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Abstract. The Special Observation Period (SOP1), part of Observation Periods (IOPs) are described. A significant event
the HyMeX campaign (Hydrological cycle in the Mediter- for each Italian target area is chosen for this analysis: IOP2
ranean Experiments, 5 September—6 November 2012), wad2-13 September 2012) in northeastern Italy, IOP13 (15—
dedicated to heavy precipitation events and flash floodsl6 October 2012) in central Italy and IOP19 (3-5 Novem-

in the western Mediterranean, and three lItalian hydro-ber 2012) in Liguria and Tuscany. For each IOP the mete-
meteorological monitoring sites were identified: Liguria— orological characteristics, together with special observations
Tuscany, northeastern Italy and central Italy. The extraordi-and weather forecasts, are analyzed with the aim of high-
nary deployment of advanced instrumentation, including in-lighting strengths and weaknesses of the forecast modeling
strumented aircrafts, and the use of several different operasystems, including the hydrological impacts. The usefulness
tional weather forecast models, including hydrological mod- of having different weather forecast operational chains char-
els and marine models, allowed an unprecedented monitoringcterized by different numerical weather prediction models
and analysis of high-impact weather events around the Italand/or different model set up or initial conditions is finally
ian hydro-meteorological sites. This activity has seen strongshown for one of the events (IOP19).

collaboration between the Italian scientific and operational

communities. In this paper an overview of the Italian or-

ganization during SOP1 is provided, and selected Intensive

Published by Copernicus Publications on behalf of the European Geosciences Union.



1954 R. Ferretti et al.: First HyMeX Special Observation Period over Italy

! <00 w1

LONGITUDE

Figure 1. HyMeX target areas (TA) in the Mediterranean basin 7o

and hydro-meteorological sites. Liguria—Tuscany (LT), northeast-
ern Italy (NEI) and central ltaly (CI) are located within the Italian
territory. After Ducrocq et al.,2010

200

Figure 2. Synoptic analysis over the western Mediterranean region
1 Introduction at 06:00 UTC, 12 September 2012: ECMWF 500 hPa geopotential
height (green lines), 700 hPa temperature advection (red warm and
The HYdrological cycle in the Mediterranean Experiment blue cold), MSG SEVIRI AirMass RGB composite EumetSat prod-
(HyMeX, http://www.hymex.org Drobinski et al., 2013) uct and enhanced IR 10.8 um temperature, ranging between 200 K
is an international experimental program that aims to ad-(red) and 240K (blue). Sourchttp://www.eumetrain.org
vance scientific knowledge of water cycle variability in the

Mediterranean basin. This goal is pursued through monitor- ) S
ing, analysis and modeling of the regional hydrological cycle sponsible for most of the heavy precipitation and flood events

in a seamless approach. Its multidisciplinary research activaffécting the Italian territory, which can be related to specific
ity investigates phenomena on different temporal and SpaLarge-scale patterns (Tartaglione et al., 2009). For example,
tial scales, from the inter-annual/decadal variability of the {N€ Severe weather events that occurred over the Alps in re-

Mediterranean coupled system (atmosphere—land—ocean) &Nt years (Rotunno and Houze, 2007; Mariani et al., 2009;
the single event of severe weather. In this context speciaPa'Pi et al., 2012) or in Liguria and Lazio during the au-

emphasis is given to the topics of Special Observation pelumn of 2011 (Buzzi et al., 2012; Ferretti et al., 2012; Par-
riod (SOP1), that is the occurrence of heavy precipitation and®di et al-, 2012; Rebora et al., 2013), are directly (e.g., by
floods, and the associated impacts on society. orographic precipitation) or indirectly (e.g., by cyclogenesis:

The intense sea—atmosphere interactions were the specifﬁ,ee Tibaldi et al., 199_0) relgted to the influence of mountain
topic of SOP2, which is not addressed in this paper. The'@N9g€s on atmospheric motions. The steep slopes of the Alps
characteristics of the Mediterranean region, a nearly close@"d the Apennines in the vicinity of large coastal areas of the
basin surrounded by both highly urbanized and complex ter_Medltgzrranean, and the sea itself that act_s as a Iar_gg source
rain close to the coast, makes the Mediterranean area prorfd Mmoisture and heat, are the key factors in determining the

to natural hazards related to the water cycle. These are the°nvergence and the rapid uplift of moist and unstable air re-
reasons for improving our understanding and the predictabilSPOnsible for triggering condensation and convective insta-

ity of hydro-meteorological hazards in this region. In par- Pility processes (Benzi et al.,, 1997; Rotunno and Ferretti,
ticular, during the autumn season, when the sea is still rel2001). Heavy rainfall events are often associated with the

atively warm, the large thermal gradient between the atmo-d€velopment of intense convective systems (Davolio et al.,
sphere and the sea favors intense heat and moisture fluxe909; Melani etal., 2012), which are still not completely un-
(Duffourg and Ducrocg, 2011, 2013), which are the energyderstood and are notoriously difficult to predict (Welsma_n gt
source for storms. That is why the Mediterranean is often@l-» 2008; Ducrocq et al., 2008; Bresson et al., 2012; Migli-
affected by heavy rainfall and floods in autumn, which are€t@ and Rotunno, 2012). Moreover, within several small
responsible for most of the natural disasters in the region2nd densely urbanized watersheds with steep slopes, which

Hence the interest in improving knowledge and forecastingcharacterize the Italian area, precipitation events that persist
of disastrous severe weather events is clear for both scierPVer the same area for several hours can become devastating

tific research and operational activities. Consistent with the!!00ds in a relatively short time (Silvestro et al., 2012; Vulpi-

HyMeX program, within the Western Mediterranean Target @i €t al., 2012). In addition, it is worth recalling that the
Area (TA) three hydro-meteorological sites were identified najuor'lal Socio-economic impact of these kinds of evgnts 1S
over Italy (Fig. 1): Liguria—Tuscany (LT), northeastern Italy quite important, as indicated by the number of casualties and

(NEI) and central Italy (CI). These sites were selected pe-damages report(_ad (see, e.g., Guzzetti et al., 2005;_Lastoria et
2006; Salvati et al., 2010, and references therein).

cause they have weather systems representative of those Rl
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A key component of HyMeX is the experimental activ- 2 HyMeX SOPL1 activity in Italy: observations and
ity based on atmospheric, oceanic and hydrological monitor- models
ing for a period of ten years, from 2010 to 2020. Within this
time frame, shorter periods of intensive monitoring, namedThis section summarizes the instrumentation collecting ob-
Special Observation Periods (SOPs), were planned. The firservations and the forecasting modeling chains producing
field campaign, SOP1 (Ducrocq et al., 2014), dedicated tanumerical weather predictions during SOP1 in Italy. It must
heavy precipitation and flash floods, took place in autumnbe noted that these include both operational and research in-
2012 (5 September—6 November) over the western Mediterstrumentation/models in some cases specifically deployed or
ranean. The second field campaign, named SOP2, was dednplemented for SOP1.
icated to intense air—sea exchanges and dense water for-
mation, and took place in winter 2013 (February—March).2.1 Observations
SOP1 was characterized by an extraordinary deployment of
advanced instrumentation, including instrumented aircraftsThree hydro-meteorological sites of interest were identi-
In order to prevent or reduce societal losses, progress ified over Italy (Fig. 1) in the HyMeX Implementation Plan
the monitoring of and predictive capability for these se- (Ducrocq et al., 2010). The CI hydro-meteorological site is
vere events are needed. This requirement represented thecated at the eastern boundary of the HyMeX North West
strong motivation that resulted in the large and active par-Mediterranean TA and at the western boundary of the Adri-
ticipation of the Italian community in the first HyMeX SOP. atic TA (Fig. 1, Cl). The area is densely populated and in-
The activities carried out during the field campaign as wellcludes the urban area of Rome, with 4 million inhabitants.
as those planned for the upcoming years represent an imFhe orography of Cl is quite complex, going from sea level
portant opportunity for exploiting the synergy between ato nearly 3000 m in less than 150 km. The CI area involves
unique database of observations and model simulations, fomany rivers, including two major basins: the Aniene—Tiber
the study of intense orographic precipitation. Therefore, im-basin (1000 km long) and the Aterno—Pescara basin (300 km
provements in the knowledge and forecasting ability of high-long), respectively on the western and eastern side of the
impact weather events are expected in the near future. ThApennines ridge. The instrumentation deployed over the CI
present study represents a first step towards understandirayea belongs to several institutions, including the CEnter
the scientific issues and coordinating the activity of the largeof integration of remote sensing TEchniques and numerical
Italian scientific and operational communities in the field.  Modeling for the Prediction of Severe weather (CETEMPS),
In this paper SOP1 is presented together with some resultghe National Department of Civil Protection (DPC), the De-
The aim of the paper is twofold: partment of Information Engineering, Sapienza University
) o . of Rome (DIETSap), the Institute of Atmospheric Sciences
— 1o provide a scientific overview of the events that af- ;g climate of the National Research Council of Italy (CNR
_fected the Itallaq area during SOP1 (Sect. 3) h'_gh“g_ht'ISAC), HIMET (High Innovation in Meteorology and En-
ing the hydrological response to the heavy precipitation,ironmental Tech., L'Aquila), the University of Ferrara, the
as well as the full forecast chain (meteo-hydro) and they4tional Observatory of Athens (NOA), the US National
socio-economic impact; Aeronautics and Space Agency (NASA), the Abruzzo Re-
— to investigate the response of the different operationalgional Government (RegAb), and finally the Italian National

chains to extreme events for three case studies. Agency for New Technologies, Energy and Sustainable Eco-
nomic Development (ENEA). The instrumentation deployed

Extraordinary monitoring activities, an outstanding number over the Cl area during SOP1 is summarized in Table 1. Part
of implemented weather forecasting modeling chains, andf this instrumentation is permanent and run operationally.
one meteo—hydro and two meteo—hydro—marine chains ar€onversely, several instruments were specifically deployed
described in Sect. 2, highlighting the large Italian commu-for the period of SOP1 as a consequence of specific inter-
nity effort for the field campaign in terms of coordination national agreements, such as with NASA and NOA. These
and logistics. The paper by Davolio et al. (2014) describesinclude an X-band polarimetric mini-radar, a K-band micro-
the organizational efforts and activities of the Italian scien-rain radar and several disdrometers of three kinds, namely,
tific and operational communities at the Virtual Operationala 2-D video disdrometer, PLUDIX, and laser Parsivel-2
Center, hosted by CETEMPS in L'Aquila during the HyMeX disdrometers (see Table 1).
SOP1 campaign, and the consequent impacts in the context The LT hydro-meteorological site is located at the east-
of the peculiar organization of meteorology in Italy. ern boundary of the HyMeX North West Mediterranean TA
The SOPL1 IOPs are presented in Sect. 3 together with obgFig. 1), in a coastal region where the Alpine—Apennine
servations and forecast results for three selected IOPs. Pechain is close to the Mediterranean Sea. The high elevation
spectives for future work are given in Sect. 4. of the mountains — more than 2000 ma.m.s.l. (above mean
sea level) — at a few tens of kilometers from the coast illus-
trates the complex orography of this area, with many densely
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Table 1.Instrumentation deployed over the Cl area during SOP1 (in parentheses the responsible institutions).

Radars — 1 C-band single-polarization radar, Monte Midia, Abruzzo (CETEMPS,
RegAb)
— 1 C-band polarimetric radar, Il Monte, Abruzzo (DPC)
— 1 C-band single-polarization radar, Monte Serano, Umbria (DPC)
— 1 C-band dual-polarization radar, ISAC Atmospheric Observatory, Rome
(CNRISAC)
— 1 X-band single-polarization radar, Rome (DIETSap)
— 1 X-band polarimetric mini-radar, L'Aquila (HIMET, CETEMPS)
— 1 X-band polarimetric mini-radar, Rome (HIMET)

Rain gauges ~ 200 telemetered rain gauges and thermometers (Regional authorities)

Disdro — 1 Parsivel laser disdrometer (DIETSap)

meters — 1 Parsivel laser disdrometer (CNR ISAC)
— 1 K-band micro-rain radar in Rome (DIETSap, NASA)
— 1 bidimensional video-disdrometers 2DVD in Rome (DIETSap, NASA)
— 2 PLUDIX disdrometers at DIETSap and CNR ISAC (University of Ferrara)
— 5 Parsivel-2 laser disdrometers (Pescara, L'Aquila, Avezzano, CNR ISAC,
CNR-INSEAN) (NASA)

Soundings — 1 research sounding station at L'Aquila (CETEMPS)
— 1 tether sounding (CNR ISAC)
— 1 operational sounding site at Pratica di Mare, Rome (CNMCA, Air Force)

Other — 1 Raman lidar and 1 ceilometer, located in L'Aquila (CETEMPS)
— 1 meteo station and VLF lightning sensor in Rome (DIETSap)
— 2 SODAR (CNR ISAC) at the ISAC Atmospheric Observatory and in the
Castel Porziano Presidential Park
— Micrometeorological surface layer sensors (CNR ISAC)
— AWS surface station (CNR ISAC)
—1 aerosol lidar and 1 ceilometer (CNR ISAC)
— 3 sunphotometers (CNR ISAC)
— 1 microwave radiometer (CNR ISAC)
— LINET VLF/LF lightning detection network station (CNR ISAC)
— Weather station near Rome (ENEA)

populated catchments characterized by steep slopes and linmized in Table 3 and belongs to several institutions, including
ited extents. The Liguria Region Meteo Hydrological Ob- OSMER — ARPA FVG, Ufficio Idrologico of Bolzano, Me-
servatory (OMIRL) deployed a ground observation opera-teoTrentino, ARPAV — Servizio Meteorologico, Areonautica
tional network that includes meteorological parameter sen-Militare, and Regional Civil Protection in Friuli Venezia Giu-
sors. ARPA Piemonte and ARPA Liguria manage the C-duallia. Most of the instruments run operationally, whereas a few
band radar. Over Tuscany, the Hydrological Service, Con-of them were specifically deployed for the period of SOP1,
sorzio LaMMA, and DPC manage a dense network of mete-including the mobile X-band polarimetric radar from NOA, a
orological stations. All the instruments over the LT area wereK-band micro-rain radar from NASA, and five disdrometers
operational during SOP1 and the Intensive Observation Perief two kinds (2DVD and Parsivel) from NOA.
ods (IOPs), and they are summarized in Table 2. For the whole lItalian territory and the three hydro-
The northeastern Italy hydro-meteorological site covers ammeteorological sites in particular, measurements from the
area of almost 40 000 kfnincluding three regions (Veneto, LINET VLF/LF lightning detection network (Betz et al.,
Trentino-Alto Adige, and Friuli Venezia Giulia; Fig. 1, NEI), 2009) with 12 sensors located in Italy were made available by
and is characterized by a multiple river system with the CNR ISAC (Rome branch), providing high-precision three-
longest rivers of Italy (Po and Adige), a wide flood plain dimensional location and time of occurrence of intra-cloud
area, and the eastern Alpine range. The orography in thisnd cloud-to-ground strokes in real time during the 10Ps
region has a steep terrain with mountain peaks of nearlydiscussed below.
4000 ma.m.s.l., and this type of variable terrain plays a ma- During the campaign, DPC made available approximately
jor role in extreme meteorological events. The instrumen-2600 rain gauges in real time; most of them were opera-
tation deployed over the NEI area during SOP1 is summadtional over Italy, producing an exceptionally well-distributed
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Table 2. Instrumentation deployed over the LT area during SOP1 (in parentheses the responsible institutions).

Radars — 1 C-band dual polarization radar, Monte Settepani, Liguria (ARPA Piemonte & ARPA Liguria)
— 1 C-band single-polarization radar, Monte Crocione, Tuscany (DPC)

Rain gauges ~ 520 telemetered rain gauges (Consorzio LaMMA, OMIRL)

Soundings

Other — 1 RASS (radio acoustic sounding system), Florence (Consorzio LaMMA)
— 45 stream level gauges (OMIRL)
— 131 hydrometers (Consorzio LaMMA)
— 190 thermometers (Consorzio LaMMA)
— 209 anemometers (Consorzio LaMMA)
— 156 hygrometers (Consorzio LaMMA)
— 21 barometers (Consorzio LaMMA)

Table 3.Instrumentation deployed over the NEI area during SOP1 (in parentheses the responsible institutions). FVG stands for Friuli Venezia
Giulia.

Radars — 1 C-band dual-polarization radar, Fossalon di Grado, FVG (FVG Regional Civil Protection)
— 1 C-band single-polarization radar, Monte Macaion, Trentino-Alto Adige (Meteotrentino)
— 1 C-band single-polarization radar, Monte Grande, Veneto (ARPAV)
— 1 C-band single-polarization radar, Concordia Sagittaria, Veneto (ARPAV)
— 1 mobile X-band polarimetric radar, Trafoi, Trentino-Alto Adige (NOA)

Rain gauges ~ 400 telemetered tipping bucket rain gauges (FVG Regional Civil Protection, ARPAV)

Disdrometers — 5 disdrometers: 3 Parsivels, 1 2DVD (NOA) and 1 micro-rain radar (NASA)

Soundings — 1 operational sounding site at Campoformido, Udine (CNMCA)

Other — 2 microwave radiometers in Padua and Rovigo (ARPAV)
— 4 SODAR (ARPA Veneto)
—-55 hydrometric stations (FVG Regional Civil Protection, ARSO Slovenia)

coverage for the rain measurements (see Fig. 2 in Davolio et — SAFIRE FALCON 20 (France) (F20 hereinafter)

al., 2014). Such a richness of surface stations had never been

available before in a monitoring and forecasting campaign.
To complement the ground-based observations, instru- sensors, dropsondes

mented aircrafts were deployed by the HyMeX international

team. This is a crucial element of the HyMeX observational SAFIRE ATR-42 (France)

strategy for various reasons: (i) heavy precipitation events — Water vapor lidar, cloud microphysics sensors,

(HPE) may occur outside the hydro-meteorological sites and aerosol probe

may not be adequately observed without aircraft, (i) HPE are

often related to offshore events and/or synoptic-scale systems — KIT 128 (Germany) (DO128 hereinafter)

extending at least partially over the sea, (iii) in situ measure-

ments are critically needed to assess and/or validate some

of the products derived from the ground-based observation dropsondes

systems, (iv) while ground-based systems provide continu- _

ity in time, aircraft allow high temporal and spatial resolu- "€ PO128 and ATR42 were used to sample the upwind

tion measurements. Therefore, three instrumented aircraftW-1evel flow, focusing on the pre-convective environment

were deployed by the HyMeX French and German teamsduring the initiation phase. The F20 was used to observe the

and thus airborne measurements were available occasionalff€CiPitating systems during the mature phase with its micro-

during 10Ps over ltaly. The following aircraft were available Physical probes and radar systems. _
for the North Western Mediterranean TA: Within the northwestern Mediterranean domain, the

airspace is controlled by several distinct authorities with dif-
ferent constraints with respect to the HyMeX aircraft flights.
Well in advance of SOP1, the procedures for each aircraft

— Payloads: RASTA radar, cloud microphysics

— In situ sensors, turbulent fluxes, radiation,

www.hydrol-earth-syst-sci.net/18/1953/2014/ Hydrol. Earth Syst. Sci., 18, 198377, 2014
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were defined with the respective air traffic control authoritiesis the result of a joint effort between different research in-
(HyMeX Operation Plan SOP1, 2012). In the flight informa- stitutes coordinated by the National Center for Atmospheric
tion regions (FIR) over ltaly, these included four flight plans Research (NCARhttp://www.wrf-model.ord. It solves the

for ATR42 and two flight plans for F20, while twelve flight fully compressible, non-hydrostatic Euler equations, using
patterns for the DO128 over Corsica (within the French FIR)the terrain-following, hydrostatic-pressure vertical coordi-
were also of some interest for soundings of the upstream flownate with vertical grid stretching. It is based on time-split in-

over ltaly. tegration using a second- or third-order Runge—Kutta scheme
with smaller time steps for acoustic and gravity-wave modes.
2.2 Numerical weather prediction models The horizontal grid is a staggered Arakawa-C. A variety of

schemes are provided for the model physics. For further de-
In the framework of HyMeX SOP1 a common platform has tails, the reader is referred to Skamarock et al. (2008).
been implemented to upload products from different nu- CETEMPS, CNR ISAC and Consorzio LaMMA use
merical weather prediction (NWP) and hydrological models WRF-ARW, but different operational chains are imple-
(available online ahttp://sop.hymex.ofg These have been mented. A nest-down configuration with two domains run-
a fundamental means for the forecasting activity during thening independently and 37 vertical levels, with the first
campaign, allowing for planning with adequate advance nodevel at approximately 30 m above the ground and unequally
tice the observation strategy of the events of interest. spaced distribution to achieve higher density in the PBL,
The Italian community made available several models inis used at CETEMP Shftp://skynet.phys.uniromal.it/Main_
use by the different groups participating in the experiment.index.htn). The low-resolution domain (12 km) covers Italy
This provided the possibility of having many products avail- and part of the Mediterranean basin; it is initialized us-
able to refer to during the forecasting phase at the Italianng ECMWF analysis at 0.125 degrees. The highest reso-
operational center organized in L'Aquila that supported thelution domain (3km) covers lItaly and is initialized by the
HyMeX Operational Center (HOC) in Montpellier (France), WRF simulation at 12 km. The new Thompson microphysics
as well as to compare performances of different models andgcheme with six different hydrometeor categories is used
thus investigate their strengths or deficiencies. (Thompson et al., 2008) together with a Mellor—Yamada 2.5
The abundance of operational weather prediction modeldurbulence closure scheme (Janjic, 2002; Mellor and Ya-
turned out to be of great help especially for the most diffi- mada, 1982) for the planetary boundary layer (PBL) pa-
cult task, i.e., making decisions on the take-off time for the rameterization. No cumulus parametization is used at the
flights measuring hydro particles in well-developed convec-finer resolution. Details of the chain configuration are in Ta-
tive cells. ble 4. Moreover, specifically for the campaign, the output
Basically three different weather forecast operationalof WRF-ARW was used to force the Cetemps Hydrologi-
chains based on the following high-resolution models werecal model (CHyM, Coppola et al., 2007), implemented over
used: the Advanced Research version of the Weather Reseveral major Italian river catchments. This meteorological—
search and Forecasting (WRF-ARW) used by CETEMPShydrological model chain was used operationally to issue se-
(WRF-CETEMPS), by CNR ISAC (WRF-ISAC) and by vere weather and hydrological alerts. For example, the severe
LaMMA (WRF-LaMMA); the BOlogna Limited Area conditions forecast for 14 September, which one day ahead
Model (BOLAM) and the MOLOCH model both used by led to a call for the IOP4 briefly described in the next section,
CNR ISAC (respectively BOLAM-ISAC and MOLOCH- caused major flash floods in central Italy.
ISAC), by ISPRA (respectively BOLAM-ISPRA and Two daily runs (00:00 and 12:00 UTC) with a two-domain,
MOLOCH-ISPRA) and by ARPA Liguria; and the COSMO one-way nested configuration initialized using GFS forecasts
model used by ARPA — SIMC producing the only limited- are operational at CNR ISAC. The parent domain has a hor-
area ensemble forecasts available for Italy. In addition, ondzontal resolution of 15km, 3km for the innermost one; 40
meteo—hydro chain and two hydro—-meteo—marine chainwyertical levels are used with the first level at approximately
were operational during the campaign forced by WRF-ARW 25 m above the ground and unequally spaced distribution to
and BOLAM output, respectively. achieve higher density in the PBL. The same microphysical
A short description of the model characteristics and theand boundary layer schemes as WRF-CETEMPS are used.
differentimplementation schemes used during SOP1 is giveThe Kain (2004) cumulus parameterization is used only for

in the next sections. the coarser gridhttp://meteo.le.isac.cnijtthat is, no cumu-
lus convective scheme is used for the innermost domain.
2.2.1 WRF-ARW At Consorzio LaMMA two independent configurations

are run daily at 12 and 3km resolutions. The coarse do-
Several operational chains using the WRF-ARW model weremain (configuration 1 in Table 4) is initialized at 00:00
implemented during HyMeX; they differ either by physical and 12:00 UTC using GFS analysis and the boundary con-
model configuration or domains and resolution. The WRF-ditions are upgraded every 6h. The domain covers cen-
ARW model is a numerical weather prediction system thattral Europe (200« 300 grid points); 40 vertical levels and
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Table 4. Summary of the main characteristics of the model chains used by the different institutions for SOP1. The COSMO number of mem-
bers is given in the brackets. The last column indicates whether the model calculates the convection explicitly (“Yes”) or uses a convective

scheme (“No”).

Grid Initial Boundary Forecast Explicit
Model [Chain] spacing (km) conditions conditions range convection
WRF-CETEMPS [1] 12 ECMWEF 12:00UTC ECMWEF forecasts 96 h No
WRF-CETEMPS [1] 3 WRF 12km 00:00UTC WRF 12 km forecasts 48h Yes
WRF-ISAC [1 & 2] 15 GFS00:00 & 12:00UTC GFS forecasts 48h No
WRF-ISAC [1 & 2] 3 GFS00:00 &12:00UTC WRF 15 km forecasts 48h Yes
WRF-LAMMA [1] 12 GFS00:00 & 12:00UTC GFS forecasts 120h No
WRF-LAMMA [2] 3 ECMWEF 00:00 & 12:00UTC ECMWF forecasts 60h Yes
BOLAM-ISAC [1] 11 GFS00:00UTC GFS forecasts 72h No
MOLOCH-ISAC [1] 2.3 BOLAM03:00UTC BOLAM forecasts 45h Yes
BOLAM-ISAC [2] 9 GFS18:00UTC GFS forecasts 54h No
MOLOCH-ISAC [2] 1.5 BOLAMO00:00UTC BOLAM forecasts 48h Yes
BOLAM-ISPRA [1] 33 ECMWEF 12:00UTC of d-1 ECMWEF forecasts 84-h12 to+96 h) No
BOLAM-ISPRA [1] 11 BOLAM 00:00UTC BOLAM forecasts 84h No
BOLAM-ISPRA [2] 7.8 ECMWF 12:00UTC of d-1 ECMWEF forecasts 48h12 to+60h) No
MOLOCH-ISPRA [2] 2.5 BOLAM 00:00UTC BOLAM forecasts 48h Yes
COSMO-LEPS (members: 16) 7 ECMWF-EPS members ECMWF-EPS members 132h No

(00:00 and 12:00 UTC)

COSMO-H2-EPS (members: 10) 2.8 COSMO-LEPS members COSMO-LEPS members 36h Yes

(12:00UTC)

a convective scheme are used; it provides 120 h forecastsnented in BOLAM for cumulus convection, whereas con-
The fine-resolution domain (3 km) is initialized at 00:00 and vection is explicitly computed in MOLOCH. Further de-
12:00 UTC using ECMWF high-resolution (0.19%nalysis  tails are available dtttp://www.isac.cnr.it/dinamica/projects/
and the boundary conditions are upgraded every 6 h. It covforecasts
ers the Italian area (400440 grid points) using 35 equally Several forecasting chains based on BOLAM-MOLOCH
spaced vertical levels, the first level being at 35 m; no con-have been implemented for SOP1. At CNR ISAC two dif-
vective scheme is used at this resolution. The same microferent chains, having different horizontal grid spacings (Ta-
physical and boundary layer schemes as WRF-CETEMP®le 4), were initialized at 18:00 and 00:00 UTC, both driven
are used. The 3km domain provides a 60 h forechap:( by the GFS global model. At ISPRA, a BOLAM—MOLOCH
IlIwww.lamma.rete.toscana.it/meteo/modelli chain was specifically implemented for SOP1 (Table 4).
This chain was initialized using 0.1ECMWF analyses and
forecasts at 12:00 UTC. In addition, the ISPRA chain cur-
rently operational within the SIMM (Sistema Idro-Meteo-
The BOLAM hydrostatic model (Buzzi et al., 1994; Mal- Mare) forecasting system (Speranza et al., 2007; Casaioli et
guzzi and Tartaglione, 1999) and the MOLOCH non- al., 2013bttp://www.isprambiente.gov.it/pre_meteo/simm.
hydrostatic model (Malguzzi et al., 2006) were developedhtml) was also provided. This chain is based on BOLAM us-
at CNR ISAC and together constitute a forecasting chain,jng two (one-way) nested domains (Table 4) and is driven
with MOLOCH nested (one-way) into BOLAM. The hori- by ECMWEF analysis at 0%5resolution at 12:00UTC. Al-
zontal grid is a staggered Arakawa-C; MOLOCH integratesthough different, all the BOLAM domains deployed in the
the fully compressible set of equations, with an explicit rep- ISPRA chains include the whole Mediterranean basin. Both
resentation of convective phenomena, deploying a hybridSAC-CNR and ISPRA meteorological suites were also used
terrain-following coordinate, relaxing smoothly to horizon- to force two versions of the Shallow water HYdrodynamic
tal surfaces. Fifty vertical levels are used with the first oneFinite Element Model (SHYFEM, Umgiesser et al., 2004)
at 72m above the ground with approximately eight layersthat were operational within the ISMAR-CNR KASSAN-
within the PBL. DRA (Ferrarin et al., 2012) and the ISPRA Hydro-Meteo-
The physical schemes for the two models are almost théviarine Forecasting System (SIMM), respectively, to produce
same for atmospheric radiation (a combination of the Ritterstorm surge forecasts for the Mediterranean Sea. In addi-
and Geleyn and ECMWF schemes), sub-grid turbulence (Etion, outputs of the two ISPRA meteorological suites were
| closure), water cycle microphysics (Drofa and Malguzzi, deployed for feeding the SIMM Mediterranean-embedded
2004), a soil model with vegetation, as well as the same 3-DCostal WAve Forecasting system (Mc-WAF, Inghilesi et al.,
Eulerian weighted averaged flux (WAF) scheme for advec-2012), which has been operational since September 2012.
tion. The Kain—Fritsch parameterization scheme is imple-

2.2.2 BOLAM and MOLOCH
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2.2.3 COSMO year to year and this variation is known as the NAO. The
station-based index of the NAO has been based on the dif-
COSMO is the limited-area model used by the COSMO con-ference in normalized sea level pressure (SLP) between Lis-
sortium fttp://www.cosmo-model.ojgand is based on the pon, Portugal (or Ponta Delgada, Azores) and Stykkishol-
primitive hydro-thermodynamical equations for a compress-mur/Reykjavik, Iceland since 1864. Through east-west os-
ible non-hydrostatic flow in a moist atmosphere with no scalecillation motions of the Icelandic Low and the Azores High,
approximations (for an overview of COSMO, the reader isit controls the strength and direction of westerly winds and
referred to Steppeler et al., 2003). storm tracks across the North Atlantic. A large difference in
In the framework of HyMeX, two ensemble systems basedthe pressure at the two stations (NAPleads to increased
on the COSMO model were provided by ARPA —SIMC:  westerlies and, consequently, cool summers and mild and

— COSMO-LEPS (COSMO Limited-area Ensemble Pre- wet winters in central Europe and its surrounding Atlantic
diction System) is the operational limited-area ensem-area. If the index is low (NAG), westerlies are suppressed.

ble prediction system of the COSMO consortium, run- Helnce., central Europe and thke surrouhnstlng area;]s sufferfrtr)lm
ning on a daily basis since 2002 (Montani et al., 2011)_00 d winters and storms tracks are shifted south toward the

It is a convective-parameterized ensemble and is rur.,\/Iedlterranean Sea, increasing storm activity and rainfall in

twice a day (starting at 00:00 and 12:00 UTC) at 7 km Seuthern Europe and North Africa. _
using 40 vertical levels, with the first levels approxi- During SOP1, a small positive or generally negative NAO

mately 20 m above the ground, and a forecast range O|snade the weather regime favorable for precipitating systems
132h. It is composed of 16 members, with initial and over southern Europe, whereas Hurricane Nadine strongly
boundary conditions taken from eleménts of ECMWE reduced the long-term predictability for the first month of the

EPS selected via a clustering analysis-selection tech€@MPaign. From the water vapor supply point of view, all the
nique events were characterized by a prevailing cyclonic condition

before the events. Based on Duffourg and Ducrocq (2011,
— COSMO-H2-EPS (COSMO HyMeX 2.8km Ensem- 2013), the contribution to the water supply from the sea sur-
ble Prediction System) is a research ensemble sysface evaporation is expected to be reduced with respect to
tem designed for the HyMeX program (Marsigli et al., anticyclonic conditions.
2013); COSMO-H2-EPS is an atmospheric convection- During the campaign several troughs entered the western
permitting ensemble (i.e., no convective scheme is usedMediterranean and swept through the Italian regions after
and is run once a day (starting at 12:00 UTC) at 2.8 kmhaving affected Spain and/or France; only a few events pro-
using 50 vertical levels, with the first level approxi- duced cyclogenesis over the Gulf of Genoa or a deep trough
mately 20 m above the ground, and a forecast range obver the Tyrrhenian Sea (IOP13, IOP16c, IOP18). Smooth
36 h. It is composed of 10 members, which take ini- troughs entering the western Mediterranean Sea were of-
tial and boundary conditions from the first 10 COSMO- ten observed producing a westerly—southwesterly flow over
LEPS members. Italy (IOP2, IOP6, IOP7b, IOP12, IOP19); occasionally a

Both COSMO-LEPS and COSMO-H2-EPS also benefitmesoscale low-pressure system developed associated with a

from model perturbation lied by varving a few param potential vorticity (PV) anomaly (I0OP4, IOP16a). It is well
0 odel perturbations applied by varying a tew param-y v, that the lateral translation of an elongated north—south
eters of the COSMO physical schemes.

aligned PV streamer produces favorable conditions for heavy
precipitation on the southern side of the Alpine ridge (Mas-
3 SOP1: the intense observing periods sacand et al., 1998). Similarly to most of the events, |IOP4
and I0P16a were fairly well forecast; however, IOP4 (14
The first field campaign (SOP1, Ducrocq et al., 2013) of theSeptember 2012) was characterized by low predictability of
HyMeX project was dedicated to heavy precipitation andthe exact position of the heaviest precipitation, which was
flash floods; it took place in autumn 2012 (5 September-highlighted by the large variability among the model fore-
6 November) over the western Mediterranean area. Duringasts. A cut-off low over the Tyrrhenian Sea and a Bora
SOP1 twenty IOPs were declared, 9 of which occurred inwind on the Adriatic Sea produced persistent rain through-
Italy (Table 5), and one of them caused floods on the easterout the day, reaching maxima of over 150—200 mm/24 h dur-
coast of CI. During the campaign two main features affecteding 14 September. More than 150 mm was registered in a few
the large-scale regime of the Mediterranean region: a negahours over coastal areas, causing several river overflows and
tive North Atlantic Oscillation (NAO) index for most of the the flooding of dense urban areas (Pescara, including the city
time and the long-lasting life of Hurricane Nadine (Calas ethospital). The hydro-meteorological chain by CHyM fore-
al., 2013). cast the event well a few days in advance. Note that the re-
The permanent Icelandic Low and Azores High control thegional branch of DPC, which was part of the Italian opera-
direction and strength of westerly winds into Europe. Thetional center in L'Aquila, included this event in their guide-
relative strengths and positions of these systems vary frontines for a hydro-meteorological decision support system
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Table 5. Summary of the Italian IOPs during SOPL1. In the table the affected hydro-meteorological sites, the duration, the instruments
specifically activated, and the flight and extra soundings (RS) are reported.

I0Ps Target area Duration Instruments Flight Extra RadioSoundings
(except operational)
10P2 NEI (HPE) 12-13 Sep Disdrometer and ATRA42 (Italy4) Bologna
LT (ORP) X-band radar Udine 12 Sep at 05:30UTC
I0P4 Cl 14 Sep Radar, sodar and Dornier Flight L'Aquila 13 Sep at 18:00 UTC,

(HPE/FFE) microwave sensor (Corsica 5) 14 Sep at 12:00 and 18:00 UTC

10P6 LT & NEI 23-24 Sep Disdrometer and Dornier Flight Data targeting systenD(TS)

(ORP) X-band radar (Corsica 9) 23/09:00-18:00 UTC Milan, Rome,
Trapani, Cagliari, Udine
24/09:00-06:00 UTC: Milan, Trapani,
Cagliari
24/09:00-18:00 UTC: Udine, Milan,
Rome, Trapani

IOP7b LT (HPE) 26-27 Sep Disdrometer and Data targeting systenD({TS)

NEI (ORP) X-band radar 25/09:00-18:00 UTC: Cagliari
26/09:00-06:00 UTC: Cagliari
26/09:00-18:00 UTC Udine
27/09:00-06:00 UTC Udine

IOP12a LT &CI 11-12 Oct Radar Polar 55 Falcon-DLR Bologna 11 at 12:00 UTC and 12

(HPE) (Rome Tor Vergata ATRA42 (Italy3) at12:00UTC

— CNR ISAC), sodar, L'Aquila 11 at 16:00 UTC and 12
MW sensors at 09:00UTC
IOP13 LT, NEI &CI 15-16 Oct Radar Polar 55 ATRA42 (Italyl) & L'Aquila 15 Oct at 12:00 UTC
(HPE) (Rome Tor Vergata FALCON (CI) Udine 15 Oct at 06:00 and 18:00 UTC
— CNR ISAC), sodar, Bologna 15 Oct at 12:00 UTC
MW sensors
IOP16a-LT, NEI & CI 26-29 Oct Radar Polar 55 ATRA42 (Italyl) & L'Aquila 25 Oct at 16:00UTC
(HPE/ORP) (Rome Tor Vergata FALCON (ClI) 28 at 18:00UTC
I0P16¢C — CNR ISAC), sodar, Udine every 6 h from 25 Oct at
MW sensors 18:00 UTC ill 28 Oct at 12:00 UTC
Bologna at 00:00UTC and 12:00UTC
from 26 to 29 Oct at 00:00 UTC
IOP18 LT, NEI&CI 31 Oct-1 Nov Radar Polar 55 (RomeATR42 (modified L'Aquila 31 Oct at 12:30UTC
(HPE) Tor Vergata Italy3) & 16:30 UTC (ending quickly)
— CNR ISAC), sodar, FALCON (CI) 20:30UTC
MW sensors Udine, Bologna
IOP19 LT(ORP/HPE) & 3-5 Nov 2 BLP balloon ATR42 (Hymex 10) & Udine 4 Nov at 18:00UTC

NEI (ORP)

FALCON (LT)

5 Nov at 06:00UTC

(AdriaRadNet REPORT ACTION 3.1, 2013). The hydrolog-

Several events were characterized by convection over the

ical aspects of this event are discussed in more detail by aea followed by orographic precipitation: during IOP2 (12—
paper currently in preparation (Tomassetti et al., 2014). Thel3 September 2012) convection developed over the north-
SHYFEM forecasts were useful to investigate the tide peakern Adriatic, then warm and moist advection from the south
events that occurred over the Venice Lagoon (“acqua alta’produced precipitation inland; during IOP13 (14-16 October
or high water) during IOP16, where the sea level exceede®012) convection associated with a convergence line entered
twice the warning level (more than 120 cm on 27-28 Octo-ClI from the Tyrrhenian Sea; during IOP19 (3-5 November
ber 2012), and IOP18, where the sea level exceeded once tl1#912) southerly advection of warm and humid air produced
alarm level (more than 140 cm on 1 November 2012). Prelim-both convection over the Ligurian Sea and orographic pre-
inary results on the SHYFEM performance during IOP16 andcipitation along the Maritime Alps. In this study, these three
I0OP18 are presented in the studies by Casaioli et al. (2013a@vents will be analyzed from both observing and modeling
and Mariani et al. (2014). points of view. These IOPs have been chosen because of the
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Figure 3. 24 h accumulated precipitation (color bar in mm) for
12 September 2012, obtained from hourly raingauge data analyze
with the natural neighbor method: 163 stations in the Veneto re-
gion (ARPAV) and 111 stations in the Friuli Venezia Giulia region |
(OSMER-ARPA FVG). The figure is courtesy of A. Cicogna (OS-
MER — ARPA FVG).

density of observations. Specifically, flights from ATR42 and

Falcon took place for each of them, providing measurement§&igure 4. Radar measurements on 12 September 2(d2verti-
of the PBL and the cloud microphysics. cal maximum intensity (VMI, filled colors grib228) of the reflec-

tivity by the Fossalon di Grado radar at 08:20 UTC with surface
31 |OP 2— NEI observations (wind vectors artk in green) at 08:25 UTC and the
’ C2G lightning (color) strikes in the previous 12 minutes (courtesy

_ . . of CESI-SIRF), terrain elevation in shaded grey co{b};VMI with
IOP2 occurred on 12-13 September 2012, involving mostly ateral projections at 08:40 UT(%) VMI with lateral projections at

northeastern Italy. The event was characterized by an NA 9:00 UTC.

index close to zero (0.2); consequently weaker westerlies oc-

curred favoring the storm tracks to cross the Mediterranean

area. In the following sections the meteorological charactercold advection on the northern side of the Alps, which trig-

istics of the event are described. gered northerly winds descending along the Alpine slopes
S and spreading into the eastern Po Valley during the passage
3.1.1 Synoptic situation of the cold front. Most of the operational high-resolution

) ) o ~ weather forecasts predicted (not shown) this scenario. It is
A smooth ridge extending from Scandinavia to the entiréyyorth noting that in the three previous days a positive sea
Mediterranean basin characterized the days before IOP2 (1Qrface temperature anomaly of tGwas recorded over the

- 11 September 2012). During the following two days, the northern Adriatic Sea (as observed at the Trieste meteorolog-
intrusion of a North Atlantic trough from the west weakened -5 station).

and pushed eastward the ridge, producing moist and cold po-

lar air advection toward northern Italy. On 12 September, at3.1.2 Observations

06:00 UTC, a shallow cyclone developed over the Gulf of

Genoa and moved northeastward. At the same time on th®uring 12 September 2012, several convective cells de-
eastern side of NEI the potential instability increased be-veloped in the eastern part of Veneto and in the plain of
cause of dry air aloft, as shown by the reddish area in theriuli Venezia Giulia (FVG hereafter). Figure 3 shows the
northern Adriatic Sea (Fig. 2), and warm and moist air atareal distribution of the accumulated daily rainfall recorded
the surface advected by a moderate southerly surface windh the Veneto region (source ARPAV) and in the FVG re-
on the Adriatic Sea blowing toward the eastern part of thegion (source OSMER — FVG): a maximum of 97 mm/24 h
Po Valley (Fig. 4a). Indeed, the lower layer of the atmo- (53mmh?! between 13:00 and 14:00 UTC) was recorded
sphere was destabilized, as confirmed by both observationat Crespano del Grappa (45.5028 11.5027 E). On the
(Fig. 4) and high-resolution weather forecasts (Fig. 5a, b). Inmountain side a small area (Fig. 3, dark red) of precipitation
the afternoon, a significant pressure gradient, associated witexceeding 150 mm in 24 h is clearly shown, whereas the sur-
a surface depression, occurred because of a low-tropospherface rain intensity (SRI) retrieved by the Fossalon di Grado
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Figure 5. (a) CAPE (Jkg™) and horizontal wind at 10m by the  Figure 7. Hourly accumulated precipitation on 12 Septemifa):
WRF-ISAC run driven by GFS forecasts starting at 12:00 UTC, 11 gt 10:00 UTC, forecast by MOLOCH-ISAQp): at 11:00 UTC,
September(b) equivalent potential temperature (K) and wind at forecast by WRF-ISAC.

950 hPa by MOLOCH-ISAC at the 2.3 km run driven by GFS fore-

casts starting at 00:00 UTC, 12 September.

Grado at 08:20UTC and the surface station measurements

at 08:25 UTC overlapped with the cloud-to-ground lightning
(45.73 N, 13.49 E) radar detected two small areas of pre- (source CESI-SIRF) clearly show (Fig. 4a) the moist flow.
cipitation exceeding 150 mm in 24 h (not shown). The daily The high values of equivalent potential temperatugg)(
accumulated precipitation reached up to 106 mm at Palazalong the coast (Lignano, 457N, 13.142 E) and inland
zolo (45.82 N, 13.05 E, Fig. 3b), with a detected hourly (Palazzolo), respectively 341 and 342 K, support the hypoth-
maximum of 52 and 13 mm in only 5min. In the following, esis of a localized higi®e flux feeding the storms (Figs. 4
the hailstorm that hit Latisana (4578, 12.99 E) at about = and 5a, b). A sudden reinforcement of the Southern Storm
09:00 UTC will be analyzed in more detail. as shown by the radar (Fig. 4b and c, 08:40 and 09:00 UTC,

In the morning of 12 September 2012, two thunderstormsrespectively) suggests the convergence of the southeasterly

developed in the area, hereafter called the “Northern Storm’low-level wind with the downdraft produced by the Northern
(affecting the Rauscedo area at 46.84 12.83 E) and the  Storm (Fig. 4) as the mechanism for its reinforcement. This
“Southern Storm” (affecting the area west of Latisana). Theled to the formation of a storm with supercell features. High-
Northern Storm was active by 06:30 UTC (08:30 local time) resolution forecasts (WRF-ISAC and MOLOCH-ISAC) fur-
over the western part of FVG and moved southeastwardther support this hypothesis, showing a weak convergence
the Southern Storm started later (08:00 UTC) on the north-between the downdraft produced by the cells and the south-
ern Adriatic coast of Veneto and moved inland toward the easterly flow (not shown) at the time of the reinforcement of
northeast. The southeasterly low-level wind feeding mois-the Southern Storm. Theupercellfeatures are further con-
ture toward the orographic barrier of the Carnic Pre-Alpsfirmed by the radar image (Fig. 4c): the maximum reflectivity
is probably one of the factors leading to the developmentvalues (above 60 dBZ) are located at about 5 km a.m.s.|., with
of the Northern Storm (Kerkmann et al., 2012). The verti- a very low cloud base (about 500 m high) and a top above
cal maximum intensity (VMI) of the radar in Fossalon di 13 km. Moreover, aneso-cycloneignature in the Doppler
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W northeasterly barrier flow just inshore the FVG coast (Fig. 5a,
b). This convergence was responsible for the convective trig-
5 gering. A strong gradient e over the Adriatic was pro-

duced by the warm and moist air associated with the LLJ and
the dry SW airflow. The northern part of the LLJ reached

the coasts of FVG, producing a tongue of high values of
®¢ and CAPE (Fig. 5a, b). Although the mesoscale environ-
220 ment is correctly reproduced, the exact location and timing
of cells depended weakly on both the model and the initial
condition. Indeed, small differences had a strong impact on
the simulation of the convective cells that crossed the NEI
area during the entire day. Focusing on the morning event,

205 no model simulation was able to reproduce the evolution of
both storms correctly. For example, the 2.3km MOLOCH-
20 ISAC run (initialized through the GFS forecasts starting

Figure 8. As in Fig. 2, but at 12:00 UTC, 15 October 2012. Source: &t 00:00UTC, 12 September) reproduced the southern cell
http:/Awww.eumetrain.org fairly well (Fig. 7a) but missed the northern one, while the

WRF run (initial conditions at 12:00UTC, 11 September)
captured only the northern cell (Fig. 7b).

field (not shown) was detected. Finally, at 09:00 UTC strong N summary, the local observations associated with radar

hail was reported on the A14 highway near Latisana. At themeéasurements and model output allow for depiction of the

same time a “convergence line” developed in the northernocal dynamics and thermodynamics structure of this event.

Adriatic as most of the operational high-resolution modelsBoth the observed and modeled surface flow suggest warm

had predicted (not shown). Afterward, the “Southern” cell @d moist advection as one of the mechanisms feeding

moved eastward, dissipating nearby Trieste at 11:00 UTC. the storm. Moreover, observations confirm that the conver-
The Udine—-Campoformido (46.08I, 13.18 E) extra- 9ence of the southeasterly low-level wind with the down-

soundings at 06:00 and 18:00 UTC allowed for profiles avail-draft produced by the Northern Storm is the mechanism for

able every 6 h. During the morning, very high values of po- developing deep convection.

tential instability with a®¢ maximum above 330K between

500 and 1000 m in altitude (Fig. 6) were detected. A strong3.2 10P 13 -ClI

rotation of the low-level winds between the 06:00 UTC and

the 18:00 UTC was also found, confirming a suitable envi-|\op13 occurred on 15-16 October 2012 and was charac-
ronme.ntfor st_ro.ng con\_/ectiv_e activity. The 06:00 UTC Udine tgrized by an NAO index of approximately zero (0.13 and
sounding exhibited a lifted index of onkr0.7°C, but the o respectively, during 15 and 16 October). Similarly to
difference in temperature between the most unstable parc§bp2, weak westerlies allowed for the transition of heavy
(®e = 336K) lifted pseudo-adiabatically at 500 hPa and the 4in storms over the Mediterranean area. All of the three Ital-
environmental air (DT500) was as low a5.0°C. CAPE i3 target areas were involved. An overview of the event over

was almost 1680Jkg and the precipitable water (PWE) the C area is presented in the following sections.
was 34 mm. These values of potential instability indices were

very high for this time of year in FVG (mid-September).
Finally, the ATR42 flew over the northern Adriatic Sea,
detecting the low-level southerly flow by midday, that is af-
ter the supercell ended. LIDAR measurements (not shown) his IOP was selected as a typical situation of frontal precip-
documented a well-developed PBL (up to 2km) over theltation affecting central and northeastern Italy. The precipi-
Adriatic Sea characterized by high values of the water vapotating events were associated with a wide upper-level trough

3.2.1 Synoptic situation

mixing ratio. extending from northern Europe to Spain (Fig. 8) in the early
morning of 15 October 2012. A cold front moved eastward,
3.1.3 Peculiarities and model simulations advecting low-level moist air towards Corsica and Italy. The

main convective activity was located in the warm air ahead
Short-range forecasts reproduced fairly well the large-scalef the front, in the narrow cold frontal rainband and behind,
and mesoscale features responsible for the event. In fact, alinder the upper cold low. During the morning of that day a
the investigated high-resolution operational models capturesecondary V-shaped trough started to form over France and
the convergence among the low-level jet (LLJ) close to themoved eastward. A strong PV anomaly (the reddish area in
east coast of the northern Adriatic, the southwesterly flowFig. 8) associated with the deep trough and the warm tem-
across the Apennines (similar to alpine Foehn), and the eastperature advection at 700 hPa allowed the development of
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Figure 10. Reflectivity images at different times (17:00, 17:30 and
18:00 UTC) collected by Polar 55C radar in Rome during 15 Octo-
Ser 2012 (elevation 1%.

Figure 9. Daily accumulated rainfall recorded by rain gauges (green
dots on the map) on 15 October 2012; the inset shows the hourly a
cumulated precipitation for the station of Formello (north of Rome)
— courtesy of the DPC (DEWETRA system).

ones of the operational rain gauges available in downtown

: . Rome.
seyeral MCSs in the central and southern Tyrrhenian Sea In addition to the operational soundings available from
(Fig. 8). the Global Telecomunication System (GTS), dedicated ex-

In_the following hours th? upper level trough deepened, soundings were launched by the HyMeX Italian team as
moving eastward, and by 18:00 UTC of 15 Octoberacyclonelisted in Table 5. Two instrumented aircrafts (ATR42 and

had developed over the Gulf of Genoa (not shown). The assogp) \yere used to provide evidence of the moist southwest-
ciated frontal system moved rapidly toward the Italian penin- rly flow and the vertical cloud structure. The ATR42 flew on

sula, causing moist air ad\{ection over the Tyr'rhenian Seaan 5 October over the Tyrrhenian Sea; the earlier flight (take-
consequent deep (_:onvectlon on the Tyrrhenian coast, east %fff at 05:00 UTC from Montpellier to Bastia) crossed the
Rome. In_the evening a cut-off |OW developed over northern. |4 front; the later one (take-off at 08:00 UTC from Bas-
Italy, moving e_astward and crossing th_e northeastern part oﬁa to Sicily and back) crossed the southwesterly flow. The
the ltalian peninsula by the early morning of 16 October. o, fiight took place from Bastia to Montpellier at the end
of the morning. The flight was successful except for return-
3.2.2 Observations ing early (before reaching Palermo) because of the presence
of cumulonimbus clouds over Sicily.
During this IOP all the operational instruments and the ones The F20 flight was dedicated to documenting the cloud
purposely deployed over the CI site were operational, withproperties of the precipitation systems, exploiting the joint
the exception of the Monte Midia weather radar, which hadcoverage of X- and C-band radars in central Italy, and mea-
been out of order since 13 October. Figure 9 shows thesurements collected by the RASTA (Radar Aéroporté et
24 h accumulated precipitation on 15 October recorded bySol de Télédétection des propriétés nuageuses; Protat et al.,
the Italian rain gauge networks: a maximum of 60 mm/24 h2009) 94 GHz Doppler radar onboard the F20 aircraft. The
was reached. The inset in Fig. 9 shows the hourly precipsmain objectives of these joint observations were (i) to inter-
itation recorded by one of the rain gauges located northcompare the capabilities of dual polarized radars at C- and
of Rome (Formello, 12355.34'E, 420441.40"N). It X-bands having different specifications (i.e., different beam
clearly shows that most of the precipitation occurred in thewidths, peak powers, central wavelengths, scanning modes)
late afternoon (from 17:00 to 19:00 UTC), with a remark- and (ii) to compare the radar-derived microphysical retrievals
able maximum of rainfall rate of 35 mnTh at 18:00UTC,  with a ground-based network of disdrometers in terms of par-
whereas light precipitation was recorded during the nightticle size distributions and precipitation rates. Preliminary re-
and in the morning. The spatial distribution and the evolu-sults (Marzano et al., 2013) show that path attenuation cor-
tion of precipitation can be inferred from the radar reflec- rection and clutter removal are critical steps in radar data pro-
tivity pattern (Fig. 10). Most of the precipitation occurred cessing, especially at X-band, whereas good agreements have
on the western slope of the Apennines. Indeed, the NASAbeen found between radar products and disdrometer data for
Parsivel disdrometers purposely installed at L'Aquila (on thethe particle concentration and mean diameter estimation, es-
eastern slope) and Pescara (on the east coast of Cl) recordeécially for stratiform rainfall.
only 9.8 and 5.0 mm, respectively, on that day. Conversely, The Polar 55C CNR radar was available during this IOP
at “La Sapienza” University of Rome, the NASA 2-D video to provide, from the Rome site, both conventional volumes
disdrometer recorded a total amount of 25 mm. An hourly cu-scanning made of sweeps at different elevations and RHI
mulated rainfall of 20 mm was recorded between 17:40 andnode that scans with an increasing elevation angle at a fixed
18:40 LST, but 114 mm™t being the highest rain rate esti- azimuth direction, along both the directions of the HyMeX
mated in 1 min. Such measurements are consistent with thastrumented sites and along the F20 route. The reflectivity

www.hydrol-earth-syst-sci.net/18/1953/2014/ Hydrol. Earth Syst. Sci., 18, 195377, 2014



1966 R. Ferretti et al.: First HyMeX Special Observation Period over Italy

Linet Lightning Detection 2012/10/15 parent decrease in the height with distance from radar is an

: s ! effect of both attenuation and reduction of the minimum de-
tectable signal with distance). The presence of a convection
core at 4km (Fig. 12b) is confirmed by large, positive val-
ues of differential reflectivity co-located with high reflectiv-
ity values that are typically associated with heavy rain with
(or formed from) melting graupel or small hail (Meischner
et al., 1991). The trailing part of the convective systems ex-
hibits a quite thick and not well-defined bright band signature
(Fig. 12c, d).

The F20 flight started as soon as the most intense con-
vection began to decrease, supported by a correct forecast-
ing of the convective activity well before its occurrence. The
F20 aircraft took off at 18:20UTC from Montpellier, fol-
lowed a flight plan over Cl and reached the rainfall area
over the Italian peninsula at 19:00 UTC (Fig. 13). To acquire
as much valuable information as possible it performed two
loops around the Rome—Pescara transect (Fig. 13); no drop-
sondes were launched. During the flight along the northern
leg convective precipitation was observed close to ClI, behind
the cold front. Between 19:20 and 20:30 UTC the most inter-
esting legs were performed; during the Rome—Pescara route,
Figure 11.LINET lightning activity measured on 15 October 2012. the height of the flight was around 10 km, just above the top
The map shows the intra-cloud and cloud-to-ground strikes regisf the cloud, confirming the height observed by the Polar 55C
tered in 24 h. Different colors are associated with different hours. RHI scans. On the way back, both of the height and speed

(see the white track in the top panel of Fig. 13) of the aircraft
decreased, allowing in-cloud flights. The 94 GHz reflectivity
maps were collected by Polar 55C on 15 October at an elrecorded by the RASTA radar provides a clear signature of
evation angle of 1% This angle allows both to avoid the the melting layer. Figure 12 shows an RHI collected by Po-
influence on radar beam propagation of obstacles close ttar 55C during the F20 flight. Both sensors detected a strati-
the radar and at the same time to keep the radar beam atfarm structure of precipitation. Differential reflectivity shows
low height. For a correct interpretation of the radar maps,an increase around 6 km height and 10 km distance from the
it should be noted that a sector between the azimuth anglesadar, reaching positive values and indicating the formation
of 120 and 150 degrees is almost blocked by the Colli Al- of oblate ice particles.
bani hills. The reflectivity maps collected at 04:00, 07:00
and 10:00UTC (not shown) show weak precipitation char-3.2.3 Peculiarities and model simulations
acterized by sparse convective systems. At 04:00UTC con-
vective cells developed over the Tyrrhenian Sea, and movedror this event both deterministic and ensemble forecasts were
along the northeasterly direction. Later on this system wasanalyzed. This diversity of products eased the operational
replaced by a second one of smaller extent. The third systenforecaster's work. The fairly good agreement among the
characterized by more scattered cells, originated southwardhodels in forecasting moderate precipitation over the west-
with respect to the previous ones. No lightning activity was ern side of ClI supported the decision for the flight planned
detected at these time steps, either over the sea or arourah the afternoon of 15 October 2012. As will be pointed out
Rome (Fig. 11). In the afternoon, a well-organized squallin the following, the models reproduced quite well the rain
line, aligned NE-SW, developed and moved southeastwardpatterns from the Tyrrhenian coast to the western side of the
as shown by the radar (Fig. 10) and the lightning imagesApennines (Figs. 14, 15 and 17).
(Fig. 11). The most intense part of the system moved very The WRF-CETEMPS simulation initialized on 14 October
rapidly across Rome. The peak intensity of lightning activity 2012 at 12:00 UTC shows the onset of the low-level south-
in Rome occurred between 18:00 and 19:00 UTC, and wasvesterly jet after midnight. The flux strengthened during the
associated with the most intense precipitation. morning, reaching a maximum of wet and warm advection in

At 17:57 UTC Polar 55C operated in RHI mode along the the late afternoon. Th® map shows values over 330K in-
direction of 293 azimuth. Figure 12 shows reflectivity and truding into the middle Tyrrhenian coast (Fig. 14a); the con-
differential reflectivity (respectively a and b in Fig. 12), both vergence between the southwesterly and the westerly flows
corrected for rain attenuation effects, and reveals the verticahllowed for the triggering and development of a convec-
extent (up to 10 km) of the convective cells (note that the ap-tive line. The radar detected between 17:00 and 18:00 UTC

i
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Figure 12. Polar 55C radar in RHI mode on 15 October 2012 (az-
imuth 293) at 17:57 UTC(a) sections of reflectivity(b) differen-
tial reflectivity. Polar 55C pointing to a direction along the Falcon
20 route on 15 October 2012 at 20:25 UTE):.reflectivity; the solid
red circle indicates the aircraft positiofu) differential reflectivity.
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Figure 13. Falcon 20 flight on 15 October 2012 (18:00UTC to
21:00 UTC):(a) reflectivity; (b) flight track. Courtesy of Julien De-
lanoe (LATMOS/IPSL/UVSQ, France).

(Fig. 10) a convective squall line over the western side of
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Figure 14. (a) WRF equivalent potential temperatuf&) and low-
level jet at 925 hPa(b) WRF reflectivity at 850 hPa (dbz) and wind
at 925 hPa (WRF-CETEMPS initialized by ECMWF at 12:00 UTC,
14 October 2012).

the Cl target area. WRF-CETEMPS correctly reproduces the

timing and the multi-cellular character of this structure, asAs aresult, the 24 h precipitation forecast (Fig. 15b) provided
shown by the simulated radar reflectivity (Fig. 14b). The a good forecast for the northern squall line (Fig. 9), but differ-
comparison between the 24 h precipitation measured by thences in the forecast between MOLOCH-ISPRA and WRF-
rain gauges (Fig. 9) and the model (Fig. 15a) displayed veryCETEMPS were instead larger over other areas: the former
good agreement in terms of both maximum value (approxi-model seems to have provided a better forecast over north-
mately 60 mm/24 h) and location (the northeastern side of theern Campania (41°3N, 13-12 E, Fig. 15b), while the latter

Lazio region). Similarly, MOLOCH-ISPRA (using the same

model performed better over southern Tuscany (43MNj4

initialization as WRF-CETEMPS) reproduced the growth of 10.5-12 E, Fig. 15a).

the Tyrrhenian low-level jet during the morning and the de-

A correct space—time forecast of multiple squall lines that

velopment of the two squall lines during the afternoon, butgrow into the warm sector of a Mediterranean cyclone dur-
displayed some differences in the details of the rainfall fields.ing its passage on the Tyrrhenian Sea may crucially depend

www.hydrol-earth-syst-sci.net/18/1953/2014/
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25 MOLOCH
Tue, Oct 16 2012 00 UTC T=+36h

CETEMPS—Univ. of L'Aquila RF—ARW 3Km (Init WRF—ARW 12Kn ISPRA - 0.02:
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Figure 15. Daily precipitation (mm/24h) valid at 00:00UTC
on 16 October 2012 simulated kfg) WRF-CETEMPS andb)
MOLOCH-ISPRA, both initialized by ECMWEF at 12:00 UTC, 14
October.

Figure 17. COSMO-LEPS (emission time: 00:00 UTC of 13 Oc-
tober 2012, fcst +48—72 h) probability maps of 24 h precipitation
exceedinga) 10 mm and(b) 50 mm. COSMO-H2-EPS (emission
time: 12:00UTC of 14 October 2012, fcst +12—-36 h) probability
maps of 24 h precipitation exceedif@) 10 mm andd) 50 mm.

7 H’E ) ' m - - . . . . . e
e fected by moderate-to-intense precipitation with probability
Figure 16. 500hPa GPH (blue contour lines), 300hPa wind peaks of 70 % at the higher threshold. At shorter time ranges,

(>10ms2) and 1.5PVU isosurface (color shaded area) for the the high-resolution information conveyed by COSMO-H2-
forecast initialized at 12:00 UTC of 14 October 2012 and valid at EPS is shown in Fig. 17c and d. The 24 h predicted precip-
18:00 UTC of 15 October 2012 fdg): 0.1° BOLAM-ISPRA and itation by the 10 ensemble members clearly showed a bet-
(b) 0.07 BOLAM-ISPRA. ter localized area possibly affected by heavy rain: some en-
semble members predicted the occurrence of precipitation
greater than 50 mm in the region 41°4P 13-12E. The
on the ability of the NWP model to reproduce the fine struc- Probability maps for 24 h precipitation greater than 10 and
ture of the cyclone. This clearly appears when comparing®0 MM (Fig. 17c and d, respectively) indicated that the area
the synoptic forecasts provided by the 0.07 BOLAM-ISPRA Most likely affected by the weather events was located more
(which drives the MOLOCH-ISPRA) with the correspond- inland rather than near the cost, confirming the information
ing ones provided by the G:IBOLAM-ISPRA (belonging ~ Provided by the deterministic systems (Fig. 15).
to the low-resolution ISPRA forecasting chain). In particu- ~Further investigation using data from IOP13 is necessary
lar, at 18:00 UTC on 15 October, the 0°(BOLAM (Fig. 16 to evaluate why two deterministic model chains sharing the
right panel) shows a more accurate forecast (in shape and iR@me ECMWF initialization provided an overall good fore-
position) of the PV anomaly, evidenced by the reddish re-cast but with some differences. It is worthwhile investigating
gion in the SEVIRI AirMass RGB image (Fig. 8), than the Whether these differences are a consequence either of the dif-
0.1° BOLAM (Fig. 16, left panel). The correct forecast of ferent models used (MOLOCH vs. WRF), the differences in
the PV anomaly contributed to the increased skill of the rain-the parent model design (0-DBOLAM vs. 12km WREF), or

fall forecast. Indeed, the double convergence line over théd combination of both; this will be the aim of a future study.
Tyrrhenian Sea is found only for the 00BOLAM forecast F'mally, it is worth pointing out that the availability of both
(not shown). in situ and alrbpr.ne'measurements allowed for characteriza-
As for the probabilistic prediction of this event, COSMO- tion of the precipitation:
LEPS provided an early indication of the possible occurrence
of an HPE over the ClI area. At the 72 h forecast range, the
possibility of a heavy precipitation scenario was shown by
some ensemble members (e.g., members 3, 7 and 8), with a
good prediction in terms of the amount and, to a lesser ex- — radar and disdrometer showed good agreement in parti-
tent, location. This was confirmed by the probability maps cle concentration and mean diameter estimation, espe-
of precipitation exceeding 10 and 50 mm in 24 h (Fig. 17a, cially for stratiform rain.
b respectively), which indicated Cl as an area possibly af-

— both in situ and airborne radar measurements (Polar 55C
and RASTA) support the hypothesis of stratiform pre-
cipitation and oblate ice particles.
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Figure 18. (a)As in Fig. 2 but at 12:00 UTC, 3 November 2012.
Source: http://www.eumetrain.org (b) Wind speed at 300 hPa:
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lent potential temperature and low-level jet at 850 hPa, geopotential /J
height at 500 hPa from WRF-ARW LaMMA. {
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— model simulations show the role of the convergence line
developed in the Tyrrhenian Sea in triggering the line of Figure 19. Observed 24h accumulated precipitation ending at
deep convection as recorded by the radar. 06:00 UTC on(a) 3 November 2012b) 4 November 2012 (source:

sop.hymex.org
3.3 I0P19-LT

I0P19 was dedicated to HPE over LT-NEI on 3-5 November,4 N ber 2012 ; | developed the Gulf
which induced local flash-flooding. The event was character- ovember » asurtace cyclone developed over Ine Su

; : . . ; f Lion, enhancing a strong southerly flow over the Tyrrhe-
ized by a well-defined negative NAO index2.7 during the ol S :
first day and-3.3 during the second one, remaining negativen'an and Ligurian seas. By 21:00 UTC, WRF-ARW LaMMA

or zero until the end of the year. The large negative value hows the entrance of a southwesterly low-level jet associ-

of NAO definitely weakened the westerlies and allowed for a?ted W't?. a st:ﬁng mgrtla:se (t?e (E'g' .18C)' tThe PBL t?]al' i
strong baroclinic wave to form, extending from Great Britain oon confirms the modetlow by showing a strong southwest-

: ; ; ly wind at 20ms? at approximately 925 hPa (Fig. 22c
to northern Africa. This produced a southwesterly flow in the er ; ) '
western Mediterranean region during the whole IOP19. d) when approaching the Gulf of Genoa by 20:00 UTC on 4

November.

3.3.1 Synoptic situation The synoptic situation remained unchanged until the
morning of 5 November, because of the blocking associated

During 3 November 2012, an upper-level low extending overwith a high-pressure area over Russia. Then, the weakening

the North Atlantic Ocean began to move southward, turn-of the ridge allowed the cold frontal system to move eastward

ing its axis counterclockwise approaching western Europeacross Italy.

A strong polar upper-level jet (more than 70 s associ-

ated with the trough began to flow over the western Mediter-3.3.2 Observations

ranean, connecting to the subtropical one (Fig. 18a, b). The

Mediterranean Sea was affected by strong southwesterlypuring IOP19 heavy precipitation occurred over both LT and

flows at the middle and low levels (20 msat 700 hPa and  NEI. On 3 November maxima of precipitation were recorded

15ms! at 850 hPa), and a warm conveyor belt ahead of themostly on the Ligurian side of the target area. At Noveg-

cold front advected very warm subtropical air (values9gf  igola station (44.22N, 9.89 E, and 382 ma.m.s.l) precipi-

at 850 hPa of more than 323 K, not shown). On the evening otation reached 85 mm/24 h, with an hourly precipitation of
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Figure 20. Falcon 20 flight on 4 November 2012 (21:00 UTC to
23:50 UTC):(a) reflectivity; (b) flight track. Courtesy of Julien De-
lanoe (LATMOS/IPSL/UVSQ, France).

15mmh ! between 16:00 and 17:00 UTC (Fig. 19a). Dur-
ing the following day, the southwesterly flow moved south- 5
ward, shifting the maxima of precipitation towards Tuscany, , 5 ~ S \d SC
especially over the Apuan Alps and the northern Apennines ., - L/5 N /% NS N AN
range. During this day, the Campagrina station (44N5 AR 3
10.26 E, and 832ma.m.s.l) recorded 226 mm/24 h, with  =#esses .

a maximum_hourly preC|p|tat|on of 33mnrh, betvyeen Figure 21. Vertical profile from the two dropsondes deployed by
23:00 and 00:00UTC (Fig. 19b). Most of the rain was y,e Faicon flight over the Gulf of Genoa () DS1 (44.055 N,
recorded between 18:00 UTC on 3 November and 04:00 UTGg ggo E) at 21:40UTC, andb) DS2 (44.052N, 9.388 E) at
on 5 November, reaching 317 mm/3days at Campagrinaz1:45 UTC. Courtesy of Julien Delanoe (LATMOS/IPSL/UVSQ,
The maximum hourly precipitation was 39 mmtbetween  France).

02:00 and 03:00UTC on 5 November at Lago Scaffaiolo

(44.12 N, 10.8T E, and 1811 ma.m.s.l), just after the en-

trance of a strong low-level jet advecting warm air toward

this area. The precipitation was mainly orographic, with an Also, two dropsondes were deployed in the Gulf of Genoa
average hourly rate of approximately 6—10 mm and peaks o tDS1 (44.055N, 8.689 E) and DS2 (44.05N, 9.388 E)
30_49 mm. No deep convection was observed, as the lack o t 21:40UTC an,d 21:45UTC, respectively, d’ocumenting a
lightning sugggsts. . nearly saturated profile up to 700 hPa. DS1 showed a sharp
In the following hours the system moved inland, produc- e e| inversion, below 900 hPa (Fig. 21a). This is pro-

:cn_g Ip remﬁ ltation over t_he northern Apgn(rjl.lnlezs‘lat La/tgz hscazduced by a northerly low-level flow locally advecting cooler
aiolo, where two maxima were recorded: mm andyir from the Po Valley, as the lowest level wind observation

1 ) .
39 mm T between 02:00 and 03:00 UTC, 5 November 2012 suggests (Fig. 21a, DS1). On the contrary, intense southern

(not shown). . (southwesterly aloft) wind was recorded at DS2. This wind

[])(turir'l\g_]rgglg 3d|:d2iti0?lal opsehrvations were madfe:hth(;zl alr'pattern, northerly out-flow (density current) on the western
crafts an 0) flew in the upstream part of the flow, side of the Ligurian coast and southerly advection in the east-

deploying dropsondes, and two planetary boundarylayerbalém part, is often observed in this area, in correspondence

loons from the Balearic Islands flew towards the Gulf of | .. heavy precipitation events. Among the mesoscale mod-
Genoa (Table 5). . els, the WRF-ARW LaMMA clearly showed cold air and
The F20 took off from Montpellier to. fly over the easterly low-level wind in the Po Valley producing an outflow
LT area from 21:90 uTc, 4_ I_\Iove_mber (flight number 3, 1o eastern side of the Liguria region (not shown). Several
Fig. 20b), measuring reflectivity with the RASTA Doppler 46| hased case studies of past events occurring in this area

radar (Fig. 20a) along the flight track. High reflectivity val- IOP8 during MAP 1922 October 1999, Cinque Terre and
ues were recorded between 22:00 and 23:15UTC, when thg, .\ )~ Floods. 25 October and 4 Nove'mber 2011, respec-

F20 flew over the Gulf of Genoa and the Apennines range'*[ively) produced this local wind structure (Rotunno and Fer-

high values were detected over the whole atmospheric COI'retti, 2003; Buzzietal., 2012; Ferretti et al., 2012), which had

umn uhp t08-10 l_<m, V;éi.th r;gxima at ap_proxrimﬁtely ikm anfd never been confirmed until now because of the lack of obser-
over the mountains (Fig. 20a) supporting the hypothesis o Yations. Finally, wind velocity at DS1 increased with height

lack of deep convection. with a maximum of 30 ms! over 500 hPa, whereas at DS2
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—— BLPB 25

R i o Figure 23.WRF-ARW by LaMMA: 24 h accumulated precipitation
for 4 November 2012a) +24 h forecast(b) +48 h forecast.

Boundary Lay, Press. Balloon. Flight Nb. 25

Valid date of plot: 2012/11/04 a1 22:00 UTG
Siari date: 2012/11/04 1058 / Launch dato: 201211104 10.58
End of flight: 2012/11/04 20:40 / Swilch-Off; 2012/11/04 20:40

LaMMA during 4 November (Fig. 18c) suggest. The topog-
raphy also plays a critical role either in lifting humid air
above the Apennines (reaching 1800 m in less than 20-30 km
from the coast) or in forcing the low-level wind direction,
possibly developing a local area of convergence. The correct
forecast of the low-level convergence is crucial, because it
determines the location where the maxima of precipitation
occur, leading to flash floods. The local low-level flow con-
vergence may also occur because of low-level cold air in the
Po Valley, producing a very stable stratified boundary layer
(ground thermal inversion), which produces an intense local
) ) ~drainage flow or gap flow from the valley, restraining the in-
F;gureufzb(i)PBlt_ balllfon (7122) tra:lr\i Meazurezn:)ir;t t;n;g ;grbeTs flow on the eastern edge of the Liguria region or the north-
along the palloon track launchead on ovember al . . . .
from the Balearic Islands ending at 20:40 UTC in the Genoa GquSNeSterr_] edge of Tuscany and resulting in nearly opposite-
producing local convergence.

(b) temperature (red line) and relative humidity (blue lin€)) ) e
pressure (dark blue) and altitude (purple lin@) wind intensity The previous characteristics are generally well reproduced

(black line) and direction (pink line). Courtesy of Alex Doeren- if high-resolution models are used; e.g., the increase in the
becher (CNRM-France). horizontal (and consequently also the vertical) resolution al-
lows for a better representation of the topography, however
the reduction in grid spacing below a value of approximately
(Fig. 21b) the wind velocity reached a maximum (25mh)s 6 km requires the non-hydrostatic assumption. Both these al-
at 700-800 hPa. low for a better reproduction of convective cells as they are
Two PBL balloons were launched from Minorca on 4 explicitly resolved.
November at 11:00UTC and at 14:30UTC, respectively. The observed precipitation showed two distinct maxima
Both reached the Gulf of Genoa (Fig. 22), measuring tem-(Fig. 19) over the two parallel mountain ridges (being the
perature, relative humidity, wind and pressure. Along the bal-Apuan Alps on the west and close to shore, and the Apen-
loon track a temperature drop starting at 16:00 UTC associfines ridge on the east). Maxima values of precipitation
ated with a wind intensity increase and a local depressiorfeached approximately 220 mm over the Apuan and 130 mm
was clearly recorded (Fig. 22a, b, ¢). At this time the balloonover the Apennines. Most of the models correctly simulated
was out of the Gulf of Genoa and precipitation had alreadythe precipitation structure with the two maxima over the two

daterhours

started, as the observations suggest. mountain ridges, but most of them produced more precipi-
tation over the Apennines than on the Apuan: WRF-ARW
3.3.3 Peculiarities and model simulations LaMMA overestimated the precipitation over the Apennines

producing 150-200 mm and slightly underestimated the rain
I0P19 was characterized by heavy precipitation occurring oron the Apuan producing 100-150 mm (Fig. 23a). This result
the northwestern edge of Tuscany. This represents a typicaimplies that WRF-ARW overestimated the orographic forc-
event in this area, generally well forecast days in advance byng associated with the highest mountain ridge (the Apen-
operational models that are able to describe the main oronines) which produces an underestimation of the Apuan max-
graphic forcing properly. ima of precipitation.

The heavy precipitation occurring in this area is mostly Besides different physics, characteristics, and employed
produced by southwesterly warm and moist air advectioninitial/boundary conditions (ECMWF or GFS; see Sect. 2.2
producing an unstable environment, as the increasing valfor model configuration details), most of the Italian oper-
ues of CAPE and the low-level wind forecast by WRF-ARW ational models produced similar positions and amounts of
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Tolal Precipitation Accumulated in 24h ima of the precipitation, a subject that needs further modeling
Init: 201211/03 03:00 UTC . . .
Valid: 2012/11/05 00:00 UTC Forecast +a5h investigation.

It is worth pointing out that the availability of in situ mea-
surements as well as the ones taken during the flight allowed
for the detailed analysis of the precipitation structure. The
combined use of model and measurements indicated that this
event was characterized by

LM EEAs

— orographic precipitation with no deep cells, as the
RASTA and the lack of lightning suggest,

— rainfall that was fed by advection of warm and moist air,
as detected by dropsondes at 925 hPa and by the PBL
balloon,

— aconvergence of inflow and outflow, respectively, in the
western and eastern parts of the Liguria region, as de-
tected by the dropsondes at the lower levels.

3.4 Operational chains during IOP19

With the aim of investigating the usefulness of the opera-
tional chains during the campaign further and understand-
ing the previously analyzed feature of IOP19 better, a gross
inter-comparison between all the Italian operational mod-

Tatal Precipitalion in previcus 24 hour [mm/2en]

Volkk: Uan OSHOVET12 00 Te(Sol Sa+ioh)  ARPAL els is carried out for this IOP only. Because of the differ-

ent configurations (domain, resolution, initialization, etc.) of
the operational forecasts, a rigorous inter-comparison be-
- tween the models cannot be performed. However, the fol-
o lowing exercise will allow the inference of a sort of spread
of the precipitation forecasts. The 24h accumulated pre-
e cipitation ending at 00:00UTC of 5 November is shown
for all the available models (Figs. 24, 25, 26). Figure 24
g shows the 24 h accumulated precipitation for the operational
chains using MOLOCH. All of them caught the two ob-
_ served maxima (Fig. 19) and the pattern of the precipita-
" = " tion distribution. The values of the two maxima differ among
the MOLOCHSs, varying from approximately 250 mm/24 h

Figure 24.24 h accumulated precipitation at 00:00 UTC, 5 Novem- .
ber 2012, forecast by different operational chains using MOLOCH:dOWn t0 100 mm/24h, but as for the previously analyzed re-

(2) CNR-ISAC at 2.3 km starting at 03:00 UTC on 3 Novemigp); ~ Sults of WRF-ARW LaMMA, the maximum is produced in -
ISPRA at 2.5 km starting at 12:00 UTC on 3 Novemifef ARPAL the Apennines, suggesting again too strong an orographic

at 2.3 km, starting at 00:00 UTC on 3 November 2012. forcing. As far as the operational chains using WRF-ARW
(Fig. 25) are concerned, the precipitation pattern was again

well reproduced in terms of both intensity and distribu-

the precipitation maxima, as will be discussed in the nexttion. Finally, regarding the ensemble forecast from COSMO
section. Moreover, thet-24h and the+48h WRF-ARW  (Fig. 26), the position where intense precipitation is expected
LaMMA forecasts (Fig. 23a, b) showed very similar patterns, agrees with the observations, thus reinforcing the determin-

suggesting very high forecast reliability. istic model results. As for the other low-resolution models,
Apart from an incorrect distribution of the maxima, the the maxima are underestimated (not shown). The previous
weather forecast during IOP19 enables us to assess tha¢sults suggest a good ability of WRF-ARW to reproduce
heavy orographic precipitation in this area is quite well fore- the observed rainfall, for this case. Because of the similar
cast by numerical models. As far as precipitation distributionconfiguration used for the three WRF chains, this result may
and amounts are concerned, differences between models am@ related to both microphysics and PBL parameterizations,
configurations exist, even though a direct comparison mightwhich are both different from those of the other models. One
also be influenced by initial conditions. The most interestingcan also speculate about the different vertical level distribu-
object of study for this IOP is the exact location of the max- tion in the PBL as one of the reasons for the different rainfall
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Figure 25.24 h accumulated precipitation forecast by different op-
erational chains using WRF-ARWa) CNR-ISAC at 3km start-
ing at 00:00UTC, 3 November(b) CETEMPS at 3km start-
ing at 00:00UTC, 3 Novembelr) LAMMA at 3km starting at
00:00 UTC, 3 November.
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Figure 26. COSMO-H2-EPS ensemble forecasfa) precipita-
tion probability above 10 mm(b) precipitation probability above
50 mm.

forecasts between WRF-ARW and MOLOCH, but further in-
vestigations are required to assess these points. However, this
is not a general result because the best-performing model
is not always the same for the IOPs analyzed in this paper.
This result stresses the importance of using high-resolution
multi-model multi-analysis forecasting systems in order to
compensate for the limitations of predictability due to model
error.

The previous results are obtained using different models
and different configurations (a sort of multi-model multi-
analysis ensemble), suggesting that the precipitation fore-
cast for IOP19 was highly predictable both for the amount
and location. However, different results from similar chains
indicate that model settings may maintain remarkable vari-
ability in the precipitation forecasts. In any case, this gross
inter-comparison indicates the usefulness of using different
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model chains for weather forecasting. A deeper analysis obources of this event. Similarly, the radar data and/or the ex-
the model results should be performed to understand modeta radio soundings may be assimilated to improve the initial
behaviors, but it is beyond the aim of this paper and left toconditions. These may be the topics of a future work aimed
future work. at improving the weather forecasts.
IOP13 occurred on 15-16 October 2012, producing a con-
vective SW-NE oriented line crossing the city of Rome. The
4 Summary and perspective event was characterized by a deep upper-level trough and cy-
clogenesis over the Gulf of Genoa. The entrance of a south-
In this paper an overview of the IOPs that occurred inwesterly low-level jet advecting warm and humid air and the
Italy during the SOP1 HyMeX campaign (5 September—6convergence with the westerly flow triggered the convective
November 2012) is presented. During the campaign thredine. Moderate precipitation was recorded at several stations,
hydro-meteorological sites were identified in Italy: Liguria— with an increase in the rain rate (35 mmi) at the passage
Tuscany (LT), northeastern Italy (NEI) and central Italy of the convective line. Both operational and research radars
(Cl). Operational instruments ran at all the Italian hydro- documented the event well. Moreover, Polar 55C radar op-
meteorological sites, and over Cl research instruments wererated at fixed azimuth and a variable elevation angle along
also activated during selected IOPs. All events were charthe F20 flight, operating together with the RASTA radar on-
acterized by a trough (smooth or deep) entering the Mediterboard F20. Also in this case, the models forecast both the
ranean region from the northwest and deepening while crosssonvergence line and the accumulated precipitation well.
ing the Mediterranean Sea. All of them produced localized The nonconventional data recorded by the radars and the
heavy precipitation and often were properly forecast by thedisdrometer during this IOP may be used for improving the
available operational models. Three of them were used to tesweather forecasts in different ways: tuning of the hydrome-
the reliability not only of the weather forecast but of the en- teor microphysics parameterization (as the size distribution
tire meteo—hydro and hydro—-meteo—marine chains. The hyparameters); and assimilating radar reflectivity and radial ve-
drological response in terms of floods was investigated durdocity from the radar.
ing 10P4: the operational hydro—meteo (CHyM) chain al- 10P19 occurred on 4-5 November 2012, producing heavy
lowed for forecasting of the risk of flood a few days in ad- precipitation between Liguria and Tuscany. The event was
vance. Eventually, the flood occurred in the urban area ofcharacterized by orographic precipitation reaching a maxi-
Pescara, causing extensive damages. Similarlyattgpia  mum of 220 mm/24 h over the Apuan Alps and 130 mm/24 h
alta (high water) events that occurred over the Venice Lagoonover the Apennines. Also in this case, a strong southwest-
were forecast by the hydro—meteo—marine chains (SIMMerly low-level jet advecting humid air and destabilizing the
and KASSANDRA) for IOP16 and IOP18. Moreover, three lower atmosphere was the most important feature. The model
events are investigated using both measurements and modedproduced the thermodynamics of the event and the accu-
output. They are chosen because of the diversity and densitsnulated precipitation well. The comparison between all the
of measurements and because each of them affected one a¥ailable models highlights problems in the correct reproduc-
the three Italian hydro-meteorological sites: IOP2 occurredtion of orographic precipitation being strongly driven by the
over NEI, IOP13 over Cl and IOP19 over LT. highest peak. Moreover, the spread in the location of the pre-
IOP2 occurred on 12 September 2012, producing severatipitation produced by the models was very small as well for
thunderstorms and a supercell. The storms produced heawne amount of precipitation, allowing for a strongly reliable
precipitation exceeding 50 mnth and hail. The triggering  forecast.
and the intensification of the cell, turning into a supercell, Also for this event, the data from the Falcon may be used
seem to be related to the southerly low-level flow advectingeither for understanding the local dynamics, as for exam-
moist air from the Adriatic Sea. The main characteristics ofple was done in this study by analyzing the dropsondes, or
the cells were detected by operational radars, whereas thi®r improving the forecast by assimilating these data into
ATRA42 flight detected the southerly flow advecting moist air the initial conditions. Moreover, the data from the PBL bal-
at low levels. High-resolution models caught the main fea-loon could be assimilated to improve the initial conditions
tures of the storms, but failed to produce the very exact evoand thereby improve the forecast. An improved ability to re-
lution of all the convective systems. Measurements and windoroduce the convergence (and therefore the precipitation) is
forecasts suggest the convergence of the southerly flow, witkexpected. As for the previous event, radar data may also be
the downdraft of one of the cells as the main mechanism reassimilated.
sponsible for supercell development. It is noteworthy that the instrumentation deployed during
The analysis of this event suggests a few difficulties in HyMeX SOP1 provides a wealth of unprecedented informa-
correctly forecasting the two storms by both models, WRF-tion for studying atmospheric processes, weather patterns,
ARW and MOLOCH. The data recorded by the ATR42 may and NWP model parameterization over Italy. For example,
help in investigating the weather forecast models’ ability to the local wind structure often leading to a heavy precipitation
reproduce the sea surface fluxes, which is one of the energgvent (HPE) in LT, as predicted by NWP, has been confirmed
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by the dropsondes released from the aircraft during IOP19the HyMeX SOP1 field campaign, and Arthur Hou (deceased),
Similarly, the simultaneous radar observations from groundformer GPM project scientist, for his vision throughout the GPM
and aircraft provide information on the droplet microphysics core-satellite pre-launch activities. The authors wish to thank
and precipitation during IOP13. On the other hand, the avail-Marios Anagnostrou and John Kalogiros (NOA) for deploying
ability of different operational weather forecasting chains al- instrumentation in Italy. We are also grateful to Dr. Stefano Dietrich

S . e s and Dr. Marco Petracca (CNR ISAC, Rome branch) for creating
lsop\),;{[idoff?rr]etr:j?ﬁgIr?arr]mltlgcr(])té?i%uor;;‘;r:l]gagmrg?:yetal ddlﬁICU|tleS n and providing the LINET data images. Thanks to CESI-SIRF for

. . the lightning data over FVG. Thanks to A. Cicogna (OSMER —
Hence, this valuable data set, together with the observaappa FVG) for his graphic support.

tions collected over Europe from the other HyMeX partners
during the entire SOP1, provides an inestimable source okgited by: H. Cloke
knowledge for

— statistically evaluating the strengths and deficiencies ofReferences

the deployed forecasting chains,

. . L . . AdriaRadNet REPORT ACTION 3.1: Guidelines for hydro-
— improving models’ initial conditions by performing data  meteorological decision support system, available at:

assimilation, http://cetemps.aquila.infn.it/images/documenti/Adriaradnet/
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— investigating the dynamics and thermodynamics of theB

All these points suggest that a lot of work is still necessary to

ach!eve a good forecast. . .. Benzi, R., Fantini, M., Mantovani, R., and Speranza, A.: Orographic
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