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Abstract. This study examines the impact of lateral bound-
ary conditions (LBCs) in convection-permitting (C-P) en-
semble simulations with the AROME model driven by the
ARPEGE EPS (PEARP). Particular attention is paid to two
torrential rainfall episodes, observed on 15–16 June 2010
(the Var case) and 7–8 September 2010 (the Gard-Ardèche
case) over the southeastern part of France. Regarding the sub-
stantial computing time for convection-permitting models, a
methodology of selection of a few LBCs, dedicated for C-P
ensemble simulations of heavy precipitation events is evalu-
ated. Several sensitivity experiments are carried out to eval-
uate the skill of the AROME ensembles, using different ap-
proaches for selection of the driving PEARP members. The
convective-scale predictability of the Var case is very low and
it is driven primarily by a surface low over the Gulf of Lyon
inducing a strong convergent low-level flow, and accordingly
advecting strong moisture supply from the Mediterranean
Sea toward the flooded area. The Gard-Ardèche case is bet-
ter handled in ensemble simulations as a surface cold front
moved slowly eastwards while increasing the low-level wa-
ter vapour ahead is well reproduced. The selection based on
a cluster analysis of the PEARP members generally better
performs against a random selection. The consideration of
relevant meteorological parameters for the convective events
of interest (i.e. geopotential height at 500 hPa and horizontal
moisture flux at 925 hPa) refined the cluster analysis. It also
helps in better capturing the forecast uncertainty variability
which is spatially more localized at the “high-impact region”
due to the selection of more mesoscale parameters.

1 Introduction

The northwestern Mediterranean area is frequently affected
by heavy precipitation events (HPEs) that produce disas-
trous flash-flood events, particularly during autumn. In most
cases of dramatic events, large amounts of precipitation are
recorded in less than one day (typically more than 200 mm in
less than 24 h, and sometimes in only 6 h) when a mesoscale
convective system (MCS) develops and stays over the same
area for several hours.

The ability to predict such dramatic events remains weak
due to the contribution of very fine-scale processes over
the northwestern Mediterranean complex terrain and their
non-linear interactions with the larger scale processes. The
knowledge of the large-scale meteorological environment
propitious to heavy precipitation has been increased for past
years. Despite a better prediction of these precursors, the
forecast of the precise location of the anchoring region of
the precipitating system, especially in case of extreme event,
is nowadays still a challenging issue. Furthermore, a better
knowledge of the forecast uncertainty is really crucial as the
hydrological response of the typical small and steep Mediter-
ranean watersheds is very sensitive to the location of the
heaviest precipitation (Chancibault et al., 2006; Vincendon
et al., 2010).

The recent studies byNuissier et al.(2008, 2011) showed
typical upper-level synoptic ingredients such as the deep cy-
clonic upper-level circulation that generates a strong difflu-
ent flow over the Mediterranean Sea and a blocking located
downstream over central Europe slowing down the evolu-
tion of these synoptic conditions. These synoptic patterns
are generally associated with intense south to southeasterly
low-level jets that favour strong low-level moisture transport
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towards the flooded areas. In addition, mesoscale ingredi-
ents are also crucial in the triggering of deep convection
(e.g. conditional instability, low-level convergence, moisture
flux), pinpointing the deep convection development over the
same area over several hours.

A new generation of non-hydrostatic convection-
permitting (C-P) atmospheric models have been developed
in the past years for operational or research purposes.
The forecast of precipitation systems is significantly im-
proved with these new-generation models due to a better
representation of water cycle processes and resolved deep
convection (Stein et al., 2000; Mass et al., 2002; Richard
et al., 2003; Fritsch and Carbone, 2004; Ducrocq et al.,
2008; Bresson et al., 2009; Bresson, 2011, among others).
However, more faithful simulations do not imply systematic
increased quality (e.g. in terms of quantitative precipitation
forecasts) of model forecasts as measured by “grid-based”
metrics (Mass et al., 2002). Convective processes are highly
nonlinear and associated with very short lifespans. As a
consequence, their forecasts are strongly impacted by un-
certainties, e.g. emerging from the initial state of the model,
from the formulation of the model and from the lateral
boundary conditions which are provided by the driving
model, in case of limited area models (Gebhardt et al.,
2011). This meteorological uncertainty can then propagate
to the hydrological forecasts, since hydrological forecasts
are strongly related to precipitation forecasts (Zappa et al.,
2010).

Ensemble forecasting or ensemble simulation approaches
are well known tools to quantify the forecast uncertainty.
Such a probabilistic methodology, thanks to available com-
puting resources, has been introduced for operational pur-
poses in the 1990s, using Ensemble Prediction Systems
(EPSs) designed for medium-range forecasting (Molteni and
Palmer, 1993; Molteni et al., 1996; Toth and Kalnay, 1997).
Unfortunately, these methods designed to generate a global,
large-scale ensemble cannot be easily adapted to C-P numer-
ical weather prediction models due to strong nonlinearities
and large sensitivity to initial conditions.

Recent studies make use of a wide range of techniques
to build ensemble forecasts at meso-β for regional, limited-
area, convection-parameterizing (or not) models (Stensrud
et al., 2000; Grimit and Mass, 2002; Nutter et al., 2004;
Walser et al., 2004; Zhang et al., 2006; Hohenegger et al.,
2006; Hohenegger and Schär, 2007; Kong et al., 2007,
among others). For very high (e.g. kilometric)-resolution,
Vi é et al. (2011) examines the impact of uncertainty on
convective-scale initial conditions and the uncertainty on lat-
eral boundary conditions (LBCs) in cloud-resolving simu-
lation with the Application of Research to Operations at
Mesoscale (AROME) model at 2.5-km horizontal resolution,
with special attention paid to Mediterranean heavy precipita-
tion. They show that the uncertainty of LBC has an impact at
longer range than uncertainty of mesoscale initial conditions
(typically beyond 12 h), as the spread in the driving global

EPS increases. Moreover, the rate of LBC uncertainty prop-
agation depends on the synoptic-scale meteorological condi-
tions.Gebhardt et al.(2011) explore the use of perturbation
methods within the COSMO-DE model at 2.8-km horizontal
resolution, isolating uncertainty sources (e.g. model errors
and LBCs). They obtain results fairly similar toVi é et al.
(2011), with model perturbations always dominating the first
few hours and variations of LBCs often dominating the fol-
lowing forecast hours.

The studies mentioned above have shown the importance
of using global large-scale EPS as perturbed LBCs for C-
P EPS. Furthermore, the design of a future C-P EPS will
need to tackle the major uncertainty sources previously men-
tioned. At first glance, the approach would basically combine
N global EPS members as driving LBCs andM other mem-
bers representing additional perturbations generated in the C-
P model, thus involving the computation ofN × M members
in that configuration. Despite significant increase of compu-
tational power, a major issue for convective-scale EPS is the
size of the ensemble since C-P models suffer from expan-
sive computing time. Whereas large-scale global EPS size
is typically 35–50 members, 8–15 members in C-P EPS can
be the targeted size for operational implementation. A se-
lection among the large-scale EPS members should thus be
applied to drive the C-P EPS. It is based on a selection of a
few representative members from global EPSs, followed by
nesting of limited-area models with the retained individual
large-scale solutions. The Consortium for Small-Scale MOd-
elling Limited-area Ensemble Prediction System (COSMO-
LEPS), for instance, already uses such a methodology (Mar-
sigli et al., 2001; Molteni et al., 2001; Montani et al., 2011)
but for a convection-parameterizing model.

The present work aims at addressing whether such an ap-
proach is relevant for a C-P EPS working at kilometric hori-
zontal resolution and for short-range lead times (up to 24 h).
Therefore, this paper proposes to evaluate a methodology of
selection of LBCs dedicated for C-P ensemble simulations
of heavy precipitation events. For that purpose, several C-P
ensemble simulation experiments are carried out, with vari-
ous subsets of LBCs provided by a short-range global EPS.
In this approach, the C-P model is assumed to be “perfect”
and that the major uncertainty sources are mainly associated
with variability of the meteorological synoptic-scale patterns
propagating inside the C-P numerical model.

The paper is organised as follows: Sect.2 reports the me-
teorological description of the case studies. The numerical
experiments set up and the methodology used are described
in Sect.3, results are presented then discussed in Sect.4.
Finally, a synthesis and concluding remarks are given in
Sect. 5.
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2 The case studies

Our study focuses on two recent flash-flooding events: 15–
16 June 2010 (called hereafter the Var case) and 7–8 Septem-
ber 2010 (called hereafter the Gard-Ardèche case). The
Gard-Ard̀eche case occurred over the southeastern region of
Massif Central which is a typical area for very heavy precipi-
tation from climatology. On the other hand, the Var case was
an exceptional episode since it occurred in June (autumn is
the favourable period) and over a region usually less exposed
to heavy precipitation (southern flanks of the Alps).

2.1 The Var case

Figure1a illustrates the synoptic situation associated with the
Var case in terms of the 500 hPa geopotential height, 1.5 PVU
surface height, 300 hPa wind fields, 925 hPa adiabatic wet-
bulb potential temperature and wind fields (derived from the
ARPEGE analysis) on 15 June 2010 at 12:00 UTC. The me-
teorological situation was dominated by an upper-level (al-
most cut-off) cold low centred through the Northern Iberian
peninsula and the Bay of Biscay. The main upper-level PV
anomaly, shown by low elevation of the 1.5 PVU (potential
vorticity unit) surface, extending southwestwards and was as-
sociated with a pronounced mid to upper-level southerly flow
(Fig. 1a). In the same time at low-level, a large surface low
deepened between Balearic Islands and Sardinia and led to
a moderate and moist south to southeasterly low-level flow
impinging upon the southern Alps foothills (Fig.1b). This
low-level circulation in addition to flow deflection around
Southern Alps helped in reinforcing low-level convergence
and focusing moist air masses, with high values of adiabatic
wet-bulb potential temperature, towards the flooded-area (i.e.
the Var region). These very favourable conditions for heavy
precipitation, rather atypical for the season, lasted the entire
day on 15 June.

The first convective cells associated with the Var event
appeared over the Mediterranean Sea around 00:00 UTC on
15 June 2010, embedded in the southerly low-level flow. Pro-
gressing northwards, the convection started to organise form-
ing a very intense south–north oriented line in the morning on
15 June (Fig.2a). The convective line turned more southeast–
northwest in the afternoon associated with a more easterly
shift of the low-level flow (Fig.2b). During the Var event,
high surface rainfall amounts of about 460 mm in less than
24 h were recorded in Draguignan which in large part can be
directly attributed to this stationary convective line (Fig.2c).
This event led to dramatic flash-flooding that caused the
deaths of 25 people and considerable damages.

2.2 The Gard-Ardèche case

As for the Var case, the upper-level synoptic situation is pre-
sented in Fig.3a at 12:00 UTC on 7 September 2010. The
synoptic-scale situation was characterised by a large upper-

Fig. 1.Var case(a): 300 hPa winds (arrows), 1.5 PVU surface height
(colour) and 500 hPa geopotential height (solid line) and(b): adia-
batic wet-bulb potential temperature (shading) and horizontal winds
at 925 hPa, from ARPEGE analysis on 15 June 2010 at 12:00 UTC.
The computational domain (shading) used for AROME ensemble
simulations is shown in(a). The black rectangle represents the do-
main seen in(b).

level cold low located away from France (i.e. near 5◦ W)
moving gradually eastward, and by a mid- to upper-level
ridge centred over Northern Italy (Fig.3a). Between these
two large-scale structures prevailed a fairly strong upper-
level southwesterly flow over the southeastern regions of
France. The analysis of low-level conditions (Fig.3b) clearly
depicts a strong south to southwesterly low-level jet, emerg-
ing from the Balearic Islands with high values of adiabatic
wet-bulb potential temperature, bringing and focusing very
moist and unstable air masses to the Massif Central foothills.

www.nat-hazards-earth-syst-sci.net/12/2993/2012/ Nat. Hazards Earth Syst. Sci., 12, 2993–3011, 2012



2996 O. Nuissier et al.: Lateral boundary conditions for convection-permitting EPS

Fig. 2.Var case radar reflectivities composite from the observations
on 15 June 2010 at(a) 09:00 UTC, and(d) 18:00 UTC, respectively.
The green squares show lightning strikes observed during 3 h from
the radar time. The thin lines delineate the departments (administra-
tive areas of France); the Bouches du Rhônes, the Var and the Alpes-
Maritime departments are labelled B-R, V, and A-M, respectively.
(c) stands for rainfall observations from 06:00 UTC, 15 June 2010
to 06:00 UTC, 16 June 2010.

This south to southwesterly low-level jet took a more easterly
component after 12:00 UTC (not shown).

A quasi-stationary mesoscale convective system (MCS)
formed over the Massif Central foothills in the afternoon
of 6 September and stayed over the same region until
18:00 UTC on 7 September 2010. This MCS developed
within the warm air ahead of the surface front that affected
western France at that time (Fig.4a). At 18:00 UTC on
7 September, the surface cold front approached from the west
and merged with the MCS, strengthening the convective ac-
tivity (Fig. 4b). Moreover, the Gard-Ard̀eche case was char-
acterised also by tremendous lightning activity. Although
observed rainfall amounts locally exceeded 350 mm in 24 h
(Fig. 4c), little damage was observed and no casualties were
reported for this case.

3 Ensemble set up and methodology

3.1 The reference convection-permitting ensemble
experiment

This study is carried out with the non-hydrostatic numerical
model AROME, which has been operational at Mét́eo-France
since December 2008 (Seity et al., 2011). AROME is run
with a horizontal resolution of about 2.5 km. Moreover, the
AROME domain used in this present study is mainly cen-
tred over the Northwestern Mediterranean Sea encompass-
ing the French southeastern Mediterranean regions, Catalo-
nia, Balearic Islands, Sardinia, Corsica and a part of North-
ern Italy and Gulf of Genoa (Fig.1a). Such a Mediterranean
domain is chosen instead of the operational one in order to
better tackle the meteorological ingredients favouring heavy
precipitation over Southeastern France. The vertical grid
comprises 60 vertical levels. AROME is based on the non-
hydrostatic dynamic core of the limited-area model ALADIN
(Bénard, 2004; Bubnova et al., 1995), sharing the same
physical parameterizations as the research model Meso-NH
(Lafore et al., 1998). The bulk microphysics scheme follow-
ing Caniaux et al.(1994) governs the prognostic equations of
the six water variables (water vapour, cloud water, rain wa-
ter, primary ice, graupel and snow). Shallow convection is
parameterized by the EDKF scheme ofPergaud et al.(2009)
and the turbulent scheme followsCuxart et al.(2000). No
deep convection parameterization is used, as it is assumed
that deep convection is explicitly resolved at 2.5 km grid
spacing.

AROME uses LBCs interpolated from ARPEGE forecasts
(about 10 km horizontal resolution over France), with a cou-
pling frequency of 1 h. The AROME data assimilation sys-
tem uses a rapid forward sequential assimilation cycle with
a 3-hourly data analysis frequency. The observations as-
similated in the 3-D-VAR AROME system included those
from radio soundings, screen-level stations, wind profilers,
GPS, buoys, ships, and aircraft. Assimilated satellite data
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Fig. 3. Gard casea): 300 hPa winds (arrows), 1.5 PVU surface height (colour) and500 hPa geopotential height (solid line) andb): adiabatic
wet-bulb potentail temperature (shading) and horizontal winds at 925 hPa, from ARPEGE analysis on 07 September 2010 at 12 UTC. The
black rectangle represents the domain seen inb).

Fig. 3. Gard case(a): 300 hPa winds (arrows), 1.5 PVU surface
height (colour) and 500 hPa geopotential height (solid line) and(b):
adiabatic wet-bulb potentail temperature (shading) and horizontal
winds at 925 hPa, from ARPEGE analysis on 7 September 2010 at
12:00 UTC. The black rectangle represents the domain seen in(b).

included horizontal winds from atmospheric motion vectors
(AMVs) and the QuickSCAT scatterometers, Advanced Mi-
crowave Sounding Unit (AMSU)-A and -B radiances from
the NOAA-15, -16, -17, and the Aqua satellites, High-
resolution Infrared Sounder (HIRS) radiances from NOAA-
17, and clear-air Spinning Enhanced Visible and Infrared Im-
ager (SEVIRI) radiances from the Meteosat-8 satellite. In ad-
dition, AROME assimilates Doppler radial winds from the
weather radar network over France.

To carry out the C-P ensemble experiments, AROME is
driven by the global short-range ARPEGE EPS (called here-
after PEARP). PEARP uses a stretched horizontal grid over
the globe, allowing higher horizontal resolution over West-

Fig. 4. Gard case radar reflectivities composite from the observa-
tions on 7 September 2010 at(a) 09:00 UTC, and(d) 18:00 UTC,
respectively. The green squares show lightning strikes observed dur-
ing 3 h from the radar time. The thin lines delineate the departments
(administrative areas of France); the Bouches du Rhônes, the Var
and the Alpes-Maritime departments are labelled B-R, V, and A-M,
respectively.(c) stands for rainfall observations from 06:00 UTC,
7 September 2010 to 06:00 UTC, 8 September 2010.
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ern Europe. The control run is similar to the ARPEGE oper-
ational deterministic system, except for it coarser grid spac-
ing of about 15 km over France. The initial conditions for
the other 34 members are obtained by adding perturbations
to the control run. The perturbation method blends ensemble
assimilation in ARPEGE and calculation of 12-h dry singular
vectors.

A first reference ensemble simulation (called hereafter
REF) is performed to analyse the convective-scale pre-
dictability of both case studies. The REF ensemble experi-
ment used in this study has 35 members (i.e. 34 perturbed
+ 1 control member) and is driven by the PEARP members
which also counts 35 members. In order to get the best as
possible mesoscale initial state for our C-P ensemble and
simultaneously examine the impact of LBC uncertainty, all
members start from a unique initial condition provided by
a parallel mesoscale data assimilation performed over the
AROME domain. This mesoscale data assimilation cycle
starts two days before the time of the events, that means on
13 June 2010 at 00:00 UTC for the Var case and on 5 Septem-
ber 2010 at 00:00 UTC for the Gard-Ardèche case, respec-
tively.

3.2 A dedicated cluster analysis for heavy precipitation
events

The approach adopted in this study lies in the idea of re-
ducing the number of global-ensemble members driving
the limited-area forecasts, still retaining a large fraction
of the driving-ensemble variability. The selection technique
used here consists of a dynamical clustering of the large-
scale meteorological circulation patterns simulated by the
35 PEARP’s members.

Based on the knowledge of the large and subsynoptic-scale
environment patterns favourable to intense precipitation in
the Mediterranean area (Nuissier et al., 2011), specific sta-
tistical predictors are precisely used to refine the dynamical
clustering. The methodology is the following:

i. a PEARP ensemble run, starting on given day at
00:00 UTC, is first considered. Here two forecast times
are consideredt + 9 h andt + 30 h.

ii. for each PEARP member, specific meteorological pa-
rameters are extracted over a large Mediterranean do-
main at different levels and for various time steps,

iii. a (Nv × Np) matrix is then built where Np is the number
of members and Nv is the number of parameters times
the number of levels times the number of grid points
times the number of forecast steps. Each variable of the
matrix (i.e. column)vi is normalised regarding to the
mean and the standard deviation of all memberspi .

iv. a cluster analysis is performed over Southern Eu-
rope (approximately 60◦ N–30◦ N, 10◦ W–40◦ E) and

the complete-linkage algorithm, through a hierarchical
cluster analysis, is used to construct the clusters.

v. the representative member (RM), chosen among each
cluster, is the nearest element from its respective cen-
troid and simultaneously the more distant from the other
centroids. The above RMs provide both initial condi-
tions and LBCs for the AROME model.

3.3 The convection-permitting ensemble simulations

To evaluate the impact of an “oriented” LBC selection
against a random approach, and to assess the sensitivity of
clustering to specific meteorological parameters favourable
for heavy precipitation, 4 ensemble simulation experiments
are carried out, in which LBCs for AROME are selected from
PEARP members. The initial size of the reference ensemble
is reduced down to 8 members in two experiments, either
randomly selecting 7 LBCs from PEARP members (called
hereafterRAND1, RAND2) or isolating 7 LBCs from a clus-
ter analysis on PEARP members (called hereafterCLUST-
REFandCLUST-MOIST). RAND1is a first set of 7 LBCs by
drawing lots among 34 andRAND2is a second set. For each
type of sub-ensemble, the control member is the same as in
the one in the reference one. The choice of size of 8 members
for our ensembles is purely subjective and corresponds to the
targeted ensemble size expected for the design of the future
AROME C-P EPS.

In CLUST-REF, the methodology for the dynamical clus-
tering closely follows the one adapted for COSMO-LEPS
(Molteni et al., 2001; Marsigli et al., 2001; Montani et al.,
2003; Marsigli et al., 2005; Federico et al., 2007; Montani
et al., 2011). The meteorological parameters are the geopo-
tential heightZ, the two horizontal wind componentsU and
V , and the specific humidityQ all at 850, 700 and 500 hPa,
respectively. InCLUST-MOIST, the dynamical core of the
clustering is the same as inCLUST-REF, except that spe-
cific statistical predictors for heavy precipitation over the re-
gion (e.g. geopotential at 500 hPa and the moisture flux at
925 hPa) are only considered in the clustering.

Finally, a last series of ensemble simulations is considered
to evaluate the added value of joining successive PEARP
runs for the dynamical clustering. The use of this super-
ensemble was introduced byMontani et al.(2003) andMar-
sigli et al. (2005), aiming at increasing the spread of the
global ensemble on which the cluster analysis is performed.
For that purpose, theLAG ensemble is driven by a set of
PEARP members starting either at the forecast start time or
12 h before. It is worth noticing that all ensemble simulations
are run for 30 h, starting at 00:00 UTC on 15 June 2010 or at
00:00 UTC on 7 September 2010.
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Fig. 5. Var case probability map for the 24-h accumulated precipitation (valid at 06 UTC on 16 June 2010) exceeding 50 mm and for the
PEARP ensemble starting at:a) 06 UTC, 14 June 2010,b) 12 UTC, 14 June 2010,c) 18 UTC, 14 June 2010 andd) 00 UTC, 15 June 2010.
Panelse) andf) stand for theREF convective-permitting ensemble experiment starting at 00UTC, 15 June 2010 and for the thresholds 50
and 100 mm. The squares are observations (rain-gauges) overthe same threshold.

Fig. 5. Var case probability map for the 24-h accumulated precipitation (valid at 06:00 UTC on 16 June 2010) exceeding 50 mm and for the
PEARP ensemble starting at:(a) 06:00 UTC, 14 June 2010,(b) 12:00 UTC, 14 June 2010,(c) 18:00 UTC, 14 June 2010 and(d) 00:00 UTC,
15 June 2010.(e) and (f) stand for the REF convective-permitting ensemble experiment starting at 00:00 UTC, 15 June 2010 and for the
thresholds 50 and 100 mm. The squares are observations (rain-gauges) over the same threshold.

4 Overall performance of ensembles

This section compares the performance of the reference C-
P ensemble (i.e. REF) and the skill of the driving lower-
resolution PEARP in terms of quantitative precipitation fore-
casts (QPFs). In order to facilitate the direct comparison be-
tween PEARP and REF, the grid point forecasts of both en-
sembles are aggregated over boxes of 0.2×0.2◦, averaging all
the forecast values falling into the boxes. We focus primar-
ily on the phases of heavy precipitation occurring between
15 and 16 June 2010 over southern foothills of Alps, and be-
tween 6 and 7 September 2010 over the southeastern region

of the Massif Central (see Sect.2), adopting an uniform pre-
sentation for both cases.

4.1 The Var case

The probabilistic forecasts from PEARP are presented for
the Var case in Fig.5a, b, c and d and for different starting
times. The panels show the probability maps for precipitation
forecasts exceeding 50 mm day−1, valid for 16 June 2010 at
06:00 UTC and starting at 00:00 UTC on 15 June 2010 and
at 18:00, 12:00 and 06:00 UTC on 14 June 2010. Unexpect-
edly, high values of probability are not obtained for the near-
est time of the event, but for the longest forecast ranges.
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Fig. 6. Var case 24-h accumulated simulated precipitation for theREF convective-permitting ensemble experiment. The run is valid for 16
June 2010 at 06 UTC and starts on 15 June 2010 at 00 UTC. Precipitation maxima are pointed out over the Var department. The last panel
shows the 24-h accumulated ensemble-mean (solid line) and the normalised spread (shading). The spread is not shown for precipitation
below 30 mm day−1.

Fig. 6. Var case 24-h accumulated simulated precipitation for the REF convective-permitting ensemble experiment. The run is valid for
16 June 2010 at 06:00 UTC and starts on 15 June 2010 at 00:00 UTC. Precipitation maxima are pointed out over the Var department. The last
panel shows the 24-h accumulated ensemble-mean (solid line) and the normalised spread (shading). The spread is not shown for precipitation
below 30 mm day−1.

Indeed, the highest probability are located over Italy with
two areas of about 70 % and 40 % over the northeastern and
southwestern portion of the Var Department on 14 June 2010
at 06:00 UTC (Fig.5a). The Var region still have significant
probabilities of heavy precipitation regarding forecasts start-
ing at 12:00 UTC on 14 June 2010, but the values strongly
decrease beyond 18:00 UTC and especially for the run start-
ing at 00:00 UTC on 15 June 2010 (Fig.5d). Therefore, an
important result for the Var case is that the best skill is not
obtained for the most recent PEARP ensemble forecasts. The
“oldest” runs better predict the favourable synoptic-scale me-
teorological ingredients. For instance, the PEARP run start-
ing at 12:00 UTC on 14 June 2010 depicts on average more
members with a stronger upper-level PV- anomaly closer
to the flooded area, providing a more pronounced southerly
upper-level flow over the flooded area (not shown).

Figure5e displays the same probability maps shown for
PEARP but for the REF experiment and for the thresholds
50 mm, respectively. One can remark that the REF experi-
ment yields substantial improved QPFs. Although the areas
affected by heavy precipitation are misplaced westward, the

REF ensemble simulation enables to focus and clearly iso-
late the heaviest precipitation amount probability over the
flooded area (Fig.5e).

Accumulated precipitation for the control and the bet-
ter/worse members of REF are shown in Fig.6. There are ob-
vious differences and a strong variability between members,
in terms of location as well as in intensity. A local maximum
over the Var region of about 64 mm in 24 h is simulated by
member 10 (worse), whereas 185 mm is obtained by mem-
ber 29 (better). The precipitation forecasts of some members
are very accurate, but no member predicts precipitation peaks
of about 460 mm as observations (Fig.6 vs. Fig.2c). This
could be due to the lack or bad representation of some very
favourable ingredients (i.e. low-level moisture convergence),
triggering deep convection over Mediterranean Sea.

As in Hohenegger et al.(2006), we pay attention to the
assessment of the predictability for our case studies. For
that purpose, the ensemble spread is used as a measure with
large spread indicating poor predictability and vice versa.
The spread-skill relation, i.e. more (less) spread leads to less
(higher) predictability, is well established for the prediction
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Fig. 7. Gard case probability map for the 24-h accumulated precipitation (valid at 06 UTC on 08 September 2010) exceeding 50 mm and for
the PEARP ensemble starting at:a) 06 UTC, 06 September 2010,b) 12 UTC, 06 September 2010,c) 18 UTC, 06 September 2010 andd) 00
UTC, 07 September 2010. Panelse) andf) stand for theREF convective-permitting ensemble experiment starting at 00UTC, 07 September
2010 and for the thresholds 50 and 100 mm. The squares are observations (rain-gauges) over the same threshold.

Fig. 7.Gard case probability map for the 24-h accumulated precipitation (valid at 06:00 UTC on 8 September 2010) exceeding 50 mm and for
the PEARP ensemble starting at:(a) 06:00 UTC, 6 September 2010,(b) 12:00 UTC, 6 September 2010,(c) 18:00 UTC, 6 September 2010
and (d) 00:00 UTC, 7 September 2010.(e) and (f) stand for the REF convective-permitting ensemble experiment starting at 00:00 UTC,
7 September 2010 and for the thresholds 50 and 100 mm. The squares are observations (rain-gauges) over the same threshold.

of upper-air variables in the framework of global-ensemble
forecasting. Although this relation is less clear as for pre-
diction of surface fields (as some topographic effects could
affect predictability), surface precipitation spread is used as
a measure of predictability. The spreadS is calculated as
the standard deviation for the precipitation parameterP ,

i.e. S =

√
1

N−1

∑N
i=1

(
Pi − P̄

)2
, whereN denotes the num-

ber of ensemble members andP̄ is the precipitation ensem-
ble mean. Since precipitation fields can display strong vari-
ability, a normalised spread defined asS × P̄ −1 is used. It
is worth noticing that this normalised spread is rather use-
ful, where precipitation amounts are strong but may lead to
unrealistically large spread values especially at the borders
of rainy areas. The last panel of Fig.6 illustrates the 24-h
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Fig. 8. Gard case 24-h accumulated simulated precipitation for theREF convective-permitting ensemble experiment. The run is valid for 08
September 2010 at 06 UTC and starts on 07 September 2010 at 00 UTC. Precipitation maxima are pointed out over the Gard department.
The last panel shows the 24-h accumulated ensemble-mean (solid line) and the normalised spread (shading). The spread isnot shown for
precipitation below 30 mm day−1.

Fig. 8. Gard case 24-h accumulated simulated precipitation for the REF convective-permitting ensemble experiment. The run is valid for
8 September 2010 at 06:00 UTC and starts on 7 September 2010 at 00:00 UTC. Precipitation maxima are pointed out over the Gard depart-
ment. The last panel shows the 24-h accumulated ensemble-mean (solid line) and the normalised spread (shading). The spread is not shown
for precipitation below 30 mm day−1.

ensemble mean accumulated precipitation and the associated
normalised spread for REF. Normalised spread is not shown
for precipitation ensemble mean values below 30 mm day−1.
The Var case is characterised by moderate to strong spread
with values generally around 0.6 over the Var department,
and peaking near 1 over the flooded area (i.e. southeast-
ern Var). These strong values of spread in the vicinity of
the strongest precipitation ensemble mean underline that the
convective system is highly unpredictable.

4.2 The Gard-Ardèche case

Concerning the Gard-Ard̀eche case, the probability for
precipitation forecasts exceeding 50 mm day−1, valid for
8 June 2010 at 06:00 UTC and starting at 00:00 UTC on
7 September 2010 and at 18:00, 12:00 and 06:00 UTC on
6 September 2010, are displayed in Fig.7a, b, c and d for
PEARP runs. High values of probability are obtained what-
ever the forecast range (even for for the longest forecast
range). That is a completely different result with respect to
the Var case. On 6 September 2010 at 06:00 UTC, one can
see in the PEARP run values of probability higher than 90 %

but slightly misplaced just west of the Ardèche department
(Fig. 7a). In contrast to the Var event, these probabilities last
and even increase with time in magnitude and also in cover-
age (Fig.7b and c). On 7 September 2010 at 00:00 UTC, the
area of high precipitation probabilities is largest but is still
displaced westward.

Figure 7e and f shows the results for the REF ensem-
ble experiment. Compared to PEARP, the REF ensemble
yields better simulations of the precipitation event, shifting
the strong probability values more over the flooded area. One
can also remark that it better represents precipitation associ-
ated with the surface cold front approaching from the west.

Figure 8 shows the 24-h accumulated simulated precip-
itation amounts for the REF experiment. As was expected
for the Gard-Ard̀eche case, the ensemble performs much bet-
ter in terms of QPFs than it does for the Var case. Although
most of the simulated precipitation amounts are still slightly
underestimated, a few members are very close to observa-
tions. For instance member 11 predicts near 360 mm in 24 h
in very good agreement with observations. The spread of pre-
cipitation is quite reduced with respect to the Var case and
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Fig. 9. Time series of the 3-h surface precipitation (mm) for REF
and for the Var(a) and Gard(b) cases, averaged over the subdo-
main seen in Figs.6 and8, respectively. Interquartile ranges (25 %–
75 %), minimum, maximum and medians are shown. Initial times
of the forecasts are 00:00 UTC of 15 June 2010 for the Var case and
00:00 UTC of 7 September 2010 for the Gard case, respectively.

the weakest precipitation amounts are obtained for member 3
with 120 mm.

As for the Var case, the last panel of Fig.8 presents the
24-h ensemble mean accumulated simulated precipitation
amounts and the associated normalised spread. The Gard-
Ardèche case, unlike to the Var event, is characterised by
small normalised spread denoting high predictability. Nor-
malised spread values are mainly below 0.2 over the Ardèche
department and are colocalized with the strongest precipita-
tion peak. Higher values of about 0.8 are also found in south-
ern Gard probably in association with some scenarii in the
ensemble starting convective activity earlier over the depart-
ment.

5 Discussion

After having evaluated the REF ensemble simulation, we
now emphasise the mesoscale ingredients that favoured these
long-lasting HPEs and controlled their predictability. For that
purpose, the ensemble-mean water vapour fluxes||qvVh||,

whereqv is the specific humidity andVh is the horizontal
wind at 925 hPa, are shown in Fig.10.

Afterwards, the methodology of selection is evaluated then
refined using statistical predictors arising from analysis of
these propitious mesoscale ingredients.

5.1 Detailed analysis of favourable mesoscale
ingredients

In order to analyse time evolution of rainfall, Fig.9 shows
time series of simulated precipitation with maximum, mini-
mum, median and interquartile range averaged over the sub-
domain seen in Fig.2c for the Var case and Fig.4c for
the Gard-Ard̀eche case, respectively. The observations (bold
solid line) attest the generally high skill of the ensemble me-
dian and 75 % quartile for the Gard-Ardèche case (Fig.9b),
on agreement with the small values of normalised spread dis-
cussed earlier. These quantities enable to fairly capture the
precipitation peak observed near 21:00 UTC on 7 Septem-
ber 2010. For the Var case, the ensemble median fails to
reproduce the maximum for rainfall amounts and rainfall
amounts are strongly underestimated. Most of ensemble sce-
narii fail to capture the highest precipitation over the flooded
area and these results are consistent with high normalised
spread noticed in Sect.4. Nevertheless, the last quartile (i.e.
75 %) better describe time evolution of precipitation with two
peaks shifted later.

An analysis of the favourable mesoscale ingredients helps
to better understand the fine-scale simulated rainfall distribu-
tion from the REF ensemble. Although the averaged fields
are strongly smoothed, Fig.10a displays, at 12:00 UTC on
15 June 2010. (i.e. just before the period of heaviest rain-
fall for the Var case), two converging tongues of high val-
ues of water vapour flux coming from west and northwest
of Sardinia. A maximum of about 100 g kg−1 m s−1 is found
over the Mediterranean Sea and another stronger one of
about 150 g kg−1 m s−1 over the Var department. The low-
level horizontal winds clearly depict a surface low centered
along 6◦ E, strengthening the southeasterly low-level flow
and thus advecting warm and moist air masses toward the
French southeastern coast. At 00:00 UTC on 16 June 2010,
the low moves eastwards while the low-level flow is decreas-
ing, and the favourable environment in terms of moisture flux
also shifts over Ligurian Sea. In contrast to the Var case,
Fig. 10c shows values of low-level water vapour stronger
than 200 g kg−1 m s−1. As a matter of fact, strong forcing
prevails at the surface for the Gard-Ardèche case. Indeed,
as the cold front moves slowly eastwards, the southerly low-
level flow is increased ahead of the front with strong con-
vergence over the Gulf of Lyon, bringing more moisture in
to feed deep convection over the region. At 00:00 UTC on
8 September 2010, as the cold front moves further eastwards,
the low-level convergence of moisture flux is displaced near
the southern Alps (Fig.10d).
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Fig. 10. 925-hPa horizontal moisture flux magnitude (shading, g kg−1 m s−1) and wind vectors (m s−1) ensemble-mean for the Var case
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Fig. 10.925-hPa horizontal moisture flux magnitude (shading, g kg−1 m s−1) and wind vector (m s−1) ensemble-mean for the Var case (a
andb) and the Gard-Ard̀eche case (c andd), respectively. Ensemble experiments shown are REF in both cases. Initial times of the forecasts
are 00:00 UTC of 15 June 2010 for the Var case and 00:00 UTC of 7 September 2010 for the Gard case, respectively.

Since our study considers only uncertainty arising from
synoptic scale and LBCs, the variability of high-resolution
precipitation forecasts are closely related to predictability of
both meteorological forcings previously discussed. In the Var
case, the predictability of the surface low is very low (i.e.
spread is high), and there are few members able to fairly
predict the strong southeasterly low-level flow advecting the
supply of moisture to sustain very intense precipitation over
the Var department. This result suggests that the Var case is
very sensitive to the prescribed LBCs and to their interactions
with other mesoscale and convective-scale processes. Indeed,
Bresson(2011) revealed that the quasi-stationary convec-
tive line over the Var region and over the Mediterranean
Sea was driven primarily by a surface low over the Gulf of
Lyon inducing a strong convergent low-level flow, and by
convective-scale mechanisms, such as a low-level cold pool
and the triggering of deep convection by small orography
features. In the opposite side, the predictability of the sur-
face cold front is higher in the Gard-Ardèche case and there
is a large majority of members depicting large southerly low-
level water vapour advection ahead of the surface front. The
Gard-Ard̀eche case appears to have a better predictability
even in PEARP and it seems to be an event more controlled

by synoptic-scale conditions propagating through AROME
lateral boundaries.

5.2 Impact of selected LBCs

In this section we investigate the sensitivity of the high-
resolution forecasts to different selections of LBCs from
PEARP ensemble.

In a first step, we compare results obtained for sub-
ensembles in which LBCs are randomly selected against
a method based on a cluster analysis. Figure11a and b
show, for the Var case, time series of 3-h simulated rain-
fall amounts (same as Fig.9) and the 24-h ensemble-mean
accumulated simulated precipitation (solid lines) superim-
posed to normalised spread (shading). For the RAND1 ex-
periment, the evolution of the domain-averaged rainfall is
slightly improved as the median indicates a peak of precipi-
tation near 15:00 UTC on 15 June 2010. The highest quartile
(i.e. 75 %) is still also showing a maximum of precipitation
(Fig. 11a). However, this increase in precipitation on average
is associated with higher values of normalised spread every-
where over the Var department, and the forecast uncertainty
increases in the RAND1 ensemble. For the second set of
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Table 1.Var case population and RMs for theCLUST-REF, CLUST-
MOISTandLAG ensembles: columns 2, 3 and 4, respectively. The
clustering time is 00:00 UTC on 15 June 2010. The RMs (in paren-
thesis) are expressed as MMDD “p”nn, where nn indicates the per-
turbed element of the ensemble started on day DD. See also text for
more details.

Cluster Cluster population and RM

number CLUST-REF CLUST-MOIST LAG

cl 1 3 (0615p29) 4 (0615p1) 17 (0615p31)
cl 2 2 (0615p30) 3 (0615p30) 24 (0615p26)
cl 3 4 (0615p17) 6 (0615p3) 7 (0614p23)
cl 4 6 (0615p20) 10 (0615p32) 5 (0614p31)
cl 5 9 (0615p25) 7 (0615p25) 4 (0614p32)
cl 6 8 (0615p32) 2 (0615p33) 8 (0614p18)
cl 7 2 (0615p34) 2 (0615p34) 4 (0614p26)

randomly selected LBCs (RAND2 ensemble), the time series
plot does better to fit observations in terms of interquartile
distance mainly during the last 6 h of simulation. Since the
forecast variability is already strong in REF for the Var case,
both random experiments have very different behaviours due
to the random nature of the selection of the LBCs.

As described in Sect.3, the classification method enables
to select 7 RMs out of, either the 35 elements which com-
pose one PEARP run or the 70 that compose two successive
PEARP runs. Table1 reports cluster populations and RMs
for each of the three clustering method and for the Var case.
It can be noticed that, inLAG, the method selects members
from both PEARP runs and members with different refer-
ence time also mix in some clusters. For instance, the rep-
resentative member of cluster cl3 is selected from theLAG
ensemble starting on 14 June (more precisely, the perturbed
element p23 is selected within a cluster with 7 elements).
CLUST-REFand CLUST-MOISTensembles both produce
clusters with a comparable number of elements, except for
LAG in which the two populated clusters are able to gather
near 60 % of the total of elements. One reason for such dis-
tribution with more clusters with low populations is that the
“older” run of PEARP is more confident in its results (more
similar members) for the Var case, leading to more variability
to be classified inLAG. For the Gard case, theLAGhas fewer
clusters with low populations, whereas the two PEARP runs
have more comparable variability (column 4 of Table2).

WhenCLUST-REFis performed, the variability within the
LBCs is thus better classified compared to random experi-
ments, and the so-obtained sub-ensemble clearly enables to
predict and focus more precipitation over the Var department
in average (Fig.11f). Two areas of strongest values of nor-
malised spread are confined to the southwestern and south-
eastern part of the Var department.

When relevant meteorological parameters for the convec-
tive events of interest (i.e. geopotential height at 500 hPa and
horizontal moisture flux at 925 hPa) are considered (CLUST-

Table 2. Gard case population and RMs for theCLUST-REF,
CLUST-MOISTandLAG ensembles: columns 2, 3 and 4, respec-
tively. The clustering time is 00:00 UTC on 7 September 2010. The
RMs (in parenthesis) are expressed as MMDD“p”nn, where nn in-
dicates the perturbed element of the ensemble started on day DD.
See also text for more details.

Cluster Cluster population and RM

number CLUST-REF CLUST-MOIST LAG

cl 1 9 (0907p17) 9 (0907p17) 16 (0907p17)
cl 2 9 (0907p18) 12 (0907p18) 10 (0906p4)
cl 3 4 (0907p5) 4 (0907p5) 25 (0907p18)
cl 4 5 (0907p6) 5 (0907p6) 10 (0906p23)
cl 5 3 (0907p28) 1 (0907p14) 4 (0906p5)
cl 6 3 (0907p23) 2 (0907p25) 3 (0906p10)
cl 7 1 (0907p26) 1 (0907p26) 1 (0906p17)

MOIST), the ensemble-mean is increased in terms of sur-
face precipitation maximum over the flooded area (Fig.11h).
Despite a slight decrease in terms of interquartile distance
in time series,CLUST-MOISTenables to better regionalise
and capture the forecast uncertainty. Indeed, the strong nor-
malised spread simulated mainly over the southeastern por-
tion of the area clearly indicates the possible occurrence of
flooding over the region of Draguignan (Fig.11h). Further-
more, one reason for the reduction in interquartile distance
could be thatCLUST-MOISTleads to more variability but
which is spatially more localised at the “high-impact region”
due to the selection of more mesoscale parameters in the
clustering.

Since it has been shown in Sect.4 that the Var case is bet-
ter predicted in the ”older” PEARP runs, the cluster anal-
ysis is applied on a 70-member, lagged ensemble, joining
two consecutive PEARP runs (LAG experiment). Times are
12:00 UTC on 14 June 2010 and 00:00 UTC on 15 June 2010,
respectively. Figure11g shows that the lagged-classification
leads to improvement in terms of QPF, as the median is closer
to observations, but the uncertainty is also increased (i.e.
more normalised spread). Time series indicates more clearly
the triggering time of the heaviest precipitation than any
other clustering experiments. However, forLAG, the maxi-
mum ensemble-mean rainfall amounts are more spatially ex-
tended northwestwards over the Bouches du Rhône depart-
ment with respect toCLUST-MOIST, and the forecast uncer-
tainty strongly increases as the normalised spread also ex-
tends spatially. However, a lagged approach can nevertheless
provide more useful information regarding the potential me-
teorological situation.

Figure12shows the precipitation probability maps for pre-
cipitation exceeding 50 mm/24 h for the three ensembles. The
impact of the selection of more relevant mesoscale ingre-
dients is definitely noticeable for the Var case in Fig.12b.
Indeed, the probability is about 85 % over the western re-
gion of the Var department for theCLUST-MOISTand the
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Fig. 11. Var case time series of the 3-h surface precipitation averaged over the subdomain seen in Fig 6 and the 24-h accumulated simulated
precipitation ensemble-mean (solid lines) and the normalised spread (shading) for theRAND1 (panelsa) andb)), RAND2 (panelsc) andd)),
CLUST-REF (panelse) and f)), CLUST-MOIST (panelsg) andh)), andLAG (panelsi) and j) ) ensemble experiments. Interquartile ranges
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June 2010 at 06 UTC.
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Fig. 11 (continued).

Fig. 11.Var case time series of the 3-h surface precipitation averaged over the subdomain seen in Fig.6 and the 24-h accumulated simulated
precipitation ensemble-mean (solid lines) and the normalised spread (shading) for theRAND1(a andb), RAND2(c andd), CLUST-REF
(e andf), CLUST-MOIST(g andh), andLAG (i and j ) ensemble experiments. Interquartile ranges (25 %–75 %), minimum, maximum and
medians are shown. The accumulation 24-h period starts on 15 June 2010 at 00:00 UTC and ends on 16 June 2010 at 06:00 UTC.
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Fig. 12. Var case probability map for the 24-h accumulated precipitation (valid at 06 UTC on 16 June 2010) exceeding 50 mm and for :a)
CLUST-REF, b) CLUST-MOIST andd) LAG. The squares are observations (rain-gauges) over the same threshold.

Fig. 12.Var case probability map for the 24-h accumulated precip-
itation (valid at 06:00 UTC on 16 June 2010) exceeding 50 mm and
for (a) CLUST-REF, (b) CLUST-MOISTand(d) LAG. The squares
are observations (rain-gauges) over the same threshold.

probability values are generally increased everywhere over
Var compared toCLUST-REF. As for LAG, probability val-
ues are generally higher thanCLUST-REFbut they are more
spatial extended, probably related to more spread inLAG.

The same sensitivity experiments are carried out for the
Gard-Ard̀eche case (Fig.13). For bothRAND1andRAND2
ensemble experiments, the spatial distributions of normalised
spread are close except for a narrow band of high values of
spread of about 0.8 oriented southwest-northeast through the
Ardèche department inRAND2(Fig. 13b and d). Both series
have virtually the same departure to observations (Fig.13a
and c). Both selections from cluster analysis (CLUST-REF
and CLUST-MOIST) indicate a large decrease of the nor-
malised spread and strong values of rainfall amounts over the
southwestern part of the department. This implies that both
ensembles become more confident as the forecast variabil-
ity decreases. However, there are still high values of spread
west and south of the flooded area associated with some sce-
narii in the ensemble starting convective activity earlier on
6 September 2010 over the Gard department, and the surface
cold front approaching, respectively. When two successive
PEARP runs are combined (12:00 UTC on 6 September 2010
and 00:00 UTC on 7 September 2010), the median of the re-
duced ensemble after the selection is closer to observations
and the interquartile distance is fairly increased, again as both
PEARP runs have more comparable variability. The spatial
distribution of normalised spread is generally the same ex-
cept for stronger uncertainty northeast of the Ardèche depart-
ment. In terms of rainfall probability charts, there is much
less difference between clustering methods compared to the
Var case. The Gard event is well predicted whatever the clus-
tering selection approach (Fig.14).

It is worth noticing that our C-P ensembles have also to
be assessed over longer periods but our results are similar
to those obtained byMontani et al.(2003); Marsigli et al.
(2005); Montani et al.(2011). They confirm that, although
the skill of the most recent ensemble forecasts is better than
that of older ensembles and of the whole joined-ensemble,
mixing successive global EPS runs provides, especially for
some case with low predictability, higher quality probabilis-
tic forecasts since the joined-ensemble enable to better ex-
plore regions of the phase-space of the system otherwise left
unexplored by the most recent global ensemble.

6 Synthesis and concluding remarks

In this study a methodology of selection of lateral bound-
ary conditions (LBCs) was presented. This approach is ded-
icated for convection-permitting (C-P) ensemble simulations
of heavy precipitation events.

A first reference C-P ensemble was carried out with the
AROME model, using the ARPEGE Ensemble Prediction
System (PEARP) members as LBCs (REF experiment). In
this reference ensemble, the 35 members start from a unique
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Fig. 13. Gard case time series of the 3-h surface precipitation averaged over the subdomain seen in Fig 8 and the 24-h accumulated simulated
precipitation ensemble-mean (solid lines) and the normalised spread (shading) for theRAND1 (panelsa) andb)), RAND2 (panelsc) andd)),
CLUST-REF (panelse) and f)), CLUST-MOIST (panelsg) andh)), andLAG (panelsi) and j) ) ensemble experiments. Interquartile ranges
(25%-75%), minimum, maximum and medians are shown. The accumulation 24-h period starts on 07 September 2010 at 00 UTC andends
on 08 September 2010 at 06 UTC.
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Fig. 13.Gard case time series of the 3-h surface precipitation averaged over the subdomain seen in Fig.8 and the 24-h accumulated simulated
precipitation ensemble-mean (solid lines) and the normalised spread (shading) for theRAND1(a andb), RAND2(c andd), CLUST-REF
(e andf), CLUST-MOIST(g andh), andLAG (i and j ) ensemble experiments. Interquartile ranges (25 %–75 %), minimum, maximum and
medians are shown. The accumulation 24-h period starts on 7 September 2010 at 00:00 UTC and ends on 8 September 2010 at 06:00 UTC.
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Fig. 14. Gard case probability map for the 24-h accumulated precipitation (valid at 06 UTC on 08 September 2010) exceeding 50 mm and
for : a) CLUST-REF, b) CLUST-MOIST andd) LAG. The squares are observations (rain-gauges) over the same threshold.

Fig. 14.Gard case probability map for the 24-h accumulated precip-
itation (valid at 06:00 UTC on 8 September 2010) exceeding 50 mm
and for: (a) CLUST-REF, (b) CLUST-MOISTand (d) LAG. The
squares are observations (rain-gauges) over the same threshold.

initial condition provided by a parallel mesoscale data as-
similation performed over the AROME domain in order to
get the best initial state as possible. They were also driven
by the 35 PEARP members. The REF ensemble was used to
assess the predictability of two cases of Mediterranean heavy
precipitation events.

A comparison between PEARP and REF was performed.
For that purpose, both ensembles were aggregated over boxes
of 0.2×0.2◦. Predictability was found very different for both
case studies. It has been found that the Gard-Ardèche case
is more predictable even at PEARP horizontal resolution. In-
deed, high values of probability exceeding 50 mm day−1 of
about 90 % were obtained over Ardèche, whatever the time
of the PEARP runs. On the other hand, for the Var case, high
values of probability were not found at the time closest to
the event, but for the longest forecast ranges. Probabilities of
about 40 % are located over the northeastern and southwest-
ern part of the Var department on 14 June 2010 at 06:00 UTC,
but strongly decreased at 00:00 UTC on 15 June 2010. The
predictability of the Var case was highly increased in the C-
P ensemble, and the REF ensemble performed better than
PEARP. The fine-scale variability of precipitation is closely
controlled by the precise location of a quasi-stationary con-
vective line over the Var region and over the Mediterranean
Sea. This convective line was driven primarily by a surface
low over the Gulf of Lyon inducing a strong convergent low-
level flow, and accordingly advecting strong moisture supply
from the Mediterranean Sea toward the flooded area.

In the Gard-Ard̀eche case, the differences between PEARP
and REF were less significant. Indeed, in the former case,
a surface cold front moved slowly eastwards while increas-
ing the low-level water vapour ahead. These meteorological
forcings were already well predictable in PEARP. Neverthe-
less, thanks to a better description of fine-scale orography in
AROME, the REF ensemble succeeded in replacing correctly
the precipitation maximum over the flooded-area.

If carrying out such a 35-member size C-P ensemble is
easier for research studies, such a running appears less con-
ceivable in an operational framework. A methodology of se-
lection dedicated for C-P ensemble simulations of heavy pre-
cipitation events was evaluated. Consequently, the initial size
of the reference ensemble is reduced down to 8 members, ei-
ther randomly selecting 7 LBCs from PEARP members or
isolating 7 LBCs from a cluster analysis on PEARP mem-
bers. The selection based on a cluster analysis of the PEARP
members (CLUST-REF) generally better performs against
a random selection. The consideration of relevant meteoro-
logical parameters for the convective events of interest (i.e.
geopotential height at 500 hPa and horizontal moisture flux
at 925 hPa) refined the cluster analysis (CLUST-MOIST). It
also helped in better capturing the forecast uncertainty vari-
ability which is spatially more localised at the “high-impact
region” due to the selection of more mesoscale parameters.
In LAG, the method selects members from both PEARP runs
and members with different reference time also mix in some
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clusters. Although there is a strong increase in forecast un-
certainty, a lagged approach can provide more useful prob-
abilistic information regarding the potential meteorological
situation.

In this study, uncertainty sources arising from LBCs have
been taken into consideration. However, it has been also
found a strong sensitivity to mesoscale initial conditions in
the REF experiment. Indeed, we carried out an additional
sensitivity experiment (ADAP) not discussed in the present
paper, in which each ensemble member used, as mesoscale
initial state, one of the PEARP members that is basically
interpolated from its native horizontal resolution (of about
15 km over France) toward 2.5 km. LBCs were also provided
by the retained PEARP member. The results revealed that
the REF ensemble better performed thanADAP, especially
for the less predictable case (i.e. the Var case). For the Gard-
Ardèche case, both REF andADAPwere still close since the
surface cold front moving slowly eastwards was already well
represented in PEARP. A partial conclusion would be that
a simple downscaling of global EPS members can be suffi-
cient, in some cases, to sample a large part of the C-P forecast
errors.

Nevertheless, the design of a future C-P ensemble will
need to combine all the major uncertainty sources and the
sampling approach for the AROME mesoscale initial condi-
tion uncertainties is a work in progress. An ensemble data
assimilation was already evaluated for two Mediterranean
heavy precipitation case studies (Vi é et al., 2011). More-
over, a stochastic physics scheme (adaptated from ECMWF’s
stochastic perturbation physics tendencies) is currently as-
sessed in the AROME short-range C-P ensemble prediction
system (Bouttier et al., 2012). A more systematic evaluation,
calculating probabilistic score over longer periods, is needed
to validate our results obtained for two heavy precipitation
case studies. These scientific issues will be reported in forth-
coming publications.
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