal Meteorological Society, 142, 2231-2243, https://doi.org/10.1002/qj.2822, 2016.

Caumont, O., Mandement, M., Bouttier, F., Eeckman, J., Brossier, C. L., Lovat, A., Nuissier, O., and Laurantin, O.: The heavy precipitation
event of 14-15 October 2018 in the Aude catchment: A meteorological study based on operational numerical weather prediction systems
and standard and personal observations, Natural Hazards and Earth System Sciences, 21, 1135-1157, https://doi.org/10.5194/nhess-21-
1135-2021, 2021.

CCR: Les inondations du 14 et 15 octobre 2018 dans le Languedoc, Tech. Rep. 11, Caisse Centrale de Réassurance, 2018.

CCR: Les catastrophes naturelles en France - Bilan 1982-2019, Tech. rep., Caisse Centrale de Réassurance (CCR), https://
catastrophes-naturelles.ccr.fr/-/bilan-cat-nat- 1982-2019, 2020.

Christensen, H. M.: Decomposition of a New Proper Score for Verification of Ensemble Forecasts, Monthly Weather Review, 143, 1517—
1532, https://doi.org/10.1175/MWR-D-14-00150.1, 2015.

Clark, P., Roberts, N., Lean, H., Ballard, S. P., and Charlton-Perez, C.: Convection-permitting models: a step-change in rainfall forecasting,
Meteorological Applications, 23, 165-181, https://doi.org/10.1002/met.1538, 2016.

Clark, R. A., Gourley, J. J., Flamig, Z. L., Hong, Y., and Clark, E.:. CONUS-Wide Evaluation of National Weather Service Flash Flood
Guidance Products, Weather and Forecasting, 29, 377-392, https://doi.org/10.1175/WAF-D-12-00124.1, 2014.

Collier, C. G.: Flash flood forecasting: What are the limits of predictability?, Quarterly Journal of the Royal Meteorological Society, 133,
3-23, https://doi.org/10.1002/qj.29, 2007.

Coughlan de Perez, E., van den Hurk, B., van Aalst, M. K., Jongman, B., Klose, T., and Suarez, P.: Forecast-based financing: an approach for
catalyzing humanitarian action based on extreme weather and climate forecasts, Natural Hazards and Earth System Sciences, 15, 895-904,
https://doi.org/10.5194/nhess-15-895-2015, 2015.

Davolio, S., Miglietta, M. M., Diomede, T., Marsigli, C., and Montani, A.: A flood episode in northern Italy: multi-model and single-
model mesoscale meteorological ensembles for hydrological predictions, Hydrology and Earth System Sciences, 17, 2107-2120,
https://doi.org/10.5194/hess-17-2107-2013, 2013.

Davolio, S., Silvestro, F., and Malguzzi, P.: Effects of Increasing Horizontal Resolution in a Convection-Permitting Model on Flood Forecast-
ing: The 2011 Dramatic Events in Liguria, Italy, Journal of Hydrometeorology, 16, 1843—-1856, https://doi.org/10.1175/JHM-D-14-0094.1,
2015.

Davolio, S., Silvestro, F., and Gastaldo, T.: Impact of Rainfall Assimilation on High-Resolution Hydrometeorological Forecasts over Liguria,
Italy, Journal of Hydrometeorology, 18, 2659-2680, https://doi.org/10.1175/JHM-D-17-0073.1, 2017.

De Lavenne, A., Thirel, G., Andréassian, V., Perrin, C., and Ramos, M. H.: Spatial variability of the parameters of a semi-distributed
hydrological model, IAHS-AISH Proceedings and Reports, 373, 87-94, https://doi.org/10.5194/piahs-373-87-2016, 2016.

de Saint-Aubin, C., Garandeau, L., Janet, B., and Javelle, P.: A new French flash flood warning service, E3S Web of Conferences, 7, 18 024,
https://doi.org/10.1051/e3sconf/20160718024, 2016.

Delaigue, O., Brigode, P., Génot, B., and Lobligeois, F.: Summary sheets of watershed-scale hydroclimatic observed data for France, Tech.
rep., INRAE, https://doi.org/10.15454/UV01P1, 2020.

Drobinski, P., Ducrocq, V., Alpert, P., Anagnostou, E., Béranger, K., Borga, M., Braud, 1., Chanzy, A., Davolio, S., Delrieu, G., Estournel, C.,
Boubrahmi, N. F,, Font, J., Grubisi¢, V., Gualdi, S., Homar, V., Ivan¢an-Picek, B., Kottmeier, C., Kotroni, V., Lagouvardos, K., Lionello,

38



805

810

815

820

825

830

835

840

https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

P, Llasat, M. C., Ludwig, W., Lutoff, C., Mariotti, A., Richard, E., Romero, R., Rotunno, R., Roussot, O., Ruin, 1., Somot, S., Taupier-
Letage, 1., Tintore, J., Uijlenhoet, R., and Wernli, H.: HyMeX: A 10-Year Multidisciplinary Program on the Mediterranean Water Cycle,
Bulletin of the American Meteorological Society, 95, 1063-1082, https://doi.org/10.1175/BAMS-D-12-00242.1, 2014.

Ehret, U. and Zehe, E.: Series distance - An intuitive metric to quantify hydrograph similarity in terms of occurrence, amplitude and timing
of hydrological events, Hydrol. Earth Syst. Sci., 15, 877-896, https://doi.org/10.5194/hess-15-877-2011, 2011.

Fortin, V., Albaza, M., Anctil, F., and Turcotte, R.: Why should ensemble spread match the RMSE of the ensemble mean?, Journal of
Hydrometeorology, 15, 1708-1713, 2014.

Furnari, L., Mendicino, G., and Senatore, A.: Hydrometeorological Ensemble Forecast of a Highly Localized Convective Event in the
Mediterranean, Water, 12, 1545, https://doi.org/10.3390/w12061545, 2020.

Gaume, E., Livet, M., Desbordes, M., and Villeneuve, J.-P.: Hydrological analysis of the river Aude, France, flash flood on 12 and 13
November 1999, Journal of Hydrology, 286, 135-154, https://doi.org/10.1016/j.jhydrol.2003.09.015, 2004.

Gaume, E., Bain, V., Bernardara, P., Newinger, O., Barbuc, M., Bateman, A., Blaskovicova, L., Bloschl, G., Borga, M., Dumitrescu, A.,
Daliakopoulos, 1., Garcia, J., Irimescu, A., Kohnova, S., Koutroulis, A., Marchi, L., Matreata, S., Medina, V., Preciso, E., Sempere-
Torres, D., Stancalie, G., Szolgay, J., Tsanis, 1., Velasco, D., and Viglione, A.: A compilation of data on European flash floods, Journal of
Hydrology, 367, 70-78, https://doi.org/10.1016/j.jhydrol.2008.12.028, 2009.

Georgakakos, K. P.: On the Design of National, Real-Time Warning Systems with Capability for Site-Specific, Flash-Flood Forecasts, Bul-
letin of the American Meteorological Society, 67, 1233-1239, https://doi.org/10.1175/1520-0477(1986)067<1233:OTDONR>2.0.CO;2,
1986.

Gourley, J. J., Flamig, Z. L., Vergara, H., Kirstetter, P.-E., Clark, R. A., Argyle, E., Arthur, A., Martinaitis, S., Terti, G., Erlingis, J. M., Hong,
Y., and Howard, K. W.: The FLASH Project: Improving the Tools for Flash Flood Monitoring and Prediction across the United States,
Bulletin of the American Meteorological Society, 98, 361-372, https://doi.org/10.1175/bams-d-15-00247.1, 2017.

Hally, A., Caumont, O., Garrote, L., Richard, E., Weerts, A., Delogu, F., Fiori, E., Rebora, N., Parodi, A., Mihalovi¢, A., Ivkovi¢, M., Deki¢,
L., van Verseveld, W., Nuissier, O., Ducrocq, V., D'Agostino, D., Galizia, A., Danovaro, E., and Clematis, A.: Hydrometeorological multi-
model ensemble simulations of the 4 November 2011 flash flood event in Genoa, Italy, in the framework of the DRIHM project, Natural
Hazards and Earth System Sciences, 15, 537-555, https://doi.org/10.5194/nhess-15-537-2015, 2015.

Hamill, T. M.: Interpretation of rank histograms for verifying ensemble forecasts, Mon. Weather Rev., 129, 550-560,
https://doi.org/10.1175/1520-0493(2001)129<0550:I0RHFV>2.0.CO;2, 2001.

Hapuarachchi, H. A. P, Wang, Q. J., and Pagano, T. C.: A review of advances in flash flood forecasting, Hydrological Processes, 25, 2771—
2784, https://doi.org/10.1002/hyp.8040, 2011.

Hocini, N., Payrastre, O., Bourgin, F., Gaume, E., Davy, P., Lague, D., Poinsignon, L., Pons, F., Bouguenais, F., Rennes, G., and Rennes, U.:
Performance of automated methods for flash flood inundation mapping : a comparison of a digital terrain model ( DTM ) filling and two
hydrodynamic methods, Hydrology and Earth System Sciences, 25, 2979-2995, https://doi.org/10.5194/hess-25-2979-2021, 2021.

Hopson, T. M.: Assessing the ensemble spread-error relationship, Mon. Weather Rev., 142, 1125-1142, https://doi.org/10.1175/MWR-D-12-
00111.1, 2014.

Javelle, P., Organde, D., Demargne, J., Saint-Martin, C., de Saint-Aubin, C., Garandeau, L., and Janet, B.: Setting up a French na-
tional flash flood warning system for ungauged catchments based on the AIGA method, E3S Web of Conferences, 7, 18010,
https://doi.org/10.1051/e3sconf/20160718010, 2016.

Jolliffe, I. and Stephenson, D.: Forecast Verification : A Practitionner’s Guide in Atmospheric Science, John Wiley & Sons, Ltd, 2012.

39



845

850

855

860

865

870

875

https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

Lagasio, M., Silvestro, F., Campo, L., and Parodi, A.: Predictive Capability of a High-Resolution Hydrometeorological Forecasting Frame-
work Coupling WRF Cycling 3DVAR and Continuum, Journal of Hydrometeorology, 20, 1307-1337, https://doi.org/10.1175/jhm-d-18-
0219.1, 2019.

Laurantin, O.: Hourly rainfall analysis merging radar and rain gauge data., Proceedings of the International Symposium on Weather Radar
and Hydrology, pp. 2-8, 2008.

Le Bihan, G.: Modeles hydrologiques régionaux pour la prévision distribuée des crues rapides : vers une estimation des impacts et des
dommages potentiel, Ph.D. thesis, Université Bretagne Loire, 2016.

Le Moine, N., Andréassian, V., and Mathevet, T.: Confronting surface- and groundwater balances on the La Rochefoucauld-Touvre karstic
system (Charente, France), Water Resources Research, 44, 1-10, https://doi.org/10.1029/2007WR005984, 2008.

Lebouc, L., Payrastre, O., and Bourgin, F.: Reconstitution des débits de pointe des crues du 15 octobre 2018 dans le bassin de 1’ Aude, Tech.
rep., IFSTTAR, Nantes, 2019.

Leleu, 1., Tonnelier, 1., Puechberty, R., Gouin, P., Viquendi, 1., Cobos, L., Foray, A., Baillon, M., and Ndima, P.-O.: La refonte du
systeme d’information national pour la gestion et la mise a disposition des données hydrométriques, La Houille Blanche, 1, 25-32,
https://doi.org/10.1051/1hb/2014004, 2014.

Llasat, M. C., Llasat-Botija, M., Prat, M. A., Porcu, F., Price, C., Mugnai, A., Lagouvardos, K., Kotroni, V., Katsanos, D., Michaelides,
S., Yair, Y., Savvidou, K., and Nicolaides, K.: High-impact floods and flash floods in Mediterranean countries: the FLASH preliminary
database, Advances in Geosciences, 23, 47-55, https://doi.org/10.5194/adgeo-23-47-2010, 2010.

Llasat, M. C., Llasat-Botija, M., Petrucci, O., Pasqua, A. A., Rosselld, J., Vinet, F., and Boissier, L.: Towards a database on societal impact
of Mediterranean floods within the framework of the HYMEX project, Natural Hazards and Earth System Sciences, 13, 1337-1350,
https://doi.org/10.5194/nhess-13-1337-2013, 2013.

Lobligeois, F.: Mieux connaitre la distribution spatiale des pluies améliore-t-il la modélisation des crues ?, Ph.D. thesis, AgroParis Tech,
2014.

Lovat, A., Vincendon, B., and Ducrocq, V.: Hydrometeorological evaluation of two nowcasting systems for Mediterranean heavy precipitation
events with operational considerations, Hydrol. Earth Syst. Sci. Discuss., pp. 1-32, https://doi.org/10.5194/hess-2020-629, 2020.

Lu, C., Yuan, H., Schwartz, B. E., and Benjamin, S. G.: Short-Range Numerical Weather Prediction Using Time-Lagged Ensembles, Weather
and Forecasting, 22, 580 — 595, https://doi.org/10.1175/WAF999.1, 2007.

Marchi, L., Borga, M., Preciso, E., and Gaume, E.: Characterisation of selected extreme flash floods in Europe and implications for flood
risk management, Journal of Hydrology, 394, 118-133, https://doi.org/10.1016/j.jhydrol.2010.07.017, 2010.

Mason, I.: A model for assessment of weather forecasts, Aust. Meteor. Mag, 30, 291-303, 1982.

Naulin, J. P, Payrastre, O., and Gaume, E.: Spatially distributed flood forecasting in flash flood prone areas: Application to road network
supervision in Southern France, Journal of Hydrology, 486, 8899, https://doi.org/10.1016/j.jhydrol.2013.01.044, 2013.

Nuissier, O., Marsigli, C., Vincendon, B., Hally, A., Bouttier, F., Montani, A., and Paccagnella, T.: Evaluation of two convection-permitting
ensemble systems in the HyMeX Special Observation Period (SOP1) framework, Quarterly Journal of the Royal Meteorological Society,
142, 404-418, https://doi.org/10.1002/qj.2859, 2016.

Osinski, R. and Bouttier, F.: Short-range probabilistic forecasting of convective risks for aviation based on a lagged-average-forecast ensemble

approach, Meteorological Applications, 25, 105-118, https://doi.org/https://doi.org/10.1002/met.1674, 2018.

40



880

885

890

895

900

905

910

https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

Oudin, L., Hervieu, F., Michel, C., and Perrin, C.: Which Potential Evapotranspiration Input for a Lumped Rainfall-Runoff Model? Part
2—Towards a Simple and Efficient Potential Evapotranspiration Model for Rainfall-Runoff Modeling, Journal of Hydrology, 303, 290—
306, https://doi.org/10.1016/j.jhydrol.2004.08.026, 2005.

Pappenberger, F., Cloke, H. L., Persson, A., and Demeritt, D.: HESS Opinions "on forecast (in)consistency in a hydro-meteorological chain:
Curse or blessing?", Hydrol. Earth Syst. Sci., 15, 2391-2400, https://doi.org/10.5194/hess-15-2391-2011, 2011.

Park, S., Berenguer, M., and Sempere-Torres, D.: Long-term analysis of gauge-adjusted radar rainfall accumulations at European scale,
Journal of Hydrology, 573, 768—777, https://doi.org/10.1016/j.jhydrol.2019.03.093, 2019.

Peredo, D., Ramos, M.-H., Andréassian, V., and Oudin, L.: Investigating hydrological model versatility to simulate extreme flood events,
Hydrological Sciences Journal, 0, 1-18, https://doi.org/10.1080/02626667.2022.2030864, 2022.

Petrucci, O., Aceto, L., Bianchi, C., Bigot, V., Brazdil, R., Pereira, S., Kahraman, A., Ozgenur Kilig, Kotroni, V., Llasat, M. C., Llasat-Botija,
M., Papagiannaki, K., Pasqua, A. A., Rehot, J., Geli, J. R., Salvati, P., Vinet, F., and Zézere, J. L.: Flood Fatalities in Europe, 1980-2018:
Variability, Features, and Lessons to Learn, Water, 11, 1682, https://doi.org/10.3390/w11081682, 2019.

Poletti, M. L., Silvestro, F., Davolio, S., Pignone, F., and Rebora, N.: Using nowcasting technique and data assimilation in a me-
teorological model to improve very short range hydrological forecasts, Hydrology and Earth System Sciences, 23, 3823-3841,
https://doi.org/10.5194/hess-23-3823-2019, 2019.

Price, D., Hudson, K., Boyce, G., Schellekens, J., Moore, R. J., Clark, P.,, Harrison, T., Connolly, E., and Pilling, C.: Operational use
of a grid-based model for flood forecasting, Proceedings of the Institution of Civil Engineers - Water Management, 165, 65-77,
https://doi.org/https://doi.org/10.1680/wama.2012.165.2.65, 2012.

Raynaud, L. and Bouttier, F.: Comparison of initial perturbation methods for ensemble prediction at convective scale, Quarterly Journal of
the Royal Meteorological Society, 142, 854-866, https://doi.org/10.1002/qj.2686, 2016.

Richardson, D. S., Cloke, H. L., and Pappenberger, F.: Evaluation of the Consistency of ECMWF Ensemble Forecasts, Geophys. Res. Lett.,
47, 1-8, https://doi.org/10.1029/2020GL087934, 2020.

Sayama, T., Yamada, M., Sugawara, Y., and Yamazaki, D.: Ensemble flash flood predictions using a high-resolution nationwide distributed
rainfall-runoff model: case study of the heavy rain event of July 2018 and Typhoon Hagibis in 2019, Progress in Earth and Planetary
Science, 7, https://doi.org/10.1186/s40645-020-00391-7, 2020.

Schwartz, C. S. and Sobash, R. A.: Generating probabilistic forecasts from convection-allowing ensembles using neighborhood approaches:
A review and recommendations, Mon. Weather Rev., 145, 3397-3418, https://doi.org/10.1175/MWR-D-16-0400.1, 2017.

Seity, Y., Malardel, S., Hello, G., Bénard, P., Bouttier, F., Lac, C., and Masson, V.: The AROME-France convective-scale operational model,
Monthly Weather Review, 139, 976-991, https://doi.org/10.1175/2010MWR3425.1, 2011.

Silvestro, F. and Rebora, N.: Operational verification of a framework for the probabilistic nowcasting of river discharge in small and medium
size basins, Natural Hazards and Earth System Sciences, 12, 763-776, https://doi.org/10.5194/nhess-12-763-2012, 2012.

Silvestro, F., Rebora, N., and Ferraris, L.: Quantitative Flood Forecasting on Small- and Medium-Sized Basins: A Probabilistic Approach for
Operational Purposes, Journal of Hydrometeorology, 12, 1432—1446, https://doi.org/https://doi.org/10.1175/JHM-D-10-05022.1, 2011.

Talagrand, O. and Vautard, R.: Evaluation of probabilistic prediction systems for a scalar variable, 1997.

Thiboult, A., Anctil, F.,, and Ramos, M. H.: How does the quantification of uncertainties affect the quality and value of flood early warning

systems?, J. Hydrol., 551, 365-373, https://doi.org/10.1016/j.jhydrol.2017.05.014, 2017.

41



915

920

925

930

https://doi.org/10.5194/nhess-2022-182
Preprint. Discussion started: 1 July 2022
(© Author(s) 2022. CC BY 4.0 License.

Valdez, E. S., Anctil, F., and Ramos, M. H.: Choosing between post-processing precipitation forecasts or chaining several uncertainty quan-
tification tools in hydrological forecasting systems, Hydrol. Earth Syst. Sci., 26, 197-220, https://doi.org/10.5194/hess-26-197-2022,
2022.

Verkade, J. S. and Werner, M. G.: Estimating the benefits of single value and probability forecasting for flood warning, Hydrology and Earth
System Sciences, 15, 3751-3765, https://doi.org/10.5194/hess-15-3751-2011, 2011.

Versini, P.-A., Gaume, E., and Andrieu, H.: Application of a distributed hydrological model to the design of a road inundation warning system
for flash flood prone areas, Natural Hazards and Earth System Sciences, 10, 805-817, https://doi.org/10.5194/nhess-10-805-2010, 2010.

Vidal, J.-P., Martin, E., Franchistéguy, L., Baillon, M., and Soubeyroux, J.-M.: A 50-year high-resolution atmospheric reanalysis over France
with the Safran system, International Journal of Climatology, 30, 1627-1644, 2010.

Vié, B., Molinié, G., Nuissier, O., Vincendon, B., Ducrocq, V., Bouttier, F., and Richard, E.: Hydro-meteorological evaluation of a convection-
permitting ensemble prediction system for Mediterranean heavy precipitating events, Natural Hazards and Earth System Sciences, 12,
2631-2645, https://doi.org/10.5194/nhess-12-2631-2012, 2012.

Vincendon, B., Ducrocq, V., Nuissier, O., and Vié, B.: Perturbation of convection-permitting NWP forecasts for flash-flood ensemble fore-
casting, Natural Hazards and Earth System Sciences, 11, 1529-1544, https://doi.org/10.5194/nhess-11-1529-2011, 2011.

Wilks, D. S.: Forecast Verification, vol. 100, Elsevier, https://doi.org/10.1016/B978-0-12-385022-5.00008-7, 2011.

Zanchetta, A. and Coulibaly, P.: Recent Advances in Real-Time Pluvial Flash Flood Forecasting, Water, 12, 570,
https://doi.org/10.3390/w12020570, 2020.

42



