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Abstract. In the Northwestern Mediterranean region, large 1  Introduction
amounts of precipitation can accumulate over the coasts in
less than a day. The present study aims at characterising thehe Northwestern Mediterranean region is regularly affected
origin and the pathways of the moisture feeding such heavyy heavy precipitation often causing devastating flash-floods.
precipitation. The ten Heavy Precipitating Events (HPEs)Most of the coastal areas of the region are concerned: the
that occurred over the French Mediterranean region during=astern Spanish coasdiarrocha et a).2003, Southern
the autumns of 2008 and 2009 are simulated with the nonFrance (e.g. Aude 1999 eveBucrocq et al. 2003 Gard
hydrostatic research numerical model Meso-NH at 2.5km,2002 eventDucrocq et al. 2004 Delrieu et al, 200§ and
10 km and 40 km horizontal resolution. Northwestern Italy (e.g. Piedmont 1994 and 2000 events —
Using eulerian on-line passive tracers, high-resolutionBuzzi et al, 1998 Turato et al,2004).
simulations (2.5km horizontal resolution) show that the Heavy Precipitating Events (HPEs) in the Northwestern
heavy precipitating systems are fed by a south-southwesterl}/editerranean region are due to either a frontal precipitating
to easterly low-level moist flow. It is typically 1000 m deep system or a Mesoscale Convective System (MCS), or a
and remains almost unchanged all along an event. This lowcombination of both. In some cases, large amounts of
level feeding flow crosses the most northwestern part of theprecipitation accumulate quite slowly over more than a
Mediterranean in 5 to 10 h. day when a frontal system slows down leading large-scale
Larger-scale simulations (40km and 10km horizontal precipitation to affect almost the same region. However,
resolution) show that the moisture of the low-level feeding past studies have shown that for most of the HPEs, large
flow is provided by both evaporation of the Mediterranean rainfall amounts are recorded very rapidly when a quasi-
Sea within the last 2 days before the HPE triggering andstationary MCS persists over the same area for several hours
transport from remote sources in the lower half of the (Rivrain, 1997 Romero et al.200Q Nuissier et al.2008.
troposphere over more than 3 to 4 days. Local Mediterraneauch convective systems are backbuildijuéstein and
moisture is gained along the air mass low-level progresslain 1989 and frequently take a typical V-shape on infrared
towards the Northwestern Mediterranean basin followingsatellite images Scofield 1985. New convective cells
two main branches along the Spanish coast and west ofontinuously generate at the V tip, whereas older ones are
Sardinia. The Mediterranean Sea is the main moisture sourcgradually transported towards the V branches and dissipate
when anticyclonic conditions prevail during the last 3 or downstream.
4 days before the HPE. When cyclonic conditions prevail The meteorological ingredients favouring these convective
before the HPE, the relative contribution of local and remotesystems in the Northwestern Mediterranean region are
sources is more balanced. Remote moisture comes most dfighlighted as example iNuissier et al(2008 or in Homar
the time from the Atlantic Ocean. African tropical moisture et al. (2002. The key elements are a synoptic pattern
is a less frequent but larger remote source. inducing a moderate to strong southerly to easterly low-
level flow that transports moist and unstable Mediterranean
air masses towards the coast. Such moist and unstable air
masses are obtained when the relatively warm Mediterranean
Sea provides moisture and heat to the lowest levels of

Correspondence td=. Duffourg the atmosphere. This occurs mainly during the autumn.
BY (fanny.duffourg@meteo.fr) Some synoptic ingredients such as the divergence of the
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upper-level flow or upper-level potential vorticity anomalies 2 Experimental design
and pressure lows can also help to destabilise the air mass
and enhance the convectidddmar et al. 1999 Massacand 2.1 Numerical simulations
et al, 1998 Nuissier et al.2008 Tripoli et al, 2007). The
conditional convective instability within the low-level flow The origin of the moisture feeding the Mediterranean
can be released through the lifting induced either by theHPEs is analysed through numerical simulations performed
impinging of the mountain ranges surrounding the coast, owith the French research model Meso-NHafore et al,
the local convergence of the flow induced by the orographyl1998. Meso-NH is a nonhydrostatic mesoscale numerical
of the region, or cyclogeneses. A low-level cold pool model. The prognostic variables are the three Cartesian
possibly formed under the MCS can also force the low-components of velocity, the dry potential temperature, the
level flow to lift at its leading edge, favouring the release of six water mixing ratios — water vapour, cloud water, rain
the conditional convective instabilityp{icrocq et al.2008. water, primary ice, snow aggregates, and graupel — and the
Finally, to become quasi-stationary, these convective system$urbulent Kinetic Energy (TKE). The prognostic equations
require the large-scale environment to evolve slowly enablingof the six water species are governed by a bulk 1-moment
the convective cells to form at the same location for severaimixed microphysical schem€éaniaux et al.1994 Pinty and
hours Homar et al. 20039). Jabouille 1998 combining a three-class ice parametrisation
The extreme rainfall observed during an HPE requireswith a Kessler's scheme for the warm processes. The
large amounts of moisture to feed the precipitating systemfurbulence parametrisation is one-dimensional, based on
Regarding the origin of these large amounts of moisturea 1.5-order closure Quxart et al. 2000 of the TKE
the partition between the local source for moisture (Mediter-equation. The mixing length is defined in agreement with
ranean Sea) and other remote sources as well as the pathwasugeault and Lacagre (1989. The shallow convection
and time scale of moisture transport are still open questionsis parametrised according to a peculiar EDMF (Eddy
Several past studie&ichak and Alpert 1998 Reale et a].  Diffusivity Mass Flux) scheme described Rergaud et al.
2001, Turato et al. 2004 have investigated this issue for (2009. When Meso-NH is run with an horizontal resolution
specific case studies. They found a quite large contributiorcoarser than 10km, the subgridscale deep convection is
of tropical moisture coming either from the African ITCZ parametrised with the Kain and Fritsch scheriaig and
(InterTropical Convergence Zone) or from the extratropical Fritsch 1993. The long-wave radiative scheme is the
remnants of Atlantic tropical cycloned.urato et al.(2004 RRTM (Rapid Radiation Transfer Model) parametrisation
evaluated that only 20% of the moisture involved in the 2000(Mlawer et al, 1997 of ECMWF. The surface exchanges
Piedmont flood originated from local Mediterranean sourcesof energy and water are computed as weighted average of
The main source for this HPE appeared to be the Easterthe fluxes given by four different surface schemes running
Atlantic Ocean. The time scale of the moisture transportfor the different surface types (natural land surface, urban
towards the precipitation area was assessed to be about 2 dageea, ocean and lake) encountered in each grid mesh. The
for local sources, 2-5 days for contributions from the Eastermatural land surfaces are handled by the ISBA (Interactions
Atlantic Ocean and the African ITCZ and a week or more for Soil-Biosphere-Atmosphere) scheniMoflhan and Mahfouf
extratropical Atlantic cyclone transitions. 1996. The energy exchanges over urban surfaces are
These past studies all addressed the question focusing gparametrised according to the TEB (Town Energy Balance)
a single HPE. The purpose of this paper is to broaden thescheme Klasson 2000 and the turbulent air-sea fluxes with
scope of these previous studies by systematically studyinghe ECUME parametrisatiorBelamarj 2005. The vertical
all the HPESs that occurred during two successive falls overgrid is defined with 40 vertical stretched levelsa]-Chen
a particular Mediterranean region. The region chosen forand Somerville1975. Rayleigh damping is progressively
this study is the Southeastern France, known to be frequentigpplied above 15km altitude up to the top of the model at
affected by HPEsNuissier et al. 2008. The origins of  20km in order to prevent spurious reflections from the upper
the HPE moisture supply and the pathways of moistureboundary.
transport are diagnosed by a downscaling of the ERA-Interim  For each studied HPE, two numerical simulations are
reanalyses based on nested numerical simulations startingerformed. First, a convective-scale simulation initialized
four days prior to the HPE. The diagnostic is refined for with a fine-scale analysis just before the event provides
the day of the HPE using convective-scale analyses andhe best possible representation of the precipitating systems
simulations. The experimental design is described in Qect. and their short-range moisture supply. Then, to analyse
The relevance of the method used to diagnose the moisturthe moisture transport over a longer period before the
origin is validated in Sect3. Section4 highlights the = HPE triggering, two-way nested mesoscale simulations that
common characteristics of the moisture feeding inflow while downscale large-scale re-analyses, are started 4 days prior
Sect. 5 details its remote origin and the features of the to the event over a larger domain. A 40-km resolution
moisture transport. Conclusions are drawn in S&ct. domain encompassing the whole Mediterranean Sea and the
Eastern Atlantic Ocean allows to search for the large-scale
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remote sources of moisture over these areas, while a 10
km resolution domain nested in the 40-km one permits to -
describe the mesoscale dynamical adaptation of the large-
scale flow to the orography lining the Western Mediterranean
Sea. Thus, the strong influence of the typical orography
of the region on the moisture transport over the Western*”
Mediterranean Sea, such as chanelling or Foehn effects, lee
cyclogeneses, etc. is represented in our simulations.

The convective-scale simulations are performed on asen
625x 560 km domain covering the Northwestern Mediter-
ranean with a 2.5 km horizontal resolution (cf. Fig. These
simulations are hereafter called HRA2.5. For each study
case, the convective-scale simulation is initialized between 2
and 7 h before the first convection triggering characterised byrig. 1. Domains of the HRA2.5 (in solid grey) and RAI (in solid
rainfall radar reflectivities exceeding 35 dBz to 40 dBz. The black) simulations. The boundaries of the AROME model are
onset of convection thus comes after the model precipitatiorfirawn with dashed black lines. The orography is displayed in grey
spin-up. The simulation runs till the end of the precipitating scale with a solid contour at the 2000 m and 2000 m levels.
event, i.e. during 18 to 36 h depending on the event. The
initial and lateral boundary conditions are provided by
the convective-scale AROME (Application of Research to 2.2 Analysis tools
Operations at MEsoscale) analys&ué¢rocq et al. 2005
Yan et al, 2009. These analyses are produced by theThe convective-scale simulations are used to analyse the
3-hourly 3D-var data assimilation cycle of the AROME moisture supply to the heavy precipitating systems, using the
operational numerical prediction system at 2.5 km horizontallagrangian analysis tool @heusi and Stei(2002 based on
resolution over France. All conventional observations areeulerian on-line passive tracers. All the modelled transport
assimilated by AROME (surface observations from land processes, which are the advection by the explicitely resolved
stations and ships, vertical soundings from radiosondes anfluid motions and the transport by subgrid turbulent and
pilot balloons, buoy and aircraft measurements), togetheconvective motions, are considered so that the motions
with wind profilers, winds from AMV (Atmospheric captured by the eulerian tracers correspond exactly to the
Motion Vectors) and scatterometers, Doppler winds frommodel dynamics. The transport processes are calculated
radars, satellite radiances and ground-based GPS (Global every time step and at the model grid points avoiding
Positioning System) measurements. any time or spatial interpolation of the model wind field

The larger-scale nested simulations start 4 days before thas necessitated by the classical off-line lagragian trajectory
HPE triggering. This set of simulations is called RAIxx, xx tools (e.g. among others, FLEXPAREBtohl and James
being the resolution of the domain. The 40-km resolution2004.  This analysis is performed for the different
grid (cf. Fig. 1) of RAI40 covers all Europe, Eastern phases of the simulated HPEs determined from the rainfall
Atlantic, the Mediterranean Sea and Northern Africa. Itsradar reflectivities and the hydrometeor content of the
initial and boundary conditions are provided by the ERA- simulated precipitating systems: precipitation initiation and
Interim reanalysesSimmons et aJ.2007. These recent convective or large-scale mature precipitation with possible
reanalyses offer an improved description of the atmospheridistinctions according to the presence and position of a
humidity field Uppala et al.2008. The 10-km resolution frontal system. The dissipation and/or evacuation phase
domain (RAI10), covering Western Europe, Maghreb andis not considered because this phase is likely not enough
the Western Mediterranean Sea, is two-way nested in the 40steady and representative of the moisture supply to the heavy
km domain. The coarser grid provides the lateral boundaryprecipitating systems. To identify the origin of the air mass
conditions to the finer grid, while the variables of the coarserfeeding the heavy precipitating systems, a few lagrangian
grid are relaxed with a short relaxation time towards the finerparcels are selected inside the ascents of the HRA2.5
grid values in the overlapping are&téin et al. 2000. The  simulated precipitating systems either near the middle of
last day before the HPE, a third two-way nested domainthe troposphere (4—6 km) for non-convective precipitation or
at 2.5km resolution (RAI2.5) is added in order to ease theduring the convection initiation phase, or near the tropopause
comparison between this set of simulations and the HRA2.59-10 km) for the convective mature phase. The air parcels
ones. are tracked backwards within the HRA2.5 simulations as

long as they remain in its 2.5 km domain and at the latest till
3 h after the HRA2.5 simulation beginning. To characterise
the moisture supply, additional diagnostics are computed
such as a 3km-depth vertically integrated moisture flux
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Table 1. The HPE cases. For the region affected by the HPEs, CV stands fotrenfes-Vivarais region, R for Roussillon and SA for
Southern Alps (see Fi@ for their geographical locations).

Date Region  Hour of the first Initial time for Initial time for
affected convective cells HRA simulations RAI simulations

12 Aug 2008 Ccv 06:00UTC 00:00UTC 8 Aug 00:00UTC

3 Sep 2008 cv 08:00UTC 06:00UTC 30 Aug 06:00UTC
20 Oct 2008 CcVv 06:00UTC 00:00UTC 16 Oct 00:00UTC
21 Oct 2008 Ccv 07:00UTC 00:00UTC 17 Oct 00:00UTC

1 Nov 2008 cv 10:00UTC 06:00UTC 28 Oct 06:00UTC

8 Oct 2009 Ccv 11:00UTC 06:00UTC 4 Oct 06:00UTC
20 Oct 2009 Ccv 06:00UTC 00:00UTC 16 Oct 00:00UTC
18 Sep 2009 SA 03:00UTC 00:00UTC 14 Sep 00:00UTC
22 Oct 2009 SA 09:00UTC 06:00UTC 18 Oct 06:00UTC
26 Dec 2008 R 04:00UTC 00:00UTC 22 Dec 00:00UTC

(0] :f(§:3 kmpvvhdz (Wherepy is the specific humidity and  sufficiently dense (148 stations per 10 000kamd more
vy the horizontal wind vector), the Convective Available than a thousand stations all over the Southeastern French
Potential Energy (CAPE) and the levels of condensation, ofMediterranean region) to capture all the significant rainy
free convection and of neutral buoyancy. The evolution ofevents over the region. Also, the time period for selecting
the parcel water vapour mixing ratio and relative humidity the cases is not strictly limited to the fall months but extends
along their trajectories is also examined. from August to January. This period gathers about 80% of
The backward trajectories based on the HRA2.5 simulathe HPEs occuring over this region according to the 40-year
tions help to characterise the moist inflow feeding the heavyclimatology established biicard et al(2010.
precipitating systems and identify the short-range origin of The selection applies only to the 2008 and 2009 years
moisture. The remote origin of the moist feeding flow and thebecause the AROME convective-scale analyses used as
tracks of the moisture transport over the last 4 days before thénitial and boundary conditions for the HRA2.5 simulations
HPE are then studied with the RAI40 and RAI10 simulations.are computed operationally only since autumn 2008.
For that, it is verified that the short-range moisture origin According to these selection criteria, ten cases with observed
area has similar characteristics in terms of moisture andHPEs are selected. They are listed in Taftle Their
winds in both the RAI and the HRA2.5 simulations to geographical location is indicated together with the time of
allow a continuity between the short-range and medium-the first convective developments (rainfall radar reflectivities
range investigations. Then, new lagrangian parcels arexceeding 35dBz to 40dBz). The initialization times of the
selected at the position of the end of the HRA2.5 backwardHRA2.5 and RAI40/10 simulations are also given following
trajectories to sample the short-range moisture origin aredhe experimental set-up described in S2ct. All the French
within the RAI10 simulation. These parcels are trackedregions most frequently exposed to HPB&uissier et al.
backwards with the 10 km simulation as long as they remain2008 are represented in our simulated HPE sample. For
in its domain and at the latest till 3h after the simulation every case except the 26 December 2008 one, precipitation
beginning — i.e. over about 4 days. If the parcels go rapidlyis mainly produced by convective precipitating systems
out of the RAI10 domain, similar backward trajectories are extending up to the tropopause. On the contrary, the large
performed with the RAI40 simulation. The evolution of the amounts of precipitation of the 26 December 2008 event are
parcel thermodynamic characteristics is analysed all alonglue to a long-lasting non-convective shallow precipitating
the trajectories. system (not shown).

2.3 Events selection 3 Experimental design validation

The origin of the moisture feeding the Mediterranean HPEsBefore using the numerical simulations to perform a detailed
is analysed for all the HPEs that occurred in Southeastermnalysis of the moisture sources for HPEs, a prerequisite
France (excluding Corsica) during the autumns of 2008is that the selected situations are also HPE-conducive in
and 2009. HPEs are defined in this study as the dayshe “model world”. In other words, it should be verified

for which one of the station of the &€o-France daily thatthe convective-scale simulations produce also significant
raingauge network recorded more than 150 mm in 24 hprecipitation amounts so that the simulated mesoscale
The spatial resolution of the daily raingauge network isenvironment can be considered as representative of an
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HPE-conducive environment. A perfect matching with the == : TN T TS e @ 2> 300 mn
observed HPE is not required as the moisture transport and i \ @ zeomn<res<suomn
origin will be studied with respect to the simulated HPEs
Only. proY] B - B S § L ¥ ‘» .| © 100 mm <24 <150 mm
Figure2 shows the geographical location of the maximum [ ™
daily precipitation simulated by HRA2.5 for all ten ‘ ‘ ) J =
cases. The HRA2.5 simulations do produce quite heavy s |- Pl IZZZ
| o~
|

@ 200 mm < rr24 < 250 mm

© 150 mm < 1124 < 200 mm

3000
R750

2000

precipitation (at least 100 mm in 24 h) for all the cases except
for the 8 October 2009 one.

Figures3-5 compare the HRA2.5 simulated and observed .« |s
24-h accumulated precipitation for the ten cases. The
HRA2.5 simulation for the 1 November 2008 event compares
very well to the observations with relatively well estimated
amounts of precipitation and a very realistic rainfall pattern.
For the other events, the HRA2.5 simulations show largerFig. 2. Location and intensity of the maximum daily precipitation
errors in location or in intensity of the rainfall amounts (rr24, top right legend) simulated with HRA2.5 for all the studied
compared to the observations. The HRA2.5 simulatedcases. The orography is displayed in grey scale (bottom right
daily rainfall is overestimated for the 12 August 2008 and legend) with a bold solid contour at 500 m and a thin contour at 1 m
20 October 2009 and is underestimated for every othefcoastline), 1000 m and 2000 m. The names of the main mountain
event. The simulations for the 20 October 2009 and'@nges and of the the regions affected,by the HPEs are als_o given.
the 26 December 2008 are of good quality regarding the;ﬁgrsggfsssrﬁééh;nzginfifss’ocu\t/h];orﬂ?\fnnes'wvara's reglon,
precipitating pattern over the Roussillon andévEnnes- Ps:

Vivarais regions, respectively. The underestimation of the

maximum rainfall amounts is most of the time due to the fy featured with the HRA2.5 simulations has the same
lesser stationarity of the precipitating systems simulatedsparacteristics in terms of humidity and winds in the RAI
with HRA2.5 in- comparison with the observed ones. imylations. Most of the time, this moist flow is found very
HRA2.5 thus produces less focused (e.g. 21 October 2008imjjar between the HRA2.5 and the RAI2.5 simulations. It
case) and/or shorter lasting (e.g. 26 December 2008 casgy jjjystrated for the 12 August 2008 case in FégAlthough

precipitation. For the 8 October 2009 case, HRA2.5 clearlyihe raI2.5 simulation is slightly drier than the HRA2.5 one,

fails in simulating the small isolated MCS that stayed poih the low-level winds and the low-level water vapour
over a specific narrow area during 12h. The simulatedqxes are consistent.

precipitating system evolves more rapidly and dissipates
earlier giving the weakest maximum of 24-h accumulated4 Characterisation of the moisture inflow
precipitation (about 90 mm) of the ten cases. The RAI2.5
simulations are less realistic than the HRA2.5 ones with aThe moisture inflow entering the simulated precipitating
larger underestimation of the 24-h accumulated precipitationsystems is identified and analysed using the HRAZ2.5
The heaviest precipitating area simulated by HRA2.5 issimulations. Figure3—9 show the backward trajectories for
within 50 km of the observed one for the 12 August 2008, some air parcels taken in the upper part of the precipitating
21 October 2008, 1 November 2008, 20 October 2009 angystems during the mature stage of all the ten cases. The right
26 December 2008. Even for the other cases, the error dogzanels display a projection of these backward trajectories on
not exceed 100 km. The simulated heaviest precipitation isa vertical cross-section along the A-B axis shown in the left
always located within the same CV @ennes-Vivarais), R panels.
(Roussillon) or SA (Southern Alps) region as the observed For all the convective cases — that means all the cases
one, i.e. in areas exposed to the southerly to easterly moistxcept for the 26 December 2008 one — the parcels originate
flow. Thus, all the HRA2.5 simulations, and even those mainly from the lowest 1000 m of the troposphere before
producing less than 150 mm, reproduce, for a few hoursbeing strongly lifted up to the upper troposphere by the
at least, steady and/or intense convective or larger-scaleonvective ascents. In the 26 December 2008 event, the
precipitating systems reasonably resembling those observegertical extent of the precipitating system is limited to the
during an HPE. It makes thus sense to study the moisturdower half of the troposphere. The precipitating system of
inflow feeding these simulated systems to characterise théhis event is embedded in a large-scale moist disturbance
moisture supply of HPEs. with a pressure low centred over the Gulf of Lion and a
The continuity between the short-range analysis based ofrontal system moving westwards towards the Roussillon
HRAZ2.5 and the longer-range one based on RAI10/RAIl40coast (not shown). The lowest part of this moist disturbed
has also been assessed by verifying that the area identifiegir mass, up to about 3000 m, feeds the precipitating system
as the short-range origin of the low-level moist feeding as shown in Fig9.
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| = 1000
750
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CV - 12 Aug. 2008 case
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Fig. 4. Same as Fig3, but at 06:00 UTC, 2 November 2008 for the

1 November 2008 case (top), at 06:00 UTC, 9 October 2009 for the

1 8 October 2009 case (middle) and at 12:00 UTC, 21 October 2009
for the 20 October 2009 case (bottom).

| fos

For all the convective cases, the depth of the low-
0.1 level marine inflow as diagnosed by the vertical extent
i of the backward trajectories is linked with the depth of
the conditionally unstable low-level layer. Figurk0
shows for three cases — 12 August 2008, 21 October
HRA2.5 simulations (left panels) and the2#o-France rain-gauge 2008 and. 1.8 September 2009 — _the mean thermodyn_amlc
network (right panels) at 00:00UTC, 13 August 2008 for the characteristics of the_ low-level mflow. The potential
12 August 2008 case (top), at 06:00UTC, 4 September 20od€mperature, the_e_quwale_nt pote_ntlal ter’r_\perature and the
for the 3 September 2008 case (middle top), at 00:00UTC,Wwater vapour mixing ratio vertical profiles have been
21 October 2008 for the 20 October 2008 case (middle bottom)averaged over about 150 kx60 km boxes (shown in Figs.
and at 06:00 UTC, 22 October 2008 for the 21 October 2008 cas@nd 9) to derive the mean characteristics of the low-level
(bottom). The maximum of precipitation is indicated on each panel.inflow. The grey zones in FidLO delimit for each case, the
layer of conditionally unstable air, i.e. the layer with a CAPE
larger than 100 Jkgt. The mean relative humidity of this
unstable layer is also given in Fid0. The conditionally
For all the cases, the low-level pathway of the parcelsunstable boundary layer is shallow for the 12 August 2008
is mostly over the Mediterranean Sea. Depending on thease whose feeding inflow as identified by the backward
intensity of the low-level flow, the parcels take from 5 to trajectories is confined in the lowest 200 m of the troposphere
10 h to cross the most northwestern part of the Mediterranealsee Fig.7). For the 21 October 2008 and the 18 September
basin. Contrary to the other cases, 8 October 2009 i009 cases, the conditionally unstable layer is vertically
associated with a weak low-level flow which explains the more extended, in agreement with the depth of the feeding
shorter pathway of the trajectories. All along their pathway inflow which extends up to 600 m and 900 m, respectively
over the sea, the parcels stay almost at the same level. (see Figs7 and9).

Fig. 3. 24-h accumulated precipitation (rr24 in mm) from the
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SA - 18 Sept. 2009 case
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the 22 October 2009 case (middle) and at 06:00 UTC, 27 December e
2008 for the 26 December 2008 case (bottom). .
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Fig. 7. Backward trajectories of some air parcels taken in the upper
part of the precipitating systems simulated by HRA2.5 for four CV
cases, the 12 August 2008 (top), the 3 September 2008 (middle
Fig. 6. Water vapour flux (in kgs?, colour scale on the right of  top), the 20 October 2008 (middle bottom) and the 21 October 2008
the figure) and wind vector at 100 ma.s.I. at 03:00 UTC, 12 August(hottom) cases. The backward trajectories are projected both on an
2008, for both the HRA2.5 simulation (left panel) and the RAI2.5 horizontal plane (left panels) and on a vertical cross-section (right
one (right panel). Wind arrows are drawn every 10 grid points with panels). The vertical cross-section follows the line AB displayed on
ascale in ms? given by the length of the arrow at the bottom right  the left planels. The orography is superimposed in grey scale as in
of the figure. The black rectangle delimits the moist feeding flow Fig. 2 for the left panels and as a hatched area for the right panels.
area. Model terrain higher than 100 ma.s.|. is hatched. The dashed rectangles in the top and bottom left panels delimit
the areas used for the calculation of the average thermodynamic
characteristics of the 12 August 2008 and 21 October 2008 low-
The low-level inflow diagnosed by the backward tra- level feeding inflow displayed Fid.0.
jectories is quite moist as illustrated by Fig0 for the
12 August 2008, 21 October 2008 and 18 September 2009
cases (relative humidity around 80% or 90%). It is consistentDecember 2008 cases. The air parcels cross over the area of
with the low-level winds and the low-level water vapour maximum of low-level integrated water vapour flgx and
fluxes as shown by FidlL1 for the 21 October 2008 and 26 follow its main direction.
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Fig. 8. Same as Figr for the last three CV cases, the 1 November Fig. 9. Same as Fig7, but for the two SA 18 September 2009

2008 (top), the 8 October 2009 (middle) and the 20 October 2009top) and 22 October 2009 (middle) cases and the 26 December

(bottom). 2008 Roussillon case (bottom). The dashed rectangle in the top
left panel delimits the area used for the calculation of the average

. o . thermodynamic characteristics of the 18 September 2009 low-level
In all the studied cases, the low-level feeding inflow gains feeding inflow displayed Figlo.

less than 1 g kgt in the last hours when advancing over the
Gulf of Lion towards the French Mediterranean coast. It
already contains most of the water vapour when entering theastward shift for the 21 October 2008 and the 1 November
most northwestern part of the Mediterranean Sea with watep008 cases or a southward shift for the 26 December 2008
vapour mixing ratios ranging from 9gkg to 14gkg™®  case. Itis not really surprising that the moist feeding inflow
according to the event — except for the 26 December 200§emains almost unchanged all along the life-cycle of a MCS,
event whose inflow water vapour mixing ratio is only of as a condition for recording high rainfall amounts is a rather
about 3.5gkg* because the air mass is much colder. All slow-evolving environment. However, it is interesting to
along their 5 to 10-h pathway over the Gulf of Lion, the note that even for cases involving a frontal disturbance, the
parcel relative humidity remains above 70% and most ofair parcels feeding the most active precipitation area keep
the time above 80%. The parcels reach saturation whemounding their origins within the warm and moist conveyor
lifted above 500 m to 1500 m according to their water vapourpelt ahead of the slowly evolving cold front.
content. It is clear from Figs7-9 that the parcel pathways over the
The moist inflow feeding the precipitating systems doesNorthwestern Mediterranean and the geographical location
not much change during an event. The backward trajectoriesf the heavy precipitation are related. AleGennes-Vivarais
of air parcels taken in the precipitating systems remain veryevents, except the 8 October 2009 one, are fed with a
similar all along the initiation and mature phases as well assimilar more or less converging southerly low-level flow with
when a frontal disturbance passes through as illustrated foparcel pathways extending from offshore Spanish Catalonia
the 21 October 2008 case (Fi). The vertical extent of the to the Gulf of Lion. In some cases, the southerly low-level
low-level feeding inflow is quite the same all along an event.feeding flow slightly shifts westwards when approaching
Only a slight evolution can be seen in some cases as a lighthe French coast. This is consistent with the results of
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Fig. 10. Average potential temperatumif K), equivalent potential

temperaturef in K) and water vapour mixing ratio¢ in g kg~1)
profiles computed over the dashed boxes plotted in Figad9 for

the three cases 12 August 2008 (top), 21 October 2008 (middle) an&o the Balearic Islands and converges near the coast with

18 September 2009 (bottom). The grey area represents the verticaln easterly flow coming from the Gulf of Genoa.
extent of the conditionally unstable layer potentially involved in easterly flow is either moist and contributes to the feeding

deep convection (CAPE 100 Jkg ™). The mean relative humidity  of the precipitating system (22 October 2009 case) or is

in this unstable layer is also given.
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Fig. 11. HRA2.5 simulated water vapour flug integrated over
the lowest 3000m (in kgt m~2, colour scale on the right of
the figure, and arrows) and horizontal projection of the backward
trajectories of some air parcels taken in the precipitating systems
simulated by HRA2.5 for the 21 October 2008 case (left) and the
26 December 2008 case (right). The arrows are drawn every 10 grid
points with a scale given by the length of the arrow at the bottom
right of the figure. Arrows are displayed only when corresponding
to values of integrated water vapour flux larger than 801gra—2.

The backward trajectories are the same as in Higmd9. They
show the parcel trajectories from 09:00 UTC till 19:00 UTC for the
21 October 2008 case and from 05:00 UTC till 15:00 UTC for the
26 December 2008 case. The background of the trajectory figure is
a snapshot of the integrated water vapour flux at 14:00 UTC for the

21 October 2008 case and at 08:00 UTC for the 26 December 2008
case.

Bresson et al.(2009 and Boudevillain et al.(2009 in
which this westwards shift is explained as the effect of the
Alps deflection. Figure§ and 8 also show that among
these events, those with precipitating systems located in the
Vivarais region (northeastern part of the CV region) have a
more southwesterly feeding flow as for the 12 August 2008
and 3 September 2008 events. The others with precipitating
systems located over theé@ennes region (southwestern part
of the CV) are fed by a southerly low-level flow. These
feeding flows are most of the time driven either by a local
pressure low situated over the Spanish Catalonia or by a
large upper-level trough extending over Western France and
Spain (not shown). This is consistent with the statistical
results ofJans et al.(2001). Moisture is brought within 5
to 7 h from offshore Spanish Catalonia {44) to the French
Mediterranean coast. This time lag may reach up to 9 h with
a weaker low-level flow as in the 20 October 2008 event.

Moisture then takes part in the precipitating systems within
the next one or two hours.

Both Southern Alps events are fed with a south-
southwesterly low-level flow veering south to southeasterly
when approaching the coast. This low-level flow is driven
by a low pressure area extending from Southwestern France

This

drier (18 September 2009 case) and only enhances the local
convergence. Moisture is brought in about 6 h front M1

Nat. Hazards Earth Syst. Sci., 1117830811
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5 Oirigin of the moisture involved in HPEs

In order to feature its remote origin, the moist feeding
flow studied in the previous section is identified in the
RAI simulations and analysed as described in S2&.
Figures13-16 show the backward trajectories of some air
parcels taken in the moist low-level inflow feeding the
precipitating systems for all the studied cases. The 4-day
backward trajectories of the 21 October 2008, 1 November
" 2008, 26 December 2008, 20 and 22 October 2009 cases
[ go beyond the boundaries of the RAI10 domain. As a
consequence, for all these cases except the 26 December
2008 one, the backward trajectories were performed with
the RAI40 simulations. As long as they remain within the
i RAI10 domain, the backward trajectories computed with
I RAI40 and RAI10 coincide. For the 26 December 2008 case,
| Y p the backward trajectories were computed with the RAI10
e e e e e ;y—/////////% simulation because the northern boundary of the RAI40
A=>B (km) . . -
domain is very close to the one of the RAI10 domain. For
every other case, the backward trajectories were performed
| with RAI10. The evolution of the parcel water vapour mixing
“ { ratio along the trajectories is summarised in TaBle It
‘ gives, for all the cases, the approximate water vapour mixing
I‘ , ratio of the low-level moist flow entering the precipitating
) systems, just before being lifted up (Final WV mixing ratio),
) LA the amount of moisture initially contained in the air mass
Lo molla N E——— at the beginning of the 4-day backward trajectories (Initial
A adm WV mixing ratio) and the amount of moisture gained by the
Fig. 12. Backward trajectories of some air parcels taken of the low-level flow when it circulates in the lowest 1000 m above

21 October 2008 precipitating systems simulated by HRA2.5 inthe Medlterr_anean Sea (WY mixing ratio ga.lned from th?
three different phases of the event — mature convection well ahead€®)- The time span the air parcels spend in these marine
of the front (top), pre-frontal convection (middle) and convection lowW-levels is also given in Tabl2. The amount of moisture
embedded in a frontal disturbance (bottom). The backwardgained along the part of the pathways above 1000 m is not
trajectories are projected both on an horizontal plane (left panelsgdisplayed in the table. Except for the 18 September 2009
and on a vertical cross-section (right panels). The vertical crossevent, this latter contribution represents about 10% to 20% of
section follows the line AB displayed on the left planels. The the total water vapour mixing ratio of the moist feeding flow
orography is superimposed in grey scale as in Bifor the left entering the precipitating systems (less than 2gtkg This
panels and as a hatched area for the right panels. moisture is mainly gained by mixing with the environment
during ascents and descents. In the 18 September 2009 event,
and from the Gulf of Genoa to the French Mediterraneanthis contribution is larger because a quite large amount of
coast and then enters the precipitating systems within thenoisture (3.5gkg?) is gained around Gibraltar when the
next hour. The Roussillon event is fed by an easterly flowair parcels descend from 1500 m to 1000 m. This moisture
coming from the Gulf of Genoa and the Northern Tyrrhenianis likely associated to local evaporation.
Sea. This large-scale flow driven by a dynamic low situated |t appears from Figsl3-16 that the air masses contribut-
between the Balearic Islands and Corsica brings moisture ifng to the moist feeding flow remain in the lower half of
10 to 12 h from Corsica and offshore Italy to the Roussillon the troposphere all along their 4-day trajectories. They
coast. Here again, our results on SA and R cases argre most of the time situated between 1000 m and 3000 m
consistent withRicard et al.(2010 andBoudevillain et al.  before descending in the low-levels above the Mediterranean
(2009 even if the feeding flow of our Roussillon event is in the last 2 days before the HPE triggering (cf. TaB)e
more easterly. For all CV and SA cases — all convective cases — the
tracks of moisture transport the last day before the HPE
triggering stretch northwards in the low-levels over the
Western Mediterranean basin following two main branches.
The first branch advances north-northeastwards along the
Spanish coast and over the Balearic Islands on the west of

height (km)

height (km)

A B
/ 04 UTC]

height (km)
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Table 2. Approximate water vapour mixing ratios of the parcels along their pathway.

Case Final WV Initial WV WV mixing ratio  Time in the lowest
mixing ratio mixing ratio gained from the sea 1000 m above the sea

12 Aug 2008  15gkgl  25gkg? 10gkgl 36-60h
3Sep2008 13.5gky 4gkg? 8gkg~l 24h

20 Oct 2008 10gkg?  3.5gkg? 6.5gkgl 24hand more

21 Oct 2008 12gkgt 3-6gkg? 7-4gkgl 24hand more
1 Nov 2008 9gkg? 4gkg? 4gkgl 12h
8 Oct 2009 11gkg? 5.5gkg? 55gkgl 24hand more

20 Oct 2009 10gkg?  45gkg? 35gkgl 12-24h

18 Sep 2009 11 gkdH 3gkgl 3gkgl 18-24h

22 Oct 2009 9gkg! 35gkg? 35gkgl 18-24h

26 Dec 2008  3.5gkgt 2gkgl 0.7gkgl 0-15h
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Fig. 13. Backward trajectories of some air parcels taken in the
moist feeding flow obtained with the RAI10 simulation for three Fig. 14. Same as Figl3, but for three other CV cases: the
CV cases: the 12 August 2008 (top), the 3 September 2008 (middle?1 October 2008 (top), the 1 November 2008 (middle) and the
and the 20 October 2008 (bottom). The backward trajectories aré8 October 2009 (bottom). The backward trajectories of the
projected both on an horizontal plane (left panels) and on a verticaR1 October 2008 and 1 November 2008 cases are performed with
cross-section (right panels). The vertical cross-section follows thethe RAI40 simulation.
line AB displayed on the left planels.
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or Fig. 16. Same as Figl3, but for the 26 December 2008 Roussillon
¢ case.
c
£, ] events. These anticyclonic conditions confine moisture in
] — ] the low-levels above the sea and force subsidence of the air
: V‘N ] parcels towards these moist low-levels. The anticyclonic
o s | flow perturbated by local transient pressure lows makes
foeln the air parcels move slowly in these moist low-levels
following roundabout pathways. Such moisture recharging
A B

mechanism was qualitatively discussed long agaJags
(1959, and partially quantified bRamis(1995 based on a
radiosounding climatology. The amounts of moisture gained
from the Mediterranean Sea are lower for the 8 October 2009
case and at the end of the 21 October 2008 one. In these
two cases, the amounts of moisture transported over 4 days
: ] from remote regions towards the Western Mediterranean Sea
) are larger — respectively 5.5gkyand 6 gkg? instead of
e 2.5gkg ! to 4 g/kg for the first four cases. The air parcels are
Fig. 15. Same as Figl3, but for the last CV case, the 20 October thus moister when arriving above the Mediterranean Sea and
2009 (top), and both SA cases, the 18 September 2009 (middigfeSs moisture can be gained from the sea before saturation
and the 22 October 2009 (bottom). The backward trajectories of thdS reached. The large amounts of moisture provided by
20 October 2009 and 22 October 2009 cases are performed with theemote sources for these two cases appear related to a
RAI40 simulation. high humidity area over tropical Africa in the ERA-Interim
analysis (not shown). The backward trajectories 3 or 4 days
before the events indiciate different origins and pathways
the basin while the second one extends north-northwestward®r these 5cases. For the 12 August 2008, 3 September
from Tunisia along Sardinia. During this transport phase,2008 and 20 October 2008 cases, trajectories pass over
moisture is gained from the Mediterranean Sea. France or Northern Spain transporting air masses from
Figures13-16 and Table2 also show that the 4-day tracks Northern Atlantic Ocean. Transports of African and Eastern
of the moisture transport and the amount of moisture gainedediterranean air masses are identified for the 21 October
from the Mediterranean vary from one event to another2008 and 8 October 2009 cases, and of Atlantic offshore
according to the synoptic pattern and its evolution. In theMorocco air masses for the 3 September 2008 case.
first four cases — the 12 August 2008, the 3 September 2008, Anticyclonic conditions also prevail over the Mediter-
the 20 October 2008 and the 21 October 2008 — and in th@anean Sea from 5 days till one day before the 26 December
8 October 2009 one, the parcel pathways remain at leas?2008 event. A large pressure high drives over Central Europe
24 h and sometimes up to more than 4 days in the low-levelgind towards the Northwestern Mediterranean Sea an air mass
above the Mediterranean Sea. During this quite long timecoming from a decaying depression over the Baltic Sea.
large amounts of moisture are gained from the Mediterraneamiowever, in this case, the air mass is much colder so that very
- 6.5-10gkg? for the first four cases and 5.5 gkhand little moisture can be added to the 2 gkgcoming from the
4gkg! respectively for the 8 October 2009 case and atdecaying depression before saturation is reached. Besides,
the end of the 21 October 2008 one. This is allowed byover the Northwestern Mediterranean Sea, the air mass is
the weak anticyclonic conditions with occasionally local and driven by a cyclonic flow much more dynamic than in the five
transient pressure lows which prevail above the Westerrprevious cases. All this contributes in limiting the amount of
Mediterranean Sea in the last 3 or 4days before thesenoisture gained from the Mediterranean Sea.

height (km)

o kN
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Fig. 18. Backward trajectories of some air parcels taken in the moist
low-level flow feeding the 18 September 2009 precipitating systems
obtained with the RAI10 simulation in two different phases of the
Fig. 17. ERA-Interim water vapour thickness (in mm, colour scale fevert1tl— co?vectlon emtt?eddsdtltn afrogthal %'Stl:(rban dC? (t.opi and post-
on the right of each panel) at 00:00 UTC, 28 October 2008 (top) rontal mature convection (bottom). The backward trajectories are

and at 00:00 UTC, 19 October 2009 (bottom) together with ERA- Projected both on an horizontal plane (left panels) and on a vertical
Interim 1.25-km a.s.l. (top) and 2-km a.s.. (bottom) horizontal wind cross-section (right panels). The vertical cross-section follows the

vectors. Wind arrows are drawn every 6 grid points with a scaleIIne AB displayed on the left panels.
in m/s given by the length of the arrow at the bottom right of
each panel. The top black dashed rectangle stresses the transp@®08 case) air masses towards the Western Mediterranean
of African tropical moisture and the bottom one, the transport of Sea where they then follow the western low-level transport
Atlantic tropical humidity. branch.
Here again, the origin of the air masses composing the

For every other case, cyclonic conditions with strongermoist low-level feeding flow does not change a lot during
dynamic forcing prevail over the Western Mediterraneanan event. The backward trajectories of air parcels taken in
in the last 4 or 3days before the events. In all thesethe moist flow feeding the precipitating systems in different
cases, the trajectories descend to the low-levels above thghases of an event remain most of the time very similar (e.g.
Mediterranean Sea less than 24 h before the HPE triggerindor the 18 September 2009 case shown in Hif). The
The subsidence is most of the time due to the Foehmmain evolution observed during an event is a slight shift of
or downslope moist flows that develop downstream theboth the origin of the parcels and their tracks towards the
mountain ranges surrounding the Western Mediterraneafrrench Mediterranean coast. This is what happens e.g. in the
Sea (e.g. Foehn downstream the Atlas for the 1 NovembeR0 October 2008 event during which the origin of the parcels
2008 case, or descending moist flow on the lee side of thevolves from the English Channel to the Bay of Biscay and
Eastern Spanish mountains for the 22 October 2009). Theheir track over the Mediterranean moves slightly southwards
amounts of moisture gained from the Mediterranean are herénot shown), or in the 21 October 2008 and 1 November
remarkably lower (3—4 gkgt). For these 4 cases, the part 2008 cases during which both the origin of the parcels and
of moisture coming from remote regions (3-4.5gkyis their track shift respectively westwards (see Fl§) and
slightly larger than the local moisture one. In particular eastwards (not shown). These slight shifts may correspond
quite large amounts of moisture are provided by remoteto a modification of the respective contribution magnitude of
sources for the 1 November 2008 and 20 October 2009he different air masses forming the moist feeding flow. In
cases. They appear in the ERA-Interim reanalyses to beur HPE set, such a modification is substantial only in the
related respectively to African tropical humidity and Atlantic 21 October 2008 case. During this event, the contribution
tropical moisture (Figl7). For all these cases, the tracks of African moisture to the feeding flow becomes larger —
of moisture transport pass over Northern Africa, Gibraltar6gkg™! in the frontal phase against 3gkyin the pre-
and Spain bringing Atlantic (18 September 2009, 20 Octoberfrontal one (see Tablg) — as the backward trajectories shift
2009 and 22 October 2009 cases) and African (1 Novembewestwards.
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]_maure s o ‘ ‘ —s but larger (4—6 gkgl) remote source. These results are
o : ’ ] in good agreement with those dlrato et al.(2004 for

j the Piemont 2000 event. The studies agree about both the

. relative contribution of the various moisture sources and the

s moisture transport time-scale and pathwayRurato et al.

‘ 1 (2004 found a contribution of the Mediterranean Sea of 20%

height (km)

| which is quite low but consistent with our results as the
Piedmont 2000 event occurred after some days of cyclonic
conditions over the Western Mediterranean Sea. The Atlantic
Ocean contribution of 60% is quite high in comparison with
: | | | ] our study but the difference is explained by the role of the
a ] the tropical storm Leslie and its extratropical transition in the

1 Piedmont 2000 event. In our studied cases, no extratropical
remnants of tropical systems contribute to the HPE moisture
supply. It seems that such a contribution is rather occasional
] and not really decisive (it provides only about 15% of the
1 Piedmont 2000 moisture supply accordingTarato et al,
>N men | 2009.

L,

f 5
WVV’E

o 600 1200 1800 2400 3000
A->B (km)

>
w

height (km)

0 600 2400 3000

1200 1800
A~>B (km)

! frontal MCS 10 T T T T

/ 7 . nL E — A B .
/] E@ ‘ | ° ] 6 Conclusions
T /~ . ; ; \ y 8 1

The ten Heavy Precipitating Events that occurred over
the French Mediterranean region during the autumns of
2008 and 2009 have been investigated to determine the
origin of their moisture supply and the tracks of long-range
moisture transport. High-resolution numerical simulations
(2.5 km horizontal resolution) of these ten cases performed
with the French non-hydrostatic research model Meso-NH
allowed us to characterise the moisture inflow feeding
Fig. 19. Same as Figl8 for the feeding of three diff_erent phases the heavy precipitating systems using on-line eulerian
of the 21 October 2008 event — mature convection well ahead,sgjye tracers. Larger-scale simulations (40 km and 10 km
of the from.(tOp)’ pre'frpmal convection (middie) and convection horizontal resolution) then allowed us to analyse the moisture
embedded in a frontal disturbance (bottom). transport over a 4-day long period and to identify the remote
origin of this moisture inflow.
The moisture inflow entering the heavy precipitating
systems of all convective events was found to be confined
ithin a thin 1000 m deep layer above the Mediterranean
ea. The vertical extent of the inflow appeared to be related
with the depth of the conditionally unstable boundary layer.
or the non-convective HPE, the precipitating system was
found embedded in a large-scale moist disturbance and fed
It moistens the low-levels and brings the low-level feeding by the lowest 3000 m of this dlstgrbe_d air mass. For all the
flow near saturation. When more moisture is provided bystud|ed cases, the low-level feedmg mflow_crpsses the most
o . northwestern part of the Mediterranean basinin5to 10 h. CV
remote sources, saturation is reached more rapidly and the

contribution of the Mediterranean Sea is reduced. On theevents are fed with a southerly low-level flow veering slightly

contrary, when cyclonic conditions prevail the days beforewestwards when approaching the French Mediterranean

. : : ; coast. SA events are fed by a south-southwesterly low-level
the HPE, less moisture is gained from the Mediterranea . . .
S . . Tlow veering south to southeasterly and converging with an
Sea and a combination of remote and local moisture is .
. . _easterly flow from the Gulf of Genoa when approaching the
then needed to approach saturation. Most of the time . o .
oast. The R event feeding flow is oriented easterly, driven

(all cases except 21 October 2008, 1 November 2008 antg a dynamic low situated between the Balearic Islands
8 October 2009 cases), remote moisture comes from the” y

Atlantic Ocean region. However, the contribution of this and Corsica. These moist feeding inflows remain almost

remote source is not very large (2-4.5gkyy African unchanged all along the events.
tropical moisture is another less frequent (3 cases out of 10)

height (km)

2400 3000

To sum up, the moisture of the flow feeding the heavy
precipitating systems is mainly provided by evaporation of
the Mediterranean Sea in the last 2days before the HP
triggering and by the transport of moisture from remote
sources over more than 3—-4days. The Mediterranean S
is the main moisture source-b0%) when anticyclonic
conditions prevail during the days before the HPE triggering.
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