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A B S T R A C T   

Liguria, located in the Northwest of Italy, is one of the Italian regions hit in the recent past by some of the most 
severe precipitation events among the ones observed in Italy. From a synoptic point of view, similar configu
rations characterize the extreme events that affected Liguria, i.e. the simultaneous presence of a deep pressure 
minimum west of the region and a strong high pressure over eastern Europe. Such conditions are favorable to the 
triggering of a quasi-stationary mesoscale V-shaped convective system over the Ligurian Sea. Furthermore, this 
kind of configuration is favorable to the formation and intrusion of wide plumes of aerosol, mainly mineral dust 
from the Sahara Desert and sea salt aerosols generated under high wind conditions in the Mediterranean basin. 
The present study aims at evaluating the impact that these aerosol plumes can have on meteorological fields 
during the triggering and evolution of the deep convective systems responsible for the Liguria flooding events. 
This study is carried out through numerical simulations performed with the WRF-Chem model, version 4.0. In 
particular, our main aim is to investigate the influence that the so-called direct (aerosol-radiation) and indirect 
(aerosol-cloud) interactions may have on mesoscale V-shape convective systems and on the associated rainfall 
events. In the simulations in which the direct aerosol effects are switched on, a consistent weakening signal is 
identified in the wind speed in all simulations; a major role seems to be played by the increase of downward 
longwave radiation in the presence of aerosol, that, by reducing the land-sea temperature gradient, causes the 
weakening of surface winds. More complex are the consequences of aerosol on the amount/intensity of the 
resulting precipitations. Unexpectedly, a reduced convergence is not necessarily associated with a weakening of 
precipitation and in half of the studied cases the interaction between aerosol, moisture and radiation increases 
the instability despite the reduced dynamical forcing due to the weakening of the convergence.   

1. Introduction 

More than 2 billion people worldwide were affected by floods in the 
last twenty years, a number that continues to climb as occurrences of 
major flood events become more frequent and severe. In particular, the 
Mediterranean region is a nearly enclosed basin surrounded by complex 
orography close to the coast, making the area particularly prone to 
events related to the water cycle. During the years, many research 
programs, such as the Hydrological cycle in the Mediterranean eXperi
ment (HyMeX, http://www.hymex.org, accessed on 20 May 2023), have 

been developed to monitor, analyze, and model the regional hydro- 
meteorological cycle in the region (Drobinski et al., 2014). In the mid
dle of the Mediterranean basin, the Italian peninsula, that extends from 
the southern Alps in the north to the central Mediterranean Sea in the 
south, is particularly exposed to natural hazards associated with severe 
precipitation (Miglietta and Davolio, 2022). Liguria, located in the 
Northwest of Italy, is one of the Italian regions hit in the recent past by 
some of the most severe precipitation events among those occurred in 
Italy. This region is thus a natural laboratory for a better understanding 
of the ruling mechanisms at the origin of extreme precipitation events. 
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Quasi-stationary mesoscale convective systems, responsible for the 
majority of extreme precipitation events that may occasionally affect 
this area during Autumn, share a common synoptic configuration. When 
a low pressure minimum approaches the western Mediterranean coast, it 
usually triggers intense southerly, warm and moist flows over the Tyr
rhenian Sea and a cooler shallow flow from the Po valley towards the 
Ligurian coast. The interaction between these two different flows can 
lead to the formation of convergence lines resulting in the development 
of severe self-generating, V-shaped convective systems able to produce 
devastating precipitation over small areas (Cassola et al., 2023). 

The synoptic settings leading to heavy precipitation events are well 
known; however, an accurate description and simulation of the mech
anisms and processes that rule the initiation and localization of these 
precipitation systems, especially when convection dominates, is still 
challenging. The complex multi-scale interaction among the moist 
ambient inflow, extracting moisture and heat from the sea surface, deep 
convection, and topography make the precise prediction of the location, 
timing and amount of precipitation associated with these systems a 
daunting task (Cavaleri et al., 2022; Miglietta and Davolio, 2022). 

A further ingredient which may play a role in triggering, reinforcing 
or attenuating these events is represented by aerosols. Indeed, due to the 
proximity of Southern Europe to the Sahara desert, under the proper 
synoptic conditions the central Mediterranean basin can be affected by 
more or less extensive Saharan dust plumes. The synoptic setting 
conducive to extreme events on the Ligurian basin is also responsible for 
the arrival of large amounts of aerosols over Northern Italy. In partic
ular, all most recent Ligurian floods have been accompanied by exten
sive dust plumes coming from Northern Africa (Rizza et al., 2017) and 
further enriched by sea spray during their journey over the Mediterra
nean Sea. 

Hence, the main focus of the present work is to study the role of the 
aerosols in triggering and determining the evolution of Ligurian deep 
convective V-shaped, flood-causing, events that are responsible for all 
major floods happened in Liguria in the last decades. This will be real
ized by activating the so-called direct aerosol-radiation interactions 
(Charlson et al., 1992; Kiehl and Briegleb, 1993; Xie et al., 2013; Rizza 
et al., 2023) and indirect aerosol-cloud interactions (Twomey, 1974; 
Twomey, 1991; Huang et al., 2014; Duan et al., 2019) in theWeather 
Research and Forecasting coupled with Chemistry (WRF-Chem) model 
(Grell et al., 2005). 

Some preceding papers studied the impact of dust on mesoscale 
phenomena; among them, we mention Kumar et al. (2014), who used 
the WRF-Chem model to study the effect of dust plumes on the typical 
pre-monsoon conditions in northern India; Liu et al. (2020) and Liu et al. 
(2022) studied the impact of dust on convective clouds and the aerosol- 
cloud interactions in the Tibetan Plateau area. Mamun et al. (2021) used 
WRF-Chem to analyze the radiative and microphysical effects of Saharan 
dust over the East Atlantic Ocean. Chaibou et al. (2020) and Rizza et al. 
(2023) applied WRF-Chem model to quantify the effects of dust radia
tive forcing on West Africa and Mediterranean basin respectively and 
both suggested to include dust effects in climate studies to improve the 
accuracy of climate predictions. 

In the present study, we will assess the role of aerosols through WRF- 
chem simulations of six case studies related to recent flooding events in 
the Liguria region, accompanied by significant Saharan dust plumes. 
The paper is organized as follows. Section 2 provides a short description 
of the considered events and of the WRF-Chem setting adopted to 
simulate the case studies. In Section 3, the different sets of performed 
simulations are analyzed and a discussion of the results is reported. 
Finally, conclusions are drawn in Section 4. 

2. Material and methods 

2.1. Event description 

The present work will focus on the Liguria region (North-Western 

Italy), as it is one of the regions most affected by localized episodes of 
heavy rain in the Mediterranean (181 mm/h during 4 November 2011, 
330 mm/3 h and 470 mm/6 h during 25 October 2011). 

The peculiarity of this phenomenon is well known and widely 
described in a certain number of works (Rebora et al., 2013; Buzzi et al., 
2014; Fiori et al., 2014; Cassola et al., 2016; Silvestro et al., 2016). Fig. 1 
depicts the typical synoptic situation that is responsible for severe events 
over the region, showing the average mean sea level pressure [hPa] 
(panel a) and 500-hPa geopotential height [m] (panel b) observed 
during the most recent Liguria flooding events, listed in Table 1. Well 
visible is the low pressure west of the British Islands, facing the high 
pressure system affecting Eastern Europe. Such a configuration trigger 
two different flows: a cooler one, that from the Po valley reaches the 
Ligurian coast through low gaps present in the central part of Ligurian 
Apennines (blue arrow in Fig. 1, panel c), and a warm and moist 
southerly flow over Tyrrhenian Sea (red arrow in Fig. 1, panel c). The 
interaction between these two different flows causes the formation of a 
convergence line (yellow line in Fig. 1, panel c) which is often associated 
to the development of V-shaped, self-generating convective systems, 
responsible for heavy precipitation. In general, depending on the rela
tive strength of the northerly and southerly fluxes, the convergence line 
and associated phenomena can affect different part of the region. If the 
eastward evolution of the low over western Europe is prevented by the 
eastern high pressure system, convergence line can remain stationary for 
several hours, resulting in devastating floods. 

For the sake of brevity, here we only underline the extreme intensity 
and the small spatial extent of such events, as shown in Fig. 2, where the 
12-h accumulated precipitation over the Liguria region is reported for 
the 6 events considered in the present work: 4 October 2010 (O10), 25 
October 2011 (O11), 4 November 2011 (N11), 9 October 2014 (O14), 10 
November 2014 (N14) and 21 October 2019 (O19). These events have 
been chosen inasmuch are the recentmost flooding events that affected 
the Liguria and present all ingredients we want to investigate in the 
present paper: a deep convective V-shaped system, consequence of the 
formation of convergence lines, accompanied by huge aerosol plumes 
due to strong southerly fluxes. The precipitation fields have been ob
tained by applying ordinary Kriging (Wackernagel, 1995) to point-wise 
observed data provided by the regional rain gauge network, Osserva
torio Meteo Idrologico della Regione Liguria (OMIRL: https://omirl. 
regione.liguria.it, accessed on 16 May 2023), managed by the Ligurian 
Regional Environmental Protection Agency (ARPAL). The difference in 
spatial distribution of precipitation, and, in particular, the different 
localization of the precipitation peaks, is due to the different position of 
the convergence line between southerly and northerly flows that char
acterized all cases reported in Fig. 2. Indeed, although the large scale 
condition that triggered these events is roughly the same (Fig. 1), small 
differences in displacement of the western trough and/or eastern high, 
as well as local temperature gradient differences between Liguria inland 
and coast can affect the strength of the flows involved, resulting both in 
a different positioning of the convergence lines and in different intensity 
in precipitation (Cassola et al., 2016 and Buzzi et al., 2014). 

2.2. AOD from MERRA-2 reanalysis 

The synoptic configuration described in the previous paragraph and 
reported in Fig. 1 is also responsible for the generation and the transport 
of a considerable amount of Saharan dust towards the central Mediter
ranean basin (Rizza et al., 2017). 

To characterize the total aerosol optical depth (AOD), we use the 
reanalysis from the Modern-Era Retrospective analysis for Research and 
Applications, Version 2 (MERRA-2 project; Gelaro et al., 2017). The 
aerosol data assimilation system in MERRA-2 is based on a splitting 
technique that is utilized to assimilate AOD at 0.55 μm from the 
following sources: (i) reflectance from the Advanced Very-High- 
Resolution Radiometer (AVHRR) sensor and from the MODIS on Terra 
(2000–present) and Aqua (2002–present) satellites; (ii) AOD retrievals 
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Fig. 1. Mean sea level pressure (hPa) (panel a) and 500-hPa geopotential height [m] (panel b) from NOAA-NCEP reanalysis, obtained by averaging the respective 
fields over 4 October 2010, 25 October 2011, 4 November 2011, 9 October 2014, 10 November 2014, and 21 October 2019. Source https://psl.noaa.gov/dat 
a/composites/day/, accessed on May, 162,023. Panel c: genesis of convergence line (yellow line) over Liguria region, as consequence of the interaction between 
a cold outflow coming from Po valley (blue arrow) and a warm and moist southerly flux over the Tyrrhenian Sea (red arrow). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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from the Multiangle Imaging SpectroRadiometer (MISR); and (iii) AOD 
from AErosol RObotic NETwork (AERONET) measurements. 

In Fig. 3, the total AOD, referred to the considered cases and obtained 
from MERRA-2 (Merra-2 ‘Global Modeling and Assimilation Office 
(GMAO)’, https://fluid.nccs.nasa.gov/reanalysis/chem2d_merra2/, accessed 
on 10 May 2023), is shown. 

The considered flooding events are accompanied by aerosol plumes 

of different intensity and extension. These plumes are mainly composed 
of Saharan dust (Goudie and Middleton, 2001; Rizza et al., 2017), but 
during their travels over the Mediterranean Sea they are also enriched 
by sea spray aerosol particles generated at the sea surface under high 
wind speed conditions (Rizza et al., 2021). 

The main objective of the present work is therefore to study what 
might be the role of aerosols in triggering and determining the evolution 
of Ligurian deep convective and flood events. This will be realized by 
activating the so-called direct aerosol-radiation interactions (Charlson 
et al., 1992; Kiehl and Briegleb, 1993; Rizza et al., 2023) and indirect 
aerosol-cloud interactions (Twomey, 1974; Twomey, 1991; Duan et al., 
2019) in the WRF-Chem model. 

Concerning the spatial distribution of aerosols characterizing the 
analyzed case studies, the effect of the presence of the incoming low 
pressure over western Europe (Fig. 1) is evident from Fig. 3. Such a 
synoptic configuration determined an intense transport of air masses 
from North Africa to Northern Italy that is highlighted by the band of 
aerosols affecting Northern Algeria, Sardinia and finally Northern Italy. 

Table 1 
List and acronyms of the events analyzed in this study, and precipitation accu
mulated in 12 h.  

Event acronym Event date Precipitation max (mm) 

O10 04/10/2010 398 
O11 25/10/2011 493 
N11 04/11/2011 399 
O14 09/10/2014 268 
N14 10/11/2014 198 
O19 21/10/2019 479  

[mm]

Fig. 2. 12-h accumulated precipitation (mm) during the six following events: a) O10, b) O11, c) N11, d) O14, e) N14, and f) O19.  
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Fig. 3. Total Aerosol Optical Depth [− ] for: a) 4 October 2010, 06 UTC, b) 25 October 2011, 09 UTC, c) 4 November 2011, 09 UTC, d) 9 October 2014, 12 UTC, e) 10 
November 2014, 09 UTC and f) 21 October 2019, 09 UTC. Source MERRA-2, https://fluid.nccs.nasa.gov/reanalysis/, accessed on 10 May 2023. 
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Aerosol distribution patterns are quite similar for all cases; around the 
Liguria region and the Northern Tyrrhenian Sea, the values of the total 
AOD range between 0.3 and 0.7. 

2.3. WRF-Chem setup 

The present study is carried out through numerical simulations 
performed with the Weather Research and Forecasting coupled with 
chemistry (WRF-Chem) model, version 4.0 (Grell et al., 2005). WRF- 
Chem simulates the emission, transport, mixing, and chemical trans
formation of trace gasses and aerosols as well as the meteorology. In this 
work we performed three different sets of simulations (Table 2). First, a 
control run (referred to as ctrl_run), in which the chemistry package of 
WRF-Chem model has not been activated (corresponding to the option 
chem_opt = 0 in the WRF namelist), i.e., a WRF standalone run. Then, a 
second run in which the chemistry package is turned on but only aerosol 
indirect effects are considered (MP_fdb). Namely, aerosol is enabled to 
act as Cloud Condensation Nuclei (CCN) and Ice Nuclei (IN) (Levin and 
Cotton, 2009; Tao et al., 2012). Finally, a fully-coupled (fully_cpl) run in 
which both direct and indirect effects are taken into account (Fast et al., 
2006). 

For a correct representation of the events listed in Table 1, charac
terized by the formation of small-scale very deep convective systems, we 
need to reach a resolution allowing an explicit description of convection 
as highlighted by a number of previous works in the Mediterranean 
region (Miglietta and Regano, 2008; Fiori et al., 2014; Cassola et al., 
2015; Davolio et al., 2015; Gascon et al., 2016). For this purpose, we 
defined three 2-way nested domains that are displayed in Fig. 4 and 
described in Table 3. The innermost domain, centered over the Liguria 
Region, will allow us to analyze models' data at 1.1 km grid spacing with 
convection explicitly resolved. The limited number of vertical levels is 
constrained by the considerable computational effort required for the 
treatment of the aerosols. 

Regarding the WRF model settings to describe the effects that un
resolved sub-grid phenomena have on resolved variables, we have 
chosen a physical set-up that is quite similar to those exploited for 
similar studies (Cassola et al., 2015; Ferrari et al., 2020), briefly recalled 
in the following and summarized in Table 4. 

The Yonsei University Planetary Boundary Layer (YSU-PBL) scheme 
(Hong et al., 2006) was selected together with the Revised MM5 Monin- 
Obukhov scheme (Jimenez et al., 2012) for the surface layer parame
terization and Noah scheme for land surface model (Chen and Dudhia, 
2001). Convection being explicitly resolved over the two innermost 
domains, Grell-Freitas cumulus parameterization scheme (Grell and 
Freitas, 2014) was adopted only for the outermost domain. For short
wave and longwave radiation schemes we adopted the Rapid Radiative 
Transfer Model for General Circulation Models (RRTMG) (Clough et al., 
2005; Iacono et al., 2008) to consider the cloud and aerosol effects in the 
radiative flux calculation. 

Finally, motivated by the necessity to couple the meteorological part 
of the WRF-ARW model with its chemical part, for the Microphysics 
scheme we chose the Morrison parameterization (Morrison et al., 2009). 
It is a double-moment bulk scheme predicting the mass mixing ratios 
and number concentrations of five hydrometeor species: cloud droplets, 
cloud ice, snow, rain, and graupel. The double-moment Microphysics 
scheme indeed can interact with the aerosol modules, allowing (in the 
case of simulations MP_fdb and fully_cpl) to couple the activation of 

aerosol particles to the scheme itself (Morrison et al., 2009). In two- 
moment bulk schemes, hydrometeor size distributions are diagnosed 
from the predicted number and mass assuming a certain distribution of 
the spectral shape (in most cases a gamma function). Usually, in these 
schemes, the saturation adjustment approach is used for calculating 
evaporation and condensation, i.e. under-saturation and supersatura
tion with respect to water are removed in the cloud within a time step 
(Zhang et al., 2015). 

The physical parameterizations, described in Table 4, are kept fixed 
for all simulations. The differences between the three configurations 
depend on the radiation feedback. In the runs MP_fdb the radiation 
feedback is not activated and only the interaction between aerosol and 
clouds has been enabled, i.e. aerosols acted as CCN and IN, but aerosol 
direct radiative forcing has been neglected. For simulations fully_cpl, 
instead, the radiation feedback is enabled in order to take into account 
also the forcing deriving from the interaction between radiation and 
aerosol. 

For both simulations MP_fdb and fully_cpl, we adopted the Model for 
Ozone and Related chemical Tracers (MOZART) Chemistry (Emmons 
et al., 2009) coupled with the four-size bin sectional Model for Simu
lating Aerosol Interactions and Chemistry (MOSAIC) aerosol mechanism 
(Zaveri et al., 2008). MOZART-MOSAIC takes into account several in
teractions between different chemical species present in the aerosol, 
including aqueous phase chemistry, plus photolysis and wet and dry 
deposition (Baró et al., 2015; Knote et al., 2015). 

To provide WRF-Chem with a reliable initial aerosol field, MERRA-2 
(Gelaro et al., 2017) data were ingested into the model through the 
Merra2BC preprocessor (Ukhov et al., 2021), that is an interpolation 
utility for boundary and initial conditions. The utility, originally pre
pared to work with eight-size aerosol sectional bins, has been modified 
to remap the MERRA-2 data into the four aerosol sectional bins adopted 
by the MOZART-MOSAIC package (dry diameters of 0.039–0.156 μm, 
panel a, 0.156–0.625 μm, panel b, 0.625–2.500 μm, panel c and 
2.5–10.0 μm, panel d). 

For each event, three 48-h simulations have been carried out ac
cording to the three different configurations described above (6 events 
for the 3 different settings of WRF-Chem). All simulations have been 
initialized at 00 UTC of the day of the event itself starting from atmo
spheric initial conditions provided by Global Forecast System (GFS) 
global model and from aerosol initial fields provided by MERRA-2. 
Boundary conditions, relative to both the atmospheric and aerosol 
fields, have been provided to the WRF-Chem model every three hours. 
As the aerosol distribution is calculated in a way consistent with 
MERRA-2 meteorological fields, the consistency between the meteoro
logical fields provided in MERRA-2 and GFS has been preliminary 
verified. 

3. Results and discussion 

3.1. Aerosol optical depth 

The first step of the present analysis is a qualitative ‘eyeball’ verifi
cation of the ability of the model to reproduce the evolution of the 
Saharan dust during the analyzed case studies. In Fig. 5, the AOD 
simulated by the WRF-Chem fully-coupled runs over the outermost 
domain, for all case studies, is reported. 

By comparison with Fig. 3, one can appreciate how the order of 
magnitude of AOD and its spatial distribution are well reproduced over 
the central Mediterranean basin. Simulations capture the aerosol plume 
west of the Italian peninsula that was observed during all considered 
cases. The six snapshots of Fig. 5 reveal strong intrusions of Saharan dust 
in all six cases that we are analyzing. 

3.2. Analysis of winds 

Keeping in mind that winds are the main trigger of the analyzed V- 

Table 2 
Summary of the three different settings exploited for simulations performed in 
the present work.  

Acronym Microphysics feedback Radiative feedback 

ctrl_run no no 
MP_fdb yes no 
fully_cpl yes yes  
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shaped convective systems, we passed to analyze the effect of aerosol on 
the simulated weather conditions. The first significant result concerns 
the important attenuation of the wind intensity in all fully-coupled 
simulations (runs fully_cpl) with respect to the control runs (ctrl_run). 
Attenuation appears to affect both southerly and northerly flows asso
ciated to the convergence line formation. In previous works, a similar 
attenuation was also observed and has been mainly related to the 
reduction of downward shortwave flux at the ground due to aerosol 
interception, that, in turn, decreases the near-surface energy (Zhang 
et al., 2015; Rizza et al., 2023). 

Our finding is further corroborated by direct comparison of the wind 
fields from ctrl_run and MP_fdb, which turn out to be very similar, thus 
confirming the role of the aerosol-radiation feedback. Focusing on the 
wind field, the added value of running a coupled atmospheric-chemistry 

simulation appears to reside in the aerosol-radiation feedback rather 
than in the cloud-aerosol interaction. For the sake of brevity, just an 
example of a wind field simulated by the three different WRF settings is 
reported in Fig. 6. The latter refers to the 25 October 2011 case study 
inasmuch it is one of the most interesting events in terms of precipita
tion, and for this reason will be analyzed in depth in the following 
section. 

From the analysis of Fig. 6 it emerges how ctrl_run (Fig. 6a) and 
MP_fdb (Fig. 6b) present a similar wind field when compared with the 
simulation fully_cpl (Fig. 6c). Similarities in the simulated wind fields 
concern both wind intensity and the position of the convergence line. 
Indeed, both simulations ctrl_run and MP_fdb localize the convergence 
line exactly in the same position, while the simulation fully_cpl shifts it 
about 30 km eastward. For the sake of brevity, wind fields referring to 
other events are not reported in the text; in Table 5 the average wind 
intensity for all events is reported instead. In more detail, the values 
summarized in the table refer to a spatio-temporal average over the 12 h 
covering the events and over the two areas indicated by the two squared 
boxes in Fig. 6a. The two boxes are located in correspondence of areas 
typically affected by northerly (N) and southerly flows (S) that give rise 
to the convergence line responsible for the extreme events studied in the 
present work. The values reported in Table 5 display a general decrease 
of the wind speed in the simulations fully_cpl compared to the wind 
speed from ctrl_run. This reduction seems to affect both northerly and 
southerly flows, even if more importantly the first one, a fact which 
concurs to significantly attenuate the strength of the convergence line. 

To explain the wind attenuation associated with simulations full
y_cpl, in Fig. 7a the AOD, averaged between 00 UTC and 12 UTC of 25 
October 2011, is reported as provided by the simulation fully_cpl. Fig. 7b 
shows the difference between the mean surface downward longwave 
radiation from simulations fully_cpl and from ctrl_run. The resulting 
difference is averaged in the same time span of panel a). 

Although the focus here is on the 25 October 2011 event, the con
clusions we are going to draw hold true for the other analyzed events too 
(not shown). 

The aerosol layer absorbs part of the longwave radiation emitted by 
the surface causing, in turn, an increase in the longwave radiation 
emitted by the lower atmosphere towards the surface. Because of the 
absorption and the associated re-emission of atmospheric radiation by 
aerosol species, the higher the aerosol concentration, the higher the 
longwave flux observed at the surface (Satheesh and Lubin, 2003; 

[m]

Fig. 4. Topography (m) of the outermost WRF computational domain (10 km grid spacing) and location of the two nested domains over northern Italy (outermost 
box, 3.3 km grid spacing) and Liguria region (innermost box, 1.1 km grid spacing). 

Table 3 
Relevant features of the computational domains: horizontal grids spacing and 
number of vertical levels.  

Domain (dx,dy) km nz 

Outermost 10,10 35 
Intermediate 3.3,3.3 35 
Innermost 1.1,1.1 35  

Table 4 
Overview of the WRF parameterization schemes adopted in the present study.  

Parameterization scheme Physical process Namelist 
option 

References 

Grell-Freitas Convection 3 Grell and 
Freitas, 2014 

Morrison Microphysics 10 Morrison et al., 
2009 

Rapid Radiation Transfer 
Model GCM 

Long wave 
radiation 

4 Clough et al., 
2005 

Rapid Radiation Transfer 
Model GCM 

Short wave 
radiation 

4 Clough et al., 
2005 

Noah Land surface 2 Chen and 
Dudhia, 2001 

Monin-Obukhov Surface layer 1 Jimenez et al., 
2012 

Yonsei University Boundary layer 1 Hong et al., 
2006  
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Panicker et al., 2008). The increase of downward longwave radiation in 
the simulation fully_cpl with respect to ctrl_run (Fig. 7, panel b) is indeed 
stronger where values of AOD are higher (Fig. 7, panel a), reaching 
maximum values of the order of 30%. 

Due to the different specific heat between land and sea, the increased 
flux of downward longwave radiation heats up in different ways the 
Mediterranean Sea and the surrounding lands (Fig. 7, panel d). Keeping 
in mind that the considered events occurred in the first part of autumn, 
when the sea surface temperature is usually warmer than land temper
ature, as shown in Fig. 7, panel c, the overall effect of the increased 
downward longwave radiation flux simulated by the run fully_cpl is to 
reduce the ctrl_run land-sea temperature gradient. Hence, the simulation 
fully-coupled produced a more homogeneous surface temperature dis
tribution with respect to the simulation ctrl_run, finally resulting in a 
wind speed reduction. A similar mechanism is described, for example, in 
(Park and van den Heever, 2022), where, in case of polluted air, a 
smaller land–sea thermal contrast and a resulting weaker sea breeze 
circulation is observed with respect to the pristine case. 

In our cases, the effect played by the downward shortwave radiation 
is less relevant with respect to what is found in other works (see, e.g., 
Rizza et al., 2023). This can be explained as a consequence of our focus 
on short time windows (about 12 h), during which the relevant cloud 
cover that characterized the studied events reduced the amount of 
shortwave radiation that reached the lowest atmospheric layer and the 
surface. This fact made secondary the effect of interaction between 
shortwave radiation and aerosol with respect to the role of longwave 
radiation. When analyses are instead based on a longer time period with 
respect to the typical lifespan of a convective system, the overall cloud 
effect is reduced and the interaction between shortwave radiation and 
aerosol becomes relevant. 

3.3. Analysis and discussion of precipitations patterns 

The overall wind attenuation associated with the simulation fully_cpl 
resulted in a significant attenuation of the convergence line as shown in 
Fig. 8 referring to 15 UTC of 25 October 2011. Here the 10-m wind field 
divergence is reported for simulations ctrl_run, panel a), MP_fdb, panel 
b), and fully_cpl, panel c). 

As a consequence of the attenuation of the convergence lines simu
lated by the runs fully_cpl, one would expect an attenuation of the 
precipitation as observed in numerous previous works (Cassola et al., 

2016; Ferrari et al., 2021), since the weaker the convergence, the weaker 
the associated upward motions, arguably resulting in reduced convec
tion and precipitations. On the contrary, for half of the analyzed cases (4 
October 2010, 25 October 2011 and 4 November 2011), simulations 
fully_cpl show a precipitation maximum increase between 15% and 35% 
with respect to the ctrl_run. 

At the same time, for the remaining cases (9 October 2014, 10 
November 2014 and 21 October 2019) a less surprising decrease of 
precipitation maximum, of the order of 10% - 30%, is observed as a 
consequence of the weakening of the convergence line simulated by runs 
fully_cpl. 

In the following, we will focus on those events whose simulations 
showed, unexpectedly, an intensification of the precipitation in spite of 
the reduced convergence. In Figs. 9, 12 hours accumulated precipitation 
during the 25 October 2011 event for ctrl_run, panel a), MP_fdb, panel 
b), and fully_cpl, panel c), is shown. 

The increase of the precipitation simulated by runs fully_cpl, evident 
in Fig. 9 and also evident from simulations of 4 October 2010 and 4 
November 2011 events (not shown), is indeed somehow independent of 
the intensity of the convergence lines, that appear weaker in the simu
lations fully_cpl with respect to both runs ctrl_run and MP_fdb. Appar
ently, the precipitation increase is not a consequence of the sole aerosol- 
cloud interaction, inasmuch simulations MP_fdb and ctrl_run present 
quite similar scenarios both in relation to the resulting wind field and 
precipitation patterns, and intensity. 

Ultimately, the fully coupled cloud-aerosol-radiation interaction 
appears to play a fundamental role in the description of this subset of 
events. To further highlight the impact of the three different model 
setting on precipitation field, in Fig. 10 the 12-h accumulated precipi
tation difference between simulations fully_cpl and ctrl_run, panel a), 
and between fully_cpl and MP_fdb, panel b), is shown. Well evident is the 
eastward displacement of the precipitation peak associated to simula
tion fully_cpl due to the shift of the convergence line observed in Fig. 8. 
Trying to explain the mechanisms at the basis of the results obtained by 
the different sets of simulations, in Fig. 11, panel b) the vertical cross 
section of the aerosol fraction referred to as other inorganic mass (OIN) 
[μg kg− 1-dry air], is reported. OIN particles that contain the crustal and 
dust particles, are mainly composed by inert minerals, trace metals and 
sea salt (Zaveri et al., 2008). The vertical cross section refers to 15 UTC 
of 25 October 2011 and is taken at 44◦ N, in correspondence with the red 
line present in Fig. 11, panel a), showing the corresponding 10 m wind 

Fig. 5. Aerosol Optical Depth for: panel a), 4 October 2010, 06 UTC, b), 25 October 2011, 09 UTC, c), 4 November 2011, 09 UTC, d), 9 October 2014, 12 UTC, e), 10 
November 2014, 09 UTC and f) 21 October 2019, 09 UTC, from simulation fully_cpl over the outermost domain. 
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[m/s] 

Fig. 6. 10 m wind field (m s− 1) referred to 25 October 2011, 15 UTC, simulated over 1.1 km domain by: ctrl_run, panel a), MP_fdb, panel b), and fully_cpl, panel c). In 
panel a) the location of the two squared boxes (N, S) is reported. 
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field. The position of the vertical cross section has been chosen over the 
sea, south of the precipitation peak, in order to evaluate the character
istics of the flows that originate the convergence line, filtering out the 
disturbances on the low level flows induced by the local steep orog
raphy. The largest concentration of aerosol is associated with the 
southerly flow, and presents its maxima in the lower layers, at about 
900 hPa. 

A further smaller concentration peak is visible in correspondence of 
8.7◦E, associated to the northerly flow and probably due to the outflow 
of continental anthropogenic pollutants. This fact seems to be confirmed 
by Fig. 12, showing the cross section of the OIN concentration (contours, 
[μg kg− 1-dry air]) for the four-size bins taken into account by MOSAIC, 
taken at 44◦N and at 15 UTC of 25 October 2011. According to (Juda- 
Rezler et al., 2020), finer aerosol particles, namely with aerodynamic 
diameter smaller than 2.5 μm, are mainly associated with anthropogenic 
emission, while dust aerosol is typically characterized by larger aero
dynamic diameters, usually between 0.6 μm and 10 μm (Marenco et al., 
2006). 

From Fig. 12 it emerges how, by increasing the dry diameters of the 

aerosol, their concentration maxima move from west to east, i.e., from 
the area affected by the low-level northerly flow to the area affected by 
the southerly flow (Fig. 6, panel c)). Focusing on the thermal effect that 
this aerosol distribution produces in the simulations, in Fig. 13, the 
vertical cross section of temperature difference (K) between fully_cpl 
and ctrl_run is also reported (shaded contours). 

Once again, the added value associated with running a chemistry- 
atmosphere coupled simulation appears to reside in the aerosol direct 
radiative forcing. Comparing the vertical cross section of temperature 
difference (K) between simulations fully_cpl and ctrl_run reported in 
Fig. 12 with the vertical cross section of temperature difference (K) 
between simulations MP_fdb and ctrl_run of Fig. 12, panel b), it emerges 
how the temperature difference between MP_fdb and ctrl_run results 
significantly attenuated with respect to the temperature difference be
tween simulations fully_cpl and ctrl_run. 

Similar vertical dust patterns are also found for simulation fully_cpl 
for 4 October 2010 and 4 November 2011 (not shown). 

Trying to explain the significant precipitation increase simulated by 
run fully_cpl with respect to simulations ctrl_run and MP_fdb, in Fig. 14, 
the vertical cross section (same time and latitude of Fig. 13) of the water 
vapor mixing ratio (shaded contours, [kg kg− 1]) is reported together 
with the OIN concentration (contours, [μg kg− 1-dry air]). The largest 
concentration of water vapor is found east of the convergence line (black 
star in Fig. 14) and occupies the same levels of the OIN. The warming of 
these moist layers by the interaction between aerosol and radiation 
increased the instability as shown in Fig. 15. Here, the simulated 
soundings extracted just east of the convergence line at 44.15◦N and 
9.6◦E for fully_cpl, panel a), MP_fdb, panel b) and ctrl_run, panel c), are 
reported. In particular, soundings refer to 09 UTC, just some hours 
before the beginning of the event. Panel c) shows a more saturated layer 
between 850 hPa and 600 hPa with respect to simulations ctrl_run and 
MP_fdb, respectively panels a) and b). For all three soundings, the 
Convective Available Potential Energy significantly varies, passing from 
160 J kg− 1 for ctrl_run, to 271 J kg− 1 for MP_fdb, and reaching 441 J 
kg− 1 for simulation fully_cpl. The higher instability and the larger lower 

Table 5 
Spatio-temporal average of 10 m wind speed [m s− 1], for all considered events, 
and for simulations ctrl_run, MP_fdb and fully_cpl. Columns N and S indicate that 
the spatial average of the wind speed has been performed over the two boxes 
reported in Fig. 6, panel a). Winds have also been averaged over a 12-h window 
centered around the precipitation peak of each event.  

Event Spatio–temporal average of 10 m wind intensity (m s− 1)  

ctrl run MP fdb fully cpl  

N S N S N S 

4 Oct 2010 11.1 12.7 11.1 12.8 10.4 12.7 
25 Oct 2011 12.8 12.8 12.9 12.1 12.5 10.5 
4 Nov 2011 9.2 12.2 9.4 12.3 9.4 12.3 
9 Oct 2014 8.4 8.6 8.3 8.4 5.8 8.1 
10 Nov 2014 7.1 8.4 6.7 9.0 5.4 8.7 
21 Oct 2019 2.9 6.3 2.9 6.3 2.4 4.7  

Fig. 7. Panel a): AOD provided by simulation fully_cpl. Panel b): surface downward longwave radiation difference between simulations fully_cpl and ctrl_run. Panel 
c): 2 m temperature (in K) provided by ctrl_run. Panel d): 2 m temperature difference between simulations fully_cpl and ctrl_run. All plotted quantities are provided 
by 10 km grid spacing simulations and averaged between 00 and 12 UTC of 25 October 2011. 
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[S -1 ]

Fig. 8. 10 m wind (vectors, m s− 1) and divergence (shaded contours, s− 1) fields for simulations ctrl_run, panel a), MP_fdb, panel b), and fully_cpl, panel c), sim
ulations referring to 15 UTC of 25 October 2011. 
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layers humidity content found in simulation fully_cpl with respect to 
ctrl_run one is able to trigger a deeper convective cell responsible for the 
flood. The development of this convective cell is identifiable by the 
increment of temperature at about 500 hPa visible in Fig. 13, associated 
with the release of latent heat due to water vapor condensation in the 
convective cloud. 

4. Conclusions 

In the present work, we have investigated the influence played by the 
so-called direct (aerosol-radiation) and indirect (aerosol-cloud) in
teractions on the dynamics of mesoscale V-shaped convective systems. 
Three different sets of simulations have been carried out with the WRF- 

[mm]

Fig. 9. 12-h accumulated precipitation (unit: mm) for the 25 October 2011 event, provided over 1.1 km domain by simulations: ctrl_run, panel a), MP_fdb, panel b) 
and fully_cpl, panel c). 
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Chem model, namely control runs (ctrl_run) without chemical coupling, 
runs taking into account only the aerosol indirect effects (MP_fdb) and 
fully coupled simulations taking into account both direct and indirect 
effects (fully_cpl). 

Six different events concerning recent floods that occurred in the 
Liguria region have been simulated according to the three different 
WRF-Chem settings. All these events are characterized by the formation 
of convergence lines, associated to quasi-stationary, V-shaped, self- 
generating convective systems over the Ligurian Sea due to the inter
action between two different low-level flows. The two main features 
concurring in the determination of the intensity, localization and evo
lution of these systems are the strength of the convergence lines, that is 
able to trigger vertical motions, and the conditional instability of the 
lower layers that can enhance or dampen the triggered ascending mo
tions. A correct description of these two factors is indeed essential to 
provide a reliable evolution of the flooding events. 

The most relevant finding is on the direct effects associated with the 
aerosol-radiation feedback that appears to overcome the aerosol indirect 
effect. This second one does not seem to produce relevant impacts on the 
simulations of the considered events: wind, temperature and precipita
tion fields produced by simulations MP_fdb are indeed very close to 
those produced by the corresponding ctrl_run. On the other hand, direct 
effects have stronger impact on simulations, causing a significant 
attenuation of surface winds, and hence of the convergence lines, in all 
performed simulations. This attenuation has been traced back to the 
interaction between shortwave radiation and aerosol that causes a 
reduction of the sea-land thermal gradient, finally resulting in a weak
ening of the wind. 

Because of the absorption and associated re-emission of atmospheric 
radiation by aerosol species, the increase of downward longwave radi
ation observed in the runs fully_cpl with respect to simulations ctrl_run is 
stronger where the values of AOD are higher (Satheesh and Lubin, 2003; 
Panicker et al., 2008). As long as the studied events happened in the first 
part of Autumn, when the sea surface temperature is warmer than land 
temperature, the increased surface downward longwave radiation re
duces the temperature gap between land and sea owing to the different 
specific heat between land and water. 

Hence, the simulations fully_cpl produced a more homogeneous 

surface temperature distribution with respect to the simulations ctrl_run 
that results in an attenuation of the winds, i.e. the contribution of the 
local circulation is strongly attenuated. This mechanism is coherent with 
what has been found in other works, for example, in Park and van den 
Heever (2022) where, in case of polluted air, a smaller land–sea thermal 
contrast and a weaker sea breeze circulation is observed with respect to 
the pristine case. 

In our work, the effect of downward shortwave radiation appears to 
be less relevant with respect to what has been found in other studies (e. 
g., Rizza et al., 2023). Our analysis focused on time windows of about 12 
h, during which the relevant cloud cover that characterized the studied 
events reduced the amount of shortwave radiation that reached the 
lowest atmospheric layer and the surface. When analyses are instead 
based on a longer time period with respect to the typical lifespan of a 
convective system, the overall cloud effect is reduced and the interaction 
between shortwave radiation and aerosol becomes relevant. 

With regard to convection associated to the studied events, conver
gence is certainly the main dynamical forcing triggering V-shaped 
convective systems in the considered area, as highlighted by numerous 
works. Miglietta and Davolio (2022) reported that the convergences that 
affect Liguria Sea and responsible for the formation of V-shaped systems, 
produce an uplift of the low-level moist air, sufficient to overcome the 
level of free convection and thus allow the release of convective energy. 
Furthermore, this kinematic interaction was suggested and somehow 
observed through airborne and ground-based radar observations already 
during the Mesoscale Alpine Programme field campaign in 1999 (Bou
geault et al., 2001). Also, Cassola et al. (2016) showed that a stronger 
convergence enhances convective development. In our work however, 
the weaker convergence lines simulated by the simulations fully_cpl are 
not always associated, as one would expect, to a weaker and shallow 
convection resulting in a decrease in precipitation. In half of the studied 
cases, we have indeed found a quite significant increase of the simulated 
precipitation. When the atmospheric layer containing aerosol is suffi
ciently moist, the warming caused by the interaction between aerosol 
and radiation increases the potential instability despite the reduced 
dynamical forcing due to the weakening of the convergence, finally 
resulting in an increase of precipitation. In conclusion, while the heavy 
precipitation events over Liguria region are triggered by the 

Fig. 10. 25 October 2011, 12-h accumulated precipitation difference (unit: mm) between simulations: fully_cpl and ctrl_run, panel a), fully_cpl and MP_fdb, panel b).  
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Fig. 11. Panel a): 10 m wind field simulated at 15 UTC of 25 October 2011 by simulation fully_cpl. Panel b): OIN (unit: μg kg− 1-dry air) vertical cross section, 
referring to 15 UTC of 25 October 2011, simulated by run fully_cpl. The vertical cross section is taken at 44◦N, in correspondence with the red line present in the 
panel a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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convergence line, in agreement with the mechanism illustrated above, 
they are the result of a multi-scale interaction where also the orography 
(both at local and large-scale) can trigger precipitation inland and can 

make the interpretation of the development mechanisms more tricky. 
Thus, the role of the aerosol in modulating these different contributions 
can be difficult to disentangle and, anyway, out of the scope of the 

Fig. 12. OIN (contours, unit: μg kg− 1-dry air) vertical cross section, referring to 15 UTC of 25 October 2011, simulated by run fully_cpl for the four different size bins 
taken into account by MOSAIC: dry diameters of 0.039–0.156 μm, panel a), 0.156–0.625 μm, panel b), 0.625–2.500 μm, panel c) and 2.5–10.0 μm, panel d). Shaded 
contour represents the vertical cross section of temperature difference (unit: K) between simulations fully_cpl and ctrl_run. The vertical cross section is taken at 44◦ N, 
in correspondence with the red line present in the small panel in the upper-right corner, while the black star identifies the intersection between the vertical cross 
section position and the convergence line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 13. Vertical cross section of temperature difference (unit: K) between fully_cpl and ctrl_run, panel a), and between MP_fdb and ctrl_run, panel b). The vertical 
cross section, taken at 44◦ N (red line present in the small panel in the upper-right corner), refers to 15 UTC of 25 October 2011. The blue line in the small panel in the 
upper-right corner identifies the position of the convergence line and the black star (reported also in panel a) and b)) identifies the intersection between the 
convergence line and the latitude along which the cross section has been extracted. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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present paper. 
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between the convergence line and the latitude along which the cross section has been extracted. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 15. Simulated soundings extracted at 44.15◦ N and 9.6◦ E for simulations ctrl_run, panel a), MP_fdb, panel b) and fully_cpl, panel c), at 09 UTC of 25 October 
2011. Black star in the upper-right corner indicates the position of the simulated sounding, while the blue line identifies the position of the convergence line. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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