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A numerical study of three catastrophic precipitating events
over southern France. II: Mesoscale triggering and

stationarity factors

V. Ducrocq,* O. Nuissier, D. Ricard, C. Lebeaupin and T. Thouvenin
CNRM/GMME, Météo-France, Toulouse, France

ABSTRACT: In the western Mediterranean basin, large amounts of precipitation can accumulate in less than a day when
a Mesoscale Convective System (MCS) stays over the same area for several hours. Heavy Precipitating Events (HPEs) in
this region (especially southern France) are not only characterized by significant precipitation rates (typically more than
200 mm in less than 24 or 48 hours) but also by quasi-stationary behaviour. The aim of this present study is to use realistic
simulations of past events to analyze and better understand the physical mechanisms which lead to the stationarity of HPEs
over southern France using a high-resolution (2.5 km) non-hydrostatic mesoscale atmospheric model. We focused on three
HPEs: 13–14 October 1995 (the Cévennes case), 12–13 November 1999 (the Aude case) and 8–9 September 2002 (the
Gard case).

The experimental design for simulating realistic structures and evolutions of the HPEs with the Meso-NH model has
been presented in a companion paper. In that study, the evolution of the synoptic patterns in which the HPEs occurred were
analysed. In this paper, the importance of mesoscale ingredients, such as the moist and conditionally unstable low-level
jet (LLJ), is examined in terms of their ability to focus the deep convection over the same area for several hours. The
Cévennes case is typical of a so-called ‘Cévenole’ event in France for which orographic forcing is the primary mechanism
which acts to continuously generate convective cells upwind of the Massif Central. The unusual location of the Gard event
is explained by a cold pool induced by the evaporation of precipitation which acts as a relief-like feature to force the
conditionally unstable and moist LLJ to rise. This constitutes a quasi-stationary forcing as the cold pool is blocked in the
Rhône Valley. For the third case, diabatic cooling and the Massif Central act to enhance the precipitation but have almost
no impact on the location of the anchoring point of the precipitating system. Copyright  2008 Royal Meteorological
Society

KEY WORDS mesoscale convective systems; quasi-stationary behaviour; heavy precipitation; low-level cold pool
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1. Introduction

The continuous formation of convective cells in a specific
area while older cells are dissipating downstream is the
condition for which a Mesoscale Convective System
(MCS) becomes stationary. This process first requires a
triggering mechanism to release the convective available
potential energy (CAPE) stored in the atmosphere, then
a mechanism is needed to focus the convection over
a relatively small area (Chappell, 1986). The synoptic-
scale ingredients (upper-level potential vorticity (PV)
anomalies, high atmospheric moisture content, CAPE,
etc.) supply mass and energy for the convective activity,
while other mesoscale factors contribute to continuously
focus the necessary lifting to trigger and/or maintain the
convection over the same region.

In the western Mediterranean region, the sea and the
orography combine to form a strong surface component

* Correspondence to: Dr V. Ducrocq, CNRM/GMME/ MICADO, 42
av. G. Coriolis, 31057 Toulouse Cédex, France.
E-mail: veronique.ducrocq@meteo.fr

which acts on the genesis and the evolution of MCSs.
The sea provides the moisture supply to the moder-
ate to strong, southerly to easterly, low-level flow that
feeds the heavy precipitation events. The role of sensi-
ble and latent-heat fluxes from the Mediterranean Sea has
been investigated by Buzzi et al. (1998) for the Piedmont
flood event (1994). They found for their case-study that
the Mediterranean mainly modulates the intensity and
not the location of the convective precipitation. Simi-
lar results have been found in a recent numerical study
by Lebeaupin et al. (2006) for three intense flash-flood
episodes over southern France, which revealed that even
though a uniform increase (or decrease) of Mediterranean
sea-surface temperatures (SSTs) by a few degrees inten-
sifies (or weakens) convection, fine-scale SST anoma-
lies do not have any significant impact on the short-
range forecast of convection and low-level jets (LLJs).
Besides, the role of orography in triggering heavy pre-
cipitation over western Mediterranean regions has been
well documented (e.g. Smith, 1979; Houze, 1993; Lin,
1993; Buzzi et al., 1998; Buzzi and Foschini, 2000; Lin

Copyright  2008 Royal Meteorological Society
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et al., 2001; Rotunno and Ferretti, 2001; Pradier et al.,
2002; Bousquet and Smull, 2003; Georgis et al., 2003,
among others). All these studies have noted the impor-
tance of having a very moist and conditionally unstable
LLJ impinging upon the mountain range foothills. The
more the LLJ is perpendicular to the mountain range, the
higher is the occurrence of heavy orographic rainfall. The
CAPE stored in the atmosphere could be thus released
only if the orographic lifting is strong enough to bring
air parcels to their level of free convection. Consider-
ing both synoptic-scale forced and unforced cases, recent
numerical studies (Buzzi et al., 1998; Ferretti et al., 2002;
Stein, 2002) have emphasized that suppression of orogra-
phy significantly reduces total simulated rainfall, clearly
showing the orography as the first-order cause of floods.
Buzzi et al. (1998) emphasized the feedback between
latent heat release and orographic forcing that can deter-
mine the type of orographic flow regime (via ‘effective’
Froude number changes), thus influencing the larger-scale
flow. Other studies also insist on the role played by the
low-level convergence in producing heavy precipitation.
Diagnostic studies and numerical experiments (cf. Ramis
et al., 1994, 1998) have revealed the importance of the
meso-high induced over northeastern Spain where the
Pyrenees chain causes a blocking effect under southerly
flow. Low pressure centred just south of the region can
help to enhance the offshore wind component and thus
help to focus more convection over the coastal areas of
northeastern Spain (Romero et al., 2000). For the two
severe convective events studied over eastern Spain, the
importance of the surface meso-low driven by latent heat
release, as well as lee cyclogenesis induced by the Atlas
mountains, were shown to be providing low-level con-
vergence over the Mediterranean Sea and thus enhancing
upslope winds over eastern Spain.

In addition, there is also evidence of precipitation or
convective feedbacks which interact with orography to
contribute to rainfall enhancement. For convective sys-
tems, the evaporative/sublimative cooling produced by
the falling precipitation reaching the sub-cloud layer may
serve as an additional mechanism for convective cell for-
mation. Both the combined effect of cold air outflows and
orographic forcing have to be taken into account in the
generation and evolution of quasi-stationary convective
systems. Chu and Lin (2000) and Chen and Lin (2005a,
2005b) have shown this interaction through idealized
simulations of a conditionally unstable flow over a two-
dimensional mountain ridge. For one of their regimes, the
density current resulting from the evaporation of precipi-
tation may trigger new cells far upstream of the mountain,
thus focusing the convective activity in this region.

As in many other western Mediterranean regions,
southern France is prone to devastating flash floods
during the autumn season. Two severe episodes occurred
on 8–9 September 2002 (the Gard case) and 12–13
November 1999 (the Aude case). The precipitation total
reached 690 mm in only 24 hours near the city of Alès
(Gard department) in 2002, and more than 500 mm
fell in the same period in Lézignan-Corbières (Aude

department) in 1999, both leading to the deaths of several
tens of people and to several billion Euros in damages.
A third case, which was less intense but more typical
and representative of flash-flood episodes over southern
regions of the Massif Central, occurred on 13–14 October
1995 (the Cévennes case) and is also investigated in
this study. Note that the Gard event was not only
characterized by persistent torrential precipitation, but
also by an unusual location of the rainfall maximum,
upstream of the Massif Central foothills. In part I of this
study (Nuissier et al., 2008), 10 km resolution numerical
simulations were used to identify the main synoptic-scale
ingredients responsible for favouring the development
and the evolution of these three flash-flood events. Some
synoptic-scale similarities and differences between the
studied flash-flood events were described and discussed.
The Gard and Aude episodes had a strong trough or a
closed cyclone at upper levels, just west of the flooded
regions. In addition to these common precursors aloft, a
large supply of low-level moist air was being advected
and convergence was enhanced by either a slow-moving
cold front approaching from the west (the Gard case)
or by a near-stationary low located to the southwest
(the Aude case). Moreover, the best 2.5 km simulations
were evaluated by comparing them against observations
in order to corroborate that realistic simulations of the
heavy precipitation events were being obtained and could
be used to study the events in this companion paper.
The purpose of this paper is to better explain the fine-
scale processes relative to the internal dynamics of the
simulated MCSs based on these fine-scale simulations. It
is important to stress here that, in this study, we focused
only on the stationarity stage of the convective systems
with the goal of pointing out the physical mechanisms
leading to the stationarity of these heavy precipitating
systems over a specific location and, in particular, for the
Gard event which occurred over an unusual region well
upstream of the foothills.

Section 2 of this paper thus gives a detailed analysis
of the high-resolution numerical experiments and details
the key mesoscale factors leading to the sustaining of the
MCSs at the same location over several hours. In section
3, further sensitivity experiments are discussed which
confirm our hypotheses on the role of the orography and
the convection itself in favouring the stationarity of these
HPEs.

2. Detailed analysis of the mesoscale and
convective-scale ingredients

Besides the synoptic-scale meteorological precursors
described in part I which were conducive to heavy precip-
itation (upper-level divergence, upper-level PV anoma-
lies, slow-moving patterns, etc.), there are also mesoscale
and convective-scale factors that operate in making a
MCS stationary. Among the various theories for explain-
ing quasi-stationary behaviour of convective systems,
there is, in particular, the Chappell (1986) conceptual
scheme in which convective cells are forced to repeatedly

Copyright  2008 Royal Meteorological Society Q. J. R. Meteorol. Soc. 134: 131–145 (2008)
DOI: 10.1002/qj
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trigger over a given area and are generally transported
downstream by the mean tropospheric flow. If new con-
vective cells can regenerate at a rate compensating the
advective speed of the older cells, then quasi-stationarity
of the MCS occurs. Our goal in this study is to identify
the different mesoscale processes leading to continuous
regeneration of convection, based on the most realis-
tic numerical simulations of our case-studies. The fine-
scale patterns of the low-level conditions relative to the
anchoring area during the mature stationary phase will be
examined. We then take advantage of differences between
MDA and REF2.5 simulations (Nuissier et al., 2008) in
terms of intensity (the Cévennes case) or location (the
Gard event) which arise due to differences in their ini-
tial conditions. This analysis will permit us to underline
some of these key mesoscale ingredients leading to the
triggering and maintenance of a MCS at the same loca-
tion. In order to point out the location of deep convective
triggering and to suggest physical mechanisms explaining
this location, backward trajectories are examined. Then

heat/water budgets associated with the simulated MCSs
are used to explain the differences in the triggering mech-
anisms during the stationarity phase.

2.1. Low-level jet, convective instability and moisture
inflow

Figures 1, 2 and 3 reflect that the simulations reproduce,
on average for all three cases, a mesoscale environment
conducive to deep convection, i.e. there is a moderate
to strong southeasterly LLJ strengthening over the Gulf
of Lion. The figures also depict two other important
mesoscale ingredients (strong values of CAPE and lower-
level water vapour flux) which are directly combined with
the LLJ to focus the most active convection over the
same area for several hours. For the three cases, the most
active part of the MCSs (see simulated radar reflectivities
in Figures 11(a), 16(a) and 19(a) of part I) was just
downstream of the location where the low-level water
vapour flux, CAPE, and the LLJ were simultaneously
the strongest. Moreover, the focus of these low-level
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Figure 1. Simulated CAPE (shading) based on the most unstable parcel and water vapour flux integrated from the surface to 3 km altitude (solid
contours, 102 kg s−1 m−2) for the Cévennes case at (a) 03 UTC on 14 October, and (b) 06 UTC on 14 October 1995. Winds (barbs) at 10 m

above ground level >5 m s−1 are shown. Orography above 250 m is hatched.
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Figure 2. As Figure 1, but for the Gard case at (a) 18 UTC on 8 September and (b) 00 UTC on 9 September 2002.
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Figure 3. As Figure 1, but for the Aude case at (a) 21 UTC on 12 November and (b) 00 UTC on 13 November 1999.

mesoscale ingredients over the same area for several
hours (Figures 1, 2 and 3) due to stationary large-scale
conditions seems to be a key factor for sustaining the
deep convective activity at the same location.

2.1.1. Cévennes case

For the Cévennes case (Figure 1), the model simulated
a moderate southerly low-level flow of about 12 m s−1,
extending from the sea inland over the Hérault depart-
ment and which was co-located with the maximum
low-level water vapour inflow. The strongest values of
conditional instability of about 1400 J kg−1 were found
directly south of Hérault and also upstream of the LLJ.

2.1.2. Gard case

Conditional instability for the Gard event appeared to be
at least as strong as in the Cévennes case, although of
rather different spatial extent. Indeed, values of CAPE
greater than 1500 J kg−1 covered a large part of the Gulf
of Lion, locally reaching 1800 J kg−1 just south of the
Gard department. Such strong conditional instability is
explained by the slow-moving cold front (part I) which
enhanced the convergence of the low-level moisture
flow upstream of the Rhône valley. For the Gard case,
Figure 2 also indicates a LLJ which was comparable
in orientation and intensity to that simulated for the
Cévennes case.

2.1.3. Aude case

The LLJ simulated for the Aude case was at least twice
as strong as those simulated for the Cévennes and Gard
events and peaked near 30 m s−1 at the edge of the
Aude department (Figure 3). Weaker values of CAPE
were simulated for the Aude event than for the Cévennes
and Gard cases, but they were counterbalanced by a
very intense low-level moisture inflow of approximately
600 kg s−1m−2. The low pressure system located over
Spain (Figure 24(b) of part I) generated strong northward

30 m s-1

(m s-1)
2715 19 23

Figure 4. Simulated horizontal wind at 30 m above ground level for
the Aude case at 21 UTC on 12 November 1999; shading represents

horizontal winds >15 m s−1.

advection of warm and moist air giving significant low-
level convergence of the moisture flux which maintained
the convective activity over the Aude department. Fur-
thermore, an interesting feature for the Aude case was
the possible enhancement of the LLJ due to deflection
effects, especially around the southern edge of the Alps
(Figure 4).

2.2. Differences in initial conditions

2.2.1. Cévennes case

During the morning and afternoon of 13 October 1995,
an influx of maritime air occurred over the vicinity of the
Massif Central, followed by convection off the Mediter-
ranean coast, resulting in a moistening of the low tropo-
sphere. Nearly saturated air at 2 m was measured by the

Copyright  2008 Royal Meteorological Society Q. J. R. Meteorol. Soc. 134: 131–145 (2008)
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mesonet stations along the Mediterranean coast and the
eastern part of the Massif Central. The MDA procedure,
applied at 22 UTC, included this information within the
initial state of the MDA simulation. Figure 5(a) depicts
the difference of the precipitable water (PW) and CAPE
between the initial states obtained from the MDA pro-
cedure and the ARPEGE large-scale analysis (REF2.5)
for the Cévennes case. While the large-scale analysis
depicted less conditionally unstable and drier conditions
at low levels, the MDA initial conditions resulted in
an increase of the PW by up to 10 mm over the key
region of the Massif Central foothills. Due at least in
part to moister low levels, the CAPE was substantially
increased (about 2000 J kg−1) over the Cévennes region
(i.e. where the convective system developed). Stronger
available convective energy favoured more intense and
deeper updraughts than those simulated by the MDA
experiment compared to the shallow and weak updraughts
of the Ref. 2.5 experiment. Moreover, the area of maxi-
mum increase in CAPE was elongated along the south-
eastern Massif Central foothills and the orographic forc-
ing might help to more easily release this convective
instability stored in the troposphere. In spite of that, the
main impact of inclusion of mesonet surface data for this
present case was not restricted to moistening of the lower
region of the troposphere and increasing the convective
instability. Indeed, Figure 5(a) reveals that the low-level
flow has also been modified, with enhanced low-level
convergence off the Mediterranean coast. It is clear that
this increased low-level convergence acted as an addi-
tional mechanism to lift air parcels to their condensation
level or their level of free convection.

2.2.2. Gard case

Figure 5b illustrates differences in the initial conditions
for the Gard case between the ARPEGE large-scale anal-
ysis (Ref. 2.5) and the improved conditions with the
MDA procedure. The difference of CAPE is superim-
posed on the virtual potential temperature, θv, field. θv

is a quantity which is generally related to the density of
air masses and is well suited to identify the cold pool
generated by convective systems.

The MDA procedure introduced a fairly strong low-
level cooling in θv (about 4–5 °C) along the Rhône
Valley, due to the lower observed 2 m temperature in this
area at noon. Indeed, as deep convective cells formed
and progressed inland in the morning of 8 September,
the 2 m temperatures decreased beneath the convective
system. The previous convection had also moistened the
region, as indicated by a 30% moisture surplus in the
corrected initial conditions with respect to the large-scale
analysis (not shown). In other words, the inclusion of
mesoscale surface data contributed to a better estimation
of the cooling beneath the storms, which may have
acted as an additional forcing ingredient to trigger the
convection. Similar to the Cévennes case, the impact
of including mesoscale surface data through the MDA
procedure can be also found in terms of convective
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Figure 5. Difference between the initial states from the MDA procedure
and the ARPEGE large-scale analysis for (a) the Cévennes case with
precipitable water (solid contours), CAPE (shading) based on the most
unstable parcel, and wind at 500 m above ground level (arrows), and for
(b) the Gard case with CAPE (shading), virtual potential temperature

(°C, solid contours) and 10 m AGL wind (arrows).

instability. Indeed, Figure 5(b) displays an increase of
CAPE of about 800 J kg−1 on both the eastern and the
western sides of the tongue of relatively large CAPE
shown in Figure 2.
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2.3. Backward trajectories

In order to better understand the dynamic basis for the
common mesoscale forcings associated with the station-
arity of the case-studies, and to document the evolving
vertical structure, a series of backward trajectories were
performed for the different experiments. The Lagrangian
trajectory tool is described in Gheusi and Stein (2002). A
few Lagrangian parcels were selected inside the mature
simulated MCSs near the tropopause level, i.e. at 11, 10,
and 9 km altitudes, for the three cases. In all three cases,
parcels taken in the upper troposphere in the cloud plume
of the MCSs originated from lower levels at about 1 or
2 km above the Mediterranean Sea or Spanish coast. The
rapid ascents correspond to strong upward motions within
the deep convective cells which lifted the parcels from
near the surface up to the tropopause. Finally, at the end
of their tracks, parcels were generally transported north-
wards due to the mid-to-upper southerly mean flow that
prevailed during these events. There are many similari-
ties in the tracks of the Lagrangian parcels for the three
cases, but differences occurred in the locations of deepest
convective activity. This will be described in more detail
in the following sub-sections.

2.3.1. Cévennes case

For this case, the condensation occurred and the first
shallow clouds formed over the sea in an area where the
low-level convergence was significant as evidenced by
the converging trajectories (Figure 6(a)). The cloudy cells
then moved northeastwards toward the flood location.
The main lift for the release of the convective instability
occurred when the cells reached and impinged upon the
first Massif Central relief; they became deep convective
cells with strong upward motion reaching the tropopause
level (Figure 6(b)). The time evolution of the convective
cells within the MDA simulation (not shown) confirms
that new cells repeatedly formed within the low-level
convergence area or just at the first Massif Central relief
which is only a few hundred metres high. Therefore, it
is possible to say that in the specific Cévennes case,
orographic forcing acted to continuously generate new
convective cells upwind of the Massif Central and thus
maintain the stationarity of the MCS over the region. This
behaviour is very similar to what was found in southerly
flow near the Alps (e.g. Medina and Houze, 2003).

2.3.2. Gard case

For this case, the back trajectories do not show low-level
convergence over the Mediterranean Sea (Figure 7(a)).
This case also differs from the Cévennes case in the
location of the deepest convective activity. Indeed, the
associated strongest upward motions were found over the
central plains of Gard, well upstream of the first relief
of the Massif Central. It is argued that, for this specific
case, there is another mesoscale ingredient apart from the
orographic forcing leading to the continuous triggering
of strong convection. A low-level cold pool (LLCP)
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Figure 6. (a) Backward trajectories for the MDA experiment for the
Cévennes case from 06 UTC to 01 UTC on 14 October 1995. 2.5 km
resolution orography is shaded, with contour interval 200 m, starting at
200 m. The simulated radar reflectivity at 2 km altitude (bold contour
for 25 dBZ) is at 03 UTC. (b) represents a projection of the trajectories
along the vertical cross-section AB in (a). Stars on the backward

trajectories are spaced at 15-minute intervals.

was analysed forming just under the simulated MCS,
which is clearly visible in the simulation through the low
values of θv (about 4–5 °C lower than the environment;
Figure 7(b)). The observed 2 m temperatures confirm
the existence of this cold pool beneath the convective
system. Both the simulation and the observations showed
unsaturated low levels, meaning that precipitation falling
in the lower troposphere could easily evaporate and
thus maintain and/or strengthen the cooling beneath the
storms. The LLCP played a role of a relief-like feature
by blocking the warm and moist LLJ and pushing the
deep convection upstream; the LLCP acted as the main
mesoscale ingredient for triggering deep convection. In
order to better understand the role of the LLCP, backward
trajectories were also performed by following some
parcels in the lower troposphere (200 m altitude) just
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Figure 7. As Figure 6, but for the MDA experiment for the Gard
case, with trajectories from 18 UTC to 1330 UTC on 8 September
2002. In (b), the shaded areas represent the simulated virtual potential

temperature.

downstream of the deep convection area (Figure 8). It is
clear that there was downward motion immediately above
the LLCP with significant downdraughts originating
in the mid-troposphere (Figure 8(b)). Furthermore, an
analysis of relative humidity (not shown) in the area of
origin of the parcels seen in Figure 8 indicated that mid-
tropospheric dry air located farther south of the flood area
could be mixed into the lower levels over the Gard region
thus facilitating the rainfall evaporation.

2.3.3. Aude case

In some of the back trajectories obtained for the Aude
case (Figure 9), strong ascent associated with deep
convection occurred slightly inland over relatively flat
regions. However, orography might be a source of lifting
for this specific Aude case. Indeed, parcel 1 in Figure 9(b)
seems to be lifted along the upslope of the small hill
located near 140 km. Parcels 2 and 4 were lifted to the lee
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Figure 8. As Figure 6, but for the MDA experiment for the Gard
case, with trajectories from 18 UTC to 1330 UTC on 8 September
2002 within the low-level cold pool. Orography above 250 m is
hatched. Shaded areas in (b) represent the simulated virtual potential

temperature.

of this hill, perhaps in association with a hydraulic-jump-
like feature. However, despite evidence of a significant
signal of synoptic forcings such as larger-scale lifting, the
influence of the mesoscale ingredients discussed above
will be described in more detail in the following sections.

2.4. Water/heat budgets of the MCS

In order to better understand the different mechanisms
leading to the occurrence of the LLCP and to quantify
the cooling beneath the convective system, water/heat
budgets were performed within the simulated MCSs.
Figure 10 shows the one-dimensional budgets of the
potential temperature, θ , for the three simulated MCSs
near their mature stages and the surface virtual potential
temperature, θv for only the Gard case at 18 UTC on
8 September 2002. The different terms of the budgets
have been averaged over a 15-minute period in the
precipitating areas associated with the MCSs.
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Figure 9. As Figure 6, but for the Ref. experiment for the Aude case,
with trajectories from 21 UTC to 17 UTC on 12 November 1999.

Figure 10(a) shows that the main cooling observed
below about 2 km altitude results from evaporation
of rainfall in this region. The cooling is the most
significant for the Gard case, near 3 K h−1 at 500 m
altitude, whereas for the Cévennes event it is much less
pronounced with values not exceeding 1 K h−1. This is
in agreement with nearly saturated low levels for the
Cévennes case which do not favour evaporation of liquid
water. The layer in which the cooling due to evaporation
of liquid water occurs is the deepest for the Gard case.
The results for the Aude case show a range in values
of cooling due to rainfall evaporation between those for
the previous cases. A contribution to the cooling of the
melting of ice species around the freezing levels (about
2 km altitude, depending on the season) is also visible
for the three cases (Figure 10(b)). Above, cooling due to
sublimation of ice species is the most significant for the
Cévennes case, whereas it is almost zero for the Aude
case (Note that warming due to microphysical processes
such as deposition and condensation is not shown in these

figures). Budgets of microphysical species (not shown
here) bear out that the evaporation process is a large sink
of liquid water in the lower layers for the Gard event
and therefore help in creating a significant LLCP (lower
θv) just beneath the MCSs (Figure 10(d)), confined in the
Rhône valley between the Massif Central and the Alps.

3. Discussion

Based on the results of the previous simulations, it
has been inferred that mesoscale ingredients such as
the Massif Central relief and/or the LLCP could have
been relevant for at least two of our case-studies (Gard
and Cévennes). In order to compare and check the
importance of these different forcings on the stationarity
of our case-studies, we performed a series of sensitivity
experiments considering the best simulation (MDA for
the Cévennes and Gard cases; REF2.5 for the Aude
case) as the control experiments (called CTRL hereafter).
Two sets of sensitivity experiments were performed by
modifying the Meso-NH microphysical parametrization
and the orography both in the 10 and 2.5 km resolution
domains. Concerning diabatic effects, we removed the
evaporative cooling of liquid water in a first experiment
(NOC) and then, in a second simulation, cooling of both
the evaporation of liquid water and the sublimation of
ice hydrometeors (snow and graupel) were switched off
(NOCS).

These modifications were applied on a box centred
over and including only the simulated MCSs in order
to generate the least possible disturbances in the envi-
ronment. As we have seen in the previous section,
the simulation as well as the observations displayed
almost no cooling beneath the storm, so no NOC exper-
iment was performed for the Cévennes case. Finally, a
last set of experiments were performed in which the
Massif Central relief was removed (NOR), while the
Alps and Pyrenees were kept as they are in the model
domains.

3.1. On the role of the LLCP

3.1.1. Gard case

For this event, the results of the NOC and NOCS
experiments differ considerably from the CTRL one.
Figure 11 displays the simulated accumulated rainfall for
the NOC and the CTRL experiments from 18 to 22
UTC on 8 September 2002, and the differences between
the two simulations for the 10 m AGL wind and the
θv at 22 UTC, 8 September. Figure 11(a) shows that
the simulated MCS in NOC loses its stationarity over
the Gard plains and the resulting precipitation pattern
is significantly shifted northwestwards over the Massif
Central foothills, with a maximum rainfall amount about
of 120 mm over the Ardèche department. Figure 11(b)
clearly shows that the cooling induced by the evaporation
of liquid water is the main mechanism leading to the
maintenance of the LLCP. Indeed, the differences in θv
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between the NOC experiment and the CTRL run show a
strong warming of about 4–5 °C in the lower troposphere,
indicating that the NOC simulation fails to sustain any
LLCP. In NOC, the warm and moist LLJ also extends
further north than it did in the CTRL experiment, up
to the Ardèche department (i.e. over the Massif Central
flanks). Clearly, it is demonstrated through this sensitivity
test that the cooling beneath the storms is the main
mesoscale ingredient which makes the MCS stationary
over the Gard plains rather than over the Massif Central
foothills, as might be expected from climatology.

3.1.2. Aude case

Regarding the cooling beneath the storms, the Aude
case is intermediate between the Cévennes and the Gard
cases. Removing the diabatic cooling associated with
the evaporation of liquid rainwater does not significantly

modify the location of the system (Figure 12(a)). Indeed,
the maximum rainfall peaks moved only a few kilome-
tres inland and this feature is associated with a slight
westward extension of the LLJ (Figure 12(b)). Diabatic
cooling for this specific case acts mainly to enhance
the rainfall intensity by reinforcing the low-level con-
vergence at the leading edge of the convective line. The
results obtained from the NOCS experiment for the same
period (Figure 13) confirm the important role played by
the cooling induced by evaporation of liquid and frozen
precipitation produced by the convective system itself
in enhancing the rainfall amounts. Indeed, when cool-
ing from both evaporation of liquid water and subli-
mation of ice hydrometeors is turned off, precipitation
almost disappears over the flat areas of the Aude depart-
ment and heavy rainfall persists only over the southern
mountainous end of the Massif Central (Figure 13(a)).
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3.2. On the role of orography

For the three cases, the Massif Central has been removed
from the model domains to evaluate the general role of
this mountain range (NOR experiments).

3.2.1. Cévennes case

Figure 14(a) and (b) show significantly different precip-
itating structures of the MCSs in the two simulations
(NOR and CTRL) for the Cévennes case. In the NOR
experiment, rainy cells still form within the low-level
convergence area, but their vertical extent is limited,
not exceeding 6 km in altitude (not shown). Moreover,
they do not form any organized or quasi-stationary MCS.
Removal of the Massif Central orography (especially the
southeastern flanks of the mountain) significantly reduces
the rainfall totals (Figure 14(c)). NOR clearly shows the
key role of the Massif Central in this specific case in
forcing the LLJ to lift and its main triggering role for the
heavy precipitation.

3.2.2. Gard case

For the Gard case, Figure 15(a) and (b) highlight the
main differences of MCS structure. In the NOR exper-
iment, the simulated convective system leaves the Gard
plains and moves northwards. At 21 UTC, 8 September
2002, the western part has dramatically weakened, and
only its eastern region still exhibits intense reflectivities
(Figure 15(b)). Associated with the motion of the sys-
tem, the LLJ strengthens and progress further inland, up
to 100 km north and northwestward, than in the CTRL
run. The LLCP weakens and spreads northwestwards
due to the lack of Massif Central relief (Figure 15(b)).
The simulated rainfall for the NOR experiment is sig-
nificantly decreased, especially over the western Gard
region, where simulated precipitation reaches only about
40 mm compared to more than 100 mm in the CTRL
run (Figure 15(c)). Therefore, for this specific Gard case,
the NOR experiment shows that the stationarity of the
MCS can be explained by: (i) the generation of the cold
pool facing and blocking the warm and moist low-level
jet while (ii) the cold pool in turn is maintained in place
in the Rhône valley between the Massif Central and the
Alps.

3.3. Aude case

The impact on stationarity of removing the Massif
Central relief is quite different in the Aude case than
in the Cévennes and Gard cases. Indeed, at 21 UTC, 12
November 1999, the NOR experiment for the Aude case
displays a significant convective line, and does not show
any significant difference in the location of the convective
system (Figure 16(a) and (b)). Nevertheless, simulated
rainfall amounts are reduced; peak values are 210 mm in
NOR against 280 mm in CTRL (Figure 16(c)). For this
specific case, the Massif Central mountain probably acts
to enhance the intensity of the rainfall by channelling
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Figure 14. Simulated radar reflectivities (shading) at 2 km altitude and
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case for (a) the CTRL and (b) the NOR experiments. Hatching shows
the topography above 250 m. (c) displays the simulated accumulated
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the warm and moist LLJ between the eastern portion of
the Pyrenees and the southern end of the Massif Central
orography.
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4. Synthesis and conclusions

Three representative cases of HPEs over southeastern
France have been investigated in these two papers. Two
extreme flash-flood episodes (with very large rainfall
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Figure 16. As Figure 14, but for the Aude case. Time for (a) and (b) is
21 UTC on 12 November 1999 and the period in (c) is from 12 UTC

on 12 November to 06 UTC on 13 November.

totals exceeding 500 mm in 24 hours) on 8–9 Septem-
ber 2002 and 12–13 November 1999, respectively, and a
more typical event for the Cévennes region (13–14 Octo-
ber 1995) have been presented. High-resolution simula-
tions (2.5 km horizontal resolution) of these three events

Copyright  2008 Royal Meteorological Society Q. J. R. Meteorol. Soc. 134: 131–145 (2008)
DOI: 10.1002/qj

18 CHAPITRE 1. CURICULUM VITAE



THREE FLASH-FLOOD EVENTS OVER SOUTHERN FRANCE. II 143

using the French Meso-NH non-hydrostatic mesoscale
numerical model have helped to understand the fine-scale
processes relative to the internal dynamics of the convec-
tive systems and they have clearly highlighted the mech-
anisms leading to the stationarity of the HPEs, which has
been the main goal of this present paper.

A set of numerical experiments (REF2.5) with initial
conditions coming from the large-scale analysis have

been used for one test and, in another one (MDA),
additional ingredients have been added using a Mesoscale
Data Analysis (Nuissier et al., 2008). The best simulation
for each case has been used to emphasize the triggering
and/or enhancing mesoscale factors for deep convection
in order to understand better the physical mechanisms
which lead to quasi-stationarity of these HPEs. When
comparing the two sets of initial conditions for the

: convective cells

: lowlevel convergence,
strong moisture fluxes and
conditionally unstable flow

: upperlevel mean flow

: lowlevel cold pool

: orographic forcing

: stratiform part

: lowlevel flow

Cévennes case

Gard case

Aude case

Figure 17. Schematic drawings of the precipitating structures of the MCSs and the mesoscale triggering and stationarity ingredients for the
flash-flood events at Cévennes (13–14 October 1995), Gard (8–9 September 2002), and Aude (12–13 November 1999).
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Cévennes case, strong moistening of the low levels (due
to an influx of maritime air) significantly increased the
CAPE along the southeastern Massif Central foothills
(the Cévennes region) in the MDA experiment. Stronger
available convective energy together with orographic
forcing thus favoured more intense and deeper updraughts
in this simulation. The MDA procedure impacts on the
Gard case by introducing a low-level cooling of about
4–5 °C in θv over the Rhône Valley due to the presence
of the convective system at this time. The assimilation
of mesonet surface data for this specific case introduced
this cooling which is a possible mechanism for triggering
further deep convection.

Figure 17 shows a synthesis for the three cases of
mesoscale and convective-scale factors conducive to
long-lasting back-building quasi-stationary MCSs. For all
three cases, the best simulations depict a mesoscale envi-
ronment conducive to deep convection, i.e. a strong east-
erly to southerly low-level flow strengthening over the
Gulf of Lion. However, other important mesoscale ingre-
dients such as high CAPE and low-level moisture flux are
directly associated with the LLJ and act to focus the deep
convection development over the same area over several
hours. The low-level simulated conditions for the three
cases indicate that the location of the convective part
of the different MCSs is directly correlated with the area
where the three mesoscale ingredients (water vapour flux,
CAPE and LLJ) are simultaneously strongest. Deflec-
tion of the low-level flow by the neighbouring mountain
ranges acts to enhance the LLJ and the low-level conver-
gence. The focus of these low-level mesoscale ingredients
upstream of the flood area appears to be a crucial factor
for maintaining the deep convective activity at the same
location.

Moreover, backward trajectories have highlighted the
triggering mesoscale factors for deep convection. For the
Cévennes case, the first cloudy cells form over the sea
where low-level wind convergence is significant, then
they are advected by the southerly flow toward the Mas-
sif Central foothills. Deep convection is triggered or
enhanced when the cells reach and impinge upon the
first Massif Central foothills. Therefore, orographic forc-
ing is the primary mechanism which continuously gener-
ates new convective cells upwind of the Massif Central
and thus maintains a stationary MCS over the region
(Figure 17). Indeed, the surface rainfall almost disap-
pears when the Massif Central is removed from the model
domains in the NOR sensitivity experiment. For the Gard
case, the rapid ascent of the parcels does not occur at the
same location as the Cévennes case. Strong updraughts
take place upstream of the Massif Central’s foothills over
the Gard plain, induced by a mesoscale ingredient other
than orographic lifting. The LLCP generated by the dia-
batic cooling induced by evaporation/sublimation/melting
of microphysical species composing the MCS appears to
play a role in blocking and forcing the warm and moist
southerly to easterly LLJ to ascend (Figure 17). The NOC
sensitivity experiment clearly shows that the simulated
surface rainfall is shifted significantly northwards over

the Massif Central foothills when the cooling associated
with the evaporation of liquid rain water is removed.
The Massif Central, as well as the Alps (although not
explicitly demonstrated here with backward trajectories
or sensitivity experiments), contributes to the stationar-
ity of the MCS by blocking the LLCP within the Rhône
valley. Finally, for the Aude case, removal of the Mas-
sif Central relief or of the diabatic cooling do not have
any significant impact on the stationarity of the simulated
MCS. However, these are primary low-level mesoscale
ingredients which act in locally enhancing heavy pre-
cipitation over the region, in addition to the favourable
larger-scale meteorological conditions aloft.

This present study dealt with three cases of HPEs and it
is of course not enough to form a generalized conclusion
on the mesoscale triggering and stationarity factors. A
climatological study, based on mesoscale reanalysis and
idealized simulations, is currently in progress in order to
investigate the link between these mesoscale conducive
ingredients and the location of past flash-flood events.
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A numerical study of three catastrophic precipitating events
over southern France. I: Numerical framework and synoptic

ingredients

O. Nuissier,a* V. Ducrocq,a D. Ricard,a C. Lebeaupina and S. Anquetinb
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ABSTRACT: This study examines the simulation of three torrential rain events observed on 13–14 October 1995 (the
Cévennes case), 12–13 November 1999 (the Aude case) and 8–9 September 2002 (the Gard case) over the southeastern
part of France using the Meso-NH non-hydrostatic mesoscale numerical model. These cases were associated with extreme
Heavy Precipitation Events (HPEs) with significant precipitation amounts exceeding 500 mm in less than 24 hours. Several
sets of numerical experiments were performed with 10 km and 2.5 km horizontal resolutions. In part I of this study, special
attention is paid to the experimental design for obtaining realistic simulations of HPEs with the Meso-NH model, as well
as the evolution of the synoptic patterns in which the rainfall events are embedded.

The best 2.5 km numerical simulations show the ability of the Meso-NH model to reproduce significant quasi-stationary
rainfall events. Moreover, the model fairly reproduces the low-level mesoscale environments associated with the three
HPEs. The HPEs formed in a slow-evolving synoptic environment favourable for the development of convective systems
(diffluent upper-level southerly flow, PV anomalies, etc.). At lower levels, a southerly to easterly moderate to intense
flow provided conditionally unstable and moist air as it moved over the relatively warm Mediterranean Sea, typical for
this time of the year (late summer and autumn). The two extreme cases (Gard and Aude) differ from the more classical
event (Cévennes) in terms of larger low-level moisture fluxes. Weaker values of conditional convective instability, as in
the Aude case, is counterbalanced by a stronger warm and moist low-level jet. The mesoscale triggering and/or sustaining
ingredients for deep convection and the physical mechanisms leading to the stationarity of these rainfall events are presented
and discussed in a companion paper. Copyright  2008 Royal Meteorological Society

KEY WORDS mesoscale convective systems; heavy precipitation; non-hydrostatic numerical model

Received 21 August 2006; Revised 2 July 2007; Accepted 17 September 2007

1. Introduction

The western Mediterranean region is prone to devastating
flash-flood events, particularly during the autumn. In past
decades, devastating flash floods have been responsible
for human casualties, and the destruction of houses,
buildings, roads, bridges, power and telephone lines, etc.
Table I gives a non-exhaustive inventory of dramatic
events which have taken place in the Mediterranean area
during the last twenty years. All of the coastal areas
of the western Mediterranean region are affected (see
Figure 1 for geographical locations): southern France
with extreme flash-flood events such as those of Vaison-
la Romaine (Sénési et al., 1996), Aude (Ducrocq et al.,
2003a) and Gard (Ducrocq et al., 2004; Delrieu et al.,
2005) on 22 September 1992, 12–13 November 1999 and
8–9 September 2002, respectively; the eastern Spanish
coast with, for example, more than 800 mm recorded
in 24 hours at Gandia on 3 November 1987 (Llasat

* Correspondence to: Dr O. Nuissier, CNRM/GMME/MICADO, 42 av.
G. Coriolis, 31057 Toulouse Cédex, France.
E-mail: olivier.nuissier@meteo.fr

and Puigcerver, 1994; Fernandez et al., 1995; Penarrocha
et al., 2002); northwestern Italy (and Sardinia) with the
catastrophe of 4–5 November 1994 in the Piedmont
region (Buzzi et al., 1998; Doswell et al., 1998; Ferretti
et al., 2000; Rotunno and Ferretti, 2001, among others);
and even the northern African coast with the most
catastrophic event of recent decades in term of human
losses in Algiers on 10 November 2001 (Hamadache
et al., 2002).

From a climatic point of view, Frei and Schär (1998)
have analyzed high-resolution rain-gauge observations of
daily surface rainfall to produce a precipitation clima-
tology extending from the Massif Central to the eastern
Alps. This climatological study has shown that precipi-
tation is particularly enhanced along the Alpine foothills,
with dryer conditions over the mountain ranges. This is
one reason which motivated the MAP experiment in this
area (Bougeault et al., 2001). However, Frei and Schär
(1998) have also clearly shown that the southeastern part
of the Massif Central (named Cévennes) is one of the
five rainiest areas of the region. Figure 2 focuses on this
region of interest and shows the number of days for which
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Table I. Summary of recent flash floods around the western Mediterranean.

Place Date Surface rainfall
(mm)

Human
losses

Damage costs
(US $)

Gandia (Spain) 3 Nov 1987 >800 in 24 hours
Vaison-la Romaine (France) 22 Sep 1992 300 in 24 hours >50 1 × 109

Piedmont region (Italy) 4–5 Nov 1994 300 in 36 hours >60 12 × 109

Aude (France) 12–13 Nov 1999 630 in < 48 hours >30 3 × 106

Algiers (Algeria) 10 Nov 2001 >260 in <24 hours 886 4 × 109

Gard (France) 8–9 Sep 2002 >600 in 24 hours >20 1.5 × 109
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Figure 1. Topography (10 km resolution) of the western Mediterranean
region, with the different locations mentioned in the text. The black
squares denote a few catastrophic flash-flood events in the area. Crosses

show the locations of Nı̂mes and Palma.

the daily surface rainfall exceeded 200 mm between 1958
and 2004 over southern France; the southern Alps, the

eastern Pyrenees, eastern Corsica and the southern Mas-
sif Central are the areas most frequently exposed to heavy
precipitation. In other words, it is clear that the heaviest
precipitation events occur mainly over the southeastern
flanks of the mountainous regions, which are oriented
perpendicular to the southerly to easterly moist low-level
flow over the Mediterranean Sea.

Heavy precipitation events (HPEs) in the Mediter-
ranean basin can be attributed to either convective or
non-convective processes, or a combination of both.
Large amounts of precipitation can accumulate over sev-
eral days when frontal disturbances slow down and are
strengthened by the relief of the Massif Central and the
Alps, but also significant rainfall totals can be recorded
in less than a day (typically more than 200 mm in less
than 24 hours, and sometimes in only 6 hours) when a
Mesoscale Convective System (MCS) stays over the same
area for several hours. Most of the flash-flood events can
be attributed to these quasi-stationary MCSs (Riosalido,
1990; Rivrain, 1997; Hernandez et al., 1998; Romero
et al., 2000; Ducrocq et al., 2003a, 2004). These con-
vective systems frequently take a characteristic V-shape
on infrared satellite images (Scofield, 1985) and are back-
building (Bluestein and Jain, 1985). In this process, new
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and Lozère departments are labelled Au, H, G, A and L, respectively. The southeastern region of the Massif Central is named ‘Cévennes’.
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convective cells are continuously generated at the V tip,
whereas older ones are gradually transported toward the
V branches and dissipate downstream. The V-shape cloud
pattern results from the interaction of the deep convection
and the generally strong southerly to westerly diffluent
flow at upper levels. To become stationary, MCSs require
triggering mechanisms that release conditional convective
instability at the same location over several hours. Quasi-
stationary MCSs are particularly efficient in terms of rain
production due to their high intensities and their spatial
stationarity (Chappell, 1986; Delrieu et al., 2005).

Western Mediterranean regions are favoured locations
for major flash floods due to the fact that all the
conducive factors for such extreme precipitating events
(e.g. discussed by Lin et al., 2001) can be simultaneously
observed in the area. The first consists in a relatively
warm Mediterranean Sea, which occurs mainly at the end
of summer and the beginning of autumn. This feeds in
moisture and heats the lowest levels of the troposphere
through air–sea sensible and latent-heat fluxes. The
second factor is the presence, in most cases, of a strong
synoptic-scale trough or a closed cyclone at upper levels,
just west of the threat area which generates a southerly
to easterly flow that transports the warm and moist air
masses from the Mediterranean Sea towards the coast and
thus helps to destabilize the air column. The third factor
is related to the steep and particular orography of the
Mediterranean region which helps to trigger convection
within the impinging moist and conditionally unstable
low-level flow, but it also channels this very moist low-
level jet (LLJ), inducing upwind low-level convergence
which contributes to the release of conditional convective
instability near the Mediteranean Sea.

The link, even though complex, between heavy pre-
cipitation and synoptic-scale troughs and cyclones (and
their possible alteration by mountain ranges) has been
well established in the past (Doswell et al.,1998; Homar
et al.,1999; Massacand et al., 1998). Jansa et al. (2001)
have found that in most cases (around 90%) of heavy
rain in the western Mediterranean, there is a cyclonic
centre in the vicinity, usually located so that its presence
favours the creation and intensification of the moist low-
level flow which feeds the heavy precipitation system.
Cyclone intensity could, however, vary from strong and
deep systems to weak and shallow depressions, and even
in some cases (10%) no cyclone is present in the vicinity.

If it is more or less obvious to clearly identify
these synoptic-scale precursors inducing dynamic forcing
favourable to torrential event occurences, one of the
most challenging tasks using weather numerical models
is to correctly forecast when (and especially where)
a MCS will occur and what will be the associated
quantitative precipitation. The orography of the western
Mediterranean Sea usually interacts with the synoptic
flow, modifying the circulation and generating mesoscale
disturbances that force and focus the convection in
specific areas. For instance, Romero et al. (2000) showed
that the development of a surface meso-low driven by
latent heat release, as well as lee cyclogenesis induced

by the Atlas mountains, could have had a key role in the
two severe convective cases they studied. A significant
reduction of forecast errors (location, intensity, etc.)
associated with Mediterranean HPEs comes through a
good representation in numerical models of both the
synoptic- and mesoscale ingredients, in addition to a
description of terrain conditions which are likely to
influence these meteorological phenomena.

As shown by Figure 2, the southeastern region of
France is often affected by intense flash-flooding epi-
sodes. The goal of these two papers is therefore to
analyze and document three HPEs observed over this spe-
cific region. Two of them are extreme flash-flood events
with significant precipitation totals (more than 500 mm
in less than 24 hours), whereas the third had its pre-
cipitation maximum placed over the region statistically
most exposed to HPEs, e.g. along the Massif Central
southeastern flank (Cévennes region). Even though many
studies have focused on the way in which synoptic-scale
conditions and terrain characteristics are conducive (or
not) for triggering heavy precipitation, it is important to
identify the mechanisms that lead to the formation, dis-
tribution and especially persistence over several hours
of this kind of precipitation at a specific location. The
main goal of our study is to use realistic structures and
evolutions of three representative HPEs simulated by a
convective-scale model to highlight the factors leading to
the stationarity of the heavy precipitation systems which
are responsible for accumulation of large rainfall amounts
over southeastern France. In part I of this study, greater
attention is paid to the experimental design needed to
obtain realistic simulations of HPEs together with the
evolution of the synoptic patterns in which the rainfall
events are embedded, whereas the mesoscale and fine-
scale structures of the MCSs and their environment, as
well as the role of the convection and orography, are
discussed in a companion paper (Ducrocq et al., 2008).

Following this introduction, an overview of the meteo-
rological phenomena is provided. The description of the
experimental design is outlined in Section 3, followed by
an overview of the results of the simulations in Section 4.
Section 5 discusses the evolution of the synoptic patterns
in which the precipitating systems are embedded. Finally,
concluding remarks are presented in the last section.

2. The case-studies

Our study focuses on three flood events: 13–14 October
1995 (the Cévennes case), 8–9 September 2002 (the Gard
case) and 12–13 November 1999 (the Aude case). The
Cévennes and Gard cases occurred in the vicinity of the
Massif Central, in the Ardèche and Gard departments,
respectively, whereas the Aude event took place in the
Aude region between the Massif Central and the eastern
Pyrenees. For all three cases, most of the precipitation
was induced by a quasi-stationary MCS. Although the
rainfall events are described in Ducrocq et al. (2002,
2003a, 2004) and Delrieu et al. (2005), this present
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section provides a detailed overview of the life cycle of
the different systems adopting a uniform presentation for
the three cases.

2.1. Cévennes case

During the morning of 13 October 1995, a moist sea-
air intrusion over the Hérault and Gard departments
led to nearly saturated low levels over these regions.
Convective activity started around 1800 UTC on 13
October when a first MCS formed offshore. This first
system (labelled MCS 1 in Figure 3(a)) contributed to
the moistening of the southerly low-level flow, thus
enhancing further the moisture over the region and
leading to conducive conditions for the development of
another MCS (labeled MCS 2 in Figure 3(a)) during the
evening over the Massif Central foothills. After 2100
UTC, several convective cells formed over the sea and the
Gard department and then progressed northwards while
strengthening, finally merging into a single system at
2230 UTC (MCS 2). Radar images (not shown) indicate
that MCS 2 was continually fed by a train of convective
cells advected toward the mountainous region of Massif
Central by the southerly flow. MCS 2 stayed over the
Gard, Ardèche and Lozère departments for about 9 hours
before moving northeastwards around 0800 UTC on 14
October while decaying (as indicated by warmer cloud
tops in Figure 3(c)). At its mature stage around 0200
UTC, the cloud pattern of the MCS formed a typical V-
shape on the infrared imagery, with the coldest top cloud
extending between the Gard and Lozère departments
(Figure 3(b)).

Figure 4(a) shows the rain amounts recorded by
Météo-France’s rain-gauge network for the Cévennes
case from 2100 UTC on 13 October to 0800 UTC
on 14 October. The heavy precipitation for that case
mainly occurred along the Massif Central southeastern
foothills with a peak of precipitation of about 262 mm
over the northwestern portion of the Gard department.
Such an accumulated rainfall distribution is typical of
flash-flooding episodes over the region. Maximum pre-
cipitation was recorded over the Gardon d’Anduze river
watershed, an area of about 545 km2. The maximum spe-
cific discharge recorded at the outlet of this catchment
was about 2.6 m3 s−1 km−2 at 0700 UTC on 14 October,
whereas the maximum hourly precipitation was recorded
around midnight (Figure 4(b)). Fortunately, little dam-
age was observed in the region and no casualties were
reported for this Cévennes case.

2.2. Gard case

The first convective cells associated with Gard event
appeared over the Mediterranean Sea around 0400 UTC
on 8 September 2002, in the warm air well ahead of
the surface front that affected western France at that
time. Progressing northwards, the convection started to
organize while forming a MCS just south of the Gard
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department from 0800 UTC as shown by the radar reflec-
tivity over the region (Figure 5(a)). The convective sys-
tem stayed over almost the same region from 1200 UTC
on 8 September until 1200 UTC on 9 September. Dur-
ing its mature stage, the cloud shield took on a classi-
cal V-shape on the infrared images, with the tip of the
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Figure 5. Composite radar reflectivities from the observations of the Gard case at (a) the growing stage (08 UTC, 8 September 2002), (b) the
mature stage (2230 UTC, 8 September) and (c) the decaying stage (12 UTC, 9 September). (d) is as (b) but for METEOSAT infrared brightness
temperature. The bold solid and solid/dashed lines in (b) and (c) denote the surface front (undulating in (c)). Au, H, G, A and L labels are as in

Figure 2.
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V facing the upper-level southwesterly flow that prevailed
at that time (Figure 5(d)). Beneath the cloud shield, the
convective precipitation mainly affected the Gard region
(as indicated in Figure 5(b)), while the stratiform precipi-
tation was extending farther to the north. At this time, the
MCS took a southwest–northeast orientation according to
the prevailing mid- to upper-level tropospheric flow. But
as the upper-level trough axis tilted counterclockwise in
a northwest–southeast orientation later on the night of
8 September, the convective system moved in a more
north–south orientation and began a slow northwestward
motion. Early in the morning of 9 September, the surface
cold front approached from the west and merged with
the MCS around 0400 UTC. As the cold front was pro-
gressing eastwards, the whole precipitating system again
swept over the Gard department during the late morning
of 9 September (Figure 5(c)).

The Gard precipitation event was an exceptional one
due to many factors. Firstly, Figure 6 shows that the
intensity of the event was extreme with maximum precip-
itation around 600–700 mm in 24 hours (from 1200 UTC
on 8 September) near Alès. Secondly, the area affected
by precipitation over 200 mm was considerable. This
area extended over at least 3000 km2 covering a large
portion of the northern Gard department, as far as the
Massif Central foothills in Ardèche. As emphasized by
Delrieu et al. (2005), the episode underwent three distinct
phases. In phase 1 from 0800 UTC till 2200 UTC on 8
September, the MCS developed and became stationary.
The heaviest precipitation was located over the plains
just north of the city of Nı̂mes (Gard department), i.e.
a rather unusual location according to the heavy rainfall
climatology (Figure 2). Maximum rainfall amounts were
about 300 mm during this phase. Between 2200 UTC and
0400 UTC (phase 2), the system slowly moved north-
westwards. The MCS produced rainfall amounts greater
than 100 mm over this 6-hour period. Finally, after 0400
UTC (phase 3), the surface cold front approached and

swept over the region again producing sustained show-
ers with rainfall amounts exceeding 100 mm during an
8-hour period.

The river discharges in the region were also excep-
tional. For the Gard and Vidourle river watersheds,
peak discharges twice as high as the 10-year return
period discharge were recorded (Delrieu et al. 2005;
Chancibault et al., 2006). The estimated peak discharges
of the upstream watersheds of these rivers were very high
(5–10 m3s−1km−2), locally reaching extreme values as
high as 20 m3s−1km−2. Such large discharge measure-
ments can be explained by both the spatial extent and the
intensity of the heavy rainfall. This event caused damage
estimated to be 1.2 billion US dollars (Huet et al., 2003)
and led to the deaths of 25 people (Table I).

2.3. Aude case

In the early afternoon of 12 November 1999, the first
convective cells formed a few tens of kilometers east
of the Aude coast. This area of intense precipitation
(Figure 7(a)) gradually moved westwards while strength-
ening. Convection organized and evolved to a MCS
which stayed stationary over the Aude department from
1600 UTC on 12 November until 0000 UTC on 13
November. Similar to the Cévennes and Gard cases,
this system took a classical V-shape as shown on
the infrared imagery in Figure 7(d), resulting from the
intense diffluent flow aloft. However, beneath the upper-
level cloud plume, the precipitation was organized in a
narrow line with an approximate north–south orienta-
tion (Figure 7(b)). Between 0000 and 0400 UTC on 13
November, other strong convective cells coming from
the Balearic Islands merged with the previous MCS. The
stormy activity started to decrease after 0400 UTC as the
system moved off the Aude coast while becoming less
organized (Figure 7(c)).

During the Aude event, high surface rainfall amounts
were recorded which in large part can be directly
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Figure 6. (a) Accumulated precipitation (mm) from Météo-France’s rain-gauge network for the Gard case from 12 UTC, 8 September to 12
UTC, 9 September 2002. (b) shows the accumulated rainfall from the Nı̂mes radar for the same period.
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Figure 7. As Figure 5, but for the Aude case. Times are (a) 16 UTC, 12 November 1999, (b) 00 UTC, 13 November and (c) 04 UTC, 13
November. (d) is as (b) but for METEOSAT infrared brightness temperature.

attributed to the MCS mentioned above. Figure 8 shows
that from 1200 UTC on 12 November until 0600 UTC the
next day, 485 mm fell at Lézignan-Corbières in the Aude
department. The Aude event had some strong similarities
with the Gard case in terms of the spatial extent of the
accumulated surface rainfall. Indeed, the area receiving
more than 200 mm in 48 hours extended more than
150 km in length and about 50 km in width. This
extreme rainfall event resulted in one of the century’s
most significant floods in the Aude region and produced
remarkable flash floods in some catchments. Peak flood
discharge as high as 10 m3s−1km−2 were recorded from
the small upstream watersheds (areas <100 km2) of
the Aude river (Gaume et al., 2004). Strong low-level
easterly winds were also recorded during this event.
Surface wind gusts reached about 35–40 m s−1 during
the morning of 12 November, and these high winds
along the coast lasted at least 24 hours causing a
significant surge of 4–5 feet above normal tide levels.
This prevented the rivers from discharging into the
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Figure 8. As Figure 4, but for the Aude case from 12 UTC, 12
November 1999 to 06 UTC, 13 November.

Mediterranean Sea, thereby aggravating the flooding.
This flash-flood event was particularly deadly, resulting
in the deaths of 36 people (Table I).
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3. Description of the numerical experiments

3.1. The Meso-NH model

A three-dimensional version of the French Meso-NH non-
hydrostatic mesoscale numerical model (Lafore et al.,
1998) has been used for the simulation of the precipitating
events. Meso-NH allows the simultaneous use of several
nested grids in a two-way interactive mode (Clark and
Farley, 1984; Stein et al., 2000); the coarser grid provides
the lateral boundary conditions to the finer grid, while
the variables of the coarser grid are relaxed with a
short relaxation time toward the finer grid’s values
in the overlapping area. For this study, the domain
configuration has been retained which was used with
success by Ducrocq et al. (2002) and Ricard (2005)
for quantitative precipitation forecasting, by Chancibault
et al. (2006) for hydrological response, by Brenot et al.
(2006) based on ground GPS observations, and by
Caumont et al. (2006) based on radar reflectivity, i.e.
two two-way nested domains in the horizontal plane with
horizontal grid spacings of about 10 and 2.5 km, with the
2.5 km domains ranging from 250 × 375 km to 600 ×
600 km. The Gal-Chen and Sommerville (1975) vertical
coordinate is used for 40 vertical levels; the spacing
between them varies continuously with altitude, from
75 m close to the surface to 900 m aloft. The top of the
domain is at 19 km altitude, and Rayleigh damping is
progressively applied above 15 km altitude (i.e. the last
six levels) to the perturbations of the wind components
and the thermodynamical variables with respect to their
large-scale values, in order to prevent spurious reflections
from the upper boundary.

The prognostic variables are the three Cartesian com-
ponents of velocity, the dry potential temperature, the
different water mixing ratios and the turbulent kinetic
energy. Pressure perturbations are determined by solving
the elliptic equation obtained by combining air mass con-
tinuity and momentum conservation equations. A bulk
microphysical scheme (Caniaux et al. 1994; Pinty and
Jabouille 1998) governs the equations of the six water
species: water vapour, cloud water, rain water, primary
ice, snow aggregates, and graupel. Moreover, for the
coarser horizontal resolutions (>10 km), the subgrid-
scale convection is parametrized by the Kain and Fritsch
(1990, 1993) scheme, adapted to the Meso-NH model by
Bechtold et al. (2001). The turbulence parametrization is
based on a 1.5-order closure (Cuxart et al., 2000). For
the coarser grids, the mixing length follows the method

of Bougeault and Lacarrère (1989) and the horizontal
gradients are not considered. For the finer grids, the
mixing length is directly proportional to the grid vol-
ume and three-dimensional turbulent fluxes are modelled
(Redelsperger and Sommeria, 1981).

3.2. Experimental design

The different numerical experiments performed for each
case are summarized in Table II. In order to document
the larger-scale environment, a first set of simulations
was performed with only the 10 km resolution domain
(REF10 experiments in Table II). The initial conditions
are provided by the large-scale operational analysis of
the French ARPEGE NWP suite at noon. Additional
simulations (not listed in Table II) were performed to test
the model sensitivity to the time of the initial conditions,
with the runs starting 12 hours earlier than the REF10
simulations.

In order to study the finer-scale ingredients, Meso-NH
was run at about a 2.5 km resolution in order to have an
explicit treatment of the convection. The REF2.5 experi-
ments consider the same initial conditions as the REF10,
but with the two interactive domains at 10 km and 2.5 km
resolutions. However, in the Cévennes and Gard cases,
the REF2.5 experiments failed to reproduce the key char-
acteristics of the phenomena, so other initial conditions
were investigated and tested. A Mesoscale Data Anal-
ysis (MDA) following Ducrocq et al. (2000, hereafter
D00) was therefore used to obtain initial conditions for
the MDA experiments. The fine-scale initialization pro-
cedure of D00 was applied to these two cases after
the observed triggering of the convection, to take into
account of the early stage of convective activity in the
analysis. First, mesonet surface observations are included
both in the altitude and surface optimal interpolation anal-
yses of the Aladin model to provide the initial states
of both the 10 km and 2.5 km domain. Then, a cloud
and precipitation analysis, based on the radar reflectivi-
ties and Meteosat infrared brightness temperatures, drove
a moisture and microphysical adjustment that was finally
superimposed on the initial state of the 2.5 km domain.
The adjustment is such that the vapour mixing ratio inside
the cloudy areas is set to its saturated value with respect
to the ambient temperature. Also, some rainwater (snow)
is inserted inside the rainy areas below (above) the freez-
ing level. (D00 provides a more complete description of
this fine-scale initialization procedure.)

Table II. Initial conditions used for the simulation of different cases.

Case REF10 REF2.5 MDA

1 domain (10 km) 2 domains (10 and 2.5 km) 2 domains (10 and 2.5 km)
from ARPEGE analysis from ARPEGE analysis from D00’s full mesoscale

initialization technique
Cévennes 1200 → 1200 UTC 1200 → 0600 UTC 2200 → 1200 UTC
Gard 1200 → 1200 UTC 1200 → 1200 UTC 1200 → 1200 UTC
Aude 1200 → 1200 UTC 1200 → 0600 UTC
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In order to highlight the mesoscale forcing, additional
orography and microphysical parametrization sensitivity
experiments were performed. The sensitivity experiments
are presented in the companion paper.

4. Overview of the simulations

Chancibault et al. (2006) have assessed the validity of
the high-resolution simulations of the Gard case by
simulating stream flow with the topography-based model
TOPMODEL (Beven and Kirkby, 1979; Beven et al.,
1995) driven by Meso-NH model rainfall. They found
that, for the Gard case, the MDA simulations produced
more realistic peak flows, which were higher than those
obtained for REF2.5 experiments. Furthermore, Ducrocq
et al. (2002) calculated various scores to assess the high-
resolution rainfall numerical forecasts for the Cévennes
and Aude cases. They concluded that while the increase
in resolution significantly improves the results for the
Aude case (REF2.5), it was necessary to apply the MDA
procedure to get a more realistic rainfall event for the
Cévennes case. The best simulations at 2.5 km resolution
(i.e. MDA for Cévennes and Gard cases, REF2.5 for
the Aude case) identified by these previous studies are
here further compared against observations to corroborate
that realistic simulations of the HPEs and of their low-
level mesoscale environment have been obtained and
could be used to study the events which are described
in the following sub-sections. As the 10 km simulations
are used to characterize the evolution of the synoptic-
scale environment in the following, they are also verified
against the ARPEGE large-scale analyses.

4.1. Cévennes case

4.1.1. Upper-level synoptic-scale environment forecast

The upper-level synoptic situation is presented in
Figure 9(a) at the initial time of REF10 for the Cévennes
case (i.e. at 1200 UTC on 13 October 1995). The syn-
optic situation was characterized by a large upper-level
cold low located well away from France (between 20 and
25 °W) and by a mid- to upper-level ridge centred over
central Europe. Between both these large-scale struc-
tures prevailed a fair upper-level southerly flow and the
associated height gradients were rather weak. Analysis
of the surface pressure (not shown) reveals that anticy-
clonic conditions dominated over most of the convective
area. Although the signal of synoptic forcing is not obvi-
ous in the Cévennes event, one can note the presence
of a short-wave trough located near the Algerian coast,
associated with a decreasing dynamic tropopause alti-
tude. The dynamic tropopause height is estimated using
the 1.5 PVU (Potential Vorticity Unit) surface. The low
elevation of this surface indicates a stratospheric air
intrusion into the troposphere, generally associated with
decreasing pressure at upper levels. This configuration,
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Figure 9. 500 hPa winds (barbs) and 1.5 PVU surface height (shading)
for the Cévennes case: (a) and (b) are from the ARPEGE analysis and

(c) is from REF10.

in addition to cold air aloft (not shown), helped to desta-
bilize the air mass over the Mediterranean Sea.

After 12 hours of simulation (at 0600 UTC on 14 Octo-
ber), the Meso-NH model simulated the slow evolution of
the synoptic pattern fairly well (Figure 9(c) versus 9(b)).
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Indeed, coming from a southerly then from a southwest-
erly direction, the upper-level flow was still weak in the
area of interest and the small short-wave trough depicted
at 1200 UTC on 13 October moved very slightly east-
wards. Moreover, persistence of a mid- to upper-level
ridge, centred over the north of Italy and central Europe
is another factor at the synoptic scale which explains
the slow evolution of the synoptic pattern. Moreover,
the upper-level ridge which stalled over central Europe
also increased the amplitude of the upper-level trough
which, in turn, may have acted to increase upper-level
divergence over southern France.

4.1.2. Low-level mesoscale environment forecast

It is also important to validate the simulation of the loca-
tion and the strength of the low-level inflow. Figure 10(a)
and (c) show the 2 m above ground level (AGL) simu-
lated temperature and wind for the best 2.5 km simulation
at 0300 UTC on 14 October 1995 for the Cévennes
case. The highest surface temperatures (≈20 °C) are co-
located with the LLJ and reach the coast just south of the
Hérault department, in good agreement with the obser-
vations (Figure 10(b) and (d)). The best simulation also
reproduces quite well a moderate south to southeast-
erly low-level flow impinging upon the Massif Central
foothills.

4.1.3. Heavy precipitation forecast

For the Cévennes case, the simulated MCS presents
itself as a southwest–northeast elongated precipitating
line oriented along the Massif Central, as illustrated by
the simulated radar reflectivities (Figure 11(a)). For this
case, the maximum simulated radar echoes (≈45 dBZ)
seem to be generated and focused over a limitated area
of the Massif Central foothills (not exceeding 1400 km2),
but in a region typified by heavy precipitation (Figure 2).
The model succeeds in simulating the whole life cycle of
the MCS, including its decaying phase.

The observed surface rainfall for this case
(Figure 11(b)) consists of an area of marked rainfall
(with a peak of 176 mm in only 6 hours), extending
from the Hérault to the Ardèche departments. Although
the maximum simulated rainfall is underestimated (about
108 mm), the best simulation predicts both the pattern
and the amounts quite well (Figure 11(d)). Also, the
simulated surface rainfall in the best simulation is consid-
erably improved over the REF10, as Meso-NH simulates
a maximum rainfall amount of only 28 mm, well south
of the observed location (Figure 11(c)). Furthermore, the
model provides a good representation of the stationar-
ity of the simulated precipitation event. The rainfall time
series shown in Figure 12 depicts a well-defined rain-
fall peak with a maximum 1-hour accumulated rainfall of
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Figure 10. (a) 2 m AGL temperature (shading) and (c) 10 m AGL wind (barbs) for the Cévennes case from the MDA simulation at 0300 UTC,
14 October 1995. (b) and (d) show the corresponding observations at the same time. Orography above 250 m is shown hatched.
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about 55 mm for the best simulation, against only 7 mm
in the REF10 experiment simulation.

4.2. Gard case

4.2.1. Upper-level synoptic-scale environment forecast

At 1200 UTC on 8 September 2002, the meteorological
situation was dominated by an upper-level cold low

centred over Ireland extending via a trough toward
the Iberian Peninsula (Figure 13(a)). The trough axis,
with a roughly northnortheast–southsouthwest orienta-
tion, was generating a southwesterly diffluent flow of
about 20 m s−1 over southeastern France. Thus, con-
trary to the Cévennes case, the upper-level circulation
was significantly more dynamic and stronger synoptic
forcing prevailed for this event. Figure 13(a) also shows
the presence of several PV anomalies circulating around
the trough axis. Such conditions were precursors for
enhancing the upper-level divergent flow over southeast-
ern France which provided additional upward motion for
convective triggering. At 0000 UTC on 9 September,
the 500 hPa flow for REF10 indicated that the trough
axis tilted more northwest–southeast and moved closer to
France (Figure 13(b)). The upper-level flow strengthened
to around 30 m s−1, but the flow kept its general south-
west component and its diffluent feature. As with the
Cévennes case, the Meso-NH model succeeded in simu-
lating a slow evolution of the synoptic pattern conducive
to heavy precipitation (Figure 13(b) versus Figure 13(c)).

4.2.2. Low-level mesoscale environment forecast

Simulated 2 m AGL temperature and 10 m wind for the
Gard case at 1800 UTC on 8 September 2002 are shown
in Figure 14 for the best 2.5 km simulation. The observa-
tions, as well as the best simulation, depict a warm south

Copyright  2008 Royal Meteorological Society Q. J. R. Meteorol. Soc. 134: 111–130 (2008)
DOI: 10.1002/qj

32 CHAPITRE 1. CURICULUM VITAE



122 O. NUISSIER ET AL.

40°N

50°N

20°E10°E010°W

H
ei

g
h

t 
(k

m
)

5.
6.

7.
8.

(a)

ARPEGE ANALYSIS: 12 UTC 8 Sept. 2002

40°N

50°N

20°E10°E010°W

H
ei

g
h

t 
(k

m
) 5.

6.
7.

8.

(b)

ARPEGE ANALYSIS: 00 UTC 9 Sept. 2002

H
ei

g
h

t 
(k

m
)

10°E

8.
7.

6.
5.

40°N

50°N

0

(c)

Meso–NH FORECAST: 00 UTC 9 Sept. 2002

Figure 13. As Figure 9, but for the Gard case.

to southeasterly low-level flow of about 10 m s−1 coming
from the Mediterranean Sea. An interesting feature which
is well simulated by the model is the stronger meridional
surface temperature of 5–6 K just south of Gard, mark-
ing the boundary between the warm and moist low-level
flow and the cold surface air mass generated beneath the
precipitation system.

4.2.3. Heavy precipitation forecast

The simulated IR brightness temperature is shown in
Figure 15. The simulated MCS for the Gard case is
quite impressive, as the associated cloud shield extends
over at least six departments (i.e. about 16 000 km2).
The precipitating structure of the system shows a strong
convective part anchored over the flooded location and
a less intense stratiform region extending downstream
(Figure 16(a)). However the most intense radar reflectivi-
ties (i.e. >45 dBZ) are located in an unusual area over the
central plains of Gard, which means well upstream of the
Cévennes case (Figure 16(a) versus Figure 11(a)). Also,
Figure 15 displays a very realistic signature of the inter-
action between the deep convection and the strong south-
westerly flow aloft, which is about 35 m s−1 (not shown).
The cloud shield has the classical V-shape in the simu-
lated infrared imagery as in the observed METEOSAT
imagery (Figure 5(d)).

Accumulated precipitation from the simulations are
shown in Figure 16. Whereas the model starting from
the ARPEGE large-scale analysis with low resolution
(Figure 16c) did not succeed in simulating realistic rain-
fall amounts at the correct locations, the best simulation
(Figure 16(d)) gives much better results with a simulated
rainfall peaking at about 250 mm just over the central
plains of Gard, in good agreement with the observa-
tions (Figure 16(b)). In contrast to the Cévennes case, for
which heaviest precipitation and windward foothills were
co-located, the Gard case is marked by an unusual loca-
tion of maximum precipitation, well upstream of the first
Massif Central foothills. The first phase (up to 22 UTC, 8
Sept. 2002) of the event is particularly well reproduced.
Although an intense 1-hour accumulated surface rainfall
of about 50 mm is predicted by the model (Figure 17),
the simulated convective system is located too far north
in the second and third phases of the event. (A detailed
hydrological evaluation of this simulation can be found
in Chancibault et al., 2006). The following discussions
of the best simulations for this specific Gard case will
therefore be focused on the first phase of the event.

4.3. Aude case

4.3.1. Upper-level synoptic-scale environment forecast

Similar to the Gard case, the Aude event also exhibits a
strong dynamic circulation and obvious upper-level forc-
ing. At 12 UTC on 12 November 1999, a pronounced
and elongated upper-level deep tropospheric trough was
centred over northwestern Spain (Figure 18(a)). This pat-
tern generated a broad and fast southerly flow over
the Mediterranean Sea, from the north African coast to
France. Even though the meteorological context in the
Aude case seems to be characterized by a dynamic upper-
level circulation similar to the Gard case, the synoptic
forcing tended to be stronger, similar to those described
by Maddox et al. (1979) and Chappell (1986). The upper-
level cold low was closer to the threatened area (southern
France), and the region was located just downstream
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Figure 14. As Figure 10, but for the Gard case. The time is 18 UTC, 8 September 2002.

of the disturbed upper-level ‘jet-streak’. The diffluence
associated with the south to southwesterly upper-level
flow appeared to be strongest over northern France at
12 UTC on 12 November (Figure 18a). However, at
00 UTC, the trough axis became oriented more north-
west–southeast, and southern regions of France become
much more directly influenced by the upper-level dif-
fluence. The model also succeeded in simulating fairly
well the counterclockwise rotation of the trough axis
(Figure 18(b) and (c)) except for later in the simula-
tion when the motion is too fast with respect to the
ARPEGE analysis. The fact that the upper-level pattern
persisted and lasted through the simulation might gen-
erate favourable synoptic conditions for maintenance of
convective activity over the area by providing additional
upward motion.

4.3.2. Low-level mesoscale environment forecast

The location of the observed very strong low-level flow
is well captured by Meso-NH (Figure 19), although the
simulated surface winds are slightly weaker than thse
observed (Figure 19(c) and (d)). The tongue of warmest
surface air is well simulated as well as its spatial extent
and intensity.

4.3.3. Heavy precipitation forecast

As for the Gard case, the model simulates a precipitating
system for the Aude event which is close to the observed
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−70
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Gulf of Lion

Figure 15. Simulated METEOSAT infrared brightness temperature
(shading) for the Gard case from MDA. The bold solid line shows
the V-shape of the system at this time and the box represents the

subdomain used for Figure 16(a).

one, i.e. a south–north line of precipitation extending
from the eastern edge of Pyrenees up to the southwestern
part of the Massif Central (Figure 20(a)).

The Aude case is the only one for which Meso-
NH is able to trigger a significant precipitation system,
even starting from the REF10 simulation. Indeed, Meso-
NH already succeeds fairly well in forecasting the
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Figure 16. As Figure 11, but for the Gard case from 12 to 22 UTC, 8 September 2002. This figure is available in colour online at
www.interscience.wiley.com/qj
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Figure 17. As Figure 12, but for the Gard case within the box shown
in Figure 16(d).

location of the heavy precipitation centre over the central
eastern region of the Aude department with accumulated
rainfall peaking near 210 mm (Figure 20(c)). Increasing
the resolution also improves the precipitation forecast
with a maximum of 281 mm for the best high-resolution
simulation (Figure 20(d)). Moreover, the rainfall time
series shown in Figure 21 indicates a strong maximum
1-hour accumulated precipitation of about 50 mm during

the mature stage of the convective system. However, it
is important to note that the model produces a slight
eastward shift of the area of intense precipitation south
of Aude which is weaker than the observations because
the simulated trough (as mentioned above) rotates faster
than the observed.

For the three cases, it is concluded that Meso-NH
succeeds in reproducing realistic structures of the three
HPEs since the model captures and correctly simulates
the synoptic-scale environment in which the convective
systems were embedded.

5. Detailed analysis of synoptic-scale ingredients
leading to HPEs

After having evaluated the simulations for the three cases
and described the upper-level dynamics favourable for
the HPEs, we now emphasize the additional synoptic-
scale ingredients that favour long-lasting HPEs. For that
purpose, water vapour fluxes at low levels, i.e.

∫ z=3 km

z=0
ρvVh dz

(where ρv is the specific humidity and Vh the horizontal
wind) have been computed at the mature stages of
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Figure 18. As Figure 9, but for the Aude case.

the convective systems, as well as composites of the
simulated conditional convective instability.

5.1. Cévennes case

Figure 22(a) shows the spatial distribution of the sim-
ulated convective available potential energy (CAPE) at
1800 UTC on 13 October, i.e. just before the period of

heaviest rain. At this time, significant values of CAPE
cover almost the entire western Mediterranean from
southeastern France to North Africa (Figure 12(a)). A
large area with maximum values greater than 1500 J kg−1

is centred just east of the Balearic Islands. Associated
with these conditionally unstable air masses over the sea
are large amounts of precipitable water (not shown) in
the area.

In order to check whether air masses coming from
areas of strong conditional convective instability feed the
convective area, backward trajectories (Gheusi and Stein,
2002) have been computed. Parcels in the same vertical
column as the simulated rainfall maxima (Figures 11, 16
and 20) have been taken at 1.5, 3, 5, 7 and 9 km heights
and their origins six hours earlier have been determined.
In Figure 22(a), the 6-hour back trajectories from 00 UTC
on 14 October are superimposed. The trajectories show
that parcels in the area of interest at 00 UTC were over the
Mediterranean six hours earlier in the moist and strongly
conditionally unstable area discussed above. This result
confirms that the tongue of strong CAPE is important for
feeding and sustaining the convective activity associated
with the Cévennes event. Only the backward trajectory of
the parcel at 1.5 km at 00 UTC departs slightly from the
others, because of a more southerly flow at low levels.
Trajectories are relatively short during the considered 6-
hour period due to a slow and almost unidirectional mid-
to upper-level flow.

Figure 22(b) reveals a tongue of significant values of
water vapour flux coming from the south of Sardinia
and from the Balearic Islands which reinforce the idea
that, between 12 and 00 UTC, the air coming from the
moist and conditionally unstable area mentioned above
helps to maintain the convective activity by continuously
advecting warm and moist air masses just off the French
southeastern coast. It must be also stressed that this low-
level synoptic pattern has more or less the same trend in
the upper troposphere, i.e. the patterns evolve slowly.

5.2. Gard case

The synoptic environment for the Gard event has some
similarities with the Cévennes event in terms of the distri-
bution of the conditional convective instability. At 1800
UTC on 8 September, the atmosphere is quite condi-
tionally unstable and the CAPE field is similar to that
for the Cévennes episode, with the largest values (about
1600 J kg−1) located over the northwestern Mediter-
ranean. An interesting pattern shown by the 6-hour back
trajectories from 00 UTC (Figure 23(a)) is a significant
veering to the southwest with altitude. Indeed, the LLJ
contributes to enhance moisture advection whereas the
strong mid- to upper-level flow favours northward motion
of precipitation out of the triggering area. Such a wind
profile is one of the factors which could maintain the rain-
fall activity. Moreover, as was the case for the Cévennes
event, the parcels originate from the moist humid and
conditionally unstable regions of the western Mediter-
ranean (Figure 23(a)).
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Figure 19. As Figure 10, but for the Aude case at 21 UTC, 12 November 1999.

Strong forcing also prevails at the surface for the
Gard event. Indeed, as the cold front progresses slowly
eastwards, the water vapour flux in the lower troposphere
is increased ahead of the front with strong convergence
of the flux upstream of the Rhône valley, bringing
more moisture in to feed the convection in the region
(Figure 23(b)). Once more, the slow approach of the cold
front was a positive factor for advecting high humidity
which was necessary to maintain the high precipitation
rates over several hours.

5.3. Aude case

Finally, in contrast to the Cévenne and Gard cases,
the Aude event has much weaker available conditional
convective instability over the Mediterranean Sea. At 18
UTC on 12 November, the strongest values of CAPE (up
to 1500 J kg−1) are located near Sardinia, i.e. away from
the area of convection (Figure 24(a)).

Nevertheless, the Aude case also exhibits very pro-
nounced low-level forcing in addition to a strong upper-
level dynamic circulation already discussed in the previ-
ous section. Figure 24(b) depicts a large low-level area

of low pressure centred over the Sierra Nevada (Spain)
and an anticyclone over the Italian Alps. Between these
structures, a south to southeasterly jet prevails generat-
ing a very strong low-level water vapour flux of about
650 kg s−1m−2 in the 12 hours from 12 UTC on 12
November. On the eastern side of the low, significant
northward advection of warm and moist air is proba-
bly supported by the strong low-level convergence of the
moisture flux which maintains convective activity over
the Aude department. As with the previous cases, the
low-level synoptic pattern for the Aude event evolves
very slowly as the low pressure area over Spain is nearly
stationary over at least 12 hours.

6. Summary and concluding remarks

A description of three deep moist convective events
which produced floods over southern France has been
presented in this first of two linked papers. These partic-
ular cases have been selected due to their location over
the southern Massif Central foothills, which is a region
statistically favoured for very heavy precipitation events.
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The aim of the first part of this study was to validate the
best high-resolution simulations by comparing some fea-
tures and the evolution from Meso-NH with the available
observations. Moreover, the different synoptic ingredi-
ents which favoured the development of quasi-stationary
MCSs in the case-studies have also been identified.

These numerical experiments have shown that, first,
Meso-NH can reproduce and forecast significant rainfall
amounts associated with convective systems with quasi-
stationary behaviour (i.e. lasting several hours at the same
location). Moreover, the model reproduces fairly well the
low-level mesoscale environments associated with the
three HPEs. Second, the meteorological synoptic-scale
context was analyzed and the evolution in which each
convective system was embedded was described. At the
synoptic scale, the meteorological patterns for the Gard
and the Aude cases were characterized by deep cyclonic
circulations generating a strong diffluent southerly flow
over the Mediterranean, from the North African coast to
France. This upper cold low was initially to the west
or to the north-west of France and moved very slowly.
For the Cévennes case, although the synoptic forcing
was less pronounced, a short-wave trough located off the
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Figure 21. As Figure 12, but for the Aude case within the box shown
in Figure 20(d).

North African coast most likely favoured triggering of
the convection. For this last case, the synoptic conditions
evolved very slowly due to a blocking high located over
central Europe. The surface pattern also revealed strong
forcing consisting of an anticyclone over the northern
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and (b) water vapour flux (shading) integrated between the surface and 3 km altitude, at 00 UTC, 14 October. (a) also shows 6-hour back
trajectories for Lagrangian parcels starting at 00 UTC on 14 October at five heights. Lower and upper boxed labels indicate the height (km) over
the flooding area at 00 UTC and at the source regions 6 hours earlier, respectively, and stars mark the parcel positions every 30 minutes. In
(b), the hatched box represents the sea area over which CAPE was averaged for Figure 25, and the double-headed arrow denotes the line across
which water vapour fluxes were integrated (also for Figure 25) through an area of 280 km length and 3 km height, about 70 km upstream of

the flooding area. The 500 m topography contour is shown in both panels.

(J
 k

g
−1

)

5°E

40°N

45°N

0

500

1100

1700

2300

Al
ps

Massif
Central

500

50
0

500

Pyrenees

1

2

50
0

5

(a)

1.5
0.1

3.
1.43

5.
3.37.

5.

9.
7.8

4

(k
g

 s
−1

 m
−2

)

45˚N

40˚N

0 5°E

210

330

450

(b)

29
8

Figure 23. As Figure 22, but for the best simulation for the Gard case. Time is (a) 18 UTC, 8 September and (b) 00 UTC, 9 September. Back
trajectories start at 00 UTC, 9 September 2002. The bold contour in (b) denotes virtual temperature of 298 K.

Alps and a low pressure area over Spain for the Aude
case, and a slow-moving surface cold front approaching
the region for the Gard case. These low-level synoptic
patterns induced an intense south to easterly LLJ which
favoured strong low-level moisture transport and signif-
icant conditional convective instability over the flooded
areas. For both extreme HPEs (i.e. Gard and Aude), the
main basic ingredients for a flash-flood-producing sys-
tem, as pointed out by Lin et al. (2001) for instance, were
present to more or less the same extent for these cases:
a conditionally unstable atmosphere and moist low lev-
els in the presence of the large-scale forcing mentioned
above and mesoscale lifting (i.e. orographic forcing and
low-level convergence). Moreover, low-level moisture

fluxes or CAPE had larger values than those of the more
classical heavy rain event (i.e. typical Cévennes cases).
The conditional convective instability was weak for the
Aude case but seems to be counterbalanced by large
moisture fluxes (and vice versa for the Gard case), as
can be seen in Figure 25. These slow-evolving synop-
tic ingredients favoured long-lasting rain over southern
France in the numerical model.

However, even though synoptic-scale ingredients
(upper-level PV anomalies, strong low-level moisture
advection, CAPE, etc.) can provide the necessary ingredi-
ents for the convective activity, other important mesoscale
factors and/or finer-scale processes contribute to contin-
uously focus the activity over the same specific region
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(the necessary forced ascent to trigger and/or maintain the
convection). This paper was dedicated to the evaluation
of the best numerical simulation and also the identifica-
tion of the synoptic-scale ingredients conducive for three
flash-flood events over southern France. This, however,
is not enough to explain, for instance, why heavy precip-
itation was located over the plain for the Gard case, i.e.
about 80 km southeast of the most statistically favoured
region for very heavy precipitation. Based on the best
high-resolution numerical experiments with the Meso-NH
model, the physical mechanisms leading to the stationar-
ity of the three heavy precipitating systems over a specific
region of southern France will be examined and discussed
in a companion paper.
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dans les Cévennes: Le système convectif des 13 et 14 Octobre 1995.
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This study assesses the potential for a detection algorithm to identify discriminating
analysis-based statistical predictors of a few relevant parameters that can be used
to capture heavy precipitation events (HPEs), or, at least, their associated large-
scale circulation (LSC) patterns in a climate scenario. HPEs are defined from a
sample combining ‘large-scale’ fields from the ECMWF ERA-40 reanalysis with
local observations from the Météo-France rain-gauge network. In a first step,
LSC patterns considered as significantly favouring HPE over southern France are
identified and described with the greatest robustness possible. For that purpose, an
objective automatic clustering of the unfiltered 500 hPa geopotential height field
is performed. Four clusters are obtained. Among them, the most discriminating
for heavy precipitation is characterised by a synoptic-scale deep upper-level low
northwest of the area of interest, inducing a southerly flow over the western
Mediterranean Sea and southern France. In a second step, other lower-scale
parameters are used to refine the characteristics of the clusters. It has been found
that the low-level moisture transport is a relevant low-level ingredient to regionally
characterise heavy precipitation. Indeed, ‘Cévennes’ cases are related to more south
to southeasterly flows over the Gulf of Lion, whereas ‘Languedoc-Roussillon’ events
occurred preferentially within a more pronounced easterly wind component with
two streams of low-level moisture transport. Moreover, in-depth examination of the
low-level features reveals that HPEs tend to occur when the wind blows in a specific
direction and for the greatest low-level moisture flux over the Gulf of Lion. Finally,
the predictive skill of a detection tool for HPEs over southern France, with only
synoptic-scale favourable parameters as predictors, is discussed. It is shown that
this tool allows selection of HPE situations in more than 70% of cases. Copyright c©
2011 Royal Meteorological Society
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1. Introduction

The western Mediterranean region is prone to devastating
flash-flood events induced by heavy precipitation events

(HPEs), particularly during the autumn season. Frei and
Schär (1998) analysed high-resolution rain-gauge obser-
vations of daily surface rainfall to produce a precipitation
climatology extending from the Massif Central to the eastern
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European Alps. This study showed that precipitation is par-
ticularly enhanced along the Alpine foothills, with dryer
conditions over the mountains. Furthermore, Frei and Schär
(1998) also clearly showed that the southeastern part of the
Massif Central (also known as the Cévennes) is one of the
five rainiest areas of the region. Focusing on this region of
interest and considering the number of days for which the
daily surface rainfall exceeded 200 mm between 1958 and
2004 over southern France, the southern Alps, the eastern
Pyrenees, eastern Corsica and the southern Massif Central, it
was found that these areas are the most frequently exposed to
heavy precipitation (Figure 2 of Nuissier et al., 2008). Some
of these events may lead to violent total rainfall from a few
hours up to one day and cause severe damage and even casu-
alties. During the Gard event over southern France on 8–9
September 2002 (the Gard case), over 600 mm fell in 24 h.
Such an amount over the small to medium catchments of the
region had a dramatic hydrological impact (Delrieu et al.,
2005). In most cases, such rainfall amounts are generally
produced by intense deep convection associated with quasi-
stationary mesoscale convective systems (MCSs). Mesoscale
ingredients are crucial in the triggering of deep convection,
e.g. conditional instability, low-level convergence and mois-
ture flux that pinpoint the deep convection development
over the same area over several hours (Ducrocq et al., 2008).
As a major mechanism, the orographic lifting continuously
generates convective cells over the upwind side of the moun-
tain. In addition to these favourable mesoscale ingredients,
some recurrent large-scale circulation (LSC) configurations
are often considered to play a key role in the formation and
sustaining HPEs.

The link between heavy precipitation occurring over the
western Mediterranean regions and synoptic-scale troughs
or surface cyclones was well established in previous case-
studies. That these synoptic-scale precursors interact with
the orography of the western Mediterranean Sea and induce
dynamic forcing favourable to torrential event occurrences
is also well established (Buzzi et al., 1998; Doswell et al.,
1998; Massacand et al., 1998; Homar et al., 1999; Romero
et al., 2000; Jansa et al., 2001). A recent study by Nuissier
et al. (2008) of three HPEs over southern France showed the
importance of upper-level synoptic ingredients such as the
deep cyclonic upper-level circulation that generates a strong
diffluent flow over the Mediterranean Sea and a blocking
located downstream over central Europe slowing down the
evolution of the synoptic conditions. These synoptic patterns
are generally associated with intense south to southeasterly
low-level jets that favour strong low-level moisture transport
towards the flooded areas. Whether these conclusions extend
to all HPEs of a given region still remains open.

The study by Plaut et al. (2001, PSD01 hereafter) initiated
a new framework to specifically address this previous point.
As in many LSC identification studies, this one is based
on classification methods which in PSD01 are applied to
the 700 hPa geopotential height (denoted Z700) over the
North Atlantic and western Europe. The LSC classes over
three sub-regions of the French Alps were identified. The
classification was made from a set of precipitating events
defined as having daily rainfall exceeding 40 mm. Moreover,
PSD01 introduced a new criterion in order to investigate
whether or not a cluster is significantly ‘propitious’ to
heavy rainfall. They computed the ‘discriminating power’ of
a cluster, i.e. the probability of large rainfall occurrence
versus the proximity to the cluster centre. Thus, they

found a classification providing patterns that are associated
with heavy rainfall over the given sub-domain with high
probability (between 50% and 75%). PSD01 found that
large rainfalls occurring over the Alpes Maritimes region
(i.e. the French southern flank of the Alps) are associated
with a deep negative geopotential anomaly just south of
Ireland. This feature generates a large-amplitude wave
at mid-tropospheric level with strong moisture-advecting
southwesterly over the southern Alps. LSC classification
analysis performed by PSD01 over the Alps provides an
alternative method to identify HPE situations for classical
quantitative rainfall analysis. There is a great interest
in such results since (numerical weather prediction or
climate) models suffer from a significant rise in quantitative
precipitation errors at the medium range. Nevertheless, there
is still a fairly high level of predictability at the space- and
time-scales of the LSC patterns propitious to HPEs.

This present study broadens the scope of the PSD01 study
and explores (through a statistical downscaling approach)
the possible detection of intense precipitation events
over southern France only from synoptic-scale propitious
meteorological ingredients. This paper is divided into two
parts. The first goal is to characterise in a systematic way the
heavy precipitation events over southern France. Dynamic
climatology methods are used in order to emphasise
relationships between local intense precipitation and large-
scale patterns of different meteorological parameters. The
second objective of this paper is then to build a detection
algorithm based on a discriminating analysis of a few
relevant parameters that can be used to ‘capture’ situations
propitious to HPEs, either in climate scenarios or in long-
range operational forecasting. A companion paper (Beaulant
et al., 2011) describes such an application for a climate
scenario.

Firstly, we identify and describe with the greatest possible
robustness the LSC patterns favouring HPEs over southern
France. Then, we intend to find statistical predictors from
the properties of these LSC patterns to build a detection
algorithm for HPEs over the region of interest. We expect a
better description of LSC patterns and better discrimination
of HPEs than in PSD01. For that purpose, a deeper and newer
reanalysis dataset, as well as a higher-resolution and more
extended rain-gauge network identifying rainfall events, are
used.

The outline is as follows. The rain-gauge and the reanalysis
database, and the statistical methodology, are first described
in section 2, then an objective criterion is proposed to
define HPEs. Section 3 presents the classification of the
rainfall events LSC patterns and the composite analyses of
the low- and upper-level synoptic signatures associated with
the rainfall clusters. Section 4 discusses the predictive skill
of a detection tool for HPEs over southern France, with only
synoptic-scale favourable parameters as predictors. Finally,
synthesis and conclusions are given in section 5.

2. Datatsets and methodology

2.1. Rainfall dataset: definition of rainfall events

Rainfall observations are provided by the Météo-France rain-
gauge network and 435 stations have been used (Figure 1(b)).
In this study, we consider a four-month period from 1
September to 31 December, from 1960 to 2000, to fully
encompass the autumn season. Two types of rainfall events
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Figure 1. (a) Geographical domain used for circulation classification. (b) Map of rain-gauge stations used to define the precipitation events (black dots);
crosses show the full rain-gauge network in the area of interest. The orography resolution is (a) 110 km and (b) 2.5 km.

are defined according to the distribution properties of the
24 h accumulated rainfall series from the rain-gauges. A
first set of 1200 significant rainfall events (SREs) was made
when at least two stations distant by 60 km, exceed their
corresponding 97% quantile (mean value 37.5 mm and
standard deviation 15.3 mm). A second set of 202 HPEs
was made under the same conditions, but increasing the

quantile to 99.9% (mean value 144.6 mm and standard
deviation 38.4 mm). Obviously, the set of HPEs is included
in the SRE set. Both sets of events are defined as objectively
as possible with statistical criteria. A quantile-based criterion
has been preferred to a threshold value in order to estimate
the level of ‘extremeness’ of the daily maximum precipitation
as a statistical property rather as an absolute physical value.
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The second criterion on proximity between two stations has
been used in order to avoid isolated HPEs.

2.2. LSC dataset and classification

In order to perform the classification of relevant LSCs,
the 41-year reanalysis ERA-40 database is used (Uppala
et al., 2005). This is available from the European Centre
for Medium-range Weather Forecasting (ECMWF), and
the period 1960–2001 has been used. The daily analysis
at 1200 UTC is employed. The geopotential height
at 500 hPa (Z500) was chosen as it provides a good
summary of the mid- to upper-troposphere synoptic
dynamics (Vautard, 1990). The fields are interpolated and
provided by the ECMWF ERA-40 reanalysis system on
a regular latitude–longitude grid with 1.5◦ resolution on
a domain that extends from 24◦W to 39◦E and from
25.5◦N to 63◦N (Figure 1(a)). This domain is wide
enough to encompass the Mediterranean area and to
account for the LSC patterns that cover the Mediterranean
basin, the northern African coast and the northeastern
Atlantic.

Prior to the classification step, the fields are prepared
as follows. The climatological anomalies (i.e. the seasonal
cycle) and a linear trend over the whole period are first
removed from the data for each grid point, considering the
whole period of the ERA-40 reanalysis. Then, the overall
mean is removed from the detrended fields. A principal
component analysis (PCA) is then performed in order to
reduce the dimension of the dataset considering here only
four specific months: 1 September to 31 December. The
leading 20 principal components (PCs) of the Z500 field
corresponding to the 1200 days of SRE are retained. The
projection on these eigenvectors explains about 90% of the
variance.

Clusters are then built from these fields using a clustering
algorithm implemented in the ANAXV package provided
by the Laboratoire de Météorologie Dynamique of CNRS
(Michelangeli et al., 1995). The core clustering algorithm,
known as the K-means clustering method, is a partitioning
algorithm based on the recurrence property of patterns.
It is largely used in atmospheric circulation classifications
because of its skill to maximise the separation between the
centroids (Huth et al., 2008). It determines a partition of
the whole dataset that simultaneously minimises the sum of
variances within each clusters and maximises the variance
between clusters. The partition must also be independent
from the initial seeds. It is a non-hierarchical method and,
as a result, the number of classes is not a priori prescribed.
The number of classes is automatically determined following
the Michelangeli et al. (1995) method. Classifications with
between two and nine clusters are built after the K-
mean method described above. Two classifiability indices
measuring variances and correlations within classes are
computed for each of these classifications and compared
to several random ones with the same number of classes.
The most relevant classification has a maximum correlation
and a minimum variance; both need to exceed the noise
level provided by the random classifications. This objective
technique has already been used in several studies on weather
regime identification in the Northern Hemisphere (e.g.
Robertson and Ghil, 1999; Kageyama et al., 1999; Plaut
et al., 2001; Lana et al., 2007) and also in the Southern
Hemisphere (Solman and Menendez, 2003).

2.3. Synopsis of our procedure

The first goal of our study is to highlight the large
and subsynoptic-scale environment patterns favourable to
intense precipitation in the Mediterranean area. The second
objective of the article is then to find statistical predictors
based on a discriminating analysis from the different
parameters identified in the previous step, in order to detect
and extract LSC patterns propitious to heavy rainfall events.
For that purpose, we applied a statistical procedure based on:

(i) a dynamical clustering of LSC patterns (geopotential
height at 500 hPa) to isolate the synoptic-scale upper-
level features leading to SREs and HPEs,

(ii) the identification and exploration of other low-level
dynamical parameters to provide a more relevant
description of the clusters associated with HPEs,

(iii) an analysis of correlation distance distributions to
assess the most discriminating ingredients for HPEs,
and finally,

(iv) an assessment of the ability of a detection algorithm to
capture a HPE only from its associated synoptic-scale
environment.

In step (i), the dynamical clustering is applied to the SRE
dataset. As HPEs are a small subset of SREs, specific LSC
for HPEs will be retrieved from the SRE classification. This
approach refers to the ‘weather regime’ approach (Vautard
et al., 1988; Vautard, 1990; Michelangeli et al., 1995) used
in PSD01. After isolating the synoptic-scale upper-level
features associated with HPEs, other lower-level parameters
are used to refine the characteristics of the environment
favourable to heavy precipitation. After a discriminating
analysis in (iii), a detection algorithm is finally built in step
(iv) by combining the three previous steps. This statistical
procedure is constructed to select the HPEs most controlled
by the synoptic-scale conditions.

3. Rainfall event LSC patterns

The algorithm summarised in the previous section yields
a partition into four clusters. The classifiability index
is above the significance threshold of 90%. It implies
that classification computations always lead to the same
clusters, whatever the way the classes are initialised. It has
been decided, for the sake of simplicity, to use a specific
nomenclature, similar to the description made in the
Grosswetterlagen (James, 2006). Table I shows the four

Table I. Classification of synoptic types for significant
rainfall in southern France, and percentage of significant
rainfall events and heavy precipitation events by type

(1960–2001).

Cluster Synoptic type SRE HPE

(%age)

1 Cyclonic southwesterly CSW 35.7 44.4
2 Western low (cut-off) WL 23.0 18.2
3 Cyclonic northwesterly CNW 15.8 3.9
4 Cyclonic southerly CS 25.5 33.5

Total no. of events 1210 202
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synoptic types; cluster CSW is the most populous with
35.7% (431 cases out of the 1200 days) of SREs, and 44.4%
of HPEs; CNW contains only 15.8% (191 cases) of SREs and
3.9% of HPEs.

In a first subsection, composites, i.e. spatial averaged
distributions, of upper-level fields (Z500 and wind speed
at 300 hPa) are computed and discussed for each cluster.
Secondly, we distinguish HPE and non-HPE days as two
subsets of each LSC cluster: one subset gathers the days
when an HPE occurred, and the other subset is made up
of the SRE days with HPEs excluded. Composites are also
computed for these two subsets. Moreover, other low-level
parameters are used to refine the characteristics of the
environment propitious to heavy precipitation.

3.1. SRE cluster composites

Cluster CSW is characterised by a large and strong upper-
level low between Iceland and Ireland with a trough
extending southwards towards the Iberian Peninsula (Fig-
ure 2(a)). The trough axis, with a weak northwest–southeast
tilt, induces a strong mid- to upper-level southwesterly flow
over France. The horizontal wind on the 2 PVU surface is
also presented in Figure 2. The western side of the trough
hosts a jet streak with wind speed reaching about 35 m s−1.
The areas exposed to rainfall events are below the eastern
side of the trough where the weaker flow speed is about
24–26 m s−1. It is worth mentioning that the anticyclonic
curvature of the height contours over continental Europe
suggests the presence of upper-level diffluence, which may
be a source of upward motion forcing. This is a favourable
synoptic-scale configuration for triggering and/or maintain-
ing deep convective activity, consistent with the occurrence
of rainfall events.

The upper-level synoptic-scale composite fields of cluster
WL are shown in Figure 2(b). It depicts on its western side
a large strongly tilted upper-level ridge extending from the
Azores to the British Isles. France and the Iberian Peninsula
are below a large trough, near an isolated low over the
Bay of Biscay. This trough induces a weak mid- to upper-
level southwesterly flow over the western Mediterranean.
This pattern is very similar to the one occurring during
anticyclonic wave breaking (Thorncroft et al., 1993). Indeed,
with the same southwest–northeast tilt, both the British
Isles ridge and the Biscay low tend to sever themselves
from the westerly flow and begin to form a block. Cluster
WL is also characterised by an upper-level subtropical jet
with a maximum wind speed of about 30 m s−1 over
northwestern Africa. The upper-level Atlantic jet is weaker
than in cluster CSW, and is flowing anticyclonically over
Iceland and Scandinavia, far to the north.

Cluster CNW displays a well-marked upper-level trough
aligned just east of the Greenwich meridian. This pattern
resembles the CSW pattern, but it is slightly tilted and
shifted to the east. This trough is associated with a jet-streak
reaching about 35 m s−1 (Figure 2(c)). The flow in the area of
interest is more westerly, at the southern end of the trough,
with upper-level disturbances propagating eastwards.

Cluster CS has in common with clusters CSW and CNW
a northwest–southeast weaker but wider trough. However,
it depicts a more meridional structure. CS displays a
trough–ridge pattern with a strong upper-level ridge over
the Mediterranean and Central Europe. Like cluster WL,
the Atlantic westerly flow is located far to the north while

the subtropical jet covers all North Africa. This pattern
favours the isolation of cold air and the generation of cut-
off lows over the Iberian peninsula. The ridge slows down
the eastward propagation of the trough. It also enhances
upper-level diffluence over southern France and the Gulf of
Lion.

3.2. HPE composites

The above description of the upper-level features of the
four clusters shows significant differences between the
LSC patterns associated with rainfall events. Clusters CSW
and CS both clearly depict upper-level synoptic-scale
features favourable to the triggering and sustaining of
deep convective activity associated with HPEs over southern
France. From Table I showing the proportion of HPEs in
each cluster, it can be seen that more than 75% of HPEs
occur within a CSW or CS configuration. Because cluster
CNW has so few HPEs associated with it (3.9%), it will not
be considered further.

Figures 3 to 8 show HPE against non-HPE composites
of geopotential height Z500, quasi-geostrophic (QG) vertical
velocity at 500 hPa, adiabatic wet-bulb potential temperature
and horizontal wind and low-level moisture flux at 925 hPa
for clusters CSW, WL and CS. In order to highlight the
existence of significant feature differences between the HPE
and non-HPE subsets, a Student t-test is performed at each
grid point, and two levels of significance are indicated on
the maps.

3.2.1. CSW cluster

It has been previously pointed out that cluster CSW
is characterised by a large trough extending southwards
towards the Iberian peninsula. Its HPE sub-composite
depicts a Z500 signature with a more curved and slightly
deeper trough and especially a stronger anticyclonic
curvature just downstream of this trough (Figure 3(a, b)).
The interaction of the trough with large-scale baroclinicity
implies the existence of synoptic-scale vertical motion. This
active environment may ease the onset of convection: it
contributes to reduce the vertical stability in ascent zones
and it possibly enhances moisture convergence at lower
levels (Doswell et al., 1998).

The identification of upward motion areas at the synoptic
scale using the QG theory can provide important guidance
in determining development zones for convective systems
(Caracena and Fritsch, 1983; Doswell, 1987). Indeed, the
QG equations provide a convenient framework in which
the vertical velocity is a solution of a second-order partial
derivative equation called the ωg equation (Hoskins et al.,
1978). The source term can be partitioned into several
components (the dynamical term related to the Q-vector
divergence and diabatic sources). We choose to focus only
on the dynamical contribution to the QG vertical velocity,
as we are interested in assessing the effect of upper-level
forcing contribution of the upper-level troughs.

The ωg composites for HPE days (Figure 3(c)) show
a large meridionally elongated ascending area extending
from the North African coast to the British Isles, with a
maximum over the Pyrenees. The area of upward motion
for the non-HPE composite (Figure 3(d)) is spatially less
extended, thinner and slightly shifted further eastwards than
the HPE composite. In the latter, the maximum of ωg
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Figure 2. Composite maps of 500 hPa height (dashed contours with interval 50 dam) and wind speed on the 2 PVU surface (shading with interval
2 m s−1 above 24 m s−1) for the four LSC patterns over southern France associated with SREs from 1960 to 2001. For each type, the percentage of all
SRE days is shown.

coincides with the area of the strongest significance. Such
synoptic-scale upward motion upstream of southeastern
France leads to a low-level cyclonic circulation. For both
composites, the effects of the Iberian plateau lead to a
well-established southwesterly wind in the extreme western
Mediterranean (Figure 4(c, d)). However, in the HPE
composite this flow looks like a more intense low-level
jet along the Spanish coast, with a maximum magnitude
over the French Mediterranean coast.

Diagnosis of the adiabatic wet-bulb potential temperature
θ

′
w (Figure 4(a, b)) and the water vapour fluxes at the

925 hPa level are computed in order to exhibit moisture
supply induced by the low-level wind. The moisture flux
norm ||qvVh||, where qv is the specific humidity g kg−1 and
Vh the horizontal wind (m s−1), is shown in Figure 4(e, f).
Significant differences in θ

′
w between HPE and non-HPE

days are depicted in Figure 4(a, b). Indeed, a maximum
about 2 to 3◦C warmer centred over the Eastern tip of the
Pyrenees is found in the HPE composite, suggesting moist
and warm air masses advected over the area. However,
the area having the most significant differences between
the two composites is spatially very large. It cannot clearly
isolate sub-synoptic low-level structures potentially related
to HPEs. This aspect is particularly obvious for cluster CSW.

The analysis of moisture flux pattern confirms that the
areas of significant differences between HPE and non-HPE
composites, already seen for the low-level wind field. This

is illustrated by an intense southwesterly inflow tongue only
for HPEs which leads to a remarkable maximum over the
Gulf of Lion.

3.2.2. WL cluster

The differences between HPE and non-HPE composites for
LSC cluster WL are illustrated in Figures 5 and 6. Unlike
the overall composite, the geopotential height reveals a
closed cut-off low over the Bay of Biscay, deeper and nearly
symmetric in the case of HPE composite. The non-HPE
composite keeps the northeastern tilt. This results in a more
southerly upper-level flow over the French Mediterranean
coast during HPE days.

The quasi-geostrophic ascent zone is centred over
southern France for both HPE and non-HPE composites.
As for cluster CSW, a maximum is close to the flooding
area. Although the shape of the ascending zone appears to
be quite different over Spain and the Balearic Islands, these
differences are not statistically significant.

The low-level flow is almost in phase with the upper-level
one. It has a more south to southeasterly cyclonic component
and it is more pronounced for the HPE composite. For
cluster WL the area of maximum moisture flux in the HPE
composite is large and specifically southeasterly oriented,
connected with a significant inflow from near Tunisia
through Sardinia and Corsica (Figure 6(c, d)). This inflow
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Figure 3. Composites for cluster CSW associated with (a, c) HPEs and (b, d) non-HPEs showing (a, b) geopotential height (m) at 500 hPa (with contour
interval 25 m), (c, d) quasigeostrophic vertical velocity ωg (with contour interval 2 Pa s−1). In (a) and (c) the light and dark shaded areas indicate regions
where the differences between the composite features are significant for the Student t-test at confidence levels 90% and 95%, respectively.

is then deflected near the southern Alps towards the Gulf
of Lion. The moisture input from the Atlantic and the
Gibraltar Strait, already seen in CSW is also present here,
but less intense.

3.2.3. CS cluster

The ridge dominates the upper-level picture for the HPE
composite of cluster CS (Figure 7). The trough over the
Bay of Biscay is also deeper in the HPE composite. The
dynamical forcing, as represented by the ωg composites,
indicates, for both subsets, a maximum ascent zone shifted
from southern France (in the previous clusters) towards
the Balearic Isles (in the non-HPE subset) and even further
southwards in the HPE subset. These differences in location
and shape are found statistically significant. Over southern
Italy and Sicily, upward motion in the non-HPE composite
is replaced by downward motion in the HPE one. Both
the 925 hPa wind field and moisture flux magnitude for
the HPE composite of cluster CS clearly indicate a large
moisture content in the Gulf of Lion. This southeasterly
flow originates from southeastern Tunisia. The non-HPE
composite displays similar low-level structures but much
weaker.

3.3. Synoptic patterns propitious for HPE occurrence

In order to estimate the usefulness of clustering to find
synoptic-scale patterns characteristic of HPEs, the concept
of ‘discriminating power’ of PSD01 is applied. The idea is

to compare any weather map available in the reanalysis with
each of the clusters. If the probability to be a HPE increases,
as the correlation to a cluster centroid is increasing, then
this cluster is qualified as ‘discriminating’ HPE. Taking any
one situation in the sample, the following properties are
considered:

(i) the precipitation category of that situation, whether a
HPE or a SRE occurred;

(ii) the distance of the reanalysis field(s) of that situation
to the centroids; the relevant distance is 1 minus the
correlation between the fields; and

(iii) the spatial distribution of precipitation.

Figure 9 shows the probability density functions of the
spatial correlation distance of the Z500 height field for
each population of rainfall event (HPE or SRE). Following
PSD01, the closer to a given cluster centroid the density
distribution maximum of a given event category is, the more
discriminating is the cluster of that category.

For cluster CSW, it can be observed that the different
rainfall event distributions significantly spread out on both
sides of distance 0.4. Above this threshold, SREs are much
more likely to occur than HPEs, with a difference peak
around 1.0 distance. Below, i.e. at the closest distance
to the CSW centroid, HPEs reach the overall highest
probability (Figure 9(a)). Accordingly, the probability of
having a HPE taking place increases as the situation looks
more like the CSW centroid. As a result, cluster CSW
appears as a highly discriminating pattern. For HPEs, it
is the most discriminating one among the four clusters.
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Figure 4. As Figure 3, but showing (a, b) adiabatic wet-bulb potential temperature (◦C) at 925 hPa (with contour interval 1 ◦C), (c, d) horizontal wind
(arrows) at 925 hPa, and (e, f) moisture flux magnitude (contour is 0.1 kg m s−2) at 925 hPa, respectively.

Clusters WL and CS also yield a fair separation between
HPE and SRE density distribution maxima (Figure 9(b, d));
this confirms that these clusters also have discriminating
properties. Conversely, cluster CNW is the only one for
which the peak of HPE probability distribution is at a larger
distance from the centroid than that of SRE. This suggests
that Z500 patterns looking closely like the CNW centroid
are rather are unlikely to lead to intense precipitation
events over the area of interest, which is also relevant
information.

It is also possible to assess the relevance of the
synoptic-scale clusters with respect to HPEs through simple
compositing of the rain-gauge dataset. Figure 10 displays
the spatial distribution of the mean daily precipitation
amount associated with HPEs within each cluster. The
composite for the cluster CNW is not shown, as it appears

not to be associated with intense rainfall events in that
area. It can be seen that the different synoptic-scale clusters
are associated with different geographical distributions of
the rainfall over southern France. Moreover, the averaged
rainfall amounts are also different. First, cluster CSW,
containing 44.4% of the total HPEs (Table I), has its
maximum of precipitation located over the Cévennes area,
along the southern foothills of the Massif Central. The
location is very close to the one of the overall climatology
(Figure 2 of Nuissier et al., 2008). A secondary peak of
precipitation is also found over the southeastern part of the
region of interest. Another interesting feature is that HPEs
within cluster CSW do not affect the southwestern part of
the region (e.g. Languedoc-Roussillon). Whereas clusters
WL and CS also show some precipitation over the Cévennes
region, Languedoc-Roussillon is the region most directly
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Figure 5. As Figure 3, but for the cluster WL.

concerned by the largest precipitation. The relative rainfall
maximum in the southeastern area in cluster CSW does not
exist in clusters WL and CS. Furthermore, it can be noted
that the direction of the low-level flow is well correlated to
the location of the maximum precipitation in each cluster
(Figures 4, 6, 8(c)). Indeed, heavy precipitation in CSW tend
to occur over the southeastern part of the Massif Central
facing the southerly low-level flow. The HPEs associated with
clusters WL or CS produce rainfall over the southwestern
part of the area facing the southeasterly to easterly low-level
flow that prevails for these clusters.

This rainfall composite analysis confirms the representa-
tiveness of our clusters and their link with the most intense
precipitation events. However, and in a first step, we high-
lighted this relationship only for situations for which a
HPE actually occurred. Therefore, on the other hand, it is
an interesting issue to assess whether the reverse of this
relationship is verified. This verification can be achieved
through a statistical downscaling approach, i.e. evaluating
the probability of a HPE to occur when synoptic-scale con-
ditions are propitious to them. Whenever this probability is
high, cluster composite patterns could be implemented as
predictors of HPEs; this is further addressed in the following
section.

4. Predictive skill of the statistical downscaling approach

4.1. Conditional correlation-distance distributions

The conditional frequency of occurrence of the given kind
of rainfall event (SRE or HPE) is evaluated according to
the correlation distance to the clusters. In other words, the

range [0, 2] of correlation distance is divided into a number
of bins. With respect to the number of cases falling into a
given bin, the ratio of occurrence of the rainfall events is
computed. It can be also read as the marginal probability
distribution of the occurrence of one kind of rainfall event
versus the correlation distance to a centroid.

Figure 11 shows the resulting frequency of SRE occurrence
as a function of the distance to the centroids. Clusters CSW,
WL and CS discriminate SRE below a 0.7–0.8 correlation.
That is to say, below this distance threshold to these cluster
centroids, the frequency of occurrence of a SRE is well above
the climatological frequency of 19%. The further away a
case is from these three cluster centroids, the weaker the
frequency of a SRE. Note that, conversely, the distance
of a case to cluster CNW is only weakly relevant to the
occurrence of a SRE, with a curve that remains close to the
climatological frequency. Given the way the clusters were
originally built, this figure is essentially a verifying reciprocal
result. It validates that these three recurrent LSC patterns
are representative of the synoptic-scale environment of
precipitation events over southeastern France. One can note
the SRE probability even exceeds 50% for a distance to
clusters CSW and WL smaller than 0.2, since only one
synoptic-scale field (Z500) is considered.

For HPEs (Figure 12), these same three clusters WL, CSW
and CS still show a significant discriminating power with
the highest probability corresponding to the lowest distance.
Most remarkably, the frequency even increases much faster
than for SRE when the correlation distance decreases from
0.3–0.4 to zero. At small distances, the probability of having
a HPE is above 20% for clusters CSW and CS, even though
at such small distances (≤ 0.1) very few cases are collected.
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Figure 6. As Figure 4, but for the cluster WL.

The probabilities ranging from 20% to 10% are much more
significant as they exceed by more than three times its
standard deviation the HPE climatological frequency for a
more representative number of cases. This occurs in the
range of distance between 0.15 to 0.4. Within this range,
clusters CSW and CS are related to a higher probability than
cluster WL. These results are promising since clustering is
not based on HPEs only. Indeed, by construction, clusters
should discriminate SREs but not necessarily HPEs.

Concerning HPEs (Figure 12), situations close to the
CNW centroid correspond to lower HPE occurrence
frequency than the ones at greater distance. In this latter
case, HPE frequency reaches three times the value of the
climatology frequency. CNW circulations could then be
interpreted as patterns inhibiting HPE. These results suggest
that CNW is associated with the weakest part of rainfall
events within the SREs. This can also be related to the fact
that for cluster CNW the Atlantic storm-track and related

upper-level jet stream is shifted northward of the region of
interest towards northern France (cf. section 3.1).

It is worth mentioning that when a pattern is close to
clusters WL, CSW or CS, the probabilities reached for such
a case, although well above the climatological frequency (i.e.
4%), still remain quite modest in absolute values: between
15% and 25% (except for WL, for which many fewer patterns
are met at this distance). These values can be considered to
be the upper limit of the skill of a forecast based on a single
upper-level field.

4.2. Sufficient conditions for an HPE: a practical detection
algorithm

In order to increase the probability to obtain a HPE, other
ingredients based on the low-level conditions are added
to the 500 hPa geopotential. Following the results shown
in section 3.2, we focus here on fields that have provided
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Figure 7. As Figure 3, but for the cluster CS

relevant composites of the clusters, such as the wind field at
925 hPa and the moisture flux.

The respective distributions of these parameters are built
for SRE and HPE in order to highlight typical characteristics.
This is performed in the domain encompassing the anomaly
(small domain in Figure 1(a)).

First, the direction of the 925 hPa winds for each kind
of rainfall event is considered (Figure 13). Whereas the
distribution of wind directions corresponding to SREs
appears to be quite flat with a large dispersion, the
distribution associated with HPEs shows a well-defined
single maximum shifted toward the range 110–180◦.
Furthermore, in the wide range 220–90◦, the frequency
of HPEs is virtually zero. This is supported also by the
quartiles that show that more than 75% of HPEs coexist
with only 45% of the SREs).

Figure 14 shows the distribution of the moisture flux
maximum over the same domain. The separation between
the distribution of the two kinds of rainfall events appears less
visible than for the wind direction. Nonetheless, the moisture
flux distribution for HPEs is clearly shifted towards larger
values, as the HPE lower quartile is higher than the SRE
median. For lowest values of moisture flux, the frequency of
HPE occurrence dramatically drops, whereas the frequency
of SREs still reaches about 10%.

These distributions of low-level parameters as analysed
in ERA-40 do reveal some potential for isolating HPEs
independently from the 500 hPa geopotential height and
its associated clusters. These are now combined to design a
detection algorithm.

The existence of sufficient conditions for having a HPE
occurring over southeastern France is obtained by building a

practical detection algorithm derived from the discriminant
analysis method. The considered predictors are: the 500 hPa
geopotential height field, the wind direction at 925 hPa
over the smaller domain in Figure 1(a) and the maximum
magnitude of the moisture flux at the same level and in
the same domain. A first criterion enforces directions of
the 925 hPa wind within a given range limited by two
thresholds D1 and D2. A second one considers only the
925 hPa maximum moisture flux magnitude exceeding a
threshold M3. Finally, the third projects the 500 hPa height
field onto the centroids of clusters CSW and CS and retains
the minimum of these two correlation distances. Clusters
CNW and WL are not considered here because either there
are no discriminating SREs or HPEs, or they have too few
cases very close to the centre. Figure 15 shows, for each set of
thresholds, the empirical probability of occurrence of a HPE
(solid line), and the corresponding absolute number of cases
detected by picking up cases closer than a given correlation
distance (dotted line). The thresholds are chosen in order
to maximise the detection rate for the largest number of
cases, while minimising the false alarms. The following
thresholds are retained: 925 hPa wind direction between
110◦ and 160◦, 925 hPa moisture flux magnitude larger than
1.2 g kg−1m s−1. Figure 15 shows that taking a correlation
distance smaller than 0.4 now yields a probability to have
a HPE larger than 0.7 for a set of more than 50 potential
situations (in 42 years), instead of a probability of about
0.1 with the sole geopotential height (Figure 12). When the
correlation distance reaches 0.2, the probability becomes
larger than 0.8, but reducing the set to about 30 potential
situations. In a more or less heuristic way, we define a point
in Figure 15 at a correlation distance of 0.3 below which the
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Figure 8. As Figure 4, but for the cluster CS.

HPE proportion among the detected case is optimal (71%).
The number of HPEs effectively captured corresponds to
23% of the full set total (202 cases) and includes most of the
extreme ones. This means that it is possible to find sufficient
conditions for having a HPE with a high probability from a
small set of dynamical fields.

Moreover, it is also interesting to assess the other 29% of
detected cases, i.e. those that are not actually HPEs. Most
of them correspond to rainfall amounts between 100 and
130 mm day−1 (not shown), and thus are considered as
significant rainfall amounts. There are very few cases yet
for which precipitation is very weak. They can be related
to a limitation of our procedure which does not consider
any persistence criterion for the favourable synoptic-scale
environment. Indeed, Nuissier et al. (2008) have shown
that HPEs mainly occur in a slow-evolving synoptic-scale
environment, and considering only one field per day cannot

permit the filtering out of more transitory events leading to
smaller daily rainfall amounts.

5. Synthesis and conclusions

A statistical downscaling approach has been presented
to characterise in an automatic way the synoptic-scale
circulation patterns associated with heavy precipitation
events over the southeastern regions of France. These HPEs
generally occur over the southern Massif Central foothills, a
region where very heavy precipitation episodes are relatively
frequent. The first aim of this study was to describe
the synoptic-scale features favouring HPE triggering. The
second aim was to build a detection method for HPE from
favourable synoptic-scale circulations.

For that purpose, the ERA-40 reanalysis available over
a 42-year period and rainfall data from the Météo-France
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(a) (b)

(c) (d)

Figure 9. Density distributions of the HPEs (solid lines) and SREs (dotted lines) as a function of the spatial correlation distance to the centroid of clusters
(a) CSW, (b) WL, (c) CNW and (d) CS.

rain-gauge network were used to extract meteorological
fields typical of upper- and lower-troposphere dynamics
associated with intense precipitating events. First, a
dynamical clustering was performed to classify the large-
scale circulations of 1200 days defined as significant rainfall
events. The K-means algorithm employed, combined with
self-determination of the number of clusters, leads to
a partition into four clusters. Among these, two are
particularly associated with HPEs, and include more than
77% of them.

This enables us to provide a meaningful meteorological
description of the synoptic-scale contexts in which the
different rainfall events occur. At the upper level, cluster
CSW is characterised by a large and strong upper-level low
centred near Ireland inducing a strong mid-to-upper level
southwesterly flow over the southern regions of France.
The low-level flow is from the southwest over the Atlantic
Ocean and the Straits of Gibraltar and gradually veers south
to southeast over the Gulf of Lion while strengthening.

Almost all the low-level moisture supply is provided by the
moist flow coming from the Balearic Islands. From that
standpoint, clusters WL and CS are quite different from
cluster CSW as the low-level flow takes a more pronounced
easterly component with two streams of low-level moisture
transport; the first one comes from the Atlantic through the
Gibraltar Straits (a common feature with cluster CSW), and
the second one comes from near Tunisia. The presence of
a strong ridge over central Europe, especially in cluster CS,
appears important to enhance the low-level convergence
over the Gulf of Lion with a pronounced diffluent flow
aloft. The rainfall composites for each cluster are consistent
with the low-level flow, with HPEs occurring mainly over
the northern regions of the area of interest (e.g. the
Cévennes region) in a south to southeasterly low-level flow
for cluster CSW, whereas clusters WL and CS are more
associated with HPEs over the Languedoc-Roussillon region
(further west) embedded in a east to southeasterly low-level
flow.
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Figure 10. Rainfall composites (mm) associated with HPEs within (a) cluster CSW, (b) cluster WL and (c) cluster CS. Composites have been calculated
using whole rain-gauge network in Figure 1(b). This figure is available in colour online at wileyonlinelibrary.com/journal/qj

It has been found that cluster CSW has the strongest
discriminating power with respect to high precipitation.
Indeed, 500 hPa geopotential height field density distribu-
tions corresponding to HPEs are closer to the centroid of
cluster CSW than both clusters WL or CS. Examination
of low-level features reveals that there is a well-defined
signature in cluster composites of these fields.

The density distributions of horizontal flow direction
and 925 hPa maximum moisture flux magnitude show that
HPEs tend to occur with wind direction in the range 110◦
to 180◦ and for the strongest values of low-level moisture
flux.

A detection algorithm, combining the distance to upper-
level patterns, the low-level wind direction (in the 110–180◦
range), and the low-level moisture flux (larger than
1.2 g kg−1m s−1) enables us to ‘predict’ a frequency of
occurrence of a HPE larger than 70%, or even 80% for
slightly smaller distances to the key clusters. Such properties

capture around a quarter of all HPEs over the period. The
other part depends on other aspects, probably to be found
at smaller scales, not yet represented in reanalyses such as
ERA-40.

These results can be useful in two areas. One is the
prediction of the occurrence of a HPE with sufficient lead
time and sufficient certainty to mitigate the economic
impact of an upcoming HPE. A second one is related to
the evolution of the frequency of these events in a climate
change context. In both cases, one ongoing difficulty is that
direct rainfall forecasts remain too much parametrization-
dependent, and so can be only indicative, especially when
convection is involved. The advantage of the approach
presented here is that it depends on dynamical fields
only. It can provide the basis for downscaling techniques
with either short- or medium-range ensemble forecasts or
with climate projections. The latter aspect has indeed been
employed in the framework of the CYPRIM (Cyclogenesis
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Figure 11. SRE occurrence ratio as a function of spatial correlation distance
from the centroid of cluster CSW (solid), WL (dashed), CNW (dotted) and
CS (dash-dotted). The climatological frequency is shown as the horizontal
line.
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Figure 12. As Figure 11, but for HPEs. The usual order of magnitude for
representativeness of the frequency of the observed event is given by the
horizontal dotted line (F + 3sd = 11.04%), corresponding to three times
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occurrence.

and Intense Precipitation in the Mediterranean) project.
The ‘detection’ algorithm outlined above has been applied
to a coupled Mediterranean climate scenario evolution to
retrieve potential HPE cases. These cases have then been
simulated in detail with a convection-permitting model; the
results of these studies are presented in a companion paper
(Beaulant et al., 2011).
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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

60 CHAPITRE 1. CURICULUM VITAE



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.
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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) forREF and for the Var (panela)) and Gard (panelb)) cases, averaged over the
subdomain seen in Fig 6 and Fig. 8, respectively. Interquartile ranges (25%-75%), minimum, maximum and medians are shown. Initial
times of the forecasts are 00 UTC of 15 June 2010 for the Var case and 00 UTC of 07 September 2010 for the Gard case, respectively.

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
(25%-75%), minimum, maximum and medians are shown. The accumulation 24-h period starts on 15 June 2010 at 00 UTC and ends on 16
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 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 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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Northwestern Mediterranean coastal regions are frequently affected by torrential
rainfall associated with quasi-stationary mesoscale convective systems (MCSs). The
present work examines how the characteristics of a conditionally unstable flow
impinging on the coastal complex terrain of the Northwestern Mediterranean can
affect the location and intensity of quasi-stationary MCSs. The study is based
on idealized simulations, but including the major ingredients of Northwestern
Mediterranean heavy precipitation events: a moist conditionally unstable marine
flow of about 100 km width facing the true terrain, composed of the Massif Central
surrounded by the Alps and the Pyrenees.

We find that MCSs are located upstream of the mountain range with a slow flow,
whereas with a rapid flow the heaviest precipitation is over the Massif Central slopes.
In a similar way, when the lateral environment is drier the heaviest precipitation
is located upstream whereas a humid environment favours precipitation over the
slopes. The dominant lifting mechanism is strongly related to the location of the
system: (1) direct orographic triggering for systems over mountain slopes and (2)
cold-pool triggering for upstream systems. In addition, the neighbouring mountains
interplay through deflection of the flow and induced low-level convergence favoured
by slow or dry lateral environments and through cold-pool blocking within valleys.
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1. Introduction

Most of the Mediterranean countries face heavy precipitating
events (HPEs), especially during autumn. More than
100 mm of precipitation in under 6 hours is not uncommon
in these regions. These torrential rainfalls over the small to
medium watersheds of the Mediterranean region often lead
to flash floods, resulting in damage and sometimes human
losses. These HPEs most of the time involve back-building of
quasi-stationary mesoscale convective systems (MCSs) with
a continuous convective cell renewal at the same location
(Bluestein and Jain, 1985). Usually, the heaviest precipitation

is located along the mountain range foothills facing the
moist low-level sea winds. For the French Mediterranean
region, a typical location is the Massif Central foothills (see
figure 2 of Nuissier et al., 2008). However, in some cases the
quasi-stationary MCS anchors further upstream, over the
plains or even over the sea. The very devastating HPE of
8–9 September 2002 (Delrieu et al., 2005) was such a case,
with the maximum of precipitation located over the Gard
plain. Despite being over the plains, such a precipitating
system can induce large rainfall amounts, as high as
about 700 mm in 24 hours for the 8–9 September 2002
HPE.

Copyright c© 2012 Royal Meteorological Society
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The Mediterranean Sea, still warm during autumn, is
a major source of moistening and heating of the marine
boundary layer through air–sea sensible and latent heat
fluxes (Duffourg and Ducrocq, 2011). In addition, the
southerly to easterly low-level sea winds that prevail during
HPEs transport this moist and conditionally unstable
air toward the coast (Ricard et al., 2011). Such low-
level conditions are favoured by typical synoptic patterns.
Nuissier et al. (2011) found that the synoptic-scale pattern
propitious to HPEs over the French Mediterranean region
consist of an upper-level trough located over the west
of France and an upper-level ridge over central Europe.
Nuissier et al. (2008) underlined the slow evolution of this
synoptic pattern, which is an essential condition to maintain
favourable low-level mesoscale conditions for a long enough
time.

When this conditionally unstable low-level flow impinges
on some of the mountain range foothills that border the
Western Mediterranean Sea, deep convective precipitating
cells can be triggered and renewed at the same location, as
long as the same low-level conditions persist. Orographic
lifting has been largely proposed in past studies as a
mechanism for triggering heavy precipitation events over
the western Mediterranean (e.g. Smith, 1979; Houze, 1993;
Lin, 1993; Buzzi et al., 1998; Buzzi and Foschini, 2000;
Lin et al., 2001; Rotunno and Ferretti, 2001; Pradier et al.,
2002; Bousquet and Smull, 2003; Georgis et al., 2003 among
others). Whereas precipitation formation induced by uplift
of a stably stratified flow over a mountain ridge has been
thoroughly investigated in idealized numerical frameworks,
few studies have been devoted to the more challenging
issue of a conditionally unstable flow impinging on a
mountain range. Chu and Lin (2000) and Chen and Lin
(2005) performed idealized simulations for a conditionally
unstable flow over a two-dimensional mountain. Chu
and Lin (2000) identified three precipitation regimes: (1)
the convective system associated with a density current
propagates upstream; (2) the convective system is stationary
over the mountain peak, upslope or lee slope; (3) the
convective or mixed convective–stratiform precipitation
system over the mountain coexists with a downstream-
propagating convective system. The study of Chen and
Lin (2005, CL05 hereafter) added a fourth precipitation
regime flow with an orographic stratiform precipitation
system over the mountain. For a given Convective Available
Potential Energy (CAPE), the flow regime increases when
the Froude number (or wind speed) increases. Conversely,
for a given Froude number the flow regime decreases when
the CAPE increases. This can be interpreted in terms of
competition between the forcing associated with the flow
and the forcing associated with the cold outflow generated by
evaporation of falling precipitation. However, as recognized
by the authors, the relationship between the cold outflow
forcing and the CAPE is not straightforward. Moreover,
Miglietta and Rotunno (2009, MR09 hereafter) question the
validity of the Froude number as a parameter controlling
the precipitation regimes. Their simulations performed with
different wind speeds or different mountain heights but the
same Froude number lead to different precipitation regimes.
The prediction of the location of the heavy precipitation is
much more complex than reducing it in a two adimensional
number regime diagram. It is influenced by other factors,
such as the height of the condensation level, the slope of the
mountain and the time for which a convective cell travels

toward the mountain peak. The cold-pool propagation and
its facing against the upstream low-level flow also influence
the location of heavy precipitation. A balance between
both of these contributions leads to a stationary cold pool
and therefore to an upstream stationary convective system
(Miglietta and Rotunno, 2010).

These studies have considered a horizontally uniform
wind over a single 2D mountain ridge within a 2D (Chu
and Lin, 2000; CL05) or 3D (MR09) numerical simulation
framework. This simple framework fails to represent some
other key topographic characteristics of the Northwestern
Mediterranean area. The neighbouring mountain ranges
– Alps and Pyrenees for a low-level jet facing the Massif
Central – could bring additional forcing such as low-
level convergence induced by the deflection of the flow
around them or participate in the blocking of the cold
pool in the Rhône valley (Ducrocq et al., 2008). The
Mediterranean Sea, through its moisture and heat exchanges
with the atmospheric boundary layer, also modulates the
thermodynamic characteristics of the impinging low-level
flow (Lebeaupin et al., 2006). Bresson et al. (2009, BRD09
hereafter) performed idealized experiments in which the real
topography of the region is kept to investigate the behaviour
of a conditionally unstable low-level marine flow facing the
Massif Central. In contrast to the CL05 or MR09 studies,
the BRD09 numerical framework allowed us to simulate
upstream stationary convective systems, as observed in that
region. As in the previous studies, BRD09 found that larger
winds shift the stationary convective system toward the
mountain upslope. The influence of some other factors,
such as the moisture and CAPE, was also examined. The aim
of this present study is to explore further the behaviour of a
conditionally unstable flow over the complex northwestern
Mediterranean topography by taking a more systematic
approach than BRD09 in order to enlarge their results.
First, a larger range of wind speed and moisture content
will be explored. Also, the impact of the different mountain
ranges will be studied to understand better their role in
precipitation formation and sustenance.

This article is organized as follows: Section 2 describes the
experimental design, the results of the control and sensitivity
simulations are presented in section 3 and then discussed in
section 4 and concluding remarks are given in section 5.

2. Experiment design

2.1. Model set-up

The numerical simulations are carried out with a
three-dimensional version of the French Meso-NH non-
hydrostatic mesoscale numerical model (Lafore et al., 1998).
Meso-NH has already shown its capability to simulate HPEs
in either a real or idealized framework (Ricard, 2005; Nuissier
et al., 2008; Ducrocq et al., 2008; BRD09). For this study, the
domain is centred over the southeastern regions of France
and has a horizontal grid spacing of about 2.4 km (Figure 1).
It extends further south than in BRD09 simulations in
order better to represent convective cells triggering over
the sea. Moreover, islands are removed and replaced by
sea points to focus on the main mountain range effects.
The lateral boundary conditions do not evolve with time
and are identical to initial conditions during the entire
simulation. An open wave radiation condition (Carpenter,

Copyright c© 2012 Royal Meteorological Society Q. J. R. Meteorol. Soc. 138: 1751–1763 (2012)
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Figure 1. Initial conditions for the CTRL experiment in terms of water-
vapour mixing ratio (coloured areas) and horizontal wind (arrows) at
500 m ASL. Orography higher than 500 m ASL is hatched. Boxes with solid,
dotted and dashed lines are used for the time series seen in Figure 3, the
calculation of moist Froude number shown in Table 2 and the computation
of spatial average diagnostics shown in Table 3. This figure is available in
colour online at wileyonlinelibrary.com/journal/qj

1982) combined with a five-grid-point relaxation flow
scheme (Davies, 1976) are applied at the boundaries.

The Meso-NH version used here includes a bulk
microphysical scheme (Caniaux et al., 1997; Pinty and
Jabouille, 1998) governing the equations of the six
water species: water vapour, cloud water, rain water,
primary ice, snow aggregates and graupel. The turbulence
parametrization models the three-dimensional turbulent
fluxes based on a 1.5-order closure (Cuxart et al., 2000) and
a mixing length following the method of Bougeault and
Lacarrère (1989). The radiation parametrization is based
on the Rapid Radiative Transfer Model (RRTM) of the
European Centre for Medium-Range Weather Forecasts
(Mlawer et al., 1997). The solar hour is kept constant and
fixed to 1600 UTC to remove the effect of the diurnal
cycle in our simulations. A subgrid condensation scheme
is activated, but deep convection is explicitly resolved (no
deep convection parametrization).

2.2. Initial conditions

Since we are interested in the Cevennes area, our initial
conditions are designed to represent a 100 km wide moist
and conditionally unstable jet impinging on the southeastern
part of the Massif Central. A vertically uniform southerly
to southeasterly wind almost perpendicular to the main
Massif Central ridge is considered (Figure 1). The wind
speed is decreased from U0 at the central southeasterly-
oriented axis to U1 at the boundaries according to a
Gaussian shape (Figure 2(a)). This shape is quite different
from that used in BRD09 (i.e. linear profiles as a function
of height). Temperature and humidity conditions along
the central southeasterly-oriented axis are derived from
the sounding observed at Nı̂mes on 8 September 2002 at
1200 UTC (see figure 1(a) of BRD09) during the extreme
HPE over Gard. This sounding is near saturation at low
levels and conditionally unstable (CAPE = 400 J kg−1). As
for wind, water vapour is exponentially decreased from
r0(z), given by the Nı̂mes sounding, to αr0(z) at the
boundaries to focus moisture within the jet (Figure 2(b)).
Also, for water vapour there are differences between the

present horizontal moisture distribution and that used in
BRD09. The temperature is taken to be horizontally uniform.
The sea-surface temperature is set to Levitus (1982)’s
climatological value for the September month. For the
control (CTRL) simulation U0 = 20 m s−1, U1 = 5 m s−1

and α = 0.95 (Table 1).
To study the sensitivity to the wind speed and the

moisture content of the flow, two sets of simulations are
also carried out. For the first set, the wind speed U0 is
varied from 10 m s−1 to 40 m s−1 (Table 1; Figure 2(a)).
These simulations are hereafter denoted WXX, XX being
the value of U0. Then, for experiments Q85, Q90, Q100, the
parameter α is set to 0.85, 0.9 and 1, respectively (Table 1;
Figure 2(b)). The central value r0(z) is kept, so that the
differences between the initial states of the experiments
increase with distance to the central axis. They are designed
mainly to study the influence of the moisture content of
the flow facing the neighbouring mountain ranges (Alps,
Pyrenees). Another experiment is dedicated to studying the
influence of the moisture content within the low-level jet.
The C85 experiment is similar to Q85 at the boundaries
but lowered by about a tenth within the low-level jet, as the
central values of r0(z) are scaled by 0.85/0.95 in order to
keep the rate of mixing ratio between the central axis and
the boundaries to 0.95 as in the CTRL experiment (Table 1;
Figure 2(b)). Finally, the last set of simulations is designed
to study the influence of the mountain ranges by removing,
one by one, the different mountain ranges (Table 1).

3. Results

3.1. Control simulation (CTRL)

The control simulation, as well as all the other idealized
experiments presented in this study, succeeds in reproducing
a heavy precipitating MCS, reaching a quasi-stationary stage
after a transient phase of a few hours (see Figure 3).

Hereafter, the study focuses on the quasi-stationary phase
only. The precipitating system is organized in a 400 km
long south–north convective line, extending from the
Mediterranean Sea to the Massif Central foothills (Figure 4).
The heaviest cumulative precipitation, more than 100 mm
in 24 hours, spreads over quite a large area (20 × 103 km2).
The deep convective cells within the MCS are preferentially
located along the eastern edge of the system facing the
south–southeasterly flow. The maximum of accumulated
precipitation is located over the plains, reaching about
420 mm in 24 hours. The convective system is associated
with a low-level cold pool delineated in Figure 4 by the 294 K
virtual potential temperature isoline. The virtual potential
temperature drops down to 291 K inside the cold pool. The
surface winds, after having converged over the sea, rush
between the Pyrenees and the Massif Central and deflect
over the Alps. The cold-pool spreading is blocked between
the Massif Central and Alps foothills (Figure 4).

3.2. Sensitivity to the meteorological environment

3.2.1. Sensitivity to the wind speed

Figure 5 summarizes the effect of a more or less intense
wind based on the W10 and W40 experiments. With a
slower flow than in the CTRL experiment, the precipitating
system is located over the Sea (Figure 5(a)), whereas with
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(a) (b)

Figure 2. Horizontal profiles along the A–B vertical cross-section shown in Figure 1: (a) wind speed and (b) water-vapour mixing ratio for the numerical
experiments described in Table 1.

Table 1. Characteristics of the numerical experiments. See text for parameter description.

Experiments U0 (m s−1) Central axis α Model terrain
moisture value

CTRL 20 r0(z) 0.95 real
W10, W15, W30, W40 10, 15, 30, 40 r0(z) 0.95 real
Q85, Q90, Q100 20 r0(z) 0.85, 0.90, 1 real
C85 20 0.89 r0(z) 0.85 real
ALPS, PYREN, MC 20 r0(z) 0.95 without Alps, Pyrenees, Massif

Central

Figure 3. Time series of surface precipitation rates (mm h−1) for the CTRL
simulation averaged over the domain shown in Figure 1. (I) and (II) stand
for the transient and the quasi-stationary phases, respectively. This figure
is available in colour online at wileyonlinelibrary.com/journal/qj

a more rapid flow the system anchors further downstream
with a maximum of precipitation located over the Massif
Central slopes (Figure 5(b)). With a more rapid flow, the
MCS is more developed and the maximum of surface
precipitation is much more intense. The cold pool beneath
the convective system vanishes with a more intense flow.
In contrast, with a slower flow the precipitating system
is less spread and the surface precipitation maximum
weaker. The system also shifts to a southwest–northeast line
orientation.

In order to quantify further the intensity of the
precipitating system in the different experiments, the size
of the region affected by surface precipitation larger than
100 mm between 24 h and 48 h of simulation, as well as the
corresponding volume of precipitation received by this area,
is presented in Figure 6(a) and (b). Figure 6(c) shows the
size of the cold pool in the different experiments, defined
as the region where the virtual potential temperature at
36 m above ground level (AGL) is colder than 294 K. The

423mm

CTRL

Figure 4. Total hydrometeor content at 10 km (shaded areas, coloured in
the online article), 10 m horizontal wind (arrows) and 294 K contour line
for the virtual potential temperature at 36 m AGL (dashed line, red in
the online article) after 24 hours for the CTRL simulation, together with
100 mm contour line of the 24 h cumulative surface rainfall between 24 and
48 hours of simulation (solid black line), where the location and value of the
maximum are indicated by the black bullet and dashed frame. Orography
higher than 500 m ASL is hatched; the budget domain used for Figure 14
is drawn in a solid-line box. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

area affected by precipitation above 100 mm in 24 hours
increases with the speed of the environmental wind. The
volume of precipitation received by the corresponding areas
clearly increases with the flow speed, from 1.5 km3 for W10
to about 6 km3 for W40. The spread of the cold pool is not so
directly correlated with the flow speed, although no cold pool
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317mm

W10

948mm

W40

(a) (b)

Figure 5. As Figure 4, but for (a) W10 and (b) W40 experiments. This figure is available in colour online at wileyonlinelibrary.com/journal/qj
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Figure 6. (a) Size of the region affected by 24 h surface rainfall above 100 mm (accumulated between 24 and 48 hours of simulation) and (b) volume
of precipitation accumulated between 24 and 48 hours of simulation and above 100 mm. Panel (c) represents the size of the region where the virtual
potential temperature at 36 m AGL is colder than 294 K after 24 hours of simulation for W10, W15, CTRL, W30 and W40 experiments. The quantities
are calculated over the solid-line box shown in Figure 1.

is detected for wind speed U0 above 30 m s−1 (Figure 6(c)).
The largest and most intense cold pool is obtained for
moderate winds (U0 = 15 m s−1). It is worth mentioning
that this result occurs as a kind of balance between the
propagation of the cold pool and the environmental flow
advection was obtained. This point will be discussed in
section 4.3.

3.2.2. Sensitivity to moisture

When the lateral environment is drier than the CTRL
experiment (experiments Q85 and Q90), the precipitating

system anchors further upstream, with the maximum
of precipitation located over the sea (Figure 7(a)). The
precipitating system is less spread when the lateral moisture
is weaker (Figure 8(a)), but rainfall is more intense
(Figure 8(b)). The cold pool is also larger (Figure 8(c)),
extending further to the south (Figure 7(a)).

The Q100 experiment is initialized and forced with
a uniform horizontal distribution of humidity given
by the central axis profile. The lateral environment in
Q100 is thus more humid than the CTRL one. The
Q100 experiment produces a quasi-stationary MCS with
maximum of precipitation over the slopes of the Massif
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Figure 7. As Figure 4, but for (a) Q85, (b) Q100 and (d) C85 experiments. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

Central (Figure 7(b)) and without a significant cooling
beneath the precipitating system (Figure 8(c)). The system
shape, quite different from that of Q85, Q90 or CTRL, is less
extended, mainly settled over the relief and the plains, and
consists of different separated convective cells. Widespread
weak precipitation is also simulated along the Alps and
Spanish coasts. The size of the surface of the precipitation
region and the associated volume of precipitation are weaker
than the CTRL ones (Figure 8).

For the C85 experiment, the central profile values of
mixing ratio are reduced by about 10% and a lateral
drying is also applied to reach the lateral values of Q85
(Figure 2). It is thus a dry offset of the horizontal humidity
distribution used for CTRL. With respect to CTRL and
Q85, the MCS produced by C85 is less spread and the
maximum of precipitation is located over the Massif Central

slopes (Figure 7(c)). No cooling area is detected beneath
the system during the quasi-stationary phase (Figure 8(c)).
The surface affected by heavy rainfall and the precipitation
volume are about half the CTRL ones (Figure 8(a) and (b)),
although the maximum of precipitation is higher by about
110 mm.

3.2.3. Synthesis

Figure 9 presents a synthesis of the location of the
maximum of precipitation with respect to the environmental
flow characteristics. The heaviest precipitation is located
upstream of the mountain range with a slow flow whereas
with a rapid flow the heaviest precipitation is over
the Massif Central slopes. In a similar way, when the
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Figure 8. As Figure 6, but for Q85, Q90, CTRL, Q100 and C85 experiments.

Figure 9. Location of the maximum of 24 h surface rainfall totals for the
CTRL experiment (star), the wind sensitivity experiments (triangles) and
the humidity sensitivity experiments (dots). Circles indicate the occurrence
of a stationary cold pool in the simulation. The left arrow (green in
the online article) and right arrow (purple in the online article) indicate
respectively the decrease of U0 and increase of α. This figure is available in
colour online at wileyonlinelibrary.com/journal/qj

lateral environment is drier the heaviest precipitation is
located upstream whereas a humid environment favours
precipitation over the slopes. The cold pool is more
developed when the environment is slower or drier, whereas
no significant low-level cooling is obtained for a rapid or
moist environment. Similarities with some precipitation
regimes found in previous idealized numerical studies are
obtained: (1) a quasi-stationary convective system over the
upstream side of the ridge with no cold pool is present
with large values of wind speed in CL05 and MR09; (2)
the maximum of precipitation located upstream of the
mountain range associated with a cold pool is obtained for a
moderate wind-speed environment in MR10 for low CAPE.

4. Discussion

The previous studies, based on purely idealized simulations,
have identified several mechanisms that explain the location
and intensity of the precipitation within a conditionally
unstable flow impinging on a mountain ridge. The extent
to which the conclusions of these studies apply to our more

real-world idealized simulations is the question addressed
in this section.

4.1. Effects of orography

The intensity of the direct orographic lifting of the Massif
Central is proportional to the speed of the impinging
flow. The higher precipitation rate in W40 than in W30
is thus consistent with more intense orographic lifting. For
the other experiments with slower environmental winds,
the relationship between the precipitation rate and the
intensity of the direct orographic lifting is less obvious,
as the maximum rainfall is located upstream of the
mountain range. In order to highlight the role of the Massif
Central, it has been removed in the MC experiment. Other
parameters are identical to the CTRL ones. The maximum
of precipitation is found at almost the same location in
MC as in CTRL (Figure 10(a); compare this with Figure 4).
Thus, direct orographic lifting is not the main triggering
mechanism in moderate to slow wind regimes. The rainfall
totals are, however, significantly weaker than the CTRL ones
and thus the Massif Central contributes to enhancement of
the precipitation totals.

The role of the Alps and Pyrenees is highlighted with
the experiments ALPS and PYREN, which remove the Alps
and the Pyrenees, respectively. The results of the PYREN
experiment are very close to the CTRL ones for the main
quasi-stationary system (Figure 10(b)). The main role of
the Pyrenees is to prevent the formation of convective cells
over the southern part of Massif Central. Without the Alps,
the maximum of precipitation is located at the same place
as in CTRL (Figure 10(c)) but the volume of rainfall is
reduced by about a factor of 2 (Figure 11(b)). One common
characteristic between ALPS and MC is that the cold pool
spreads over a larger surface (Figure 11(c)) but its depth is
smaller. The Alps or/and the Massif Central thus have a role
in blocking the cold pool against the mountains.

The ALPS and to a lesser extent the PYREN experiments
also point out the role of the highest and neighbouring
mountain ranges (Alps and Pyrenees) in deflecting low-level
southeasterly winds. To illustrate this, Lagrangian parcels
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Figure 10. As Figure 4, but for (a) MC, (b) PYREN and (c) ALPS experiments. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

have been launched from four juxtaposed 90 km width and
500 m depth near-surface boxes in the CTRL and ALPS
simulations and have been followed over 9 hours (Schär
and Wernli, 1993; Gheusi and Stein, 2002; Figure 12). In
the ALPS experiment the plumes of Lagrangian parcels
have a straight path. Note that the parcels from the eastern
boxes have a shorter path, as the winds decrease from the
central axis to the eastern side of the domain. For the CTRL
experiment, the plumes from these eastern boxes deviate
to the west along their path and thus show evidence of
deflection of the flow by the Alps and the resulting low-level
convergence. The potential of a moist flow to go over a
mountain or around can be characterized through the moist

Froude number Frw (Chen and Lin, 2005), defined as

Frw =
∫ hm

0 U(z) dz

hm
∫ hm

0 Nv(z) dz
, (1)

with U the wind speed, hm the characteristic height of the
mountain and Nv the Brunt–Väisälä frequency for moist air.

When Frw < 1, the ‘flow around’ regime is favoured,
whereas flow over the mountain range is favoured when
Frw > 1. The moist Froude number was computed over
boxes (drawn as dotted lines in Figure 1) upstream of the
three mountain ranges: Alps, Massif Central and Pyrenees,
respectively. The characteristic heights used for Massif
Central, Pyrenees and Alps are 1200, 1800 and 3000 m,
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Figure 11. As Figure 6, but for CTRL, ALPS, PYREN and MC experiments.

Table 2. Moist Froude number for the characteristic height of each relief (1200 m for Massif Central, 1800 m for the Pyrenees and 3000 m for the Alps)
averaged over the dotted-line boxes shown in Figure 1, after 3 h.

Simulations CTRL W10 W15 W30 W40 Q85 Q90 Q100 C85

Massif Central 1.60 0.86 1.21 2.31 3.03 1.65 1.62 1.59 1.70
Pyrenees 0.33 0.30 0.31 0.37 0.40 0.26 0.29 0.40 0.26
Alps 0.17 0.15 0.16 0.18 0.20 0.14 0.15 0.19 0.12

respectively. The averaged values of Frw over the boxes are
listed in Table 2 for all simulations. Upstream of the Alps,
Frw is smaller than 1 for all simulations, suggesting deflection
of the low-level flow around Alps in all the experiments. As
expected, Frw values are smaller when the upstream flow is
slower or drier. This results in more deflection and thus low-
level convergence of the flow as illustrated by the plumes of
parcels for the Q85 simulation (Figure 12).

The Froude number of the flow facing the Massif Central
is larger than 1 for most of the simulations and always
larger than the values for the Alps and Pyrenees, due to a
smaller mountain height and larger winds and humidity in
the central part of the flow facing the Massif Central. Flow
over Massif Central is thus favoured in all simulations except
for the W10 simulation.

4.2. Low-level cold pool

Besides the direct orographic forcing and the deflection-
induced low-level convergence, the low-level cold pool is
another lifting mechanism that operates in the simulations.
The cold pool forces the low-level air parcels at its leading
edge up to their level of free convection. In order to
illustrate this mechanism, 6 h backward trajectories for
parcels selected at 9 km altitude in the convective part
of the system have been performed (Schär and Wernli,
1993; Gheusi and Stein, 2002). These backward trajectories
indicate the past evolution of a selected particle. Figure 13
shows such a trajectory for the Q85 experiment, which is
the experiment with the largest cold pool. Six hours prior,
the parcel was within the very low layer on the southeastern

side of the domain. The parcel was transported at the
same level by the environmental southeasterly winds until it
encountered the leading edge of the cold pool, where it was
lifted up to 9 km in under 30 minutes.

This cold pool is due to rainfall evaporation in the
subsaturated layer beneath the convective system. In-
line budgets have been performed within the simulated
convective systems to quantify the rainfall evaporation and
its impact on the cold-pool strength. Rain evaporation
and thus cooling are maximum around 1.5 km altitude
(Figure 14(a)). The maximum cooling rate is obtained for
the Q85 experiment, in agreement with the coldest and
largest cold pool obtained for this simulation. As Q100 is
less subsaturated than the Q85, Q90 and CTRL experiments,
the cooling rate is significantly weaker in Q100, in agreement
with a less developed cold pool. For the C85 experiment,
although the environment is more subsaturated than the
CTRL one, the cooling rate is weaker (Figure 14). This can
be explained by less convective activity and thus less rainfall
to evaporate (Figure 7(c)).

4.3. Parameter study

Even though in all simulations a stationary convective
system is obtained, the dominant lifting mechanism is
different from one simulation to another. The dominant
lifting mechanism is strongly related to the location of the
system (over/upstream of the mountain). In the 2D idealized
simulations of MR09, the location of the cells was explained
by the ratio between the advective time-scale τa = a/U
(with a the width of the mountain ridge) to the time-scale
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(a) (b)

(c)

ALPS CTRL

Q85

Figure 12. Time series (9 h duration) of plumes of Lagrangian parcels originally in boxes of 90 km width at 18ḣ for (a) ALPS, (b) CTRL and (c) Q85
experiments. Orography above 500 m is hatched. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

representative of the convective cell τc = ht/CAPE1/2 (with
ht the tropopause height). The intensity of the rainfall was
related to τa/τc, hm/LFC (triggering needed) and Uhm/a
(orographic forcing). These parameters have been estimated
in our study for upstream conditions. The central part of the
low-level flow is considered as upstream conditions (dashed
box in Figure 1). Table 3 lists the values of several parameters
characterizing the upstream conditions: the level of free
convection (LFC), CAPE, Downdraft Convective Available
Potential Energy (DCAPE), CAPE1/2/U , DCAPE1/2/U and
NvLFC/U . CAPE1/2/U is proportional to τa/τc, as a and
ht do not vary in our simulations. The location of the

precipitating systems seems, on the whole, correlated to
τa/τc as proposed by MR09 (Table 3). The convective
system is located upstream of the mountain slope for
larger values of the ratio (W10, W15, CTRL, Q90) and
over the mountain slopes for smaller values of the ratio
(W40, C85, W30). With large values of U (W30, W40),
there is not enough time for development of convective
updraughts and for downward transport of parcels to cool
significantly before they reach the mountain range. No cold
pool is thus present. In addition, deflection by the Alps
is not favoured with large wind values. Direct orographic
forcing is thus the dominant lifting mechanism. It is worth
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Figure 13. Panel (a) depicts the 6 h backward trajectory of a parcel at 9 km in the convective part after 30 h of simulation, superimposed on virtual
potential temperature at 36 m AGL. Panel (b) depicts its projection along the vertical cross-section A–B superimposed on the total hydrometeor content
(shaded areas, coloured in the online article) and θv < 294 K. Orography above 500 m is shown hatched in (a). This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

Figure 14. Rainfall evaporation contribution to (a) the water-vapour budget and (b) the temperature budget of C85, Q85, CTRL and Q100 experiments,
respectively, computed for the boxes shown in Figures 7(c), 7(a), 4 and 7(b), after 24 h.

mentioning that the CAPE value increases with wind speed
in our experiments, even though the same thermodynamic
conditions are applied at lateral boundaries. This results
from the increase with wind of latent heat and sensible
heat surface fluxes along the low-level parcel paths over
the sea domain that further destabilize the near-upstream
conditions. With low to moderate values of U (W10, W15,
CTRL), there is more time for convective cells to develop
and for the cold pool to form by evaporation of rain from
precipitating convective cells. The main mechanism for
continuous cell development is thus the lifting at the leading
edge of the cold pool.

For the C85 experiment, the uplift required to
trigger convection is more important than for the other
experiments, as the LFC value for C85 is the highest. Enough
orographic lifting is thus needed to trigger convection.
In addition, as CAPE is weaker, convective updraughts
are also weaker and convective cells take more time to
develop with respect to the advective time. However, for the
other experiments varying the humidity (Q85, Q90, CTRL,
Q100), location and intensity of the convective systems are

not simply linked to τa/τc, hm/LFC (triggering needed) or
Uhm/a (orographic forcing) as proposed initially in MR09.
These experiments indeed have almost the same values of
these parameters, but different locations of the heaviest
precipitation. Noting that quasi-stationary cold-pool and
convective systems are obtained when the density current
and the environmental flow approximately counterbalance
each other, MR10 suggested that two other non-dimensional
parameters have to be considered, especially with a lower
CAPE environment: DCAPE1/2/U , which represents a
measure of the propagation of the cold pool with respect to
the environment flow advection, and NvLFC/U , a measure
of the flow deceleration induced by the cold pool; MR10
found that for low CAPE these two parameters have a
specific value in simulations where the density current and
the environmental flow approximately counterbalance each
other. However, in our simulations the same location of
the convective system and strength of the cold pool are
obtained with very different values of DCAPE1/2/U and
conversely a different location of the convective system
and strength of the cold pool are obtained with the same

Copyright c© 2012 Royal Meteorological Society Q. J. R. Meteorol. Soc. 138: 1751–1763 (2012)

1.2. PUBLICATIONS MAJEURES POUR LA SOUTENANCE DE L’HABILITATION À DIRIGER DES RECHERCHES87



1762 E. Bresson et al.

Table 3. Level of free convection (LFC), Convective Available Potential Energy (CAPE), Downdraft Convective Available Potential Energy (DCAPE),
CAPE1/2/U , DCAPE1/2/U and NvLFC/U for the upwind profile averaged over the dashed-line domain shown in Figure 1, after 24 hours of simulation.

Simulations CTRL W10 W15 W30 W40 Q85 Q90 Q100 C85

LFC (hPa) 980 980 980 980 980 979 980 980 967
CAPE (J kg−1) 752 640 698 875 976 765 774 740 358
DCAPE (J kg−1) 219 228 221 220 206 212 215 234 245
CAPE1/2/U 1.38 2.53 1.76 0.96 0.75 1.36 1.36 1.36 0.87
DCAPE1/2/U 0.74 1.51 0.99 0.49 0.36 0.73 0.73 0.77 0.78
NvLFC/U 0.22 0.53 0.33 0.12 0.08 0.22 0.22 0.23 0.22

value of DCAPE1/2/U and NvLFC/U (Q85, Q90, CTRL).
In addition, simulations with more intense cold pools do
not necessarily have the largest DCAPE and thus the largest
ratio DCAPE1/2/U . These results confirm that it is not
possible to determine from only the five adimensional
parameters proposed by MR10 the location and intensity
of the convective system in our more complex idealized
environment. These differences between MR09/MR10 and
our study can arise from different upstream soundings.
The low-level convergence induced by the neighbouring
mountain ranges is missing in the MR09/MR10 idealized
framework. In addition, MR09/MR10 used a uniform
horizontal environment, whereas this is not the case in
our simulations. It is thus more difficult to define a
single value for each adimensional parameter characterizing
the simulations. For instance, we also calculated these
parameters (not shown) in the dotted boxes upstream of
the Alps and Pyrenees seen in Figure 1. The parameter
values for these boxes are quite different from those over the
central axis. For instance, for the CTRL experiment, CAPE
and DCAPE are larger by more than 150 J kg−1 for the Alps
box, whereas LFC is slightly higher. Nevertheless, similar
values of DCAPE1/2/U and NvLFC/U are still found for
experiments having different location and strength of the
cold pool (Q85, Q90, CTRL).

5. Conclusion

The present study examines the interaction of a moist condi-
tionally unstable flow with the Northwestern Mediterranean
complex terrain, based on idealized simulations. Sensitivity
experiments were carried out to study the influence of the
characteristics of the impinging flow. Two different locations
and characteristics of the quasi-stationary mesoscale convec-
tive system were obtained: (1) the heaviest precipitation over
the Massif Central slopes and (2) a quasi-stationary convec-
tive system associated with a cold pool located upstream of
the mountain range. The system over the mountain-slope
regime is obtained with rapid flow facing the Massif Central
or a moist environment. Slower flow or a drier lateral envi-
ronment favour systems over the plain or the Mediterranean
Sea.

The dominant mechanisms underlying these two types of
MCS regime are (1) direct orographic triggering for systems
over the Massif Central and (2) cold-pool triggering for
upstream systems. In addition, the neighbouring mountains
interplay through the deflection of the flow and low-level
convergence enhancement favoured by a slow or dry lateral
environment. They also contribute to cold-pool blocking
within a valley. Our more ‘real-world’ idealized simulations
allow us to highlight such contributions with respect to
past highly idealized experiments. Both true terrain and

non-uniform flow are mandatory. It is therefore difficult to
summarize the relationship between the flow characteristics
and the location and intensity of the precipitating system by
a few adimensional numbers.

This present study focused only on some characteristics
of the low-level flow impinging on the Cévennes region
(southeastern part of the Massif Central). To enlarge
these results, it would be interesting to consider other
factors controlling the location and intensity of heavy
precipitation over this area by performing additional
sensitivity experiments. For instance, a sheared flow (with
vertical wind shear in both speed and direction instead of
a vertically uniform wind) could be introduced as an initial
condition. Indeed, it is recognized that rotation of winds with
altitude can favour the decoupling of inflow/updraughts and
precipitation/downdraughts and therefore the maintenance
of convective systems. Furthermore, the sensitivity to the
position and direction of the low-level jet with respect to the
Massif Central could be studied by slightly veering or shifting
the maximum wind and humidity axis northeastwards or
southwestwards (i.e. turned around or uncentred with
respect to the Cévennes region). These results will be
examined and discussed in forthcoming articles.

Despite a simplified low-level flow, this study suggests
that a good description of the mesoscale characteristics of
the impinging flow over the Northwestern Mediterranean
region is key for accurate prediction of the location of
quasi-stationary precipitating systems. It is one goal of
the Hydrological cycle in the Mediterranean EXperiment
(HyMeX, http://www.hymex.org) field campaign in autumn
2012, which will be dedicated to the study of heavy
precipitation in the Northwestern Mediterranean. The
present study guides the design of the research instrument
deployment plan within HyMeX.
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Correspondence to:B. Vié (benoit.vie@meteo.fr)

Received: 28 February 2012 – Revised: 26 June 2012 – Accepted: 6 July 2012 – Published: 21 August 2012

Abstract. An assessment of the performance of different
convection-permitting ensemble prediction systems (EPSs)
is performed, with a focus on Heavy Precipitating
Events (HPEs). The convective-scale EPS configuration in-
cludes perturbations of lateral boundary conditions (LBCs)
by using a global ensemble to provide LBCs, initial condi-
tions (ICs) through an ensemble data assimilation technique
and perturbations of microphysical parameterisations to ac-
count for part of model errors. A probabilistic evaluation is
conducted over an 18-day period. A clear improvement is
found when uncertainties on LBCs and ICs are considered
together, but the chosen microphysical perturbations have no
significant impact on probabilistic scores.

Innovative evaluation processes for three HPE case studies
are implemented. First, maxima diagrams provide a multi-
scale analysis of intense rainfall. Second, an hydrological
evaluation is performed through the computation of dis-
charge forecasts using hourly ensemble precipitation fore-
casts as an input. All ensembles behave similarly, but dif-
ferences are found highlighting the impact of microphysical
perturbations on HPEs forecasts, especially for cases involv-
ing complex small-scale processes.

1 Introduction

The north-western Mediterranean basin is frequently hit by
Heavy Precipitating Events (HPEs), mainly during the fall.
The mesoscale convective systems associated with these
HPEs typically produce over 200 mm in 6–24 h. Such in-

tense rainfall events occurring over the small and steep
Mediterranean hydrological catchments can trigger catas-
trophic flash-floods, threatening both people and property.
The most dramatic of these events have been extensively
studied (seeBuzzi et al., 1998; Nuissier et al., 2008; Ducrocq
et al., 2008, among others). It was shown that their pre-
dictability is strongly affected by the complex interactions of
different small scale processes, such as convective instability
or microphysical processes.

Thus, although Convection-Permitting Models (CPMs)
simulate realistic precipitating systems, forecasting those
systems precisely remains a great challenge, and still the
hydrological runoff forecasts for such small catchments are
very sensitive to both the rainfall maximum intensity and lo-
cation. It is, therefore, essential to evaluate the uncertainty of
convective-scale forecasts.

Ensemble prediction is now a well-known tool for quan-
tifying uncertainties of weather forecasts. While global,
medium-range Ensemble Prediction Systems (EPSs) are op-
erational since the 1990s to assess the predictability of large-
scale atmospheric flows, the design of convection-permitting
EPSs adapted to the evaluation of the predictability of lo-
cal, high-impact weather is still at an early stage. The differ-
ent sensitivity to Initial Conditions (ICs), the faster growth
of convective-scale perturbations due to the more nonlinear
physical parameterisations, the need to account for the uncer-
tainty of the Lateral Boundary Conditions (LBCs), as well as
the much higher computing time required by CPMs make it
difficult to adapt the methods used to generate global EPSs.
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Thus, the design of a convection-permitting EPS remains an
open question.

Recent studies on convection-permitting EPSs have ex-
plored various techniques to generate ensembles.Hoheneg-
ger et al. (2008) compared different downscaling proce-
dures to generate both ICs and LBCs for their convection-
permitting EPSs and found that the added value of the CPM
forecasts varied with the synoptic-scale conditions. For their
model set-up, the impact of uncertainty on LBCs became
predominant after 12 h.Hohenegger and Schär (2007a) fo-
cused on the impact of differences in the initial conditions
and compared a shifted initialisation technique to perturba-
tions in the initial temperature field. They showed that all
methods had a similar impact and identified the same region
of lower predictability.Gebhardt et al.(2011) designed three
ensembles to sample the uncertainties on LBCs and model
physics, separately at first, and then together. They found
that physics perturbations are dominant over the first 4 to
6 h of simulation. The LBCs have generally more impact
on the convection-permitting ensemble spread after 6 h, al-
though in some cases physics perturbations have a strong im-
pact on longer forecast ranges as well. They also concluded
that sampling both sources of uncertainty together increased
the ensemble quality.Fresnay et al.(2012) studied the sensi-
tivity of a CPM to the auto-conversion, accretion and evap-
oration tendencies, for a Mediterranean HPE. Perturbations
of these microphysical tendencies mostly impacted rainfall
intensity, but sometimes displaced the precipitating systems
as well.Clark et al.(2009, 2010), using data from the 2007
NOAA Hazardous Weather Testbed Spring Experiment, dis-
cussed the factors influencing the growth of ensemble spread
and highlighted the value of convection-permitting ensemble
forecasts compared to regional EPSs, despite the lower num-
ber of members.

Vi é et al. (2011) assessed the relative impact on CPM
forecasts of uncertainties associated with convective-scale
ICs and synoptic-scale LBCs. Comparing distinct ensembles
over both a 1-month period and case studies of HPEs, they
showed that the impact of these two sources of uncertainty
were different. Initial perturbations mostly impact short fore-
cast ranges, while uncertainty coming from the LBCs rapidly
becomes predominant (after 12 h in their experiment set-up)
and accounts for most of the ensemble spread. However,
even if initial perturbations have generally little impact be-
yond 12 h, they remain important for some of the HPE case-
studies. Both ensembles had satisfying probabilistic scores,
but suffered from a strong lack of spread, especially for low-
level parameters, known to strongly influence Mediterranean
HPEs.

The present work assesses the benefit of accounting for
these two sources of uncertainty in a single convection-
permitting EPS, both in terms of ensemble spread and prob-
abilistic scores. In an effort to sample model errors, a
convection-permitting ensemble including perturbations of
the microphysics scheme is also evaluated.

Table 1.Characteristics of the different ensemble experiments.

Experiment LBCs Data Microphysical
name assimilation perturbations

E1 PEARP EPS Unperturbed obs. No
E2 ARPEGE deterministic fc. Perturbed obs. No
E3 PEARP EPS Perturbed obs. No
E4 PEARP EPS Perturbed obs. Yes

Designing and comparing convection-permitting EPSs for
rare, high-impact events also raises the question of proba-
bilistic forecast verification and evaluation. In addition to
the common probabilistic evaluation using ensemble scores
such as rank histograms and Relative Operating Character-
istics (ROC) curves, an innovative evaluation is performed
over three case studies of Mediterranean HPEs. The com-
putation of maxima diagrams provides a multi-scale assess-
ment of simulated and observed rainfall, as inCeresetti et al.
(2012), in relation with the structure of the precipitating sys-
tems. Precipitation forecasts are also used as input for hydro-
logical ensemble runoff forecasts, to assess the value of our
ensembles for flash-flood forecasting.

This paper is structured as follows. In Sect. 2, the fore-
casting system is detailed. Section 3 presents the results of
the probabilistic evaluation of the ensemble forecasts over an
18-day period. The evaluation of the ensembles for the three
case studies is performed in Sect. 4, using both maxima dia-
grams and hydrological discharge forecasts. Conclusions are
drawn in the last section.

2 Methodology

2.1 The convection-permitting model AROME

The operational CPM Application of Research to Operations
at MEsoscale (AROME) from Ḿet́eo-France was used in this
study. The AROME forecasting system is extensively de-
scribed inSeity et al.(2010). It is based on adiabatic, non-
hydrostatic equations from the limited-area ALADIN model.
An horizontal grid-spacing of 2.5 km and 41 vertical levels
are used. AROME uses physical parameterisations from the
research model Meso-NH (Lafore et al., 1998), including a
bulk, one-moment microphysics scheme followingCaniaux
et al.(1994) which represents six water species. An eddy dif-
fusivity Kain-Fritsch (EDKF) scheme (Pergaud et al., 2009)
is used for shallow convection parameterisation, and the tur-
bulent scheme followsCuxart et al.(2000).

AROME has its own 3D-VAR data assimilation scheme,
with background and observation statistics adapted to its fine
resolution (Yan et al., 2009; Boniface et al., 2009). Ground-
based observations, as well as satellite data and doppler ra-
dial winds from the weather radar network are assimilated.
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Table 2.Multiplying factors applied to the auto-conversion, accretion and evaporation tendencies, for each member of the E4 ensemble.

Ens. member 0 1 2 3 4 5 6 7 8 9 10

Autoconversion 1 0.75 0.75 0.75 0.75 1.25 1.25 1.25 1.25 1 1
Accretion 1 0.75 0.75 1.25 1.25 0.75 0.75 1.25 1.25 1 1

Evaporation 1 0.75 1.25 0.75 1.25 0.75 1.25 0.75 1.25 0.5 1.5

Table 3.Brier Skill Score computed for different precipitation thresholds for the E1, E2 and E3 ensembles. The reference is the deterministic
AROME forecast. Bold numbers for each threshold show the best performing ensemble.

threshold (mm) 0.5 2 5 10 20 30 40 50 75 100

E1 0.33 0.29 0.27 0.26 0.33 0.35 0.36 0.27 0.29 0.26
E2 0.29 0.28 0.27 0.22 0.23 0.26 0.26 0.23 0.31 0.31
E3 0.35 0.31 0.29 0.26 0.33 0.38 0.38 0.29 0.34 0.33

2.2 The ensemble forecasts

Clark et al. (2011) showed that most of the probabilistic
quantitative precipitation forecast skill for a convection per-
mitting ensemble is obtained with around 10 members for
forecast lead times up to 30 h. All the ensembles described
below are composed of 11 parallel AROME data assimila-
tion cycles, with a 3-hourly data analysis frequency. One 24-
h forecast is issued each day at 12:00 UTC. Two ensembles
sample the uncertainty separately on LBCs and convective-
scale ICs. Another ensemble combines the representation of
both uncertainty sources, the last one also accounts for part
of model uncertainty as well as through the perturbation of
microphysical tendencies. Table1 summarises the character-
istics of these four ensembles.

The E1 ensemble (named AROME-PEARP2 inVi é et al.,
2011) samples the uncertainty coming from the imper-
fect LBCs by driving the 11 AROME data assimilation
cycles and forecasts with the members of the Mét́eo-
France global, short-range EPS, called Prévision d’Ensemble
ARPEGE (PEARP). The PEARP members are first down-
scaled using the regional model ALADIN to prevent a
large gap in resolution. The E2 ensemble (named AROME-
PERTOBS in Vi é et al., 2011) assesses the impact of
uncertainty on convective-scale ICs through an ensemble
data assimilation technique, as inBerre et al.(2006) and
Houtekamer et al.(1996). The analysis error is sampled
by the cycled assimilation of randomly perturbed observa-
tions (every 3 h), creating different ICs for each of the 11
E2 forecasts. Each member has LBCs provided by the oper-
ational, deterministic ALADIN forecast.

The E3 ensemble combines the two methods to generate
an ensemble accounting for both uncertainty on the LBCs
and the ICs at convective scale. Each of the 11 members of
E3 uses randomly perturbed observations in its data assimila-
tion cycle, as in E2, and uses LBCs provided by one member
of the PEARP ensemble as in E1. Figure1 describes the nu-
merical set-up for the E3 ensemble. The 24-h forecasts issued

daily at 12:00 UTC, and the preceding assimilation cycles,
are drawn in black. Running assimilation cycles are shown
in light grey.

Based on the E3 ensemble, E4 in addition accounts for
model errors in its representation of forecast uncertainty. Per-
turbations of the warm rain microphysical parameterisation,
as inFresnay et al.(2012), are introduced during the data as-
similation and forecasts. Auto-conversion of cloud droplets
into raindrops, accretion of cloud droplets by raindrops and
rain evaporation processes are perturbed by applying a multi-
plying factor to each tendency. This factor is constant in both
space and time, that is, for one given member of the ensem-
ble, the multiplying factor is the same at each grid point and
throughout the whole data assimilation and forecast period.
The perturbations selected for each member ranged from 0.5
to 1.5 (Table2).

An ensemble, E5, has been specifically designed to study
the impact of microphysical parameterisation perturbations
alone, using a single set of initial and lateral boundary con-
ditions for all members.

3 Statistical evaluation

The ensembles are evaluated over the same period used in
Vi é et al.(2011), which corresponds to 18 consecutive days,
from 15 October 2008 to 1 November 2008 inclusive. This
period includes days with different atmospheric conditions.
Precipitation and lightning observations (not shown) indicate
that convective activity occurred on 20–24 October 2008 and
from 30 October to 1 November 2008. The statistical evalu-
ation of our ensembles was carried out for 24-h accumulated
precipitation, surface and low-level parameters. Definition of
the scores used in this study can be found inVi é et al.(2011).

Rank histograms are a measure of ensemble spread. An
ensemble with an adequate spread would produce a flat his-
togram, a U-shaped histogram highlights a lack of spread
in the ensemble forecast. Figure3 shows rank histograms

www.nat-hazards-earth-syst-sci.net/12/2631/2012/ Nat. Hazards Earth Syst. Sci., 12, 2631–2645, 2012
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Fig. 1. The E3 ensemble experiment. Each nested model run is schematised along one row. Each plain (thick) arrow indicates the behavior
of the eleven ensemble members (x11) short (long) runs. Their coupling along time is figured by the vertical dashed arrows. Each PEARP
member provides LBCs to one ALADIN downscaling forecast, itself providing LBCs to one AROME data assimilation cycle with data
analysis using randomly perturbed observations (stars) every 3 h. Each day, 24-h AROME forecasts are run at 12:00 UTC. The continuing
assimilation cycles after 12:00 UTC are shown in light grey.

for the three ensembles E1, E2 and E3, computed for wind
speed at 925 hPa, against the operational AROME analysis,
for forecast ranges of 3, 6, 12 and 24 h. Although the E3
ensemble is still under-dispersive at all forecast ranges, the
combined use of the ensemble data assimilation technique
and different coupling conditions for each member clearly
yields a better spread than each method used separately. It is
especially interesting that the improvement is larger for in-
termediate forecast ranges (6 to 12 h), when the impact of
initial spread is already largely reduced and the use of differ-
ent LBCs begins to produce significant spread.

Brier Skill Scores (BSS) computed for different thresh-
olds of 24-h accumulated precipitation, using the operational
deterministic AROME forecast as reference, are shown in
Table 3. A perfect forecast has BSS = 1. Positive BSSs for
all three ensembles and every threshold highlight the added
value of a probabilistic forecast compared to a single deter-
ministic forecast. The E3 ensemble has better scores than any
of the other two ensembles for each precipitation threshold
(equal to E1 for 10 and 20 mm), which again shows the ben-
efit of sampling both sources of uncertainty simultaneously.

Relative Operating Characteristics (ROC) and reliability
diagrams (computed for precipitation intervals of 0< 0.5 <

2 < 5 < 10< 20< 50< +∞, and wind intervals of 0< 1 <

2 < 4 < 6 < 8 < 10< +∞) are shown in Fig.4 for 24-h
accumulated precipitation and 10-m wind speed, computed
against ground-based observations (hourly rainfall amounts
provided by automated raingauges, 10-m wind speeds mea-
sured by automated land-surface stations). ROC curves for
E1 and E3 are very close, both for wind speed and pre-
cipitation. Both ensembles, thus, have a similar resolu-
tion. However, reliability diagrams, especially for precipita-
tion (Fig. 4c), show that the E3 ensemble has a better relia-
bility.

Figure4 also shows that the addition of microphysical ten-
dencies perturbations in the E4 ensemble has very little im-
pact on the probabilistic scores. This is confirmed by rank
histograms shown in Fig.5 among other scores and param-
eters computed for this ensemble (not shown). The micro-
physical perturbations applied in the E4 ensemble focus only
on warm microphysical processes. Thus, one can expect an
impact of these perturbations for precipitating days, much
less for days with no rain. For this reason, no significant ef-
fect was found on probabilistic scores applied to the whole
period.
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Fig. 1. The E3 ensemble experiment. Each nested model run is schematized along one row. Each plain (thick) arrow indicates the

behavior of the eleven ensemble members (x11) short (long) runs. Their coupling along time is figured by the vertical dashed arrows.

Each PEARP member provides LBCs to one ALADIN downscaling forecast, itself providing LBCs to one AROME data assimilation

cycle with data analysis using randomly perturbed observations (stars) every 3 h. Each day, 24-h AROME forecasts are runat 1200

UTC. The continuing assimilation cycles after 1200 UTC are shown in light grey.
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Fig. 3.Rank histograms for the 925-hPa wind speed from 15 October 2008 to 1 November 2008 at a forecast range of(a) 3, (b) 6, (c) 12 and
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4 Heavy Precipitating Events case studies

During this 18-day period, three HPEs occurred on 20,
21–22 October and 1–2 November 2008, as evidenced by
the 24-h accumulated precipitation observations for these
events (Fig.2).

On 20 October 2008 (Case 1), a quasi-stationary MCS
formed over the plain upstream of the Massif Central
foothills, between 13:00 UTC and 17:00 UTC. Synoptic
scale conditions showed only a weak baroclinic activity and
the MCS was driven mainly by mesoscale mechanisms in-
volving interaction with a low-level cold pool. Due to the
convective activity beginning around 06:00 UTC, 24-h en-
semble forecasts were issued at 00:00 UTC for this case, to
simulate the whole event.

On 21–22 October 2008 (Case 2), localised convective
cells formed between 10:00 UTC an 16:00 UTC over the
Massif Central, ahead of a cold front moving south-eastward.
Then, convective activity decreased with the cold front ap-
proaching south-eastern France, to evolve into an organised
convective line from 21:00 UTC. The convective system
merged with the cold front and intensified until 06:00 UTC,
then the system decayed and moved south-eastward over the
sea. This system produced 450 mm of precipitation in 24 h
locally.

On 1–2 November 2008 (Case 3), convection formed in
connection with a large trough over western France. A very

strong low-level jet, bringing moist, unstable air, was lifted
by the Massif Central. An upper-level low, at the west of the
region, induced a strong divergent flow over south-eastern
France. Rainfall amounts up to 365 mm in 24 h were ob-
served.

4.1 Ensemble precipitation forecasts

Figure6a–c shows the ensemble average and spread of 24-h
accumulated precipitation forecasts for Case 3, for the E1,
E3 and E4 ensembles, respectively. There are only minor
differences between the three ensembles. Since this case is
largely driven by the synoptic-scale forcing, it was expected
that members using the same LBCs would behave similarly,
and perturbations of initial conditions or physics parameteri-
sations have little impact. For some members, the difference
between E1 and E3 is slightly greater than between E3 and
E4. For instance, for member 4 (Fig.6d–f), E3 and E4 have
similar maximum precipitation accumulation, a little higher
than in E1, and both produced a secondary precipitation line
south-east of the main precipitation area.

Case 2 involves both mesoscale processes and interac-
tions with synoptic-scale conditions. Figure7 shows ensem-
ble averages of 24-h accumulated precipitation (a–c) and
individual forecasts from members 8 and 9 (d–i). There
are more significant differences between ensembles for this
case, showing the greater impact of perturbations on initial
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Fig. 4. ROC curves for precipitation thresholds of(a) 0.5 and(b) 10 mm and for 10-m wind speed thresholds of(d) 2 and(e) 5 m s−1.
Reliability diagrams for(c)precipitation and(f) 10-m wind speed.
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conditions than for Case 3. E1 produces higher rainfall totals,
as shown by the ensemble mean, as well as forecasts from
members 8 and 9. For all ensembles, the ensemble spread
reaches similar values and is colocated with maximum rain-
fall amounts, but E3 and E4 have a slightly more extended
20 mm spread region. Differences between the E3 and E4
ensembles remain small, and are especially much smaller
than between E1 and E3 (see for instance members 8 and
9, Fig.7d–i). Perturbations of the microphysical parameter-
isations again bring little improvement to these probabilistic
forecasts.

The quasi-stationary MCS on 20 October 2008 (Case 1)
is mainly driven by mesoscale processes. It is, therefore, ex-
pected that the impact of initial conditions and microphys-
ical perturbations will be larger than for the previous two
cases. Ensemble averages of 24-h accumulated precipitation
(Fig. 8a–c) show higher rainfall amounts for E1. For all en-
sembles, the ensemble spread highlights that the uncertainty
is larger on the south-eastern side of the precipitating system.
Members from different ensembles show greater differences
than in the previous cases, highlighting the more important
impact of perturbations of ICs and microphysical parameter-
isations. However, the impact of microphysical perturbations
still seems smaller, for instance in members 5 and 8 (respec-
tively, in Fig.8d–f and g–i).

Overall, combining different LBCs and perturbations to
the observations in the mesoscale data assimilation produces
significant differences. AsVi é et al.(2011) found, the im-
pact of the addition of initial conditions perturbations in the
E3 ensemble depends on the atmospheric conditions, and is
larger for days with a weaker synoptic-scale circulation. The
perturbation of microphysical parameterisations has a much
smaller impact, noticeable only for Case 1 when the system
is mainly driven by a rain evaporation induced cold-pool. To
further assess the impact of microphysical perturbations, an
E5 ensemble forecast is issued for Case 1. Unique initial and
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Fig. 6. 24-h accumulated precipitation forecasts (mm) for Case 3, at 12:00 UTC 2 November 2008.(a–c)Ensemble mean (colour shading)
and standard deviation (solid contour: 20 mm, dashed contour: 50 mm), and(d–f) precipitation forecast by member 4, from the E1 (left),
E3 (centre) and E4 (right) ensembles.

lateral boundary conditions for all members come from the
member 8 of the E3 ensemble. The 24-h accumulated pre-
cipitation produced by the E3 member 8 is shown in Fig.8h.
These initial and lateral boundary conditions were chosen be-
cause the issued forecast simulated an intense system south-
ward over the plains.

This case involved interactions between the moist, un-
stable low-level jet and a low-level cold pool, pushing the
convective system southward. The microphysical perturba-
tions are expected to have the most impact on this kind of
simulation where mesoscale processes are important. In this
case, one could expect the rain microphysical perturbations
to impact the evaporative cooling and, therefore, affect both
rainfall intensity and position. Figure9 shows 24-h accumu-
lated precipitation forecasts from the 11 E5 ensemble mem-
bers, as well as the ensemble mean and standard deviation in
panel (l). It shows moderate differences on the intensity and
spatial structure of rainfall, as well as on the position of the
precipitating systems. The ensemble spread is clearly located
on the south-eastern side of the precipitating system, show-
ing that the microphysical perturbations have more impact on
the triggering of convective cells.

Figure 10 shows, for all ensembles, the virtual potential
temperature ensemble spread, as well as the 292 K contour
of the ensemble average of the virtual potential temperature,

at 15:00 UTC 20 October 2008. Microphysical perturbations
in the E5 ensemble indeed have an impact at the edge of the
low-level cold air region, where the new convective cells are
triggered. However, even in this case where mesoscale pro-
cesses play an important role, the impact of microphysical
perturbations is weaker than that of lateral boundary condi-
tions and even more initial conditions. In this case, the cold
air pool which helps the triggering of convection over the
plains is present in initial conditions (at 00:00 UTC 20 Octo-
ber 2008, not shown).

4.2 Scale-dependent analysis of heavy rainfall

Ramos et al.(2005) introduced severity diagrams, a scale-
dependent analysis of extreme rainfall events based on their
return period. In order to avoid extrapolating rainfall inten-
sities by means of probability density functions of extreme
values, we perform here an assessment of maximum rainfall
intensities, through maximum intensity diagrams similarly to
Ceresetti et al.(2012). Therefore, rainfall intensities of the
studied events are accumulated by means of moving average
operations over all the possible combinations of the discrete
temporal and spatial scales.
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Fig. 7.Same as Fig.6, for Case 2 at 12:00 UTC 22 October 2008, for members 8(d–f) and 9(g–i).

The shape of maxima diagrams gives information about
the characteristics of the observed or simulated precipitating
system.

Figure11a–c shows the maximum observed rainfall inten-
sities during the three HPEs for a range of spatial and tempo-
ral scales. Case 1 yields the lowest intensities, with a maxi-
mum around 55 mm h−1 for small spatial and temporal accu-
mulation scales, while Cases 2 and 3 reach over 70 mm h−1.

The maximum diagrams also allow a scale-dependent
comparison and give information about the characteristics of
the observed or simulated precipitating system. For Case 1,
rainfall intensities remain high for accumulation over large
areas for very short integration duration (one to two hours),
but decrease very rapidly with a growing accumulation time.
For the other two cases, rainfall intensities for accumulation
durations longer than 3 h remain more important, and the di-

agrams display a more symmetric decrease in intensity with
increasing spatial or temporal scales.Berne et al.(2009) have
depicted the rain-cell structures highlighting the advection
role. The symmetric figures for Cases 2 and 3 show the sta-
tionarity of the convective systems, while Case 1 shows some
advection.

Figure12shows, for each ensemble and each case, the nor-
malised difference between the average forecast maximum
intensity and the observed maximum intensity (defined as
mean(max[sim])-max[obs]

max[obs] ). These diagrams show no differences
between the E1, E3 and E4 ensembles. The structure and be-
haviour of precipitating cells and systems are, therefore, not
significantly changed by the different perturbations.

For Case 1, Fig.12a–c shows that the maximum intensi-
ties simulated for scales between 30 and 80 km, and accu-
mulation durations of 1 to 3 h, are underestimated by around
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Fig. 8.Same as Fig.6, for Case 1 at 00:00 UTC 21 October 2008, for members 5(d–f) and 8(g–i).

50 %. For smaller spatial scales, the simulated maxima are
close to the observed ones. This indicates that the convective
cells simulated for this case have a correct intensity, but they
did not organise into a convective system as large as was ob-
served. Simulations for Case 1 also exhibit an overestimation
of maximum intensities for larger spatial and temporal scales
(50 km, 18 h). This may be caused by disorganised convec-
tive cells producing precipitation in a larger region than was
observed, and the simulations producing too much light rain.
This is consistent with time series of average precipitation,
which show that the peak of precipitation is underestimated,
but precipitation is overestimated before and after the peak
(seeVi é et al., 2011, their Fig. 13b).

The ensembles perform better for Case 2 (Fig.12d–f), with
only an underestimation of about 30 % for spatial scales un-
der 30 km and an overestimation for spatial scales around

50 km. Ensemble forecasts for Case 3 (Fig.12g–i) produce
a more symmetric maxima diagram, with an underestima-
tion of maximum intensities for small spatial and temporal
scales and a strong overestimation of intensities for large
scales. This shows that the intensity of convective cells is
only slightly underestimated, but the simulated precipitating
system has a wider extension than the observed one. In both
cases, the simulated precipitating region is more extended
than in the observations and covers most of the Cévennes.
This may indicate that the orographic forcing is too strong in
the numerical model.

4.3 Hydrological ensemble discharge forecasts

An evaluation of the AROME ensembles performance for
flash-flood forecasting was performed through the computa-
tion of hydrological ensemble discharge forecasts using the
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Fig. 9. 24-h accumulated precipitation forecasts (mm) for Case 1, at 00:00 UTC 21 October 2008, from each member of the E5 ensemble.
Panel (l) shows the ensemble mean (colour shading) and 20 mm (solid) and 50 mm (dashed) standard deviation contours.

ISBA-TOPMODEL coupled system. This system is a full
coupling between the land surface model ISBA, which man-
ages soil water budget on soil columns, and TOPMODEL
which takes care of the lateral redistribution of soil mois-
ture based on the topography. This coupled system is run in
forecasting mode, using hourly precipitation data (as well as
other surface parameters, such as humidity and temperature)
from the AROME ensemble members to produce runoff fore-
casts. Initial conditions are prepared by a 48-h run before the
event, started from a larger scale soil analysis (for soil mois-
ture and temperature) and driven by the observed precipita-

tion data during these 48 h. For more details on this forecast-
ing chain, refer toVincendon et al.(2011) (their Sect. 2.1).

Discharge forecasts were performed for three catchments
of the Ćevennes-Vivarais region, at Vallon Pont d’Arc for
the Ard̀eche river, at Bagnols-sur-Cèze for the C̀eze river
and at Boucoiran for the Gardons river (Fig. 1 ofVin-
cendon et al., 2011). Since the precipitating system on
20 October 2008 (Case 1) produced rainfall over the plains
south of these three catchments, no hydrological forecasts
are performed for this case. Ensemble discharge forecasts
were computed for Cases 2 and 3, on 21–22 October and
1–2 November 2008, for the E1, E3 and E4 ensembles.
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Discharge simulations for Case 3 do not show significant
differences between the three ensembles. Forecasts for the
Gardons river for each ensemble are shown in Fig.13. As
detailed in the previous section, most of the uncertainty on
this case emerges from the synoptic-scale conditions. LBCs
have a dominant impact on the AROME forecasts, so that the
three ensembles produced similar precipitation forecasts, and
the hydrological forecasts behave similarly as well.

Figure 14 shows discharge forecasts for the E1, E3 and
E4 ensembles for the Ardèche, C̀eze and Gardons rivers for
Case 2. As previously stated, the E1 ensemble produced

higher rainfall totals than E3 and E4, which explains that
hydrological forecasts driven by the E1 ensemble mem-
bers simulated stronger discharges. This is especially clear
for the C̀eze (Fig.14d–f) and Gardons (Fig.14g–i) rivers.
Differences exist between E3 and E4, although they are
again weaker than differences between E1 and E3. Discharge
forecasts from both ensembles are close for the Ardèche
river (the northernmost catchment). For the Cèze river, and
even more for the Gardons (the southernmost catchment),
the E3 ensemble members produced a shifted discharge peak
either too early or too late at 12:00 UTC and 20:00 UTC
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Fig. 13.Observed and forecast hydrological discharge for the Gardons river for Case 3, from 12:00 UTC 1 November 2008 to 00:00 UTC
3 November 2008, for the(a) E1, (b) E3 and(c) E4 ensembles. Hourly observed discharge is plotted as black diamonds, blue lines stand for
each ensemble member, the ensemble median is shown in red. The grey shading represents the interquartile range. Dashed lines represent
the discharge for a reference flood on each watershed.

22 October 2008 at Bagnols-sur-Cèze (Fig. 14e) and at
02:00 UTC and 12:00 UTC 22 October 2008 at Boucoiran
(Fig. 14h). The E4 ensemble produces a single peak, around
16:00 UTC 22 October 2008 at Bagnols-sur-Cèze (Fig.14f),
and 10:00 UTC 22 October 2008 at Boucoiran (Fig.14i).
These differences affect more the southernmost catchment,
which is where the convective system is regenerated, that
is, where new convective cells are created. This could be
explained by the role of the microphysical parameterisa-
tion during the triggering of convection, or their impact on

mesoscale mechanisms, such as the development of a cold
pool, as discussed in Sect. 4.1.

5 Conclusion

Previous research on convection permitting ensemble fore-
casts byVi é et al.(2011) assessed the impact of uncertain-
ties separately on initial conditions and lateral boundary con-
ditions. The present study focused on the combination of
both uncertainty sources in a single ensemble, and on the
assessment of part of model errors through the addition of

Nat. Hazards Earth Syst. Sci., 12, 2631–2645, 2012 www.nat-hazards-earth-syst-sci.net/12/2631/2012/
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Fig. 14.Same as Fig.13, for (a–c) the Ard̀eche,(d–f) the Ćeze and(g–i) the Gardons rivers, for Case 2, from 12:00 UTC 21 October 2008
to 00:00 UTC 23 October 2008, for the(a,d,g)E1, (b,e,h)E3 and(c,f,i) E4 ensembles.

microphysical perturbations. FollowingFresnay et al.(2012),
and focusing on HPEs, perturbations were applied to the
auto-conversion, accretion and evaporation tendencies.

The ensembles were evaluated using probabilistic scores
on an 18-day period, including three HPE case studies.
For the three case studies, an innovative evaluation process
was set up. Rainfall forecasts were evaluated in a scale-
independent framework using maxima diagramsCeresetti
et al. (2012). Furthermore, an hydrological evaluation was
conducted through ensemble discharge forecasts for typi-
cal Mediterranean coastal watersheds, as inVincendon et al.
(2011).

The statistical evaluation showed the benefit of accounting
for both uncertainties on initial and lateral boundary condi-
tions in the E3 ensemble. Probabilistic scores are either as
good as, or better than any of the E1 and E2 ensembles taken
separately. Moreover, a significant gain in ensemble spread
has been found, especially for intermediate forecast ranges,
when the E1 and E2 ensembles performed the worst. The
statistical evaluation of the E4 ensemble showed no improve-
ment over the E3 ensemble. An impact of the perturbation of
the microphysical parameterisation was found for the HPE
case studies. This impact is more important when the con-
vective system involves complex mesoscale processes, such
as a low-level cold pool on 20 October 2008, than for systems

having stronger interactions with the synoptic-scale circula-
tion (on 21–22 October and 1–2 November 2008). However,
even for the HPE on 20 October 2008, these perturbations
had a weaker impact than perturbations of either initial or
lateral boundary conditions.

The hydro-meteorological evaluation of our ensembles on
the three case studies confirms that the E1, E3 and E4 en-
sembles behave quite similarly. Maxima diagrams show that
the perturbations used in the ensembles have no noticeable
impact on the characteristics of the simulated precipitating
systems. For Case 1, they confirm that the peak of precip-
itation is underestimated, and indicate that simulated con-
vective cells do not organise into a well-formed convective
system. For Cases 2 and 3, the forecast convective cells are
slightly weaker than observed, but the precipitating system
has a wider extension over the Cévennes mountains.

The hydrological discharge forecasts for HPEs on 21–
22 October and 1–2 November 2008 also show small differ-
ences between ensembles. Differences are more important on
21–22 October 2008, especially for the southernmost water-
shed. This shows that, despite having little noticeable impact
on the 24-h accumulated precipitation forecasts, the micro-
physical perturbations can affect the convective system ini-
tiation and development, at scales that are relevant for flash-
flood forecasts. The impact of microphysical perturbations

www.nat-hazards-earth-syst-sci.net/12/2631/2012/ Nat. Hazards Earth Syst. Sci., 12, 2631–2645, 2012
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2644 B. Víe et al.: Hydro-meteorological evaluation of a convection-permitting ensemble prediction system

seems located at the southern end of the precipitating sys-
tem, where the convection is continuously regenerated by the
triggering of new cells.

Overall, the three chosen microphysical perturbations, fo-
cusing on precipitation, have no impact on probabilistic
scores. They may affect ensemble forecasts of heavy precipi-
tating events, although not as much as initial or lateral bound-
ary conditions. Another approach to sample the model error
in ensemble forecasts is detailed inBouttier et al.(2012).
They use the ECMWF stochastic perturbation of physics ten-
dencies (SPPT) scheme, adapted to convective-scale fore-
casts. They found an improvement in probabilistic scores
as well as on case studies, even on low-level fields despite
the lack of surface perturbations. To specifically enhance the
spread at lower levels, it is planned to investigate perturba-
tions of surface fields and surface-atmosphere fluxes. Further
research also focuses on different parameterisations, such as
the turbulence one. These scientific issues will be addressed
in forthcoming studies.
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1.3 Activités

1.3.1 Encadrement de chercheurs ayant permis l’obtention d’un diplôme

— Julien PICART (2008) : “Propagation des incertitudes d’échelle synoptique dans la pré-
vision à haute résolution des épisodes de pluies intenses sur le Sud-Est de la France”.
Stage de Master 2 Spécialité Recherche Océan Atmosphère et Surfaces Continentales
soutenu le 19 juin 2008. Encadrement : O. NUISSIER et M. PLU.

— Benoît VIE (2009) : “Impact des incertitudes sur les conditions initiales d’échelle synop-
tique et à méso-échelle et les conditions aux limites dans la prévision à haute résolution
des épisodes de pluie intense en Méditerranée”. Stage de Master 2 Spécialité Recherche
Océan Atmosphère et Surfaces Continentales soutenu le 16 juin 2009. Encadrement : O.
NUISSIER.

— Nicolas CANAL (2011) : “Utilisation des images satellites pour la vérification des mo-
dèles AROME_WMED et AROME_NWMED ; apport de l’approche ensembliste”. Stage
de Master 2 Spécialité Recherche Océan Atmosphère et Surfaces Continentales soutenu
le 16 juin 2011. Encadrement : M. NURET et O. NUISSIER.

— Emilie BRESSON (2011) : “Mécanismes de formation des systèmes convectifs quasi-
stationnaires en Méditerranée nord-occidentale : Application au cas du 15 Juin 2010 sur
le Var”. Thèse de 3ème cycle Université Paul Sabatier – Toulouse III, formation docto-
rale Sciences de l’Univers, de l’Environnement et de l’Espace (soutenue le 13 décembre
2011). Encadrement : V. DUCROCQ et O. NUISSIER.

— Benoît VIE (2012) : “Méthodes de prévisions d’ensemble pour l’étude de la prévisibilité
à l’échelle convective des épisodes de pluie intense en Méditerranée”. Thèse de 3ème
cycle Université Paris-Est, formation doctorale Ville et Environnement (soutenue le 29
novembre 2012). Encadrement : O. NUISSIER et V. DUCROCQ.

— Mylène CIVIATE (2013) : “Mécanismes de génération de pluie intense en Méditerranée :
analyse de simulations numériques à fine échelle d’un cas d’étude de la campagne ex-
périmentale HyMeX”. Stage d’approfondissement 3eme année de l’Ecole Nationale de la
Météorologie, soutenu le 26 juin 2013. Encadrement : O. NUISSIER.

— Ulrick MEDDA (2014) : “Etude numérique des processus à l’échelle convective impli-
qués dans les événements de pluie intense méditerranéens”. Stage de Master 2 Spécialité
Recherche Océan Atmosphère et Surfaces Continentales soutenu le 17 juin 2014. Enca-
drement : Olivier NUISSIER, Fanny DUFFOURG et Christine LAC.

— Maxime MARTINET : “Etude de l’initiation et de l’organisation des systèmes fortement
précipitants méditerranéens dans le cadre de la SOP1 HyMeX”. Thèse de 3ème cycle
Université Paul Sabatier – Toulouse III, formation doctorale Sciences de l’Univers, de
l’Environnement et de l’Espace (soutenance prévue automne 2017). Encadrement : O.
NUISSIER et F. DUFFOURG.

1.3.2 Implication dans des projets nationaux et internationaux

— FLOODsite FP6 : Integrated Flood Risk Analysis and Management Methodologies. Ana-
lyse de 3 situations de pluie intense sur le Sud-Est de la France à partir de simulations
numériques.

— CYPRIM : Cyclogenèses et précipitations intenses en Méditerranée. Mise en oeuvre de
méthodes de descente d’échelle et de détection d’environnements synoptiques favo-
rables aux précipitations intenses pour estimer l’impact du changement climatique.
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— MEDUP : MEditerranean Uncertainty Propagation. Mise en oeuvre de méthodes d’en-
semble avec le modèle AROME pour quantifier la prévisibilité des épisodes fortement
précipitants Méditerranéens.

— HyMeX : HYdrological cycle in Mediterranean EXperiment. Mise en oeuvre d’un dé-
monstrateur de prévision d’ensemble avec le modèle AROME. Participation aux vols
avions (Falcon 20) lors de la 1re période d’observation spéciale à l’automne 2012.

— MUSIC : Multiscale process studies of intense convective precipitation events in Me-
diterranean. Analyse des processus impliqués dans la génération des pluies intenses à
partir de simulations aux échelles sub-kilométriques.

1.3.3 Autres activités

— Relectures d’articles dans des revues scientifiques : Quarterly Journal of the Royal Me-
teorology Society et Atmospheric Research.

— Membre du Conseil de Laboratoire depuis 2007.
— Co-coordination de la tâche prévision d’ensemble hydrométéorologique dans HyMeX

depuis 2010.
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Delrieu, E. Doerflinger, B. Funatsu, P.-E. Kirstetter, F. Masson, K. Maynard, E. Richard, E.
Sanchez, L. Terray et A. Walpersdorf (2009) : Cyclogenèses et précipitations intenses en
région méditerranéenne : origine et caractéristiques, La Météorologie. No66 août 2009, p
18-28.
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Chapitre 2

Synthèse des travaux de recherche

2.1 Introduction

Tremblements de terre, éruptions volcaniques, tornades, raz-de-marée, cyclones tropicaux,
inondations... La société des Hommes est toujours désemparée face aux éléments naturels qui
se déchaînent. Le mieux que l’on puisse faire pour atténuer les conséquences de tels cata-
clysmes, c’est d’essayer de les prévoir, au mieux de s’en protéger et réduire ainsi leurs effets.
Mais la tâche n’est pas si simple car le système Terre demeure très complexe. Les scientifiques
doivent s’attacher à décrire et comprendre en détail chacun des éléments et rouages qui forment
cette immense machinerie et qui s’influencent mutuellement en une cascade de causes à effets
et de rétroactions.

Parmi tous ces évènements naturels cataclysmiques, les cyclones sont une spécificité des ré-
gions tropicales qu’ils dévastent régulièrement. Ce sont des phénomènes conditionnés par les
interactions entre l’océan et l’atmosphère, dans les zones les plus chaudes et les plus humides
de la planète. Lorsque certaines conditions dynamiques et thermodynamiques sont réunies,
de simples nuages d’orages peuvent s’assembler, s’intensifier et dégénérer en de gigantesques
tourbillons martelant, écrasant et soufflant tout sur leur passage. Les précipitations qui ac-
compagnent ces phénomènes sont d’une rare intensité. En quelques jours ils peuvent déverser
autant de pluies qu’il en tombe en 2 ans sur la région parisienne. Un cyclone tropical d’intensité
moyenne produit une énergie équivalente à plusieurs centaines de centrales nucléaires à pleine
puissance générant des vents dont la vitesse peut excéder les 250 km/h.

Malgré tout, les cyclones tropicaux ne sont pas exclusivement meurtriers et destructeurs.
Lorsqu’ils évoluent loin de toute terre habitée, ils retrouvent leur fonction première de sou-
pape de sûreté des océans et contribuent à une redistribution énergétique efficace entre les
zones surchauffées du globe et les régions plus froides. L’Homme reste actuellement impuis-
sant à combattre ces monstres naturels qui meurent d’eux-mêmes en pénétrant sur les conti-
nents ou en s’aventurant au-dessus d’eaux plus froides. Seules la prévision et la prévention
peuvent atténuer leurs effets dévastateurs. Devant les conséquences négatives des cyclones,
nous comprenons aisément pourquoi “bien observer, comprendre, prévoir et en dernier ressort
alerter” constituent la seule issue possible afin de mettre l’ensemble de la population à l’abri et
préserver ainsi les vies humaines.

Aux latitudes tempérées les systèmes précipitants orageux dans nos régions métropoli-
taines, en raison des phénomènes météorologiques qui les accompagnent (précipitations in-
tenses, foudre, chutes de grêle, fortes rafales de vent), représentent également une sérieuse
menace pour la sécurité des biens et des personnes. Les régions méditerranéennes notamment
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sont régulièrement touchées par des épisodes de pluie intense durant la période automnale.
Ces événements météorologiques méditerranéens à fort impact ont bien souvent comme ori-
gine des systèmes convectifs de méso-échelle pouvant rester quasi-stationnaires sur une même
zone pendant plusieurs heures. Des volumes de précipitations exceptionnels, tombant dans
un intervalle de temps très court au-dessus de régions à relief pentus et encaissés, conduisent
bien-souvent à des crues éclairs et des inondations. On peut citer par exemple la vingtaine de
victimes par noyade et foudroiement recensée lors des inondations catastrophiques sur le Gard
en septembre 2002. Plus de 600 mm avaient été alors enregistrés près d’Alès. Le coût des dégâts
et dommages a été estimé à plus de 1,5 milliards d’Euros. Plus récemment, les inondations qui
ont frappé le Var en juin 2010 avaient pour origine des précipitations exceptionnelles (397 mm
de cumul de précipitations en cinq heures sur le pluviographe des Arcs). Elles sont intervenues,
soit par ruissellement, soit par débordement des cours d’eau et ont essentiellement affecté la
région de Draguignan et la vallée de l’Argens. Cette crue, qualifiée de centennale, a coûté la vie
a 23 personnes et les dégâts matériels ont été estimés à plus de 200 millions d’Euros.

Plusieurs facteurs rendent la région méditerranéenne propice au développement de la convec-
tion profonde : on a tout d’abord une température de surface de la mer relativement élevée en
fin d’été - début d’automne, ce qui fait de la Méditerranée un réservoir de chaleur et d’éner-
gie ; ensuite, le pourtour méditerranéen présente une orographie marquée ; enfin bien sûr un
contexte synoptique favorable permet d’engendrer un flux de basses couches qui transporte de
l’air chaud et humide de la mer Méditerranée vers les côtes. La prévision numérique du temps
a fait récemment de nombreux progrès, en particulier avec les modèles opérationnels de fine
échelle, comme AROME qui a une résolution horizontale de 1.3 km depuis 2015.

Cependant, la prévision des pluies intenses demeure encore trop souvent imprécise tant en
localisation qu’en intensité, ceci en raison des échelles caractéristiques mise en jeu et de la com-
plexité des processus impliqués. En effet, la gamme des échelles spatio-temporelles concernées
s’étend de l’échelle des systèmes convectifs de méso-échelle (∼ 100 km ; 12 h) à l’échelle de la
microphysique du nuage (∼ qqs µm ; qqs ∼ 10−3 ms).

Une autre difficulté à prévoir précisément la localisation et l’intensité des événements de
pluie intense réside dans le nombre de facteurs de l’environnement météorologique influen-
çant le développement et l’évolution de la convection et la difficulté à modéliser correctement
les processus fortement non-linéaires et à seuil impliqués dans les systèmes convectifs intenses,
comme les processus liés à la microphysique du nuage (condensation, évaporation, sublima-
tion) ou bien encore l’entraînement et le détraînement au sommet et sur les bords du nuage par
exemple.

On voit donc la nécessité d’évaluer l’incertitude associée aux prévisions et ainsi de mesurer
la prévisibilité à l’échelle convective en évaluant la capacité du modèle à fine échelle à prévoir
ces épisodes fortement précipitants. La connaissance de cette incertitude permettra de mieux
définir le risque d’occurrence d’un phénomène dangereux en général, son intensité possible, et
également les régions susceptibles d’être concernées.

Un autre enjeu majeur concerne cette fois le devenir de ces épisodes de pluie intense mé-
diterranéens dans la perspective du changement climatique. La région Méditerranée appa-
raît comme l’un des principaux "points chauds" régionaux du changement climatique (Giorgi,
2006). En effet les modèles climatiques globaux et régionaux s’accordent tous pour indiquer
un réchauffement plus important en Méditerranée que dans beaucoup d’autres régions, en
particulier l’été. Celui-ci s’accompagnerait d’un assèchement en moyenne annuelle, surtout
l’été, ainsi que d’une augmentation de la variabilité annuelle. Ces tendances prévues pour le
XXIe siècle rendent donc la région méditerranéenne particulièrement vulnérable d’un point de
vue du changement climatique. De plus, les récentes projections réalisées pour l’Europe dans
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le cadre de EURO-CORDEX 1 avec des modèles climatiques régionaux avec une résolution
horizontale de 12.5 km montrent que les précipitations intenses pourraient augmenter dans
la région, ceci malgré une diminution des précipitations en moyenne (Jacob et al 2014). Bien
qu’ayant beaucoup progressé au cours des dernières années, tant en résolution qu’en représen-
tation des processus, les modèles de climat ont encore beaucoup de difficultés à rendre compte
avec un niveau de réalisme et de confiance suffisant des événements convectifs intenses.

Un programme de recherche international dédié à la Méditerranée a débuté en 2010 et
s’étendra jusqu’en 2020. Il a pour objectif de mieux comprendre les différents processus re-
levant du cycle de l’eau en Méditerranée ainsi que les problématiques de la ressource en eau et
la conséquence du changement climatique dans la région. Un volet de ce programme interna-
tional a été consacré à l’étude des événements à fort impact (fortes précipitations et vents forts).
Une vaste campagne de mesures dédiée aux fortes précipitations et aux crues-éclairs a eu lieu
à l’automne 2012 (SOP1) sur tout le pourtour méditerranéen Nord-Occidental (Espagne, Italie,
France). 16 périodes d’observations intensives (POI) ont été organisées. Des mesures aéropor-
tées, en mer et sur terre ont pu être réalisées au cours de ces POI. La stratégie d’observations
mise en place visait notamment à mieux documenter l’écoulement amont et les structures pré-
cipitantes. Ce jeu de données est unique et novateur car il va permettre de valider les modèles
et confirmer ou infirmer certaines hypothèses.

Ce mémoire fait la synthèse de mes travaux de recherche et est organisé en trois grandes
parties. Ma contribution à l’amélioration des connaissances des systèmes fortement précipi-
tants méditerranéens est décrite dans la première partie du manuscrit. La démarche que j’ai uti-
lisée au cours de ces différents travaux repose sur l’utilisation des modèles atmosphériques de
méso-échelle comme laboratoire numérique, en s’appuyant sur des expériences réelles et/ou
idéalisées, des expériences de sensibilité et des diagnostics adaptés à l’étude de la convection.
Ces travaux ont été réalisés en partie dans le cadre de la thèse d’Emilie Bresson que j’ai co-
dirigée et de la thèse en cours de Maxime Martinet.

La régionalisation climatique des systèmes précipitants en région méditerranéenne a été
un autre axe dans mes activités de recherche. Dans une seconde partie, je résume mes activi-
tés de recherche axées sur la question de l’évolution possible des événements de pluie intense
touchant les régions voisines de la Méditerranée dans leur fréquence, leur intensité et leur lo-
calisation préférentielle. J’ai contribué au développement d’une méthode originale de descente
d’échelle statistico-dynamique tirant profit à la fois des connaissances acquises sur les systèmes
fortement précipitants et des outils de modélisation à haute résolution. Ces travaux ont été réa-
lisés en partie dans le cadre du séjour post-doctoral de Anne-Lise Beaulant que j’ai co-dirigé.

Enfin dans une troisième et dernière partie sont présentés ma recherche et les travaux ex-
ploratoires visant à étudier la prévisibilité à l’échelle convective et à identifier les différentes
sources d’incertitude pesant sur les prévisions du modèle AROME. Leur importance est éva-
luée par des approches en prévision d’ensemble dédiées à l’échelle convective, ceci pour déter-
miner au mieux la configuration du futur système opérationnel. Ces travaux ont été réalisés en
partie dans la cadre de la thèse de Benoît Vié que j’ai co-dirigée.

Ces travaux ont contribué à la définition de la stratégie d’observation de la période d’ob-
servation Spéciale (SOP1) de la campagne HyMeX, et celle-ci a fourni en retour le cadre pour
le développement et l’évaluation d’outils numériques pour la prévision des pluies intenses et
des crues rapides.

1. World Climate Research Program Coordinated Regional Downscaling Experiment
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2.2 Connaissance et modélisation des systèmes précipitants intenses

Dans cette partie, je décrirai les différentes contributions de mes travaux de recherche à
la connaissance des systèmes precipitants intenses sur la base de la modélisation numérique.
Nous y verrons, dans une première partie, les résultats marquants pour les cyclones tropicaux,
puis l’apport en terme de connaissances sur les épisodes de pluie intense en Méditerranée.

2.2.1 Connaissance et modélisation à méso-échelle des cyclones tropicaux

Une filière d’initialisation pour les cyclones tropicaux

La question de la sensibilité des simulations ainsi que la prescription de l’état initial pour
les modèles de méso-échelle sont des problématiques auxquelles je me suis tout d’abord inté-
ressé lors de mon travail de thèse sur la modélisation des cyclones tropicaux avec le modèle
Meso-NH. C’est à cette occasion qu’une filière d’initialisation dédiée a été développée pour la
modélisation des cyclones tropicaux à méso-échelle.

Les toutes premières simulations de cyclones tropicaux à l’aide de modèles de nuage ont
débuté vers les années 1960 avec des modèles 2D simplifiés à symétrie axiale. Anthes (1972)
fut le premier à mettre en évidence les structures asymétriques d’un cyclone en utilisant un
modèle 3D hydrostatique avec une résolution de 30 km et des paramétrisations sophistiquées
pour l’époque de la microphysique, de la turbulence et des flux de surface entre autres. Des
modèles à domaines imbriqués (gridnesting) permettant de résoudre à la fois la structure du
cyclone et son interaction avec l’environnement se sont développés par la suite. Les résultats
issus d’une simulation numérique d’un cyclone réel ont été publiés pour la première fois par
Liu et al (1997). Ils simulaient les structures internes et l’évolution du cyclone Andrew (1992)
avec le modèle 3D non-hydrostatique MM5 à 3 domaines imbriqués 54, 18 et 6 km de résolution
horizontale. Lorsqu’il s’agit de situations réelles, les modèles 3D de nuage sont initialisés à par-
tir de champs provenant d’analyses de modèles globaux. Si ces analyses de grande échelle sont
relativement bien adaptés pour la description du contexte synoptique à l’intérieur duquel évo-
lue le cyclone, leur résolution horizontale (T319 soit environ 60 km avant 2000) ne permettait
pas en revanche de représenter correctement la partie la plus active du cyclone. Ces analyses
dépeignaient le plus souvent une circulation cyclonique mal localisée, de faible intensité, d’ex-
tension horizontale trop importante et de développement vertical limité. Diverses méthodes,
basées sur l’assimilation d’un bogus vortex en vent et pression, ont ainsi été proposées dans
la litérature afin de corriger le tourbillon cyclonique initial. Cependant, tous les modèles 3D
non-hydrostatique à domaines emboités ne disposaient pas d’une méthode variationnelle né-
cessaire à la minimisation de la fonction coût définie dans ces méthodes assimilant un bogus
vortex, comme par exemple le modèle Meso-NH.

Afin de disposer de conditions initiales plus adaptées à la simulation à méso-échelle de
cyclones tropicaux, j’ai été donc amené à développer une filière d’initialisation tout à fait ori-
ginale combinant l’utilisation de données de radars météorologiques Doppler en synergie avec
des données dropsondes pour la simulation numérique de cyclones avec le modèle Méso-NH.
Cette méthodologie a été nommée RDVC (Radar Dropwindsonde Vortex Conditioning) et fait
l’objet d’un article publié au Q. J. R. Meteorol. Soc. (Nuissier et al., 2005).

La méthode RDVC est constituée d’une procédure de filtrage adapté des analyses de grande
échelle (Kurihara et al., 1993 ; Kurihara et al., 1995), d’un pré-traitement analytique de champs
cycloniques équilibrés de vent et de température (Roux et al., 2004) à partir d’observations par
radar météorologique – pour inclusion dans l’analyse. La Figure 2.1 montre l’application de
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FIGURE 2.1 – a) Module et direction du vent horizontal à 850 hPa (zones grisées et lignes de
flux) issus de l’analyse du ECMWF à 0000 UTC le 22/08/1999 ; b) comme a) après inclusion du
vortex cyclonique déduit des observations par radar Doppler. D’après Nuissier et al (2005).

cette méthode au cas du cyclone Bret (1999) sur le Golfe du Mexique. Le module du vent hori-
zontal à 850 hPa le 22/08/1999 issu de l’analyse du ECMWF à 0000 UTC présente un maximum
de l’ordre de 10-12 m s−1 et à près de 200 km du centre du cyclone, très inférieur aux valeurs
observées (Fig. 2.1a). Après inclusion du vortex cyclonique déduit des observations par radar
Doppler (Fig. 2.1b), on obtient une perturbation cyclonique beaucoup plus intense et une struc-
ture des vents plus conforme aux observations, avec un vent de l’ordre de 50 m s−1 localisé à
environ 30 km du centre de la circulation. De plus le biais sec présent en moyenne troposphère
dans l’analyse du ECMWF à 0000 UTC (Fig. 2.2b) est corrigé grâce aux observations par drop-
sondes larguées depuis le G-IV de la NOAA dans l’environnement du cyclone Bret (Fig. 2.2a et
c).

Impact de l’inclusion d’un vortex cyclonique réaliste

Une série de 3 expériences de sensibilité a été menée pour lesquelles le faible vortex analysé
a tout d’abord été intégré à une résolution horizontale de 15 km (expérience CTL). Ce test de
référence a montré ses limites puisque le cyclone simulé par Meso-NH se déplace rapidement
vers l’ouest durant les 6 premières heures de simulation avant que sa trajectoire ne s’infléchisse
vers le Nord-Ouest et le dirige vers les terres (Fig. 2.3a). L’erreur de prévision sur le point
d’impact est de 140 km au sud de l’observation pour une période de simulation de 18 heures
avec une intensité finale n’excédant pas 20 m s−1.

En revanche, en incluant un vortex initial plus réaliste (taille et intensité) déduit des ob-
servations radar et en conservant une résolution horizontale de 15 km, les caractéristiques du
cyclone simulé sont considérablement améliorées (expérience low-RDVC). Les meilleurs résul-
tats sont obtenus en procédant à une simulation imbriquée du vortex cyclonique radar jusqu’à
une résolution horizontale de 1.7 km (High-RDVC). Les vents moyens atteignent alors 70 m
s−1 et une pression centrale de 946 hPa le 22/08 à 1800 UTC (non montré), soit des caractéris-
tiques très proches des observations (Fig. 2.3a). Les réflectivités radar simulées par le modèle
Meso-NH reproduisent relativement bien la structure précipitante associée à la région centrale
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FIGURE 2.2 – a) Dropsondes larguées depuis le Gulfstream IV-SP de la NOAA entre 1751 UTC
le 21/08/1999 et 2100 UTC le 22/08/1999 (points noirs) et positions des radiosondages (carrés
noirs) disponibles à 0000 UTC le 22/08/1999 le long des côtes du golfe du Mexique ; b) humi-
dité relative entre 700 et 400 hPa issue de l’analyse du ECMWF à 0000 UTC le 22/08/1999, c)
la même humidité relative modifiée par une analyse incluant les données dropsondes.

de l’ouragan Bret à son arrivée sur la région de Brownsville (Texas, USA), avec un maximum
de 40-50 dBZ associé à de la convection profonde dans le quadrant Sud-Ouest du cyclone (Fig.
2.3b et c).

En raison d’une structure verticale du vortex initial mal définie dans l’expérience CTL, les
interactions entre le cyclone et son environnement sont mal appréhendées, ce qui a un impact
sur l’évolution et la trajectoire du cyclone. Le fait que des meilleurs résultats soient obtenus
avec l’expérience low-RDVC vont tout à fait dans le sens des résultats obtenus par Xiao et al
(2000) par exemple à partir de simulations numériques du cyclone Fran (1996). Ils montrent
que les cyclones avec un grand rayon de vent maximum adoptent préférentiellement une tra-
jectoire plus rapide vers l’Ouest, car étant plus sensibles aux conditions dans les basses couches
troposphériques. La comparaison des expériences low-RDVC et high-RDVC révèle également
la sensibilité du modèle vis-à-vis de la résolution horizontale. A 1.7 km de résolution (high-
RDVC), le modèle est capable de simuler explicitement la convection profonde et les processus
diabatiques associés dans la région du mur de l’oeil du cyclone 2 qui jouent un rôle important
dans l’intensification et l’évolution du cyclone.

Importance des structures asymétriques dans le cyclone

Une analyse détaillée du mouvement asymétrique dans la région du mur de l’oeil du cy-
clone, a aussi mis en évidence, de manière transitoire, des tourbillons de petite échelle ou “inner
gyres”, dont la présence affecte particulièrement l’intensité et la propagation du cyclone. Pour
le cas du cyclone Bret (1999), il a été mis en évidence une structure type onde de Rossby d’ordre
2, avec deux paires de tourbillons cycloniques et anticycloniques (Fig. 2.4a). Ces tourbillons ré-
sultent probablement de l’interaction entre la convection profonde dans le mur de l’oeil et des
instabilités liées à la dynamique interne du cyclone (ondes de Rossby). Ces structures de l’oeil
polygonales sont fréquemment observées à l’intérieur des phénomènes cycloniques les plus
intenses, comme ce fut lors de l’évolutin du cyclone Isabel (2005) sur l’Atlantique par exemple
(Fig. 2.4b). Dans mes travaux de thèse, il a été trouvé que ces “inner gyres”, en plus d’être as-

2. Il s’agit de la zone de vent violent entourant la région de l’oeil du cyclone large de 10 à 100 km et composé
d’épais nuages type cumulonimbus pouvant atteindre 15 km d’altitude.
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a

b c

FIGURE 2.3 – a) Analyse “best-track” du cyclone Bret (OBS) toutes les 6 h à partir de 1800 UTC
le 20/08/1999 et des cyclones simulés pour les expériences CTL (C), Low-RDVC (L), High-
RDVC (H) de 0000 UTC le 22/08 à 0600 UTC le 23/08. b) Réflectivités radar à 0.5od’élévation
sur un domaine de 450 km x 450 km observées par le radar du réseau WSR-88D de Brownsville
(Texas, USA) à 1759 UTC le 22/08/1999 (les lignes tiretées représentent le domaine de c)) ; c)
réflectivités radar simulées à 1 km d’altitude pour l’expérince High RDVC sur un domaine de
200 km x 200 km à 1900 UTC le 22/08/1999.

sociés à de significatifs mélanges horizontaux entre le mur de l’oeil et l’oeil , modulent le flux
de grande échelle dans la partie centrale du cyclone. Il semble exister une bonne corrélation
entre la présence de ces tourbillons dans la région du mur de l’oeil et les écarts observés entre
la propagation et le flux de commande 3. D’autre part, ces tourbillons internes provoquent une
intensification locale de la convergence du vent qui favorise la génération de mouvements as-
cendants et donc de nuages type cumulonimbus les plus développés, associé aux vents horizon-
taux les plus violents succeptibes de créér les dégâts les plus importants. Kossin and Schubert
(2004) retrouvent des résultats allant dans ce sens pour le cyclone Isabel (2003) sur l’Atlantique.

Cette étude a montré que la modélisation réaliste des processus associés à la dynamique
interne d’un cyclone tropical passe par l’utilisation d’un maillage horizontal proche du kilo-
mètre. Cette forte résolution horizontale permet, de facto, de simuler une structure précipitante
et une interaction avec son environnement les plus réalistes possible. Cette méthode RDVC
semblait également prometteuse, avec même une vocation opérationnelle, notamment grâce
à l’exploitation d’observations de cyclones par des radars météorologiques Doppler côtiers.
Dernièrement Jolivet et al (2013) ont repris et revisité la méthode RDVC afin de l’adapter à
l’étude de l’influence de l’île de la Réunion avec le cyclone Dina (2002), qui avait bénéficié pour
la première fois d’une couverture radar Doppler sol remarquable lors de son passage à proxi-
mité immédiate de l’île. L’élaboration de nouvelles paramétrisations dans le modèle Meso-NH,
notamment la prise en compte du couplage avec une couche océanique mélangée, ont aussi
grandement contribué à améliorer les résultats obtenus à l’époque. Cette approche d’inclu-
sion d’un vortex cyclonique corrigé dans les analyses de plus grande échelle a été reprise lors
d’un séjour post-doctoral à RSMAS/MPO à l’Université de Miami (Floride, USA) en 2004. J’ai
travaillé plus précisément sur l’utilisation de données satellite (vents de surface dérivés du sa-

3. La propagation d’un cyclone tropical est conditionnée par le vent moyenné entre deux niveaux de tropo-
sphère. Bien que les basses couches soient plus influentes, plus un tourbillon cyclonique s’intensifie et plus celui-ci
devient sensible à la moyenne et haute troposphère. En première approximation le flux de commande pour un
cyclone d’intensité modérée est donné par le vent moyen entre 400 et 850 hPa.
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a b

FIGURE 2.4 – a) Représentation schématique des perturbations de vent horizontal et vertical
induites par la présence d’une structure type onde de Rossby d’ordre 2 dans la région du mur
de l’oeil du cyclone Bret. D’après Nuissier et al (2005) ; b) image satellite visible issue de GOES-
12 du cyclone Isabel (2003) à 1315 UTC le 12/09/2003.

tellite Quickscat) et de données dropsondes dans le schéma d’assimilation du modèle couplé
océan-atmosphère non-hydrostatique à méso-échelle MM5.

Enfin ces résultats obtenus dans le cadre de mes travaux de thèse m’ont fait prendre conscience
de la forte sensibilité des perturbations cycloniques tropicales vis-à-vis des conditions initiales
à plus fine échelle et de la représentation des processus liés au cycle de l’eau. Cette question
de la sensibilité des simulations s’est également rétrouvée au coeur des travaux que j’ai par la
suite menés sur les épisodes de pluie intense en Méditerranée.

2.2.2 Connaissance et modélisation des orages stationnaires des régions méditer-
ranéennes

facteurs

Simulations non-hydrostatiques de cas réels

Comme pour les cyclones tropicaux, les années 1990 ont vu l’émergence de nouvelles pro-
cédures d’initialisation sophistiquées des modèles de nuages pour simuler de manière réaliste
des systèmes convectifs en général, à partir de données réelles. Les méthodes utilisant des
perturbations académiques types “bulles chaudes ou froides” superposées à un champ initial
homogène déduit d’un radiosondage ou utilisant des analyses de grande échelle ont progres-
sivement fait place à des techniques d’initialisation permettant d’introduire des informations
utiles pour une meilleure simulation du système convectif. Les travaux de Lin et al (1993), Sun
and Crook (1997,1998), Bielli and Roux (1999), entre autres, proposent de combiner des va-
riables restituées d’observations par radar Doppler à un état de base issu d’un radiosondage.
Bielli and Roux (1999) concluent que, mise à part la structure tridimensionnelle du champ de
vent, le paramètre le plus important est la description du champ initial d’humidité. Ducrocq et
al (2000,2002) vont plus loin et proposent une technique d’initialisation statique basée sur une
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analyse par interpolation optimale des données de surface et un ajustement de l’humidité et des
variables microphysiques. La pré-analyse des zones nuageuses et précipitantes réalisée grâce
aux réflectivités radar et aux températures de brillance infra-rouge permet d’introduire à la fois
une information sur la présence d’un système convectif et un environnement de méso-échelle
compatible avec ce dernier. Ducrocq et al (2002) ont étudié deux cas de systèmes convectifs sur
le nord de la France, deux cas de systèmes orageux quasi-stationaires ancrés sur les contreforts
des reliefs du Massif Central et le cas des crues catastrophiques de l’Aude des 12-13 novembre
1999. Pour le cas de la crue-éclair extrême de 1999, les résultats sont améliorés en augmentant la
résolution horizontale du modèle de prévision même en partant de conditions initiales issues
de modèles de prévisions à l’échelle globale. Par contre, pour les quatre autres cas, l’état de
base du modèle doit être impérativement modifié et amélioré via la procédure d’initialisation
décrite plus haut. La description du champ d’humidité initial (saturation des tours convectives
et quasi-saturation des basses couches) est cruciale.

La méthode d’initialisation statique de Ducrocq et al (2000), a été évaluée sur deux cas de
systèmes convectifs dans les travaux de thèse de Didier Ricard (Ricard, 2002). Les résultats ont
montré que les champs de précipitations simulés par le modèle Meso-NH étaient significati-
vement améliorés par rapport aux prévisions opérationnelles de l’époque. Cette étude a éga-
lement montré les ingrédients favorables au développement de systèmes quasi-stationnaires
sur orographie : (i) la convergence de basses couches associée à un flux de contournement
des Alpes et à un flux de sud longeant les côtes espagnoles, amène la saturation des basses
couches de l’atmosphère et la formation des premières cellules convectives et (ii) le forçage
orographique permet de libérer l’instabilité convective. Les fines structures du relief influent
sur l’intensification des cellules, sur leurs trajectoires et la distribution spatio-temporelle des
cumuls de précipitations.

La question scientifique importante à mon arrivée en séjour post-doctoral au CNRM de
Météo-France, dans le cadre du projet intégré du 6ème Programme Cadre Européen FLOOD-
site, était de déterminer ce qui différencie les événements précipitants exceptionnels des cas
plus classiques d’un point des ingrédients météorologiques favorables. Il s’agissait alors d’iden-
tifier les processus atmosphériques sur un échantillon plus large de situations pluvieuses in-
tenses du pourtour Méditerranéeen.

Dans cette optique la modélisation numérique à l’échelle kilométrique et sub-kilométrique
a été utilisée comme un laboratoire numérique, dans les travaux de recherche que j’ai ménés ou
encadrés, afin d’étudier les ingrédients propices à la formation de systèmes convectifs quasi-
stationaires sur le Sud-Est de la France. La procédure d’initialisation décrite dans Ducrocq et al
(2002) a été appliquée à différents cas de systèmes convectifs et plus précisément sur des cas
de systèmes convectifs quasi-stationnaires méditerranéens : le cas des inondations de l’Aude
des 12-13 novembre 1999, la catastrophe du Gard des 8-9 septembre 2002 et un cas moins ex-
ceptionnel, mais typique des épisodes Cévenols, le cas des 13-14 octobre 1995. Deux articles
publiés au Q. J. R. Meteorol. Soc. (Nuissier et al 2008 ; Ducrocq et al 2008) font la synthèse des
ingrédients météorologiques conduisant au caractère stationnaire de ces trois événements de
pluies intenses sur le Sud-Est de la France.

Ces travaux sur la connaissance des systèmes orageux méditerranéens à faible mobilité se
sont également inscrits dans le cadre de la thèse d’Emilie Bresson que j’ai co-dirigée (Bresson,
2011). L’objectif de cette thèse était, dans une première partie, d’explorer plus systématique-
ment les relations entre les caractéristiques de l’environnement à méso-échelle et la localisation
et l’intensité des systèmes convectifs et les mécanismes de soulèvement et d’entretien de la
convection (Bresson et al 2012). Dans une seconde partie nous avons voulu confronter ces ré-
sultats au cas des pluies exceptionnelles du 15 Juin 2010 sur le Var pour savoir si le système
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convectif quasi-stationaire sur le Var était généré par des mécanismes de soulèvement simi-
laires. J’ai également participé à l’étude des mécanismes impliqués dans le déclenchement et le
maintien d’un système convectif sur mer observé le 26 octobre 2012 durant la Période d’Obser-
vation Intense 16a (POI16a) de la SOP1 de la campagne HyMeX.

Rôle du relief et du dôme froid sous orages

a) b) c)

FIGURE 2.5 – Synthèse des ingrédients propices à la formation des systèmes convectifs quasi-
stationnaire du a) 13-14 octobre 1995 (cas Cévennes), b) 8-9 septembre 2002 (cas Gard) et c)
12-13 novembre 1999 (cas Aude). D’après Ducrocq et al (2008).

Les facteurs propices à la production de forts cumuls de précipitation, à la fois dans l’en-
vironnement d’échelle synoptique et à méso-échelle, ont été mis en évidence pour les trois
situations mentionnées plus haut. Ces caractéristiques de l’environnement sont communes à
celles décrites par Lin et al (2001) pour les situations de pluie intense sur zones montagneuses
dans d’autres régions du globe (présence d’un thalweg d’altitude, un flux de basses couches
très humide d’intensité modérée à forte venant buter contre la zone de relief, un flux condition-
nellement instable en amont des contre-forts des reliefs, une situation évoluant lentement,. . . ).

Sur la base d’expériences de sensibilité et d’outils diagnostiques telles que les rétrotrajec-
toires de particules lagrangiennes, nous avons mis en évidence les rôles du forçage orogra-
phique, de la convergence de basses couches ou encore d’un dôme d’air froid sous orages
comme des sources potentielles de soulèvement souvent impliqués dans les événements pré-
cipitants en Méditerranée. La Fig. 2.5a illustre que le relief est le principal responsable du sou-
lèvement du flux, par forçage orographique, dans le cas où le système convectif est situé sur
les contreforts des Cévennes. Une expérience de sensibilité, dans laquelle le relief du Massif
Central a été rasé, nous a permis de montrer que celui-ci jouait un rôle essentiel dans le blocage
de la zone d’instabilité convective et sa libération par forçage orographique (Fig. 2.6a).

Lors d’épisodes plus atypiques, comme celui du Gard des 8-9 septembre 2002, le maximum
de précipitations se positionne en amont des reliefs. Un dôme froid (ou "cold pool") intense
ancré sur les plaines devient un facteur essentiel de stationarité et de soulèvement de la masse
d’air instable. Ce dôme froid est le résultat du refroidissement associé à l’évaporation des pré-
cipitations liquides chutant dans les régions sous-saturées de la basse troposphère et dans une
moindre mesure de la fonte et de la sublimation d’une partie des précipitations solides. Il im-
plique des chutes de 3 à 4 oC, sur une distance de 10 à 30 km et celui-ci force, à son tour, l’air
chaud et humide de basses couches au soulèvement sur son bord d’attaque. En septembre 2002
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FIGURE 2.6 – a) Précipitations simulées cumulées entre 00 et 06 UTC le 14 oct. 1995 pour l’ex-
périence sans Massif Central (NOR, grisé) et la simulation de controle (CTRL, isolignes), b)
précipitations simulées cumulées entre 18 et 22 UTC le 8 sept. 2002 pour l’expérience sans le
refroidissement associé à l’évaporation des précipitations liquides (NOC, couleurs) et la simu-
lation de controle (CTRL, isolignes). D’après Ducrocq et al (2008).

dans le Gard par exemple, les gradients thermiques associés à la plage froide sous orages at-
teignaient même 5 à 7 oC. D’ailleurs, si on supprime le refroidissement associé à l’évaporation
des précipitations liquides dans la simulation numérique (Fig. 2.6b), le système ne se posi-
tionne plus durablement sur les plaines gardoises mais sur les contreforts Cévenols. De plus, si
les reliefs du Massif Central ou des Alpes sont "rasés" (non montré ici), le dôme froid n’est plus
bloqué dans la vallée du Rhône et dérive vers le Nord, et avec lui l’activité pluvio-orageuse.

D’autre part, les reliefs voisins (Alpes, Pyrénées) jouent également un rôle important en
déviant et en canalisant le flux de basses couches, produisant ainsi de la convergence de basses
couches en amont du Massif Central (Fig. 2.5). Les Alpes ont ainsi tendance à dévier le flux de
sud, induisant ainsi de la convergence de basses couches. Ce contournement du aux Alpes est
exacerbé par un environnement plus sec ou un flux amont plus lent (Bresson et al (2012)). Cette
convergence de basses couches peut permettre le déclenchement de la convection en amont du
relief, sur plaine voire même sur mer.

Bresson (2011) a montré également dans sa thèse que les inondations lors du cas exception-
nel de Draguignan de juin 2010 étaient conditionnées par deux branches d’alimentation en air
marin de basses couches humide et conditionnellement instable de composante est à sud-est
convergent vers le Var, favorisant alors la convection sur le littoral et sur mer. Un courant de
densité se développe et s’intensifie sous les précipitations du système et aide à la stationarité
du système sur le Var. Le relief moyen des Alpes permet quant à lui de canaliser dans la val-
lée du Rhône un flux de nord qu’on retrouve sur le Golfe de Lion, et aussi, de dévier le flux
d’est dans le Golfe de Gênes. Le courant de densité au nord du Var est également alimenté
par ce flux de nord qui franchit les Alpes. Les bas reliefs escarpés des massifs des Maures, et
dans une moindre mesure du massif de l’Estérel, déclenchent de la convection. Ces structures
orographiques fines bloquent le refroidissement sous orages dans la vallée de l’Argens et le
canalisent entre les massifs des Maures et de la Sainte-Baume.

Ces mécanismes de soulèvement soit par dôme froid sous orages ou par la convergence de
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basses couches ont également été mis en évidence pour des cas observés durant la SOP1 de
la campagne HyMeX, et expliquent notamment le déclenchement et le maintien d’un système
convectif sur mer observé le 26 octobre 2012 (POI16a). Lors de cet épisode fortement précipi-
tant, le système convectif était alimenté durant son évolution au-dessus de la Méditerranée par
une masse d’air humide et conditionnellement instable, advectée par un jet de basses couches
de sud-est. La convergence entre deux flux de basses couches sur mer de composantes sud-est
et sud-ouest respectivement est le facteur qui déclenche perpétuellement un train de cellules
maintenant le système convectif (Duffourg et al., 2015). Un minimum de pression se formant
dans le sillage sous le vent des reliefs espagnols, associé à un thalweg d’altitude plus à l’ouest,
contribue à établir et renforcer cette convergence de basses couches.

Les différents mécanismes de soulèvement que sont le relief et le dôme froid sous orages
ont été mise en évidence en utilisant principalement une résolution horizontale de 2.5 km.
Cependant, des expériences ont été réalisées en augmentant la taille de la grille du modèle à
500 m. Pour certains cas, comme celui de Draguignan de juin 2010 par exemple, l’utilisation
d’un domaine à 500 m de résolution améliore sensiblement les simulations car elle apporte une
description plus fine des petits reliefs qui sont essentiels dans le déclenchement des premières
cellules convectives.

Cependant, pour d’autres cas comme celui du système convectif sur mer lors de la POI16a
de HyMeX, les résultas sont plus contrastés et la prévision apparaît même dégradée par rapport
à la résolution de 2.5 km. Dans la thèse de Maxime Martinet (démarrée à l’automne 2014) que
je co-dirige, nous avons montré que les simulations du système convective de la POI16 est for-
tement sensible à la représentation de certains paramètres de la turbulence comme la longueur
de mélange. Outre un effet des processus turbulents au sein même des nuages orageux, il y a
un impact significatif sur le dôme froid sous orages qui se maintient plus difficilement lorsque
le mélange turbulent est plus prononcé. Cet impact sur le dôme froid sous orages conduit à des
cumuls de précipitations au sol très différents.

Lien entre mécanismes de soulèvement et caractéristiques du flux amont et environnement

Nous avons vu précédement le rôle crucial joué par le dôme froid sous orages dans le soulè-
vement des masses d’air humides et instables. La prévision de l’occurence d’un dôme froid (et
son ancrage éventuel) demeure problématique et anticiper un régime fortement précipitant sur
les pentes au vent du relief ou alors plus en amont sur plaine revêt un enjeu particulièrement
crucial. Le dôme froid sous orages devient alors un facteur aggravant quant à la mise en place
d’un événement fortement précipitant sur les régions de plaine et/ou littorales impactant plus
durement les populations.

Pour donner des éléments de réponse quant à l’apparition de tel ou tel type de régime pré-
cipitant, une partie de la thèse d’Emilie Bresson a été consacrée à l’étude du comportement
d’un flux conditionnellement instable venant buter contre un relief. Il s’agit de déterminer les
conditions météorologiques favorisant soit : (i) l’émergence d’un dôme froid sous orages (ré-
gions de plaine plus touchées dans ce cas) ou alors (ii) un forçage orographique direct, faisant
déplacer les zones précipitantes en aval en direction des contreforts des reliefs.

Parmi les travaux antérieurs à la thèse d’Emilie Bresson, Chu et Lin (2000) puis Chen et Lin
(2005a) ont été parmi les premiers à simuler ces régimes précipitants. Sur la base d’expériences
numériques et d’hypothèses simplificatrices (relief 2D, écoulement uniforme), ils simulent des
régimes précipitants ne dépendant que de l’instabilité convective (CAPE 4) ou de la vistesse du
flux amont et de la hauteur caractéristique du relief (Fig. 2.7a).

4. Convective Available Potential Energy
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FIGURE 2.7 – Récapitulatif des quatre régimes précipitants, dépendant de deux paramètres
de contrôle : le nombre de Froude humide et la CAPE. Les flèches Fw et FD correspondent
respectivement à l’intensité du flux amont et celle du courant de densité. Les lettres C, S et
N qualifient le type nuageux des système précipitant (C pour convectif, S pour stratiforme, N
pour autre type). Les flèches blanches font référence à la direction de propagation du système
précipitant, les noires à celle du courant de densité. D’après Chen et Lin (2005a)

Miglietta et Rotunno (2009, 2010) approfondissent ces résultats dans un cadre cette fois
tri-dimensionnel dans lequel le relief est représenté par une montagne bi-dimensionnelle. Les
auteurs concluent que, outre l’instabilité convective et la vitesse du flux amont, les régimes pré-
cipitants étaient également pilotés par l’intensité du forçage orographique, en partie contrôlée
par la morphologie du relief et la capacité de ce dernier à soulever les masses d’air au-delà de
la couche d’inhibition convective (CIN 5)

Cependant, les études numériques idéalisées décrites plus haut présentent des limitations.
En effet, le relief 2D ou 3D, considéré dans ces travaux est un unique massif idéalisé, qui par
conséquent ne rend pas compte de la complexité de l’orographie de la Méditerranée Nord-
Occidentale avec ses trois chaînes montagneuses principales (Pyrénées, Alpes et Massif Cen-
tral). De plus, le gradient horizontal d’humidité et de vent n’est pas pris en compte, ni les
échanges entre la mer et l’atmosphère ou le transport de l’air chaud et humide par le flux
amont marin.

Pour ces différentes raisons, Bresson (2011) a repris et amélioré, dans le cadre de sa thèse, un
protocole numérique idéalisé dans lequel on impose un flux humide de basses couches butant
contre les Cévennes, mais avec un vent plus lent et plus sec sur son bord (Fig. 2.8a). A cela, nous
voulions ajouter la topographie réelle du Sud-Est de la France, avec ses trois massifs principaux
et la mer Méditerranée. Ce cadre expérimental avait été développé au CNRM par Bresson et
al (2009) et De Saint-Aubin (2008). L’objectif de cette partie de la thèse d’Emilie Bresson était
d’explorer plus systématiquement les relations entre les caractéristiques de l’environnement

5. Convective INhibition
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FIGURE 2.8 – a) Conditions initiales pour la simulation de référence (CTRL) en terme de rapport
de mélange en vapeur d’eau à 500 m d’altitude (couleurs, g kg−1) et de vent horizontal à 500
m d’altitude. b) Positions préférentielles des maxima de pluies simulées pour la simulation de
référence (étoile), les expériences de sensibilité au vent du flux amont (triangles) et à l’humidité
de l’environnement (points). Les cercles indiquent l’occurence de dôme froid stationnaire dans
la simulation. D’après Bresson et al (2012).

et la localisation et l’intensité des systèmes orageux quasi-stationaires sur la région. Un article
publié au Q. J. R. Meteorol. Soc. (Bresson et al 2012) fait la synthèse des résultats obtenus.

Deux régimes de systèmes précipitants ressortent de notre étude : (i) les systèmes générale-
ment les plus précipitants, centrés sur les zones de relief et associés à un forçage orographique
direct (régime I) et (ii) ceux en amont des reliefs (sur plaine ou sur mer), avec un dôme sous
orages (régime II).

L’analyse de nos différentes expériences de sensibilité au moyen de suivis de particules
lagrangiennes, de bilans et de diagnostics fait clairement apparaître un lien fort entre les carac-
téristiques du système convectif et la vitesse du flux amont de basses couches. Lorsque celui-ci
est étroit (i.e. un gradient important entre le centre du flux de basses couches et l’environne-
ment) ou lent, l’activité orageuse associée à un dôme froid sous orages a plus de chance de
se produire sur les plaines ou plus en amont sur mer (Fig. 2.8b). Ceci s’explique pour deux
raisons : premièrement l’air plus sec environnant subit une forte déviation de la part du mas-
sif Alpin, augmentant l’effet de convergence dans le golfe de Lion, et deuxièmement cet air
plus sec renforce l’évaporation sous l’activité pluvio-orageuse et favorise par conséquent l’oc-
curence d’un dôme froid (Fig. 2.9b).

L’étude de Bresson et al (2012) confirme par ailleurs la sensibilité de la localisation du sys-
tème précipitant (plaine ou relief) vis-à-vis de l’intensité du flux amont (Fig. 2.9a). Lorsque ce
dernier est rapide, l’advection des cellules orageuses au-dessus des reliefs et une plus faible
évaporation des précipitations dans les couches sous le nuage proches de la saturation ne per-
mettent pas l’établissement d’une plage froide. Ces processus se trouvent amplifiés par l’humi-
dification des basses couches par évaporation au-dessus de la mer par vent fort. Les plus forts
cumuls seront alors localisés sur les zones de relief.
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FIGURE 2.9 – Extension spatiale du dôme froid sous orages au bout de 24h de simulation, en
fonction de : a) l’intensité du flux de basses couches amont (W10 pour 10 m s−1, CTRL pour
20 m s−1, etc), et b) de l’humidité de l’enironnement (Q85 le plus sec, Q100 le plus humide).
D’après Bresson et al (2012).

2.2.3 Conclusions

Une partie de mes activités recherche s’est donc articulée autour de l’étude des processus
et des mécanismes qui pilotent la dynamique des cyclones tropicaux et les systèmes orageux
quasi-stationnaires méditerranéens, ceci sur la base de simulations numériques à méso-échelle.
Une première étape est de pouvoir disposer d’une simulation la plus réaliste possible, ce qui
confère aux conditions initiales une importance toute particulière. L’introduction dans l’état
initial d’un vortex cyclonique plus réaliste (intensité et sa structure verticale) pour les cyclones
tropicaux par exemple, ou alors la saturation des zones précipitantes dans les systèmes orageux
permet de simuler une évolution la plus proche possible des systèmes précipitants observés.
Le modèle est ensuite utilisé comme un laboratoire numérique afin d’identifier les processus
importants expliquant les caractéristiques des phénomènes.

L’ingrédient principal et nécessaire à l’occurence d’un épisode de pluie intense sur le sud-
est de la France est la mise en place d’un flux marin de sud-ouest à est humide et condition-
nellement instable venant buter contre les reliefs exposés. Ce flux de basses couches est lui
même piloté et contraint par la circulation de plus grande échelle. L’alimentation chaude et
humide de basses couches qui en résulte, doit être persistante (> 6-9 h) et peu mobile dans l’es-
pace. Cependant, ces conditions ne sont pas suffisantes à elles seules. Pour que se déclenche la
convection, il faut un soulèvement de la masse d’air conditionnellement instable au-delà de la
couche d’inhibition convective. Le forçage orographique, la convergence de basses couches ou
encore un dôme froid sous orages sont les sources de soulèvement souvent impliquées dans
les événements précipitants en Méditerranée.

Le cadre expérimental utilisé durant la thèse d’Emilie Bresson (Bresson, 2011) nous permet
de disposer dorénavant d’un peu plus d’éléments pour anticiper un régime fortement précipi-
tant plus en amont sur les plaines ou sur les régions côtières, avec une localisation plus inha-
bituelle et donc potentiellement plus dangereuse. L’apparition d’un dôme froid est principale-
ment liée aux processus d’évaporation des précipitations. Si le flux amont de basses couches
n’est pas trop rapide et/ou si l’environnement immédiat est relativement sec, les conditions
permettent la mise en place d’un dôme froid bloqué et à un système orageux de se maintenir
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en plaine.
En dépit d’un flux marin simplifié, l’étude menée par Bresson (2011) a montré que, la prise

en compte dans le modèle d’une topographie réelle ainsi qu’une description des caractéris-
tiques à méso-échelle du flux marin au-dessus du bassin Nord-Ouest Méditerranéen sont des
éléments clef quant à une bonne prévision de la localisation des systèmes convectifs méditer-
ranéens à faible mobilité.

Il convient cependant de souligner que le cadre expérimental utilisé pourrait être encore
amélioré. En effet la prise en compte dans les conditions initiales et aux limites pour le mo-
dèle de la variation verticale du vent (cisaillement de vent) peut amener une meilleure prise
en compte de l’interaction du système convectif avec son environnement. En effet, lors des épi-
sodes fortement précipitants méditerranéens, le flux s’organise assez souvent en jet avec du
cisaillement vertical du vent horizontal produisant du tourbillon renforçant les ascendances.
Ce tourbillon peut également interagir avec un dôme froid sous orages et renforcer les vitesses
verticales sur le bord d’attaque de ce dernier (Weisman et al., 1988).

Les mécanismes de soulèvement évoqués dans ce chapitre 2.2 sont généralement pilotés
par la circulation d’échelle synoptique favorisant la mise en place de l’environnement à méso-
échelle propice à la génération de pluies intenses et durables. La partie 2.3 présentera en quoi
mes travaux de recherche ont également contribué à la connaissance de ces environnements et
à la régionalisation climatique de cet aléa "fortes précipitations en Méditerranée".
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2.3 Régionalisation climatique des systèmes précipitants en régions
méditerranéennes

Il existe au jour d’aujourd’hui une grande incertitude sur l’évolution de la fréquence et l’in-
tensité des événements pluvieux intenses en région méditerranéenne dans le climat futur. La
résolution horizontale de la plupart des modèles de climat actuel (d’échelle régionale) ne per-
met pas la représentation de tels événements et il est nécessaire de développer des approches
par régionalisation climatique des sorties des modèles de climat. Un défi consistait donc à dé-
tecter, dans ces simulations climatiques, les cas potentiellement les plus propices uniquement
à partir des circulations de grande échelle favorables aux épisodes intenses.

Dans ce chapitre, je présenterai mes travaux de recherche en lien avec la caractérisation et
la régionalisation climatique des systèmes fortement précipitants méditerranéens, ainsi que la
possible évolution de la fréquence et de l’intensité de ces pluies intenses dans la perspective
d’un changement climatique. Pour ce faire, je décrirai alors une approche de descente d’échelle
’statistico-dynamique’, pour laquelle j’ai participé à la conception, et dont l’objectif était d’ex-
traire des situations d’épisodes méditerranéens d’une projection climatique donnée (scénario
A2 en l’occurrence), puis de réaliser des simulations d’échelle kilométrique. Ces travaux de
recherche ont été réalisés dans le cadre du projet ANR-CYPRIM 6.

2.3.1 Caractérisation des environnements météorologiques associés aux pluies in-
tenses en Méditerranée

Le lien existant entre les fortes précipitations se produisant sur le bassin méditerranée nord-
occidental et les dépressions ou les thalwegs d’échelle synoptique a été bien documenté sur
des événements passés. La manière avec laquelle ces précurseurs de plus grande échelle inter-
agissent avec l’orographie complexe du bassin méditerranéen nord-occidental puis favorisent
une dynamique favorable à l’occurrence de situations à pluies torrentielles à également été
étudiée (Buzzi et al., 1998 ; Doswell et al., 1998 ; Massacand et al., 1998 ; Homar et al., 1999 ; Ro-
mero et al., 2000 ; Jansa et al., 2001). Pour trois cas du Sud-Est de la France, Nuissier et al (2008)
insistent sur la présence de bas géopotentiels à l’ouest immédiat de la France ainsi qu’une dor-
sale anticyclonique sur l’Europe centrale bloquant la progression vers l’est de ces anomalies
d’altitude. Une telle configuration favorise la mise en place d’un flux de sud à sud-est et une
advection d’humidité très importante de la Méditerranée vers les régions impactées.

Toutes ces études se sont intéressées et focalisées uniquement sur des cas particuliers. Une
question importante a donc été de déterminer si les caractéristiques de ces circulations à plus
grande échelle se retrouvaient sur un échantillon plus significatif. Pour y répondre, nous avons
cherché à caractériser le contexte de grande échelle de manière objective et systématique. L’ap-
proche que j’ai utilisée avec mes collaborateurs s’inspire des nombreuses études en régimes de
temps sur le bassin Atlantique (Vautard, 1990) qui permettent de décrire les modes fréquents
de la variabilité synoptique de basse fréquence au sein d’un domaine d’intérêt.

Plaut et al (2001, PSD01 ci-après) ont été les premiers à initier un tel cadre d’étude afin de
donner des éléments de réponse à la question précédente. A partir d’un jeu de jours pour les-
quels la précipitation quotidienne a dépassé 40 mm, ils effectuent une classification objective
du géopotentiel à 700 hPa associé à ces mêmes jours de pluie. PSD01 déduisent que les pluies
se produisant sur la région des Alpes Maritimes sont associées à une configuration d’échelle
synoptique dans laquelle des bas géopotentiels se positionnent au sud de l’Irlande, accompa-

6. Cyclogénèse et Précipitations Intenses en Méditerranée
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gnés d’une forte advection d’humidité par flux de sud-ouest au voisinage sud des Alpes. Les
auteurs montrent également que lorsqu’un tel schéma d’échelle synoptique se produit il est
associé à la génération de précipitations dans 50 à 75 % des cas.

Les travaux présentés ici élargissent le champ d’étude et vont au-delà de ce qu’ont proposé
PSD01 en : (i) combinant des données (ré-analyse et/ou précipitations) sur une plus grande
profondeur temporelle, (ii) en considérant une population d’événements précipitants plus in-
tenses et d’autres paramètres utiles pour la description de ces derniers et (iii) en généralisant
les phénomènes à tout le Sud-Est de la France (hors Corse). Ces travaux de recherche que j’ai
effectués sont résumés dans un article publié au Q. J. R. Meteorol. Soc. (Nuissier et al 2011)

Deux classes d’environnement prépondérantes pour le Sud-Est de la France
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FIGURE 2.10 – a) Cartographie des stations pluviomètres utilisées pour la définition des évé-
nements précipitants (cercles noirs) ; les croix présentent le réseau considéré au départ. b) Do-
maine géographique utilisé pour la classification en ’type de temps’. Le relief est grisé et à une
résolution de 2.5 km en a) et de 110 km en b). D’après Nuissier et al (2011).

Afin de garantir de la robustesse, de l’objectivité et de la significativité dans la définition des
classes d’environnement associées aux pluies intenses méditerranéennes, nous avons employé
des outils de classification automatique. Cette classification (ou "clustering") a été directement
appliquée à un jeu de jours pluvieux caractérisant les événements de pluies intenses sur le
sud de la France (hors Corse). Cette approche d’identification systématique a été validée sur la
période 1960-2001, en s’appuyant délibérément sur des paramètres observés. L’échantillon était
composé des réanalyses ERA-40 pour les paramètres dynamiques et des séries pluviométriques
du Réseau climatologique d’Etat géré par Météo-France pour définir les différentes catégories
de jours pluvieux.

A partir des 1271 stations du réseau pluviométrique (les croix sur la Fig. 2.10a), il était im-
portant dans un premier temps d’isoler la partie extrême de la distribution de chaque série de
pluie, de manière à avoir une homogénéité statistique d’un point de vue des fortes précipita-
tions pour l’ensemble des stations. Un critère de dépassement d’un certain quantile de précipi-
tation permet de filtrer et ainsi réduire le jeu à 435 stations (cercles noirs de la Fig. 2.10a). Ainsi
un jeu de 1200 événements pluvieux significatifs (SRE dans la suite du texte) a été constitué
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pour des valeurs de quantiles dépassant 97 % et un autre jeu a été défini regroupant les 202 cas
les plus intenses correspondant à des quantiles au-delà de 99 % (HPE dans la suite du texte).

Comme pour la détermination des régimes de temps, nous avons retenu comme méthode
de classification automatique celle des nuées dynamiques (Michelangeli et al., 1995). La réana-
lyse ERA-40 est utilisée pour l’information synoptique et sous-synoptique, dans sa plus grande
profondeur, c’est-à-dire de 1960 à 2001 et pour la période Septembre-Décembre, soit un qua-
rantaine d’automnes au total. Le "clustering" est appliqué au champ de géopotentiel à 500 hPa
des 1200 jours identifés comme SRE. Le champ de géopotentiel de ces SRE se décompose selon
une partition de quatre classes. Trois d’entre elles contiennent des épisodes intenses, et surtout
deux se trouvent associées aux événements les plus intenses de façon étroite, en contenant plus
de 70 %.
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FIGURE 2.11 – Champs composites du géopotentiel à 500 hPa (contour, tous les 25 m) des jours
HPE contenus dans les ’types de temps’ ou clusters a) CSW et b) CS. Les plages grisées montrent
les zones où le composite des jours HPE est significativement différent par rapport à la classe
entière, avec un test de Student dont les intervalles de confiance sont respectivement de 90 et
95 %. D’après Nuissier et al (2011).

Pour illustrer les caractéristiques communes aux cas d’une même classe, on calcule alors la
moyenne (que l’on appelle composite ou centroïd) de tous les champs et pour tous les jours de
la même classe. On calcule également cette moyenne uniquement pour les jours HPE contenus
dans ces classes afin d’examiner les caractéristiques des champs météorologiques des jours les
plus intensément pluvieux. La Fig. 2.11 illustre les composites des cas HPE compris dans les
deux classes. Le composite de géopotentiel à 500 hPa pour la première de deux classes, que
l’on nommera par la suite CSW (pour Cyclonic Southwesterly), montre la présence de bas géo-
potentiels (ou thalweg) assez intenses sur la péninsule Ibérique, suivi en aval du flux par une
dorsale de courbure modérée (Fig. 2.11a). Pour la second classe, on remarque également une
circulation cyclonique mais qui aboutit cette fois à l’isolement d’une goutte froide d’altitude
sur la péninsule Ibérique. En outre, les hauts géopotentiels sur le continent européen se pré-
sentent comme nettement plus intenses (Fig. 2.11b). On nommera par la suite cette classe CS
pour Cyclonic Southerly.

Le géopotentiel à 500 hPa est le champ dont la variabilité est classée initialement. Cepen-
dant, on peut toute fois calculer des composites d’autres paramètres pour une même classe.
Ainsi, il apparaît remarquable d’obtenir également des composites strcuturés et bien organi-
sés, signe de l’occurrence de circulations tri-dimensionnelles complexes dotées de vrais liens
dynamiques entre les niveaux. Les classes CSW et CS révèlent ainsi la présence d’un fort flux
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FIGURE 2.12 – Comme la Fig. 2.11 mais pour les paramètres de basses couches : a) et b) le vent
horizontal à 925 hPa et c) et d) le flux d’humidité à 925 hPa (isolignes, tous les 0.1 kg m s−2).
D’après Nuissier et al (2011).

de basses couches advectant beaucoup d’humidité en Golfe de Lion après son parcours au-
dessus de la Méditerranée. Dans le cas de la classe CSW, l’alimentation dominante provient de
l’Atlantique puis remonte du détroit de Gilbraltar (Fig. 2.12a et c). Pour CS, la puissante dor-
sale conditionne un flux de basses couches orienté plus au sud-est advectant des masses d’air
humides et instables provenant de la partie orientale de la mer Méditerranée (Fig. 2.12b et d).

Les anomalies de bas géopotentiels sur la péninsule Ibérique, la dorsale sur le continent
européen et le flux de basses couches humide et instable constituent les structures clés dont le
positionnement et l’intensité vont prédéterminer le potentiel pluvieux de la situation.

Conditions suffisantes pour des pluies intenses en Méditerranée : un algorithme de détection pragmatique

Nous venons de voir que près des trois quarts des épisodes fortement précipitants se pro-
duisant sur le Sud-Est de France (hors Corse) peuvent être systématiquement associés à deux
classes d’environnement d’échelle synoptique bien différenciées. Nous avons intituivement ef-
fectué la démarche réciproque afin d’examiner si ces environnements, représentés ici unique-
ment par un seul champ caractéristique de la haute et/ou basse troposphère, fournissaient
à eux seuls des ingrédients ou des conditions suffisantes à l’occurrence d’épisodes de pluies
exceptionnelles. Autrement dit, est-ce que la seule réalisation de ces configurations d’échelle
synoptique implique systématiquement l’occurrence d’une situation de pluies intenses ?

Afin d’examiner cette question, nous sommes repartis non plus des jours de pluies mais du
géopotentiel à 500 hPa pour les jours de la période ERA-40. Les dates qui présentent une faible
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FIGURE 2.13 – a) Fréquence d’occurrence des événements de type HPE en fonction de la dis-
tance de corrélation spatiale par rapport aux centroïds des classes CSW et CS sur la base du géo-
potentiel à 500 hPa uniquement. La valeur climatologique est indiquée par la ligne horizontale
tiretée. La fréquence montrée en b) (courbe rouge) est calculée en rajoutant les paramètres de
basses couches vent et flux d’humidité à 925 hPa et en combinant les deux classes CSW et CS.
L’imagette b) montre aussi le nombre de cas cumulés à une distance de corrélation d (courbe
bleue). D’après Nuissier et al (2011).

distance de corrélation 7 par rapport aux centroïds des classes d’environnements identifiées sont
sélectionnées puis on vérifie la pluviométrie associée.

Si plus de la moitié des dates proches des classes CSW et CS sont bien des SRE (non mon-
tré), la fréquence chute de manière drastique lorsque l’on augmente les seuils de pluie. En effet
si on se base uniquement sur le géopotentiel à 500 hPa, on ne retrouve seulement que 20 % des
cas les plus intenses (HPE) (Fig. 2.13a). Si cette fréquence reste supérieure à la climatologie (en-
viron 5 %), ce taux ne suffit pas à qualifier ces configurations synoptiques de suffisantes. Nous
décidons alors de compléter le géopotentiel à 500 hPa par d’autre champs représentatifs de la
circulation et des structures de basses couches décrites précédemment dans le manuscrit. Nous
ajoutons aux environnements favorables le flux d’humidité à 925 hPa. L’étude en distributions
montre que ce champ de vecteur possède une orientation et une amplitude préférentielles lors
des situations de type HPE. En effet, le flux d’humidité doit posséder une amplitude minimale
dans une zone géographique englobant le Golfe de Lion. D’autre part, pour la direction, il doit
s’orienter du secteur sud-est à sud (entre 110oet 160o) sur cette région maritime en amont des
régions concernées par les fortes pluies.

Avec cette nouvelle combinaison (géopotentiel à 500 hPa et amplitude-orientation du flux
d’humidité à 925 hPa), quasiment toutes les dates situées très près de l’une ou l’autre des deux
classes d’environnement sont assurément un jour de pluies intenses, avec cependant le bémol
d’un taux de détection très(trop) bas (Fig. 2.13b). Se positionner à une distance de corrélation
un peu plus importante constitue un compromis acceptable pour lequel un peu moins d’une
cinquantaine de situations météorologiques favorables aux épisodes pluvieux serait détectée
par mesure de poximité aux composites de référence. Cette fois, près de 75 % d’entre elles

7. La distance de corrélation d est définie comme d = 1 - corr, où corr est la corrélation entre le champ et le
centroïd de la classe. La classe est qualifiée de discriminante vis-à-vis des fortes pluies si on obtient majoritairement
pour ces dates des distances de corrélation proches de zéro. Ce critère a été défini par PSD01
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correspondent en effet à des événements intenses.
Nous avons donc à ce stade élaboré un algorithme de détection de l’occurrence de fortes

pluies basé sur la seule prise en compte de paramètres météorologiques d’altitude et de basses
couches. Cet outil ne permet d’explorer qu’une partie de la population des événements intenses
(environ un quart), mais dès lors que les conditions synoptiques décrites plus haut sont avérées,
nous obtenons presque sûrement de forts cumuls de pluie, en particulier, les plus extrêmes.

2.3.2 Evolution des épisodes de pluies intenses dans la perspective d’un change-
ment climatique
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FIGURE 2.14 – Composites de basses couches des cas détectés par la méthode de proximité aux
classes CSW et CS fusionnées toutes les deux dans la période climat présent de la simulation
climatique ARPEGE-Climat a), et dans la période climat futur b). Les champs représentés sont
le géopotentiel à 500 hPa (isolignes rouges, intervalles 40 damgp), le flux d’humidité à 925 hPa
(plages grisées, intervalles 1 g kg−1 m s−1) et le vent à 925 hPa supérieur à 5 m s−1 (flèches
bleues). D’après Beaulant et al (2011).
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FIGURE 2.15 – Probabilité pour un cas détecté de faire partie de la classe CSW (blanc) ou CS
(gris) en climat présent (colonne de gauche) et en climat futur (colonne de droite). D’après
Beaulant et al (2011).

Un des objectifs du projet CYPRIM étaient d’apporter des éléments de réponse à cette ques-
tion difficile de l’évolution des événements de pluies intenses en Méditerranée dans le contexte
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FIGURE 2.16 – Composites des cumuls de pluies (mm/24h) simulés par Méso-NH à 2.5 km de
résolution horizontale couplé à ARPEGE-Climat/OPAMED sur les deux séries de situations
sélectionnées par la méthode de proximité aux classes d’environnements synoptiques, 10 cas
pour le climat présent a), et 10 autres dans le climat futur b). D’après Beaulant et al (2011).

global du changement climatique.
Différentes méthodes dites de désagrégation existent et ont pour but de projeter les signaux

du changement climatique depuis les échelles résolues par les modèles climatiques jusqu’aux
échelles locales. Pour se faire les techniques statistiques présentent une robustesse et une stabi-
lité très intéressantes car elles permettent de relier les paramètres du modèle aux observations
par des fonctions de tranfert, ceci à différentes échelles (Wilby et al., 1998 ; Plaut et Simonet,
2001 ; Plaut et al., 2001 ; Vrac et al., 2007). Bien que le coût numérique de ces méthodes soit
relativement modéré, elles supposent que les liens statistiques établis initialement ne changent
pas dans le scénario climatique, ce qui n’est pas nécessairement le cas. Il a même été démontré
que ces méthodes statistiques ne sont pas pleinement appropriées à l’étude des précipitations
intenses en Méditerranée (Quintana Segui et al., 2010).

On peut aussi réaliser une descente d’échelle dynamique dans laquelle le modèle de climat
est couplé à un autre modèle résolvant explicitement les processus convectifs (Trapp et al.,
2010). Le gros point fort de cette approche dynamique est de pouvoir résoudre simultanément
les circulations de grande échelle induites par le forçage climatique et les processus de petites
échelles pilotant les phénomènes convectifs. Cependant et comme on peut s’en douter, ce sont
des approches excessivement gourmandes d’un point de vue coût numérique, et il n’était pas
réaliste à l’époque de simuler à très haute résolution tous les jours de la période climatique.

La partie de mon travail de recherche décrite dans les précédents paragraphes s’est retrou-
vée au coeur d’une méthodologie innovante basée sur l’association de ces méthodes de des-
cente en échelle dynamique et statistique. Elle repose sur deux étapes : (i) l’identification puis
la sélection de situations dans des classes d’environnements synoptiques potentiellement fa-
vorables au déclenchement de pluies intenses dans le climat présent (1961-1990) et dans le
climat futur (2070-2099), (ii) la simulation de ces cas à l’aide d’un modèle à haute résolution
capable de simuler de façon détaillée les mécanismes conduisant au déclenchement d’événe-
ments précipitants. Les simulations climatiques avaient été réalisées avec le modèle régional
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FIGURE 2.17 – Cumuls maximum de précipitations (mm) sur 30 heures pour les 20 cas simulés
par Méso-NH à 2.5 km de résolution horizontale en fonction des surfaces impactées par des
pluies supérieures à 100 mm a) et pour le flux d’humidité maximum intégré entre 0 et 3 km
d’altitude. Le climat présent est représenté par les cercles blancs et le climat futur par les cercles
gris. Les lignes tiretées et pleines correspondent aux valeurs moyennes. D’après Beaulant et al
(2011).

couplé ARPEGE-Climat/OPAMED selon le scénario A2 du GIEC 8 (Somot et al., 2008). Ces
travaux ont été réalisés en partie lors du séjour post-doctoral de Anne-Lise Beaulant que j’ai
encadré puis les résultats ont été publiés au Q. J. R. Meteorol. Soc. (Beaulant et al., 2011).

Evolution de la fréquence des pluies intenses en Méditerranée

Avant d’appliquer aux sorties des modèles climatiques l’outil de détection basé sur la re-
cherche d’analogues d’environnements synoptiques, il a été nécessaire de vérifier au préalable
dans quelle mesure la simulation du climat présent reproduisait la variabilité des environne-
ments synoptiques obtenus dans la réanalyse ERA-40. Suite à une correction ou un débiaisage
appliqué sur les champs du modèle ARPEGE-Climat par rapport à la réanalyse ERA-40, nous
avons controlé ainsi que le nombre de situations potentielles détectées en climat présent est du
même ordre de grandeur que dans la réanalyse ERA-40.

Un premier résultat obtenu concerne le nombre d’événements détectés en climat futur, il
augmente de façon notable (45 cas en climat présent et 52 en climat futur, soit +13 %). Concer-
nant la structure spatiale des environnements, le composite des cas obtenus en climat futur
montre que, entre les deux branches d’alimentation de basses couches, la branche de sud-est
semble devenir prépondérante (Fig. 2.14b). Les événements détectés en climat futur présentent
ainsi un jet de basses couches de Sud-est plus marqué mais aussi plus rapide qu’en climat
présent. Si l’on détermine parmi les cas détectés par la méthode ceux dont la distance de cor-
rélation est faible par rapport aux classes d’environnement CSW et CS, on note que l’évolution
de leur fréquence d’occurrence va dans le même sens que ce qu’on peut voir sur les composites
de basses couches. En effet, la configuration CS a une probabilité beaucoup plus importante de
se produire dans le climat futur (Fig. 2.15).

8. Groupe d’experts Intergouvernemental sur l’Évolution du Climat
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Régionalisation des fortes précipitations en climat futur

La méthode d’analogues précédente a permis d’identifier une centaine de situations (climat
présent et futur confondus) propices à la formation de fortes précipitations dans les sorties du
modèle couplé ARPEGE-Climat/OPAMED. Parmi ces situations, les plus proches des centroïds
de chaque classe (faible distance de corrélation), seulement une vingtaine d’entre elles ont été
sélectionnées pour des raisons evidentes de coût de calcul. Ces situations ont été par la suite
simulées avec le modèle Meso-NH (Lafore et al., 1998) aux résolutions horizontales de 10 et
2.5 km dans une configuration avec deux domaines imbriqués en utilisant commes conditions
initiales et aux limites latérales les sorties du modèle ARPEGE-Climat/OPAMED.

Pour répondre à la deuxième question spécifique de l’évolution de l’intensité de ces événe-
ments de pluies intenses dans le climat futur, Beaulant et al (2011) ont comparé deux aspects.
En premier lieu, les caractéristiques des pluies simulées puis les ingrédients clés pour la forma-
tion de pluies intenses (flux d’humidité de basses couches, instabilité convective, etc) ont été
examinés dans les deux échantillons.

La comparaison des composites des cumuls de pluies montre une plus grande variabilité
spatiale des pluies intenses affectant davantage la région du Languedoc-Roussillon dans le cli-
mat futur, avec une baisse relative des précipitations au sud du Massif Central (Fig. 2.16). Les
maxima de cumuls atteints en climat futur sont globalement plus élevés qu’en climat présent.
De plus les surfaces impactées par les forts cumuls de pluies sont légèrement augmentées en
climat futur (Fig. 2.17a). Pour finir, une analyse des ingrédients clés montre que le flux d’humi-
dité de basses couches est plus prononcé de presque 20 % en climat futur.

Ces résultats sur les ingrédients favorables à méso-échelle laisseraient penser que, malgré
une diminution de l’instabilité convective disponible (non montrée), les événements orageux
en climat futur disposeraient d’une alimentation plus efficace par cette branche de sud-est.
Les masses d’air provenant de cette région de la Méditerranée seraient plus chaudes et plus
riches en vapeur d’eau ce qui expliquerait le caractère pluvieux plus marqué mis en évidence
en climat futur. Cependant, ces résultats doivent être tempérés compte tenu du nombre limité
des cas simulés et de l’unique scénario considéré.

2.3.3 Conclusions

Une autre partie de mes activités recherche s’est donc articulée autour de la régionalisa-
tion climatique des systèmes fortement précipitants dans les régions méditerranéennes et de
la délicate question de l’évolution des phénomènes orageux intenses dans la perspective du
changement climatique.

Je me suis tout d’abord penché sur les éléments météorologiques précurseurs caractéris-
tiques d’événements de pluies intenses sur les régions méditerranéennes. Une approche en
régimes de temps et l’utilisation combinée de données pluviomètriques et de la ré-analyse
ERA-40 permettent de résumer les trois quarts des cas les plus intenses en deux classes d’en-
vironnements d’échelle synoptique. Outre des anomalies de bas géopotentiels sur la péninsule
Ibérique, les deux classes CSW et CS montrent la présence d’un fort flux de basses couches
advectant beaucoup d’humidité dans le Golfe de Lion après son parcours au-dessus de la Mé-
diterranée. Dans le cas de la classe CSW, l’alimentation dominante provient de l’Atlantique via
la région de Gibraltar. Pour la classe CS, des hauts géopotentiels sur l’Europe centrale condi-
tionnent un flux de basses couches orienté plus au sud-est advectant des masses d’air humides
provenant de la partie orientale de la mer Méditerranée.

Nous avons également démontré que ces classes d’environnement, à condition de combi-
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ner des paramètres d’altitude et de basses couches (géopotentiel à 500 hpa et flux d’humidité à
925 hPa), sont des ingrédients ou des conditions suffisantes à l’occurrence d’épisodes de pluies
exceptionnelles. Cela nous a permis dans un deuxième temps de développer un outil de détec-
tion de l’occurrence des pluies fortes pour lequel le taux de fausse alarme est relativement bas.
Pour ces cas de fausse alarme, il se peut que les processus mis en jeu soient d’échelle plus fine
et soient de ce fait hors d’atteinte dans la réanalyse ERA-40 de résolution trop lâche.

Même si de nombreuses incertitudes persistent concernant la robustesse des résultats, la
méthode de descente d’échelle statistico-dynamique, mise en oeuvre dans le cadre du pro-
jet CYPRIM et appliquée au scénario A2 simulé avec le modèle ARPEGE-Climat/OPAMED,
semble indiquer pour la fin du 21ème siècle une diminution des précipitations sur le Massif
Central et les Alpes au profit de la région du Languedoc-Roussillon. La variablité de la localis-
tion des zones impactées par les fortes précipitations augmente clairement dans le climat futur.
Cette évolution, bien que basée sur un nombre restreint de cas, est cohérent avec l’évolution des
conditions synoptiques associées aux événement fortement précipitants. Le climat futur tend à
augmenter et à privilégier les événements associés à la classe CS affectant préférentiellement la
région du Languedoc-Roussillon.

Afin d’examiner l’importance de la résolution dans les modèles de climat, l’approche déve-
loppée dans le cadre du projet CYPRIM a été reprise dans les travaux de thèse de Jeanne Colin
(Colin, 2011). Cette étude a montré que l’emploi de la haute résolution (12 km) dans le modèle
régional ALADIN-Climat permettait de reproduire plus d’événements fortement précipitants
qu’avec le modèle global ARPEGE-Climat (50 km), ceci avec un taux de fausse alerte équivalent
à celui de l’outil de détection de l’occurrence des pluies fortes. En d’autres termes, l’utilisation
de la haute résolution dans le modèle de climat permet une meilleure représentation des pro-
cessus physiques pilotant la convection et par conséquent la proportion de HPE pour lesquels
l’état de l’atmosphère à l’échelle synoptique constitue une condition suffisante à l’occurrence
de ces événements dépasse donc le pourcentage détectable par l’outil mise en œuvre dans le
projet CYPRIM.
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2.4 Prévisibilité à l’échelle convective des pluies intenses en Médi-
terranée

Dans cette dernière partie, je décrirai les différentes contributions de mes travaux de re-
cherche sur l’étude de la prévisibilité à l’échelle convective des systèmes precipitants intenses
avec le modèle de prévision AROME. Nous y verrons en quoi ces travaux préparatoires ont
permis de mieux cerner la prévisibilité des situations prévues par le modèle AROME, ceci en
élaborant une méthode de génération de prévision d’ensemble à l’échelle convective. Ces ré-
sultats ont également servi de fondations au futur système de prévision d’ensemble AROME,
dont la phase opérationnelle est prévue en 2016.

Ces travaux de recherche ont été réalisés dans le cadre du projet ANR-MEDUP 9 et du pro-
gramme international HyMeX.

2.4.1 Quantification des incertitudes de prévision : une approche en prévision d’en-
semble (PE)

Les travaux de modélisation à l’échelle convective mentionnés dans la section 2.2 ont per-
mis de progresser dans deux domaines : (i) la connaissance des événements eux-mêmes en
utilisant le modèle comme laboratoire numérique et (ii) la prévisibilité à l’échelle convective,
en évaluant les capacités d’un modèle à fine échelle à prévoir ces épisodes fortement préci-
pitants, grâce à des conditions initiales appropriées (Ducrocq et al, 2000,2002). Les résultats
de ces travaux ont également conforté les orientations prises par Météo-France en terme de
prévision numérique du temps avec le développement de la nouvelle génération du modèle
non-hydrostatique AROME (opérationnel depuis 2008) à quelques kilomètres de résolution
horizontale et aussi doté de son propre système d’assimilation de données à méso-échelle 10.

Ceci étant, ces différentes études ont montré également une très grande sensibilité vis-à-
vis des conditions initiales et des forçages aux interfaces. Par exemple, il a été montré dans
la section 2.2 que les résultats numériques obtenus, pour une expérience dans laquelle des
observations de surface à méso-échelle supplémentaires sont assimilées, sont beaucoup plus
réalistes que ceux issus d’une simulation initialisée à partir d’une analyse issue de modèle
de grande échelle. La prévisibilité d’une situation météorologique appréhendée par le modèle
va dépendre de : (i) la nature intrinsèque du phénomène atmosphérique lui-même, puis (ii)
de la capacité du modèle à prévoir cet événement atmosphérique. Par exemple, il est admis
que les orages isolés en plaine ont une prévisibilité intrinsèque plus faible que les systèmes
convectifs à méso-échelle organisés sur les régions montagneuses de la Méditerranée, qui sont
eux-mêmes sans doute moins prévisibles que les perturbations d’échelle synoptique. De même
un modèle numérique à haute résolution comme AROME a par ailleurs une meilleure capacité
à représenter ces phénomènes atmosphérique de petite échelle que le modèle ARPEGE. Il a
donc été important de bien connaître et documenter la sensibilité du modèle et de cerner la
prévisibilité des phénomènes prévus par celui-ci.

Il existe des approches probabilistes qui permettent de quantifier la prévisibilité des situa-
tions météorologiques à l’échelle synoptique. La prévision d’ensemble (PE) est une technique
stochastique qui a montré son efficacité pour quantifier une part des incertitudes dans les pré-
visions, en particulier pour évaluer la variance associée aux erreurs des prévisions qui demeure

9. Forecast and projection in climate scenario of Mediterranean intense events : Uncertainties and Propagation
on environment

10. Depuis 2015 le modèle de prévision AROME est opéré à 1.3 km de résolution horizontale et avec une assimi-
lation des données en cycle horaire.
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FIGURE 2.18 – Espace des phases simplifié à deux dimensions de l’état de l’écoulement atmo-
sphérique. Le disque grisé représente l’incertitude sur la prévision qui grandit en raison de la
croissance de l’incertitude sur les conditions initiales et des erreurs associées au modèle.

un bon indicateur de prévisibilité.
L’idée de la prévision stochastique est de remplacer, dans la prévision, l’état initial unique

(analyse) par une fonction de densité de probabilité qui représente l’erreur d’analyse (cette in-
certitude sur l’état initial est symbolisée par le disque grisé au temps t0 de la Fig.2.18). Mais
les états atmosphériques modélisés possèdent un très grand nombre de degrés de liberté (de
l’ordre de 106), ne permettant pas une véritable évolution stochastique. Dans la pratique, on est
donc contraint de construire un échantillon d’états initiaux, constituant un ensemble, et dont
la dispersion reflète l’incertitude sur l’état initial (Leith, 1974). Ce nouvelles conditions initiales
sont obtenues par ajout à l’analyse de perturbations d’amplitudes faibles, compatibles avec l’er-
reur d’analyse. Chaque élément de l’ensemble est ensuite pris comme condition initiale pour
le modèle que l’on intègre autant de fois qu’il y a de constituants dans l’ensemble. La Fig.2.18
montre, dans l’espace des phases de Lorenz (1963) , les différentes "trajectoires" M issues des
différents éléments de l’ensemble et comment l’incertitude sur la prévision croît dans le temps
en raison de la croissance de l’incertitude sur les conditions initiales et des erreurs associées au
modèle. Le choix de la structure des perturbations initiales est donc crucial et les techniques
actuelles reposent sur l’identification d’un petit nombre de perturbations qui croissent les plus
vite et qui assurent à l’ensemble de représenter le plus large éventail de solutions différentes,
représentant l’incertitude de la prévision. Des méthodes de PE destinées aux échelles synop-
tiques qui considèrent les modes singuliers linéaires (Mureau et al., 1993), les "bred-modes"
(Toth et Kalnay, 1997) et l’ensemble Kalman filter (Houtekamer et al., 1996), sont utilisées res-
pectivement de manière opérationnelle dans le modèle du CEPMMT (Buizza et Palmer, 1995),
du NCEP (Toth et Kalnay, 1997) et du Centre Météorologique du Canada.

2.4.2 Méthodes dédiées de prévisions d’ensemble pour l’échelle convective

Avec la mise en opérationnel des nouvelles générations de modèles atmosphériques non-
hydrostatiques à des résolutions kilométriques résolvant explicitement la convection, comme
le modèle AROME de Météo-France, le réalisme des prévisions de précipitations a été signifi-
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cativement amélioré, grâce notamment à une meilleure représentation du cycle de l’eau et une
résolution explicite de la convection profonde. L’augmentation du réalisme ne s’accompagne
cependant pas toujours d’un gain en terme de prévision quantitative des précipitations. Il est
donc d’autant plus essentiel que la prévision apparaît réaliste, de pouvoir quantifier l’incer-
titude associée à cette prévision, et plus généralement la prévisibilité à l’échelle convective.
Les systèmes de PE pré-citées s’intéressent principalement à la prévision des transitions entre
régimes de temps par exemple, ou des trajectoires de cyclones tropicaux ou de depressions
des moyennes latitudes. Les perturbations générées par les " bred-modes" ou les vecteurs sin-
guliers, de nature principalement linéaire, sont bien adaptées à l’instabilité barocline de l’at-
mosphère, mais sont par contre moins pertinentes à l’échelle kilométrique, où les processus
fortement non-linéaires et à seuil dominent.

Les modèles à convection explicite sont très utiles à la prévision d’événements extrêmes et
dangereux de petite échelle spatiale et temporelle, comme par exemple les orages et les fortes
précipitations. Cependant, la prévisibilité de ces situations météorologiques dans les modèles à
échelle convective se retrouve limitée par la très forte sensibilité aux conditions initiales d’une
part, et par les instabilités convectives non-linéaires d’autre part. Enfin, les CRMs souffrent
également d’une source d’erreur supplémentaire, par rapport aux modèles globaux. Ils ont be-
soin de conditions aux limites, fournies à une résolution spatiale et temporelle insuffisante par
un modèle de plus grande échelle, lui-même entaché d’erreurs. Ces différences importantes,
ainsi que le coût numérique très important des prévisions à haute résolution, obligent donc à
se contenter d’un nombre de membres réduit dans l’ensemble et expliquent le besoin de mettre
au point des méthodes de génération de PE dédiées à l’échelle convective, échantillonnant au
mieux la densité de probabilité des solutions possibles pour la prévision.

La PE à échelle convective est ainsi devenue un axe de recherche prioritaire des grands
centres de prévision météorologique, d’abord sous forme d’études de sensibilité et de prévisi-
bilité des événements extrêmes. Il est important également de souligner que, lorsque j’ai débuté
mes travaux de recherche sur la prévisibilité et la PE, peu de travaux existaient sur ce sujet no-
tamment à plus fine échelle, i.-e. à l’échelle convective. C’est dans ce contexte que mes travaux
de recherche présentés ici ont proposé l’esquisse d’une méthodologie d’un système de PE à
l’échelle convective avec le modèle AROME, qui reposerait sur l’utilisation de la technique
d’assimilation pour perturber et générer des états initiaux du modèle. Cette recherche s’est
principalement focalisée sur les événements intenses méditerranéens.

Ces travaux sur la prévisibilité à l’échelle convective avec le modèle AROME se sont égale-
ment inscrits dans la cadre de la thèse de Benoit Vié que j’ai co-dirigée (Vié, 2012). Cette thèse
était un travail exploratoire, visant à identifier les différentes sources d’incertitude pesant sur
les prévisions AROME et évaluer leur importance, pour permettre de choisir au mieux la confi-
guration du futur système opérationnel. D’autre part, la SOP1 de la campagne expérimentale
HyMeX (Ducrocq et al., 2014) a été une opportunité unique durant laquelle un prototype de
PE avec le modèle AROME a été mis en place et a fourni des prévisions en temps quasi-réel.
Même si ces prévisions n’étaient pas systématiquement intégrées dans les bulletins des pré-
vionnistes de la campagne, elles ont néanmoins permis d’affiner la variabilité spatio-temporelle
de la convection prévue par le modèle AROME déterministe, et ainsi optimiser les plans de vol
avion. Enfin, nous le verrons plus loin que la PE avec le modèle AROME a permis d’ étudier la
prévisibilité des événements fortement précipitants obsersés durant la SOP1 HyMeX.
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La méthodologie de travail utilisée : quantification de chaque source d’incertitude

Nous avons choisi d’explorer séparément les différentes sources d’incertitude pesant sur
la prévision du modèle AROME à l’aide de simulations d’ensemble. Le choix des méthodes
de génération d’ensemble que l’on retiendra découlera donc à la fois de l’identification des
différentes sources d’incertitude ainsi que de l’étude de sensibilité des événements fortement
précipitants.

Nous avons discuté dans la partie 2.2 et 2.3 de l’importance du forçage d’échelle synoptique
d’une part, et des conditions de basses couches à méso-échelle d’autre part, pour le déclenche-
ment de systèmes convectifs, leur évolution et leur stationnarité. Les ensembles avec le modèle
AROME présentés ci-après ont été construits afin d’évaluer la prévisibilité de ces événements
au regard de ces deux sources d’incertitudes. D’autre part, nous avons été amenés également
à nous questionner sur les autres sensibilités des événements de fortes précipitations. L’impor-
tance de processus physiques tels que l’évaporation des précipitations et la mise en place de
plages froides sous orages, a motivé la mise en place de simulations d’ensemble représentant
l’incertitude liée à la paramétrisation de la microphysique en phase chaude. De même, la sen-
sibilité aux flux de surface, notamment à la température de surface de la mer, nous a conduit à
mettre en place différentes perturbations des conditions de surface.

Plusieurs types d’évaluation des ensembles de prévision AROME ont été conduits. En plus
des scores probabilistes classiquement utilisés pour évaluer les prévisions d’ensemble, d’autres
méthodes d’évaluation ont été conçues et appliquées aux prévisions d’ensemble. Tout d’abord,
une évaluation de type « modèle vers satellite » a été appliquée (non montrée dans le mémoire).
La propagation de l’incertitude sur la prévision de pluie dans la modélisation hydrologique a
ensuite été étudiée en utilisant en particulier les ensembles de prévisions AROME en entrée du
modèle hydrologique ISBA-TOPMODEL.

Trois articles publiés respectivement au Mon. Wea. Rev. et au Nat. Hazards Earth Syst. Sci. (Vié
et al 2011 ; Vié et al 2012 et Nuissier et al 2012) quantifient l’impact des différentes sources d’in-
certitude pesant sur la prévision du modèle AROME et examinent leur propagation jusqu’aux
échelles hydrologiques.

Incertitudes issues des conditions initiales et aux limites : impact des conditions synoptiques

Dans le cadre de sa thèse, Benoit Vié a dans un premier temps évalué de manière séparée
l’impact de l’incertitude provenant de l’échelle synoptique à travers les conditions aux limites,
et l’incertitude de méso-échelle sur les conditions initiales (Vié et al, 2011). Les ensembles avec
le modèle AROME réalisés dans cette partie l’ont été avec la version opérationnelle de 2008 à 2.5
km de résolution et l’incertitude provenant des conditions aux limites a été étudiée en utilisant
les membres de la prévision d’ensemble globales de Météo-France, la PEARP, également dans
sa configuration opérationnelle en 2008. Cela signifie que l’ensemble PEARP ne disposaient à
l’époque que de 11 membres pour ces travaux.

Dans une première expérience (AROME-PEARP) , chaque membre de la PEARP (d’une ré-
solution de 23 km sur la France à l’époque) sert de conditions aux limites latérales à un cycle
d’assimilation tri-horaire AROME semblable à la configuration opérationnelle. Pour éviter un
trop grand saut de résolution entre PEARP et AROME, un cycle d’assimilation ALADIN est in-
tercalé entre les deux composantes. Ensuite, dans une seconde expérience (AROME-PERTOBS),
l’incertitude provenant des conditions initiales à méso-échelle est évaluée par la méthode d’as-
similation d’observations perturbées (Houtekamer et al., 1996 ; Berre et al., 2006), tirant parti du
système d’assimilation à méso-échelle 3D-Var du modèle AROME. Les conditions aux limites
latérales, identiques pour chaque membre, sont fournies par le modèle ALADIN. Ces deux
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FIGURE 2.19 – Séries temporelles des précipitations cumulées sur 3h et moyennées dans une
boite de 400 km de côté, pour l’ensemble AROME-PEARP a) et AROME-PERTOBS b), du 1er

au 2 nov. 2008 à 12 UTC. La ligne épaisse noire représente les observations par pluviomètres,
tandis que les lignes fines et grises représentent chaque membre de l’ensemble. Les boites à
moustaches indiquent, toutes les 3h, la médiane, les premiers et derniers quartiles ainsi que les
minima et maxima de chaque ensemble. D’après Vié et al (2011).

ensembles sont évalués sur une période continue d’un mois, du 6 oct. au 5 nov. 2008 et leur
comportement est aussi analysé pour deux cas de fortes pluies méditerranéens le 20 oct. 2008
et les 1-2 nov. 2008.

Autant l’étude statistique que l’analyse des deux cas d’étude révèlent les différences d’im-
pact de perturbations des conditions initiales à méso-échelle ou des conditions aux limites. Il
apparaît essentiel de tenir compte des incertitudes sur les conditions initiales à méso-échelle
pour les premières heures de simulation. Après quelques heures (environ 12h dans nos expé-
riences), l’incertitude provenant des conditions aux limites domine. La part de chaque source
dans l’incertitude de la prévision varie aussi selon les conditions synoptiques : lorsque la cir-
culation d’échelle synoptique est prononcée (ce qui était le cas du 1-2 nov. 2008), l’incertitude
est plus largement dominée par les conditions aux limites (Fig. 2.19). Les diagrammes de rang
de la Figure 2.20, calculé pour le vent en basses couches, montrent une forme en U caracté-
ristique d’une sous-dispersion des ensembles à 12h d’échéance de la prévision (la dispersion
est plus faible que l’erreur de prévision). Ce caractère sous-dispersif augmente avec l’échéance
de prévision si l’incertitude venant des limites latérales n’est pas prise en compte et si en plus
la dynmaique d’échelle synoptique est marquée. Les premières échéances de la prévision sont
dominées principalement par les erreurs sur les conditions initiales à méso-échelle.

Nous voyons donc que l’incertitude sur les conditions aux limites latérales a un impact à
des échéances plus lointaines que l’incertitude venant des conditions initiales à méso-échelle
(typiquement au-delà de 12 heures), à mesure que la dispersion augmente dans l’ensemble
global coupleur. De plus, la vitesse avec laquelle se propage cette incertitude venant des condi-
tions aux limites est étroitement liée aux conditions d’échelle synoptique. L’étude de Gebhardt
et al (2011), qui se focalise sur des méthodes de perturbation dans le modèle COSMO-DE à
2.8 km de résolution horizontale, adopte une approche de séparation des sources d’incertitude
similaire à celle utilisée dans Vié et al (2011). Ils trouvent eux aussi que les erreurs modèles do-
minent principalement les premières heures de prévision, et que les variations des conditions
aux limites prennent le dessus les heures suivantes.

L’incertitude provenant des conditions aux limites latérales peut être prise en compte en
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FIGURE 2.20 – Diagramme de rang pour la prévision du module du vent à 925 hPa à 12h
d’échéance, calculé pour les jours avec un forçage d’échelle synoptique fort a) et pour les jours
avec un forçage d’échelle synoptique faible b). D’après Vié et al (2011).

couplant chaque prévision à haute résolution avec un membre d’une PE à l’échelle globale.
Néanmoins, l’ensemble à l’échelle convective doit englober l’ensemble des sources d’incerti-
tude suceptibles d’impacter la prévision à cette échelle. A première vue, l’approche consisterait
à combiner N membres d’une PE d’échelle globale comme conditions aux limites latérales à
M autres membres représentant des perturbations supplémentaires générées dans le modèle
à convection explicite, conduisant ainsi à la réalisation de N x M prévisions dans cette confi-
guration. Si la taille des PE d’échelle globale varie typiquement autour de 35-50 membres, le
coût numérique très important des prévisions à haute résolution obligent, au contraire, à se
contenter d’un nombre de membres réduit dans l’ensemble, avec des tailles cibles autour de 8
à 20 membres. Nous avons donc été amenés à nous poser la question du choix des membres
coupleurs en amont pour un ensemble à échelle convective.

Incertitudes provenant des conditions aux limites latérales : une méthode de sélection

Pour se faire j’ai évalué deux méthodes dans lesquelles les membres de la PE globales sont
sélectionnés soit : (i) de manière simplement aléatoire (expériences nommées RAND dans le
mémoire) ou (ii) en s’attachant à minimiser, dans le sous-jeu de membres retenus, les erreurs
d’échantillonnage de la distribution complète de tous les membres de la PE globale. Dans cette
deuxième méthode, les structures météorologiques de plus grande échelle sont regroupées en
classes via un algorithme de "clustering" dynamique de certains champs atmosphériques issus
des membres de la PE globale. Pour chaque classe, un membre est identifié comme élément
représentatif de son "cluster" et fourni les conditions aux limites latérales au modèle AROME.
La méthodologie de classification utilisée de cette étude (expériences nommées CLUST-REF)
est proche de celle adaptée pour le système 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).

Les champs météorologiques sont la hauteur du géopotentiel Z, les deux composantes du
vent horizontal U et V et l’humidité spécifique Q aux niveaux 500, 700 et 850 hPa. Sur la base
de la connaissance des environnements météorologiques de plus grande échelle favorables aux
fortes précipitations en Méditerranée, qui ont été décrits dans la partie 2.3, nous avons rafiné
la classification en introduisant, dans une expérience nommée CLUST-MOIST, des prédicteurs
statistiques associés aux fortes pluies sur notre région d’intérêt (e.g. la hauteur du géopoten-
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FIGURE 2.21 – Moyenne de l’ensemble AROME (isolignes turquoises) et dispersion (plages
grisées) pour les précipitations simulées cumulées entre 06 UTC le 15 Juin 2010 et 06 UTC le 16
Juin 2010, pour des conditions aux limites latérales choisies : a) de manière aléatoire (RAND),
b) sur la base d’une classification de champs météorologiques "classiques" (CLUST-REF) et
c) sur la base d’une classification de champs météorologiques "spécifiques" aux fortes pluies
(CLUST-MOIST). D’après Nuissier et al (2012).

tiel à 500 hPa ainsi que le flux d’humidité à 925 hPa). L’approche aléatoire et la classification
standard ou "orientée" sont illustrée sur le cas des inondations de Draguignan dans le Var le
15 Juin 2010. Ces travaux font l’objet d’un article publié dans la revue Natural Hazards and
Earth System Sciences (NHESS), (Nuissier et al (2012)). Ce cas dans le département du Var en
Juin 2010 (présenté dans la partie 2.2) était une situation avec une prévisibilité limitée dans
laquelle la variabilité à fine échelle des fortes précipitations observées était étroitement liée au
positionnement précis d’un ligne convective quasi-stationnaire sur le Var et la mer Méditerra-
née. Cette ligne convective était elle-même pilotée par une dépression de surface sur le golfe de
Lion, drainant une très forte advection d’humidité en basses couches vers les côtes varoises. La
prévisibilité limitée de cette situation se caractérisait également par une forte variabilité dans
la PE globale traduisant une forte incertitude sur la prévision de ce cas.

La Figure 2.21 montre que, dans ce cas d’étude, la variabilité des conditions aux limites la-
térales est bien mieux conservée suite à une classification des membres de la PEARP qu’en ef-
fectuant une sélection aléatoire. L’ensemble CLUST-REF semble plus clairement cibler les plus
fortes précipitations en moyenne sur le département du Var. Si on va plus loin en considèrant
cette fois dans la classification des prédicteurs spécifiques aux événements convectifs dans la
région d’intérêt (e.g. la hauteur du géopotentiel à 500 hPa et le flux d’humidité horizontal à
925 hPa), les plus fortes précipitations sont encore mieux cliblées sur le Var, avec un écart-type
normalisé ou dispersion qui devient plus faible sur la région.

L’analyse de ces résultats à travers les fréquences de dépassement de seuil des précipita-
tions en surface confirme que, dans les situations de fortes pluies avec une faible prévisibilité,
une classification objective de certains champs météorologiques prévus, comme méthode de
sélection des membres d’une PE globale, a clairement un impact très important sur la qua-
lité de la PE à l’échelle convective en aval. En effet, sur la Figure 2.22 les probabilités les plus
fortes de dépasser le seuil de 50 mm en 24h sont obtenus à partir d’une classification. Cepen-
dant, il est important de souligner que cette méthode de classification perd nettement de son
intérêt lorsque la situation météorologique gagne en prévisibilité ( lors de certains événements
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FIGURE 2.22 – Distribution spatiale des probabilités de dépassement du seuil de 50 mm pour les
précipitations simulées cumulées entre 06 UTC le Juin 2010 et 06 UTC le 16 Juin 2010, pour des
conditions aux limites latérales choisies : a) de manière aléatoire (RAND), b) sur la base d’une
classification de champs météorologiques "classiques" (CLUST-REF) et c) sur la base d’une clas-
sification de champs météorologiques "spécifiques" aux fortes pluies (CLUST-MOIST). D’après
Nuissier et al (2012).

convectifs plus pilotés par les reliefs des Cévennes par exemple), c’est-à-dire lorsque la variabi-
lité demeure faible dans la PE globale. Dans ces cas de figures, un choix aléatoire des membres
de la PE globale devient équivalent à la classification objective.

Combinaison des sources d’incertitude et impact des processus microphysiques et de surface

Si la quantification séparée de chaque source d’incertitude est une étape nécessaire, la sous-
dispersion des ensembles présentés jusqu’ici peut s’expliquer par le fait que chacun des en-
sembles ne prend en compte qu’une seule source d’incertitude. Nous avons donc cherché à
combiner les sources d’incertitude et à prendre en compte aussi les erreurs de modélisation.
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FIGURE 2.23 – Diagramme de rang pour la prévision du module du vent à 925 hPa, calculé
pour la période du 15 oct. au 1er nov. 2008 et ceci pour l’échéance 6h a) et 24h b) et c). D’après
Vié et al (2012).
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Dans un article publié dans la revue Natural Hazards and Earth System Sciences (NHESS),
Benoît Vié montre l’impact de la prise ne compte simultanée des différentes sources d’incerti-
tude présentés précédemment (Vié et al, 2012). La période continue allant du 15 oct. au 1 nov.
2008 ainsi que les deux cas de fortes pluies méditerranéens le 20 oct. 2008 et les 1-2 nov. 2008
sont considérés. Les ensembles précédemment nommés AROME-PEARP et AROME-PERTOBS
dans Vié et al (2011) servent de référence. Un autre ensemble (AROME-COMB) tient compte
simultanément des incertitudes provenant des conditions initiales et aux limites latérales, en
combinant les techniques utilisées pour élaborer AROME-PEARP et AROME-PERTOBS.

L’évaluation statistique de AROME-COMB sur la période d’un mois montre une nette amé-
lioration de la dispersion entre AROME-PEARP et AROME-PERTOBS (Fig. 2.23a et b). Il est
donc bénéfique de prendre en compte simultanément les incertitudes provenant des condi-
tions initiales et aux limites latérales. L’amélioration est signifivative à courte échéance (6 à
12h), pour laquelle l’ensemble AROME-PERTOBS a déjà perdu une grande partie de sa disper-
sion, et l’ensemble AROME-PEARP n’en a pas encore suffisamment. Pour les échéance plus
longues, l’impact plus important des conditions aux limites latérales fait que AROME-COMB
et AROME-PEARP ont le même comportement (Fig. 2.23b).

Pour échantillonner au mieux l’incertitude sur la prévision, il est nécessaire de tenir compte
également des erreurs de modélisation, en complément des incertitudes sur les conditions ini-
tiales et aux limites latérales. Les sources d’erreur de modélisation sont nombreuses. Les ap-
proximations utilisées dans les systèmes d’équations implémentés dans les modèles, la discréti-
sation numérique de ces équations, ou encore l’utilisation de paramétrisations pour représenter
les processus sous-maille sont autant de sources d’erreur.

Les travaux présentés dans la partie 2.2 ont montré le rôle important que jouent les proces-
sus physiques de basses couches à méso-échelle dans l’entretien et la stationnarité des systèmes
convectifs. Le mécanisme de soulèvement identifié, mettant en jeu l’évaporation des précipita-
tions et le refroidissement associé des basses couches dans la formation d’une plage froide sous
orages, favorise à son tour le déclenchement de nouvelles cellules convectives.

Dans le cadre de sa thèse, Benoît Vié a également examiné l’impact de perturbations ap-
pliquées aux paramétrisations des processus impliqués dans la génération et l’évolution de la
pluie dans le modèle, ceci afin d’étudier l’impact de cette source d’incertitude la prévisibilité
des systèmes précipitants. Benoît Vié a repris la même approche de perturbation du schéma
de la microphysique chaude proposé par Fresnay et al (2012) pour le modèle Meso-NH, qu’il
a implémentée dans le modèle AROME. Dans le schéma de la microphysique chaude, les ten-
dances d’autoconversion des goutelettes nuageuses en eau précipitante, l’accrétion des goute-
lettes nuageuses sur les particules d’eau précipitante, ainsi que l’évaporation de l’eau précipi-
tante sont perturbuées en leur appliquant un coefficient multiplicatif constant dans l’espace et
dans le temps.

Un ensemble avec le modèle AROME a été réalisé, prenant de surcroît une partie de l’er-
reur de modélisation, associée au schéma de la microphysique chaude, on nomme ainsi cet
ensemble AROME-COMB-MICROPHY. Aucune différence statistique ne peut être mise en
évidence entre AROME-COMB et AROME-COMB-MICROPHY. Les perturbations microphy-
siques appliquées, ne jouant que sur les fortes précipitations, leur effet n’est pas visible en
moyenne sur notre période (Fig. 2.23c). Cependant, pour certains des cas d’étude où le contexte
météorologique est moins piloté par le forçage synoptique et l’orographie, il existe une sensi-
bilité plus marquée quant à la localisation et l’intensité des précipitations du aux perturbations
sur les processus microphysiques. Dans ce type de situations, l’incertitude de la prévision as-
sociée aux erreurs de modélisation de la microphysique chaude est donc importante pour les
mécanismes d’initiation de la convection et de régénération des sytèmes convectifs par déclen-
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chement de nouvelles cellules, et donc pour la stationnarité des systèmes précipitants.
Bien évidemment, la perturbation des tendances de la microphysique chaude n’est pas suf-

fisante. Même en ce qui concerne les épisodes fortement précipitants, il est indispensable de
s’intéresser également, a minima, aux processus impliquant les espèces microphysiques glacées.
L’incertitude provenant d’autres paramétrisations du modèle (turbulence, rayonnement,...) doit
aussi être prise en compte. Afin d’englober une grande part de l’erreur de modélisation, la tech-
nique de perturbation stochastique des tendances physiques (SPPT) a été adaptée au modèle
AROME puis implémentée dans ce dernier par Bouttier et al (2012). Les résultats de cette étude
montrent que la qualité de l’ensemble est fortement améliorée, notamment dans les basses
couches de l’atmosphère.

2.4.3 Evaluation de systèmes de PE à l’échelle convective dédiés à la campagne
HyMeX
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FIGURE 2.24 – Domaines géographiques des ensembles PE AROME (gris clair) et COSMO-H2-
EPS (gris foncé). Les points rouges matérialisent le réseau de stations de pluviomètres avec une
densité renforcée pour les besoins de la campagne sur la France, l’Italie et la Catalogne. D’après
Nuissier et al (2016).

Sur la base de ces premiers travaux s’attachant à quantifier l’importance de chaque source
d’incertitude impactant la prévision du modèle AROME, j’ai contribué par la suite à la mise
en place d’un prototype de PE avec le modèle AROME qui a fourni des prévisions en temps
quasi-réel lors de la SOP1 HyMeX. Ce système de PE intégrait l’ensemble des avancées scien-
tifiques réalisées jusqu’alors, à savoir : (i) la prise en compte de l’incertitude issue des condi-
tions aux limites via une classification objective des membres de la PEARP, (ii) une assimila-
tion d’ensemble (assimilation d’observations perturbées) fournissant les conditions initiales à
méso-échelle et (iii) les erreurs de modélisation décrites par la SPPT.

La PE AROME, avec ses 8 membres, a été comparée à un autre sytème de PE à l’échelle
convective (COSMO-H2-EPS) dédié à la campagne HyMeX. COSMO-H2-EPS est basé sur le
modèle COSMO avec une résolution horizontale de 2.8 km. Les conditions initiales et aux li-
mites latérales proviennent des 10 premiers membres de l’ensemble régional COSMO-LEPS.
COSMO-LEPS quant à lui avec une résolution horizontale de 7 km, est initialisé et forcé par
une sélection objective de 16 membres de l’ensemble global ECMWF EPS. Les deux ensembles
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PE AROME et COSMO-H2-EPS sont évalués sur la période SOP1 (6 sep. - 5 nov 2012) et sur un
domaine de vérification centré sur le Sud-Est de la France et sur la région Ligure-Toscane.

Performance globale des ensembles sur la période SOP1

1 5 10

0.7

0.8

0.9

1.0

thresholds (mm/6h)

R
O

C
 A

re
a

COSMO H2 EPS

 AROME

a)

1 5 10

0.00

0.01

0.02

0.03

0.04

0.05

0.06

thresholds (mm/6h)
R

e
s
o
lu

ti
o
n

COSMO H2 EPS

 AROMEb)

FIGURE 2.25 – Résolution et aire sous la courbe ROC (ROCA) pour les ensembles PE AROME
et COSMO-H2-EPS sur le domaine de validation italien Ligure-Toscane (LT). D’après Nuissier
et al (2016).

La Figure 2.25a montre que, sur la période SOP1, la PE AROME a une meilleure discrimi-
nation des événements précipitants (pluies sur 6h supérieures aux seuils définis) que COSMO-
H2-EPS, en particulier sur le domaine de vérification Ligure-Toscane où la variabilité des préci-
pitations a été plus importante. Cependant, les résolutions statistiques sont équivalentes pour
les deux systèmes.

Prévisibilité hydrométéorologique d’épisodes précipitants observés durant la POI 16a
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FIGURE 2.26 – Distribution spatiale des probabilités de dépassement du seuil de 50 mm pour
les précipitations simulées cumulées entre 00UTC le 26 Octobre 2012 et 00 UTC le 27 Octobre
2012 pour a) la PE AROME et b) COSMO-H2-EPS. La vignette c) représente les observations
de précipitations cumulées sur la même période. D’après Nuissier et al (2016).

Dans un second temps, nous nous sommes intéressés à l’analyse de la prévisibilité de deux
situations fortement précipitantes observées durant la période d’observation intensive 16a le
26 Octobre 2012 sur le bassin Méditerranée Nord-Occidental. Dans la matinée du 26 Octobre
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2012, les conditions météorologiques étaient très favorables à la génération d’événements for-
tement pluvieux, à savoir un flux en altitude orienté de sud à sud-ouest et une puissante ad-
vection d’humidité en basses couches. Un premier Système Convectif de Méso-échelle (MCS)
au-dessus de la Méditerranée et a traversé le département du Var dans l’après-midi du 26 en
causant deux morts sur Toulon. Un autre système quant à lui a touché la région de Ligure-
Toscane avec des cumuls très importants de l’ordre de 250 mm en 24h.

Les ensembles PE AROME et COSMO-H2-EPS permettent de bien anticiper le risque de
fortes précipitations à partir des cartes de probabilités de dépassement du seuil de 50 mm en
24h présentées en Figure 2.26. En effet, les risques de fortes pluies est bien cerné sur la région
des Cévennes, du Var et Ligure-Toscane comparativement aux observations. Cependant, la PE
AROME semble un peu mieux englober l’incertitude spatiale associée aux précipitations les
plus fortes concernant le Var et la Ligure-Toscane.

0

50

100

150

200

250

0 6 12 18 0 6 12 18

H
o

u
rl

y
 d

is
c
h

a
rg

e
s

(m
3
.s

-1
)

26 october 2012 27 october 2012

a)

0

50

100

150

200

250

0 6 12 18 0 6 12 18

H
o

u
rl

y
 d

is
c
h

a
rg

e
s

(m
3
.s

-1
)

26 october 2012 27 october 2012

b)

FIGURE 2.27 – Prévisions d’ensemble de débits pour la rivière du Gapeau à Hyères pour a) la
PEAROME et b) COSMO-H2-EPS : les losanges noirs représentent les observations. Les débits
obtenus en forçant le modèle ISBA-TOP avec des données radar sont représentés par ligne
bleue. La plage grisée indique l’intervalle interquartile avec la médiane en ligne rouge. D’après
Nuissier et al (2016).

En plus de l’évaluation météorologique classique, cette étude met également en place un
processus innovant d’évaluation hydro-météorologique de ces prévisions d’ensemble de cas
de fortes pluies. Chaque prévision de précipitations a alors été utilisée en entrée du modèle
hydrologique ISBA-TOP (Vincendon et al., 2011), pour ainsi constituer un ensemble de débits
pour des bassins versants de la rivière du Gapeau à Hyères et de Magra à Améglia.

Les résultats pour le département du Var sur la Figure 2.27 montrent que les deux systèmes
d’ensemble indiquent un risque de dépasser un premier seuil d’alerte, qui est de 130 m3 s−1

à Hyères. Cependant, la PERAOME représente mieux la dynamique de la crue, avec une mé-
diane de l’ensemble reproduit les deux pics de débit observés. L’ensemble COSMO-H2-EPS
propose quant à lui des scénarii avec des pics de crues décalés temporellement par rapport aux
observations (Fig. 2.27b). Cette approche en prévision d’ensemble hydrométéorologique per-
met d’évaluer les ensembles atmosphériques en terme de chronologie et de localisation précise
des fortes précipitations, qui sont elles mêmes pilotées par la bonne représentation de certains
ingrédients météorologiques que nous avons vus dans la partie 2.2.

Duffourg et al (2015) ont montré que le creusement d’une dépression de surface au sud du
golfe du Lion et la convergence de basses couches associée étaient les éléments clés favorisant la
régénération continue de cellules convectives sur mer constituant le MCS qui a ensuite affecté
le Var dans la journée du 26 Octobre 2012. Si l’on examine de manière "ensembliste" ces ingré-
dients favorables, ils sont mieux représenter en moyenne dans la PE AROME, ce qui explique
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un meilleur ciblage de fortes précipitations sur le département du Var.
La meilleure capacité de la PE AROME à pouvoir mieux discriminer les événements pré-

cipitants vient probablement du fait que ce dernier a son propre système d’assimilation et tire
bénéfice de perturbations construites à l’échelle kilométrique, aidant ainsi à mieux capturer la
variabilité à cette échelle. Les résultats de cette étude viennent en tout cas conforter notre stra-
tégie et nos choix quant à la représentation des principales sources d’incertitudes inhérentes à
la prévision du modèle AROME.

2.4.4 Conclusions

Une troisième et dernière partie de mes activités de recherche s’est donc focalisée sur l’étude
de la prévisibilité à l’échelle convective des systèmes précipitants avec le modèle AROME.
Dans cette partie, j’ai contribué donc à mieux quantifier la prévisibilité de ces événements et à
estimer l’incertitude associée à leur prévision dans les modèles numériques à haute résolution.
Ces résultats ont été à la base du futur système de prévision d’ensemble AROME, dont la
première version exploitée en mode opérationnelle verra le jour en fin d’année 2016. Une partie
de ces travaux ont été également réalisée dans le cadre de la thèse Benoit Vié (Vié, 2012) que
j’ai co-dirigée.

Pour répondre à la question de l’identification des sources d’incertitude, nous avons adopté
une approche dans laquelle nous avons étudié séparément les sources d’incertitude essentielles
à considérer (conditions aux limites latérales, conditions initiales et erreurs de modélisation) à
l’aide de simulations d’ensemble. La grande difficulté pour la définition d’une prévision d’en-
semble aux échelles du modèle AROME est le petit nombre de membres de l’ensemble qui est
contraint par la puissance de calcul. Le challenge est donc de concevoir des méthodes de per-
turbation qui permettent d’échantillonner les principales erreurs en un dizaine de solutions.
D’autre part, la campagne HyMeX a fourni un cadre pour le développement de la prévision
d’ensemble à la résolution kilométrique et une opportunité unique pour son évalution dans le
contexte de la prévision des pluies intenses et des crues rapides.

Concernant les incertitudes issues des conditions aux limites latérales, j’ai mis au point
une technique de classification automatique, sur la base de critères objectifs, qui permet de ne
retenir que quelques membres de la prévision d’ensemble globale tout en minimisant l’erreur
d’échantillonnage de la distribution complète de la PEARP utilisée en conditions latérales pour
le modèle AROME. Cette approche a un impact significatif, par rapport à un choix aléatoire,
surtout si la situation météorologique présente une forte variabilité c’est-à-dire une faible pré-
visibilité.

Benoit Vié a ensuite montré, au moyen d’une méthode de perturbation initiales par assimi-
lation d’ensemble, qu’il était aussi nécessaire de perturber les conditions initiales en particulier
pour améliorer la dispersion de l’ensemble dans les 12 premières heures (Vié et al., 2012).

Un système de prévision d’ensemble basé sur ces méthodes de perturbation (conditions
initiales, conditions aux limites et erreurs de modélisation) et pour un domaine AROME cou-
vrant la Méditerranée nord-occidentale a été mis en œuvre en temps réel pendant la SOP1. Ce
système a été comparé au système italien de prévision d’ensemble à la résolution kilométrique
(COSMO-H2-EPS) sur la période de la SOP1, avec des scores globalement meilleurs pour la
prévision d’ensemble AROME (Nuissier et al, 2015).

Une mise en exploitation opérationnelle du système de prévision d’ensemble avec le mo-
dèle AROME sera effective d’ici fin 2016. Cependant, pour des raisons de complexité de mise
en œuvre opérationnelle de l’assimilation d’ensemble, la technique d’assimilation d’ensemble
est remplacée par l’application des perturbations de la PEARP à l’analyse AROME pour cette



152 CHAPITRE 2. SYNTHÈSE DES TRAVAUX DE RECHERCHE

première version opérationnelle de la PE AROME. Cette technique est moins performante dans
les premières 9 heures de prévision. Néanmoins, il a été montré la supériorité de la PE AROME
par rapport à la PEARP et à AROME-France déterministe pour la prévision des fortes précipi-
tations.



Chapitre 3

Synthèse et perspectives

La Méditerranée nord-occidentale est régulièrement touchée, principalement durant l’au-
tomne, par des épisodes de pluie intense. La région connaît un cas à très forts enjeux, en
moyenne une fois par an, à une fois tous les deux ans. Parmi ces événements, les cas de convec-
tion stationnaires ou peu mobiles sont très nombreux. La prévision de la localisation et de
l’intensité précises de ces imtempéries demeure délicate et difficile en raison de processus et
mécanisme impliqués complexes, et pouvant être assez variables spatialement.

Mes travaux de recherche effectués entre 2005 et 2016 sont résumés dans ce mémoire. Ils ont
porté sur 3 principaux axes thématiques : (i) l’amélioration des connaissances et la modélisa-
tion, (ii) la régionalisation climatique et (iii) la prévisibilité à l’échelle convective des systèmes
précipitants des régions méditerranéennes. Je vais, dans un premier temps, faire une synthèse
de ma contribution pour chacune des thèmatiques, puis je présenterai les principales orienta-
tions que je souhaiterais donner à mes recherches pour les 4 ou 5 prochaines années.

Lors de mes travaux sur la modélisation des systèmes fortement précipitants méditerra-
néens, j’ai cherché à identifier les processus atmosphériques associés aux situations météoro-
logiques de précipitations intenses conduisant à la formation de crues rapides sur le pourtour
méditerranéen, à partir de simulations numériques issues du modèle Meso-NH. Des études de
sensibilité ont permis de mettre en évidence les liens étroits qui existent entre entre la locali-
sation et la structure spatiale de ces système fortement précipitants d’une part, et la structure
du relief à fine échelle et le flux amont de basses couches humide et instable d’autre part. Un
des résultats importants a été de mieux comprendre notamment les conditions favorisant un
régime fortement précipitant plus en amont sur les plaines ou les régions côtières plus vulné-
rables, conduisant donc à une situation potentiellement plus dangeureuse.

Ces études sur la modélisation des épisodes fortement pluvieux méditerranéens nous ont
montré également que l’utilisation d’une résolution horizontale de 500 m n’améliorait pas sys-
tématiquement la prévision quantitative des précipitations, avec des résultats spatialement dif-
férents et parfois mitigés, dégradant la prévision de certaines situations. Parmi les processus
clés, la microphysique et la turbulence ont une influence importante sur la localisation et la pro-
duction des fortes précipitations dans les systèmes précipitants. Pour améliorer la prévision de
ces événements extrêmes, il reste des progrès à faire dans l’identification des mécanismes et
leurs interactions multi-échelles, ainsi que dans leurs représentations dans les modèles avec
des mailles d’échelle sub-kilométrique.

Pour l’amélioration des paramétrisations physiques clés dans les modèles d’échelle sub-
kilométrique deux axes importants pour la recherche au cours des prochaines années sont
identifiés et concernent : (i) la modélisation des processus microphysiques, qui sont des sources
importantes d’erreur dans la prévision et (ii) la modélisation de la turbulence dans la couche
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limite et la représentation de la turbulence dans et à proximité des nuages convectifs. Pour
la paramétrisation des processus microphysiques de nouveaux schémas à 2 moments, repré-
sentant explicitement l’effet des particules d’aérosols, ont été développés. Un schéma comme
LIMA 1 par exemple, développé pour le modèle Meso-NH, permettra de mieux comprendre le
rôle des particules d’aérosols dans la production des précipitations intenses. En ce qui concerne
la turbulence, des schémas plus adaptés permettront de mieux représenter le mélange turbu-
lent qui reste actuellement insuffisant pour des gammes de résolution allant de 500 m à 2 km.

Mes activités de recherche sur cette thématique de la modélisation des systèmes fortement
précipitants aux échelles sub-kilométriques s’inscriront en partie dans la suite de la thèse de
Maxime Martinet. Les simulations déjà réalisées à 500 m de résolution avec les paramétrisa-
tions actuelles dans le modèle Meso-NH ont été une première étape. Dans la suite de ce travail
de thèse, des simulations sur des grands domaines et une résolution horizontale de 150 m
seront réalisées, afin de simuler explicitement une grande partie de la turbulence et de répré-
senter pleinement les interactions multi-échelles des mécanismes générant la convection. Une
analyse des processus à cette échelle sera réalisée et les résultats obtenus pour ces simulations
dites de références seront confrontés à de nouvelles simulations réalisées avec les nouvelles
paramétrisations développées dans le modèle Meso-NH pour la turbulence et/ou la micro-
physique. Les données de la campagne HyMeX permettront de valider les processus mis en
évidence dans les simulations numériques. Ces travaux de recherche seront réalisés en partie
dans la cadre du projet ANR MUSIC 2 (2015-2018).

Une autre partie de mes travaux de recherche a contribué à quantifier les incertitudes et à
mieux cerner la prévisibilité des situations prévues par le modèle AROME. Nous avons adopté
une approche en prévision d’ensemble. Une des caractéristiques et difficultés pour la défini-
tion d’une prévision d’ensemble à la résolution kilométrique est le petit nombre de membres
de l’ensemble contraint par la puissance de calcul. La question était donc d’identifier les sources
d’incertitudes essentielles à considérer (conditions initiales, conditions aux limites latérales, er-
reurs de modélisation) et de concevoir des méthodes de perturbation qui permettent d’échan-
tillonner les principales erreurs en une dizaine de réalisations. Pour se faire, nous avons évalué
les différents facteurs limitant la prévisibilité des événements fortement méditerranéens.

Ces méthodes de perturbation sur les conditions initiales, conditions aux limites et erreurs
de modélisation, dédiés à l’échelle convective, ont été développées puis évaluées dans le cadre
de la SOP1 de la campagne HyMeX et pour un domaine AROME couvrant la Méditerranée
nord-occidentale. Ce prototype de prévision d’ensemble AROME sur la France, qui devrait
être opérationnelle d’ici fin 2016, a bénéficié pour son évaluation de la haute densité des obser-
vations en Italie et Espagne disponibles sur la période SOP1.

Cependant, il comporte encore des marges d’amélioration : d’une part, certaines faiblesses
connues du système ne sont pas encore représentées sous forme de perturbations d’erreur
de modélisation (dynamique du modèle, couche limite, couplage océan-atmosphère) ; d’autre
part, le système actuel a été validé en termes de performances moyennes, mais pas de manière
systématique sur d’autres évènements à enjeux, on sait donc encore peu de choses sur leurs
limites de prévisibilité.

Dans le cadre de la phase d’exploitation de la SOP1 HyMeX, mes travaux de recherche
continueront autour de l’étude des processus impliqués dans les systèmes précipitants médi-
terranéens à partir de la prévision d’ensemble AROME. L’objectif sera d’examiner si la variabi-
lité des champs prévus correspond à des processus et mécanismes déclencheurs de la convec-
tion différents ou alors communs, mais simplement variables temporellement et géographique-

1. Liquid Ice and Multiple Aerosol
2. Multiscale process studies of intense convective precipitation events in Mediterranean
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ment. Pour répondre à cette question, différentes simulations avec le modèle Meso-NH seront
réalisées à partir de conditions initiales et aux limites latérales fournies par différents ensembles
AROME dans lesquelles les sources d’incertitude auront été isolées. Les diagnostics dévelop-
pés dans le modèle Meso-NH permettront d’analyser en détails les mécanismes déclencheurs
de la convection.

Pour terminer cette synthèse, un autre partie de mes travaux de recherche s’est articulée
autour de la thématique de la régionalisation climatique des épisodes fortement précipitants
méditerranéens et de la question de l’évolution des événements extrêmes dans la perspec-
tive du changement climatique. Pour répondre à cette question nous avons mis en œuvre une
méthode de descente d’échelle statistico-dynamique dans laquelle les potentiels événements
fortement précipitants sont détectés uniquement par leurs contextes météorologiques de plus
grande échelle puis simuler à haute résolution avec le modèle Meso-NH. Même si de nom-
breuses incertitudes persistent concernant la robustesse des résultats, la variabilité de la loca-
listion des zones impactées par les fortes précipitations augmente clairement dans le climat
futur. Ce dernier tend à augmenter et à privilégier les événements affectant préférentiellement
la région du Languedoc-Roussillon.

Une perspective d’amélioration de l’outil de sélection serait de considérer d’autres para-
mètres importants pour la génération de fortes pluies, en partant cette fois d’une réanalyse
de résolution plus fine (ERA-Interim par exemple). Cela permettrait d’accéder à une part plus
importante de la population des événements intenses. Une autre piste d’amélioration de la mé-
thode pourrait être d’intégrer le caractère de stationarité de ces conditions d’échelle synoptique
dans la méthode, ce qui contribuerait grandement à ne conserver que les situations pluvieuses
durables, soit celles aboutissant aux cas potentiellement les plus intenses.

La démarche méthodologique utilisée dans le cadre du projet CYPRIM demande malgré
tout à être généralisée en considérant différents scénarii climatiques, en améliorant l’outil d’iden-
tification des situations météorologiques favorables aux événements de fortes pluies et en aug-
mentant le nombre de simulations à haute résolution, seules capables de représenter de ma-
nière réaliste les processus associés aux événements fortement précipitants. Le modèle de pré-
vision à fine échelle AROME permettrait de multiplier aisément le nombre de simulations à
réaliser à haute résolution.

Cependant, ces approches statistico-dynamiques reposent sur l’hypothèse forte que les en-
vironnements et circulations météorologiques associés aux événements de fortes pluies ne
changent pas entre le climat présent et futur, ce qui n’est nécessairement pas le cas. D’autre
part les processus physiques qui interagissent et pilotent la convection (interaction avec le re-
lief ou plages froides sous orages par exemple) sont souvent mal représentés dans les modèles
de climat de type régional ou global de résolution horizontale trop lâche, ce qui induit des
sources d’incertitude importantes.

L’utilisation du modèle AROME à la résolution horizontale de 2.5 km apparaît comme une
perspective naturelle de progrès dans l’étude des événements fortement précipitants médi-
terranéens aux échelles climatiques. Ce type de modèle, appelé modèle de climat à échelle
convective, commence à être utilisé dans des études de climat en Europe (Kendon et al., 2014).
Il faut signaler que dans le cadre de MED-CORDEX et EURO-CORDEX 3 seront réalisées de
longues simulations climatiques à partir de modèles à convection explicite sur un domaine Eu-
rope englobant les Alpes et centré sur la Méditerranée Nord-Occidentale. Cette étude visera
à examiner l’impact du changement climatique sur les événements météorologiques extrêmes
sur la région. Au CNRM plus particulièrement des simulations seront réalisées avec le modèle

3. Downscaling Experiment - European Domain
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AROME.
J’envisage de m’investir dans cette recherche dont l’objective sera donc d’utiliser le modèle

AROME dans de longues simulations du climat présent et d’un potentiel climat futur, afin de
régionaliser plus finement l’évolution des événements précipitants méditerranéens, tant en fré-
quence qu’en intensité. On pourrait se placer à une échelle infra journalière et se focaliser dans
un premier temps sur les pluies horaires et mesurer la valeur d’ajoutée d’un modèle AROME
climat (résolution 2.5 km) par rapport aux modèlex climatiques régionaux (résolution > 10
km). Un objectif ambitieux serait d’aller plus loin et de déterminer si une évolution dans les
intensités et la distribution spatiale est corrélée à des modifications des environnements mé-
téorologiques favorables voire même des modifications dans les processus physiques pilotant
le déclenchement et le maintien de ces épisodes convectives.

Mes perspectives de recherche pour ces prochaines années seront donc organisées autour
de la connaissance et la prévisibilité des systèmes fortement précipitants et de leurs simulations
climatiques. Des études en processus seront réalisées en synergie avec l’exploitation du jeu de
données de la campagne de mesures HyMeX.
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