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ABSTRACT
During Intensive Observation Period 13 (15—16 October 2012) of the first Special Observing Period
of the Hydrological cycle in the Mediterranean Experiment (HyMeX), Southern Italy (SI) was
affected by two consecutive heavy precipitation events (HPEs). Both HPEs were associated with
multi-cell V-shaped retrograde regeneration mesoscale convective systems (MCSs). The life
cycle of two MCSs in connection with their dynamic and thermodynamic environments were analysed
using a combination of ground-based, airborne and spaceborne observations and numerical
simulations. Rain gauges revealed that heavy precipitation occurred in two phases: the first one from
1300 to 1700 UTC (35 mmh ") was caused by a V-shaped system initiating over the Tyrrhenian Sea in
the early morning of 15 October. Convection was triggered by the low-level convergence between the
south-westerlies ahead of an upper-level trough positioned over south-eastern France and very moist
southerlies from Strait of Sicily. The convection was favoured by high convective available potential
energy (1500 Jkg ') resulting from warm and moist conditions at low levels associated with high sea
surface temperatures in the Sicily Channel, and by the presence of an elevated moisture plume from

tropical Africa. The second phase of heavy precipitation (2300 UTC on 15 October to 0200 UTC on
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16 October, 34 mm h') was caused by a MCS initiating over Algeria around 1300 UTC, which
subsequently traveled over the Strait of Sicily toward Sicily and SI. Convection was maintained by
the combination of large low-level moisture contents and elevated moisture supply associated with a
tropical plume, and propagated along a marked wind shear at the leading edge of the cold front.
Unlike other MCSs forming in the same region earlier on that day, this huge V-shaped system did
affect SI because the strong upper-level flow progressively veered from southwesterly to south-

southwesterly.

Running title

Upstream condition of deep convection over southern Italy

Keywords

airborne water vapour lidar, AROME-WMED analyses, SEVIRI, sea surface temperature, Tyrrhenian Sea

1. Introduction

The Western Mediterranean coastal regions are frequently affected by heavy precipitation events that

produce flash floods and landslides (e.g. Ricard et al. 2012; Llasat et al. 2013). The continuous

formation of convection in a specific area is one of the main factors responsible for high rainfall totals.

Multicell V-shaped Mesoscale Convective Systems (MCSs) with retrograde regeneration have long
been studied due to their capacity to produce heavy rain in a given location (Mc Cann, 1983; Scofield,
1985; Rivrain, 1997). These meteorological phenomena result from complex multi-scale interactions
between the moist ambient inflow, topography and deep convection that makes forecasting the precise
timing, location and amount of the precipitation a difficult task.

In the Western Mediterranean, synoptic-scale patterns associated with heavy precipitation
events (HPEs) have been shown to be connected to upper-level troughs, responsible for generating
low-level marine flow characterized by high values of equivalent potential temperature and

2
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precipitable water (Romero et al. 1999; Lin et al. 2001; Nuissier et al. 2008 and 2011; Ricard et al.
2012). Melani et al. (2013) also emphasized that both upper-level tropopause dynamical anomalies
and low-level intense winds play a very important role in triggering convection in coastal
mountainous areas and over the sea of the western Mediterranean. The coastal mountainous region
(e.g. the Pyrenees, Massif central, Alps) favours convective initiation and HPE due to enhanced
orographic forcing of warm and moist low-level marine flow (Rotunno and Ferretti, 2001; Rotunno
and Houze, 2007; Nuissier et al. 2008, 2011; Trapero et al. 2013a and 2013b, Barthlott and Davolio,
2015); while the convective initiation over the sea is favoured by large-scale low-level convergence
and flow modification around mountainous islands (e.g. Corsica, Sardinia, Balearic Islands) (Jansa et
al. 2001; Coheut 2011; Barthlott ez al. 2014; Romero et al. 2015). The low-level feeding flow to MCS
is mostly from the south (or south-east) in southern France, but it is typically from the east or east-
north-east in Spain (Catalonia, Valencia, the Balearics) and from the south-west or west in northern
Italy, Corsica and Sardinia (Jansa et al. 2001; Romero et al. 1999; Nuissier et al. 2011). Jansa et al.
(2001) found that about 90% of the HPEs in the Western Mediterranean involve the presence of a
cyclonic centre in the vicinity, usually located so that it favours the creation and intensification of a
moist low-level flow feeding the deep convection. The processes leading to moisture transport over
the Mediterranean Sea are nevertheless quite diverse. Duffourg and Ducrocq (2013) estimated that
evaporation from the Mediterranean accounts for only about 40% of the water vapour feeding the
deep convection. The Atlantic Ocean (Winschall et al. 2012) and tropical Africa (Turato et al. 2004;
Chazette et al. 2015b) have been also suggested as potential sources of moisture for HPEs in those
regions.

In spite of these recent findings, the impact of the moist inflow on the timing and location of
convective initiation is still poorly understood. It is also not clear that the importance of all the
involved processes are well constrained. This is mainly because it is difficult to obtain relevant
observations in the inflow region or within the convective storms, particularly over the sea.

The first Special Observation Period (SOP1, Ducrocq et al. 2014) of the Hydrological cycle in

the Mediterranean Experiment (HyMeX, http://www.hymex.org/; Drobinski et al. 2014), took place
3
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in Autumn 2012 (from 5 September to 6 November). It aimed to improve our knowledge of the origin
and transport pattern of moist air masses in pre-convective conditions and determine the link between
these air masses and HPEs. During SOP1, dedicated ground-based, airborne and sea-borne observing
platforms were operated with the objective of documenting the connection between the moist flow
over the Mediterranean and HPEs occurring over the coastal areas of Spain, France and Italy.

Our study focuses on two HPEs over southern Italy (SI) and the associated inflow from over the
Tyrrhenian Sea. This is one of the preferential area for deep convection development in fall (Melani e?
al. 2013) and these events occurred during the Intensive Observation Period 13 (IOP 13, 15-16
October 2012). The HPEs were associated with the south-eastward movement of a cold front from
southern France to SI which led to intense rainfall (Fig. 1). Behind the cold front, mistral winds
prevailed bringing cold and dry continental air over the sea. The mistral is frequently observed to
extend as far as a few hundred kilometres from the coast and is one of the primary causes of storms
over the Mediterranean (Jansa, 1987; Trigo et al. 1999; Campins et al. 2000; Drobinski ef al. 2005; Di
Girolamo et al. 2016). In the frontal region, the potential vorticity anomaly associated with the upper-
level trough was responsible for the development of deep convection and intense rainfall over central
Italy during IOP 13 (Barthlott and Davolio, 2015). In the early morning of 15 October, intense
rainfalls (60—80 mm) was observed near the Liguria coast and in Tuscany (Fig. 1a). In the Liguria
coast region, associated with the warm sector of the approaching frontal system, orographic blocking
and uplift of low-level southerly flow triggered the development of heavy rainfall. Later on, a locally-
generated low-level convergence in the lee of Corsica contributed to generate heavy rainfall in the
Tuscany region (for details, see Barthlott and Davolio, 2015). Subsequently, as the cold front moved
southward, SI experienced two periods of intense rainfall, peaking at 1700 UTC on 15 October
(maximum rainfall intensity of 34.8 mmh'), and at 0100 UTC on 16 October (33.8 mmh™"). The
MCSs developing over the Tyrrhenian Sea and the Strait of Sicily were successfully captured by
ground-based, airborne and spaceborne observations. Furthermore, Rysman et al. (2015) reported that
deep convection frequency during IOP 13 was between 2 to 4 times larger than the average for the

period 2000—2013 and this period included particularly large MCSs travelling from Tunisia to Italy.
4
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Funatsu et al. (2009) also used spaceborne observations from the Advanced Microwave Sounding
Unit radiometer to show the existence of an autumnal convective arc between Tunisia and SI during
the period of 2001-2007. Even though these climatological analyses using the long-term satellite data
have highlighted the high frequency of MCSs in this area upstream of SI, process oriented case
studies allowing investigations of convective initiation and maintenance in connection with the
dynamic and thermodynamic environment have not been conducted up to now.

The aim of the present study is to conduct such a detailed investigation using the wealth of data
acquired off-shore and inland during IOP 13, together with analyses from the numerical weather
prediction (NWP) model AROME-WMED (Application of Research to Operations at Mesoscale-
West Mediterranean, Fourrié€ et al. 2015).

A detailed description of the dataset is presented in Section 2. Section 3 provides an overview
of the two HPEs that occurred over SI during IOP 13 of the HyMeX SOP 1. Sections 4 and 5 detail
the HPEs over SI during P1 and P2 respectively, including the life cycle of the MCSs and mesoscale
environmental dynamics and thermodynamics. A summary and a discussion of the findings of the

present study are given in Section 6.

2. Observational and modelling dataset

Unprecedented samplings of the dynamic and thermodynamic environment of HPEs in the western
Mediterranean region was achieved during the HyMeX SOP1 (Ducrocq et al. 2014). More details
concerning the observational datasets used in this study and the AROME-WMED analysis data are

provided in the following.

2.1. HyMeX SOPI observational dataset

2.1.1. Existing and enhanced surface networks

Hourly and 24-h accumulated rainfall (version V2) data over the HyMeX domain (western
Mediterranean basin) were used, and the locations of the surface rain gauges over France and Italy

used in this study are shown in Fig. 1. In addition, hourly surface station (SYNOP) data were

5
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employed to show the near-surface (2 m) temperature field. Data from radiosondes launched in
Trapani (western Sicily, 12.3°E, 37.5°N) were also exploited (see Fig. 1b for location). Hourly
horizontal distribution of total integrated water vapour (TIWV) content was derived from a network
of global positioning system (GPS) stations (Bock et al. 2015). In addition, we used the half-hourly
buoy measurements (www.coriolis.eu.org) of the sea surface temperature (SST) in the Strait of Sicily
(around 11.5°E, 37.5°N; a star symbol in Fig. 1b). Finally, lightning data from the ZEUS system
operated by the National Observatory of Athens was used to identify the most active convective
clouds. ZEUS is a long-range lightning detection network (Kotroni and Lagouvardos, 2008) with
receivers located at six sites over Europe (Birmingham in the UK, Roskilde in Denmark, lasi in

Romania, Larnaka in Cyprus, Mazagon in Spain, and Athens in Greece).

2.1.2. Dedicated HyMeX SOP 1 airborne observations

The LEANDRE 2 water vapour lidar on-board the SAFIRE (Service des Avions Frangais
Instrumentés pour la Recherche en Environnement) ATR42 aircraft sampled the low-level moisture in
the environment of the convective systems, which developed during the IOP 13 (ATR42 flight AS 49).
The ATR42 flew back and forth between Bastia (Corsica, France) and Palermo (Sicily, Italy) from
0747 UTC to 1059 UTC on 15 October 2012. The LEANDRE 2 -characteristics allowed
measurements of the water vapour mixing ratio (WVMR) profiles with a precision ranging from less
than 0.1 gkg ' at 4.5 km above ground level to less than 0.4 gkg ' near the surface (on average) for an
along-beam resolution of 150 m (for the details, see Bruneau et al. 2001a and 2001b). During HyMeX
SOP 1, WVMR profiles were measured with a horizontal resolution of 1 km (e.g. Chazette et al.
2015a, 2015b; Di Girolamo et al. 2016; Duffourg et al. 2015; Flamant ef al. 2015; Flaounas et al.

2015).

2.1.3. Spaceborne observations
Calibrated thermal infrared brightness temperature (BT) data at 10.8 pm and 6.2 pm, acquired every 5

min by the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on-board the geostationary

Page 6 of 37
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Meteosat Second Generation satellite (MSG, Bedka, 2011) were employed to investigate the evolution
of deep convection. The spatial resolution of the MSG-SEVIRI data used is 0.05° in both latitude and
longitude. The deep convective systems leading to heavy precipitation in the SI domain were
identified using SEVIRI BT at 10.8 um together with lightning activity. BT minima are generally
indicative of the cloud top overshoots associated with deep convection (e.g. Kato, 2006; Bedka, 2011).
As suggested by Kato (2006) a threshold value of 220 K was used in this analysis to identify deep
convective cells, causing heavy precipitation. BTs at 6.2 um (the so-called water vapour channel)
were utilised to characterize the distribution of moisture in the upper troposphere at the mesoscale.
BTs higher than —40°C (lower than —50°C) are generally considered as representative of dry (moist)
upper-level air masses (Setvak et al. 2007; Bedka et al. 2009).

The National Oceanic and Atmospheric Administration (NOAA) oceansat-2 scatterometer
(OSCAT, http://manati.star.nesdis.noaa.gov/products’OSCAT.php) ocean surface wind vector
retrievals (level 2) at a spatial resolution of 25-km are employed to reveal the 10-m wind fields over
the Western Mediterranean on 15 October. OSCAT overpassed the Western Mediterranean region
twice on 15 October: around 1130 UTC during the descending-orbit (crossing 35°N at 1135 UTC) and
around 2230 UTC during the ascending-orbit (crossing 35°N at 2230 UTC).

The moisture retrievals obtained from the Moderate Resolution Imaging Spectro-radiometer
(MODIS) on-board the TERRA satellite were also employed (http://gdatal.sci.gsfc.nasa.gov/). The
MODIS-derived TIWV contents and the partial integrated water vapour (PIWV) column between
700~hPa and 300 hPa levels were analysed in order to describe the distribution of moisture at the
synoptic scale during the events.

To investigate the impact of SST wvariability on the atmospheric moisture content and
convective initiation, the Météo-France Centre for Satellite Meteorology multisensor SST analysis
data were used. These data are obtained by an optimal interpolation of supercollated multi-sensor
level 3 merged SST. The spatial resolution is 0.02° in both latitude and longitude, and the temporal
resolution is 3 h. Observations from SEVIRI on MSG, MODIS on TERRA satellites, from the

Advanced Very High Resolution Radiometer on the Meteorological Operational Satellite Program of
7
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Europe and the NOAA platforms as well as the Advanced Along-Track Scanning Radiometer on the

Environmental Satellite were used to produce the SST analysis (Cailleau et al. 2012).

2.2. The NWP model AROME-WMED

To support the field campaign activities and to optimize flight planning during SOP1, a dedicated
version of the operational convection permitting NWP model AROME was implemented (Fourrié et
al. 2015). AROME-WMED is a regional non-hydrostatic, and fully-compressible and convection
permitting model, covering the western Mediterranean basin with 2.5 km horizontal resolution and 60
vertical levels ranging from 10 m above ground to 1 hPa.

AROME-WMED implements the surface scheme (SURFEX; Masson et al. 2013) which
diagnoses the 2 m temperature, 2 m humidity, and 10 m wind at every time step through a specific
algorithm called surface boundary layer (Masson and Seity, 2009). Further model details can be found
in Seity et al. (2011). The lateral boundary conditions are updated hourly and provided by the French
operational global model Action de Recherche Petite Echelle Grande Echelle (ARPEGE, Courtier et
al. 1991) forecasts.

With 3-h cycles, the initial atmospheric state of the AROME-WMED analyses is performed

with the AROME data assimilation system (Brousseau et a/ 2008) which is derived from the regional

Aire Limitée Adaptation Dynamique Développement International (ALADIN)-France 3D-Var scheme.

At a 2.5 km horizontal resolution, AROME assimilates data from radiosondes, wind profilers, ships
and buoys, surface stations (i.e. pressure, 2-m temperature and humidity, 10-m wind), GPS stations
(i.e. TIWV), radars (i.e. radar-derived winds) and SEVIRI (i.e. infrared radiances) (Seity et al. 2011).
Many important observing systems, such as SYNOPs, radar and SEVIRI data, are assimilated at a
high frequency. An optimal interpolation scheme is conducted.

Fourrié et al. (2015) showed that the overall performances of the AROME-WMED were good
for the HyMeX SOP1 (mean 2-m temperature root mean square error (RMSE) of ~1.7°C and mean 2-

m relative humidity RMSE of ~10%) and similar to those of the AROME-France for the 0—-30 h

common forecast range (maximal absolute difference of the 2-m temperature RMSE of 0.2°C and ~0.2%

8
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for the 2-m relative humidity). Bock ef al. (2015) highlighted a very good TIWV agreement between
the AROME-WMED analyses products and GPS-observations, with a small wet bias in the models
(~0.3 kgm ) and a standard deviation of differences of ~1.6 kg m . Chazette et al. (2015a) found
good agreement between the TIWVs derived from AROME-WMED forecast and the Water vapour
and Aerosol Lidar (WALI) during the entire SOP 1 (bias of ~1 kgm > and RMSE of ~2 kgm *). They
also showed that the AROME-WMED forecast and WALI water vapour mixing ratio profiles in the
lower troposphere (below 6 km amsl) exhibited biases less than 1 gkg .

In the present study, the AROME-WMED analyses data provided every 3 hours are used

together with observations to enhance our understanding of processes responsible for HPEs in SI.

3. HPEs over southern Italy

During 15—16 October 2012 (IOP 13), the SI area (Fig. 1) was affected by two HPEs. At 1200 UTC
on 15 October, an upper-level trough was located over south-eastern France, extending to northern
Algeria (Fig. 2a). Later it moved eastwards towards Corsica. Ahead of the trough, at 500 hPa levels,
south-westerly winds stronger than 20 ms™' prevailed over the Tyrrhenian Sea and SI. At lower levels
(Fig. 2b), the cold front shifted over the Mediterranean Sea, and undulated around a low pressure
centre situated close to the Gulf of Genoa at 1200 UTC. Behind the front, cold air was present at
every level; ahead of the front, the flow was south-westerly and rather intense at every level. Details
about the synoptic situation during this IOP can be found in Barthlott and Davolio (2015).

The temporal evolution of the maximum hourly rainfall recorded by the rain gauge network
during IOP 13 in the ST domain is shown in Fig. 3. The first intense rainfall period (P1), defined as
maximum precipitation exceeding of 10 mmh™', occurred between 1300—1700 UTC on 15 October
(total precipitation of 62.4 mm), and a maximum rainfall intensity of 34.8 mm h™' was recorded
between 1600—1700 UTC. The second intense rainfall period (P2) occurred from 2300 UTC on 15
October to 0200 UTC on 16 October (total precipitation of 75 mm), with a maximum rainfall intensity
of 33.8 mm h™' between 0000—0100 UTC. During IOP 13, the highest GPS-derived TIWV values

(~33.5 kg m?) were recorded by a station located at 15.8°E, 39.9°N at 0000 UTC on 16 October. The
9
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hourly TIWYV at this station (Fig. 3) shows that the TIWV values were continuously in excess of 25 kg
m 2 from 1000 UTC, 15 October to 0300 UTC, 16 October.

The hourly evolution of the BT and lightning activity during P1, from 1300 UTC to 1600 UTC
on 15 October, is shown in Fig. 4. During this period, the SI domain was affected by a V-shaped MCS
(referred to as MCS A in the following) which has formed over the Tyrrhenian Sea. The MCS was
initiated in the northern part of the Strait of Sicily around 11.5°E/38°N at 0245 UTC and developed
into a V-shaped multi-cell retrograde regeneration convective system at around 0400 UTC (not
shown). It then drifted north-eastward when it reached 12.5°E/39°N at 1300 UTC. At the apex of the
V-shaped MCS, the strongest convective cells were associated with a BT minima of 208 K (cloud top
height ~13 km) and strong lightning activity. Behind the overshooting cloud at the apex, a region of
higher BT (< 220 K, cloud top height ~10 km) extended north-eastward, from the area over the sea
where new convective cells formed to the SI domain, with the mid-level south-westerly flow.
Subsequently, from 1400 UTC to 1600 UTC (Fig. 4b—d), the convective part of MCS A (as diagnosed
from lightning activity) and its anvil (characterized by BT < 220 K) moved north-eastward, over the
SI area. At 1600 UTC, a core of lightning activity was observed inland, close to the coast indicating
intense convective cells over the SI domain, responsible for heavy precipitation as shown in Fig. 3.
After 1800 UTC, the low BT region progressively disappeared (not shown).

The hourly evolution of the BT and lightning activity from 2200 UTC to 0100 UTC during P2
is shown in Fig. 5. At 2200 UTC (Fig. 5a), a huge V-shaped MCS cluster (referred to as MCS B in the
following) was observed over Sicily. The most intense convection was observed at the apex of the
MCS over the southern of Sicily and was characterized by very-low BT values (~202 K, cloud top
height ~14 km) and strong lightning activity. Leeward of this minimum BT region, warmer cloud with

BTs of 210-220 K (cloud top height ~13 km) covered a large domain (12—17°E/36—40.5°N),

extending north-eastward from the convective core, towards SI with the mid-level south-westerly flow.

The storm initiated over elevated terrain in the region of Batna (Algeria) around 1330 UTC (Fig.

4b-d). Orographic forcing associated with the highest summit in that region (i.e. Djebel Chélia,

peaking at 2328 m amsl) likely was the cause of convective initiation. Two other convective systems

10

Page 10 of 37



Page 11 of 37

©CoO~NOUTA,WNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Quarterly Journal of the Royal Meteorological Society

formed close to Tunisia before MCS B but they did not affect the SI region. MCS 1 developed
offshore of Tunisia at 0600 UTC (visible at 0930 UTC in Fig. 6) and MCS II over Tunisia at 1000
UTC (visible at 1300 UTC in Fig. 4a). Both MCSs dissipated before reaching continental Italy. Unlike
MCS I and MCS 1I, MCS B was guided toward SI as the strong flow ahead of the trough
progressively veered from southwesterly to south-south-westerly.

At 2300 UTC (Fig. 5b), the most active part of the MCS B (BTs <210 K and lightning activity)
was observed over the southern part of Sicily (near 15°E/37°N). The large MCS anvil (characterized
by BT wvalues less than 220 K) extended northward, reaching the SI area. Later, MCS B travelled
north-eastward with a convective core positioned over the Strait of Messina (between Sicily and
continental Italy) at 0000 UTC on 16 October (Fig. 5c¢), and over Calabria at 0100 UTC (Fig. 5d),
thereby approaching the SI area. This period corresponds with the time during which intense hourly-
rainfall was recorded by rain gauges (Fig. 3). The most active part of MCS B was located over the
southern part of Sicily. Hence, during P2, the observed rainfall is likely related to the stratiform part
of MCS B rather than its convective core. It could also be related to orography-forced convection as
the south-westerly flow ahead of the front impinges on the SI orography. Due to MCS B’s widespread
anvil and the lack of adequate instrumentation (i.e. radars), neither the convectively-forced convection
nor the stratifrom clouds associated with MCS B could be observed. It is therefore not clear what
fraction of rainfall during P2 is provided by each of the two processes described above.

After 0300 UTC, 10.8 um BTs less than 220 K were scarce over SI in the SEVIRI imagery (not

shown) as severe weather moved north-eastward.

4. Environmental characteristics of MCS A

4.1. Observations

The OSCAT-retrieved surface wind field (Fig. 4a) shows three distinct regions with different wind
components during P1: 1) a region with north-westerly mistral winds (> 10 ms ') behind the cold
front extending from the Gulf of Lion to 150 km north of the Algerian coastline, 2) a region with

weak westerly to south-westerly winds (3—7 ms ') ahead of the front along the northern coastlines of

11
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Algeria and Tunisia and over the Tyrrhenian Sea, and 3) a region with moderate south-easterly winds
(5-10 ms™") over the Strait of Sicily and downstream of the Strait of Messina. Over the southern
Tyrrhenian Sea (13°E, 38.5°N), the weak westerly (< 5 ms ') and the moderate south-easterly winds
(~10 ms ") converged. Meanwhile, along the western coast of Sicily, the moderate south-easterlies
(5-10 ms™") over the Sicily Channel abruptly turned to south-westerly around the northern tip of the
island (Fig. 4a), converging with the weak westerlies (about 11°E, 38°N), where the MCS B
developed.

Over the Tyrrhenian Sea, where the surface south-westerlies (3—7 m s™') were captured by
OSCAT (Fig. 4a), the daily composite of the MODIS (Fig. 7a) shows high values of TIWV between
30-35 kgm * (in agreement with TIWV computed from the radiosonde in Trapani that was ~31 kgm™
% at 1200 UTC). About 75 % of the TIWV (about 23—26 kg m?) was distributed between surface and
700 hPa (not shown). Even higher TIWVs (35-40 kg m?) were attained over the Strait of Sicily
where south-southwesterly winds (5-10 ms™') at the surface (Fig. 4a) were observed by OSCAT.
Conversely, the mistral wind region was characterized by low TIWVs (< 20 kg m ).

These large TIWV values over the Strait of Sicily were associated with an elevated moist plume
coming from tropical Africa as shown by the PIWV composite (Fig. 7b). The south-west to north-east
elongated moist filament was characterized by PIWV values between 7 and 15 kg m™. High PIWV
values (7—11 kgm™) were observed with MODIS in the vicinity of MCSs A and B. Similar features
have been identified by Chazette et al. (2015b) for another HPE over the Cévennes during IOP 15b.
As in Chazette et al. (2015b), the elevated moist filament was associated with strong south-westerlies
(25-30 ms™") at 700 hPa level (not shown) ahead of a pronounced trough positioned over Eastern
France. In our case, elevated moisture may have strengthened the updrafts associated with the V-
shaped MCS A once deep convection was initiated.

More details on the vertical structure of the moisture field are provided by LEANDRE 2-

derived WVMR observations. Figure 6 shows the ATR flight track (black line) together with the BT

observed at 6.2 um with SEVIRI at the time when the ATR was flying closest to MCS A (~0930 UTC).

The vertical structure of the moisture field upstream of the MCS was characterized using LEANDRE
12
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2-derived WVMR observations (Fig. 8a) where three distinct layers with different WVMR
characteristics can be identified. A moist marine atmospheric boundary layer (MABL) with WVMRs
on the order of 10-12 gkg ' was seen to deepen from ~600 m amsl offshore of Corsica to almost 2000
m amsl in the vicinity of MCS A (located around 39°N, see the star in Fig. 8a). Low-level moisture is
one of the main ingredients of the mesoscale environment enabling heavy precipitation (Ricard ez al.
2012). Moreover, the low-level moisture seen in Fig. 6a in the region of MCS A possibly contributed
to increase the CAPE in the region of interest over the Tyrrhenian Sea, therby producing larger storms
with stronger peak updrafts and low-level downdrafts and heavier precipitation (Lerach and Cotton,
2012).

Another striking feature observed was the very dry layer (WVMR less than ~2 gkg ') north of
MCS A, whose base was slopping from ~5 km amsl at 41.7°N to about 2 km amsl in the vicinity of
the MCS. This dry elevated layer was also observed to thin out towards the south. Back-trajectory
analyses (not shown) suggest that this dry air was associated with air masses from the Atlantic Ocean,
subsiding from the upper troposphere ahead of the upper-level trough. LEANDRE 2 backscatter
measurement indicated that this dry layer was also very clean (i.e. aerosol-free, not shown). This dry
feature corresponds to the stripe of elevated 6.2 um BTs observed in Fig. 7 extending from southern
Sardinia to central Italy. The structure and origin of the dry layer in the vicinity of MCS A suggests
that the cold front has the characteristics of a kata-front (Browning, 1986), and possibly contributed to
prolong the lifetime of the MCS.

Between the MABL and the dry air aloft, LEANDRE 2 revealed the presence of a layer with
intermediate WVMR values (~5 gkg ). It is worth noting that most of the isolated clouds observed
by lidar north of MCS A (e.g. around 41.3°N or 40.1°N) extended up to the top of the intermediate
layer, just below the dry layer. Finally, upstream of MCS A, the lower troposphere above MABL was
observed to be moister than immediately north of MCS A by as much as 3-4 gkg ' between 2—4 km
amsl.

In addition to the dry feature observed over the Tyrrhenian Sea described above, it is also worth

noting the region of high BTs (drier upper-level troposphere) in the western part of the domain in Fig.
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7, which was associated with the upper-level trough positioned over eastern France. The largest BTs
are observed over the Gulf of Lion where the dry wind is blowing from the continent. A well-defined
gradient on 6.2 um BT is observed over the sea. Those high BT values corresponding to dry, cloud-
free upper-level air masses (high BT values at 10.8 um in Fig. 4) were observed to move eastward

between 1300—1600 UTC (Fig. 4).

4.2. AROME-WMED analyses
Over the southern Tyrrhenian Sea, a region of high TIWV (> 35 kg m°, Fig. 9a) and high CAPE
(larger than 1500 Jkg ', red contour line in Fig. 9¢) is seen in the AROME-WMED analyses at 1200
UTC around 13°E/39°N, i.e. where the V-shaped MCS A described above was observed. The high
TIWVs (35-40 kg m*) over the southern Tyrrhenian Sea and the Strait of Sicily were in agreement
with the MODIS-derived TIWVs (Fig. 7a). A good agreement between AROME-WMED and
LEANDRE 2 observations is found above the MABL, between 2—4 km amsl (see Fig. 8c—d), while
some relatively large differences can be seen in the lower troposphere in the area just upstream of the
MCS. Here the lowest 1000 m of the atmosphere appears too moist in the AROME-WMED
simulation with respect to the observations, by about 3—4 gkg ' (Fig. 8d). This error can possibly be
ascribed to the presence of clouds causing biases in the water vapour measurements in that region.
Consistent with OSCAT observations (Fig. 4), the strong convergence between south-westerlies
and southerlies winds (6-8x10* s™') is depicted over the southern Tyrrhenian Sea and over the
northern Sicily Strait in the AROME-WMED analyses (Fig. 9b). Furthermore, the mistral flow behind
the cold front is also reproduced in the AROME-WMED analyses at 1200 UTC and is characterised
by dry air masses (TIWV < 20 kg m >, Fig. 9a), strong north-westerly winds at 925 hPa (~20 ms ',
Fig. 9b) and low 2-m temperatures (less than 19°C, Fig. 9c). Over this region, low wet-bulb potential
temperatures (0,, < 280 K, Fig. 9d) were simulated at 850 hPa and intense south-westerlies prevailed
at 500 hPa level. The leading edge of the mistral forms an arc spanning from 4°E/38°N to 11°E/44°N
with a marked convergence (Fig. 9b) along the between of the geopotential iso-contours of 5480m and
5520 m, and higher 0,, of 285-290 K (Fig. 9d).

14
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In this favourable environment, MCS A develops ahead of the cold front in correspondence
with the high temperature and large moisture contents from the Sicily Channel and low-level
convergence caused by the confluence of the weak westerlies in the south Tyrrhenian Sea ahead of the
frontal region and the south-westerly flow with the large CAPE. The triggered narrow V-shape MCS
A lasted for many hours over the southern Tyrrhenian Sea propagating toward the SI together with the

south-eastward moving front.

5. Environmental characteristic of MCS B
MCS I, II and B crossed a region of strong SST gradient in the Strait of Sicily, around the buoy
location (Fig. 10a). High SSTs on the order of 27°C prevailed to the south of the Sicily Channel, while
SSTs around 23°C where observed in the vicinity of the buoy (around 11.5°E, 37.5°N, Fig. 10a—b).
The storm track of MCSs [, II and B and the BT signature of the three MCSs at the location of the
buoy can be seen in Fig. 10b. The SST measured by the buoy was 23.2°C during most of 14 October
and the morning of 15 October indicating no change caused by the passage of MCS I (Fig. 9b). No
precipitation associated with MCS I was recorded by the rain gauge closest to the location of the buoy
in the western part of Sicily (~95 km away, circle in Fig. 10; 12.5°E, 38°N). Around 12 UTC on 15
October, SST dropped to 23.1°C, simultaneously with the passage of MCS II. This was likely due to
surface cooling by rain (rainfall was observed over Sicily ~4 h after the minimum of 10.8 ym BT
observed at the location of the buoy).

Subsequently, the SST further dropped to 22.9°C, concomitant to the passage of MCS B around
1600 UTC. Here again the cooling was probably associated with precipitation, since rainfall was
observed ~4 h later over western Sicily. Greater rainfall amounts associated with MCS B (i.e.
maximum of 17 mmh™' at 2100 UTC) may also explain the stronger cooling (i.e. 0.2°C) than that
associated with MCS II (0.1°C for the maximum rainfall of 6 mmh™"). Finally, after the passage of
MCS B over the buoy (i.e. after 1800 UTC), 10.8 um BTs were observed to be on the order of 285 K,
revealing the absence of deep convection, as the dry air mass associated with the upper-level trough

moved over this area.
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At 2100 UTC, MCS B was located just east of the eastward-moving upper-level trough (as
revealed from SEVIRI 6.2 pm BTs, Fig. 11a) and the associated low-level cold front. The position of
the BT arc-shaped feature coincides with the 10 kg m* iso-contour in the TIWV field displayed by the
AROME-WMED analysis (Fig. 12a). MCS B was located in a moist environment east of this iso-
contour characterized by the TIWV values in excess of 35 kg m >. This elongated feature of the
humidity field was associated with the tropical moist plume previously identified (TIWV in Trapani
reached 30 kgm™).

During P2, OSCAT (Fig. 5a) showed that the mistral reached northern Africa and penetrated
over the Strait of Sicily while being accelerated by channelling between Sicily and Tunisia.
Meanwhile, the northerlies converged with the frontal westerlies (5-10 ms ™) to the north and south
of MCS B ahead of the mistral.

At higher levels (500 hPa), strong south-westerlies (~30 ms ') prevailed ahead of the cold front
and upstream of the SI area (Fig. 12d), while the mistral area was topped by strong north-westerlies
(~25 ms™"). The warm 0,, (> 290 K) at 850 hPa, between geopotential iso-contours of 5560m and
5640 m, appeared to be associated with the front. Ahead of the front, a broad region characterized by
strong low-level convergence (8.5x10* s™') was identified by AROME-WMED (Fig. 12b).
Simultaneously, warm air temperatures (> 24°C) as well as a fairly small area of high CAPE (= 1000 J
kg ', black contour line in Fig. 12¢c) were displayed upstream of the MCS B. The high CAPE region
previously observed over Tunisia at 1200 UTC (Fig. 9¢) has moved offshore at 2100 UTC (Fig. 12¢),
south of Sicily. This was likely related to the progression of the dry low-level mistral flow, which
reached the Strait of Sicily at 2100 UTC (Fig. 12b).

These favourable environmental condition determined by the combination of strong frontal
wind shear in the Strait of Sicily, large low-level moisture contents, elevated moisture supply, warm
SST, and high air temperature enabled the maintenance of the huge V-shape MCS B over the Strait of
Sicily. Furthermore, we also acknowledge the fact that the cold front and/or the upwards forcing
associated to the advancing branch of the upper level trough could have been important factors in the

generation and maintenance of MCS B, as suggested by Barthlott and Davolio (2015).
16
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After P2, dry air masses (as revealed from SEVIRI 6.2 um BTs, e.g. at 0600 UTC, Fig. 11b)
associated with the upper-level trough progressing eastward together with the low-level mistral flow

reached SI, leading to environmental conditions detrimental to deep convection.

6. Summary

During IOP 13 (15—16 October 2012) of the HyMeX SOP 1, SI experienced two periods of intense
rainfall. The first between 1300 UTC and 1700 UTC on 15 October (period P1, maximum hourly
precipitation of 34.8 mmh™'; total precipitation of 62.4 mm), and the second between 2300 and 0200
UTC on 15-16 October (period P2, maximum hourly precipitation of 33.8 mmh™'; total precipitation
of 75 mm). The HPEs were both associated with multicell V-shaped retrograde regeneration MCSs
which formed over the Tyrrhenian Sea (responsible for P1) and over Tunisia (responsible for P2). The
life cycle of the two MCSs in connection with their dynamic and thermodynamic environments were
analysed using a combination of ground-based, airborne and spaceborne observations as well as NWP
model analyses. The main findings are summarized in schematic illustrations shown Fig. 13.

MCS A was triggered by low-level convergence (hatched area in Fig. 13a) between the low-
level south-westerly flow ahead of an upper-level trough positioned over south-eastern France and
very-moist low-level south-southwesterly flow from the strait of Sicily. During P1, the convection
was favoured by high CAPE values (greater than 1500 Jkg ') over the Tyrrhenian Sea resulting from
moist conditions in the low-levels (water vapor mixing ratio of ~12 gkg ' in the lower 1 km of the
MABL). Moreover the presence of an elevated moisture plume from tropical Africa contributed about
one quarter of the large observed TIWV (~35 kgm™>). After the initiation phase, the V-shaped MCS
moved eastward but remained over the southern Tyrrhenian Sea. According to SEVIRI observations,
it lasted for more than 14 h.

Heavy precipitation during P2 was caused by a MCS initiated over Algeria around 1300 UTC,
which subsequently moved over the Strait of Sicily toward Sicily and SI. Convection was favoured by
the combination of the large low-level moisture contents, an elevated moisture supply (the tropical

plume being associated with a strong southwesterly flow ahead of an eastward-moving upper-level
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trough) and high SSTs in the Sicily Channel (~23°C) as well as by a marked wind shear ahead of the
front (Fig. 13b). Unlike other MCSs forming in the same region earlier on that day, the huge V-shape
system did affect SI because the strong flow ahead of the upper-level trough progressively veered
from southwesterly to south-southwesterly thereby guiding the MCS towards SI. The penetration of
the mistral in the Strait of Sicily at the end of 15 October (dashed line Fig. 13b) terminated the
convective activity west of Sicily. Ultimately, dry air masses associated with low-level mistral and the
upper-level trough overpassed SI, terminating the HPE over SI during IOP 13.

Using as much of the available data as possible in combination with numerical simulations, we
show the importance of the southerly flow from the warmer Mediterranean south of Sicily in enhancing the
convergence ahead of the large-scale cold front and feeding moisture into the developing MCSs upstream
of SI. We also detail the initiation and maintenance processes for MCSs occurring along the previously
identified autumnal convective arc between Tunisia, Sicily and SI which appears to be a prominent area of
initiation of MCSs leading to HPEs over SI as shown by others (e.g. Funatsu et al., 2009). Furthermore, we
highlight the role of the upper-level trough over southern France in organizing convection along the
autumnal convective arc. These results suggest that in order to improve model forecasts of the MCSs along
this autumnal convection arc as well as HPEs over Sicily and SI, the simulation domain needs to include
northern Africa and part of the Eastern Mediterranean Basin.

As stated in Barthlott and Davolio (2015), it is very difficult for NWP models to simulate accurately
the triggering of isolated convection systems (such as MCS A), which are usually associated with low
intrinsic predictability. On the other hand, MCS B, that develops later in the evening and is triggered
directly by the frontal passage, is better described in their model simulations. Complementary
investigations of the HPEs occurring over SI during IOP 13 will be conducted with a high resolution
model to enhance our comprehension of the impact of elevated moisture transport from tropical Africa
and of the dry air masses observed north of MCS A on the development of deep convection upstream
of SI. In addition, sensitivity experiments will be also used to determine whether the rainfall observed

during P2 over the southern Italy is of convective or stratiform nature.
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Figure 1. 24-h accumulated rainfall on (a) 15 October and (b) 16 October 2012. The Southern Italy (SI) domain is shown as
a black rectangle (from 14.6 to 16.0 °E and from 40.0 to 41.0 °N). A yellow star in (b) indicates the location (around 11.5°E,
37.5°N) of the buoy measurements acquired during IOP 13 (see text for details).
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(a) 500 hPa ANALYSES

Figure 2. Weather charts at 1200 UTC, 15 Oct. 2012. (a) 500 hPa analyses: geopotential height (solid line, 40 m interval)
and temperature (dashed line, 4°C interval), and (b) surface analyses: mean sea level pressure (solid line, 5 hPa interval) and

fronts (warm fronts in red and cold fronts in blue).
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Figure 3. Temporal evolution of observed average hourly rainfall over the SI domain (solid line) and maximum hourly

rainfall (bar) within SI domain. The temporal evolution of GPS-derived hourly TIWV from a station located at 15.8 °E,
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(a) 1300 UTC 15 0OCT 2012 (b) 1400 UTC 15 OCT 2012
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Figure 4. Distribution of brightness temperature at 10.8 pm (K) observed with SEVIRI MSG at (a) 1300 UTC, (b) 1400
UTC, (c) 1500 UTC, and (d) 1600 UTC on 15 Oct. 2012. In (a) NOAA OSCAT-retrieved surface winds observed around
1130 UTC are overlaid: red vectors for winds stronger than 10 m s and black vectors for winds in between 3-10 m s™'. Red
crosses in (a)—(d) indicate the location of lightning during the 5 minutes preceding the time of SEVIRI imagery. MCS A,

MCS B and MCS II are meteorological features of interest (see text for details).
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(a) 2200 UTC 15 0CT 2012 (b) 2300 UTC 15 OCT 2012
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Figure 5. Same as Fig. 4 but at (a) 2200 UTC, (b) 2300 UTC on 15 Oct. 2012, (c) 0000 UTC and (d) 0100 UTC 16 Oct.
2012. In (a) NOAA OSCAT-retrieved surface winds observed around 2235 UTC are overlaid: red vectors for winds stronger

than 10 m s and black vectors (white around the region of low BT with the value < 210 K) for winds between 3—10 m s
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MCS B is a meteorological feature of interest (see text for details).
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Figure 6. Distribution of brightness temperature at 6.2 pm (°C) observed by SEVIRI MSG at 0930 UTC, 15 Oct. 2012. The
black line indicates the ATR 42 flight track. MCS A and MCS I are meteorological features of interest (see text for details).
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(a) TIWV (total columns) 15 OCT 2012
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Figure 7. Horizontal distribution of (a) total integrated water vapour content and (b) partial integrated water vapour content

between 700 and 300 hPa derived from MODIS/Terra on 15 Oct. 2012.
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Figure 8. (a) Vertical cross-section of water vapour mixing ratio (WVMR) acquired from LEANDRE 2 along the ATR 42
flight track shown in Fig. 6. (b) Same as (a) but for AROME-WMED. WVMR profiles are extracted along the ATR 42 flight
track at the closest time and location of the LEANDRE 2 WVMR profiles. (c) Vertical WVMR profiles obtained from
LEANDRE 2 (red solid line) and AROME (black solid line) averaged over 60 km (area bracketed by 2 vertical solid lines
and marked “1” in (a) and (b)). (d) Same as (c), but for the area in (a) and (b) marked “2”. Horizontal bars in (c) and (d) are
an indication of the natural variability of WVMR around the mean profiles. The length of horizontal bars is equal to 2 times
the WVMR standard deviation centred on the profiles. The star in (a) marks the latitude (around 39 °N) of MCS A at 0910
UTC.
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Figure 9. Horizontal distribution of (a) TIWV, (b) 950 hPa divergence (shading) and 10 m winds (vectors), (c) 2-m

temperature (shading) and CAPE (contours with interval of 500 Jkg™' from 1000 Jkg™") and (d) 850 hPa pseuso-adiabatic

potential temperature (6w, shading) and 500 hPa geopotential (contour, interval of 40 m) and wind (vectors) from the

AROME-WMED analysis at 1200 UTC, 15 Oct. 2012. Open coloured circles in (a) represent GPS-derived TIWV

observations at 1200 UTC. Open coloured circles in (c) represent 2-m temperature observations from SYNOP stations at

1200 UTC. Crosses in (c) represent SYNOP 2-m temperatures less than 10°C.
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(a) SST 0000 UTC 15 0OCT 2012
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Figure 10. (a) SST distribution obtained from CMS multi-sensor (level 3) product at 0000 UTC, 15 Oct. 2012. The yellow
star (circle) indicates the location of the buoy (rain gauge) for which data are shown in (b). (b) Time evolution of the buoy
location (latitude °N, dashed line) and SST (°C, black solid line) measured by the buoy between 0000 UTC, 14 Oct. and
0000 UTC, 17 Oct. 2012. The blue solid line represents the SEVIRI 10.8 um brightness temperature (K) extracted at the
location of the buoy. Hourly rainfall amount (mmh ') observed by the rain gauge located at 12.5°E, 38 °N are shown as grey

bars.
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Figure 11. Distributions of brightness temperature at 6.2 pm (°C) observed by SEVIRI (a) at 2100 UTC, 15 Oct. 2012, and
(b) at 0600 UTC, 16 Oct. 2012.
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Figure 12. Same as Fig. 9 but for 2100 UTC, 15 Oct. 2012.
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Figure 13. Schematics summarizing the main features and processes responsible for the maintenance of deep convection
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