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Abstract. High-resolution numerical models can be effec-
tive in monitoring and predicting natural hazards, especially
when dealing with Mediterranean atmospheric and marine
intense/severe events characterised by a wide range of in-
teracting scales. The understanding of the key factors asso-
ciated to these Mediterranean phenomena, and the useful-
ness of adopting high-resolution numerical models in their
simulation, are among the aims of the international initia-
tive HyMeX — HYdrological cycle in Mediterranean EXper-
iment. At the turn of 2013, two monitoring campaigns (SOPs
— Special Observation Periods) were devoted to these issues.
For this purpose, a new high-resolution BOlogna Limited
Area Model-MOdello LOCale (BOLAM-MOLOCH) suite
was implemented in the Institute for Environmental Protec-
tion and Research (ISPRA) hydro—meteo—marine forecasting
system (SIMM - Sistema ldro-Meteo-Mare) as a possible al-
ternative to the operational meteorological component based
on the BOLAM model self-nested over two lower-resolution
domains. The present paper provides an assessment of this
new configuration of SIMM with respect to the operational
one that was also used during the two SOPs. More in de-
tails, it investigates the forecast performance of these SIMM
configurations during two of the Intense Observation Peri-
ods (IOPs) declared in the first SOP campaign. These I0Ps
were characterised by high precipitations and very intense
and exceptional high waters over the northern Adriatic Sea
(acqua alta). Concerning the meteorological component, the
high-resolution BOLAM-MOLOCH forecasts are compared
against the lower-resolution BOLAM forecasts over three ar-
eas — mostly corresponding to the Italian HyMeX hydrome-

teorological sites — using the rainfall observations collected
in the HyMeX database. Three-month categorical scores are
also calculated for the MOLOCH model. Despite the pres-
ence of a slight positive bias of the MOLOCH model, the
results show that the precipitation forecast turns out to im-
prove with increasing resolution. In both SIMM configura-
tions, the sea storm surge component is based on the same
version of the Shallow water HYdrodynamic Finite Element
Model (SHYFEM). Hence, it is evaluated the impact of the
meteorological forcing provided by the two adopted BO-
LAM configurations on the SHYFEM forecasts for six tide-
gauge stations. A benchmark for this part of the study is
given by the performance of the SHYFEM model forced
by the ECMWEF IFS forecast fields. For this component,
both BOLAM-SHYFEM configurations clearly outperform
the benchmark. The results are, however, strongly affected
by the predictability of the weather systems associated to the
I0Ps, thus suggesting the opportunity to develop and test a
time-lagged multi-model ensemble for the prediction of high
storm surge events.

1 Introduction

Forecast verification is an essential activity of any opera-
tional institution or centre (dealing with numerical predic-
tions) that arise from the need to constantly assess the skill
and value of the forecasts provided by numerical models
(see, e.g., Jolliffe and Stephenson, 2011). A statistical verifi-
cation approach is mandatory to provide a robust and reliable
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assessment through time of the system performance, and an
evaluation of the impact of any modification introduced in
the system (administrative purpose: Brier and Allen, 1951).
The traditional case study approach is, however, suitable in
an operational monitoring and forecasting context, since the
assessment of the system performance in predicting signifi-
cant natural hazard events does not follow directly from sta-
tistically based forecast verification over a long time period.
A thorough analysis of the key physical features associated
to such events is therefore recommended.

Nevertheless, erroneous conclusions on forecast perfor-
mance could be drawn from case-study verification if the
predictability of the weather systems under investigation
is not taken into consideration. In particular, focusing on
cyclones producing high-impact weather over the Mediter-
ranean (Jansa et al., 2014), highly predictable atmospheric
processes, such as large synoptic disturbances undergoing
Alpine lee cyclogenesis (see, e.g., Speranza et al., 1985), and
much less predictable atmospheric processes, such as moist
cyclogenesis in presence of complex orography (see, e.g.,
Romero, 2011), can give rise to similar patterns producing
the same kind of ground effects. Numerical weather predic-
tion (NWP) models provide for the former, and not for the
latter, correct and timely early warning. This arises from the
intrinsic physical properties of the involved weather systems,
rather than the NWP model skill.

The necessity to enhance the knowledge (and to assess the
predictability) of high-impact atmospheric and marine events
in the Mediterranean Basin, and to properly resolve the scales
involved that range from synoptic to the meso-gamma scale,
led to the establishment at the beginning of the 21st cen-
tury of the “HYdrological cycle in Mediterranean EXper-
iment” (HyMeX, http://www.hymex.org/; Drobinski et al.,
2014). By involving a large number of technical and sci-
entific experts from the meteorological, hydrological, and
oceanographic communities, this international collaborative
initiative endorsed by the World Meteorological Organiza-
tion intends to improve over one decade (2010-2020) the
observation and modelling strategy needed for monitoring
and predicting high-impact events, such as high precipitation
events, flash floods, intense air-sea exchanges, and dense wa-
ter formation. Two Special Observation Period (SOP, http:
/Isop.hymex.org/) campaigns were carried out at the end of
2012 (5 September—6 November) and at the beginning of
2013 (February—March) to investigate, in selected target ar-
eas, the key physical processes leading to such high-impact
events by providing detailed and dedicated (e.g., using in-
strumented aircrafts) observations (Ducrocq et al., 2014).

An ad hoc forecasting activity (Ducrocq et al., 2014; Fer-
retti et al., 2014) based on several numerical model forecasts
was set up during each SOP to identify in advance the Intense
Observation Periods (I0OPs) to be monitored. For this specific
activity, the Institute for Environmental Protection and Re-
search (ISPRA) provided the meteorological products of its
operational hydro—meteo—marine forecasting system called
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Sistema Idro-Meteo-Mare (SIMM; see Sect. 2.1; Speranza
et al., 2004, 2007; Mariani et al., 2014). The SIMM mete-
orological component consists of a parallel version of the
hydrostatic BOlogna Limited Area Model (BOLAM, Buzzi
et al., 1994; Malguzzi and Tartaglione, 1999), developed by
the Institute of Atmospheric Sciences and Climate (ISAC) of
the Italian National Council of Research (CNR), self-nested
over two domains. In addition, a new forecasting configura-
tion of SIMM was implemented and used during the HyMeX
SOPs (see Sect. 2.2). This was obtained by replacing the
BOLAM self-nesting with a higher-resolution meteorolog-
ical suite based on an improved BOLAM version and the
non-hydrostatic model called MOdello LOCale (MOLOCH,;
Malguzzi et al., 2006).

Nine out of sixteen 10Ps monitored during the first SOP
campaign affected the three Italian HyMeX hydrometeo-
rological sites (North-Eastern Italy (NEI), Liguria—Tuscany
(LT), and Central Italy (CI)). Among these, IOP16 (25-29
October 2012) and 10P18 (31 October—1 November 2012)
deserved particular attention. Although the weather systems
associated with these 10Ps were rather different from a syn-
optic point of view (and, hence, in terms of predictabil-
ity), they displayed some similarity in terms of ground ef-
fects, producing heavy precipitation over the NEI, LT and
Cl sites and intense storm surge events over the northern
Adriatic coastline and the Venice Lagoon (the so-called ac-
qua alta events; see Sects. 3 and 4). This latter aspect is
particular relevant due to the national role of ISPRA in
monitoring and forecasting hydrological and hydrographic
parameters over the Venice Lagoon. Thus, the two IOPs
are used to test the improvement, if any, in replacing the
lower-resolution BOLAM configuration with the new higher-
resolution BOLAM-MOLOCH suite, and to assess the per-
formance of the SIMM storm-surge forecasting component,
namely the Shallow water HYdrodynamic Finite Element
Model (SHYFEM, Umgiesser et al., 2004; Bajo et al., 2007,
Zampato et al., 2007).

The paper is organised as follows. The description of the
operational SIMM and of the HyMeX-based SIMM is de-
picted in Sect. 2. Section 3 provides the synoptic description
of IOP16 and IOP18. Forecast verification results for both the
meteorological and sea storm surge components of the two
analysed configurations of SIMM are presented in Sect. 4.
Conclusions and final remarks are reported in Sect. 5.

2 Overview of the operational and the HyMeX-based
SIMM configurations

2.1 The operational SIMM

The first chain considered, the operational SIMM, is a quite
recent upgraded configuration of the chain originally imple-
mented in 2000 and later updated for the meteorological
component in 2009 (Speranza et al., 2007; Mariani et al.,
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Figure 1. A sketch of the general processing scheme for the op-
erational SIMM: from the ECMWF forcing to the storage, online
publication and use for research and dissemination of weather, ma-
rine and coastal products. The operational configuration includes
the BOLAM meteorological model nested at 0.3 and 0.1°, with a
0.5° ECMWF forcing, the Mc-WAF wave modelling suite forced by
the 0.1° BOLAM, and the low/high-resolution SHYFEM sea surge
model forced by the 0.1° BOLAM (and ECMWF — not shown),
with and without a tide-gauge assimilation process.

2014). This chain adopts the 2009 version of the hydrostatic
BOLAM meteorological model and two new components for
the wave and storm surge forecasts (see Fig. 1).

The operational SIMM is initialised on a daily basis
by means of 0.5° analyses and forecasts provided by the
12:00 UTC run from the previous day of the European Centre
for Medium-Range Weather Forecasts (ECMWF) Integrated
Forecasting System (IFS). The set of initial and boundary
conditions (ICs/BCs) includes, for a 96 h forecast range, the
3-D geopotential height, temperature, » and v wind compo-
nents, and specific humidity over 15 isobaric levels and the
2-D surface temperature, snow depth, and first-level soil tem-
perature.

BOLAM is one-way nested over two domains (Fig. 2)
covering the Mediterranean basin, with horizontal spatial
size equal to 0.3° (33km) and to 0.1° (11km), to pro-
vide daily meteorological forecast fields. Every day, the “fa-
ther” model produces 96 h coarse-resolution forecasts start-
ing from 12:00 UTC of the previous day, whereas the “son”
model produces 84 h high-resolution forecasts (http://www.
isprambiente.gov.it/pre_meteo/) starting from 00:00UTC
(from +12 to +96 h). The first 12 h of the father run are ne-
glected as a spin-up time period.
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Figure 2. Computational domains for the meteorological compo-
nent of the operational SIMM, namely the 0.3° BOLAM (orange
long-dashed line) and the 0.1° BOLAM (red long-dashed line), and
of the HyMeX-based SIMM, namely the 0.07° BOLAM (blue solid
line) and the 0.0225° MOLOCH (sky blue solid line).

The 0.1° BOLAM surface wind fields are then post-
processed to be used for feeding the Mediterranean-
embedded Costal WAve Forecasting system (Mc-WAF,
Inghilesi et al., 2012). The Mc-WAF component adopts the
3rd generation WAve Model (WAM, The Wamdi Group,
1988) to analyse the large-scale, deep-sea propagation of
surface waves in the Mediterranean Sea, and the Simulating
WAVves Nearshore model (SWAN, Booij, 1999; The SWAN
Team, 2014) to simulate waves in several Italian coastal
areas (http://www.isprambiente.gov.it/pre_mare/coastal_
system/maps/first.ntml). Regional intermediate-scale WAM
grids are also introduced to bridge the gap between the large
scale and coastal areas. The reader is referred to Casaioli et
al. (2014) for a full account of the regional and coastal areas
implemented into Mc-WAF.

Simultaneously, the 0.1° BOLAM wind and mean sea
level pressure forecast fields are used to force the new storm
surge forecasting component that predicts the sea surface
elevation in the Mediterranean Sea and, in particular, in
the northern Adriatic Sea (http://www.venezia.isprambiente.
it/modellistica). This component is based on the shallow-
water model SHYFEM developed at the Institute of Ma-
rine Sciences (ISMAR) of CNR. SHYFEM s also forced
with the wind and mean sea level pressure fields generated
from ECMWF IFS at 00:00 UTC, providing this way an cost-
effective multi-model forecasting system for the acqua alta
prediction.

Two finite-element grids for the Mediterranean Sea are
used in SHYFEM for both the BOLAM and IFS initiali-
sation: a low-resolution grid with 13180 elements (Table 2
and Fig. 3); and a high-resolution grid with 50 409 elements
(Table 2). For each grid, the operational system carries out
a first run to predict the storm surge contribution over the
entire Mediterranean, followed by a second run to calculate
the total water level, that is, the astronomical tide added to
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Figure 3. The SHYFEM low-resolution finite-element grid, with a zoom over the Venice Lagoon. After http://www.venezia.isprambiente.it/

modellistica.

the storm surge contribution (or tidal residual)®, only in the
Venice Lagoon. The total water level extracted at the CNR
Acqua Alta oceanographic platform (hereinafter referred to
as Piattaforma; Cavaleri, 1999), situated 8 nautical miles off
the Venice coast, is applied as BC to the lagoon inlets for the
second run to provide the total sea level forecast in the main
lagoon locations. In order to avoid a long spin-up period, the
state vector of the dynamic system is saved, for each simula-
tion, into a restart file (Bajo et al., 2007). This is then used as
IC of the next-day forecast simulation (Table 1).

A data assimilation module based on the 4-D physical
space assimilation system is also present (Bajo et al., 2012)
for integrating the residual sea level measurements from the
tide gauges of the ISPRA observation network located along-
side the Italian northern Adriatic coastline (hereinafter re-
ferred to as RMLV - see for more details http://www.venezia.
isprambiente.it/rete-meteo-mareografica). This module is,
however, still under development and testing.

2.2 The HyMeX-based SIMM

A newer configuration of the SIMM forecasting chain was
designed for the HyMeX campaigns. The new chain, de-
picted in Fig. 4, differs from the operational one for using
the higher-resolution BOLAM-MOLOCH suite in place of
lower-resolution, two-domain nested BOLAM configuration.

1The storm surge contribution includes here the seiches, as well.
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Figure 4. As in Fig. 1, but for the SIMM configuration (not yet op-
erational) designed for the HyMeX campaigns. This configuration
includes the BOLAM meteorological model nested at 0.07°, with
a 0.25° ECMWEF forcing, the 0.0225° MOLOCH forced by BO-
LAM, the Mc-WAF wave modelling suite forced by BOLAM and
MOLOCH, and the low- and high-resolution SHYFEM sea surge
model forced by BOLAM, with and without a tide-gauge assimila-
tion process.

The BOLAM configuration adopted within this suite is
based on a newer version (dated 2012) of the numerical code
and uses a wider domain, covering an area 54-25° N and
from 18° W to 43° E (see Fig. 2), with a grid mesh size of
0.07° (7.8 km). In addition, the 0.25° ECMWEF analyses and
forecasts are directly applied as ICs/BCs to BOLAM without
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Table 2. Parameters of the low- and high-resolution finite-element grids of SHYFEM.

Finite-element grid  Number of grid points Mediterranean Basin ~ Adriatic Sea  \enice Lagoon
Min Max Min Max Min Max
Low-resolution 13180 15km 60 km 5km  30km 50m 800m
High-resolution 50409 8km 40km 2km  15km
/7//

I Analym m sn 27 Oct 2012 00 UTC

()
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faued al LG @ copyright KNMI s
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Figure 5. Synoptic analysis charts at 00:00 UTC. Upper panels for I0P16: (a) 27 October 2012; (b) 28 October 2012. Lower panels for
I0P18: (c) 31 October 2012; (d) 1 November 2012. Courtesy of the Royal Netherlands Meteorological Institute (KNMI).

using a coarser-resolution father model run. Unlike the oper-
ational initialisation set (see Sect. 2.1), this higher-resolution
IC/BC set contains the 2-D logarithm of surface pressure in
place of the 3-D geopotential height. It also includes the 3-
D temperature, u and v wind components, specific humidity,
and cloud water and ice over 46 (out of the 137 available)
hybrid levels, temperature and water content of the first four
ECMWEF soil levels, and the 2-D skin temperature, land-sea
mask, orography, and land use. The forecast range of this ini-
tialisation set is 60 h.

The non-hydrostatic MOLOCH maodel is then nested into
the 0.07° BOLAM run to produce higher-resolution fore-
casts over the domain shown in Fig. 2, with a grid mesh
size of 0.0225° (2.5 km), mainly covering northern and cen-
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tral Italy. This domain was chosen to include at least five
of the eight hydrometeorological sites monitored during the
HyMeX SOPs. When the new chain will be operational, the
MOLOCH domain will cover the entirety of Italy, approxi-
mately 49-34° N and 5-25° E. Both BOLAM and MOLOCH
runs start at 12:00 UTC of the previous day (given that the
12:00 UTC ECMWEF run is used) and last 60 h. The first 12 h
are not considered (and indeed they were not provided to the
SOP campaigns). When operational, the forecast range of the
BOLAM-MOLOCH suite will be extended from 48 to 84 h.

The wind fields modelled by the BOLAM-MOLOCH suite
are then used for initialising Mc-WAF (see Casaioli et al.,
2014), whilst only the 0.07° BOLAM wind and mean sea
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level pressure fields are considered for forcing SHYFEM
over both the low- and high-resolution finite-element grids.

3 The HyMeX IOP16 and 10P18: synoptic analysis
and ground effects

During the IOP16, a large Atlantic cyclone crossed the
Iberian Peninsula on 25-26 October. Then, it moved rapidly
eastwards, reaching on 27 October the Genoa Gulf (Fig. 5a),
where it was reinforced and made almost stationary by the
phenomenon of Alpine cyclogenesis during the next day
(Fig. 5b). Finally, it left Italy on 29 October. Observations
of the weather system development were provided by several
operational and specifically deployed instruments, including
ground meteorological networks, radiosondes, and ground-
and satellite-based remote-sensing instruments. In the morn-
ing of 27 October, an instrumented SAFIRE Falcon 20 air-
craft was additionally used to obtain airborne measurements
over the ClI site. These data were collected into the HyMeX
database (http://mistrals.sedoo.fr/HyMeX/) and they are now
available for research studies.

The event occurred during the IOP18 was characterised
by the formation of a Mediterranean low-level cyclone over
the Gulf of Lion on 31 October (Fig. 5c), embedded in the
zonal flow connected to an upper-level trough (not shown).
Subsequently, the cyclone moved along a similar path of the
I0P16 one (Fig. 5d). The difference between the two events
was mainly in the time and space scale of the dynamical
and physical processes involved. This, in turn, reflected in
a different predictability of the two weather systems. Also
in this case, several detailed and specific observations were
collected in order to monitor and study the key processes re-
sponsible for this event.

Both events produced intense precipitation over Italy, with
some similarity in the rainfall patterns. The precipitation over
the Italian HyMeX hydrometeorological sites, and also over
southern Italy, was associated with southerly low-level ad-
vection of warm and moist air and subsequent frontal pas-
sage.

Over LT, strong advection of warm and moist air over
steep and complex orography acted in both cases to concen-
trate intense precipitation in very small areas. Over ClI, the
key factor was the prediction of the development of multiple
squall lines over the Tyrrhenian Sea, embedded in the warm
and unstable south-westerly flux. These arose in several pre-
cipitation bands over peninsular Italy, whose exact space-
time location was hard to predict. Over NEI, the two IOP
events are typical examples of the so-called “dark Bora” phe-
nomenon, that is, a cyclonic Bora wind with cloudy sky and
precipitation (Jurcec, 1981). A warm south-easterly Scirocco
wind flowing over the Adriatic Sea swerved westwards (fol-
lowing the classical Bora NE-SO wind direction), due to the
barrier effect jointly produced by the Dalmatian orography
and the cold, stable air present over the north-eastern Ital-
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ian region during the passage of the occluded front. This
phenomenon, matching the astronomical tide, was also re-
sponsible for the acqua alta events in the Venice Lagoon (for
I0P18, see Crosato, 2012).

The evolution of these tidal events was monitored through
the national RMLV network. At the Punta della Salute tide
gauge, the sea level exceeded twice the warning level during
IOP16 (more than 120 cm), whilst it exceeded once the alarm
level during IOP18 (143 cm at 00:40 UTC of 1 November).
According to historical records, the latter peak represents the
16th maximum tidal level observed in Venice at Punta della
Salute since 1872. The same meteorological event was re-
sponsible of a tide peak? of 164 cm in Chioggia Vigo, a town
to the south of Venice, which represents the maximum ob-
served value since 1990 for this station. Also in Grado, north-
east of Venice, a peak? of 137 cm was measured in the early
morning of 1 November.

4 Forecast verification and model intercomparison

Each operational modelling component of SIMM has been
objectively evaluated during the entire lifetime of the sys-
tem (see, e.g., http://www.isprambiente.gov.it/pre_meteo/
pub.html for a compendium of the forecast verification ac-
tivities). The introduction of significant modifications in the
chain structure and/or in the models has been always pre-
ceded by a rigorous forecast verification analysis to assess
the impact on the system performance of such modifications.
This was also done for the new high-resolution configuration
of BOLAM used in the HyMeX-based SIMM, before its de-
ployment in the two SOP campaigns.

The 0.07° BOLAM version was statistically evaluated
against alternative BOLAM configurations in a study fully
described in a paper by Casaioli et al. (2013). A multi-
method approach was adopted that included also the calcu-
lation of several categorical scores. It was demonstrated that
the 0.07° BOLAM statistically performs better than the al-
ternative BOLAM configurations and, in particular, the 0.1°
BOLAM present in the operational SIMM. Thus, the follow-
ing part of this work (see Sects. 4.1 and 5) focuses only on
the performance of the different SIMM NWP models in pre-
dicting the key features associated with 10P16 and I0P18.
In addition, for the MOLOCH model, a forecast evaluation
in terms of categorical scores is provided since this specific
model configuration has not yet been statistically verified.

The assessment of the Mc-WAF component during the
two HyMeX SOP campaigns was presented by Casaioli
et al. (2014) in a distinct paper due to the complexity
of this modelling component that spans from the Mediter-
ranean to local coastal scales using, for its initialisation, the

2v/alue expressed with respect to the mean sea level computed by
averaging the observations of sea level in Punta della Salute carried
out over 25 years, from 1885 to 1909, and setting the central year
(1897) as a reference value.

Nat. Hazards Earth Syst. Sci., 15, 1-24, 2015


http://mistrals.sedoo.fr/HyMeX/
http://www.isprambiente.gov.it/pre_meteo/pub.html
http://www.isprambiente.gov.it/pre_meteo/pub.html

8 S. Mariani et al.: A new high-resolution BOLAM-MOLOCH suite for the SIMM forecasting system

meteorological fields provided by both the currently oper-
ational (0.1° BOLAM) and the HyMeX-based (0.07° BO-
LAM + 0.0225° MOLOCH) SIMM chains. The comparison
between the significant wave heights, predicted and observed
at some locations of the ISPRA national wind wave buoy
network (http://www.telemisura.it/), shows an improvement
at regional scale when Mc-WAF is initialised with the wind
fields modelled by the 0.07° BOLAM rather than the 0.1°
BOLAM. This is also true for the skill of Mc-WAF in pre-
dicting the two severe events with significant wave height
around 3-4 m occurred during IOP16 and IOP18.

Concerning SHYFEM, Cordella (2013), Ferla (2013), and
Coraci (2014) computed, for the northern Adriatic Sea, the
impact on forecast performance of the different meteoro-
logical forcing (BOLAM vs. IFS) used within the opera-
tional SIMM. These studies considered 1 year of simula-
tions — from October 2012 to October 2013 - that included
mostly of the two SOPs. Although the performances are gen-
erally good and quite similar over the considered period,
the BOLAM-forced SHYFEM overperforms the IFS-forced
SHYFEM when considering high tide events (>80cm) and
longer lead times. The following Sect. 4.2 provides a com-
parison of the two SHYFEM configurations that belong, re-
spectively, to the operational SIMM and the HyMeX-based
SIMM. Since the latter configuration is not yet fully opera-
tional, the comparison is here available only for the period
covering the I0OP16 and IOP18. In addition, the compari-
son does not consider the simulations obtained by deploying
the data assimilation scheme that is currently under develop-
ment.

4.1 Precipitation forecast
4.1.1 Statistical assessment

A guantitative precipitation comparison for a period covering
both IOPs (25 October—1 November 2012; see Fig. 6) is suit-
able to assess the overall forecast performance of the three
NWP models. For this purpose, attention is focused on the
three Italian HyMeX hydrometeorological sites.

First, hourly rainfall data provided by Italy to the HyMeX
database were considered and accumulated on a daily ba-
sis starting from 00:00 UTC. Similarly, hourly precipitation
forecast fields were accumulated from 00:00 to 24:00UTC
(i.e., +12 to +36h from the ECMWEF initialisation time).
Then, observed and modelled daily precipitation amounts
were averaged over three intense rainfall areas in LT (lon:
8.75-11.25° E; lat: 43.8-44.8° N, Fig. 6a); Cl (lon: 11.7-
13.9°E; lat: 45.3-46.7° N, Fig. 6b); and NEI (lon: 10.5-
13.0°E; lat: 41.5-43.0° N, Fig. 6¢).

In the majority of cases, the 0.1° BOLAM predicts more
rainfall than the 0.07° BOLAM, with MOLOCH in an in-
termediate position. Consistently, the highest observed peaks
discussed above — on 26 October over LT and on 31 October
over NEI — are best matched by MOLOCH, overestimated
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Figure 6. Comparison between the daily rainfall observations and
the daily precipitation fields generated by the tree inter-compared
meteorological models. The time series are averaged over three se-
lected areas: (a) LT; (b) CI; and (c) NEI.

by the 0.1° BOLAM, and underestimated by the 0.07° BO-
LAM. The IOP18 rainfall over LT is overestimated by the
three models to the same extent.

In addition, a statistically robust verification was per-
formed for MOLOCH by assessing the quantitative precipita-
tion forecast (QPF) performance over the period September—

www.hat-hazards-earth-syst-sci.net/15/1/2015/
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Figure 7. Categorical scores calculated over the period September—
December 2012 for the 24 h MOLOCH forecasts. (a) BIAS, POD,
POFD, and FAR; (b) ETS, ETSAgj /4, HK, EDI, and SEDI.

CATEGORICAL SCORES

December 2012 that includes the first SOP devoted to the
monitoring of high precipitation events. The QPF compar-
ison focused on the entire MOLOCH domain (see Fig. 2).
Hence, observations from rain gauge networks of Austria,
Bosnia and Herzegovina, Croatia, France, Italy, Slovenia,
and Swiss were considered.

Several categorical scores were calculated (Fig. 7): the fre-
quency bias (BIAS), the probability of detection (POD), the
probability of false detection (POFD), the false alarm ratio
(FAR), the equitable threat score (ETS), a bias-adjusted ETS
(ETSA4H/d4), the Hanssen—Kuipers score (HK), the extreme
dependency index (EDI), and the symmetric extreme depen-
dency index (SEDI). These scores were also adopted for the
more recent performance assessment of the BOLAM config-
urations deployed in ISPRA (Mariani et al., 2014; Casaioli et
al., 2013). The score calculation is based on a sum of 2 x 2
contingency tables that summarise the match and mismatch
between a series of precipitation observation-forecast pair

www.hat-hazards-earth-syst-sci.net/15/1/2015/

above (and below) a selected threshold (see, e.g., Jolliffe and
Stephenson, 2011). Six rainfall thresholds were considered,
namely 0.5, 5.0, 10.0, 20.0, 30.0, and 40.0 mm 24 h~1,

Before populating the contingency tables, both observa-
tions and forecasts were accumulated on a daily basis from
06:00 to 06:00 UTC. This time period was chosen to include
into the verification observational analysis those Croatian
and Slovenian rainfall data that were already 24 h accumu-
lated over this time slot when stored in the HyMeX database.
The observed and forecast fields were up-scaled over a com-
mon 0.05° lon-lat regular verification grid, mostly covering
the MOLOCH domain. This was done to reduce the effect
on categorical scores of the double penalty error that can be
excessively penalising when verifying very-high resolution
forecasts (see, e.g., Rossa et al., 2008; Gilleland, 2013).

A detailed description of the verification procedure and of
the various tools used can be found in Mariani et al. (2014).

Over the 3-month period and the up-scaled verifica-
tion domain, the MOLOCH configuration tends to overpre-
dict the occurrence of precipitation events since a BIAS
value slightly greater than one is obtained for all thresholds
(Fig. 7a). In other words, the number of false alarms — that is,
the rainfall events predicted but not observed — is not negli-
gible and it is greater than the number of observed rainfall
events not detected (i.e., the misses). This is a signal that
MOLOCH, although providing more realistic precipitation
patterns, tends to produce an excess of rainfall. It is also re-
markable that BIAS lightly decreases for increasing thresh-
olds.

In Fig. 7a the FAR values provide a quantification of the
fraction of events forecast but not observed. Since for a per-
fect forecast system FAR should be equal to zero, it is even
clearer that, for this configuration of MOLOCH, the number
of false alarms is not negligible. It could be surprising that
the trend of FAR does not follow that of BIAS, but this is the
consequence of the fact that, unlike the latter, the former does
not take into account the number of misses in the verification
sample. The other two scores present in Fig. 7a are POD and
POFD that measure, respectively, the fraction of events ob-
served that were correctly forecast and the fraction of no-
events (observations below the threshold) that were incor-
rectly forecast. For a perfect forecast system, POD (POFD)
should be equal to one (zero). MOLOCH shows higher POD
values at the lower thresholds. For the higher thresholds,
there is a decrease of the number of events observed that
were properly predicted. The values of POFD are very low
and quite close to zero, due to the magnitude of the no-events
(i.e., observations and forecasts both below the considered
rainfall threshold) with respect to the false alarms.

The MOLOCH skill scores are reported in Fig. 7b. A per-
fect forecast system has all skill scores equal to one. Each
one of these scores assesses a different attribute of the fore-
cast quality and some of them are more (e.g., ETS) or less
sensitive (e.9., ETSAdn/d4) to the forecast bias. As for the
scores in Fig. 7a, skill scores tend generally to degenerate to

Nat. Hazards Earth Syst. Sci., 15, 1-24, 2015
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Figure 8. 24 h accumulated precipitation on 26 October 2012. Focus over Italy: (a) rain gauge observations; (b) 0.1° BOLAM forecast from
the operational SIMM; (c) 0.07° BOLAM forecast from the HyMeX-based SIMM; (d) 0.0225° MOLOCH forecast from the HyMeX-based
SIMM (where the area external to the model domain is shaded in grey). The forecasts were initialised at 12:00 UTC of 25 October.

trivial values at high precipitation thresholds, with the excep-
tion of EDI and SEDI that have been recently introduced in
literature to assess the model skill in forecasting rare, low-
base rate precipitation events. An ETS value greater/equal to
0.4 is found for low thresholds, while a value around 0.3 is at-
tained at the medium and higher thresholds. When the effect
of bias is removed in the ETSAqy,d4 computation, the sys-
tem turns out to perform better especially at the lower thresh-
olds (where the model is more biased — see Fig. 7a). In terms
of HK that, unlike ETS, measures the model accuracy in cor-
rectly forecasting both events (i.e., observations and forecasts
both above the considered rainfall threshold) and no-events,
MOLOCH scores better with values always greater than 0.45
and close to 0.65 at the lower thresholds.

Nat. Hazards Earth Syst. Sci., 15, 1-24, 2015

Finally, EDI and SEDI calculated over the re-calibrated
forecasts (i.e., bias removed), show that there is no significant
difference in the model performance between the thresholds
associated with low-base rate rainfall events and those asso-
ciated with high-base rate.

At this stage, it is not possible to judge how satisfying
these scores are since no other MOLOCH configurations
were previously implemented in SIMM. Moreover, a direct
comparison with the two hydrostatic BOLAM configura-
tions is unfair due to the significant differences in the spatial
scales resolved. Higher-resolution NWP models produce de-
tailed forecast fields that contain differing degrees of small-
scale details. Such forecasts could score worse than smoother
fields modelled by lower-resolution NWP models due to the

www.hat-hazards-earth-syst-sci.net/15/1/2015/
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sensitivity of categorical scores to small displacement errors
(“double penalty” — see, e.g., Mass et al., 2002; Weygandt et
al., 2004; Lanciani et al., 2008; Gilleland, 2013).

In the framework of the HyMeX Science Team “Stud-
ies of 10Ps (SOP1) — precipitation events”, an intercom-
parison study is ongoing for evaluating the forecast per-
formance of the different NWP models used during the
first SOP. This includes the assessment of the ISPRA
2.5km MOLOCH against the two MOLOCH configura-
tions operational at CNR-ISAC, having horizontal grid
spacing of 1.5 and 2.3km (see Table 4 in Ferretti et
al., 2014). According to preliminary results (not shown),
no big differences in score were found among the three
MOLOCH configurations, except for a (slightly) larger
tendency of the ISPRA configuration to overpredict the
occurrence of rainfall events (i.e., BIAS|sprA—-MOLOCH >
BIAS|sac—moLocHs)- This BIAS difference may have,
nonetheless, a non-negligible impact on the QPF intercom-
parison (see Mariani et al., 2014 and references therein).
Thus, the sensitivity of the MOLOCH categorical scores to
the BIAS, as well as the BIAS difference due to the dif-
ferent choice of ICs/BCs (12:00 UTC ECMWEF IFS run vs.
00:00/18:00 UTC GFS runs), different configurations of the
parental model, and different extension of the model do-
mains, are currently under investigation.

4.1.2 Case studies

During IOP16, intense precipitation over Italy occurred in
two phases. On 26 October, warm and moist south-westerly
advection towards Liguria and CI created the favourable con-
ditions to the development of pre-frontal convective cells
(Fig. 8a). Particularly intense rainfall occurred over Liguria
due to orographic triggering. The rain gauge in Piana di Bat-
tolla (see red dots in Fig. 8a) registered 245 mm 24 h—1 (with
amaximum of 45 mm h—1). Meanwhile, south-easterly moist
advection (Scirocco) on the Adriatic Sea produced convec-
tive rain over NEI. On 27 October (not shown), more rain-
fall affected the Apennines (including LT, with a maximum
of 168 mm 24 h~1) during the passage of the cold front. At
the same time, the eastern Alps chain triggered intense moist
convection on the eastern border of NEI and western Slove-
nia, where 194 mm were registered in 24 h (Nova Gorica).
An overall comparison of the 24 h accumulated precipi-
tation fields predicted on 26 October by the three meteo-
rological models (initialised at 12:00 UTC of 25 October;
Fig. 8b—d) evidences a strong similarity in the rain/no-rain
patterns with relevant differences in the small-scale details,
including the maximum precipitation amount. In particular,
the rainfall peak observed in Liguria (Fig. 8a) is misplaced
by the 0.1° BOLAM (from the operational SIMM, Fig. 8b),
while precipitation over the same area is underestimated by
the 0.07° BOLAM forecast (from the HyMeX-based SIMM,
Fig. 8c). However, MOLOCH forced by the 0.07° BOLAM
displays a very good agreement with observations (Fig. 8d).

www.hat-hazards-earth-syst-sci.net/15/1/2015/
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Figure 9. Contour plot of the CAPE forecast at 15:00UTC of
26 October 2012 over the LT hydrometeorological site and 600—
925 hPa shear for the 0.1° BOLAM from the operational SIMM (a),
and the 0.07° BOLAM (b) and the 0.0225° MOLOCH (c) from the
HyMeX-based SIMM. The forecasts were initialised at 12:00 UTC
of 25 October.
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In particular, the two main rainfall peaks 30 km apart — the
western one observed during the morning, the eastern one
during the afternoon — are well resolved and correctly es-
timated (not shown). Similarly, the 0.1° BOLAM provides
over Cl a better estimate of the rainfall amount than the 0.07°
BOLAM, but the latter is more accurate in localising the at-
mospheric structures. As a consequence, the MOLOCH fore-
cast is able to correctly reproduce the observed multiple band
rain pattern (even if with some spatial errors). Finally, the
NEI event is hardly visible only in the MOLOCH forecast.

On 27 October, all the three models are able to correctly
forecast the location of the rainfall patterns over the HyMeX
hydrometeorological sites (not shown). In this case, the 0.1°
BOLAM tends to overestimate the rainfall amounts, while
the 0.07° BOLAM underestimates the rainfall peaks and
MOLOCH gives the best forecast.

A further analysis of the LT event allows the aforemen-
tioned forecast differences to be clarified. The CAPE fore-
cast fields at 15:00 UTC of 26 October (Fig. 9) illustrate the
situation leading to heavy precipitation on a very small area
in the subsequent hours (westernmost red dots on Liguria in
Fig. 8a). There, a persistent southerly low-level jet on the
eastern Genoa Gulf advects moist, unstable air on the steep
orography, generating a long-lasting stationary convective
cell. The unstable low-level jet is evident as a high-CAPE
area in all three forecasts. A low-CAPE area is present west
of Corsica in the 0.07° BOLAM forecast (Fig. 9b) and it is
even more developed in the nested MOLOCH run (Fig. 9c),
but it is almost absent in the 0.1° BOLAM forecast (Fig. 9a),
possibly due to lack of detail in the IC fields. The compara-
tively better performance of MOLOCH does not arise from
such differences: actually, it seems more linked to the main
role of the small-scale orographic forcing in this case.

During IOP18, rainfall affected the same Italian areas
(Fig. 10a). On 31 October, south-westerly and southerly
moist-advection-induced orographic precipitation over the
Lazio Region and LT with isolated peaks of more than
140 and 120 mm 24 h—1, respectively. Over NEI, convective
squall lines developed on 31 October into the Scirocco flow
over the northern Adriatic Sea, subsequently hitting the coast
and further developing over the mainland. High precipitation
over Veneto and Friuli Venezia Giulia Regions was observed
during the evening of 31 October. Finally, a big convective
cell developed over Trieste in the first hours of 1 Novem-
ber, associated with the passage of the occluded front (not
shown).

Most of the features observed in the complex precipitation
pattern of Fig. 10a are caught by the three models for this IOP
(initialised at 12:00 UTC of 30 October, Fig. 10b—d). In par-
ticular, with respect to the 0.1° BOLAM (Fig. 10b), the 0.07°
BOLAM (Fig. 10c) partly fixes the rainfall underestimation
over LT and the overestimation over NEI and southern Italy,
while, at the same, it introduces some rain underestimation
over Cl.
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Details added in the rainfall pattern by the MOLOCH fore-
cast (Fig. 10d) seem to be realistic, even if their verifica-
tion requires a deeper inspection of the NEI event alone, in
view of its relationship with the severe acqua alta episode
described in Sect. 4.2. According to all models (Fig. 11),
a strong, E-W low-level convergence line develops in the
last hours of 31 October, deviating the southerly Scirocco
moist flow towards the Po Valley as a combined result of the
Alpine range barrier effect and the upstream cyclonic vortic-
ity. The convergence line triggers convection over the Veneto
Region and, at a later stage, upwind the eastern Alps. The
increase in model resolution (Fig. 11a—c) acts to sharpen the
convergence line without affecting its evolution, so that the
predicted precipitation patterns turn out rather similar.

It must be noted that the 10P18 forecast depends criti-
cally on ICs. For instance, if the forecast is initialised one
day earlier, that is, at 12:00 UTC of 29 October, the 24 h
accumulated precipitation on 31 October turns out to be
largely overestimated, and the position of the maximum rain-
fall over NEI turns out to differ in the two BOLAM and
in the MOLOCH simulations (not shown). More specifi-
cally, this manifestation of chaos affects the evolution of the
mesoscale cyclone (and the associated surface winds) devel-
oping over the Mediterranean Sea, with relevant implications
on the prediction of the sea storm surge in the Venice Lagoon
and the northern Adriatic Sea with more than 2 days in ad-
vance (as shown later in Sect. 4.2). Figure 12 illustrates this
point through the comparison of the EUMETSAT Meteosat
Second Generation (MSG) 6.2 pwater vapour (WV) channel
image against the 0.07 and 0.1° BOLAM forecast patterns
of the 1.5PVU potential vorticity (PV) isosurface height.
The ECMWEF-IFS 500 hPa geopotential analysis and the 0.07
and 0.1° BOLAM 500 hPa geopotential height (GPH) and
300 hPa wind fields are added for reference to the EUMET-
SAT image and to the BOLAM forecasts, respectively.

Two subsequent 0.1° BOLAM runs (initialised with the
ECMWEF-IFS runs at 12:00 UTC of 29 and 30 October, re-
spectively) and the correspondent 0.07° BOLAM runs are
checked at 00:00 UTC of 1 November, corresponding with
the maximum sea surge in Venice. As highlighted by the
red ellipses in the figure panels, the position, orientation,
size, and intensity of the cyclone clearly display sensitivity
to both ICs and choice of model configuration. Instead, the
same study performed for the evolution of the IOP16 weather
system displays a much more stable and accurate model per-
formance (not shown).

4.2 Tidal forecast

Further elements on the performance of the two SIMM con-
figurations in predicting low-probability/exceptional storm
surge events can be provided by assessing the SHYFEM
forecasts for IOP16 and 10P18. The verification study pre-
sented in this section deals with the SHYFEM model forced
using the meteorological fields provided by the 0.1° BOLAM
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Figure 10. As in Fig. 8, but for the 48 h accumulated precipitation starting at 00:00 UTC of 31 October 2012. The forecasts were initialised

at 12:00 UTC on 30 October.

from the operational SIMM and the 0.07° BOLAM from the
HyMeX-based SIMM, as well as by the 0.5° ECMWF IFS
(see Table 1 for the configuration details).

The SHYFEM simulations considered here refer to the pe-
riod that goes from the beginning of I0P16 to the end of
I0P18. Since each daily simulation spanned for several days
(see “forecast range” in Table 1), observations were com-
pared against SHYFEM forecasts with different lead times
(i.e., the time from the run initialisation) to study the forecast
sensitivity to ICs. In the rest of this section, the SHYFEM
simulations are then referred with respect to the delivery
date, and plotted accordingly in Figs. 14-17 (i.e., different
colours correspond to different delivery date).

The use of MOLOCH in combination with SHYFEM will
be the subject of a subsequent verification study. For this
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purpose, the new domain covering the entirety of Italy (see
Sect. 2.2) must be considered; the MOLOCH domain used in
the HyMeX configuration is too small to correctly drive the
surge model.

The simulations of the three model configurations were
checked against observations taken at six different tide-gauge
stations. Five of them, from the ISPRA RMLV network, are
located in the Venice Lagoon: namely Burano, Punta della
Salute, Torson di Sotto, Faro Rocchetta, and Chioggia Vigo.
The sixth one is the Venice Municipality tide gauge placed
at the CNR Piattaforma. These locations have been chosen
among the 23 measuring points available in the Venice La-
goon — together with the open-sea CNR platform — in order
to provide a cross-shaped sample of the variability of both
observed and forecast sea levels along and across the lagoon

Nat. Hazards Earth Syst. Sci., 15, 1-24, 2015
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Figure 11. Contour plot of the 925 hPa (6,) forecast at 21:00 UTC
of 31 October 2012 over the NEI hydrometeorological site and
the low-level jet forecast for the 0.1° BOLAM from the oper-
ational SIMM (a), and the 0.07° BOLAM (b) and the 0.0225°
MOLOCH (c) from the HyMeX SIMM. The forecasts were ini-
tialised at 12:00 UTC of 30 October.
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(Fig. 13). Since it was found that the grid resolution had
a negligible effect on the SHYFEM performance for these
events (not shown), only the results obtained with the high-
resolution SHYFEM configurations are discussed here.

Concerning 10P16, all the model configurations provide
a good tidal forecast, both in open-sea (Fig. 14a, c, e) and
in the lagoon (Fig. 14b, d, f, for Punta della Salute), with a
correlation coefficient varying from 0.89 to 0.97 depending
on lead time, meteorological forcing and measuring station.

For the ECMWF IFS-forced SHYFEM configuration, the
latest delivered forecast of the 28 November peak is very
good. In all the other cases, this configuration tends to un-
derestimate the elevation peaks of an amount that, as it could
be expected, is minimum for the shortest-lead time run (see
Fig. 14a and b). This error is mostly absent in the forecast
forced by the 0.1° BOLAM (Fig. 14c and d), which provides
a very accurate estimate of the two maxima in most of the
stations (not shown). As an exception, the second peak in
Piattaforma is overestimated by the shortest lead-time run
(Fig. 14c). The 0.07° BOLAM-driven SHYFEM forecast
(Fig. 14e and f) introduces some further improvements, re-
moving the overestimation error visible in the Piattaforma
forecast (see Fig. 14c vs. e) and providing more stable fore-
casts for increasing lead time. However, the 0.07° BOLAM
partly reintroduces in Punta della Salute the underestimation
error found on ECMWF-driven runs (Fig. 14f).

The behaviour of the SHYFEM configurations during the
IOP18 event is by far more complex. Let us start with the de-
scription of the results obtained with the forcing provided by
the ECMWEF-IFS meteorological fields (Fig. 15). Along with
an overall tendency of the SHYFEM runs to underestimate
the main peaks, a sort of anomalous behaviour is found in re-
lation with the forecast quality when increasing the lead time
(hereinafter referred as to the lead time anomaly). In gen-
eral, it is expected that the more recent the meteorological
forcing is, the better the forecast is. Here the opposite be-
haviour is found in most cases. For instance, at Piattaforma
(Fig. 15¢) or at Faro Rocchetta (Fig. 15d), forecast qual-
ity increases slightly but progressively with increasing lead
time. Similarly, northwards (Fig. 15a and b) the forecast de-
livered on 28 October (the oldest one) is much more skilful
than the three most recent ones. Regarding the second peak
(around 07:30 UTC at Piattaforma and 09:00 UTC at Punta
della Salute), the latest forecast delivered on 31 October is
the best but, again, the oldest one, delivered on 28 October, is
more accurate than that delivered on 29 October. It is also re-
markable that the forecast tendency to underestimate the sea
surge increases progressively from north (Burano, Fig. 15a)
to south (Chioggia, Fig. 15e). This error is hereinafter re-
ferred to as the north/south lagoon unbalance.

The results from the BOLAM-driven SHYFEM runs
(Figs. 16 and 17 for the low- and high-resolution case,
respectively) display a general increase of forecast qual-
ity. However, they are prone to lead time anomaly and
north/south lagoon unbalance, although at a different extent
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Figure 12. Synoptic-scale verification of BOLAM forecasts using MSG WV imagery at 00:00 UTC of 1 November 2012; the red ellipse
represents the cyclone vorticity centre. (a) MSG 6.2 pyWV channel image and ECMWF analysis of 500 hPa geopotential (green contour lines);
(b) 0.1° BOLAM forecast of 1.5 PVU PV isosurface height (colour shaded), 500 hPa GPH (sky blue contour lines) and 300 hPa wind stream
(wind speed > 10 ms~1); the forecast initialised at 12:00 UTC of 29 October 2012. (c) As in (b), but for the forecast initialised at 12:00 UTC
of 30 October 2012. (d) As in (b), but for the 0.07° BOLAM forecast. (e) As in (c), but for the 0.07° BOLAM forecast.
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VP AT-TAFORMA CNR

Figure 13. Position of the six tide-gauge instruments considered
for the evaluation of the SHYFEM performance. Five stations are
situated in the inner of the Venice Lagoon, whilst one is located in
the Adriatic Sea.

depending on model resolution and initialisation date. The
lead time anomaly is still found: the forecast delivered on
29 October is much more accurate than that delivered on
30 October, except for Burano (Fig. 16a) and Punta della
Salute (Fig. 16b). In these two locations (especially in Bu-
rano), the forecast delivered on 29 October strongly over-
estimates the peak due to heavy north/south lagoon unbal-
ance. The forecast delivered on 30 October underestimates
the sea surge everywhere, producing the maximum error
in Chioggia (—44 cm; Fig. 16f). Finally, the forecast deliv-
ered on 31 October is quite accurate, despite a slight over-
estimation/underestimation over northerly/southerly stations
(Fig. 164, b, e).

When using the 0.07° BOLAM forecast (Fig. 17), the re-
sults display again the lead time anomaly, but now the fore-
cast delivered on 30 October beats the one delivered on 31
October over the first sub-peak, where both are available.
However, in the northernmost stations (Fig. 17a and b), a
stronger north/south lagoon unbalance present in the former
forecast results in a significant overestimation of the peak
amplitude.

The reason of the unbalance effect can be easily found in
the observed, strong north-northeasterly wind blowing over
the lagoon in the late night of 31 October. Wind pushed
the lagoon water southwards increasing the sea level dif-
ference in the north-south direction. Thus, the behaviour
of the SHYFEM error can be easily related to the error
associated with the forecast of surface winds provided by
the different BOLAM simulations. To further clarify this is-
sue, the 10 m wind field observed over NEI at 00:00UTC
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of 1 November — calculated by the Environmental Agency
of the Veneto Region (ARPA Veneto) using the CALifor-
nia METeorological model (CALMET; Sansone et al., 2005)
— is compared against the corresponding BOLAM simula-
tions obtained with different initialisations (see Fig. 18). The
0.1° BOLAM initialised using the 12:00 UTC IFS run on
30 October (Fig. 18c) and the 0.07° BOLAM initialised us-
ing the 12:00 UTC IFS run on 31 October (Fig. 18e), which
are associated with the minimum north/south lagoon un-
balance (see Figs. 16 and 17), predict correctly the north-
easterly winds over the lagoon. Instead, significant cross-
lagoon winds are predicted by the 0.1° BOLAM initialised
using the 12:00 UTC IFS run on 29 October (Fig. 18b) and
by the 0.07° BOLAM initialised using the 12:00 UTC IFS
run on 30 October (Fig. 18f), which are consistently associ-
ated with the maximum north/south lagoon unbalance (see
Figs. 16 and 17).

Figure 18 is also very effective in showing how much the
dynamically relevant differences in the mesoscale cyclone
shown in Fig. 12 can affect key features in forecasting both
the rainfall and the sea surge event, namely: the veering of
Scirocco flow over the northern Adriatic Sea (and its timing,
not shown); the front sharpness; the wind speed and direc-
tion inside and outside the lagoon (which depend on the tra-
jectory of the surface pressure minimum in the area); and the
fine structure of the cyclone.

Finally, forecast verification of the storm surge contribu-
tion was also performed in Piattaforma (not shown). No tidal
residual comparison is possible at the lagoon stations since
only the total water level is available there. During IOP16,
the observed tidal residual oscillates between 35 and 65 cm,
with a period of 20-22 h (seiches). For each NWP model, the
forecast error is mainly due to a phase shift in the prediction
of this fluctuation. However, since the astronomical tide con-
tribution is dominant in this event, the tidal residual forecast
error is relevant only when it occurs in correspondence to
the astronomical tide peak on 27 October. The results for the
IOP18 event show, instead, that the storm surge is dominant
with respect to the astronomical tide contribution. The ob-
served storm surge displays a high (ca. 110 cm), long-lasting
(ca. 36 h) single peak, and the model errors are mostly due
to the underestimation of this peak. These results confirm the
above-discussed outcomes of the tidal forecast verification.

The verification results can be summarised as follows. On
IOP16, the SHYFEM performance improves by increasing
the resolution of the meteorological forcing. As expected,
the most recent forecast is always the best one. On 10P18,
even if the BOLAM-driven runs are more skilful than the
IFS-driven ones, the SHYFEM accuracy in predicting the sea
level peak depends in a nontrivial way on meteorological in-
put resolution, initial date, and geographical location. This is
the combined effect of the low predictability of the IOP18
cyclone and the high sensitivity of tidal forecast to details of
the meteorological fields.
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Figure 14. Comparison for IOP16 between the SHYFEM forecasts and the sea level observations registered at Piattaforma and Punta della
Salute. Time in CET (UTC+1). Meteorological forcing by: (a and b) ECMWEF IFS forecasts from 26 to 28 October; (c and d) 0.1° BOLAM
forecasts from 26 to 28 October; (e and f) 0.07° BOLAM forecasts from 27 to 28 October.
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Figure 15. Comparison for IOP18 between the ECMWEF IFS-forced SHYFEM forecasts and the sea level observations registered at the

six considered tide-gauge instruments, with meteorological forecast forcing from 28 to 31 October: (a) Burano; (b) Punta della Salute;
(c) Piattaforma; (d) Faro Rocchetta; (e) Torson; (f) Chioggia.
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Figure 16. As in Fig. 15, but with the meteorological forecast forcing provided by the 0.1° BOLAM: (a) Burano; (b) Punta della Salute;

(c) Piattaforma; (d) Faro Rocchetta; (e) Torson; (f) Chioggia.
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Figure 17. As in Fig. 15, but with the meteorological forecast forcing provided by the 0.07° BOLAM from 30 to 31 October: (a) Burano;
(b) Punta della Salute; (c) Piattaforma; (d) Faro Rocchetta; (e) Torson; (f) Chioggia.
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Figure 18. Observed and forecast 10 m wind field over NEI at 00:00 UTC of 1 November 2012. (a) The CALMET wind analysis — courtesy
of ARPA Veneto; (b) 0.1° BOLAM forecast initialised at 12:00 UTC of 28 October 2012. (c) As in (b), but for the forecast initialised at
12:00 UTC of 29 October 2012; (d) As in (b), but for forecast initialised at 12:00 UTC of 30 October 2012; (e) 0.07° BOLAM forecast
initialised at 12:00 UTC of 29 October 2012; (f) As in (e), but for the forecast initialised at 12:00 UTC of 30 October 2012.
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5 Conclusions

Evaluating the performance of an integrated meteo-marine
modelling system, such as SIMM, is a demanding task since
forecasts have to be verified at any model stage, and the re-
sults should be inter-related to provide a whole picture of the
system skill and value. In addition, the assessment of such a
system in forecasting high impact events is essential for any
operational centre involved in predicting and monitoring nat-
ural hazards. In this context, forecast verification is also rel-
evant to determine in advance whether modifications of the
system configuration lead to performance improvements.

The first HyMeX SOP experience gives the opportunity
(and the necessary observations) to perform an intercompar-
ison study of two different configurations of SIMM, namely
the operational and the ad hoc implemented for HyMeX. De-
spite an apparent similarity of weather patterns and surface
effects, the IOP16 and IOP18 events are characterised by dif-
ferent predictability: the results indicate that the cyclone re-
sponsible for the latter event is much less predictable than
that involved in the former one.

The QPF intercomparison displays an objective added
value of MOLOCH forced by the 0.07° BOLAM in predict-
ing the two most relevant rainfall episodes. In the IOP16 LT
event, a well-described, unstable flow over orography makes
model resolution the key issue for a good forecast. This is
partially true also for the IOP18 NEI event. However, squall
lines developing over sea in the warm sector, as the ones
involved in both IOP CI events, are less able to take ben-
efit from the resolution increase. In fact, when the model
resolution is increased, the forecast rain bands tend to be
more realistic but not necessarily more accurate. In addi-
tion, the 10P18 results show that the lack of predictability
of the involved cyclone is a key factor that affects the precip-
itation forecast quality. The rainfall patterns predicted over
NEI are sensitive to ICs, and forecasts obtained by chang-
ing the model configuration and initial date display a sig-
nificant spread concerning cyclone trajectory and intensity.
The large-scale discrepancies among the different forecasts
induce, as a consequence, differences in the prediction of lo-
cal dynamical processes, which have a key role in triggering
precipitation over NEI.

The study is completed by a statistical verification of
the MOLOCH QPFs during 3 months, including the first
HyMeX SOP devoted to the monitoring of high precipita-
tion events. This represents the first objective evaluation of
the ISPRA version of the non-hydrostatic MOLOCH model.
This is the starting point to assess the impact (and improve-
ment, if any) on forecast performance of some planned modi-
fications of model configurations — in particular the extension
of the model domain to include Italy and the conterminous
seas. At a first glance, the categorical scores are comparable
with those obtained for the other two versions of MOLOCH
used by the CNR-ISAC for the HyMeX SOPs.
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The tidal forecast verification clearly displays, for both
events, better results when SHYFEM is forced with the fore-
casts provided by the two BOLAM configurations, rather
than ECMWEF IFS fields. Concerning the intercomparison
between the two different BOLAM initialisations, the dif-
ferent predictability of the two examined weather systems
still emerges as a crucial issue. For 10P16, both initiali-
sations provide very good results, with some small differ-
ences. For 10P18, the differences in the tide peak forecast
due to the use of the two different BOLAM versions are of
the same order of magnitude as the differences among runs
with different initial dates (the most recent forecast being not
always the best one) or the small-scale, latitude-dependent
systematic errors. A wrong surface wind prediction over the
Venice Lagoon introduces latitude-dependent systematic er-
rors that do not depend from the overall sea elevation error
(that can be assumed to be represented by the error at the
CNR Piattaforma).

I0P18 cannot be regarded as a negligible exception. An
association between relatively high acqua alta events and
highly chaotic weather systems was found in a recent study
by Mel and Lionello (2014). To deal with chaos, they pro-
posed to apply an ensemble prediction system (EPS; Buizza
et al., 2005) strategy to the operational storm surge fore-
casting task over the Venice Lagoon. Over a sample of 10
events, it was found that the most intense ones were associ-
ated to large EPS spread. Even without a suitable EPS fore-
casting system, the large spread displayed by the “pool” of
SHYFEM forecasts generated with different initial dates and
model configurations can be regarded as an indicator of the
low predictability of the IOP18 event. In our operational con-
text, this sort of time-lagged multi-model ensemble (see, e.g.,
Garcia-Moya et al., 2011; Jie et al., 2014) should provide
hints about the predictability of forthcoming events and, con-
sequently, about the forecast reliability. However, in order to
provide probabilistic forecasts, a probability measure should
be associated to each ensemble member. Thus, in our future
activities, it is planned to build up a long-term operational
statistics to achieve this goal.

Finally, the precipitation and tide forecast verification re-
sults display the added value provided by high-resolution
BOLAM-MOLOCH suite into the SIMM, encouraging us to
make it fully operational. The outcome about predictability
of intense acqua alta events suggests, however, to maintain
operational as well as the SHYFEM configurations forced by
the lower-resolution meteorological forecasts, thereby aim-
ing at developing and testing a time-lagged multi-model en-
semble.
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