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An intense and fast moving convective line that crossed Massif Central/Cévennes-Vivarais area (south France)
during the field campaign of Hydrological Cycle inMediterranean Experiment (HyMeX)— Special Observing Pe-
riod 1 (SOP1) is examined. Themesoscale analysis demonstrates a complex convective systemwith a V-shape in
the Infrared (IR) satellite imagery and a squall line pattern on the radar imagery. Ground stations observed up to
60mm h−1 of rain accumulation, while the lightning activity, as observed by 4 detection networks, was also ex-
ceptionally high. The Weather Research and Forecasting (WRF) model was used to simulate this convective ep-
isode and sensitivity tests were performedwith various microphysics and convective parameterization schemes.
Satellite data from Meteosat SEVIRI Rapid Scanning Service were used in conjunction with radar, lightning and
rain gauge data to conclude on the best simulation for which WRF model exhibits a rather precise and realistic
distribution and evolution of the precipitation patterns. Finally, a study of themicrophysics was performed indi-
cating the interconnection of graupel with lightning activity, confirming recent results, compared against a so-
phisticated hydrometeor classification radar algorithm and lightning data.
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1. Introduction

Precipitation is probably the most important weather parameter to
the public and thus themost important part of anyweather forecast, al-
beit among themost difficult to forecast. Due to the nature of precipita-
tion, its spatial and temporal distribution is highly variable and
intermittent on small scales, thus constituting one of the most chaotic
of all atmospheric variables (Fritsch et al., 1998).

Precipitation is also a potentially major hazard, with flash flooding
being a regular feature on the news. In the Mediterranean area heavy
precipitation often producesfloods and it is oneof themost common se-
vere weather types that, when accompanied with local vulnerability, it
turns into socio-economic high impact weather. Several efforts have
been devoted into building up flood databases for the Mediterranean
with the most recent one being that produced by Llasat et al. (2013),
complemented by Papagiannaki et al. (2013) in the frame of the inter-
national, 10-yr concerted Hydrological Cycle in Mediterranean Experi-
ment (HyMeX) program (http://www.hymex.org/) (Drobinski et al.,
2014).

In the European Severe Weather Database (ESWD) (Dotzek et al.,
2009) there are N2000 reports of heavy rainfall events in France during
the period 1970–2015, with half of them (1055) referring to the Massif
Central/Cévennes-Vivarais region (South France). Southern France is a
region prone to devastating flash flood events, particularly during au-
tumn. In the past decades, devastating flash floods responsible for
human casualties, and heavy damage or destruction of housing and in-
frastructures have occurred in the area, including the events of Vaison-
la-Romaine (Senesi et al., 1996), Aude (Ducrocq et al., 2003) and Gard
(Ducrocq et al., 2004; Delrieu et al., 2005) on 22 September 1992, 12–
13 November 1999 and 8–9 September 2002, respectively. The total
economic damages were estimated at €1.2 billion for the Gard 2002
flash flood event (Huet et al., 2003) and €3.3 billion for the Aude 1999
flash flood (Lefrou et al., 2000). Themesoscale triggering and sustaining
ingredients of three torrential rain events over southern France were
examined by Nuissier et al. (2008) by using the Meso-NH non-hydro-
static mesoscale numerical model, which reproduced fairly well the
low-level mesoscale environments associated with the three high-pre-
cipitation events. In addition, Ducrocq et al. (2008) performed high res-
olution numerical experiments and sensitivity tests of three heavy
precipitation events with the Meso-NH model in Cévennes, Aude and
Gard areas and focused on the orographic forcing of the Massif Central
relief, by evaluating the general role of themountain range on the inten-
sification of low level convergence. Furthermore, Godart et al. (2010)
tried to identify the climatology associated with deep convective and
shallow banded convection in the Cévennes-Vivarais area by using the
Meso-NH model. Lagouvardos et al. (2013) performed high-resolution
simulations of a convective event in Cévennes-Vivarais area by using
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the MM5 model and explored the impact of assimilating lightning ob-
servations on the improvement of rainfall forecast with promising
results.

Heavy precipitation in theMediterranean has been found to be asso-
ciated with intense cyclones or the result of deep moist convection, in
particular that produced by mesoscale convective systems (MCS)
(Jansa et al., 2014; Flaounas et al., 2015, 2016). Large amounts of precip-
itation can accumulate in less than a day when a MCS stays over the
same area for several hours (Parker and Johnson, 2000; Houze, 2004).
MCSs can be organized in linear systems and even if they are often char-
acterized by less accumulated precipitation compared to stationaryMCS
due to their speed (Markowski and Richardson, 2010), they often pro-
duce severe wind gusts, tornadoes, hail and damaging lightning
(Markowski and Richardson, 2010; Newman and Heinselman, 2012).
Heavy precipitating events (HPEs) in southern France are often charac-
terized by quasi-stationary behavior (Ricard et al., 2012) that results in
significant precipitation amounts (typically N200mmand, in extremely
rare events, N500 mm in b24 or 48 h).

As the study of microphysical species and lightning activity of a con-
vective storm is concerned, chargingwithin convective clouds occurs in
a region referred to as the “charging zone”, with a limited vertical ex-
tent, and involves collisions between graupel and ice crystals in the
presence of supercooled liquid water. The upper limit of the charging
zone is the level above which these three types of hydrometeor do not
coexist which typically lies between the−15 °C and−30 °C isotherms.
Lund et al. (2009) identified graupel as themicrophysical species having
the highest probability of being associated with lightning initiation and
also noticed that upper-level lightning initiation (within a normal
tripolar charge structure) did arise at the interface between ice and
graupel, whereas only graupel seemed to occur for low-level lightning
initiation occurrences. Modeling and observational studies also suggest
a high correlation between total lightning rate and flux product compo-
nents, such as graupel volume and the updraft volume (Wiens et al.,
2005), thus if a model tends to simulate correctly the lightning distribu-
tion, it is important to simulate the vertical distribution ofmicrophysical
species, as well as the kinematics within convective clouds.

The aim of the present study is to analyze a strong linear MCS ob-
served on 24 September 2012, during the Intensive Observation Period
6 (IOP6) of the HyMeX Special Observing Period 1 (SOP1) (Drobinski et
al., 2014; Ducrocq et al., 2014). The main objective of the HyMeX —
SOP1field campaign (September–November 2012)was to collect an ex-
tensive dataset of measurements to better understand the physical pro-
cesses that lead in severe weather events in northwest Mediterranean
basin. In order to achieve that, numerous instruments were deployed
in South France and NW Italy during the fall 2012, such as rain gauges,
GPS sensors, mobile radars, lightning detectors (e.g. HyLMA) as well
as shipborne and airborne means. Observations over the sea were col-
lected with a combination of platforms navigating, drifting and fixed.
Moreover, operational networks were used, like ARAMIS - Météo-
France radar network and lightning detection systems (more informa-
tion are provided in Section 2).

During the IOP6 event accumulated rainfall exceeded 60 mm in 1 h
and exceptional lightning activity was recorded (Defer et al., 2015;
Ribaud et al., 2016). Hally et al. (2014) studied the sensitivity of simulat-
ed rainfall fields to physical and initial and boundary condition uncer-
tainties of the IOP6 event using an ensemble approach. The authors
used analyses from the AROME, AROME-WMED, ARPEGE and ECMWF
operational models as initial and boundary conditions for the research
model Meso-NH at a fine horizontal grid spacing of 2.5 km and they
found a low level of agreement with the observations of accumulated
precipitation. In a second step, they used the most accurate member
of this ensemble as a control simulation and three further ensembles
were constructed in order to study uncertainties related to cloud phys-
ics and surface turbulence parameterizations.

In addition to the study of the IOP6 event, the objectives of the cur-
rent work are: (a) to investigate the sensitivity of quantitative
precipitation forecasts to different microphysical and cumulus parame-
terization schemes implemented in WRF model; (b) to explore the role
of the increase of grid spacing in the improvement of the quantitative
precipitation forecast and; (c) to study themodelmicrophysical charac-
teristics of the MCS in relation with the lightning activity.

The study is organized as follows: In section 2 we describe the syn-
optic and mesoscale conditions that triggered this convective episode,
in section 3 we introduce the model configuration with the 9 simula-
tions we performed for the sensitivity tests and we present the results
of our verification method. Finally, section 4 is devoted to conclusions
and prospects.

2. Observational analysis of the MCS

2.1. Synoptic setup

On 24 September 2012, the period of heavy precipitation over
Cévennes-Vivarais (CV) region started just before midnight (00:00
UTC) and lasted about 9 h. During the previous night, a predominant cy-
clonic vortex over Northern Europe shifted eastwards, stepping aside
for another cyclonic vortex, which approached from the North Atlantic.
A strengthening depression from the Bay of Biscay incorporated into the
circulation of the second vortex and the net result was a major cyclonic
vortex, centered over United Kingdom (UK), which became the steering
mechanism for the weather pattern in Western Europe (Fig. 1a). Over
the West Mediterranean Sea, geopotential heights started to decrease
with the formation of a weak ridge over the East Mediterranean. An ap-
proaching frontal discontinuity from the Northwest wasmarked by en-
hanced baroclinicity with the evolution of a distinct tropopause fold
over the Ireland and the UK, bending into the system (Fig. 1d). This in-
crease of baroclinicity resulted in a rapid deepening phase, which
started around the beginning of the period of interest (00:00 UTC on
September 24). Moreover, CV was under the left exit of a mid-level jet
streak (Fig. 1b) while a 500 hPa vorticity lobe crossed the area from
west to east and moved into this unstable and strongly sheared air
mass in South France (Fig. 1c).

2.2. Analysis of surface and radiosonde data

For the observational analysis, surface and radiosonde observations
collected during SOP1 were used. These data include both observations
by rain gauges especially installed for the SOP1 as well as observations
from the operational Météo-France network. According to radio sound-
ingmeasurements in Nimes-Courbessac (00:00 UTC 24 September - Fig.
2), steep lapse rates in mid-troposphere (8 K km−1) and abundant in-
flux of moist Mediterranean air from the south result in roughly
1200 J kg−1 of mixed layer convective available potential energy
(MLCAPE), which overlaps with deep layer shear 0–6 km (DLS) values
of 25 m s−1 (Fig. 2b). Similar shear magnitude is also found in the
lower troposphere (15–20 m s−1 of 0–3 km bulk shear). Not only the
speed shear, but also storm relative environmental helicity (SREH) is
enhanced with values in excess of 300 m2 s−2 in the lowest 3 km
ahead and along the cold front. Precipitable water (PWTA) is calculated
to 34 mm and the convective inhibition (CIN) near 750 hPa was not
enough to suppress convection.

Fig. 3 shows the spatial distribution of the 1679 rain gauges, as well
as the amount of accumulated precipitation in 12 h period, between
00:00 and 12:00 UTC, on 24 September 2012 inside the SOP1 domain
alongwith the three subdomains of Cévennes-Vivarais (CV) and Corsica
(CO) in France and Liguria-Tuscany (LT) in Italy as adopted by HyMeX
(Ducrocq et al., 2014). The maximum rain accumulation was 100 mm
in 12 h, 91.3 mmduring 00:00–06:00 UTC, and 68.7 mmduring the pe-
riod 06:00–12:00 UTC. It is also worth mentioning that 16 rain gauges
exceeded 60 mm in 12 h, while 189 stations exceeded 20 mm of rain.
The most intense precipitation was recorded in the southeastern flank
of Massif Central mountain range, at Gard and Vaucluse departments,



Fig. 1. ECMWF analysis at 00:00 UTC 24 September 2012: (a) Sea-level pressure, (b) wind speed at 300 hPa (only values exceeding 30 m s−1 are shown), (c) relative vorticity and
geopotential height at 500 hPa, (d) potential vorticity on the 320 K isentropic surface in PV units (1 PVU = 10−6 m−2 s−1 K kg−1).
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between 02:00 and 03:00 UTC, when Mejannes-le-Clap station reached
60mm in 1 h (max 76.6 mm in 4 h), and the rain gauge at Salindres ac-
cumulated 16 mm in b6 min (max 77.1 mm in 3 h). There are also nine
stations that exceeded 40 mm in the Ardѐche and Drôme departments
as well as one station in Alpes-Maritimes department, where a station-
ary MCS was formed in the morning hours of 24 September 2012.
Fig. 2. (a) Radiosonde measurements from Nimes-Courbessac station and (b) the derived hod
storm motion (SRM) in m s−1 at 00:00 UTC on 24 September 2012.
2.3. Analysis of satellite and radar imagery

The retrieval of satellite images from the EUMETSAT SEVIRI Rapid
Scanning Service (RSS) and ground radar from Nimes (Météo-France
ARAMIS network) show the precise position of the MCS with a V-
shape feature visible in the infrared channels (e.g. Water Vapor channel
ograph, with each red dot representing the wind speed and the blue dot representing the



Fig. 3. Spatial distribution of the 1679 rain gauges with the 12-hour accumulated precipitation (mm12 h−1) ending at 12.00 UTC, 24 September 2012 inside the SOP1 domain alongwith
the three subdomains of Cévennes-Vivarais (CV) and Corsica (CO) in France and Liguria-Tuscany (LT) in Italy as adopted by HyMeX (Ducrocq et al., 2014).
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- WV6.2 μm) and a linear convective signature on the radar echoes at
03:00 UTC (Fig. 4a–b). In Fig. 4a, it is clearly visible a “dark area” that in-
dicates a northeastward dry intrusion in the mid-levels, from lower
stratosphere or upper troposphere, which overruns the lower-lever
Fig. 4. (a) Brightness temperature from SEVIRI RSS derived by the 6.2 μm channel at 03:00 UT
location of the S and C-band radars of ARAMIS network (Météo-France).
warm, moist and rainy region. This dry intrusion is also evident in the
Nimes-Courbessac sounding in Fig. 2. Dry intrusions like this, convey
cold, dry high potential vorticity (PV) air masses and play an important
role in enhancement of convective phenomena (Lagouvardos and
C and (b) base reflectivity from operational S-band radar in Nimes at 03:00 UTC and the
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Kotroni, 2000; Shuai et al., 2009). In addition, previous studies have
shown that while the dry intrusion descends, approaching the lower-
level moist air, with high equivalent potential temperature that is mov-
ing upwards, instability over this region is enhanced (Browning and
Golding, 1995; Gao and Cao, 2007). The analysis of Nimes radar imagery
(Fig. 4b) also shows characteristics of a bow echo system while ap-
proaching Nimes and Montclar radar sites (Bousquet et al., 2015). Usu-
ally, linear convective systems are triggered by a cold front or a
convergence line, while in the current analysis both conditions are
met. Vertical cross sections of radial wind velocity (not shown) depict
two distinct relative flows, one that is entering the system from ahead
and rises fast to the back of the storm cells and another mid-level jet
that enters the system from behind and descends to the surface
(Ribaud et al., 2016). Ground stations reported wind gusts up to
100 km h−1 during the period from 02:00 to 03:00 UTC, on 24 Septem-
ber. In the horizontal radar cross section shown in Fig. 4b, it is noticeable
a leading line of convection with heavy rain (CV region) moving fast
east-southeastwardwhich is followed by an area of stratiformprecipita-
tion zone in the northern parts of Ardѐche and Drôme administrative
departments.

2.4. Analysis of lightning data

Three lightning detection systems were used in conjunction with
satellite and radar data to better investigate the life cycle of this
Fig. 5. Lightning activity as recorded by (a) ATDnet (CG), (b) EUCLID (CG/IC), and (c) ZEUS (CG
the time intervals. (d) Plot showing the number of lightning strikes recorded by each network
convective episode. For this case study, we used the Arrival Time Differ-
ence network - ATDnet (Bennett et al., 2010), the EUropean Coopera-
tion for LIghtning Detection - EUCLID (Poelman et al., 2012) and the
ZEUS (Kotroni and Lagouvardos, 2008; Lagouvardos et al., 2009). All of
the aforementioned systems are able to detect cloud to ground (CG),
while EUCLID can partly detect intra-cloud (IC) strokes. For the analysis,
strokes and not flashes are considered, as the criteria for space and time
separation used to group strokes to flashes differ in the literature (e.g.
Cecil et al., 2014 ; Anderson and Klugmann, 2014). Indeed, Yair et al.
(2014) presented a very interesting analysis and showed how the selec-
tion of these criteria affects the calculated multiplicity. Fig. 5 shows the
lightning strikes over southern France and northwest Italy as they were
detected by the three networks during the period from 00:00 to 12:00
UTC, on 24 September 2012. The graph in Fig. 5d summarizes the total
number of the strokes from 00:00 to 09:00 UTC (i.e. the time period
when the storm was inside the SOP1-CV sub-domain) accumulated at
1-hour intervals.

Overall, the lightning activity can be divided into four distinct pe-
riods: The first period (LP1) from 00:00 to 02:00 UTC, which was char-
acterized by intense lightning activity with 5270 lightning strikes
recorded by the EUCLID network. During LP1, the maximum 5-min
composite reflectivity values were fluctuating from 46 to 63 dBz and
the coldest BT measured by the infrared channel 10.8 μm of SEVIRI
was −63 °C collocated with the maximum reflectivity values (not
shown). The second period (LP2) started at 02:00 UTC, lasted for 2 h
) networks between 00:00 and 12:00 UTC on 24 September 2012 with colors representing
inside the SOP1 domain from 00:00 until 09:00 UTC.
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and was associated with a gradual decrease of the lightning activity,
very cold cloud top heights, as the minimum BT was −64 °C at 03:00
UTC and a sharp decrease of reflectivity values between 03:00 and
03:55 UTC. The duration of the third period (LP3) was the longest,
from 04:00 to 07:00 UTC and it was characterized by a lightning peak
activity with a total of 10,796 lightning strikes recorded by the ATDnet
network. The maximum lightning activity was recorded between
06:00 and 07:00UTC. Based on theEUCLID systemduring themaximum
of the lightning activity 68% of the strokes were IC but also CG strokes
were progressively increasing thewhole period LP3. In the fourth period
(LP4; 07:00–09:00 UTC), there was again a gradual decrease of the
lightning activity associated with the dissipation of the MCS by a visual
inspection on the satellite and radar imagery.

At 05:00 UTC, in the satellite imagery, an overshooting top with
cloud top height of−60 °C is evident, associated with the most intense
CG lightning activity (1324 strikes in 30 min) occurring at the rapid de-
veloping storm cell, a few kilometers southwest of the dissipating clus-
ter (Fig. 6a). In Fig. 6b, the EUCLID CG strokes are plotted over the
satellite imagery for the period 04:45–05:15 UTC and they are almost
collocated with the depression of brightness temperatures, while most
of the anvil area is not responsible for the initiation of CG strokes.
Radar derived reflectivity composite from Nimes' site recorded areas
of 52–56 dBz, collocated with the coldest cloud top heights (not
shown). Furthermore, the dry slot has moved eastward compared to
satellite imagery at 03:00 UTC (Fig. 4a), over passing the MCS which
has stalled NE from Nimes, and by 07:00 UTC it is found over Italy.
3. Numerical modeling

3.1. Model setup

In order to perform the simulations of this convective episode, the
Weather Research and Forecasting (WRF) non-hydrostatic model
(Skamarock et al., 2008) was used with three nested grids that allowed
us to evaluate the model's forecasting skill in reproducing the large-
scale forcing ingredients in a coarse domain (d01) of 18 km horizontal
grid size (185 × 130 grid points) and the accumulated rainfall in two
higher resolution domains (d02 and d03) of 6 and 2 km horizontal
grid increment (256 × 196 and 436 × 346 grid points, respectively).
The coarse domain covers the major part of Europe while the second
one covers France and parts of Northwest Mediterranean Sea. The area
of thefinest domain focuses on theHyMeX— SOP1 area in the CV region
Fig. 6. (a) Brightness temperature (BT) of MSGWV 6.2 μm channel at 05:00 U
(Fig. 7). On the vertical axis, there are 40 unevenly spaced full sigma
levels.

Several physical parameterization schemes are available in the
model for the boundary layer turbulence, the radiative transfer, the mi-
crophysics, and the cumulus convection. Concerning the choice of plan-
etary boundary layer scheme (PBL), Yonsei University Scheme (YSU)
was used which can accurately simulate deep vertical mixing in buoy-
ancy-driven PBLs with shallow mixing in strong wind regimes (Hong
et al., 2006). For radiative transfer, the schemes of Dudhia (1989) and
RRTM (Mlawer et al., 1997) were used for shortwave and longwave ra-
diation, respectively. The Unified Noah Land Surface model scheme
(Tewari et al., 2004) was used as it performs well in capturing the sur-
face heterogeneity and thus, surface emissivity.

Themodel was initialized using European Centre forMedium-Range
Weather Forecasts (ECMWF) model analysis data at 0.25° × 0.25° hori-
zontal grid increment, while the lateral boundary conditions of the
coarse domain were updated every 6 h. The simulations started at
12:00 UTC 23 September 2012 and lasted for 36 h.

Using the aforementioned setup, a series of sensitivity tests were
performed in order to explore the combination of microphysical (MP
hereafter) and cumulus parameterization schemes (CPS) that better re-
produces precipitation for the case study. The following MP schemes
were tested: Thompson (NTH) (Thompson et al., 2008), Morrison
(MOR) (Morrison et al., 2009) and Milbrandt and Yau (MIL)
(Milbrandt and Yau, 2005) combined with the CPS: Grell and Freitas
(GRF) (Arakawa, 2004), Kain-Fritsch (KF) (Kain, 2004) and Multi-scale
Kain-Fritsch (MKF) (Zheng et al., 2015). The CPS was only activated in
d01 and d02. Regarding MIL and MOR schemes, they are double mo-
ment microphysical schemes, with MIL resolving 7 microphysical spe-
cies (cloud water, rain, ice, graupel, snow, supercooled water and hail)
andMOR6 species (not hail). AlsoNTH scheme cannot explicitly resolve
hail, and can provide concentration information only for ice and rain.
Moreover, as far as CPS schemes are concerned, KF is the most used
mass flux cumulus scheme in mesoscale modeling and MKF is a modi-
fied version of KF with a new triggering function for high resolution
grids. In addition, MKF compared to KF has a more efficient adjustment
timescale for restoring the stability of the atmosphere, plus a new en-
trainment function and one of the reasons leading us to test it was
that there were no case studies in Europe using it by the time our
study was carried out. GRF has replaced the Grell-Devenyi scheme as
it provides a smooth transition to cloud resolving scales (like MKF is
supposed to) and it is a mass flux CPS, but the main difference with KF
and MKF is that it provides parameterized downdrafts.
TC and (b) EUCLID CG lightning strikes overlapped with BT at 05:00 UTC.



Fig. 7. The WRF coarse (d01) and the nested domains (d02, d03) with their topography.
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3.2. Verification methodology

For the evaluation of model performance, precipitation data from
1679 rain gauges spread across the study area were used (Fig. 2). For
the verification, a “best nearest neighbor” approachwas adopted, exam-
ining the nine model grid points surrounding each rain gauge location
and selecting the one showing the closest value to the observation.
This approach was preferred in order to avoid penalizing model due to
displacing predicted precipitation compared to the observed. The verifi-
cation of precipitation was performed for 3 periods, from 00:00 UTC to
06:00 UTC (6 h), from 06:00 to 12:00 UTC (6 h) and from 00:00 to
12:00 UTC (12 h) on 24 September 2012. During the first period the
MCS was totally inside the HyMeX — SOP1-CV domain, while during
the second period and more specifically at about 09:00 UTC the system
left the SOP1-CV domain. The verification procedure was carried out on
a dichotomous decision basis, using paired modeled and observed pre-
cipitation values, and 2 × 2 contingency tables were constructed using 5
precipitation thresholds, namely above 1, 2.5, 5, 10 and 20mm(Kotroni
and Lagouvardos, 2001; Lagouvardos et al., 2003; Federico et al., 2004;
Mazarakis et al., 2009), in order to compute three qualitative statistical
parameters: probability of detection (POD), false alarm ratio (FAR) and
Heidke skill score (HSS). Further, quantitative performance metrics
were computed, including: frequency bias (BIAS), mean absolute error
(MAE), standard deviation of forecast (σf), standard deviation of obser-
vations (σo), root mean squared error (RMSE) and correlation coeffi-
cient. For quantitative measures, the defined thresholds were: 0.1–2.5,
2.5–5, 5–10, 10–20, and N20 mm.
3.3. Verification results

Fig. 8a–b shows the POD results for the period 00:00–06:00 UTC,
which depicts the ability of the simulations to correctly forecast the ob-
served precipitation events. The unity is the perfect score, while zero is
the lowest possible value. For d02 the configurations that use the MOR
microphysical scheme seem to have the best skill in comparison to
MIL and NTH for thresholds below 10 mm. Concerning the CPS, KF
seems to have the best forecast skill. In the highest resolution domain
(Fig. 8b), we have a significant improvement of POD for the higher
thresholds, for the simulations MKF_MOR and MKF_NTH, with the
MKF_MOR simulation having the best scores at all thresholds. For the
period 06:00–12:00 UTC, POD scores in both domains are lower for
the 20 mm threshold, but again we can notice better scores in the
highest resolution domain than in d02 (not shown). As far as the longest
verification period is concerned (00:00–12:00 UTC) we do not notice a
significant change of the scores for thresholds below 5 mm, but slightly
lower scores for the 10mmthreshold in the d03, except from those sim-
ulations that use the MKF CPS. For the 20 mm threshold, KF_MOR sim-
ulation is the best in d02 and MKF_MIL in d03 (not shown).

Furthermore, FAR scores for thefirst verification period are shown in
Fig. 8c–d, with zero being the best score and unity the worst. Simula-
tions have better FAR scores for thresholds above 2.5 mm, compared
against the first verification period in d02 (Fig. 8c), with slightly better
overall scores in d03 (Fig. 8d). During 06:00–12:00 UTC, FAR scores of
all simulations are worse for thresholds 10 and 20 mm with the best
scores found for the simulations that use the GRF scheme. For the 12-



Fig. 8. (a–b) POD, (c–d) FAR, (e–f) HSS, (g–h) MAE and (i–k) BIAS for the 6-hour (00:00–06:00 UTC) precipitation forecasts for d02 and d03.
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hour period of verification, in d02, simulations with GRF have also the
best scores and in d03 KF_NTH andMKF_MOR have the best FAR scores
for the highest threshold (not shown).
The Heidke Skill Score (HSS) is based on the hit rate and measures
the fraction of correct forecasts (reference forecast) after eliminating
the forecasts which would be correct due to random chance. Perfect
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forecasts receive a Heidke score of one, equivalent to the reference fore-
casts receive a zero and forecasts worse than the reference ones, receive
negative scores. Fig. 8e–f shows an increase of the HSS scores from d02
to d03 for MKF simulations, for the 20 mm threshold, even though
MKF_MOR score is comparable to the lowest threshold scores in both
domains. During 06:00–12:00 UTC we do not see a significant change
of the HSS scores between the two domains, and again MKF_MOR has
the highest score for the highest threshold. Also the KF simulations
have higher scores than the GRF ones. For the 12-hour verification peri-
od, we have lower scores in d03 for MKF_MIL and MKF_MOR simula-
tions compared to d02 for thresholds above 5 mm (not shown).

Investigation of the quantitative bias of forecast precipitation is
performed through the inspection of mean absolute error (MAE)
for which a perfect forecast equals zero and frequency bias (BIAS)
with a perfect score equal to 1. For the first 6-hour verification period
(Fig. 8g and h) we have an average MAE score of 20.6 mm and
20.2 mm for the range N20 mm in d02 and d03, respectively and as
far as BIAS is concerned, we notice that the simulations using the
MKF scheme are less biased in d03 than in coarser d02 (Fig. 8i and
k). Moreover, for the lowest threshold and for the range 5–10 mm
we have better scores in d03. MAE scores are much lower
(~11 mm) during the period 06:00–12:00 UTC (not shown) for
both domains and BIAS has values from 0.4 to 0.6 for simulations
which use the GRF scheme for the range N20 mm (not shown),
while again MKF scheme performs better than the rest (values
from 0.8 to 1.2). Slightly lower MAE and BIAS scores are found for
the 12-hour verification period, for the ranges 0.1 to 20 mm, and
for N20 mm we have a decrease of MAE for MKF schemes from d02
to d03, from 16 mm to about 12.5 mm. Simulations KF_MIL and
MKF_MIL seem to have a perfect score for BIAS in d03 (not shown).

The RMSE, between the forecast and observed values, alongwith the
ratio of the two standard deviations of the two patterns, are all indicated
by a single point on a two dimensional plot (see Fig. 9) proposed by
Taylor (2001). The aim of such polar style graphs, which use the geo-
metric relationship between the correlation (R), RMSE, σf and σο, is to
quantify how close the forecast values of the different simulations are
compared to observations. They are also very useful to monitor how ac-
curately a model simulates the accumulated rainfall. On the plots, num-
ber 1 refers to the reference value, the rain gauge observations, while
the numbers from 2 to 10 represent the 9 simulations that we per-
formed at both d02 (Fig. 9a, c and e) and d03 (Fig. 9b, d and f).

Fig. 9a shows that all simulations at the period 00:00–06:00 UTC, in
d02 underestimate the amplitude of the precipitation and they are not
well correlated with the observations. The best simulation seems to be
MKF_MOR (#9) which is closest to the reference curve, with R = 0.77
and theworst simulation is theMKF_NTH (#10), even thoughMKF_MIL
(#8) has worse R, it has a slightly longer distance from the reference
curve with the largest σf. In Fig. 9b we can clearly see better perfor-
mance of all d03 simulations, compared to d02, but again all the simula-
tions underestimate the observed precipitation. The MKF_MOR (#9)
simulation of d03 has again the best performance among the others
with R ~ 0.8 and the lowest RMSE. The worst simulations are those
that use the GRF CPS.

Fig. 9c shows that all simulations at the period 06:00–12:00 UTC, in
d02 underestimate the precipitation amounts, but MKF_MIL (#8) and
MKF_MOR (#9) have the lowest distance from the reference curve.
Even though the models with Kain-Fritsch CPS (#6–7) have better
R and RMSE, MKF_MOR (#9) is the best simulation during this pe-
riod, with the lowest σf. Fig. 9d refers to the d03 simulations and
it is worth noticing that two simulations slightly overestimate the
precipitation amount. MKF_MIL (#8) seems to be the best simula-
tion, even though its R is lower than MKF_MOR (#9), as it has
lower σf. The worst simulations are those that use the Morrison
scheme with GRF and KF CPSs.

In the overall model performance period (00:00–12:00 UTC), sum-
marized in Fig. 9e–f, MKF_MOR (#9) shows the best skill, with the
lowest σf and the second lowest RMSE. Moreover, it is clear that d03
forecast skill is improved compared to d02, and the improvement is
larger for simulations GRF_MIL (#2), KF_MIL (#5) andMKF_NTH (#10).

3.4. Analysis of the MCS

Based on the results of the verification procedure, we conclude that
theMKF_MOR simulation is the best among the other eight simulations,
with the best overall scores. For that reason, for the subsequent analysis
of the MCS, the model output from this simulation is used. Fig. 10a
shows the equivalent potential temperature (θe) at 850 hPa and there-
fore the position of the cold front, with the unstable air masses just in
front of it. Also, Fig. 10b presents the low level convergence line in ac-
cordance with model reflectivity (Fig. 10c) and the exact position of
the linear convective system at 03:00 UTC, which is verified by the ob-
servations in Section 2. Moreover, Fig. 10d depicts the mixed layer
CAPE values and the deep layer wind shear (0–6 km) with values at
03:00 UTC that are verified by the Nimes-Courbessac sounding (Fig.
2a). Highly unstable air masses with 850 hPa θe values near 60 °C and
1000–2000 J kg−1mixed layer CAPE (for parcelswithmean layer values
of temperature andmoisture from the lowest 100 hPa)were found over
a low level horizontal convergence zonewith values near 10−4 s−1. The
strong DLS, which was also directional, was ancillary in organizing the
MCS in a linear form, assisted by a mid level (500 hPa) flow of 26 m s−1.

For the interpolation of rainfall observations on a regular grid an in-
verse distance weighted interpolation algorithm was used over a grid
consisting of 400 × 300 grid points, fairly close to d03 horizontal grid in-
crement. In Fig. 11a, the considered simulation (MKF_MOR) underesti-
mates the precipitation peakobserved over CV, and there are also strong
differences in pattern andpositionbetween observations and forecast. A
rather good agreement between observed and forecast rain accumula-
tion for the period 00:00–06:00 UTC is evident, except from the light
rain (0.5–5 mm) which was forecast over the Var department but it
was not verified. For the second 6-hour period, in Fig. 12, the model
underestimated the rainfall in CV, Ardѐche and Var departments as it
failed to simulate the MCS that moved near the coasts of Gulf of
Genoa and produced heavy rain of N30 mm in 3 h. On the contrary, it
succeeded in simulating the stratiform rain behind the cold front. To
sum up, in Fig. 13, the MKF_MOR simulation, but also all the other sim-
ulations thatwere performed (not shown), underestimated the12-hour
accumulated precipitation but also the amplitude of maximum rainfall
in CV region.

3.5. Microphysical analysis of the storm

Ribaud et al. (2016) performed an evaluation of a fuzzy logic hydro-
meteor classification algorithm (HCA), which can discriminate six
microphysical species regardless the radar wavelength, by using
multi-frequency polarimetric radar data collected during the
SOP1 campaign. One of the case studies analyzed by the authors
was the bow echo system of 24 September 2012. The authors man-
aged to provide a detailed view of the microphysical structure of
this MCS between 23:30 UTC on 23 September and 03:30 UTC on
24 September 2012. This provides an excellent opportunity to
also evaluate the WRF performance in representing the 3D distri-
bution of the microphysical species.

TheWRFmodel output at 02:00UTCwas used, approximately corre-
sponding to the period between 01:30 UTC and 01:45 UTC when the
maximum intensity of the bow-echo system was observed (Ribaud et
al., 2016, Figs. 2a, 7). Fig. 14a shows the model derived reflectivity at
3 km above mean sea level height (AMSL) at 02:00 UTC, while the
black box represents the domain that Ribaud et al. (2016) used for
their study. The model was able to place the convective system at the
correct position, with a spatial displacement of only a few kilometers,
and to reproduce successfully the orientation of the convective line
axis. Fig. 14b shows a vertical cross section of the simulated reflectivity



Fig. 9.Normalized pattern statistics showing differences between the observational rainfall and the ninemodel simulations over the two higher domains d02 (a, c and e) and d03 (b, d and
f) and for the three considered time periods: 00–06z (a–b); 06–12z (c–d); and 00–12z (e–f).
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at 02:00 UTC along the black horizontal line within the black box of Fig.
14a. Fig. 14c shows a vertical cross section of the simulated graupel and
ice mixing ratios along the same line.
Comparison of the model derived reflectivity with the observed one
by the radars shows a good agreement (not shown). Ribaud et al.
(2016) found reflectivity values exceeding 50 dBz at ~2 km and an



Fig. 10.MKF_MOR simulation for d03 at 03:00 UTC on 24 September 2012: (a) Equivalent potential temperature at 850 hPa and 10-m wind (in barbs), (b) low level convergence (0–
200 m) and 10-m wind, (c) model derived reflectivity (dBz) and (d) mixed layer CAPE in J kg−1 (shaded) with DLS (contours).

Fig. 11. (a) 6-h accumulated total precipitation from rain gauges and (b) total precipitation from MKF_MOR simulation during the period 00:00–06:00 UTC 24 September 2012.
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Fig. 12. (a) 6-h accumulated total precipitation from rain gauges and (b) total precipitation from MKF_MOR simulation during the period 06:00–12:00 UTC 24 September 2012.
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extent of the 25 dBz isoline up to ~11 km (see their Fig. 7c). The simu-
lated reflectivity shows a correctly positioned maximum within the
layer 2–3 km exceeding 50 dBz, while above 3 km AMSL the model
values are slightly underestimated compared to the observed ones.
The simulated cell reaches almost 11 km (as inferred by the 25 dBz iso-
line) which again agrees with the observed height. Ribaud et al. (2016)
found the presence of a hail column that extends from the surface up to
a height of 4 km and the HCA shows that the graupel exists from 3 to
10 km AMSL. Since the Morrison microphysical scheme used for this
simulation (MKF_MOR) cannot explicitly calculate the hail formation,
it is possible to infer the presence of hail from the simulated reflectivity
(Fig. 14b) assuming that when values exceed 55 dBz this might indicate
the presence of hail near the surface (Skripniková and Řezáčová, 2014).
Hail occurrence was verified by observers at 02:00 UTC (Ribaud et al.,
2015). The MKF_MOR simulation produces graupel from just above
the freezing level height (3.5 km) up to 10 km, in agreement with the
HCA output, although the model underestimates the mixing ratio of
ice with only a limited coverage above 8 km AMSL (Fig. 14c). At 02:00
UTC the maximum vertical velocity estimated by the ground radars
was 12 m s−1 (see Fig. 14d) while the cloud tops were found at an
Fig. 13. (a) 12-h accumulated total precipitation from rain gauges and (b) total precipitatio
altitude of 10 km, creating a wide anvil (Ribaud et al., 2016, see their
Fig. 8c). TheMKF_MOR simulation slightly overestimated themaximum
vertical velocity (14.2 m s−1 ) while the model-derived reflectivity was
up to 45 dBz at 6 km AMSL, in accordance with radar measurements. A
final investigation of the microphysical structure of the MCS, inside the
box area shown in Fig. 14a, was performed by averaging the mixing
ratio of graupel derived from the model simulation MKF_MOR. Values
between 5 and 8 km AMSL for graupel were compared against the evo-
lution of lightning activity from 00:00 up to 09:00 UTC (Fig. 15a). This
tropospheric layer was selected as it was found that the concentration
of graupel was the highest within it. Fig. 15b shows the maximum ver-
tical velocity w (m s−1) during the same period, indicating strong up-
drafts within this area, for 00:00 UTC up to 07:00 UTC and then a
sharp decrease up to 09:00 UTC. Comparison of graupel and vertical ve-
locity temporal evolution against the lightning activity underlines the
role of graupel concentrations on the electrification processes, as the
sharp decrease of lightning activity evident between 03:00–04:00 UTC
is associated with reduced graupel concentrations, while again the
next peak of lightning at 07:00 UTC is clearly associatedwith a sharp in-
crease of graupel concentrations.
n from MKF_MOR simulation during the period 00:00–12:00 UTC 24 September 2012.



Fig. 14. (a) Model derived reflectivity at 3 km abovemean sea level height and 10-mwind speed at 02:00 UTC on 24 September 2012, (b) a vertical cross section of simulated equivalent
reflectivity (dBz) (shaded), temperature isotherms (°C) andwind speed (arrows) at 02:00UTC, (c) a vertical cross section of graupelmixing ratio (g kg−1) and (d) a vertical cross section of
ice mixing ratio (g kg−1) at 02:00 UTC.

Fig. 15. (a) Time series of model derived average graupel mixing ratio (g kg−1) and lightning strike resources from ATDnet and EUCLID networks, (b) maximum vertical velocity (m s−1)
between 00:00 and 09:00 UTC for the domain described in Fig. 14a.
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4. Summary and conclusions

An intense fastmoving linear convective system, associatedwith ex-
cessive rain and exceptionally high lightning activity (Ribaud et al.,
2016), affected the southern parts of France and especially the southern
Massif Central foothills the earlymorning of 24 September 2012, during
the HyMeX— SOP1 campaign. TheMCS had the structure of a bow echo
system with a V-shape feature visible in the infrared satellite imagery
and a linear convective signature on the radar echoes. Mesoscale pro-
cesses (vorticity advection, upper-level PV anomalies, strong low-level
moisture advection, CAPE, etc.) and local convergence zones created a
favorable environment for deep moist convection development. Nu-
merous rain gauges recorded high values of accumulated convective
precipitation, in fact the highest values during the 3-month SOP1
campaign.

In the frame of this work model simulations using WRF non-hydro-
static model with activation of various microphysical and convective
parameterization schemes are evaluated. The high-resolution simula-
tions reproduce fairly well the significant rainfall amounts associated
with the MCS, but all of them underestimate the accumulated
precipitation.

The numerical experiment that best reproduces the event is used to
identify the physical mechanisms leading to this convective episode. A
study of the life cycle of the microphysical distribution is carried out
based onmodel output. The results are intercomparedwith recent liter-
ature, namelywith thework of Ribaud et al. (2016)where a sophisticat-
ed algorithm of hydrometeors (HCA) is used. The results show that the
model is able to correctly place the MCS and the three dimensional dis-
tribution of hydrometeors, and it is in an overall agreement with the
HCA, reproducing an environment that can support the production of
intense lightning activity. Moreover, WRF simulations are able to
show that during the phase of reduced lighting activity (03:00 to
05:00 UTC) the graupel concentrations within the layer 5–8 km show
a clear minimum, affecting thus the electrification processes, although
in the same time frame vertical velocities (both reproduced by WRF
model and estimated by radar measurements, as shown in Ribaud et
al., 2016) are exceptionally high.

The work presented here shows the need to use high-resolution
modeling and sophisticated microphysical schemes in order to better
reproduce the MCS structures. It is also shown that model validation is
highly dependent on the availability of detailed measurements, as the
ones gathered during HyMeX — SOP1. It is in the authors' interests to
extend this kind of investigation to systems affecting the eastern Medi-
terranean area and therefore the need of an experimental campaign in
the East, as already mentioned in the HyMeX scientific plan, is consid-
ered necessary.
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