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pted Article

Mediterranean regions are regularly affected by heavy convective precipitation. During the Hydrological Cycle in
the Mediterranean Experiment Intensive Observation Period 13 (HyMeX-10OP13), the multi-platform observation
strategy allowed analysing the backbuilding convective systems which developed on 14 October 2012 as well as
the associated moisture structures in the environment upstream of convection.

The numerical simulation at 2.5-km horizontal resolution succeeds in reproducing the location and time evolution

of the observed heavy precipitation systems and the main characteristics of the marine air mass. Convection
develops in Southeastern France over the foothills closest to the coast when a moist conditionally unstable
marine boundary layer topped by particularly dry air masses is advected inland. Cold air formed by evaporative
cooling under the precipitating cells flows down the valleys slowly shifting the location of the backbuilding
convective cells from the mountainsides to the coast and over the sea. Surface observations confirm that these
simulated backbuilding mechanisms describe realistically the processes involved in the maintenance of the heavy
precipitation event.

A lagrangian analysis shows that the moisture supply to the convective system is provided by the moist
conditionally unstable marine boundary layer while the dry air masses above are involved in the cold pool
formation. Four days before the event, both, the dry and the moist air masses, come from the Atlantic Ocean
in the lower half of the troposphere. The dry air mass involved in the cold pool formation results from both the
advection of mid-level air masses and the drying of low-level air masses lifted up over Spain. For the moist air
mass feeding the backbuilding convective systems, most of the air parcels overpass France before travelling almost
48 hours in the lowest 1000m above the Mediterranean. About 50 % of the moisture supply to the precipitating

system originates from the evaporation over the sea.

Key Words: Heavy Precipitation Event, HyMeX, Mesoscale Convective System, field campaign observations, moisture

structures

1. Introduction Ricard et al. 2012). Large rainfall amounts can accumulate

rapidly, typically more than 150 mm in less than 12 hours.
Heavy precipitation is a frequent and high-impact weather

Such rainfall accumulations often cause flash-floods with large
hazard affecting the Mediterranean regions (Lleetasl. 2013;
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material damages and human losses. These high-impact eventgapact of surrounding dry air masses on the development and
most often due to quasi-stationary Mesoscale Convective Systesuslution of MCSs is still unclear.
(MCS) (Nuissieret al. 2008; Buzziet al. 2014; Romercet al. On 14 October 2012, during Intensive Observation Period 13
2000). Large rainfall amounts are obtained when a backbuildii@®@P13) of the first Special Observation Period (SOP1) of the
MCS repeatedly renews convective cells upstream while oldaydrological Cycle in the Mediterranean Experiment (HyMeX),
cells move downstream over the same region (Schumacher &adkbuilding heavy precipitation convective systems developed
Johnson 2005; Ducrocef al. 2008). in an environment with a dry layer on top of the about 1200 m-
deep moist conditionally unstable boundary layer, and extremely

Past studies have investigated the synoptic patterns favouring )
dry air around 2500 m ASL (Above Sea Level). The instruments

such high-impact events (Rudatial. 2004; Martnezet al. 2008; )
deployed during SOP1 (Ducrocet al. 2014) observed these

Nuissier et al. 2008, 2011). Over the Western Mediterranean | ) ) ]
moisture structures and the convective systems. Taking benefit

gion, MCSs preferably develop eastward of a slow-evolving . .
@ from the large and unigue dataset collected during SOP1, the

turbance associated with an upper-level trough extending over . )
present paper aim to analyse the moisture structures of the

ﬂ Iberian Peninsula and leading a southwesterly diffluent flow o ) )
environment and their impact on the convective mechanisms

high altitude. Such a synoptic pattern favours a persistent ) . o
involved in the development and maintenance of the backbuilding
-level moist and conditionally unstable marine flow directeﬁ/ICS

ards the coastal mountainous regions. o _ _
The characteristics of the moisture patterns of the environment

o ypuupl,
Different lifting mechanisms enabling the release of th@d® firstly analysed thanks to the HyMeX observations. The

cdnditional convective instability have been identified (DucrocgPnvective systems and their environment are then reproduced
etlal. 2008). Orographic lifting of the conditionally unstable lowIn @ numerical simulation of the HPE. The simulated convective
eyel marine flow impinging upon the foothills bordering thén€chanisms are examined and a numerical analysis of the

western Mediterranean is a well-known mechanism for renewif§9in, formation and impact of the moisture structures on the

Uﬂvedion triggering at the same location (Barthlott and Davolf@nvective mechanisms is conducted. The outline of the paper is

16). Lifting can also be due to local convergence in the lovhe following. The precipitating event and the associated synoptic

QEI circulation induced by the orography of the region (BuzB2altern are presented in section 2 together with the available

al. 2014; Barthlottet al. 2014; Scheffknechet al. 2016) or HyMeX observations. Section 3 describes the numerical set-up

H cyclogeneses(Duffouret al. 2016). A low-level cold pool, @nd evaluates the quality of the simulated convective systems.
ﬂ sibly formed under the MCS, can also lift the low-level flow apection 4 details the moisture and wind characteristics of the

ading edge (Ducrocet al. 2008) or modify locally the low- environment before investigating the convective mechanisms for
@el circulation and enhance convergence areas (Duffeusd, the initiation and maintenance of the IOP13 precipitating systems.
016). Idealised studies have shown that the lifting mechaniss&ction 5 examines the origin of the moisture structures involved

d consequently the location and intensity of the precipitatiffy the convective mechanisms identified. The conclusions are

vective systems are sensitive to the characteristics of #{en in Section 6.

pstream flow and of the environment (Miglietta and Rotunno
10; Bressoret al. 2012; Davolioet al. 2016). For example, 2. 10P13 overview
the formation of a cold-pool has been shown to occur when the - s
2.1. Description of the precipitation event
ambient flow is relatively dry or weak (Bressat al. 2012).
However, the sensitivity of the convective mechanisms to tgound midday on 14 October 2012, isolated convective cells
characteristics of the environment has not been much studiedvere initiated offshore, a few kilometers southwest of the

real Heavy Precipitation Events (HPEs) yet. In particular, théar region and southwest of Marseille (the position of these

This article is protected by copyright. All rights reserved.
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re 1. Composite image of radar reflectivities (dBZ) measured at 18 UTC, 14

ct. 2012. The black square shows the location éfus where the maximum 6-h Figure 2. ARPEGE analysis at 12UTC, 14 Oct. 2012 of the geopotential height
raihfall accumulation was recorded by a raingauge. at 500hPa (m, thick red isolines every 50 m), mean sea level pressure (hPa,
dashed isolines every 2hPa and colour scale under 1006 hPa), wet-bulb potential
temperature (yellow area above 15°C) and horizontal wind (arrows for wind speed

. . . . above 15m.5! at 925 hPa. The region displayed in this figure matches the domain
graphical areas is given Figuteand 3). They developed of the ARP10 simulation.

>

l

over land and rapidly organised in two backbuilding convective

stems (Figl) in the surroundings of Marseille (MCS1) angAhead of its cold front, a southwesterly low-level flow over the
over the Var region (MCS2). MCS1 had a strong activity frorfylediterranean French coast brings a warm marine air mass inland.
out 13:30UTC until 14:30UTC with a tornado observedin® Mean sea level pressure along the Spanish coast on the

rth of Marseille at 13:40UTC. After a period of moreBalearic Seais perturbed by a secondary cyclonic wave at 12UTC

I{1C

disorganised and weaker convective activity over the mountaind@§€ Fig-2). At higher levels over this area, the flow is west-
area north of Marseille, the system organised in a Stroﬁguthwesterly and slightly divergent. The vertical shear of the
ckbuilding convective line and remained quasi-stationary frdigrizontal wind above the boundary layer is almost unidirectional.

ut 16:30 UTC to 18:00UTC before shifting eastwards arldiis synoptic pattern slowly shifted southeastwards during the

d.A

sipating slowly over the Var region after 19:00 UTC. Th8&Y-
ximum rainfall accumulation related to this system was

. ) .2.3. HyMeX observations
orded near Aix-en-Provence, 25km north of Marseille, with

to 80 mm in 6 h. MCS2 developed into a stationary convectiyyuring HyMeX SOP1, more than 200 research instruments
ong the eastern Var coast around 14:00 UTC. It remaingfle geployed over the northwestern Mediterranean Sea and
si-stationary over the same area all afternoon before movjpg surrounding coastal regions in France, ltaly and Spain.
eastwards after 19:00UTC. Radar quantitative precipitatiqq,]ey ensured observation of the precipitating systems and
imates (not shown) indicate that up to 170 mm of precipitatiogfided dense measurements of the upstream meteorological

12h were observed a few kilometers offshore of the Var coggjngitions over the sea. The observational means deployed are

d 67 mm was recorded in the same time by a coastal raingaggg,

te

¢p

¢

C

prehensively described in Ducroeq al. (2014). Among

&jus - 6.74°E, 43.42°N). them, several wind profilers were deployed along the northwestern

Mediterranean coast, including a UHF profiler in lle du Levant

A

Synoptic context
(see Figure3 for location). It provides valuable information on

The synoptic situation on 14 October 2012 is summarised time vertical wind profile in the lower half of the troposphere
Figure 2. It is characterised by an upper-level trough associatpet upstream of the Var region at 55 levels every 4 minutes

with a surface low situated over Northwestern France at 12 UT(Sdd et al. 2016). The Water Vapour and Aerosol Lidar (WALI)

This article is protected by copyright. All rights reserved.



3. Numerical simulation

3.1. Meso-NH model configuration

The HPE of IOP13 was simulated using the French non-
hydrostatic numerical research model Meso-NH (Lafeteal.
1998). For a fine-scale analysis of the precipitating systems and

their short-range interactions with the environmental moisture

structures, a 2.5-km horizontal resolution simulation, below

referred to as AW2.5, was performed. The set-up is the

same as in Duffourget al. (2016), where it was able to

realistically reproduce convective systems. It includes the same

simulation domain over southeastern France and northwestern

orography (m)

0 250 500 1000 1500 2000 2500 3000 the precipitating systems and their marine low-level moisture-

re 3. Domain of AW2.5 simulation (solid black rectangle) and orography . . .

our scale on the right, m). The timing of the flight track of the ATR42 alrcraﬁuppwlng flow), the same vertical grid with 55 stretched
indicated by coloured dots (colorbar at the bottom). The names of the main

graphlcal areas are also given. The black star is located in Marseille, the biagktical levels (Gal-Chen and Somerville 1975) up to 20km and
Ie at lle du Levant, the black cross in Candillargues and the black triangle in

tadella (Menorca). The black square shows the area where the ATR alrciﬁé same parametrisation schemes: the bulk 1-moment mixed
ormed a sounding. ’

| m | | | s Mediterranean (See FiguBe500 x 500 km domain encompassing

microphysical scheme (Caniaet al. 1994; Pinty and Jabouille

rt

1998) combining a three-class ice parametrisation with a Kessler’'s
scheme for the warm processes, the Rapid Radiation Transfer

Model parametrisation (Mlaweat al. 1997), the one-dimensional

hazetteet al. 2014) was operated in Ciutadella (Menorca,
( ) 8 ( turbulence parametrisation based on a 1.5-order closure (Cuxart

Balearic Islands, see FiguBefor location) and the water vapour

et al.2000) of the TKE equation with the Bougeault and Laeear

I

t ture Raman | tem (BASIL) (Di Girolagbal.
d temperature Raman lidar system (BASIL) (Di Girolaebal. | ga5 iine length, the Pergated al. (2009) Eddy Diffusivity

009) in Candillargues (see Figudor location
)i g ( 9 ) Mass Flux scheme for shallow convection) and the surface

C,

model SURFEX (Massoat al. 2013). Only the transport scheme

t

Many campaign observation systems were operated on alést. momentum variables was changed to the computationally

r IOP13, additional radiosoundings were launched in Marseiless expensive WENO scheme (Shu and Osher 1988), while

P

igure3 for location) every 3 h from 09UTC on 14 other variables are still transported with the PPM (Piecewise

tober. Also, the upstream low-level flow was sampled by tiarabolic Method) scheme (Collela and Woodward 1984). The

&

ater vapour lidar LEANDRE?2 (Bruneaet al. 2001) flown on simulation was initiated at 06 UTC on 14 October 2012. As in

ard the ATR42 aircraft from the Service des Avions Francauffourg et al. (2016), the initial and lateral boundary conditions

v

trumenés pour la Recherche en Environnement (SAFIREre provided by the AROME-WMED analyses (Foéargt al.

.

perating between Candillargues to Menorca during the mornigg15). AROME-WMED is a dedicated version of the French
d early afternoon of 14 October. The flight track and timingperational convection-permitting numerical prediction system

are displayed in Figur8. Also, two boundary-layer pressurizedAROME (Application of Research to Operations at MEsoscale,

A

balloons (Doerenbechet al.2013) were launched from MenorcaSeity et al. (2011)), set up specifically for the HyMeX campaign
at 06:10UTC and 08:20 UTC on 14 October. They followed thend covering the western Mediterranean. AROME-WMED run
southwesterly flow at a height of about 925hPa and 950 h®R#&h a 3-hourly 3D-Var data assimilation cycle, at 2.5 km

respectively. horizontal resolution. It assimilates all conventional routine

This article is protected by copyright. All rights reserved.



observations (surface observations from land stations and shj

radar  orography (m)
i3 reflectivity

(dBz) I
1500

vertical soundings from radiosondes and pilot balloons, buoy a

aircraft measurements), together with some wind profilers, wirg?

1250 GC(K)
from AMV (Atmospheric Motion Vectors) and scatterometers

Doppler winds and reflectivities from radars, satellite radianc

IIODD
: I

750 324

and ground-based GPS measurements.

500

A 10-km horizontal resolution simulation, hereafter name
E 250

ARP10, was also run in order to study the longer-range evoluti

100 320

of the moisture structures involved in the I0P13 HPE. Tk

simulation domain, shown in Figuiz covers the eastern part of
Figure 6. Horizontal projection of backward trajectories of some air parcels taken

the Atlantic Ocean as well as northern Africa. The same levelsifyihe upper part of the convective line simulated by AW2.5 at 16 UTC together with
radar reflectivities at 2000 m simulated at 16 UTC by AW2.5 (coloured areas) and

. I jvalent potential temperatuge at 925 hPa (K, red areas) simulated at 14 UTC.
the vertical and the same parametrisations and surface SChemé% ing of the trajectories is indicated in UTC. The orography is displayed in

-

. . grey scale. The dark magenta dashed rectangle shows the domain of the zoom used
r AW2.5 are used with an additional scheme for deep convecti@nFigureo.

]

sed on Kain and Fritsch (1993). ARP10 was initialised 4 days

bBfore the HPE, at 00UTC on 10 October 2012. The initig||mulat|on as in the observations, convection is initiated over the

G

and lateral boundary conditions are provided by the 6-hour1°'§/aa’ afew kilometers offshore, around 12 UTC (not shown) and is

PEGE analyses (Courtiet al. 1991), the French operationalthen advected inland northeastwards. It reaches the east of the Var

£,

region at 14:30 UTC in the simulation, only 30 minutes later than

global Numerical Weather Prediction model.

observed (Fig5a), and stays in this area (Figd-f) until 19 UTC

I

Evaluation of the precipitating system simulated at 2.5kmas in the observations (Figc-e). Both in the observations and

horizontal resolution in the simulation, the convective line shifted southeastwards very

A

slowly during the afternoon. However, the simulated convection
As the precipitation mainly occurred during the afternoon, a

strengthens and organises earlier, as early as 13 UTC, inducing
parison of the 6-h rainfall accumulation simulated by AW2.5

a too large rainfall amount over the orography of Sainte-Baume

d

d observed between 12UTC and 18 UTC (Higprovides a
(inland, west of the Var region, see Figdor location). Also
ad picture of the skill of the simulation. The simulated amount
the simulated convective line remains about 10 km too far inland
rainfall accumulation is realistic with more than 75mmin 6 h
and affects a slightly larger area.
sociated with the convective line over the eastern Var coast
In the following, the paper will focus on the convective line over

Ic

CS2 - 7°E), and slightly more than 50 mm for MCS1 near ) ) .
the Var region whose life cycle is well reproduced by AW2.5.
ille. The simulated precipitation due to MCS2 are well

{7

logated, only about 10km too far north, on the southernmo$t Environment and lifting mechanisms

¢

othills rather than on the coast. The maximum of precipitation
4.1. Environment moisture and winds
sociated to MCS1 is not simulated near Aix-en-Provence but 30

19,40 km further inland to the north-northeast. To characterise the air mass supplying the precipitating system,

GG

The radar reflectivities displayed in Figubedetail the time backward trajectories of air parcels reaching the top of the
lution of the precipitating systems simulated by AW2.Simulated convective ascents are performed. The movement of the

and observed during the afternoon, at 14 UTC, 16 UTC amidt parcels is computed as described in Gheusi and Stein (2002),

A

18 UTC. The strength of MCS1 in the surroundings of Marseillasing the technique developed by Scland Wernli (1993). It is
is underestimated and it is located too far inland over thmsed on the on-line advection along with the model dynamics at
mountains by AW2.5. Over the Var region, the time evolutiomach model time step of the initial grid point positions as eulerian

of the simulated convection matches the observations well. In thassive tracers. For analysis and plotting purposes, output with

This article is protected by copyright. All rights reserved.



6 Duffourg et al.

(a) observations (b) simulation
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igure 4. 6-h rainfall accumulation (mm) measured (left) by the raingauges (coloured dots) and estimated from the French radar network (coloured areas) and simulated
W2.5 (right) at 18 UTC, 14 Oct. 2012.

C

e positions of the air parcels is produced every 15 minutes. Titight track (Figure3) and the backward trajectories (Figugg

{1

rizontal projection of some of these backward trajectories fshowing the location over the sea of the low-level flow feeding
rcels at the top of the simulated convective ascents at 16 Ud@ection, it appears that the ATR cross-flow leg intersects

uperimposed on the radar reflectivities simulated by AW2.5amost perpendicularly the southwesterly feeding flow. Its along-

r

00m at 16 UTC in Figuré. It shows that convective ascentdlow leg follows the feeding flow with a slightly more south-north

are fed by the southwesterly marine flow. This flow does not shdwajectory. The ATR flight track and the backward trajectories do

A

y marked convergence. The vertical projection of backwandt exactly coincide in time, but the time shift is small (mostly
trajectories (not shown) evidences that the flow is confined to thbout one hour) and the simulated moisture content of the feeding
est 1000 m above the sea surface before being lifted up to fleev over the Mediterranean does not change substantially in the

of the troposphere within one hour in the convective ascemt®rning.

d

the precipitating system. The low-level flow brings a moist

¢

Above the sea surface, LEANDRE2 measurements (FAg.
(about 10g.kg!) and warm ¢. about 322 K) air mass from east B9

. show a well mixed layer with large moisture contents (about
f Catalonia at 08 UTC to the southeastern French coasts where it

11g.kg !). The moisture content measured is smaller (about

{

P

dsjthe convective ascents.
89.kg ') in the eastern part of the cross-flow leg (see Figi{e

yMeX observations provide quite a complete description after 10:20 UTC) as the ATR is too far to the east of the

¢

e characteristics of the environment in which the convectifeeding flow evidenced by the backward trajectories. The mixed

C

tems developed. Over the sea upstream of convection, ltheer slightly deepens (about 150 m deeper) and moisten (about

ANDRE?2 lidar observed the vertical structure of the waterg.kg~! moister) between both legs. Its height also increases

(5

apour mixing ratio field along the flight track of the ATR42when the aircraft comes closer to the coastal convective area
craft (see Figure). Near the surface, the measurements afm the northern part of the along-flow leg Figuib) after

averaged over the lowest 400 m ASL to reduce the measurem&3B0 UTC). Above the boundary layer, the moisture content

A

error variance. Fig7 displays both a cross-flow leg betweenlecreases dramatically with about 4-6 g-kgaround 1500 m
09:35UTC and 10:35UTC (yellow and orange tracks in B)y. ASL and 1-3g.kg' above 2500m ASL. Water vapour mixing
and an along-flow leg between 13:10 UTC and 13:57 UTC (lighatio measurements from BASIL indicated that this dry air mass

and dark pinkish-orange tracks in Fig). Comparing the ATR observed with LEANDRE2 was also present over land since at

This article is protected by copyright. All rights reserved.
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(b) 14 UTC
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Figure 5. Radar reflectivities (dBZ) measured (left) and simulated by AW2.5 at 2000 m (right) at 14 UTC (top), 16 UTC (middle) and 18 UTC (bottom), 14 Oct. 2012. The
areas with no radar observation data are displayed in grey. MCS1 is circled in grey and MCS2 in brown.

© 2016 Royal Meteorological Society Prepared usingyjrms4.cls
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(a) cross-flow leg

(b) along-flow leg
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Figure 7. Water vapour mixing ratio observed by LEANDREZ2 during a cross-flow leg (left) and during an along-flow leg (right).

least 22:00 UTC on 13 October (Di Girolaned al. 2016). Also At the coast, the wind profiler installed during the HyMeX

cle

a similar vertical structure of the moisture field with very dry aiSOP1 on the lle du Levant provides measurements of vertical

1

ove a moist marine boundary layer was still observed one dagfiles of horizontal winds immediately upstream of convection.

L

later over the Tyrrhenian Sea in association with heavy convectilbey are displayed in Figui&together with the winds simulated

I,

cipitation in the south of Italy (Leet al. 2016). The moisture by AW2.5. Near the surface, weak westerlies prevail in the
ntent simulated with AW2.5 along the backward trajectorigsorning. After 12 UTC, the wind reinforces and turns more to the

(about 10g.kg! below 800 m ASL) and along the ATR flight south (south-southwesterly near the surface, southwesterly above

A

legs (not shown) agrees well with the LEANDRE?2 observations000 m ASL). A wind speed maximum characteristic of a low-
wever, the simulated well mixed layer seems to be about 200ewel jet is observed between 15UTC and 18 UTC, just below

deep (mainly in the cross-flow leg) and the vertical gradient1®00m ASL (grey ellipsis in Figur8). At the end of the HPE,

d

ss sharp in the simulation as also observed in AROME-WMEDe winds weaken and turn west-southwest. The wind simulated

-

alyses over the Balearic Sea during IOP 15a by éeal. by AW2.5 compares well with the observations both in terms of

[

17). direction and wind speed until 15 UTC. After, it is too weak and

The vertical sounding (not shown) performed with the AT#he simulated low-level jet is oriented slightly too south.

B

around the position marked in FiguBe(black square)

dences a similar vertical structure of the moisture field as in The air mass over southeastern France becomes Cond|t|0na”y

& w

EANDRE2 measurements. The measured relative hum|d|ty Uﬂstatﬂe between 12 and 15UTC according to both the
1200 m ASL is large with more than 85 %. It decreases aboygdiosounding measurements in Marseille and the simulation. A

inly between 2300 m and 3500 m ASL, with a relative humidityomparison of the radiosounding at 15UTC with the vertical
inimum down to 20 % at 2500 m ASL.

G

profiles of temperature, moisture and wind simulated in Marseille
he two pressurized balloons launched from Menorca thay AW2.5 shows that the thermodynamic characteristics of the
drifted in the southwesterly low-level flow at about 925 hPa andarine air mass advected inland are quite well reproduced (not
950 hPa respectively show a continuous increase of the wind spebdwn), in particular in the boundary layer and in the dry
as they approach the coast (not shown). The wind simulatedlbyer near 2500 m ASL (water vapour mixing ratio lower than
AW2.5 agrees well with the balloon observations both for th@g.kg™!). The simulated CAPE (Convective Available Potential

direction and the wind speed. Energy) is about 1550J.kg while about 1600J.kg' were

This article is protected by copyright. All rights reserved.



(a) observation (b) simulation
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Figure 8. Horizontal wind observed (left) and simulated by AW2.5 (right) at the Levant wind profiler. The low-level jet is circled in grey.

cle

easured. However, the LFC is too high, at 930 hPa insteadbyf AW2.5 between 14 UTC and 17 UTC. During the afternoon,

t1

observed 1000 hPa. the marine warm and moist low-level jet simulated by AW2.5
0 sum-up, the HyMeX observations show a marine moiptogressively shifts eastwards (Fig). It reaches the Var coast

uthwesterly low-level jet feeding convection over the Var regig 16 UTC. Cold air §, < 290 K) forms by evaporative cooling

I

ped with a drier layer and extremely dry air above 2500 nnder the precipitating cells and flows down the valleys as
ASL. The low-level flow and the moisture structures are wedlvidenced by both the 500-m horizontal wind simulated by
roduced in the AW2.5 simulation. AW2.5 and the 10-m wind observed by the surface stations as
from 15UTC. It gradually fills up the Argens valley blocking

Initiation and continuous backbuilding mechanisms the inland advection of the marine moist low-level flow. After

d A

15UTC, the main convective ascents are localised along coast

the morning of 14 October 2012, the marine air mass simulated o .
on the mountainsides but also on the leading edge of the cold

AW?2.5 south of the French coasts is conditionally unstable . . )
air channeled in the Argens valley. During the entire afternoon,

-

{

APE - of 1000J.kg' to 1500J.kg ") with a very low Level . , o ]
the lifting mechanism pattern remains similar with even colder

Free Convection (LFC of about 1000 hPa) resulting in almost ) .
air in the Argens valley spreading out over the plains upstream

nvective INhibition. Within this conditionally unstable .
of the coastal orography. The cold pool thus plays a major role

flow, the first convective cells form nearshore shortly before . ) . .
in determining the location of the precipitation. It gradually shifts

idday, probably associated with local orography-induced wind .
the main ascents from the bottom of the valleys to the coasts and

vergence just upwind of the coastal mountains (the horizontal
over the sea.

d at 925 hPa is slightly deflected by the coastal orography at

YR

¢

G

e southern tip of the Var region - not shown). Later, from 13:00, A comparison of the simulation with wind and temperature
re intense convection develops over the foothills closest to t@face observations shows that the simulated backbuilding

coast. mechanisms describe realistically the processes involved in the

A

Fig. 9 displays the hourly evolution of the equivalent potentiahaintainance of this HPE. The formation of the cold pool in
temperaturd. at 925 hPa and of the virtual potential temperatuthe Argens valley is also well simulated. The decrease of the
at the first model level (about 9m high) together with theimulated 2-m temperature is similar both in magnitude and

horizontal wind and the vertical velocity at 500 m ASL simulatetiming to the observations (not shown). The simulated low-level
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(8) 14 UTC Argens valley (b) 15 UTC
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A Art

ure 9. Equivalent potential temperatufe at 925 hPa (K, red areas), virtual potential temperafiyrat the first model level (K, blue areas below 292 K), vertical wind
speed at 500 m ASL (green areas above 0.5H).end horizontal wind at 500 m ASL (.8, arrows) simulated by AW2.5 for every hour between 14 UTC and 17 UTC
zoomed in the domain displayed with dark magenta dashes in Eigline orography (m) is in grey scale and the bold black line marks the 250-m terrain line. The
thick pink arrows show the 10-m horizontal wind observed with the same scale as for the simulated 500-m horizontal wind.

tG

d is also consistent with the 10-m observations (BjgBoth these trajectories are selected to give an idea of the horizontal

P

hat the marine air mass enters the Argens valley at 14 Uad vertical extension of this track. Their horizontal projection
bt the wind is reversed when the cold air pool fills up the valleguperimposed on the virtual potential temperatiret the first
ccordingly, the same shifting of the convective line from thenodel level simulated at 16 UTC is displayed in Figut®.
tom of the valley towards the coast upstream the low-levEheir vertical projection is presented in Figuté together with

rine flow appears in the simulation as in the observations (Ske virtual potential temperaturé, simulated at 16 UTC, the

(CQ

gure5(a)-(d)), even if the simulated system remains more inlafgydrometeor contents at 14 UTC and the water vapour mixing
r a higher orography because of a higher LFC. This explairadio simulated at 08 UTC. Figurgl shows that the air mass

why the simulated precipitations are located slightly more inlanishvolved in the cold air pool formation mainly comes from a
Backward trajectories are also computed to identify the &y layer between 1000m ASL and 2000m ASL, just above

mass involved in the formation of the cold air pool channeldfe boundary layer, with water vapour mixing ratios ranging

in the Argens valley. The backward trajectories computed frofgtween 69.kg" and 3g.kg . In the on-line computation of the

the core of the cold pool all follow a similar pathway. Some dpackward trajectories, the air parcels are considered as passive
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from about 296 K before being entrained in the convective system
to about 290K in the cold pool. This confirms the formation

process of the cold air pool. The dry air mass is moistened and
cooled down by the evaporation of a part of the precipitation

passing through. The moistened and cooled air mass is entrained

by downdrafts eventually forming a cold pool at the surface.

Some air parcels also come from the same height than the low-

level flow supplying the convective system, but slightly more to
the north. Because the directional vertical wind shear is weak, the

trajectories within and above the boundary layer have the same

direction (See Figl0).

The ATR flight track (Fig.3) is slightly too far to the the south

in comparison with the cold pool air mass trajectories as evidenced

in Figure 10. But LEANDRE?2 still shows a drier layer around

Figure 10. Horizontal projection of backward trajectories of some air parcels takebl6500 m ASL with water vapour mixing ratio ranging between
he cold pool simulated by AW2.5 at 16 UTC together with the virtual potential
temperatured,, at the first model level (K, blue areas below 292K). The timingg g.kg_l and 7 g.kg_l.

he trajectories is indicated in UTC. The orography is displayed with the same

gr yss_gzlcetigrs] ilrr: Egjnghe dashed line AB shows the alignment of the vertical A lagrangian analysis of the very dry layer above 2500 m

1cle .

ASL identified in the LEANDRE2 measurements and sounding

I't

observations was performed thanks to forward trajectories (not
e shown) at 16 UTC of air parcels taken in this very dry area.

The dry air parcels are advected in the surroundings of the deep
convective systems and some of them are entrained downwards in

p
2
1} % R the cold pool with an altitude below 1000 m in the Argens valley.

e

[N
o
S
S

Thus, this dry structure is also involved in the convective system

e

7

dynamics.

X o O P LS 5. Origin of the moisture patterns
5 Qjo (va (Z)Q ,bfb

ted

ure 11. Vertical projection of backward trajectories of some air parcels takep
he gold pool under the convective line simulated by AW2.5 at 16 UTC and
ross-section of water vapour mixing ratio (colour scale, ggimulated . .
at 08 UTC along the line A-B shown in Figurd. The location of the system the moist low-level layers over the western Mediterranean Sea
simulated at 14 UTC is shown with dotted areas for hydrometeor contents exceeding . . . . .
kg~'. The area withp,, below 292K simulated at 16 UTC is coloured in bluethat are involved in the MCS affecting the Var region. First, the
ale. The timing of the trajectories is indicated in UTC and the orography is

atched. origin of the dry air mass involved in the cold pool formation

his section aims to identify the origin of both the dry and

-

is investigated using 4-day backward trajectories computed on-

thacers transported with the mean flow and sub-grid turbuldimte with ARP10 simulation. According to the AW2.5 backward

GG

otions. They thus undergo the mixing in the convective cloutfajectories (discussed in Sectigh?), this dry air mass was
shown by the evolution of the water vapour mixing ratio of thimcated above the marine boundary layer, offshore of Catalonia

air parcels along their trajectory, the air mass remains dry (abgbtg. 10) around 08-09 UTC, 14 October 2012. A total of 84

A

59.kg™1) until it is entrained in the convective system at 14 UTChackward trajectories were computed with ARP10 for parcels
The water vapour mixing ratio of the air parcels then increasedthin this dry air mass. They were initialised at 14 different
rapidly up to 9g.kg! while they descend towards the surfacegrid points centered on 3.98/41.7N and separated by roughly

In the same time, their virtual potential temperature decreaskd’, and distributed over 6 altitudes: 1000, 1200, 1400, 1600,
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I.t1

1800 and 2000 m ASL. All trajectories were initialised at 09 UTC(a)

on 14 October. For the sake of clarity we will not show all the

trajectories, but only a sample of 9 representative trajectories.
) _ _ 15UTC 10/10 |
The trajectories are selected so as to represent all the differ v12UTC 11/10°

pathways observed with a number of trajectories selected for ea

path depending on the total number of trajectories following thi

path. Figurel2 shows the horizontal and vertical projections of RN
; -3~ Zaragoza
i ; ; 09UTC 12110
the selected backward trajectories as well as the location of t b £2030TC 147101
- i/~ Barcelona

radiosounding stations over Spain which are in the vicinity of theg;

trajectories. For these longer-range and lower resolution backward T OONINS

trajectories, output with the air parcel positions is produced eveny-- ; 1288%1???;0
ours - 03UTC 12110\
’ - Madrid '/
~0BUTC 12/10"
On 10-11 October, almost 4 days before the HPE, all; ~15UTC 13/10 -+

trajectories originate from the north Atlantic, below 2000 m ASL}-. [

far the northernmost trajectories and between 2000 m and 4000 m, 0o (b)

cl

L (except from the orange trajectory) for the southernmost
trajectories (Fig.12(b)). The mean water vapour mixing ratio  4000. 7
of the lower northernmost trajectories is about 4.7 gkglt
intreases during the transport in the low-levels over the ocea:iEE/n, T
bably gaining moisture from the Atlantic Ocean evaporatiogi 2000.

The moisture content is smaller for the higher southernmost

A

1000.
trajectories (3.3 to 3.6g.kg). The trajectories then reach the

rian peninsula from the north and northeast between 00 UTC 0 ‘ | |
-8.6 1.7 5.4
LONGITUDE

11 October (southernmost trajectories) and 03UTC on 12

d

tober (northernmost trajectories). They remain over land for o ) .
Figure 12. ARP10 backward trajectories of selected air parcels taken in the dry

. . ir_flow involved in the cold pool formation: (a) horizontal projection and (b)
out 2-3 days (unt" early 14 OCtOber)’ before crossing over t'ﬁiﬁtical projection along the x axis. The positions of the radiosounding stations
. . over Spain are shown in (a). The approximate times at which they are overpassed
stern Mediterranean at an altitude above 1000 m ASL fomthe trajectories are also indicated. The mean WVMR values (d kindicated
in (a) correspond to an average for all trajectories at the beginning and the end of the

atively short period (between 9 and 18 hours). Over continentalectories, as well as when trajectories are crossing the northwestern and eastern
coast of the Iberian Peninsula.

the lowest parcels are lifted up and dry out while the

fe

i

hest trajectories continue to moisten slowly as they desceBgstems over southeastern France is now investigated using 4-day

G

Upon exiting Spain, all trajectories are closer to the mean walgdckward trajectories computed with ARP10 simulation. AW2.5

¢

our mixing ratio (5.6g.kg'). Once over the sea, the aifhackward trajectories (Fig discussed in Sectiod.1) showed

rcels experience almost no moisture uptake (mean water vapggk this moist air mass was located in the marine boundary layer,

*

ixing ratio values from 5.6 g.kg' to 5.74 g.kg '). The air mass offshore of Catalonia around 08-09 UTC, 14 October 2012. A total
olved in the cold pool formation thus results from a mixturgf 9o backward trajectories were computed to sample this moist

of dry mid-level air masses (2000-3000 m ASL mainly) and lovgjr mass. Based on AW2.5 analysis, they were initialised at 15

A

level air masses orographically lifted over Spain, both originatingid points centered on 3.88/41.45N and separated by roughly
from the north Atlantic. 0.4, and distributed over 6 altitudes: 100, 300, 500, 700, 900 and
Similarly as for the dry air mass involved in the cold pool000m ASL. All trajectories were initialised at 09 UTC on 14

formation, the origin of the moist air feeding the precipitatin@ctober. Like above, a sample of 9 representative trajectories is
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down to about 4 g.kg' before arriving over land. All trajectories

~hsuTc 1m0 | 4

A0 reach the land in the morning of 12 October with an altitude

ranging from 1000 m and 3000 m ASL.

Most of the trajectories pass over France in half a day and

~ Bordeatix reach the Western Mediterranean at 21 UTC on 12 October. Over
... 09~12UTC
‘ land, their moisture content increases (up to a mean water vapour

1 318~2$L?TS(|3F12/1 & mixing ratio of 4.6 g.kg!) mainly as they follow a downslope

flow on the lee side of the Massif Central mountains and mix

with a moister lower-level air mass. The trajectories then remain

Santander
03UTC 12/10

below 1000m ASL over the sea for around 42 hours before
Zaragoza

09UTC 12/10 —103~18UTC 13/10 1 : : o :
SOBUTC 131104 entering the convective system. They join the northerly mistral

Mallorca

06UTC 13/10 | (Jansa 1987; Drobinskét al. 2005; Di Girolamoet al. 2016)

T | and tramontane winds induced by the pressure gradient between

Spain and Liguria before heading again towards the French coast
4000, | when surface pressure decreases over Spain and western France

(during the night between 13 and 14 October). They experience
3000.
significant moistening with mean water vapour mixing ratio

2000, |- -|  values increasing to 8.89.k§ over the Balearic Sea. AW2.5

100, L backward trajectories (discussed in Sectbt) showed that the

moisture uptake later on, i.e. during the end of the air mass course

©

509 Overthe Mediterranean, was negligible. This is consistent with the

Artic

LATITUDE results of Rainauet al. (2016) showing that, according to buoy

Figure 13. Same as Figl2 but for backward trajectories of selected air parcel P . i~
n in the moist air flow feeding convection: (a) horizontal projection and (E?easuremems’ the main increase of 2-m relative humidity before

ical projection along the y axis. The location of the WALI and BASIL lidars are .
indicated in (a) in addition to the radiosounding stations in Spain and FrandP13 HPE occurred over the Gulf of Lion on 12 October 2012,

o]

in the area where mistral and tramontane winds were blowing

C

osen. Figurd 3 shows the horizontal and vertical projection o&ind the latent heat flux at the surface of the Mediterranean Sea

[

selected backward trajectories as well as the location of thas large. Hence, the evaporation of the Mediterranean appears

iosounding and the lidar stations over Spain and France whiotprovide about half (4.2 g.kg}) of the moisture supply to the

D

n the vicinity of the trajectories. Similarly as for the dry aiheavy precipitation convective systems.

ss backward trajectories, output with the air parcel positions issome trajectories (about 20 %) rather pass over Spain. They

¢

roduced every 3 hours. continue to slowly moisten as they descend towards lower
Almost 4 days before the HPE, all trajectories originataltitudes (with about 3.4g.kg upon entering Spain and

m the north Atlantic, mostly between 2000 and 4500 m ASE.8g.kg ! upon reaching the Balearic Sea). They reach the

GG

g. 13(b)). Their water vapour mixing ratio is lower thanMediterranean later (in the morning of 13 October), with a larger
g.kg!, i.e. less than the moisture content for the dry amoisture content. Once over the sea, their moisture uptake from

masses, because these trajectories come from a higher altittie sea surface is limited to about 3 g-Kg(roughly 35 % of the

A

They moisten slightly over the ocean as they mix with moister dinal water vapour content). These trajectories appear similar to
at lower altitudes. Only a few trajectories (about 20 %) come frothose obtained for dry air masses (Fig). Offshore Catalonia,
altitudes below 1000m ASL with a moisture content exceedirigey are close to the marine boundary layer top - 700 m ASL (grey

49.kg !, upto 8g.kg!. These trajectories are lifted up and driedine) and 900 m ASL (green line). This might evidence the mixing
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, o EA uptake from the sea, especially for the moist air masses in the
Dry air mass trajectories 4

Santander K
Madrid R

PR
+ Zaragoza PR
’

>
|

marine boundary layer feeding the MCS over the Var region.

The differences between the simulated and observed water vapour

N
“\ L
LA L I I o

z ] e mixing ratios was not found to depend on the time difference
=~ 8+ _,»"
§ 1 ‘.,.~'“_‘;.»" (resulting from the fact that radiosoundings are launched at fixed
@ 67 St I . . . .
s ] .7 Moist air mass trajectories times) or the distance from the trajectory to the stations (not
47 Bordeaux L
] Santander = ShOWn).
5 Zaragoza L
o ¥ 6. Summary and outlooks
6] 2 4 6 8 10 12 14

ARP10 WVMR (g kg™)

! iy ) During HyMeX I0OP13, backbuilding heavy precipitation con-
Figure 14. Scatter plot of water vapour mixing ratios extracted from ARP10

backward trajectories against observations (radiosoundings and lidar). The crosses, . . . .

indicate comparisons for the trajectories originating in the cold pool over the \fésﬁ&lve systems devel0ped in an environment characterised by
ion. The diamonds and triangles indicate comparisons for the trajectories of the | . .

st air feeding convection. The solid line represents the 1:1 line, the dashed lidefnOist conditionally unstable marine boundary layer topped by

20% deviation from the 1:1 line (20% difference) and the dash-dotted lines the

3026 deviation from the 1:1 line. particularly dry air masses just above. The precipitating systems

le

and their environment were comprehensively observed by the

he top of the boundary layer between the moist boundary laygk of instruments deployed during the first SOP of the HyMeX

° aif mass and the drier air mass above. campaign such as water vapour lidars and coastal wind profilers

¢

The different trajectories passed in the vicinity of severaind radiosoundings. Thanks to these observations and fine-scale

t

observation stations: 4 radiosounding stations for the dryimerical simulations, the moisture patterns and their relationship
trajectories of Figurel2 (Barcelona, Madrid, Santander andyith the convective mechanisms involved in the development and
ragoza), 2 radiosounding sites (Bordeaux and Palma raintenance of the backbuilding MCS were analysed.

Mallorca) as well as the 2 lidar stations in Candillargues and The numerical simulation at 2.5-km horizontal resolution

AL

Menorca for the northernmost moist trajectories of FiglB@and reproduces the heavy precipitation systems observed well with

adiosounding stations for the southernmost moist trajectorigth a realistic location and time evolution, especially for the

d

ntander and Zaragoza). Tableand 2 in Appendix list the convective line over the Var region. Convection initiation around

ter vapour mixing ratio values extracted from the 3-h output afidday and quasi-stationary maintenance during the afternoon are

-

e ARP10 backward trajectories at the closest position (in timgI|l simulated. The main characteristics of the marine air mass

[

d space) to the radiosounding and lidar stations. are also well reproduced with a low LFC, a low-level jet heading

igure 14 presents a scatter plot of the water vapoupwards the coast and a realistic moisture content of the well

P

ratio values extracted from backward trajectories and thaxed layer over the sea surface and of the dry air mass just above.

¢

ervations as described in the appendix. Such a comparisoburing the IOP13 HPE, convection is triggered and maintained
ovides evidence that for both, the dry and the moist air masseg, lifting over orography and over a cold pool. Strong

ter vapour mixing ratio along the backward trajectories teackbuilding convective cells develop over the first foothills

¢

P10 is mostly within 20 % of the radiosounding observationfacing the moist and conditionally unstable low-level flow

(

e departures to lidar measurements are slightly larger lualvected from the Sea. Cold air formed by evaporative cooling
ain below 30%. The Spearman correlation coefficient imder the precipitating cells flows down the valleys. It gradually
significant and equal to 0.86. Furthermore, a small bias f{s up the Argens valley and spreads out over the plains, blocking
0.03g.kg!) and a slope on the order of 1.12 are obtained fahe inland advection of the marine moist low-level flow. The main
a linear regression. These numbers give us confidence that ¢bevective ascents and the associated intense precipitation are
water wapor mixing ratio values extracted from the backwashifted from the coastal mountainsides to the coasts and over the

trajectories can be used to infer information on the moistusea, over the leading edge of the cold air pool. Contrary to many
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other HPEs (Duffourget al. 2016; Scheffknechet al. 2016), no coast, upstream of the Argens valley, of the heavy convective
convergence is observed in the low-level marine flow feeding tpeecipitation during IOP13. To further study the impact of
precipitating systems. Surface observations confirm the simulatetth moisture patterns on the convective mechanisms involved
backbuilding mechanisms and the major impact of the cold pdol the development and maintenance of heavy precipitation
on the location of the HPE. convective systems, a sensitivity study is currently on-going.

Backward trajectories were computed to analyse the origin bhe characteristics of the moisture structures identified in the
the moisture structures involved in IOP13 convective mechanisragesent paper will be altered and the impact on convection will
The cold pool appears to be formed by the evaporation of a parfafinvestigated.
the precipitation passing through a dry air mass located above the
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oundary layer. Their moisture uptake from the Sea is slightly

6

er (about 35%) as they arrive later over the Sea with a largeibles1 and 2 in Appendix list the water vapour mixing ratio

isture content. A comparison with the observations availallglues extracted from the 3-h output of the ARP10 backward

G

ong both dry and moist trajectories (radiosoundings and lid@ajectories at the closest position (in time and space) to the
asurements) evidences that the simulated water vapour mixiagiosounding and lidar stations. The measured water vapour

ratio is realistic. mixing ratio values are extracted at the level of the air parcels
he low-level moisture pattern of the environment withwvhen the backward trajectories are at their closest position to

a moist conditionally unstable marine boundary layer toppélde observation station. Time difference and horizontal distance
by particularly dry air masses just above offers a plausibketween the closest encounters are also given. The sign convention

explanation for the formation and location over the Vaassociated with time and distance is as follow: the "minus” sign
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Table 1. Water Vapour Mixing Ratio (WVMR) values extracted from the 3-h output of the backward trajectories (ARP10) for selected dry air trajectories shown
in Fig. 12 at the closest position (in time and space) to the radiosounding measurements (RDS) of Barcelona, Zaragoza, Madrid and Santander. The color
indication in parenthesis refers to the color of the backward trajectories iAEig.

Region  WVMR (g.kg ') Differences
ARP10 RDS Time (h) Distance (km)
Barcelona 5.55 (black) 7.15 0 +63.15
6.44 (blue) 7.10 0 -4.7
5.74 (orange) 5.35 0 -16.7
5.35 (red) 5.19 0 -35.85
5.04 (light green)  5.17 0 +52.3
4.61 (magenta) 3.54 0 +92.5
Zaragoza 6.95 (grey) 7.08 +3 -46.07
4.53 (cyan) 5.59 +6 -51.3
4.96 (black) 4.88 0 -22.3
5.28 (red) 4.85 0 -76.48
4.76 (magenta) 4.45 +9 -52.34
6.57 (green) 7.61 0 -30.15
@ Madrid 7.16 (orange) 7.14 -6 +106.5
3.24 (blue) 4.67 +6 -40.7
ﬁ 5.69 (light green)  5.89 +3 -66.1
5.05 (red) 4.41 +3 -51.05
5.59 (black) 5.93 0 -100.8
5.26 (magenta) 5.72 +3 -69.65
Santander 10.04 (orange) 10.37 0 +146.9
L 4.42 (black)  5.06 3 +294.4

t

Table 2. Same as Tablebut for selected moist air trajectories shown in Rigclosest (in time and space) to the radiosounding measurements (RDS) of Palma

L

Accepted A

Mallorca, Bordeaux, Zaragoza and Santander, as well as the lidar stations in Menorca (WALI) and Candillargues (BASIL).

Region WVMR (g.kg ') Differences
ARP10 RDS Time (h) Distance (km)
Palma de 7.79 (orange) 8.58 -6 +17.7
Mallorca 8.23 (cyan) 9.58 +6 +19.21
8.88 (magenta) 9.64 +6 -10.86
8.40 (blue) 9.12 +3 -8.17
8.28 (red) 9.61 -3 +11.2
8.12 (light green) 8.81 +3 -44.89
6.85 (grey) 9.45 +3 -17.81
Bordeaux 4.84 (cyan) 4.02 +3 +86.74
4.14 (light green)  3.52 0 -117.9
3.79 (red) 3.29 0 -110.4
Zaragoza 5.03 (grey) 4.99 +3 +63.64
5.11 (green) 4.7 +6 -71.79
Santander 1.74 (green) 3.4 -3 +88.25
Menorca 7.41 (orange) 8.91 0 -15.69
(WALI) 6.82 (cyan) 9.45 0 +37.44
7.28 (magenta) 8.7 0 -14.03
7.23 (light green)  9.75 0 +45.38
7.31 (red) 9.75 0 -49.87
7.31 (blue) 9.52 0 -47.35
7.96 (black) 9.18 0 -47.44
Candillargues 3.58 (blue) 5.33 0 -52.45
(BASIL) 3.23 (magenta) 5.06 0 +38
3.98 (red) 5.44 0 +59.66
5.01 (cyan) 5.39 0 +87.8
3.89 (lightgreen) 5.01 0 +69.75

refers to parcels approching the station while the "plus” sign refdReferences

to parcels moving away from the station.
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