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g; This study focuses on the initiation of deep convection during a heavy precipitation
. episode which occurred during the first Special Observation Period (SOP 1) of the
gg Hydrological cycle in the Mediterranean Experiment (HyMeX). In the course of 14 and
g; 15 October 2012 (Intensive Observation Period 13), intense convective events affected
a9 southern France, Corsica, and several regions of Italy. Numerical simulations are
:E performed with two state-of-the-art numerical weather prediction models (i. e. COSMO
E and MOLOCH) driven by the same initial and boundary data and operated on an
:'; identical domain. With this set-up, the sensitivity of the model results to horizontal grid
46 spacing and terrain elevation is assessed. Furthermore, model outputs are compared to
:; observations from rain gauges, radars, and radiosondes, especially-available-for made
;g during the campaign. Although the higher-resolution runs show a higher correlation
g; to observed precipitation, the influence of model grid spacing on total precipitation
gi amount or timing is rather weak. Furthermere—wetind-that-the-total rain-amount-does
55 not-inerease-with-medelresolution: Since the overall performance of both mesoscale
g? models is fairly good, they are used together to investigate the physical processes
gg characterising 10OP 13. In particular, the differences in the location and timing of
60 convection between the simulations are used to identify and explore the processes that

need to be well represented in order to reproduce adequately the mechanisms initiating
heavy precipitation in the Mediterranean region.
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1. Introduoction

Most of the Medilerranean coantries are repularly affected by
heavy precipitation evenis and devastating flash foods during the
late summer and autumn, Precipitation amounts of more than
100 mm in less than & hours are not uncommon in thess regions
(Romero et al 20007 Ricarderal. 2012; Reboraeral 20030
This high-impact weather is often associaled with midlatimde
cyclones and embedded deep comection or quasi-stationary
mesoscale comvective systems with a continuous cell repewal
at the same location (e.g, Becheral 2011 Ducrocq er al
2008; Buzziesal 2014), Despite the toll that these events
take on life and property, quantitative precipitation forecasting
(QPF) still remains a challenge for stae-of-the-art numerical
weather prediction (WWP) models. Although the synoptic
scale setiing (Rotunno and Houze 2007; Muissierer al 2008)
and the phenomena respomsible for triggering comvection are
broadly known (Jorgensen and Weckwerth 2003; Bennett e al
2006), the forzcasting skill for heavy comective showers s
still low. A large part of the inaccoracy results from the
difficulties to-initial in initiating comvection at the right place
and time (e.g. Barthlotteral 2011) Besides uncertain initial
and boundary conditions, inaccuracies of numerical methods
andfor the incomplete description of physical processes influence
the performance of NWP modzls. In paricular, the poor
representation of boundary-layer processes over complex t2rrain
is supposed to play a major role for QPF deficiencies (. g
Barthiott ¢t al 2011; Burton ef @l 2013; Hanley er al. 2014).
Improving the understanding and forecasting of the processes
kading to beavy rainfall and Aoods was the main objective
of the first field campaign - Special Observation Period -
SOP | (Ducrocq ef @l 2014) of the intemational esearch project
HyMeX (Drobinski er al 2014). While the peneral objective of
HyMeX is to advance the scientific knowledpe of water cycle
variability in the Mediterranean area, thos studying phenomena
distributed on a wide range of spatial'temporal scales (from
the single event to the decadal variability), the SOP | focused
on the specific topic of heavy precipitation. During the two
months of monitoring and modelling activities of 30P | in
antumn 2012, several Intensive Observation Periods (IOPs) were
& 2015 Royal Metecrological Socety
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conduocted in relation to severe we ather events affecting the hydro-
meteorological sites in the westem Mediterranean tarpet area,
in Spain, France. and Ttaly, Dwuring IOPs, monitoring activities
were intensified and instrumentation especially deploved for the
campaign was activaied, such as instrumented aircrafi, boundary -
layer pressurised balloons, radars and lidars, radiosoundings (both
al comventional WMO launch sites and at ad hoc locations).
This allowed to collect the collection of a huge amount of
obsarvations and to document with unprecedented accuracy a
number of precipitating sysems over the Medilmanean basin
along the whole life cycle. from miggering to the matur
phase to dissipation. Several recent studies already wsed the
available observational and modelling databass, demonstrating its
usefulness for obtaining a better understanding of heavy rainfall
in the Mediterranean (Barthlott er af. 2014; Ferretdi eral. 2014

Manzaro er al 2015),

Along this line In a similar manner, the presant study is devoted
to the investigation of the severe weather event which occurmed
during I0OP 13 (14-15 October 2012) and was characterised
by intense precipitation progressively affecting southern France,
Corsica and Italy from west to east. As described in more detail
in Section 3, a cold trough extending over the Mediterranean
basin and a frontal system travelling eastwards. together with
the outhreak of Mistral, establishad favourable conditions for the
development of comective systems. This event is parficularly
interesting, because several precipitating (mainly comvective)
systems developed and organised in different aress. Hence, one
objective of this study is to identify and describe the mechanisms
leading to convection initiation and to assess whether the forcing
is on the large scale or on the mesoscale (or a combination
of both). In this mespect, it also seems fo be parficularly
interesting to analyse the role of mountainous islands: being
located upstream of the main precipitation region over Italy.
Corsicaand Sardinia may modify the westerly/sonthwesterly fow,
which provides moisture in the lower layers, but may also directly
trigger convection (Barthlott and Kirshbaum 2013). To reach this
objective, two state-of-the-art NWP models driven by the same
imifial and boundary global data are employed implementing
two horizontal grid-spacing confipurations each. Instead of
performing 2 solely guantitative model intercomparison, the
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two models COSMO and MOLOCH (described in Section 2)
are employed in a sypergistic way in order to addmess some
echnical and physical aspects relaled to the simulation and
imvestization of IOP 13. Morzover, model results are exploited
together with the available observations to gain insights into the
relevant processes responsible for the heavy rainfall event, which
nead o be accurately simulaed and to detect possible model
deficiencies. In particular. the role of the orography is analysed
extensively. The analysis does not focus solely on rainfall, but
also on other relevant metzoralogical fields as well as on vertical
thermodynamic profiles.

2, Numerical models
21  The COSMO model

The COnsortinm for Small-scalke MOdeling (COSMO) model is a
non-hydrostatic =rional weather forecast model (Schittler er al
2013} used for operational weather forecasting by the Deutscher
Wenterdienst (0W D, Garman Weather Sarvice) and several other
Earopean weather services. It employs an Arakawa C-grid
for horizontal differencing on a rotated latimde/longitude grid.
To minimise problems resulting from the comvergence of the
meridians, the pole of the grid is rotated such that the equator
runs through the centre of the model domain. In the verrical,
a terrain-following, hybrid height coordinale with S0 lewels is
aszd, The lowest level is at a height of 10 m, and 12 of them
are in the lowest 1000 m. The vertical distance increases to
about | km near the upper boundary (21.5 km). We used a two-
time level Runge-Kutta method (Wicker and Skamarock 2002) for
time integration. A multi-layer soil vegetation model (TERRA-
ML, Doms er al 201 1) including soil moistare is implemented.
The microphysics scheme includes riming processes (graupel
formation) and predicts cloud water, rain water, cloud ice, snow,
and graupel, Baldauf er al. (2011 stated that 2 more sophisticated
two-moment scheme shows only minor differences in most cases,
To investigate arid spacing effects on the forecast of convective
precipitation, numerical nms were performed with grid spacings
of 2.8 km (522432 grid points) and | km (14463 1199 grid
points). This enables the parameterisation of deep convection to be
switched off. However, shallow comvection is still parameterised

i 2015 Royal Metecralogical Society
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Tahlz 1. Model names.

mode]l Ax(km) name
COSMOD 28 2
COSMO 1 Cl
MOLOCH 2.3 M2
MOLOCH LS Ml

using a modified Tiedtke scheme (Tiedrke 1939). We used model

version 5.0,

22 MOLOCH

MOLOCH is a non-hydrostatic, fully compressible, convection-
permitting mode] (Buzzi er al 2014) developed by the Institue
of Atmospheric Sciences and Climate (CNR ISAC), It emplovs
a hybrid terrain-following vertical coordinak. depending on air
density and rlaxing smoothly to horizontal surfaces away from
the Earth's sorface. Time imtagration is based on an implicic
scheme for the wvertical propagation of sound waves, while
explicit, time-split schemes are implemented for integration of the
remaining terms of the equations of motion, Three-dimensional
advection is computed using the Eulerian weighted average flux
scheme (Billetand Toro 1997). The atmospheric radiation is
computed with a combined application of the Ritier and Gelayn
(1992) scheme and the ECMWF scheme, employing 14 channels
fior the IR and VIS bands (Morcrere e al. 2008). The mrbolence
scheme is based on am E- order 1.5 closure theory, whem
the torbulent kinetic energy equation (including advection) is
evaluaed. The soil model ¢which includes soil moisture) usas
szven layers whose depths increase moving downward, and takes
into account the observed peographical distribution of different
soil types and soil physical parameters. The recently upgraded
microphysical scheme was initially based on the parameterisation
proposed by Drofa and Malguzzi (2004). The spectral properties
of clouds are taken into account by assuming a generalised gamima
distribution function, while the size of hydrometeors (rain, snow,
and graupel) is assumed to be exponentially distributed. In the
presant study, MOLOCH is implementad with 50 vertical levels
and two horizontal grid spacings of 2.3 km {658 »« 562 grid points)
and 1.5 km ($962x334 grid points) on the same geographical
domain than as COSMO.
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2.3 Serup of numerical experiments

The abbreviations of the COSMO and MOLOCH configurations
psed in this paper am given in Table |. For this study, we
nsad the same initial and boundary data for both modals, i.e. 6-
hourly global analyses of the Euwropean Centre for Mediom-Range
Wearher Forecast (IFS-ECMWF) with a horizontal resolution
of 0.2° {approx. 22 km). In order to bridge the gap with the
global model fields and to provide hourly boundary conditions
for our high-resolution models, a mn with intermediate resolotion
faround 8 km) was conducted over an integration domain
including western and central Furope as well as part of the
Atlantic area In more detail. C2 and C1 are both nested in
a COSMO run with 7 km grid spacing with desp convection
being parameterised while M2 and M1 ar both nested into the
BOLAM hydrostatic mode] with & km horizontal grid spacing.
(Buzzieral 2014} It is worth noting that the high-resolution
imtegration is not staried at the same instant of the parent moda]
analysis in order to prevent an effective sudden drop of grid
resolution from the global data to the high-resolution grid based
on pure interpolation. Instead, using a 1-h forecast as initial
condition allows for & dynamic downscaling with a suitable ratio
of grid resolutions. The domains of both COSMO and MOLOCH
simulations, together with the COSMO model oropraphy at
2.8 km and | km horizontal msolution, are shown in Figurz |,
The MOLOCH modz] orography is very similar to those of the
COSMO model (not-shown). Morover, both model orography
data sets are similarly smooth, as the spatial standard deviation
(C2.8: 465 m; Cl: 476 m: M2: 471 m, ML: 472 mj is almost
identical in all configurations and their probability distributions
are almost congruent (not shown). Both models use external
data basad on 30-arc-sscond (1-km) Global Land Base Elevation
Project (GLOBE) orography, the Global Land Cover 2000 Project
(GLC 2000) for 2 harmonized land cover, and the Food and
Agricalture Organization of the United Nations (FAO) Digital Sail
Map of the World (DSMW). Minor differences may oceur doe to
different procedures used in the pre-processing to inerpolate the
data on the espective model grids.

In this study, we will investigate comvective activity in several
sub domains: Liguria (LG), Northeastern Italy (NEIL), Tuscany
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Figare L COSMO and MOLOCH simulstion domain with COSMO model
crography &t 2.8 km () and &t 1 km horizontal grd spacing (bj in m amel. The
black e clangles in (b indicate the ameas for spatial integration of pe cipitation (TUE
Tuscany, NEL North East Ttaly, LG: Liguria. CI Central Ialy, SE South Taly).

(TU), Central Italy (CT), and Scuthern Italy (SI). These sub
domains are depicted as rectangles in Figare |b. In order to cover
the entire event and also to evaluate the sensitivity of modal
predictions on the initialisation tme and forecast range, two
sets of simulations are implemented. The mps with intermediate
resolution driven by ECMWF global analyses ame mitialised at
1200 UTC, 14 Cctober and at 0000 UTC, 15 October, respectively.
Both simulations end af 0000 UTC on 16 October. The high-
resolution simulations (COSMO 2.8 and 1 km; MOLOCH 2.3 and
L5 kam) are initialised at 1300 UTC on 14 October and 0100 UTC
on 15 October, respectively. Output is provided every 30 min. At
first, we will focus on the results obtained from rhe runs initialised
at 1300 UTC on 14 October, but we will also evalnae the runs
started at the later time in the case of interesting features occorring

late in the 35-h simulation period.
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3. HyMeX Intensive Observation Period 13
3.1 Sveoptic sitearion

During the first field campaign (SOP 1) of the HyMeX project,
an Inensive Observation Period was performed berween 14
and 15 October 2012 (I0P 13) as a consequence of fomsesn
p predicted intense frontal

precipitation initially over the coastal areas of France and later
over northern and central Italy The synoptic situation on 14
October (Figure 2) was slowly evolving and dominated by a cold
apper level trongh exiending from the British Islands Isles over
France, towards northern Spain While moving eastwards over
the Mediterranzan basin, the trough progpressively despened in
the course of the day. Associated with the trough. a cold fromt
entered the Mediterranean in the night betwean 14 and 15 October
and swept rapidly from France to Irmly during the following
day. hMomover, in the early morning of 15 October, a shallow
pressure minimum developed over the Oulf of Genoa, associated
with a potential vorticity (PV) anomaly aloft. In the evening,
the cut-off process completed over Morthern Italy and the low
moved eastwards over the Adriatic Sea. pushing the associated
precipitation over the Balkan area by the early morning of 16
October.

32 Mesoscale fearures and observarions

Om the mesoscale, this episode was characterised by the intrusion
of Atantic cold air nto the warmer Meditemanean area. which
favoursd atmospheric instability and induced low-level warm
and moist air advection ahead of the front towards Corsica and
the lialian coast. As describad in Ferreii & ol (2014), the main
comvective activity was initially located in the wanm sector ahead
of the front (Figures 3a, b), while it laer was directly triggered
by the narrow cold frontal sysem (Figures 3c, d). Weak rainfall
was aleady observed in the morning of 14 October over weskem
Italy and southeastern France and intense pre-frontal precipitation
affected Liguria in the afternoon (50-75 mm between 1800 and
0000 UTC, Figure 4b), when several comvective sysiems were
triggered along a line over the Gulf of Genoa (Figne 3a).
This line crganised in correspondence to an inense low-level
southwesterly jet north of Corsica, impinging on the northern

i 2015 Royal Metecralogical Society
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Apennines and the Maritime Alps. This jet was monitored by
a boundary-layer pressurised balloon launched in the morning
of 14 October (0621 UTC) from Minorca Island, which indeed
registered a emarkable increase of wind speed, meaching 20 ms—1
while approaching the Ligurian coast. Later in the early morning
of 15 October (Figure 3b), rainfall moved also over Tuscany
and minforesd intensified over Liguria. where high lightning
frequency indicated deep comvective activity. In the following
hours, the Mistral abroptly entered the wesiem Mediterranaan
basin from the Rhine valley and the front progresssd eastw ards,
The LEANDRE 2 water vapour lidar (Brunean eral 2001
Flamant 2013) fiying onboard the msearch aircraft ATR42
operaed by SAFIRE monitored the moist planetary boundary
layer (PBL) (mixing ratio up fo 12 gkg™") in flight AS49 on 15
October 2012 (0747-1059 UTC) within the low -level Aow over
the central Tyrrhenian Sea. east of Sardinia (not shown). Here,
the wind turned to southerly directions and Iow-level comverge nce
developed in front of Tuscany's coast. Convective systems wer
triggered close to the Elba Island for several hours (Figue 3c),
starting around 1200 UTC, and also affected internal amas of
Tuscany, progessively moving southeastwards. In the meamwhile,
colder and drier air associated with the Mistral reached the
western coast of Corsica as confirmed by muoch lower mixing
ratios in the PBL (less than 8 gkg™') measured by the ATR42
(flight AS50 on 15 October 2012, 1225-1349 UTC) at around
1200 UTC on its way back from Bastia to France. Finally, in
the afternoon of 15 October, the advancing imtense PV anomaly,
topether with the comvergence berwesn southerly warm air and
westerly colder air was responsible for the development of
several mesoscale convective systems (MCS) in the central and
southern Tyrrhenian Sea (Figures 2d, e, f). In the following hours,
the associated frontal system moved rapidly towards the Italian
peninsula and desp comvection reached the Tyrrhenian coast,
east of Rome {Figure 3d). A convective line swept over Rome's
urban area in the evening, associated with short-lasting but heavy
rainfall, while in the night also southemn Italy was affecied by
intense comvective precipitation.

Many observing platforms were activaed during this IOF, thus
allowing for a detailed monitoring of the event. The dense rain
gauge network and the Ttalian radar composite, together with
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{a) 14 Oct 1800 UTC (B 15 Ot (000 TITC

Figure . Synoptic analysis over the western Meditemanean mgion: European Cente for Medium-Rangs Weather Fomcasiz (ECMWEF) 500 hPa geopoiential height (green
linga) and positive voricity advection at 300 hPa (red lines) superimpossd o the Meteosat Bacond Generation SEVIRI Aifdviass RGB compesile EnmetSat product. Sounce:
hitp: fwwwenmetrain org

research radar in Rome (Polar 55C managed by CNR ISAC) and  in Ferrettl & al, 2014) indicated the morning {over the Ligorian
in San Giuliano (Corsica, managed by KIT), provided a derailed  Sea) and the afternoon (over the central Tyrrhenian Sea) as the
description of rainfall evolotion. Lightning maps (see Figure 11 two periods characterised by intense convective activity. In mor
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Figure 2. lalian radar composife (rain rate in mmh ="} and IR mete csat imape. Courtesy of Talian National Department of Civil Protection (DPChL

detail, 50 mm (6 h)~' affected a wide area around the city of
Genoa (s2e location in Figure 1a) in the evening of 14 October,
reaching 75 mm {6 h)~! locally over the Ligurian Apennines
iFigure 4). Precipitation persisted over the same areq in the early
morning of 15 October, but also progressively affected Tuscamy.
where up to 120 mm {24 h)~! were cumulated in the mountainous
areas. However, as shown by radar images (Figure 3), the most
imtense precipitating systems during the night were located over
the sea and organised along a line in the western part of the Genoa
gulf, which remained almost stationary for several hours before
progressing eastwards and then dissipating close to the Tuscany
coast in the early moming,

Over central [kaly. the cumulaed rainfall was not exceptional
{op to 60 mm(24 h)~'), bat it is worth noting that & many
stations, about 50 mm f2ll in only two hours and disdrometers

i 2015 Royal Metecralogical Sockety

recorded a max imum rain rake of 114 mmh™! in correspondence
with the passage of the comvective line in the evening, at aronnd

1800 UTC.
4. Results
41.  Accumulared precipiiaion

AL first, we analyse the 35-h accomulated precipitation (Figure 5)
to obtain a broad overview of the location and amoumt of
precipitation simulated by COSMO and MOLOCH compared to
surface obszrvations. With the exception of north-eastern Iraly.
the main precipitation zones are Jocated near the coast and the
mountainous regions of the Apennines. Ther is considerably less
precipitation in the eastern part of Italy towards the Adriatic coast,
which is in the lee of the orography with respect to the impinging
moist Ao,
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(a) 14 Oct 1200- 1800 UTC

() 14 Ot 1800-2400 UTC

.e"'v‘—‘u..ﬂ—"n_‘h"’?/f&w

{dy 15 Ot 0600-1200 TTC

P i e

() 15 Owct 1800-2400 U'TC

Figure 4. 6-h ecoumulaied peecipitation in mm &= messaed by rain ganges. Black dods indicate rain gavge statiors without measued precipitation.

In the Ligurian egion, all models simulate anelongated ara of
precipitation along the coastline from southwesterneastem France
towards the Po valley. The location of this precipitation area is in

good apeement with rain gange obsarvations. However, obszrved

i 2015 Royal Metecralogical Socety

precipitalion amounts (40-80 mm) are considerably weaker than
the simulated cnes (160-270 mm). It is worth noting that this
error is artributed more to a misplaced precipitation line than fo an
actual overstimation in the simulations. Indeed, models predict
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Figure 5 35-h accumuolated precipitation (14 Oct 1300 UTC-16 Oct 0000 UTC) in mm as simulsed with COZMO {ai-(b), with MOLOCH (c)-(d), and & obeerved by
rain ganges (8] The black mctangles indicate the hoxas already dmraduced described in Figue 1.
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this convective line over the coast, while radar images (Figure 3a)
show heavy rainfall (rain rate larger than 100 mmh™?) over the
sed, about 20-30 km offshore, In particular, the simulations with
the COSMO model provide very large amounts of precipitation
(C2 = 270 mm; Cl: 230-270 mm). Wheras the reglon with
maximum precipitation is located over or very closs o the
coastline in the runs C1, M1, and M2, this rgion is located
somewhat north of the coast line in the C2 mn The observed
precipitation maximum in the region of Liguria is locaed further
east in the Gulf of Genoa (Figure 52) with values betwesn 140-
160 mum. In that area, the COSMO mns simuolate 120-140 mm,
whereas both MOLOCH runs simulate maxima of up to 180 mm,
but slightly displaced toward northwest.

Concerning the location of precipitation in northem Italy,
COSMO and MOLOCH agres reasonably well. The rain ganpe
measurements show local maxima over the western and easiem
Alps (140-180 mm). The numerical simulations, however, mveal
higher values of up to 270 mm.

Over Tuscany, observed average rainfall is between 5 and
30 mun with isolated local maxima between 140 and 160 mm
over the northern Apennines. Again, both models sncceed in
reproducing the location of maximum rain amount. The COSMO
rums show maximum values berween 80 and 120 mm, whereas M2
simulates up to 130 mm and M1 a maximum ranging betwesn 230
and 270 maz.

Rain gange measarements mvesl a maximom between 80
and 100 mm in Central Italy. Both COSMO mns show only
moderate values of maximum precipitation (40-60 mm), wheras
the MOLOCH runs simulate higher values (M2: 120-140 mm,
M1: 160-180 mm). However. the M1 simuolation clearly prodoces
the precipitation line oriented in NE-SW direction, which affected
the ara of Rome (se2 Figur la) in the evening of 15 October.
More localised maxima were measued in southern Ttaly, There
is one main comvective cell in the centre of this area near the
coastline and two smaller ones o the north-west and to the south-
east) in the COSMO simulations. The MOLOCH simulations
reveal a number of small-scale comvective cells, one of them being
locaed over the sea

An important finding is the fact that the simulation results
do not change substantially with model msolution. Although

i 2015 Royal Metecralogical Society

Table 2. 35-h accumulated precipitation for the differant bowes in 10® Ir
fonly land points). HE 5D denotes the HyMe simulation domain fi-e—the
simttation-domainy (somewhat smaller to avoid edge effects) displayed in
Figure 5. Mumbers in brackets give pementage deviation of C1 (M) from
CZ M2}, repectively. HDSDmy meprsaats the total rain amount (land and sea
points

c2 c1 M2 M1
LG 1217 U96(-L7%) 1174 1087 (-7.4%)
NE 2013 2089 (+38%) 1853 193] (+4.2%)
U 493 BIT (+25%) 504 554 (-6T%)
al 54 497 (-5.6%) 680 766 (+126%)
s1 998 991 -0.007H) 1129 1244 (+10.2%)
HDSD 10883 11097 (+2.0%) 10099 11212 (+L.9%)
HDSDy 18193 18423 ¢41.3%) 18604 18973 (+2.0%)

mor small-scale comvective cells with somewhal increased
intensity are simulated by C1 and MI, the overall structure of
comvective precipitation remains similar to that predicted by the
respective coarser model run. However, the analysis of the total
precipitation amount computed for the different boxes (shown in
Figure 5) shows a maximum increase (decreass) in precipitation
of 25% (-9%) in the simulations (Table 2). In addition, the
precipitation amount in the different boxes is not comelated with
mode] resolution, as the C1 and MI rons do not necessarily
simulate higher values than C2 and M2. For a-lerper-HyMeXthe
total simulation domain (HDSD . i-ethe simulation- domain)
(somewhat smaller to avold edpe effects) displayed in Figure 5.
howewver, the accumulaed precipitation of both models increases
slightly with prid resclotion se—meter imespective of whether
only the land points or the whole area ae considered. It is also
intepesting 1o find out whether one model systematically yields
more precipitation than the other one. For the-larger HyMeX the
total simulation domain, M2 and M1 simulate more precipitation
than C2 and C1, but when analysing the smaller bomes, it is no
longer possible to find a systematic behaviour.

Although it is not the objective of this study to rank the
participating models, we want to compare the simulations with
the obsarved precipitation in a more guantitative way. For this
purpose, some statistical error variables for the 25-h accumulated
precipitation are listed in Table 3. For these calculations. the
mode] grid points at the respective location of the rain gauges wer
selectad. It can be szemn that the root mean square emor (RMSE)
of the MOLOCH runs are slightly smaller than those of COSMO.
While increasing resolution redoces the RMSE of the COSMO
model, the EMSE of MOLOCH increasas, However, both models
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Table 3. Foot mean square emor (AMSE), comelation coeffickent (¢,
and standard deviation (o) of measured and simulated 35-h accumulaked
precipitation.

RMSE (mm) r o | mm)
C2 285 048 295
Cl 265 57 Al
M2 253 56 276
M1 241 59 304
obs  -ma- -na- 258

reveal a higher corelation with the observations in the high-
resojution simulations compared to their coarser configurations.
The smaller jump in resolution from 2.3 km to 1.5 km in the
MOLOCH runs increasss the correlation only slightly from 0.56
to 0,59, The COSMO modzl has a larger jump in resolution (from
2.8 km to 1 km), which seems to be mflected by the stronger
correlation increase from 0.48 1o 0.57. The standard deviations of
the simulations (27.6 mm-30.4 mm) are higher than the obszrved
ome, with the M2 run being closest to the measuements.

Finally, in order to assess the sensitivity to the initialisation
time of the models, the rainfall accomulated during 15 October, as
simulated by the two different sets of experiments (as described
in Section 2.3). is compared (not shown). Differences in the
total precipitation are not particularly mlevant. especially as far
as the COSMO mns ar concemed. Rainfall prediction over the
Alps is slightly improved by the simulations initialised laker.
since the west-to-east gradient of the observed precipitation fields
is reproduced better. The only pronounced difference occurs
in the MOLOCH runs initialised at 0100 UTC. 15 October.
where the passage of the front in the evening over Tuscany and
Central Ttaly seems to be slightly faster and dees mot produce
the imense comvective lines affecting the whan area of Rome.
Rainfall is forecast further north, but with the corect timing,
Thesz resulls indicate that the mlatively long lead time of the
forzcasts initislised ar 1300 UTC, 14 October, does not mpresent
a limiting factor for our analysis, since those simulations appear
to be accurate and close enough to the simulations initialised
later, The commenis given below will therefore concentrate on the
results obtained by the ehailn simulations inifialised on 14 October.
since they also cover the first part of the heavy precipitation event
affecting Liguria during the evening and the night of 14 October
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42 Temporal evolution of spasially integrared rainfall

The analysis of the evolution of domain-averaged precipiration
computed for the selected boxes (Figure 6) allows te-identify
the identification of different phases of the event, which am
characterised by different mechanisms responsible for convection
triggering. Although the rain gange data are point measurements.
the large density of surface observations (see Figure 5e) certainly
reduces emrors when comparing them to mode] output available
on a continuous grid. Moreover, the analysis of domain-averaged
mean values instead of accumulated precipitation is assumed to
be less subject to errors than interpolating rain gange data on the
mode] grid, which can introduce large errors {in particular for
comvective pracipitation).

In the LG region (Figure 6a). the first peak of comvective
precipitation berweesn 1900-2300 UTC on 14 October is well
captued by both models. Ther am only minor differences
between the coarser and finer grid spacing simulations of each
model The paak in the morning of 15 Cctober at 0800 UTC is not
simulated adequately: both models simulate their maxima 1-2 h
later and with slightly reduced intensity than in the observations.
The next local maximum is simulated between 1300-1600 UTC,
which is earliar than obsarved (1700 UTC).

The simulations for NEI (Figure 6b) reveal similar mean
precipitation rates for COSMO and MOLOCH thronghout almost
the entire integration period. Only in the first hours, till 0000 UTC
on 15 October, do M1 and M2 predict slightly higher precipitation
rates than C1 and C2, whemas after 1400 UTC, it is the other
way around. The rain ganpe measurements show values similar
to the simulations until 0900 UTC on 15 October. The following
large increase of the mean precipitation rate up to 6 mmh ™
is not captured by the models. However, the analysis of the
coresponding 6-h accumulated precipitation maps (Figure 4)
reveals that both models correctly simulate intense rainfall over
this ama Probably. this mlevant onderestimation is due to the
low density of observations in a large portion of the NEI domain
(Figure 42}, where precipitation was quike weak, thus resulting in
apparently very high values of obsarved precipitation.

In TU (Figure &¢), there are two observed precipitation maxima
on 15 October, one between 0100-0500 UTC with a maximum
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Figure 6. Spatially averaged precipitation for the boxes depicied in Figume 1 (C2 COSMO 2.8 km; C1: COSMO 1 knr. M2 MOLOCH 2.3 ki M1: MOLOCH 1.5 km).

mean precipitation of around 1.5 mmhb = and a longer-lasting and
mote intense event between 0B00-2100 UTC with a maximum
exceeding 2.5 mmh™". Irrespective of the configuration, both
COSMO and MOLOCH resolve the first episode only vaguely.
while the second one is simulated hetwean 1200-1800 UTC (M2
and M1) and between 1300-1900 UTC (C2, C1).

A much better result is achieved for the repion of CI
(Figure 6d), where the observed rainfall maximum in the
evening of 15 October is very well captured by both models,
although the simulated mean rain mtensity is slightly weaker
than observed. There are also two secondary maxima in the rain
range measurements in the moming of 15 October. These are

& 2015 Royal Meteorological Society

missed by the COSMO runs, while MOLOCH simuolaes only
the second one with a good agreement in terms of intensity and
timing. Thus. it is possible to further investigate the reasons
why the COSMO muns do not simulate any rain in that ama.
An analysis of the low-level wind fields (not shown) displays
a southwesterly fiow over the Tyrrhenian sea, which is almost
perpendicular to the Italian coast of CL Whik in the COSMO
runs, the winds are deflected towards the north by the presence of
the Apennines orography, the MOLOCH runs show more or less
undisturbed southwesterly winds over the main mountain ridge.
The associated lifting. topether with slightly warmer low-level
equivalent poential temperatures, leads to comvection initiation
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in the MOLOCH simulations. The different behaviour of the flow
in the two models can be explained by an analysis of the Froude
number: assuming a emrain height of 1500 m, the Fronde number
on the western coast of CI in the C2 run Is around 0.4, In the M2
run, however. higher values of around 0.7 are simulated. indicating
that the air can more easily flow over the mountains than in the
COSMO realisation. Apparently, the comect simulation of thermal
stratification 1= of particular importance and small differences
can lead to different flow regimes, which in rurn modulate the
development of comection.

In SI (Figure &2), there is an observed peak of precipitation
at 2100 UTC on 14 October and after 0900 UTC on the next day,
the precipitation increases unsteadily. reaching its max imum valoe
at 0000 UTC on 16 October. The COSMO model captures the
first maximom with reduced intensity. whereas both MOLOCH
runs simulate only a slight increase of the mean precipitation
antil 0900 UTC on the next day. In the afternoon of 15
October, both models simulate a rain maximum between 1500 and
1600 UTC, which is overestimated for M2MI and rather close
to obsarvations for C2CL. Afterwards, both models simulate an
increase of mean precipitation of a magnitude similar to that of
the observed one.

To sum up the esults concerning the temporal evolution of
comvective precipitation in the different selected amas, it can
be stated that only few of the observed precipitation events are
missed by the NWP models and that the simulaed mean rain
imtensity is often weaker than the obsarved ome. The timing of
comvective precipitation in the mode] simulations is not sensitive
to the model resolution, which seems to influence precipitation
intensity only. Almost &l of the strongest rain events are captured
by COSMO and MOLOCH, but there are cases of mioderate
imtensity, where just one of the models is able to capture the event
{e.g CL 15 October 1000 UTC or S 14 October 2100 UTC),
This made us investigate and possibly identify which processes
are simulaked cormctly and which processes are missing in the
modz] simulations.

4.3 Comvection-initiating mechanisms

The evolution of averaged precipitation displayed in Figare &
clearly shows the progressive eastward movement of the frontal
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system and of the associated weather phenomena. The vertically
integrated water vapour (ITWV, Figure 7b) averagad owver the
selecied boxes also shows an increase in accordance with the
initiation of the rainfall events in each ama The maximum values
of TWV occur roughly 1-2 h before the respective precipitation
maximum. From the analysis of other variables averaped over the
same boxes (Figure 7) and of meteorological fizlds. such as 10bm
wind, rainfall. and equivalent potential temperature @, (Figurs &),
it is also possible to identify thee different phases of the
IOP 13 event, which are characterised by different mechanisms
responsible for triggering the precipitating sy stems.

During the evening of 14 October, the outbreak of Mistral over
the western Mediterranean Sea produced a sharp comvargence line
in the lower levels of the aimosphere, propagating south-eastwards
towards Corsica and Sardinia (Figure 8). Along the northemmost
part of this line, ahead of the frontdl system, the comvergence
of warm and moist southerly fow (high 8- values over LG
box as shown in Figure 7a) with colder and drier air. together
with the inleraction with coastal crography (between France and
Ttaly), produced intense precipitation. The organisation of these
comvective systems along a line, as is clearly visible in the radar
images (Figure 3a), is due to a strong mesoscale forcing, which
provides for a higher degres of predictability than for isolated
comvection. Indesed, all the models predict this line of precipitation
with the correct timing (starting around 2100 UTC), as shown
in Figne fa However, the simulated rainfall (Figure 8a, b) is
slightly displaced closer to the coast. in particular in the C2
forecast, possibly becanse the orographic uplift is needed to
trigger the comvection in the model (as will be further discussed
in Section 4.4). In aoreement with higher values of 8. in the
lower mode] levels (Fipu 7) and, hence. higher comvective
available potential energy (CAPE) and instability, precipiration
develops more upwind with mspect (o the coast and orography
in MOLOCH than in COSMO.

Later on, the rainfall line moves eastwards over the Ligurian
Sea (Figure 3b), finally reaching Tuscany at around 0300 UTC.
The precipitating system in the model simulations moves mom
slowly than observed. Moreover, the comvective line in MOLOCH
moves away from the coast, while intensifying and progressing
eastwards towards Tuscany, whereas in COSMO, the precipiration
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affecting the coastal area of Liguria lasts longer (Figures Sc, di.

At around 0300 UTC, in Figue 6c, MOLOCH shows

a small

peak of precipitation over TU, the underestimation of which is

attributed to the fact that the simulated precipitation is inkense, but

i 2015 Royal Metecralogical Society

very localised, while over LG (Figure 6a) COSMO produces mor
intense rainfall in the decreasing phase of the peak. The averaged
values of 10-m wind speed (Figure 7) over LG confirm this
different behaviour of the models: after 0000 UTC. the decreass
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of wind speed in MOLOCH is associated with the eastward shift
of the convergence line, fasier than in COSMO where, on the
other hand, southerly intense low-level fiow still impingss on the
Ligurian Apennines (Figues 5, d).

This first phase of the event terminates with the development
of another precipitating system over the eastern coast of Liguria
isecond peak in Figure 6a) in cormespondence with the warm
sector of the approaching frontal system. The comnvective nature
of the precipitation is confirmed by the intense lightning activity
recorded in the area around 0600 UTC (s22 Figure L1 in
Fermtti er al, 2014). Although with a slight delay, both models
predict this precipitation assoclated with the front extending from
the western coast of Corsica, across the Ligurian Sea, to the

northem A pennines.

The second phase of the event is characterised by a less iniense
largescale forcing since the comvergence Ime associated with
the Mistral {and also the front) somehow loses ils orpanisation
while crossing Sardinia and Corsica. Rainfall is mainly triggered
by mesoscale comvergence patems, strongly modulated by the

& 2015 Royal Meteorological Soclaty

interaction of the westerly/southwesterly flow with the complex
orography of the islands. The precipitation mainly affects Tuscany
during this phase. in particular in the mountainous regions.
where comvection develops betwesn 0900-1200 UTC fed by
the moist low-level southerly fow over the Tyrrhenian Sea,
At 1300 UTC, radar images (Figure ) clearly show an
organised line of comvection extending from the Elba Island
towards inland Tuscamy, which remains almost stationary for
several hours, producing high amounts of rainfall. At first glance
(Figure 6c), models simulafions ar quite similar. A first peak
of precipitation, remarkably undemestimated, is forecast around
0900 UTC associated with southerly fow over the orography, as
confirmed by averaged near-surface wind and & (Figure 7)which
are seadily increasing in this phase. Later on, another period of
intense precipitation produces peaks that ar similar in shape and
amplitnde afd-jast but shified in time, with MOLOCH simmlations
producing rainfall earlier than COSMO. However, i spie of
this similarity in the area-averaged rainfall, 2 more detailsd
imvestigation of the model forecasts reveals that at this time the
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two models provide quite different predictions (Figues %a, b),
MOLOCH forecasts a northerly outflow of colder air from the
Po valley, confirmed by wind observations in Genoa (not shown)
towards the Genoa Gulf and an ara of mesoscile convergence
developing close to the Elba Island starting from 1300 UTC,
where the westzrly low-level wind Aowing around the northern

edpe of Corsica comverges with a seutherh—warmer fow—over

theTyrrhenianSea southwesterly wammer flow east of Corsica
The larter is produced by a channeling effect between Corsica

and Sardinia and the subsaquent northward deflection. Along this
comvergence line, MOLOCH triggers comvection (see also the
increasing values of #. and convergence averaged over the box
in Figure 7) for several hours until the front sweeps over the
area In the COSMO simulations by contrast (Figures Ob, d), the
outflow from the Po valley develops later and the frontal system
seems to be more defined (with respect to the MOLOCH forecast;
Figures 9a. c) over the Tyrrhenian Sea, east of Corsica and north
of Sardinia, Moreover, the eastward progression of the front itsslf
sezms to be faster in COSMO during the aftemoon of 15 October.

i 2015 Royal Metecralogical Socety

The orographic deflection of the islands and the comvergence area
located close to the Elba Island are captued in both COSMO
simulations, bot rainfall seems to be more associaid with the
larpe-scale fromt rather than with the mesoscale comverpence
patterns and is produced along an almost continwous band from
Tuscany to Sardinia. While the metorological evolution during
this phase remarkably differs in the two models, the impact of the
horizontal resolution seems to play 2 minor role only, with the
high resolution runs reprodocing a sharper comvergence line and
associated phenomena slightly more accorately.

The third phasz of the event during the afternoon is again
characterised by an the important role of large-scale forcing,
which is responsible for the frontal comvective line reaching
central taly (Figure 3d) and, laer, southem Haly as well as
fior the southeasterly Sirocco wind over the Adriatic Sea, which
brings moist air over the eastern Alps. As the front moves rapidly
eastwards towards the Iralian peninsola, comection is triggered
over the southern Tyrrhenian Sea, where MCSs develop along the
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frontal edge. In particular, rainfall activity appears to be well-
organised along a convective ling while moving over the city of
Rome (see Figue 10 in Ferrettl & al, 2004). The observed sharp
peak of averaged rainfall (Figure 6d) is caprured by the models
and appears to be associated with high values of TWV and low-
level comergence (Figures 7h, c). The slight shift in time of the
maximum rainfall intensity betwesn the models confirms that in
COSMO, the progression of the front is faster than in MOLOCH.
The abrupt decrease of 8 (Figue 72} in all the simulations efecrs
the arrival of colder and drier air. which concludes the rainfall
eVelL

More to the south, MCSs develop in the early afternoon already
over the S2a (Figure 3c), but are simulated by the models too close
to the coast. This produces an ovemestimation of the box averaged
rainfall {Figure 6e). The forecast emor may possibly be artributed
to the fact that these MCSs develop well ahead of the approaching
front and, thus, are not triggerd by large-scale forcing, but under
locally suitable conditions. For NWP models. it is very difficult
to accurately simulale the triggering of this isolakd comvection,
which is nsnally associated with low intrinsic predictability. On
the other hand, the convection that develops later in the evening
iFigure 3d) and is triggered directly by the frontal passage is
described beter in the mode] simulations.

At the same time, the southeasterly wind intensifies over the
Adriatic Sea on the eastern side of the Apennines. Averaged values
of A, wind, and TWV in the NEI box (Figure 7) clearly show the
wamm and moist air masses impinging on the Alps, where dirct
orographic wplift trigpers inense precipitation. Lightning activity
reveals the presence of embedded comvective activity within the
orographic precipitation. quite typical of these type of events
{Manzaro 2007). Consisently with increasing CAPE. comvection
develops also dlong the northern Adriatic coast (Figures 3 ¢, d).
Both models reproduce ar the comect time the moist air masses
over the Adriatic Sea flowing over the Alpine chain and the
associated precipitation that is mainly localised in comesponde nee
with the orography (Figures %, d).

As evident from Figure 7, low-level equivalent potential
Eemperamres simalated by COSMO ae higher lower than those
forecast by MOLOCH for most of the inegration pericd. Since
larger values of &, coincide with larger values of CAPE (. g
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Kohler ef al 2010), this may have important implications for
the expected intensity of convertion and comvective rainfall. The
analysis of the 2-m specific humidity mveals that MOLOCH
mostly simulaes around 0.5-15 gkg™! higher values than
COSMO (not shown). As the 2-m temperature is rather similar
in both models, the relative humidity in the MOLOCH output
is 5-8% higher as well and the increase in eqguivalent potential
temperatore 15 solely a rsult of increased low -level moisture,
Another feature shown in Figur 7 is the strong increase of
comvergence in the COSMO mode]l when going from 2.8 km
to | km grid spacing. A comvergence increase is also found in
the MOLOCH runs, but the jump in msolution (from 2.3 km to
1.5 km) i= smaller than for the COSMO simulations. The increass
itself when going to higher grid spacing can be explained by
the ability of the model o better simmlate smaller-scale wind
gradients and the terrain-indoced flow modification due to the
better resolved orographic features. As can be seen in Figure O,
the 1-km COSMO run simulaes very localised narrow megions
of comvergence mstricted to small ameas, which explains the
higher domain-averaged convergence compared to the MOLOCH
simulations. Mote that the domain averages were compuied by just

averaging the comvergent contributions of the wind divergence.

44.  Rale of orography

Armospheric processas are strongly influenced by the presence
and shape of the underlying orography. On local scals, on
coastlines of islands or the continent, beezes driven by
differential heating betwsen land and s2a can lead to convection
imitiation, Furthermore, mountainous terrain can  influence
atmospheric flow on the mescscale through lifting, fow deviation
or blocking, Hence, it has a strong impact on the development of
precipitating convection (e. g. Barihlott and Kirshbaum 2013 ). To
study the infiuence of the orography on convective precipitation
for IOP 13 and to verify the results described in the previous
sections, three additional experiments were performed with the
COSMO and MOLOCH models at a horizontal resolution of
2.8 km and 2.3 km, respectively:

1. tamrain elevation in the entire model domain is rsmictad o
10 m ¢hereinafter referred ro as FLATGLOBAL).
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Table 4. 35-h accumulated precipitation fior the different boxes in 1® ler {onty
land points).

name LG MEI TU (I =l
2 REF 1217 2013 493 544 998
M2 REF 1174 1854 53 680D 1129

C2 FLATGLOBAL 467 504 522 4T3 438
M2 FLATGLOBAL 904 1122 445 313 733

C2? FLATISL 1146 2001 541 584 1064

M2 FLATISL 1094 1993 6l4 695 1177
C2 NOISL s 2002 669 625 1044
M2 NOISL e 1968 831 T 1201

2. terrain elevation of the islands of Corsica and Sardinia is
metriced to 10 m chareinafter refared o as FLATISL),

3. the islands of Corsica and Sardinia are removed completely
{hereinafter referred to as NOISL).

The terrain modifications were conducted by modifying the
external orography data file of each model prior to the model
run. The preprocessor of the models extrapolated the atmospheric
fields of the large-scale model to the high-resolution grid.
as usnally dome in the nesting procedure, but with the mew
orography height When the islands were mmoved compleiely, the
coresponding grid points wer defined as sea points and the sea
surface temperature of the swrounding s=a was used to fill the gap.
However, the models adjusted to the new orographic conditions
guickly, in approcimately 2-3 h.

Results in Figne 10 (to be compared with (Figues Sa, c) show
that the intense precipitation along the French and Ttalian coast
during the evening of 14 October is completely missing in the
FLATGLOBAL experiment, where the Alpme chain is flatened.
This result confirms that the comvection during this initial phase of
the event is triggered by the coastal orography: its blocking effect
on the impinging moist Aow from the Meditemranean Sea produces
a promounced comvergence line almost parallel to the coast
Only later during the night. the FLATGLOBAL experiments,
in particular the MOLOCH simulation, prodoce rainfall over
LG, although the intensity is weaker and the partem is shifted
westwards compared to the mfernce simulation. However, the
total amount of rainfall over LG is remarkably weaker than
in the mference mm (REF. Table 4). Laler, during the might
of 14 October and in the first hours of the following day, the
predicted rainfall moves from LG to TU. It seems that the coastal

orography only plays a secondary role in this phase in dEmining
& 2015 Royal Meteorological Society

the precipitation field. while the key forcing mechanism is
provided by the frontal system progressing over the Ligurian Sea,
However, the Mistral outbreak and the eastward progression of
the front occur more slowly with flat orography than with realistic
orography. Once the front reaches Corsica in the early morning,
an intense northerly cument penefraies into the Meditarranean
basin dus to the absence of the Alpine barrier. From her on, the

simulation results are too far from reality 1o be of any use.

The other two experiments, with the Alpine orography
being unchanged. are used to investigate the development of
precipitating systems especially in the following phase of the
event, when the islands of Corsica and Sardinia directly interact
with the soathwesterly flow. In fact, the initial phase is nearly
identical for the control run with unchanged orography (REF),
FLATISL, and MNOISL, and differences ar found only in
the evolution doring 15 October. In particular, maps of total
precipitation (Figure 10} show that these differences are mostly
relevant over TU, where the sensitivity experiments simulate a
much larper amount of rainfall. Over CL, SL and over the Alps, the
differences seem to be more associated with slight displacements
of precipitation patiems. Anyway. the evolution of area-averaged
precipitation displayed in Figure 11 allows for a more precise
imvestigation, together with low-level wind and temperature, and
prEcipitation (not shown ),

Ower LG, the forecasted rainfall only exhibits small differences
among the REF, FLATISL. and MOISL experiments, mainly
occurring in the late moming of |5 October, and the total
precipitation over the area (Table 4) is almost the same. After the
passage of the main fromt, the reduced or even absent inEraction
of the southwesterly fiow with the islands in the two sensitivity
experiments FLATISL and NOISL moves the main rainfall area
quickly over TU. In the REF mun, by contrast. some rainfall still
persists further west over Liguria. especially in the MOLOCH
simulation. The moist southwesterly flow directly impinging on
the coastal orography of TU in the FLATISL and NOISL runs
produces o remarkable marked incease of the ama-averaged
precipitation over this area (Table 4). Figure 12 shows in mom
details the dynamical impact of the islands on the low-level flow
and on the precipitation in the three sensitivity experiments. At
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0600 UTC on 15 October, the surface front apparent in the 10-
m comvergence field, is approaching Corsica. The interactiom
of the low-level flow with the orography (in the REF only)
produces a complex patem of comvergence above both islands.
Muoreover, it is responsible for trigpering some weak rainfall in the
northwestem part of the Corsican island. Ahead of the front in the
NOISL run, the southwesterly low-level wind flows undisturbed
over Corsica, thus producing a comvergence line oriented in a
southwest-northeast direction, between the island and the TU

i 2015 Royal Metecralogical Socety

coast. Precipitation is associated with this line over the sea. bur
the most intenss phenomena are localized over the TU area, wher
the orographic forcing of the Apennines further enhances the
vertical motions. In the FLATISL run, the low-level comvergence
along the western Corsica coast indicates that the ineraction
with the ground is slowing down the low-level wind. However,
although to a less extent, the low-level flow is able to impinge
directly on the Apennines, producing moderate rainfall over TU.
On the other hand. the real orography in the REF experiments
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prevents the moist pre-frontal flow to reach TU during this phase,
It tums out that the The total amount of precipitation progressively
increases when the sheliering effects of the islands is mduced,
while the temporal evolution of rainfall is only slightly modified
{Fignre |1). This behaviour is observed comsistently in both
MOLOCH and COSMO simulations, Later on, in the morning
of 15 Ocrober, rainfall intensity over TU progressively increases,
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Rainfall is systematically morz abundant in NOISL. In the REF
run, the Iow-level moist flow is disturbed on the lee side of
Corsica. preventing the southerly flow over the Tyrrhenian Sea
from comverging with the main pre-frontal southwesterly curent
directly on the Apennines. After 1200 UTC, the differences tend
to decrease, slthough the rainfall peak in the COSMO sensitivity
runs occur earlier than in REFE However, in spite of a similar
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mean precipitation over TU, the rainfall field in the REF run is
characterised by some patierns of comvection over the s2a, missing
in the sansitivity runs. where low-level comvergence is prodoced as

a consequence of flow deviation around the islands.

Once the front progresses eastwards, the experiments become
very similar and only small differences can be detected for the
rainfall event over CI in the evening, where the comvection is
triggered by the large-scale forcing provided by the front In
NOISL and FLATISL, precipitation starts slightly earlier than in
the REF run, but the timing of the most intense rainfall is almost
identical. However, some differences in rainfall location mesult,
as is shown im Figore 10, In this ared. total precipitation slightly
increases when removing the upsteam orographic obstacle, but
to a much lesser exent than over TU. The sheliering effect of

& 2015 Royal Metecrological Socety

the islands is less pronounced and the precipitation is mainly
related to the passage of the frontal system. prodocing a large-
scale forcing.

Finally, it is worth mentioning that precipitation over Corsica,
which is forecasted mainly on the windward side of the island
orography in the REF run. is remarkably reduced in FLATISL
and almost negligible in NOISL. This suggests that rainfall is
produced by direct uplift of the prevailing southwesterly currents
affecting the central Mediterranean area.

To sum up, the sensitivity experiments provide some interesting
imformation. Similar sensitivities ae obtained with COSMO and
MOLOCH. First, these experiments confirm the importance of
large-scale/mesoscale forcing torainfall riggering in two different
phasas of the IOF: at the beginning of the event. the oropraphic
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blocking and uplift are responsible for beavy rainfall in LG; laker,
the frontal system triggers convection over CL The organisation
of the precipitation sysems during these phases results from
a mlatively large-scale forcing and, hence, can be simulated
by the models mor easily. On the other hand. the interaction
between the frontal system and the associaied low -level fow with
the orography of Corsica and Sardinia, is responsible for the
imtensity and location of rainfall during the whole morning and
early afternoom of 15 October. In fact, the experiments clearly
reveal that the islands shelter the Ttalian coastal megions and
flow deflection is the key mechanism modulating the rainfall
distribution, since it determines: i) small-scale complex patterns
of low-level convergence over the sea in the lee of Corsica, where
comvection can be triggered; i1} the location of interaction and
orographic uplifi, wher the undisturbed low-level fow is able 1o
reach the Apennines.

4.5 Vemical sructure of the armosphere

To analyse in mor detail the mode]l performance in terms of
corect simuolation of relevant processes, we compare the predicted
vertical structure of the atmosphere with observations, made for
the HyMsX SOP 1. First, model profiles corresponding to the
location of the synoptic radicsonde station of Ajaccio on the
southwestern coast of Corsica (see Figne la) ae investigated. Tt
is worth noting that the upstream location of Corsica is suitable
for studying the characteristics of the flow leading to high-impact
waather over Italy.

At 0000 UTC on 15 October. the radiosonde observations
processad at high resolution for the SOP 1 (Figures 13a, ¢) show
a moist-neuiral layer of air from the ground to approximately
930 hPa, followed by an almost satorated atmosphere op to
the level of 650 hPa. Both COSMO realisations (Figure 13a)
simulate a similar stratification, but the Emperature and dewpoint
emperamre are slightly too high in the lowest levels. A moist
layer of air is also simulated, but the dewpoint depression is
higher than in the observations. The MOLOCH runs (Figure 13¢)
simulate even wammer {dewpoint) Emperatures near the pround
and only a shallow layer of humid. almost saturated air betwesn
900 and B30 hWPa In the lower layers, the differemces of the
differznt resolution models appear to be almost negligible. Above

i 2015 Royal Metecralogical Society

630 hPa, measurements indicate drer conditions through the
entire troposphere, except at the level just above 500 hPa, whem
the dewpoint temperatures increase indicates more humid air In
the middle troposphere. the C2 mn simuolates this drier region
in good agreement with observations, although the dewpoint
imcrease at 430 hPa is less pronounced. The run with | km grid
spacing simulates & moister profile than the C2 ron, with the
hurmidity decreasing with height, and does not mproduce the
obsarved local dewpoint increase above 500 hPa A drier middle
troposphere is also captured well in the MOLOCH simulations.
although the drier layer is placed at a lower altimde in both M2
and M| runs, comparzd to the obssrvations. However, the humid
layer near 480 hPa is simulated well by both model configurations.
Al higher levels up to the tropopause, MOLOCH simulaes a
too moist atmosphers, while COSMO agmes with the radiosonde
observations. The southeasterly wind near the ground s captured
partly by C2 only. whereas the observed rotation of the wind
direction with increasing altitode and inense southw esterly winds
at higher levels is captured well.

AL 1200 UTC on | 5 October, the radicsonde measuraments still
show a nearly neutral boundary layer up to a level of 900 hPa and
an almost saturated atmosphare up to 700 hPa. At this time. the
middle and higher troposphere remains equally humid, although
not saturated, Both COSMO muns capture the vertical profile
very well from the lower levels ap to 700 hPa However, the
simulated profiles are too dry near the ground, especially for C2,
and slightly too moist in the middle mopospherz, although ther
is a rather good agreement with the observations. Above the PRL.,
the atmosphere is more or less moist-neuiral throughout the entire
troposphere as a result of the convective rain band passing Corsica
associaed with the fromtal system. Similar esults hold for the
MOLOCH runs. Although the dewpoint temperatures near the
ground for both MOLOCH mns ae closer to the observations than
far the COSMO runs, a dry bias is still present The near-surface
winds are not simulated by any of the models. The (southjwesierly
winds above, however, are simulated well, but again with weaker
wind speeds than observed,

To sum up, both models simulate the atmospheric stratification
for most of the troposphere easonably well. Differences occur
primarily in the PBL which is too dry in the simulations.
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Figure 13 Tephigram of simulated and measumd vertical profiles at Ajaccio on 15 October 2012

Furthermore, there ar only small differences betwesn the
individnal model runs at the two different resolutions. Possibly,
the higher horizontal grid spacing alone is not safficient and also
a higher number of vertical levels might be needed to improve the
mode] representation of the vertical structare of the atmosphers

i 2015 Royal Metecralogical Society

and of the local effects determining the low-level wind in such a
complex region,

The availability of additional observations made during the
HyMeX SOP | fizld campaign enables us to perform a mom
profound validation of our numerical simulations. During I1OP 13,
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Figure 14 Time-beight croes-sections of equivakent potential tempemature {colour shading, in *C), relative bumidity (white contours, in %), and horizontal winds (harba.
inkm} &t San Giuliano on the eastern coast of the Corsican ishnd.

radicsonde measpements were parformed near the eastern coast  of 3 h. This allows for comparing time-height cross-ssctions from
of Corsica at San Giuliano (see location in Figure la) from |4 radiosonde measurements and numerical simulations as presenied
October 1400 UTC until 15 October 1400 UTC with a frequency  in Figure |4, The most pronounced feature in the radiosonde
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observations is the arrival and descent of air with progressively
colder equivalent potential temperatures from 1400 UTC 1o
2000 UTC on 14 October. The core of cold air is located at
an altitude between 2500 m and 3000 m amsl. With a relative
houmidity of less than 10%, the air is paricularly dry, especially
when considering this low beight range. After 2300 UTC, the
wind shghtly tums to a southwesterly flow (even southerly
near the ground) with increasing wind speeds and warmer
equivalent potential temperatues associated with the pre-frontal
flow (Figure &), The instability is highest at the beginning of the
analyszd period whereas ther is only a small vertical gradient
of # starting from 0200 UTC on 15 October. The signature
of the frontal passage is not very clear from this time-height
cross-section: whereas a veering wind shift accompanied by an
increase of wind speed is observed ar 0B00-1100 UTC on 15
October, the equivalent pontial temperature field shows similar
or rather increasing values, especially at low levels. The location
of San Gioliano on the lee side of the island orography. the
elevation of which exceeds 2700 m, certainly inhibits the effects
of the approaching cold front on the near-surface temperatime
and humidity structure, Veering of the wind and slightly colder
temperamires are observed at higher altindes.

The model simulations show some differences with mspect
to the obsarvations, which depend on the model (COSMO or
MOLOCH) but also on the configurations of the specific model,
First, the warm low-level temperatures at the beginning of the
period aswell as the progressive descent of colder air are captured
well by all simulations. However, none of the modals is able to
predict equivalent potential Eemperatures below 32 °C as observed
by the radiosondes. The region with lower Eemperatures eaches
closer to the pround in COSMO than in MOLOCH runs. After
0000 UTC on 135 October, M2 simulates very sharp gradients of
relative humidity. possibly due to localised convective activity.
As obvious from the veering wind shift, the timing of the frontal
passage on the eastern coast of Corsica is similar for C2 and M2
{around 1000 UTC). Both models simulate a decay of convective
rain off the eastem coast. A unigoe feature of both COSMO runs
is the abropt decrease of mlative humidity from the ground to
7000 m amsl between 1300 UTC and 1400 UTC on 15 Ocrober.
The results from C1 and C2 arz very similar, except that 4, values
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betwezn 2500 and 4500 m asl ae slightly wammer in the C1 ran
and. hence, closer to observations. Both MOLOCH nuns simulate
warmer low-level memperatures on 15 October, The increased
instability at this grid peint could be the reason for the strong
hurmnidity gradients simulated above.

Furthermore, the radicsonde observations reveal no land breeze
during the night and early morning of 15 October and the
low-level flow comes from south-east. All models simulate
southwestarly winds at that location doring the night. indicating
that the impact of the island on the near-surfice winds is not
represented well in any of the models. Not that the maximum
elevation of Corsica is 2710 m amsl, wherzas it is 1906 m and
2306 m for COSMO (C2 and C1, respectively) and 1248 m and
1960 m for MOLOCH (M2 and M1, mspectively). As a result,
the topographic influence of the land mass in the simulations is
weaker than in rality.

The extra-soundings performed at Udine-Campoformido
WMO station (see Figore 1a) for the SOP | allow for a similar
comparison in a completely different area of the simulation
domain, wher weather evolution is modulated mainly by intense
low-level southerly flows (namely. Sirocco) driving warm and
moist air masses towards the Alpine chain, where most of the
precipitation is recorded on 15 October. The soundings clearly
show the warm and humid air entering the eastern Po valley
(Figue 15), although a weak north-sasterly flow persists closs
to the ground. This is the signature of a barrier wind caused by
the blocking effect of the orography, which is often observed
at the foothills of the Alps during inense precipitation episodes
(Buzzi 2004). The model simulations corectly mproduce the
evolution of the atmospheric profile and the southerly advection
of air, including the low-level blocking, While the southerly flow
impinging on the Alps produces a warmer . than observed in the
lower layers, the colder air progression at around 2000 m altitode
is predicted well by all models, C2 and C1 results are very close to
each other and both display the signature of convective activity, as
a rsult of which humidity is increased locally, Low-level winds
are slightly overestimated. while the thermodynamic evolution
aloft is mproduced accorately. M2 and M1 differ in the intensity
of the low-level warm advection at around 1200 UTC, 15 October,
with the M2 simulation being characterised by stronger winds
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and higher 8. valuzs. M1 s2ems to be in betier agreement with 5 Summary and discussion

obsarvations, However, both MOLOCH runs simulate a colder

This study presents numerical simulations with two convection-
amosphere at the end of the event

permitting modzls (COSMO and MOLOCH) driven by the same
& 2015 Royal Meteorological Sockty Prepared sising qirmsd.cls
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initial and boundary data for the Intensive Observation Period
13 (14 and |5 October 2012) of the first HyMeX Special
Obsarvation Period (SOP 1), During this IOF, heavy precipitation
affected southwestemeastern France and several parts of Italy,
with obsarved maximum rain rates of 114 mmh ™. The synoptic-
scale forcing during this event was quile merkeble strong due
to an approaching upper-level trough and the associated cold
front, together with a strong Mistral outbreak in the weskem
Mediterranean basin. Mevertheless. mesoscale featums. such as
the interaction of the Aow with the orography. played an important
role as well. Model simulations were initialised on |4 October
at 1300 UTC (integration time 35 h) and also on 15 October at
0000 UTC (integration time 24 h) to cover the entire event and
to further assess the influence of forecast lead time. However,
no notable differences in precipitalion amount and fiming were
found, with the exception of a slightly improved rainfall prediction
over the Alps and a slightly faster progression of the front (only
in MOLOCH) in the simulations initialised [ater. This allows
the conclusion to be drawn that due to the strong synoptic-scala
forcing, at least the larpe-scale feahures are characterised by a
sufficiently larpe degres of predictability and that inaccuracies
resulting from initial errors and forecast uncertainties do not
exclode the use of the longer model integrations for the detailed
analysis of this precipitation event

By using two horizontal grid spacings (COSMO: 2.8 km'l km;
MOLOCH: 2.3 km/1.5 km), the infleence of increasing mode]
resolufion on the simulation of the event was assessed. Resulis
showed that this influence was rather weak, although the higher
resolved runs resulted in a higher comelation of the total rain
amount with rain gauge observations. The total rain amount,
however. did not increase with model resolution. Also, vertical
profiles were broadly similar at both resolutions, The strongest
response to model resolution was found to be the increase of low-
level wind comvergence, in particular for the COSMO model. It
must be stated that the number of vertical levels was kept constant
in order to investigate the effect of horizontal grid spacing alone.

A detailed analysis of the spatial distribution and Emporal
evolution of convective precipitation over different areas of the
Ttalian terrivory revealed a quite satisfactory performance of both
models, Differences among the simulations and uncertainties with
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respect to the available observations were identified and anabysed
in order to investicate the comvective initiation mechanisms in
different regions. This synergistic use of the models proved
to be very usaful for obtaining a better understanding of the
processes leading toheavy precipitation and for identifying model
deficiencies which prevented a proper simulation of the events.
The main mode]l deficiencies wer: (i) the displacement of the
elongaked precipitiation area over Liguria, (i) the undeestimation
of precipitation inEnsity. or (lii) a boundary layer too dry than
observed. Differsnt phases during IOP 13 were identified, during
which large-scale and local forcing played different roles. Low-
level thermodynamic fields as well as total moisture contents,
were alsoexamined to verify the analysis.

During the afternoon and night of 14 October, for example,
radar observations revealed the pressnce of a comvective line
along the coast from southwesterpeasiem France towards Liguria
located 20030 km offshore. Al mode]l simulations prediced a
similar elongaed area of precipitation, bur placed it along the
coastline or even just inland in the lower-resolution simulations.
This indicated that the oropraphic forcing (uplift) and the land-
sea contrast neaded to initiale deep comvection were rpresenied
in the model simulations, but uncertainties still remainad, which
preventad the cormct description of the orographic blocking effect
on the impinging moist low-level Aow. Increasing resolution only
partly alleviated the forcast error.

Furthermorz, the COSMO model failad to predict a comvective
rain event with moderate intensity over the Apennings in central
Italy. The comparison with the successful MOLOCH simulation
revealed that slightly more stable conditions in the lower levels of
the atmosphere in the COSMO model led to a different interaction
betwesn the moist flow and the Apennines orography. While in
COSMO. the low-level flow was deflected nonhwards along the
coast, the MOLOCH runs produced a moist flow coming from
the s2a which was characterised by higher Froude numbers, and
rising over the mountain chain, where comvection was [riggersd,
These msulis demonstrate the high imporiance of comectly
resolving the thermodynamic strocture of the atmosphere in order
to account for the Aow modification by ineraction with the steap
orography.

Prepared using qrmad.cls



000 =] hh = L bd =

28 Quarterly Jnuﬂ ;.;:-f E lﬁgﬁﬁl Eﬁﬁgﬁl&:giﬂ&l Society

To further examine the role of the orography, simulations
were performed with no mountains (i.e. maximum terrain height
restricted to 10 m in the entire simulation domain), fat Corsica
and Sardinia islands (Le. 10 m height orography only over
islands). and withoutr lslands. The sensitivity of both models
to modified orography was very similar and thess experiments
allowed-to-highlight highlighted the mesoscale processes that
played an important role in trigeering convection during the
different phases of IOP 13, Thess experiments confirmed
that the orographic blocking and uplift were responsible for
the development of the heavy rainfall line in Liguria. since
comvection was not tripgered when the Alpine orography
was flattened Momover, they showed how the islands of
Corsica and Sardinia significantly affected the low-level wind
feld and emperamre/moistue  distribution  upstream of the
Italian regions, whemr high-impact weather events occumed.
The sensitivity experiments clearly mvealed that the islands
sheltered the Ttalian coastal regions and that the Aow deflection
was the key mechanism modulating the rainfall distribution
since it determined: i) small-scale complex patterns of low-level
comvergence over the sea in the lee of Corsica, where comvection
was triggerad and i) the location of interaction and orographic
aplift, where the undisturbed low-level flow was able to reach the
Apennines,

Comparison of the model output to radiosonds measurements
taken on both the westem (Ajaccio) and eastern (San Giuliano)
coast of Corsica as well as over north-easern Italy (Udine)
revealed that the overall vertical stmcture of the atmosphers
was reasonably well simulated by both COSMO and MOLOCH.
However, it also showed that some mlevant differsnces from
obsarvations may occur in the boundary layer, where the
detailed orographic effects on the low-level wind field were not
represented well Probably, even higher mode] resolutions would
be mequoired, not only for the horizontal prid, but also for the
vertical levels. However, the possible influence of increasing the

vertical msolution is lefi to foture work.

Although the influence of an increased mode] resolution was
rather weak with respect to the 24-h precipitation amount. the
higher correlation coefficiens indicate the potential benefits of
higher grid spacing for operational NWP especially for better
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resolving the mesoscale imeraction of the low-level flow with the
complex orography that characterises the Mediterranean basin,
This Interaction is not only limied to direct uplifi or fAow
deviation, but includes sheltering effects on the downstream area
as well as generation of localised comvergence on the ke side,
even far from the islands, which can trigger convective activity.
The benafits of inceasing horizontal resolution ae supposad to be
even larger for meteorological situations with weak or moderate
synopric-scale forcing. Finally, we would like to point out that a
single case study performed herein is not sufficient for staterments
to be made with respect to the model’s performance in general
{especially not for a systematic model evaluation), However. it
demonstrates the advantages of having an ensemble of simmlations

from different state-of-the-art NWP models for process studies.
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