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Abstract: 26 

Volcanic plume aerosol following the paroxysmal event of Mount Etna in February 21st - 26th, 2021 27 

was detected in Naples area (Italy), together with transport of Saharan dust aerosol, combining 28 

lidar, sunphotometer and satellite observations with back-trajectories and dispersion models 29 

simulations. Lidar data allowed to clearly distinguish the two main aerosol components, to 30 

investigate the spectral dependence of the aerosol optical properties and to retrieve their 31 

microphysical properties, essential for a detailed aerosol characterization. A new Monte Carlo 32 

algorithm, capable of retrieving the particle size distribution from lidar measurements, was applied. 33 

Lidar results are in good agreement with columnar integrated sunphotometer data. This combination 34 

of novel lidar observations of the vertically-resolved aerosol microphysics, column observations 35 

and modelling allows for a more complete description of multi-layered aerosol conditions. 36 

37 

1. Introduction38 

Atmospheric aerosol is of particular interest for its impact on the climate system, air quality and 39 

human health, to mention a few (Ghan et al., 2012; Zhang et al., 2012; Mallet et al., 2019; Zhang, 40 

2020). Nevertheless, aerosol studies are generally subject to large uncertainties due to the great 41 

temporal and spatial variability of sources, distribution and composition. 42 

As a specific example, the spatiotemporal characterization of load and properties of the aerosol 43 

layer over the Central Mediterranean area is very complex due to the coexistence of particles of 44 

different nature and typology, produced by local sources or long-range transport phenomena 45 

(Lelieveld et al., 2002; Xu et al., 2020). Larger coarse-mode aerosol originates mainly from natural 46 

sources and includes mineral dust from African deserts (e.g. Pisani et al., 2011; Valenzuela et al., 47 

2014; Soupiona et al., 2020) as well as marine aerosol from Mediterranean Sea and Atlantic Ocean 48 

(e.g. Di Iorio et al., 2009; Khedidji et al., 2020). Conversely, fine polluted aerosol derives from 49 



local anthropogenic activities or long range transport from continental Europe (e.g. 50 

Hatzianastassiou et al., 2009; Perrone et al., 2013) and Asia (Lelieveld et al., 2002). Biomass 51 

burning aerosol is also frequently observed, mainly in summertime, due to favourable, hot and dry 52 

conditions of the Mediterranean area; both local (Pace et al., 2005; Perrone and Burlizzi, 2016; 53 

Boselli et al., 2021) and long range transported (from Europe and North America) fire particles 54 

contribute to such kind of aerosol (e.g. Baars et al., 2019; Papanikolaou et al., 2020). Finally, the 55 

Mediterranean area hosts numerous active volcanoes, like Mount Etna and Stromboli, and 56 

fumaroles, such as those in Aeolian Islands and Phlegraean Fields.  57 

Volcanic eruptions represent an extraordinary opportunity for the progress of the volcanic science 58 

and near real time observations of these events are very important for a deeper understanding of 59 

their effects on climate and life. In this respect, in the last decade numerous environmental studies 60 

were carried out worldwide to assess the impact of major volcanic eruptions on the atmosphere (e.g. 61 

Eyjafjallajökull in 2010; Nabro in 2011, Calbuco in 2015; Raikoke in 2019; Cumbre Vieja in 2021) 62 

. These studies were carried out using ground-based and air-borne remote sensing instruments 63 

(lidar, photometer), satellite observations and model results (e.g. Mattis et al., 2010; Papayannis et 64 

al., 2011; Sawamura et al., 2012; Mona 2012; Pappalardo et al., 2013; Noh et al., 2017; Lopes et al., 65 

2019; Bègue et al., 2020; Klekociuk et al., 2020; Vaugan et al., 2021). They mainly refer to long-66 

range transport events and aim at tracking the amounts of aerosol and SO2 injected in the 67 

atmosphere by means of continuous observations of their spatial distribution and temporal 68 

evolution. 69 

In the Mediterranean area, Mount Etna’s emissions impact the atmospheric aerosol content and 70 

properties with both its continuous passive degassing (Sulpizio et al., 2014; Sellitto et al., 2020) and 71 

mild- to high-intensity explosive activity (Thomas et al., 2005; Sellitto at al., 2016), whose effects 72 

systematically influence an area of several hundred km downwind its degassing craters (Sellitto et 73 

al., 2017). Therefore, the Mediterranean basin provides a perfect natural laboratory to characterize 74 

different aerosol types whose transport is marked by aging and mixing phenomena favoured by high 75 

evaporation, low precipitation and remarkable solar activity (Michaelides et al., 2018). The 76 

coexistence of different aerosol types makes particularly challenging their differentiation. 77 

Nevertheless, this is necessary for the study of the inherent physico-chemical processes and can be 78 

realised through the analysis of the observed properties of the aerosol layer. The investigation of 79 

aerosol properties during specific advection events is crucial.  80 

Here we report on the observation of aerosol optical and microphysical properties in the central 81 

Mediterranean region, at the Naples station, during a period characterised by both a major Saharan 82 

dust outbreak and a major eruption of Mount Etna with an uncommon transport towards the north 83 

(Sellitto et al., 2021). This exceptional event is here characterised by combining range resolved 84 

lidar measurements, columnar integrated sunphotometer data and air-mass back trajectories, as well 85 

as satellite data and dispersion models outcomes. Strikingly, the application of a novel inversion 86 

algorithm to real lidar data demonstrates how a clear classification of the aerosol layers can be 87 

gained for multilayered atmospheric conditions through the retrieved size distributions providing a 88 

remarkable feature of the proposed approach towards a more reliable characterization of the 89 

atmospheric event.  90 

 91 

2. Material and methods 92 

The observation station at University of Naples “Federico II” is part of ACTRIS (Aerosol, Clouds 93 

and Trace Gases Research Infrastructure) (Pappalardo, 2018) a pan-European research 94 

infrastructure providing high quality scientific results on atmospheric aerosols, clouds, and trace 95 

gases. The station is equipped with ground-based passive and active remote sensing instruments and 96 

near surface devices for the measurement of atmospheric aerosol geometrical, optical and 97 

microphysical properties.  98 

The station (southern Italy, 40.838° N, 14.183° E, 118 m above sea level) is located in the 99 

Mediterranean basin, an area periodically affected by long-range transport of anthropogenic and 100 



natural aerosols. The former arises from industrialized areas in Europe, whereas the latter is mainly 101 

due to volcanic eruptions, forest fires and very frequent Saharan dust outbreaks (Pisani et al., 2011). 102 

 103 

2.1 Aerosol profiling using lidar observations 104 

The station is provided with a multiwavelength lidar system operating since year 2000 in the frame 105 

of the EARLINET (European Aerosol Lidar NETwork) European network of advanced lidar station 106 

(Pappalardo et al., 2014) aiming at measuring the horizontal, vertical, and temporal distribution of 107 

aerosols on a continental scale. The lidar transmitter is a Nd:YAG laser providing beams at 108 

wavelengths of 1064 nm, 532 nm and 355 nm with energies of 0.65, 0.15 and 0.1 J, respectively, at 109 

a repetition rate of 20 Hz. The receiver consists of a Newtonian telescope with a diameter of 30 cm 110 

and a focal length of 120 cm. The spectral selection unit allows detecting elastic signals at 1064 nm, 111 

532 nm (parallel and cross-polarized signals) and 355 nm, as well as Raman echoes at 386 nm (N2), 112 

607 nm (N2) and 407 nm (H2O). Raw data are typically acquired with 1-minute temporal resolution 113 

and 15 m spatial resolution.  114 

Lidar-derived aerosol properties have been investigated in term of vertical profiles of aerosol 115 

backscattering (β(z)) at 355 nm, 532 nm and 1064 nm, and extinction (α(z)) at 355 nm and 532 nm, 116 

as well as aerosol depolarization ratio (δ(z)) at 532 nm.  117 

The profiles β(z) were retrieved from nocturnal and diurnal lidar observations using the Klett–118 

Fernald algorithm (Klett, 1981; Fernald. 1984) and the Raman method (Ansmann et al., 1992), 119 

respectively. The profiles α(z) are measured during nighttime following the procedure introduced 120 

by Ansmann et al. (1990). The used algorithms comply with EARLINET quality-assurance 121 

requirements detailed in Pappalardo et al., (2004) and Böckmann et al., (2004). 122 

Simultaneous elastic and Raman lidar measurements allow to obtain independent estimations of 123 

β(z) and α(z) profiles. This, in turns, allows the estimation of the extinction-to-backscatter ratio, the 124 

so-called Lidar Ratio (LR). Moreover, calibrated δ(z) profiles are retrieved from the backscattered 125 

light components polarized along the directions parallel and perpendicular to the plane of linear 126 

polarization of the transmitted laser beam at 532 nm, following the inversion procedure reported by 127 

Biele et al., (2000) and Freudenthaler et al., (2009). The LR and δ are key parameters to classify 128 

aerosol typology because both depend on specific aerosol properties (shape, composition). 129 

The lidar configuration with three backscatter and two extinction wavelengths (3β +2α) allows 130 

studying the spectral dependence of the atmospheric aerosol optical properties and retrieving 131 

aerosol microphysical parameters according to state of the art procedures (Müller et al., 1999; 132 

Böckmann et al., 2005; Burton et al., 2016; Chemyakin et al., 2016; Pérez-Ramírez et al., 2020; 133 

McLean et al., 2021), thus gaining a complete aerosol characterization.  134 

Using lidar measurements of β(z) and α(z) at λ1=355nm and λ2=532 nm, the Angstrom Exponents 135 

for backscatter, BAE=log(β1/β2)/log(λ2/λ1), and extinction, EAE= log(α1/α2)/log(λ2/λ1), have been 136 

estimated. Larger values of BAE and EAE can be linked to a prevalence of smaller aerosol particles 137 

and vice-versa, which also contribute to the aerosol type characterization (Liua et al., 2001). 138 

Moreover, following the method reported by Sorrentino et al. (2021), here we also retrieve the 139 

particle size distribution from lidar measured optical parameters by modeling the particle number 140 

size distribution as a superposition of log–normal distributions and using a Bayesian model and a 141 

Monte Carlo algorithm to estimate mode, width and height of each distribution. The reliability of 142 

such approach was tested in Sorrentino et al. (2021) on synthetic data generated by distributions 143 

containing one or more modes and perturbed by Gaussian noise as well as on three real datasets 144 

obtained from the AERONET database.  145 

The size distribution analysis allows to better characterize the nature of atmospheric aerosol since 146 

accumulation and coarse mode fractions contribute in different ways for the various kind of aerosol. 147 

For example, accumulation mode particles mainly derive from anthropogenic activities and 148 

correspond to sulfate, black carbon, organic carbon, nitrates, both directly emitted (black carbon) or 149 

coming from gas-to-particle conversion. Conversely, coarse mode particles mainly originate from 150 



natural sources and correspond, in our region, to large mineral dust and sea salt aerosol (Müller at 151 

al., 2007). 152 

153 

2.2 Columnar aerosol properties 154 

A ground-based dual polarization and triple mode (sun, sky, lunar) photometer (CIMEL CE318TS-155 

M) is operative since 2016 at the University of Naples “Federico II” in the frame of AERONET156 

(AErosol RObotic NETwork) (Holben et al, 1998), the network of globally distributed ground-157 

based passive remote sensing instruments providing continuous observations of aerosol optical,158 

microphysical and radiative properties. The system provides routine observations of columnar159 

atmospheric aerosol properties, which represent key information for real time monitoring of aerosol160 

content temporal evolution. It is important to notice, in this context, that columnar observations are161 

associated to mixed aerosol layer, i.e. with possibly different aerosol types at different altitudes.162 

The sun-photometer measures direct sun and sky-radiance at a number of fixed wavelengths within163 

the UV-NIR spectrum (340, 380, 440, 500, 675, 870, 1020 and 1640 nm). Measured data are164 

calibrated and processed with the AERONET inversion algorithms (Giles et al., 2019; Dubovik and165 

King, 2000; Holben et al., 2001). Retrieved aerosol microphysical parameters are open access and166 

available at the AERONET website (aeronet.gsfc.nasa.gov).167 

Level 2.0 cloud screened and quality assured data of columnar aerosol optical depth (AOD),168 

Ångström exponent (γ), volume particle size distribution dV(r)/dln(r), (µm3 µm-2) and Single169 

Scattering Albedo (SSA) are analyzed, with the aim of studying the total column loading and size170 

variability of atmospheric aerosol gaining further information on their absorption characteristics.171 

Accuracy on retrieved product is reported in Dubovik et al. (2000).172 

173 

2.3 Aerosol source regions identification 174 

The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) transport model provided 175 

by the U.S. National Atmospheric and Oceanic Administration (NOAA) Air Resources Laboratory 176 

(ARL) and available at the AERONET website (https://aeronet.gsfc.nasa.gov) is used to verify the 177 

source regions of the aerosol layers observed over the measurement area. Air masses back-178 

trajectories, calculated at altitude levels from 0.5 to 8 km a.s.l., provide an assessment on aerosol 179 

long-range and local transport phenomena from different source regions over longer or shorter 180 

timescales (one to ten days). 181 

The possible influence of Saharan Dust transport events is further assessed by means of the 182 

NMMB/BSC-Dust daily forecasts of dust concentration operated by the Barcelona Supercomputing 183 

Center (http://www.bsc.es/ess/bsc-dust-daily-forecast/) that provide a description of the horizontal 184 

distribution and temporal variability of the dust. 185 

186 

2.4 Volcanic plume detection and dispersion with satellite and modelling 187 

The main volcanic plume dispersal was obtained by volcanological observations and simulations 188 

that every day are run from the Istituto Nazionale di Geofisica e Vulcanologia (INGV), 189 

Osservatorio Etneo. The simulations are one of the outputs of the VAMOS SEGURO project 190 

(http://www.vamosseguro.eu/) and are run using the PUFF model in a domain of 330 × 300 km2. 191 

Details in the modelling approach can be found in Azzopardi et al. (2013). 192 

The dispersion of the volcanic plume associated to this event is also simulated using the Lagrangian 193 

dispersion model FLEXPART (Pisso et al., 2019), by means of the SO2 volcanic tracer. The 194 

simulations are initialized with satellite-derived Mt Etna’s SO2 emission rates, in the period 21st -195 

26th February 2021, and are driven by the European Centre for Medium-Range Weather Forecasts 196 

(ECMWF) ERA-5 reanalysis data, as described by Sellitto et al., 2021.  197 

Finally, the total column SO2 Level 2 data product of the TROPOspheric Monitoring Instrument 198 

(TROPOMI) on board of the Copernicus Sentinel-5 Precursor satellite (Veefkind et al., 2012) are 199 

also used in this work in order to highlight the presence in the measurement area of SO2 due to 200 

Mount Etna volcanic emission. The TROPOMI is an advanced multi-spectral passive grating 201 



imaging spectrometer that measures the Solar light in spectral bands from the ultraviolet to 202 

shortwave infrared (270nm-2385nm) providing information on atmospheric composition for air 203 

quality and climate studies (Lakkala et al., 2020). It makes daily global observations of many 204 

atmospheric components like ozone (O3), nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon 205 

monoxide (CO), methane (CH4), formaldehyde (HCHO) cloud and aerosol properties, with a spatial 206 

resolution of 5.5 × 3.5 km2 at nadir.   207 

The characteristic parameters obtained by both instruments and models used in this work are 208 

summarized in Table 1.  209 

 210 

 211 

3. Results and Discussion 212 

Continuous elastic/Raman lidar observations were carried out on February 25th from 08:29 to 16:42 213 

UTC, allowing to follow the aerosol layer variability during Saharan dust and volcanic aerosol 214 

transport. The left panels of Figure 1 display colour maps addressing the temporal evolution of the 215 

Range Corrected lidar Signal (RCS) (panel (a)) and depolarization ratio (δ) (panel (b)). The right 216 

panels report lidar profiles of β(z), δ(z) and α(z) corresponding to the 16:12-16:42 time window. 217 

The spatial resolution is 60 m for β and δ and 120 m for α profiles.  218 

The lidar profiles of Figure 1 clearly evidence two main aerosol layers. The lower one covers the 219 

range 0.7-3.5 km, whereas the higher one extends from 7.0 to 8.5 km. The lower layer is 220 

characterized by larger depolarization ratio with calibrated δ mean value of (24±5) % at 532 nm and 221 

mean LR of (31±2) sr at 355 nm and (38±6) sr at 532nm. The higher layer shows an aerosol 222 

depolarization ratio of (10±6) % at 532 nm and mean LR values of (77±14) sr at 355nm and 223 

(74±40) sr at 532nm. These properties suggest the presence of vertically-separated aerosol layers 224 

dominated by different aerosol types. The lower layer can be ascribed to aspherical particles and the 225 

LR values point to the Saharan dust typically observed over the measurement area (Pisani et al., 226 

2011). The upper layer can be, instead, associated to the volcanic aerosol ejected by Mount Etna.  227 

The sources of the aerosol layers can be ascertained by means of the NMMB/BSC-Dust forecast 228 

and HYSPLIT models outcomes as well as satellite images. Panels (a) and (b) of Fig. 2 report maps 229 

of the DREAM dust optical depth at 550 nm up to 0.4 and the HYSPLIT backward trajectories 230 

coming from African regions, respectively. Both support the presence of Saharan Dust transport 231 

phenomena over the measurement area in the period of interest. Moreover, such result is also in 232 

agreement with satellite images and with observations reported in Sellitto et al., 2021, 233 

demonstrating the presence of dust up to 4 km of altitude in the Naples area. 234 

A high eruption column was produced in the night between 22nd and 23rd February during a lava 235 

fountain event at Mount Etna. The volcanic plume was initially dispersed toward the north-east 236 

direction as shown in the Meteosat image of Fig. 3(a) capturing the volcanic plume on 24th February 237 

(https://www.eumetsat.int/mount-etna-very-active-feb-march-202) and in the PUFF model 238 

simulation of volcanic dispersal and deposition (Fig. 3(b)) run every day at the Etna volcano 239 

observatory (https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/segnali-in-tempo-240 

reale/simulazione-dispersione-ceneri-vulcaniche). 241 

The simultaneous presence of a volcanic aerosol plume at higher altitude is evidenced by the image 242 

of volcanic SO2 emission displayed in panel (c), as observed by TROPOMI (Sellitto et al., 2021), as 243 

well as by the FLEXPART model outputs showing the time-variability and the vertical profile, 244 

corresponding to 16:00-17:00 UTC time interval, of the SO2 mass concentration over Naples station 245 

(averaged over a horizontal area of <50 × 50 km2) reported in panels (d) and (e) of Fig. 3. As 246 

already addressed by Sellitto et al., 2021, FLEXPART simulations show that on February 25th the 247 

volcanic plume overpassed Naples from late morning to early evening, forming a layer at an altitude 248 

of 7-10 km with a maximum density between 15:00 and 18:00 UTC.  249 

Consistently, the aerosol layer observed by lidar since 15:23 UTC at an altitude of 8- 9 km, then 250 

lowering at altitudes between 7 and 8.5 km after 16:00 UTC, showing a β peak values of 2.4×10-6 at 251 

15:53 UTC, can be reliably ascribed to volcanic aerosols. The previous scenario is further supported 252 



by the averaged values of BAE and EAE that resulted equal to (1.94±0.39) and (2.6±1.7), 253 

respectively, at this altitude range. Conversely, below 3000m the averaged values of BAE and EAE 254 

resulted to be (1.06±0.02) and (1.5±2.0), respectively. The values for the upper aerosol layer are 255 

characteristic of a mix of small sulfate and larger ash particles originating from eruption plumes of 256 

Mount Etna, whereas those for the lower layer are typical of the larger Saharan dust aerosol, 257 

according to the values reported in the Mediterranean region for these aerosol typologies 258 

(Pappalardo et al. 2004; Pandolfi et al., 2011; Papayannis et al., 2012; Soupiona et al., 2019). The 259 

characteristic parameters obtained by lidar measurements in each layer are summarized in Table 2. 260 

Panels (a) and (b) of Figure 4 report the daily evolution of the Aerosol Optical Depth (AOD) and 261 

Angstrom coefficient, respectively, retrieved from the AERONET sunphotometer. The AOD shows 262 

a progressive increase during February 25th, reaching values of about 0.56 at 440nm and 0.49 at 263 

500nm at 17:30 UTC. These values are in good agreement with the lidar observations that show 264 

values of the columnar AOD of (0.6±0.2) and (0.5±0.1) at 355nm and 532nm, respectively, at 16:40 265 

UTC. The rise of the aerosol concentration in the atmospheric column is due to the increment of 266 

both dust component and volcanic plume advection, the contribution of the latter one gradually 267 

growing after 15:00 UTC, as highlighted by lidar measurements. However, the temporal evolution 268 

of the Angstrom exponent (see Figure 3(b)) suggests a predominance of larger particles associated 269 

to the Saharan dust fraction in the atmospheric column or a fraction of larger ash particles in the 270 

volcanic plume, as suggested by Sellitto et al., 2021. This aspect is also supported by the increment 271 

of the SSA value going from 440nm to 670nm (from 0.92±0.01 to 0.97±0.01). The SSA increase 272 

with time suggests a progressive evolution towards aged and less absorbing aerosol.  273 

Finally, Figure 5(a) shows the volume particle size distribution obtained by sunphotometer data. 274 

The columnar size distributions are provided by AERONET in terms of the function ��/���(�) 275 

(expressed in µm3/µm2), where r is the particles radius and V the particles volume per unit of 276 

atmospheric surface. The profiles show a bimodal size distribution with both accumulation and 277 

coarse modes contributing to the total AOD. 278 

The particles size distribution was also derived from lidar aerosol mean columnar optical properties 279 

applying our inversion algorithm (Sorrentino et al., 2021).  280 

It is worth noticing that the lidar-based approach requires Raman measurements that are feasible 281 

only after sunset, meanwhile AERONET columnar size distributions are available only for diurnal 282 

data. Hence, the particle size distributions closest in time are compared, i.e. those obtained between 283 

16:12 to 16:42 UTC for the lidar and at 15:26 UTC for the sun-photometer. The size distribution 284 

��/���(�) (expressed in a.u.) obtained from lidar data for the range 700-9000 m is reported in 285 

Figure 5(b). The red profile refers to the mean value whereas the black dotted curves define the 286 

error band interval reporting the minimum and the maximum retrieved values. The lidar-derived 287 

size distribution is bimodal, in agreement with the sunphotometer findings. The peak mode radius 288 

values occur at about 0.20 and 2.16 µm for lidar and at 0.15 and 1.71 µm for sunphotometer, 289 

resulting in a relatively good agreement. The small differences between the mode radii are likely 290 

due to the different measurement times intervals associated with the possible increment of the 291 

atmospheric aerosol content at later times. In fact, the increase of the AOD values with time 292 

observed in Fig. 4(a) is well correlated with the temporal evolution of the AERONET size 293 

distribution showing a progressive rise of the fine mode component peak values in Fig. 5(a).   294 

The fairly good agreement between the size distributions of Figs. 5(a) and 5(b) demonstrates the 295 

reliability of the lidar inversion algorithm and encourages getting further insights into the two 296 

different identified layers to untangle the two contributions to the atmospheric column. It is 297 

important to mention that the sunphotometric data do not provide vertical information for the size 298 

distribution; hence, lidar vertically-resolved size distributions are a unique and complementary 299 

source of information to characterise such complex aerosol multi-layered conditions. The lidar size 300 

distributions for the two regions 700-3500 m and 7000-8500 m are shown in panels (c) and (d) of 301 

Figure 5. 302 



The two particles size distributions are very different. The particles size distribution for the Saharan 303 

dust plume (altitudes below 3500 m) shows a more elevated particle concentration in the coarse 304 

mode fraction, due to a larger mean size expected for the Saharan dust aerosol, accompanied by 305 

finer particles in the accumulation mode possibly related to local, urban aerosol contributions or 306 

very fine dust.  307 

Conversely, in the size distribution linked to the volcanic plume (7.5-8.5 km) the fine particles 308 

mode is dominant. This finding is coherent with the larger Ångstrom exponents estimated for the 309 

volcanic plume layer and related to the smaller sulphate particles (e.g. Scollo et al., 2012; Sellitto at 310 

al., 2017). The smaller contribution of the coarse mode particles is possibly related to the large 311 

distance between the measurement area and the volcanic source (above 400 km) causing the 312 

deposition of larger volcanic ash particles. The retrieved size distribution is consistent with volcanic 313 

particle size distributions characterised by several authors and summarised by Mather and Pyle 314 

(2003). Moreover, it is also coherent with the results of Whitby (2017), who stated that a bimodal 315 

size distribution is a reasonable choice to describe the volcanic particles emission and formation 316 

processes: the coarse fraction (>2 µm) can be associated to the magma fragmentation leading to ash 317 

formation, as well as the erosion of particles from the walls of the volcanic conduit, whereas the 318 

fine particles in the accumulation mode (0.1 µm - 2 µm) are associated to gas-to-particle conversion 319 

processes leading mostly to the formation of liquid sulphate-containing aerosols. 320 

 321 

Conclusions 322 

Simultaneous advection of volcanic ash from Etna and long-range transport of desert dust in a 323 

Mediterranean area were observed on 25th February 2021 by ground-based passive and active 324 

remote sensing instruments of the Naples National Facilities of the ACTRIS research infrastructure. 325 

The observations, supported by satellite measurements, air-mass back trajectories and dispersion 326 

models results allowed to identify the two vertically-separated layers of different aerosol typologies, 327 

whose mean aerosol optical and microphysical properties were then addressed.  328 

Lidar derived optical properties showed the presence of two vertically-separated aerosol layers 329 

dominated by different aerosol types. As for the first layer, the findings indicate values typical of 330 

larger and more depolarizing Saharan dust aerosol, whereas the values corresponding to the second 331 

layer are characteristic of a mix of small sulfate and larger ash particles, pointing to aerosol 332 

originating from an uncommon transport towards the north of plumes from Mount Etna eruption.  333 

Starting from the measured aerosol optical properties, the particle size distribution was retrieved 334 

from lidar data using a novel inversion approach. The algorithm was validated with measured data 335 

in the two observed layers and the obtained particles size distributions resulted very different. The 336 

Saharan dust plume shows a more elevated particle concentration in the coarse mode fraction, due 337 

to a larger mean size expected for the Saharan dust aerosol, with finer particles in the accumulation 338 

mode possibly related to local, urban aerosol contributions or very fine dust. The size distribution 339 

linked to volcanic plume shows a predominance of the fine particles mode due to the deposition of 340 

larger volcanic ash particles during the transport from the volcanic source. 341 

The obtained results demonstrate how the combination of a multi-parametric Lidar with other 342 

instruments allows gaining a clear classification of the atmospheric aerosol, even for multilayered 343 

atmospheric conditions. The new information provided by vertically-resolved lidar inversion of 344 

aerosol microphysics proved crucial towards the characterization of this event. These results are 345 

very promising and the extension of the method to other aerosol typologies will be the subject of 346 

future studies. 347 
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Figure and Table Captions 638 

Fig.1: Left panels: Time variability of the Range Corrected lidar Signal (RCS) (a) and aerosol 639 

depolarization (δ) (b) retrieved on February 25th, 2021 from 08:29 to16:42 UTC. The spatial and 640 

temporal resolutions are 15 m and 60 s, respectively. Right panels: lidar profiles of aerosol 641 

backscattering (β), linear depolarization (δ) and extinction (α) derived from observations carried out 642 

from 16:12 to 16:42. 643 

 644 

Fig.2: BSC DREAMS and HYSPLIT NOAA Model outputs showing Dust Optical Depth at 550nm 645 

(a) and hair mass back-trajectories ending over the measurement area between 0.5 and 3 km of 646 

altitude (b), respectively. 647 

 648 

Fig.3: Meteosat image of the volcanic plume (a), PUFF model simulations of its dispersion (b), 649 

TROPOMI satellite image (c) and FLEXPART model outputs reporting the time-variability and the 650 

vertical profile of the SO2 mass concentration (d-e). 651 

 652 

Fig. 4: Temporal variation of the Aerosol Optical Depth (AOD) (a) and Angstrom exponent 653 

(440/870) (b), measured at Naples on February 25th, 2021. 654 

 655 

Fig. 5: Volume particle size distributions as derived from: (a) AERONET sunphotometer data; (b) 656 

lidar data in the range 700-9000 m, (c) lidar data in the range 700-3500 m, lidar data in the range 657 

7000-8500 m. 658 

 659 

Tab. 1: Methods with derived dataset and outcomes used in the paper. 660 

Tab. 2: Averaged values of particle properties (LR, δ, BAE and EAE ) for the two selected layers as 661 

derived from the lidar measurements. 662 

  663 



 664 

Lidar α (z), β (z), δ (z), LR, BAE, EAE, dV/dlnr 

Sun-photometer AOD, γ, SSA, dV/dlnr 

HYSPLIT Air masses back-trajectories 

NMMB/BSC-Dust Desert dust concentration  

PUFF Volcanic plume dispersion  

FLEXPART SO2 mass concentration  

TROPOMI Total column SO2 

METEOSAT Volcanic plume spatial distribution 

 665 

Table 1 666 

 667 

  668 



 669 

 670 

Range (m) LR355(sr) LR532(sr) δ(%) BAE532/355 EAE532/355 

700-3500 31±2 38±6 24±5 1.06±0.02 1.5±2.0 

7000-8500 77±14 74±40 10±6 1.94±0.39 2.6±1.7 

 671 

Table 2 672 
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Figure 1  680 
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Figure 2 683 
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Figure 3  689 
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Figure 4  693 
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Figure 5 701 
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