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Abstract. The Liguria coastal region in Italy was affected

by two heavy rainfall episodes and subsequent severe flood-

ing that occurred at the end of October and the beginning

of November 2011. In both cases, the very large accumu-

lated precipitation maxima were associated with intense and

quasi-stationary convective systems that developed near the

coast, both related to orographic lift and similar low-level

mesoscale flow patterns over the Ligurian Sea, giving rise to

pronounced convergence lines.

This study aims at analysing the main dynamical processes

responsible for the onset, lifecycle, intensity and localisa-

tion/propagation of the precipitating systems, using the ISAC

convection-permitting model MOLOCH applied at different

spatial resolutions and comparing model output fields with

available observations. The ability of the model in quantita-

tive precipitation forecasting (QPF) is tested with respect to

initial conditions and model horizontal resolution. Although

precipitation maxima remain underestimated in the model

experiments, it is shown that errors in QPF in both amount

and position tend to decrease with increasing grid resolution.

It is shown that model accuracy in forecasting rainfall

amounts and localisation of the precipitating systems criti-

cally depends on the ability to represent the cold air outflow

from the Po Valley to the Ligurian Sea, which determines

the position and intensity of the mesoscale convergence lines

over the sea. Such convergence lines controls, together with

the lifting produced by the Apennines chain surrounding the

coast, the onset of the severe convection.

1 Introduction

Flood forecasting remains a very difficult task, depending on

many factors that pertain to meteorological and hydrologi-

cal sciences and practices. In this paper we deal only with

the meteorological component, for which the critical objec-

tive is the accuracy of quantitative precipitation forecasting

(QPF). An accurate, in space and time, QPF is an obvious

pre-requisite for attempting very short to short-range (from a

few hours to one day) forecasting of floods in small or very

small river catchments (of the order of 103 km2 or less), for

which direct rainfall and river flow observations are not very

useful as input to hydrological forecasting models. Here we

address mainly the problem of flash floods, namely floods in

relatively small basins that are the consequence of very high

precipitation rates persisting for hours over the same area.

The case studies we have chosen are two severe flood

episodes, which both occurred during autumn 2011 in the

Liguria (geographical and administrative) region in Italy,

namely the “Cinque Terre flood” (25 October 2011) and the

“Genoa flood” (4 November 2011). Geographic locations are

reported in Fig. 1. Liguria is a coastal area prone to severe

floods, especially during autumn. Flood episodes are associ-

ated with a number of topographical (relatively steep though

not high slopes, a concave arc-shaped coastline, and short

torrents/rivers having very small catchments, of the order of

102 km2 or even smaller) and meteorological–climatological

factors, namely a coastal slope exposed to moist southerly

flows having the character of “warm conveyor belts” (Carl-

son, 1980; Bertò et al., 2005) or “atmospheric rivers” (Ralph

and Dettinger, 2011), important sensible and latent fluxes

from the sea (Turato et al., 2004) and the formation of con-

vective systems. The latter factors are in turn often associated

with cyclonic disturbances propagating from the Atlantic to
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Figure 1. Integration domain of the MOLOCH experiments. The

black line marks the cross-section location of Fig. 11. Geographical

names are indicated. Colours represent the orography according to

the associated scale. Parallels and meridians are drawn every 1◦.

the Mediterranean or originating/reinvigorating in the area of

the Gulf of Genoa and surroundings, due to orographically

induced cyclogenesis (Tibaldi et al., 1990). In the episodes

considered here, as well as in other similar circumstances

of severe floods in the same area, a concurrence of multi-

scale meteorological factors, from the synoptic-scale circu-

lation to the meso-alpha and meso-beta scale flows asso-

ciated with fronts and local orographic effects, contribute

to determine precipitation amounts, localisation, and tim-

ing. Particular attention must be given to the conditions that

favour the persistence of torrential rain in the same area.

Such conditions are related to both large- (i.e. propagation

speed of synoptic circulation patterns) and small-scale pro-

cesses (i.e. convective-scale auto-organisation), including in-

termediate scales characterising local frontal/density current

dynamics, as will be shown and discussed below. The large-

scale characteristics, as the presence of a large amplitude in-

coming trough, characterised by an upper-level potential vor-

ticity maximum and preceded by a strong meridional flow

at low levels and southwesterly flow at higher levels, are

known to represent a necessary but not sufficient condition

for heavy rain occurrence in the area considered. For this

reason it is important that the large-scale processes are well

simulated/predicted by models for an accurate QPF. Failing

some aspects of the synoptic-scale forecast negatively affects

QPF, but, conversely, good large-scale forecasting is not suf-

ficient for an accurate QPF involving mesoscale processes

like convection and orographic forcing.

Although we have chosen here two cases considered to be

representative of a class of phenomena typical of the spe-

cific geographical area, it is known that other areas of the

Mediterranean, as well as the world, are prone to similar

events (Nuissier et al., 2008; Ricard et al., 2012; Ramis et al.,

2009). The coastal areas characterised by orography, no mat-

ter if immediately near the coast or at some distance inland,

can be affected by heavy rain episodes in which orographic

precipitation enhancement, combined with atmospheric or-

ganised convection, may produce accumulated precipitation

values exceeding 500 mm in less than 24 or even 12 h. A

number of international research projects have been devoted

to studying such processes, the last of which is HyMeX (Hy-

drological Cycle in Mediterranean Experiment, Drobinski et

al., 2014 – see also http://www.hymex.org), whose first spe-

cial observation period (SOP 1) took place in autumn 2012

over the western Mediterranean basin, including Liguria as

one of the hydro-meteorological sites of interest (Ducrocq

et al., 2014). By targeting our investigation on this type of

event, we exclude, on one side, the more predictable “large-

scale” floods due to long-lasting rainfall episodes affecting

wide basins, and, on the other side, the almost unpredictable

(unless with nowcasting tools) local flash floods mainly due

to individual thunderstorms. The latter category has to do

with the chaotic behaviour associated with very rapid con-

ditional instability, for which intrinsic predictability does not

exceed the timescale of the order of tens of minutes. A clear-

cut separation, from the point of view of basic dynamic me-

teorology, between the type of somehow organised processes

associated with the precipitating systems we are considering

here and the purely random convection is not feasible, since

chaotic convective dynamics act also in our cases to limit the

QPF. Nevertheless, we will try to spot key mesoscale circu-

lation aspects that, controlling convection and possibly trig-

gering multi-scale feedback processes, account for the pre-

dictability margins that seem to emerge from the practice and

experimentation of numerical weather prediction models.

The purpose of this paper is twofold. On the applicative

side, we address the problem of testing, in each case, the abil-

ity of the model to predict precipitation quantitatively, using

state-of-the-art meteorological forecasting models, consider-

ing in particular the effects of horizontal grid spacing. On

the more speculative side, we try to understand, with the aid

of our models and by comparing model outputs with obser-

vations, the characteristics of the meteorological circulation

patterns that play a role in controlling the precipitating sys-

tems and their predictability.

The starting stimulus of this research derived from not-

ing that the actual numerical forecasts made in real time with

high-resolution models provided some useful guidance to the

forecasters, although with substantial errors in precipitation

amount (general underestimation of accumulated values) and

localisation, depending also on the initial time of the fore-

casts. (Incidentally, the BOLAM and MOLOCH model sys-

tem was, and is, used by the Liguria regional environmental
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service ARPAL – see http://www.arpal.gov.it). Actually, use-

ful forecasts were issued only on the basis of the 00:00 UTC

analyses of the same day, allowing for no more than a few

hours of actual forecast lead time (we shall also consider this

aspect in the course of this paper).

The paper is organised as follows. Section 2 reports

a description of synoptic and mesoscale features of both

episodes. Section 3 briefly describes the numerical models

employed in this study and the setup of the experiments.

Section 4 illustrates the QPF obtained both from BOLAM

(the driving model) and MOLOCH simulations with differ-

ent initial and boundary conditions and horizontal resolution.

In Sect. 5, some model diagnostics are presented. The sum-

mary and conclusions are reported in Sect. 6.

2 The episodes

Both events (the Cinque Terre episode, hereafter CT, and the

Genoa episode, hereafter GE) were characterised by exten-

sive damages and casualties, mainly due to the flash flooding

of small rivers affecting villages (the CT case) and part of

the city of Genoa (the GE case). Floods were also associ-

ated with landslides and debris flow (Marchi et al., 2013).

The meteorological cause was heavy rainfall, whose max-

ima, as observed at specific stations, exceeded 450 mm in

less than 12 h in both cases. Although the rain gauge net-

work in the area is relatively dense, having a separation dis-

tance of about 40 km2 (Rebora et al., 2013, hereafter Retal),

the observed high variability, typical of convective precipi-

tation, suggests that accumulated values may have reached

500 mm. A detailed description and characterisation of the

hydro-meteorological observations and processes is provided

in Retal, to which the reader is referred for details includ-

ing meteorological synoptic and mesoscale analyses, rain-

fall data and elements of social impact. More specific hydro-

logical aspects are also presented in Silvestro et al. (2012),

while technical reports for both episodes are available from

ARPAL (www address above). Figures 2 and 3 show the rain

gauge observations of precipitation, accumulated over 24 h.

Before considering what appear to be the most signifi-

cant differences between the two cases, we examine here the

analogies. On the large/synoptic scale, in both cases the fol-

lowing aspects have been documented:

– a slowly advancing Atlantic upper level trough over

western Europe and the western Mediterranean, with an

associated low-level main depression centred near Ire-

land and forming a secondary low over the Gulf of Lion.

The upper-level flow over the Ligurian Sea was difflu-

ent and southwesterly, favouring mean upward motion.

In both cases, the cold front was located over the west-

ern Mediterranean, that is to the west of the most in-

tense precipitation. Therefore, the flood-producing rain-

fall was mainly pre-frontal;

– an upper positive anomaly of potential vorticity (PV),

slowly propagating southeastward toward the Gulf of

Lion;

– a low-level anticyclone, corresponding to an upper-level

ridge, over eastern Europe;

– the presence of convective available potential energy

(CAPE) over the Mediterranean embedded in a merid-

ional flow with a rather large shear, where winds were

southeasterly near the surface and southwesterly in the

middle–upper troposphere. The low-level wind shear

was more pronounced over the eastern part of the Lig-

urian Sea.

However, the mesoscale temperature and wind distribu-

tion at low levels were complex, mainly characterised by

large gradients associated with orographically induced flows.

On the meso scale, two main low-level currents were identi-

fied in both cases over the area surrounding the Liguria re-

gion: (1) a warm and moist southeasterly low-level jet, chan-

nelled between Corsica and Central Italy and impinging over

the Ligurian Apennines, mainly on the eastern side; (2) a

northerly shallow cold flow, corresponding to an outflow of

pre-existing cold air from the Po Valley to the north of the

Apennines (Fig. 1), affecting the western part of Liguria.

The cold flow over the sea, which propagates as a density

current, appears to be induced by an easterly inflow into the

Po Valley from the Adriatic side, possibly enhanced by the

upstream deviating effect of the Alps (“barrier wind”). The

presence of a ridge in the mean sea level pressure over the

Po Valley is a typical signature of this situation, in which the

Po Valley acts as a sort of reservoir of cold air that is forced

to flow out of the lowest gap in the surrounding orography,

over the central part of Liguria, in cases when the flow is

easterly or even southeasterly at the northern Adriatic out-

let. The Advanced Scatterometer (ASCAT) sea surface wind

data reported in Figs. 4 and 13 (for the two episodes, respec-

tively) of Retal illustrate the complex wind pattern near the

surface and support the above description. The cited figures

show clearly the clockwise (anticyclonic) deviation of the

cold air that, after descending the coastal Apennines slope

and accelerating over the Ligurian Sea, tends to follow the

Cote d’Azur profile, surrounding the orographic tip consti-

tuted by the Maritime Alps. However, on the eastern side

this cold air tends to converge with the southeasterly warm

flow, wedging itself below it and favouring uplift where con-

vection is triggered. We will show below how the above pic-

ture of the mesoscale circulation is adequately represented by

high-resolution models and how it interacts with convective

systems.

The smallest scales detected in both episodes concern the

cloud and precipitation organisation. Even if time averages of

a few hours are applied, as in the case of accumulated precip-

itation measured by rain gauges or radar reflectivity integrals

(Figs. 6 and 14 of Retal), space and time variability reveal the
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Figure 2. Observed precipitation accumulated in the 24 h period

starting at 00:00 UTC of 25 October 2011. Parallels and meridians

are drawn every 1◦.

convective, therefore partly chaotic, nature of the precipitat-

ing systems. More detailed investigation of the cloud proper-

ties from satellite observations (see also Davolio et al., 2012),

radar-estimated instantaneous precipitation (Fig. 5 of Retal),

and accumulated rainfall distribution (Figs. 2 and 3), indi-

cates that the convective systems were not stationary, with

different cells being regenerated over the sea and moving re-

peatedly over the same area to contribute to the exception-

ally large rainfall. In the GE case, the most intense rain pat-

terns were observed to swing in the area east of Genoa, be-

fore moving more steadily to the west in the final stage. In

such a situation, it is somehow surprising that accumulated

precipitation exhibits some degree of predictability.

There are important differences between the two cases, in

both the synoptic and mesoscale patterns. For instance, the

trough axis orientation in the CT case was NW–SE, while in

the GE case it was more meridionally aligned (see Fig. 21 of

Retal). The cold front in the CT case moved more rapidly,

affecting to some extent the precipitation area in the lat-

est hours of the event. The conditional instability over the

Ligurian Sea, where convection was initiated, was definitely

larger in the CT than in the GE case, according to both

ECMWF-IFS and NOAA-GFS analyses. Moreover, the low-

level temperature gradient between the cold Po Valley and

the warm flow sector over the Ligurian Sea was about 30 %

larger in the CT case (horizontal difference 1T of about

12 ◦C) than in the GE case (1T of about 8 ◦C). In the for-

mer CT case, in fact, the portion of the Ligurian Sea affected

by the cold outflow was much wider, in the W–E direction,

than in the former (compare Figs. 4 and 13 of Retal). This

is clearly associated with a more eastward position of the

heavy rain-producing convective system in the former case

(compare Figs. 2 and 3 of this paper).

In the GE case, the most intense precipitation was always

associated with the line of convergence between the cold,

northerly outflow and the southeasterly flow at low levels.

Figure 3. Observed precipitation accumulated in the 24 h period

starting at 00:00 UTC of 4 November 2011. Parallels and meridians

are drawn every 1◦.

The most intense rain patterns were observed to oscillate in

the area east of Genoa, before moving more steadily to the

west in the final stage. It will be shown below that the rel-

atively high degree of predictability of this event is due to

the model’s capability of correctly predicting the position of

this mesoscale convergence line. The model’s horizontal grid

spacing is a key parameter in this case.

The CT event is more complex, as indicated by the nu-

merical experiments described in Sect. 5. Figure 4 shows a

radar reflectivity field that is representative of the rainfall pat-

tern of the CT case. Also in this event, the convergence line

acted as a trigger of convection, but with different cells be-

ing regenerated and moving occasionally over the same area

to contribute to the exceptionally large rainfall. The most

intense rainbands, responsible for the coastal slides in the

Cinque Terre region and inland floods, developed during the

central hours of 25 October and were associated with con-

vective cells triggered upstream over the Ligurian Sea. The

numerical results presented below indicate that the trigger

mechanism provided by the convergence line accounts for

the somewhat extended range of predictability, with respect

to purely free convection, of this event.

3 Models and experimental setup

Two different models are employed in cascade for the

simulation experiments described below. Since the main

purpose of this work is to investigate the QPF degree

achievable in a model configuration that mimics the oper-

ational mode (as those currently employed at both ISAC

– see http://www.isac.cnr.it/dinamica/projects/forecasts/

– and ARPAL – see http://www.arpal.gov.it/index.php?

option=com_flexicontent\&view=items\&cid=56\&id=180\

&Itemid=218), we have used the same model chain, consti-

tuted by ISAC meteorological models BOLAM (hydrostatic)
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Figure 4. Radar reflectivity, 15:00 UTC of 25 October 2011 (cour-

tesy of Regione Liguria). Latitudes and longitudes are indicated on

the left and bottom axes, respectively.

and MOLOCH (non hydrostatic), starting from global model

(NOAA-GFS and ECMWF-IFS) analyses and forecasts used

to define initial and lateral boundary condition of the outer

(BOLAM) domain. Since the above global forecast data are

available, at best, every three hours, the BOLAM model

is employed to provide the lateral boundary conditions for

the inner grid of the MOLOCH model at 1 h intervals. This

current practice has proved to be reliable and economical

in bridging the gap between the “coarse” global model

fields (0.5◦ for the NOAA-GFS data and about 0.20◦ for the

ECMWF data) and the high-resolution forecast.

The BOLAM and MOLOCH models differ mainly in the

dynamical core, including a different vertical coordinate dis-

cretisation, and by the fact that BOLAM includes the Kain–

Fritsch (using a modified version based on Kain, 2004)

convective parameterisation scheme, while in MOLOCH a

simple shallow convection scheme is applied. In fact, in

the range of horizontal grid spacing of 1–3 km for which

MOLOCH is designed, it is assumed that deep convection

can be explicitly simulated while shallow convection re-

mains mainly a subgrid process. Atmospheric radiation, at-

mospheric boundary layer and surface layer parameterisa-

tions, soil processes and, to a large extent, microphysical pro-

cesses are common in the two models.

The most relevant results are derived from the MOLOCH

model output. Therefore, they will be considered in more de-

tail in this paper, although some considerations of the BO-

LAM QPF results will also be provided. Considering that

the results discussed here mostly depend on the MOLOCH

properties (although it has been verified that some charac-

teristics of the outer BOLAM grid can affect the small-scale

properties of the development and evolution of convection as

simulated in the MOLOCH inner grid), a very synthetic de-

scription of the sole MOLOCH model is provided below. For

a description of BOLAM and its coupling with MOLOCH,

see also Buzzi et al. (1994, 2003), Malguzzi et al. (2006),

and Davolio et al. (2006).

3.1 Model dynamics

MOLOCH is a non-hydrostatic, fully compressible, convec-

tion permitting model developed at ISAC. It integrates the set

of atmospheric equations with prognostic variables: pressure,

absolute temperature, specific humidity, horizontal and verti-

cal components of velocity, turbulent kinetic energy and five

water species, represented on the latitude–longitude, rotated

Arakawa C-grid.

A hybrid terrain-following coordinate, depending on air

density and relaxing smoothly to horizontal surfaces away

from the Earth’s surface, is employed (Davolio et al., 2006).

Time integration is based on an implicit scheme for the ver-

tical propagation of sound waves, while explicit, time-split

schemes are implemented for integration of the remaining

terms of the equations of motion. Three-dimensional advec-

tion is computed using the Eulerian weighted average flux

scheme (Billet and Toro, 1997).

3.2 Model physics

The atmospheric radiation is computed with a combined ap-

plication of the RG (Ritter and Geleyn, 1992) scheme and

the ECMWF scheme, employing 14 channels for the in-

frared and visible bands (Mlawer et al., 1997; Morcrette et

al., 2008). Since the ECMWF scheme is much more compu-

tationally expensive than the RG scheme, and hence could

not be applied to each time step and in each grid column, it

is used at alternate grid points and at long intervals to com-

pute corrections to the RG scheme, the latter being used at all

grid points and in rapid update mode. Cloud fraction (used as

input for radiation schemes) is computed as a function of ex-

plicit cloud variables (liquid and solid), relative humidity and

local dry and moist stability parameters.

The microphysical scheme was initially based on the pa-

rameterisation proposed by Drofa and Malguzzi (2004), with

successive upgrades. The spectral properties of hydromete-

ors are simulated assuming a generalised gamma function

distribution. The presently applied scheme describes the fol-

lowing processes: nucleation of cloud water (cw) and cloud

ice (ci), condensation and evaporation of cw, freezing of cw,

nucleation, sublimation and melting of ci, auto-conversion

of cw and of ci, sublimation of snow and graupel, collec-

tion/accretion/riming involving thirteen different hydrome-

teor interaction processes, melting and evaporation of hy-

drometeors, computation of terminal fall speeds and fall pro-

cesses, using a conservative-diffusive backward-upstream in-

tegration scheme. Temperature is updated by imposing exact

enthalpy conservation at constant pressure. The MOLOCH

microphysical scheme has the capability of describing the

two-moment microphysics, by integrating in time the spatial
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distribution of the number density of cw and ci describing

the cloud spectra evolution. However, in the present paper

the one-moment option is applied.

The turbulence parameterisation scheme is based on a

turbulent kinetic energy mixing length (E-l) closure theory

of order 1.5, where the turbulent kinetic energy equation

(including advection) is evaluated (Zampieri et al., 2005).

Surface turbulent fluxes of momentum, specific humidity

and temperature are computed by the classical Monin–

Obukhov theory with Businger/Holtslag functions in the un-

stable/stable case. The mixing length is computed from tur-

bulent kinetic energy (Deardorff, 1980) in the stable atmo-

sphere and from Bougeault and Lacarrere (1989), modified

by Zampieri (2004), in the unstable environment. Over the

sea, a Charnock (1955) roughness is introduced, which takes

into account the wave height as a function of the surface

wind speed. The sea surface temperature (SST) is computed,

depending on latent and sensible heat fluxes and radiative

fluxes, using a simple slab ocean model in which the anal-

ysed distribution of SST represents a relaxation reference

value.

The soil model of MOLOCH, similar to that of BOLAM,

uses seven layers, whose depths increase moving downward.

The soil model computes surface energy, momentum, wa-

ter and snow balances, heat and water vertical transfer, veg-

etation effects at the surface (evapo-transpiration, intercep-

tion of precipitation, wilting, etc.) and in the soil (extraction

of water by roots). It takes into account the observed geo-

graphical distribution of different soil types and soil physical

parameters. The soil model also includes treatment of wa-

ter freezing and melting processes within the ground. Skin

temperature is obtained by imposing heat flux balance at the

soil–atmosphere interface.

Validation, inter-comparisons and applications of the

MOLOCH model to case studies of severe weather and heavy

precipitation can be found in Malguzzi et al. (2006), Richard

et al. (2007), Diomede et al. (2008), Davolio et al. (2009a,

b), Rotach et al. (2009), and Fantini et al. (2012).

3.3 Experimental setup

The experiments discussed below have been based on both

NOAA-GFS and ECMWF-IFS global analyses valid at

12:00 UTC of the day preceding the flood (24 October and

3 November 2011, respectively) and 00:00 UTC of the same

day (25 October and 4 November 2011, respectively) of

each event. The BOLAM intermediate integrations have been

made over a large domain comprising the eastern Atlantic,

most of Europe and part of North Africa (the same area

of the ISAC experimental daily forecast mentioned above),

on a rotated grid, centred at 43.5◦ N, 10.5◦ E, composed of

418 × 290 points (longitude–latitude) at 0.1◦ spacing, with

50 atmospheric levels and 7 soil layers. The MOLOCH ex-

periments have been performed at variable resolutions, in

the range 1–3 km of grid spacing, with 50 levels, on an

area centred over the Ligurian Sea and extending for 7◦ in

both latitude and longitude in the rotated coordinate system,

corresponding to a domain of about 780 × 780 km (Fig. 1).

This domain is considered to be large enough to control the

spurious effects of lateral boundary conditions and to per-

mit explicit convection to develop freely in unstable flow.

MOLOCH runs have been initiated at different times even

when embedded in the same BOLAM forecast, in order to

test the effect of relatively small changes in the initial con-

dition. Starting the MOLOCH integration at the same instant

of the global model analysis would imply, however, an effec-

tive sudden reduction in grid resolution (instantaneous non-

dynamical downscaling, i.e. made by pure interpolation) by

a factor from 10 to 40. This ratio seems excessive for a cor-

rect meteorological model nesting, especially in the presence

of steep orography. On the other hand, starting MOLOCH

after a BOLAM integration of several hours implies that the

BOLAM integration, although providing intermediate reso-

lution, may introduce additional errors in the forecast trajec-

tory, due, for example, to the convective parameterisation.

For both episodes, considering that the severe convective pre-

cipitation along the Ligurian coast began early in the morn-

ing (between 01:00 and 03:00 UTC in the GE case and be-

tween 07:00 and 09:00 UTC in the CT case), and lasted for

a period of more than 12 h (in both cases the highest precip-

itation period was observed around mid-day), the MOLOCH

run experiments have been conducted for intervals between

12 and 24 h, when the 00:00 UTC analyses of the same day

were used. Longer preliminary runs have been performed for

the case of initial conditions provided by 12:00 UTC anal-

yses. However, since in this case QPF results were less re-

alistic, such experiments are only briefly accounted in the

following section.

4 Results regarding QPF

4.1 BOLAM model results

Before analysing the results of explicit convection in the con-

text of non-hydrostatic simulations, it is interesting to con-

sider briefly what the BOLAM model would predict in terms

of QPF and the partition of stratiform versus convective pre-

cipitation. Figure 5 shows, for reference, the distribution of

total (stratiform + convective) BOLAM precipitation, accu-

mulated during the entire day of 25 October 2011, using

both ECMWF-IFS and NOAA-GFS at two different analysis

times, namely 12:00 UTC of 24 October and 00:00 UTC of

25 October. The general distribution of precipitation over the

eastern Liguria region appears similar, especially for what

concerns the position of the relative maxima over the Cinque

Terre to the east of Genoa. Secondary precipitation maxima

also appear just to the east (over northern Tuscany), over the

Maritime Alps and the Eastern Alps.
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Figure 5. Precipitation accumulated in the 24 h period starting at 00:00 UTC of 25 October 2011 in BOLAM forecast runs based on ECMWF-

IFS (left column) and NOAA_GFS (right column) analyses. Upper panels: analyses of 12:00 UTC of 24 October; lower panels: analyses of

00:00 UTC of 25 October.

The BOLAM absolute maxima values over the Cinque

Terre are reported for better clarity in Table 1: values range

from 130 to 147 mm/24 h, while the fraction of model con-

vective precipitation contributing to the maxima ranges from

62 to 88 %. This indicates on one side that convection is dom-

inant, but, on the other side, that QPF is definitely underesti-

mated by the BOLAM model if compared with the observed

maxima that locally exceeded by three times the predicted

values (see Fig. 2).

Regarding the GE event, Fig. 6 shows that a concentrated

precipitation maximum near Genoa is predictable even with

an hydrostatic, mid-resolution model (compare with Fig. 3).

However, a closer inspection of the figures indicates that

such a precipitation maximum is located, in all runs, about

30 km to the west of the observed maximum. Moreover, the

time evolution indicates that most of the contributing rain-

fall occurs in the second half of the day, while in reality it

was observed in the late morning. Simulated maxima in this

case (see Table 2) range from 174 to 220 mm/24 h, while the
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Figure 6. Precipitation accumulated in the 24 h period starting at 00:00 UTC of 4 November 2011 in BOLAM forecast runs based on

ECMWF-IFS (left column) and NOAA_GFS (right column) analyses. Upper panels: analyses of 12:00 UTC of 3 November; lower panels:

analyses of 00:00 UTC of 4 November.

convective component is 60 % or less, that is smaller than in

the CT case.

4.2 MOLOCH model results

MOLOCH-based forecast runs have been generated by em-

bedding the grid domain into all the BOLAM runs described

in Sect. 4.1. Different MOLOCH domain areas and horizon-

tal resolutions have been tested, but since here we are in-

terested mainly in discussing the effect of varying resolu-

tion, we have chosen to show only the results obtained with

the largest MOLOCH grid, as specified in Sect. 3.3 (Fig. 1).

Since the inner grid extension may affect the QPF results, a

wide enough domain has been chosen in order to keep the

influence of the lateral boundaries far away from the area

of interest. In addition, the results are also dependent on the
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Table 1. Absolute maxima of precipitation in the BOLAM runs, for

the CT event, corresponding to the initial conditions listed in the left

column. The percentage of convective precipitation contributing to

the maxima is reported in the right column (in parentheses).

24 h accumulated

Initial analysis precipitation (mm),

25 October 2011

ECMWF-IFS, 20111024, 12:00 UTC 136 (88 % conv.)

NOAA-GFS, 20111024, 12:00 UTC 147 (84 % conv.)

ECMWF-IFS, 20111025, 00:00 UTC 146 (63 % conv)

NOAA-GFS, 20111025, 00:00 UTC 130 (85 % conv.)

Table 2. As Table 1 but for the GE event.

24 h accumulated

Initial analysis precipitation (mm),

4 November 2011

ECMWF-IFS, 20111103, 12:00 UTC 210 (57 % conv.)

NOAA-GFS, 20111103, 12:00 UTC 179 (58 % conv.)

ECMWF-IFS, 20111104, 00:00 UTC 174 (55 % conv.)

NOAA-GFS, 20111104, 00:00 UTC 184 (60 % conv.)

arbitrary choice of the time of the initial condition for the

MOLOCH model runs embedded in the BOLAM grid. We

have decided, for the experiments presented here, to initiate

the MOLOCH runs at 18:00 UTC in the case of BOLAM

starting from the analysis at 12:00 UTC of the day preceding

the event. In the case of 00:00 UTC analyses, the CT (GE)

MOLOCH runs start at 03:00 (01:00) UTC, respectively.

In general, as expected, the latest analysis times chosen

(namely 00:00 UTC of the same day of the events) gave the

best results in terms of precipitation maximum amounts and

localisation.

Tables 3 and 4 provide values of precipitation maxima ob-

tained from the MOLOCH model having a grid spacing of

1.5 km, for the cases of CT and GE, respectively. In the CT

case (Table 3) precipitation maxima are larger for the NOAA-

GFS analysis, especially starting at 12:00 UTC of 24 Octo-

ber, but in the latter case the position of the most intense

precipitation is too far north of the coast, being located near

the divide of the Apennine chain in the area of Cinque Terre.

In this respect (position error), the ECMWF-based run start-

ing at 00:00 UTC of 25 October provides the most accurate

result, although the maximum value (216 mm) is only about

one half of the observed one. In the GE case (Table 4) it is

clear that the forecast started from both global analyses of

3 November 12:00 UTC give too little precipitation. More-

over, the actual maxima, similarly to what occurs for BO-

LAM and for all cases (see Fig. 6), are located too far to the

west of the observed position (Fig. 3). However, starting 12 h

later, both analyses produce more satisfactory results in terms

of amount as well as localisation of the precipitation peaks,

Table 3. Maxima of precipitation in the MOLOCH 1.5 km runs, for

the CT event. Initial conditions (for BOLAM) are listed in the left

column.

18 h accumulated

Initial precipitation (mm),

analysis 25 October 2011,

06:00–24:00 UTC

ECMWF-IFS, 20111024, 12:00 UTC 289

NOAA-GFS, 20111024, 12:00 UTC 335

ECMWF-IFS, 20111025, 00:00 UTC 216

NOAA-GFS, 20111025, 00:00 UTC 318

Table 4. As Table 3 but for the GE event.

18 h accumulated

Initial precipitation (mm),

analysis 4 November 2011,

03:00–21:00 UTC

ECMWF-IFS, 20111024, 12:00 UTC 190

NOAA-GFS, 20111024, 12:00 UTC 140

ECMWF-IFS, 20111025, 00:00 UTC 266

NOAA-GFS, 20111025, 00:00 UTC 248

although the observed precipitation still largely exceeds the

simulated one, at least at the 1.5 km mesh size.

By comparing the ECMWF-IFS and the NOAA-GFS de-

rived runs, it can be seen that, although differences in QPF

are smaller than those due to different analysis times, the

NOOA-GFS (ECMWF-IFS) analysis give better results, both

in terms of precipitation maxima and location, in the CT

(GE) case. Therefore, in the following of this section, we

shall describe only the results obtained with MOLOCH at

different resolutions and with the 00:00 UTC analyses.

4.2.1 Cinque Terre (CT) case

Figure 7 shows the accumulated precipitation (06:00 to

24:00 UTC of 25 October) as a function of MOLOCH hor-

izontal grid spacing, for the run starting from NOAA-GFS

analysis. Precipitation maxima tend to grow with increas-

ing resolution up to 1.5 km grid distance. Moreover, in the

case of the 2.0 and 1.5 km mesh sizes, the position of the two

elongated main precipitation areas coincide well with the ob-

served maxima (Fig. 2) over Cinque Terre and northern Tus-

cany, although in the case of 2 km the amount of simulated

precipitation near the coast of Cinque Terre is far too small.

Therefore, only if a forecast is made using a model mesh

size of the order of or smaller than 1.5 km, can it be con-

sidered sufficiently realistic to be used directly to produce a

flood alert, although the observed precipitation (more than

500 mm) still largely exceeds that predicted (about 320 mm).

In the case of 1 km mesh size (Fig. 7d), the convective

cells contributing to the accumulated precipitation become
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Figure 7. Precipitation accumulated in the 18 h period starting at 06:00 UTC of 25 October 2011 in MOLOCH forecast runs, based on

NOAA-GFS analysis at 00:00 UTC of the same day, for different grid mesh sizes: 3.0 km, max. 175 mm (a), 2.0 km, 215 mm (b), 1.5 km,

318 mm (c), 1.0 km, 299 mm (d). Contour interval: 20 mm.

more scattered, giving less compact structures and therefore a

slightly smaller absolute maximum (about 300 mm), in spite

of the fact that the spatially integrated precipitation tends to

be larger in the area of interest.

Figure 8 shows the same accumulated precipitation cor-

responding to the model setup of Fig. 7c, but starting from

the ECMWF-IFS analysis of 00:00 UTC. The comparison of

the two figures shows that the shape and position of heavy

precipitation areas are similar, although the maximum of

the Cinque Terre area is 216 mm (318 in the NOAA-GFS

case), while higher precipitation is accumulated (301 mm)

over northern Tuscany. In the ECMWF case, precipitation

is generally larger upstream, over the Ligurian Sea. For the

1 km mesh size, the ECMWF-based run (not shown) is also
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Figure 8. Same as Fig. 7c but for ECMWF-IFS analysis.

Max. 301 mm.

similar to the GFS-based run of Fig. 7d, showing more scat-

tered precipitation. This suggests that the MOLOCH model

in this case performs better at a horizontal grid spacing closer

to 1.5 than 1 km, but this result cannot be generalised, as in-

dicated for example by the experiments described below for

the second event.

4.2.2 Genoa (GE) case

Figure 9 shows the accumulated precipitation (03:00 to

21:00 UTC of 4 November) as a function of MOLOCH hor-

izontal grid spacing, for the run starting from ECMWF-IFS

analysis. In this case precipitation maxima grow monotoni-

cally, though not linearly, with the inverse of grid distance

(the precipitation averaged over the area grows only slightly).

For reference, the corresponding BOLAM precipitation (but

accumulated in 24 h) is given in Fig. 6c and in Table 2 (3rd

row), while the observed distribution is shown in Fig. 3. Note

that while at 3 km grid spacing the MOLOCH precipitation

is only moderately higher than the BOLAM one, the position

of the maximum that was observed in the eastern portion of

the city of Genoa is very different between the two models

and much more realistic in MOLOCH.

As resolution increases (Fig. 9a–d), the model precipita-

tion maximum displaces eastward, so that in the case of 1 km

grid size it is located very close to the observed one (Fig. 3

here and Fig. 14 of Retal), though still a couple of kilometres

to the west of it. It should be recalled the both the observed

and the simulated precipitating systems oscillated in longi-

tude during the period of heavy rainfall. In spite of this, the

main flood was related to the very high precipitation rates

that affected a small area in the eastern portion of Genoa, as

shown by the red symbols of Fig. 3. The secondary maxi-

mum visible in the same figure near the coast at about 1◦ to

the west of the primary maximum is related to precipitation

that occurred late on the same day, after the surface conver-

gence line had retreated rapidly to the west.

In this case, at variance with the previous one, both obser-

vations and simulations indicate that convection was initiated

at about 50 km offshore, where the flow over the sea became

convectively unstable (i.e. destabilised by possible lifting due

to mesoscale convergence and/or orographic forcing). For

this reason, the upstream flow in the GE case was more stable

(in the sense that it exhibited less variability) than in the CT

case in response to model or analysis changes. For example,

the NOAA-based MOLOCH run at 1.0 km mesh size, shown

in Fig. 10, produced a similar pattern and amount of precipi-

tation compared with the corresponding ECMWF-based case

(Fig. 9d).

5 Results of model diagnostics

The relevant mesoscale feature common to both events is the

presence of a convergence line over the Ligurian Sea, inter-

secting the coast, due to simultaneous northerly cold outflow

from the Po Valley and a southeasterly warm and unstable

pre-frontal current. Such a feature, which has also been noted

in other events (Lin et al., 2005) is clearly represented in the

model simulations and has been verified in ASCAT observa-

tions (Retal). The shallow cold air flow derives from a pre-

existing cold air “reservoir” over the Po Valley and is not a

manifestation of the synoptic-scale cold front. Such a flow is

a rather frequent phenomenon of a katabatic wind over the

slope of the Apennines between Genoa and the western part

of Liguria, with local characteristics reminiscent, though less

intense, of the Bora wind typical of the Adriatic eastern coast.

The northerly outbreak of cold air towards the Ligurian Sea is

generally associated with the thickening of low-level cold air

in the western part of the Po Valley (surrounded on the west-

ern and northern sides by the Alps well exceeding 3000 m at

the divide line), due to an easterly flow impinging from the

eastern outlet of the valley. This easterly flow over the eastern

Po Valley can either be associated with direct cold advection

or, as in the cases considered here, with an easterly devia-

tion (barrier wind), forced by the presence of the Alps, of a

southerly or southeasterly wind over the Adriatic (Scirocco).

In the latter case, the cold air over the Po Valley pre-exists

the onset of the cold flow over the Gulf of Genoa. The simul-

taneous approaching of a depression from the west causes

a pressure drop over the Ligurian Sea that is associated with

the establishment of a south-to-north pressure gradient across

the Apennines. This pressure gradient enhances the cold out-

flow from the Po Valley into the Gulf of Genoa. As noted

above, the cold outflow was present in both episodes consid-

ered here and was more pronounced in the CT case.
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  Figure 9. Precipitation accumulated in the 18 h period starting at 03:00 UTC of 4 November 2011 in MOLOCH forecast runs, based on

ECMWF-IFS analysis at 00:00 UTC of the same day, for different grid mesh sizes: 3.0 km, max. 199 mm (a), 2.0 km, 249 mm (b), 1.5 km,

266 mm (c), 1.0 km, 352 mm (d). Contour interval: 20 mm.

The cross sections of Fig. 11 intersect the convergence

line and show the effect of the descent of the cold air from

the Apennines to the sea. Figure 11a shows the coherent

strongest updraft responsible for the main precipitating sys-

tem over the Cinque Terre region (to the east) and a sec-

ondary cell of rising motion (central part of the figure, in

the prefrontal area – see also Fig. 12a and b) whose down-

draft reinforces the leading edge of the cold density current.

Figure 11b shows the distribution of condensate, which is

upright in the main cell and slantwise in the secondary one.

Figure 12 illustrates the MOLOCH near-surface (10 m)

wind, averaged over successive periods of 3 hours, and the

corresponding precipitation, accumulated over the same time

intervals, for CT (GE) in the left (right) columns of the fig-

ure. In both events, convergence lines in the 10 m wind can

be clearly distinguished over the Ligurian Sea. The positions
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Figure 10. Same as Fig. 9d but for NOAA-GFS analysis.

Max. 302 mm.

of such lines closely correspond to the area of initiation of

precipitation swaths, that is the area of initiation of convec-

tion, which develops further in the SW–NE direction and be-

comes severe over the orographic slope. Differences can be

noted between the two cases, the main one being related to

the evolution and displacement of the precipitating bands. In

the CT event, the convergence line and the associated precip-

itation move slowly to the east and a secondary precipitation

band is observed to the west of the most intense one, associ-

ated with the progression of the synoptic cold front, as men-

tioned above. In contrast, the GE event is characterised by

a non-drifting, though oscillating, convergence and precipi-

tation patterns, which remain near Genoa except in the final

stage, when they move to the west. The relationship between

the precipitation and the convergence line is even closer in

this case, in which the convective system is located at the

intersection between the edge of the cold pool and the coast-

line. In the GE case the synoptic cold front remains located

to the west of the area represented in Fig. 12.

All the characteristics described in the above paragraph,

revealing the close association between low-level conver-

gence of the northerly cold flow with the warm conveyor belt

(WCB) and convection, appear realistic if compared with ob-

servations. For example, the precipitation field of Fig. 12b

can be compared with the observed radar reflectivity (Fig. 4,

taken at the end of the accumulating period of Fig. 12b),

which documents the presence of the main convective line

and a secondary rainfall area to the west of it.

The different precipitation regimes exhibited by the CT

and GE cases, shown in Fig. 12, are related to the stability

properties of the southeasterly flow impinging on the con-

a

 

b

 

Figure 11. Cross sections taken along the segment shown in Fig. 1,

for the CT event at 14:00 UTC of 25 October. (a) equivalent po-

tential temperature and tangent flow component; (b) cloud water

(coloured, contour interval 0.1 g kg−1) and cloud ice (solid con-

tours, same interval).

vergence line. The CAPE carried by such a flow is similar

in both cases (in the range of 500–1200 J kg−1, not shown),

being only slightly larger in the CT event. However, a clear

distinction between the two cases can be obtained by con-

sidering the buoyancy of vertically displaced air parcels, a

property more linked to “quasi-linear” stability. Figure 13 re-

ports the virtual temperature difference (including the load-

ing of condensed water) between an air parcel raised by a

given displacement and the environmental air as a function

of the height of the parcel itself, for CT (red) and GE (blue)

events. The vertical lift considered here (500 m) is consistent

with the height of the leading edge of the density current,

which determines the initial uplift of air parcels carried by

the southeasterly flow (see Fig. 11a). The initial properties of

air parcels are computed by averaging the southeasterly flow

over two areas, upstream of precipitation, centred on the lo-

cations shown in Fig. 12b and e for the CT and GE cases, re-

spectively. It can be seen that in the CT event the lowest layer

of depth of roughly 1 km is unstable with respect to small

vertical displacements. This result, obtained by assuming en-

tropy conservation of a mixture of air/vapour/cloud water, is

verified for a range of vertical displacements (from 300 to

800 m), small enough to assume that condensed water is re-

tained by the lifted parcel. In the GE event only a large verti-

cal lift of low-level parcels can account for instability, since

the level of free convection is estimated, from an upstream

model-derived sounding (not shown), to be around 1500 m.

However, the lowest layer of 1.4 km depth is potentially un-

stable when raised as a whole, its top being cooled (roughly)

2.0◦ more than its base in an environment with quasi uni-

form equivalent potential temperature. It is noteworthy that

a huge amount of precipitation was actually achieved in this

situation.
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Figure 12. Precipitation accumulated every 3 h and 10 m wind aver-

aged over the same interval, for MOLOCH forecasts. Left column:

the CT case, run at 1.5 km mesh size, starting from NOAA-GFS

analysis at 00:00 UTC of 25 October 2011. Right column: the GE

case, run at 1.0 km mesh size, starting from ECMWF-IFS analysis

at 00:00 UTC of 4 November 2011. The purple dotted lines mark

the convergence lines. For the small red circles in (b) and (e), see

the captions of Fig. 13.

6 Summary and conclusions

In this work, two events of intense precipitation and flash

floods that occurred in the Liguria region during the days of

25 October (CT) and 4 November (GE) 2011 have been sim-

ulated in forecast mode using the BOLAM and MOLOCH

models. Initial and boundary conditions for the numeri-

cal experiments have been obtained from ECMWF-IFS and

NOAA-GFS global forecasts starting at 12:00 UTC of 24 Oc-

tober and 00:00 UTC of 25 October for the first event, and

12:00 UTC of 3 November and 00:00 UTC of 4 November

for the second one. In both cases, realistic simulations in

Figure 13. Profiles of virtual temperature difference between an air

parcel raised to a height of 500 m above its initial position (vertical

axis) and the environment at the final height, for the same experi-

ments of Fig. 12. Red: CT case, valid at 12:00 UTC of 25 October,

averaged in a square of 0.5◦ side, centred at the small red circle in

Fig. 12b. Blue: GE case, valid at 09:00 UTC of 4 November, centred

at the small red circle in Fig. 12e.

terms of accumulated precipitation are obtained only with

initial conditions closer to the events, namely at 00:00 UTC.

For each event, the role of horizontal resolution has been in-

vestigated by running the MOLOCH convection-permitting

model at 3.0, 2.0, 1.5, and 1.0 km grid spacing over both

analysis data sets. In the GE case, IFS analysis gives the best

results, with precipitation amounts and geographical locali-

sation getting better and better with increasing resolution. In

the CT case, slightly better results are obtained with 1.5 km

grid spacing and GFS analysis. In general, timing and locali-

sation of simulated precipitation is quite realistic, but precip-

itation maxima (350 mm at most) are underestimated with

respect to the exceptionally large observed values, of the or-

der of 500 mm in 24 h. QPF in this range is however critical

for the prediction of flood situations.

All numerical simulations reveal the important role played

by the low-level convergence of cold air flowing from the

north downslope the Ligurian Apennines, and the warmer

and moist southeasterly flow, which is associated with syn-

optic features, in determining the generation and subsequent

development of convective cells near the coast and inland. In

the GE event, the cold northerly flow is weaker and the im-

pinging southerly flow less unstable than in the CT case. As a

consequence, the simulated convection in GE is more organ-

ised and closely linked to the convergence line, being located

just to the north of it in all instants. In the CT case, the lead-

ing edge of the cold outflow spreads more deeply over the

sea, triggering convective cells, which subsequently amplify
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over the coast and the adjacent orographic slope. The cru-

cial role played by this mesoscale convergence line can ex-

plain the extended range of predictability (with respect to the

typical timescale of spontaneous convection) shown by these

events, particularly the GE case.

In terms of spatial scales of motion involved in the occur-

rence of the severe convection, we can identify a synoptic (or

meso-alpha) scale component (baroclinic wave trough, PV

anomaly, upper jet, low-level jet represented by the WCB,

synoptic fronts, etc.), a meso-beta scale, characterising the

orographically induced flow (the density current contribut-

ing to the convergence line) and a meso-gamma scale consti-

tuted primarily by the convective cells and related precipita-

tion patterns. There are different interaction processes among

such different scales, the most complex being the feedback of

the convection on the larger scale represented, for example,

by the density current. It is well known that the formation

of evaporative cold pools is crucial in determining the organ-

isation, strength and propagation properties of the convec-

tive systems (Emanuel, 1994). In the cases considered here

the formation of the cold pool precedes the onset of convec-

tion and sets up independently, due to orographic gap out-

flow. Once the convection has developed its own downdraft

branch, it can modify and reinforce the pre-existing low-level

cold flow. In order to explore this aspect, a number of sensi-

tivity experiments were run that are not presented here. Such

experiments indicate that evaporation of precipitation influ-

ences to some extent the propagation and hence the position

of the convection in both cases, favouring the stationarity

of the systems in the stage of the heaviest precipitation. In

this respect, evaporation contributes to a more accurate QPF.

This, together with the more accurate representation of orog-

raphy, can explain why high resolution simulates more pre-

cipitation associated with stronger vertical motions, but also

better forecasting of the position of the convective systems.

In conclusion, we can say that for both episodes, though to

a different extent, the localised triggering due to the con-

vergence line, in association with the topographic forcing,

accounts for the predictability that is apparently larger than

what can be expected in the presence of deep convection.
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