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teaching and research institutions in France or abroad, or from public or private research centers.   The impact of Mount Etna sulfur emissions on the atmospheric composition and aerosol properties in the central Mediterranean: a statistical analysis over the period 2000-

eruptions are relatively well known, limited information on the impacts of small to moderate volcanic activities, including passive degassing, is available. In this paper, the downwind impact of Mount Etna's sulfur emissions on the central Mediterranean is investigated on a statistical basis over the period 2000-2013 using: (a) daily sulfur dioxide emission rates measured near crater at Mount Etna with ground-based ultraviolet spectrophotometers, (b) Lagrangian trajectories and simulated plume dispersion obtained with the FLEXPART (FLEXible PARTicle dispersion) model, and (c) long-term observations of column SO 2 concentration and aerosol Ångström exponent α at Lampedusa (35.5 • N, 12.6 • E).

Introduction

The gaseous and particulate matter emissions due to volcanic activity may produce an important impact on the tropospheric and stratospheric composition [START_REF] Glasow | The effects of volcanic eruptions on atmospheric chemistry[END_REF], the distribution and optical properties of low [e.g., 2] and high clouds [e.g., 3], the Earth radiation budget from the regional to the global scale, and 5 climate [START_REF] Robock | Volcanism and the Earth's Atmosphere[END_REF]. The effect on the stratospheric composition and the global radiative balance of strong explosive eruptions (strong enough for the effluents to reach the stratosphere) is dominated by the highly reflective sulfate aerosols formed by the gas-to-particle conversion, involving volcanic sulfur dioxide (SO 2 ) emissions [START_REF] Mccormick | Atmospheric effects of the Mt Pinatubo eruption[END_REF]. Due to the long lifetime of sulfate aerosols in the stratosphere (up to 10 a few years for very strong eruptions) and the stratospheric dynamics (dominated by the poleward Brewer-Dobson circulation), the cooling effect produced by these secondary sulfate aerosols can act at the global scale [START_REF] Hamill | The Life Cycle of Stratospheric Aerosol Particles[END_REF]. The stratospheric aerosol perturbation and the direct radiative forcing of strong explosive

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

eruptions is relatively well known, and has been observed for several recent eruptions, see, e.g. the cases of Mount Pinatubo (1991) [e.g., 7], Kasatochi (2008) [e.g., 8], Sarychev (2009) [e.g., 9] and Nabro (2011) volcanoes [e.g., 10]. On the contrary, the influence of the more frequent weak volcanic activity, including passive degassing, on the tropospheric aerosol properties and on the regional radiation budget is still largely unknown. As for stratospheric eruptions, most of the radiative effects of moderate eruptions are associated with changes of the aerosol size distribution, composition, and shape. Emission of primary particles, mainly ash, and secondary aerosols through gas-to-particle conversion of volatile sulfur compounds affect the aerosol properties.

Mount Etna is one of the most important emitters of gases and particles on Earth, accounting for about 10% of the global average volcanic emissions of carbon dioxide and SO 2 [START_REF] Burton | Deep carbon emissions from volcanoes[END_REF]. Its continuous degassing and episodic explosive eruptions are important sources of particles and gases for the Mediterranean atmosphere. The total mass of gaseous sulfur compounds emitted by Mount Etna is estimated to be 0.7 x 10 6 tonnes of sulfur per year, which corresponds to about ten times the anthropogenic emissions in the same area [START_REF] Graf | Volcanic sulfur emissions: Estimates of source strength and its contribution to the global sulfate distribution, M A N U S C R I P T A C C E P T E D[END_REF]. Please note that the emissions estimations by Graf et al. [START_REF] Graf | Volcanic sulfur emissions: Estimates of source strength and its contribution to the global sulfate distribution, M A N U S C R I P T A C C E P T E D[END_REF] are based on data which date back to the end of the 1980s. Since then, the anthropogenic SO 2 emissions in Europe have been drastically reduced (up to about 75% from the year 1990 to the year 2010, see, i.e. http://www.eea.europa.eu/data-and-maps/indicators/eea-32-sulphur-dioxide-so2-emissions-1/assessment-3). Thus, the volcanic source of sulfur compounds has become more and more important, relatively to the anthropogenic source, during the last few decades. In addition, volcanic sulfur emissions are more efficient climate forcers than anthropogenic (pollution) emissions because they are released at higher altitudes, and the produced sulfate aerosols have longer lifetimes [START_REF] Stevenson | The tropospheric sulphur cycle and the role of volcanic SO2[END_REF]. The impact of Mount Etna on the atmospheric composition, the aerosol chemical, microphysical, and optical properties, the cloud occurrence and properties, the radiative balance and the regional climate in the Mediterranean are not sufficiently known and probably underestimated. Recently, using an individual case study, it has been shown that Mount

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

Etna emissions may produce a detectable effect on the aerosol microphysical and optical properties in the central Mediterranean, during periods when this region is exposed to volcanic air masses originating from Mount Etna [START_REF] Sellitto | Synergistic use of Lagrangian dispersion and radiative transfer modelling with satellite and surface remote sensing measurements for the investigation of volcanic plumes: the Mount Etna eruption of 25-27 October 2013[END_REF]. This perturbation to the local and regional aerosol layer has the potential to produce non-negligible radiative perturbations. Using radiative transfer simulations, the radiative forcing efficiency (radiative forcing per unit aerosol optical depth) of modelled Etnean volcanic plumes has been found comparable with the efficiency of the frequent Saharan dust or pollution transport events in the Mediterranea area [START_REF] Sellitto | On the radiative forcing of volcanic plumes: modelling the impact of Mount Etna in the Mediterranean[END_REF]. This analysis was based on a single case study, and a more extended, long-term characterisation of this impact is still lacking.

In this paper, the downwind impact of Mount Etna's SO It must be pointed out that in the Mediterranean SO 2 may originate from different sources, both natural and anthropogenic (e.g., in addition to the volcanic source, combustion, ships, biogenic and marine sources [e.g., [START_REF] Calzolai | Characterization of PM 10 sources in the central Mediterranean[END_REF][START_REF] Becagli | Evidence for heavy fuel oil combustion aerosols from chemical analyses at the island of Lampedusa: a possible large role of ships emissions in the Mediterranean[END_REF]).

Similarly, fine particles are associated with polluted air masses and secondary aerosols, with biomass burning particles [e.g., [START_REF] Pace | Forest fire aerosol over the Mediterranean basin during summer 2003[END_REF][START_REF] Pace | Aerosol optical properties at Lampedusa (Central Mediterranean). 1. Influence of transport and identification of different aerosol types[END_REF], and with new particle nucleation cases, e.g. [e.g., 20]. Moreover, observed column optical properties may be the result of the overlapping of different types of particles at different altitudes. Thus, the determination of the volcanic source based only on values of SO 2 column and aerosol Ångström exponent is intrinsically equivocal, and a more complex approach is necessary. Therefore, the determination of a possible Etna influence on the SO 2 column and aerosol column optical properties must be made on a long-term statistical basis, combining available information on the source and on the transport processes.

The observations at Lampedusa are thus linked to the information on the volcanic source, in terms of 1) the dynamical processes, using a long series of
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trajectories and plume dispersion calculations obtained with Lagrangian modelling, and 2) Mount Etna SO 2 emissions derived from the long-term series of daily SO 2 emission rates near-source measurements. This statistical analysis allows, for the first time, the characterization of the impact of Mount Etna's sulfur emissions to the SO 2 concentrations and the aerosol microphysical/optical properties in the central Mediterranean, and then possibly on the radiative budget.

The paper is structured as follows. Data and methods used in this work are introduced in Sect. 2; the results of our analysis are given in Sect. 3; conclusions are drawn in Sect. 4.

Data and methods

Near source and downwind observations

Sulfur dioxide emission rate measurements at Mount Etna

Measurements of bulk SO 2 emission rates from the volcanic plume of Mount Etna have been conducted routinely between years 2000 and 2014 using remote ground-based ultraviolet (UV) spectroscopy techniques. Three different spectrometers and methods have been employed throughout the 15-year period: discrete sampling by COrrelation SPECtrometer (COSPEC) [START_REF] Stoiber | Forecasting volcanic events[END_REF][START_REF] Caltabiano | SO2 flux measurements at Mount Etna (Sicily)[END_REF], CCD (charge-coupled device)-based ultraviolet-visible devices [e.g. [START_REF] Galle | A miniaturised ultraviolet spectrometer for remote sensing of SO2 fluxes: a new tool for volcano surveillance[END_REF][START_REF] Mcgonigle | Sulphur dioxide fluxes from Mount Etna, Vulcano, and Stromboli measured with an automated scanning ultraviolet spectrometer[END_REF], and automatic observation using an array of permanent ultraviolet scanning spectrometers (FLAME -FLux Automatic Measurement) [START_REF] Salerno | Three-years of SO2 flux measurements of Mt. Etna using an automated UV scanner array: Comparison with conventional traverses and uncertainties in flux retrieval[END_REF]. The different instruments were replaced gradually over the course of years, after comparing and validating the results obtained by the three techniques [START_REF] Salerno | Novel retrieval of volcanic SO2 abundance from ultraviolet spectra[END_REF]. SO 2 measurements have been carried out with COSPEC and CCD-based 100 spectrometers (USB2000 Ocean Optics) from 2000 to 2004; these measurements were made three times per week, and with increased frequency during eruptive activity. As in the more common COSPEC method, UV radiation spectra were collected using a zenith-viewing telescope traversing beneath the volcanic plume of Mount Etna from a distance of 7-15 km from the summit craters to
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produce SO 2 cross-sections. The roads followed during the SO 2 measurement sessions were selected according to the prevailing wind direction at the time of measurement. The geographic position during traverses was acquired with a GPS (Global Positioning System) receiver. SO 2 column amounts along the traverses were retrieved in real-time by combining information from the retrieved spectra and position. In a day of measurements, data from 4-6 traverses were generally averaged and used to compute daily emission rates by multiplying the integrated SO 2 cross-section by wind velocity -provided by the Italian Air force Meteorological service. The uncertainty associated with the SO 2 flux typically ranges from ±13 to ±20%, mainly due to the uncertainty in wind-plume speed estimation [START_REF] Stoiber | Forecasting volcanic events[END_REF][START_REF] Doukas | A new method for GPS-based wind speed determinations during airborne volcanic plume measurements[END_REF].

Between late 2004 and 2014, SO 2 flux measurements were robotically carried out using the FLAME network. The network consists of ten ultraviolet scanning spectrometers, spaced about 7 km apart and placed at an altitude of about 500 m above sea level, on the flanks of Mount Etna. Each device of the network scans the sky in a vertical plane over about 156 • , almost horizon-to-horizon, for almost 9 hours daily, intersecting the plume at a mean distance of about 14 km from the summit craters and acquiring a complete scan in about 5 min. At each scan, UV radiation in the 295-375 nm spectral range, where SO 2 absoprtion bands are located, is measured with a spectral resolution of 0.6-0.9 nm (full width half height). Open path ultraviolet spectra are reduced on site applying the DOAS (Differential Optical Absorption Spectrometry) technique [START_REF] Platt | Differential Optical Absorption Spectroscopy: Principles and Applications, Physics of Earth and Space Environments[END_REF] using a modelled clear-sky spectrum [START_REF] Salerno | Three-years of SO2 flux measurements of Mt. Etna using an automated UV scanner array: Comparison with conventional traverses and uncertainties in flux retrieval[END_REF]. SO 2 Slant Column Amounts (SCA) are then retrieved. The concurrent ozone absorption and the Ring effect are taken into account in the DOAS calculations. From the observed spectra, the SO 2 mass flux can be derived using the method described by Stoiber et al. [START_REF] Stoiber | Forecasting volcanic events[END_REF]. First, the SO 2 SCA in the perpendicular plane of the scan (e.g., in kg m -1 ) is obtained by integrating each SCA of the scan. Then, it is multiplied by the estimated plumetransport speed (i.e. the wind speed) to determine the emission rate. Finally, individual emission rates are summed over the whole plume to obtain the total emissions for a given scan. Uncertainty in computed flux ranges between -22
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and +36% [START_REF] Salerno | Novel retrieval of volcanic SO2 abundance from ultraviolet spectra[END_REF]. The complete inversion algorithm is thouroghly described in [START_REF] Salerno | Three-years of SO2 flux measurements of Mt. Etna using an automated UV scanner array: Comparison with conventional traverses and uncertainties in flux retrieval[END_REF].

In the present work, a time series of daily SO 2 emission rates, covering the time interval 2000-2013, is used (see Fig. 1a), by combining the observations from the two aforementioned techniques. Some gaps in the time series have occurred, due to instrumental malfunctioning or adverse weather conditions.

Sulfur dioxide column anomaly measurements at Lampedusa

The SO 2 total column amount (i.e., the concentration on a vertical column extending from the surface to the top of the atmosphere) is routinely monitored at Lampedusa. The SO 2 column amount is measured with a MK III Brewer UV spectrophotometer [START_REF] Kerr | Ch. The automated Brewer spectrophotometer[END_REF], which is part of a large set of instruments operating at this station. The MK III Brewer spectrophotometer is a doublemonochromator ground-based remote sensor developed to measure total ozone, SO 2 [START_REF] Georgoulias | A study of the total atmospheric sulfur dioxide load using ground-based measurements and the satellite derived Sulfur Dioxide Index[END_REF], and spectral ultraviolet irradiance [e.g., 31]. More recently, the measurement capability of the Brewer has been extended to the determination of the AOD (Aerosol Optical Depth) [START_REF] Sellitto | An improved algorithm for the determination of aerosol optical depth in the ultraviolet spectral range from Brewer spectrophotometer observations[END_REF][START_REF] Di Sarra | Determination of ultraviolet cosine-corrected irradiances and aerosol optical thickness by combined measurements with a brewer spectrophotometer and a multifilter rotating shadowband radiometer[END_REF]. The basic total ozone and SO 2 observations are performed by pointing at the Sun (direct Sun, DS, observations) and taking measurements at five wavelengths (306.3, 310.1, 313.5, 316.8, and 320.1 nm), used to derive total ozone and SO 2 with a DOAS algorithm. Total ozone and SO 2 are measured in Dobson units (DU). Each direct sun ozone and SO 2 determination is obtained from five successive measurements; for typical measurements with the double monochromator Brewer in Lampedusa in fine weather conditions the standard deviation of the five successive ozone measurements is within 1%, and the that of the five SO 2 measurements is about 0.2-0.5 DU.

In the present work, daily SO 2 data covering the time interval 2000-2013 are used (see Fig. 1b). Some gaps in the time series have occurred, due to instrumental malfunctioning or adverse weather conditions.

In order to identify cases with a possible influence of the volcanic plume on the SO 2 measured at Lampedusa we have to look for short-term (of the order of
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a maximum of few days, due to the chemical losses and changes of the emission conditions and dynamical patterns from Etna to Lampedusa) enhancements of the column SO 2 . Thus, we have first de-seasonalised the column SO 2 data. This was made by computing monthly average values from the data below 3.3 DU, and by subtracting the monthly average from the daily values in each month.

Thus, we obtain a long-term series of daily column SO 2 anomalies. Due to the small number of values exceeding 3.3 DU, the anomaly values are distributed around zero. We have used the SO 2 anomalies in the following analysis.

Ångström exponent measurements at Lampedusa

Aerosol optical properties are routinely monitored by a Cimel Sun-photometer and a Multi-Filter Rotating Shadowband Radiometer (MFRSR) at Lampedusa. These instruments measure the AOD at different wavelengths. The AOD at a fixed wavelength is linked to the monochromatic attenuation by aerosols of a radiation beam propagating vertically, and measures the extinction of radiation due to aerosols. The CE-318 Cimel sun photometer #172 installed at the ENEA laboratory is part of the Aerosol Robotic Network (AERONET, http://aeronet.gsfc.nasa.gov/). The photometer is programmed to perform either DS or sky radiance measurements several times a day, and the AOD is typically obtained every 15 min. Operational wavelengths of the Cimel are 340, 380, 440, 500, 675, 870, 940, and 1020 nm. The MFRSR is a radiometer that collects sky radiation through a horizontal diffuser, and uses a rotating shadow band to separately measure the global and diffuse components of the radiative field. The direct component is derived as the difference between the two measurements. The visible MFRSR, model MFR-7, has a channel for the total shortwave radiation, and six channels centred respectively at 416, 496, 615, 673, 869, and 940 nm. More details on the Cimel and MFRSR measurements at Lampedusa are given by di Sarra et al. [START_REF] Di Sarra | Empirical correction of multifilter rotating shadowband radiometer (MFRSR) aerosol optical depths for the aerosol forward scattering and development of a long-term integrated MFRSR-Cimel dataset at Lampedusa[END_REF]. They developed an integrated Cimel-MFRSR dataset which includes a correction for forward scattering by large particles, which leads to an underestimate of the AOD for moderate and large values of the aerosol loading. This dataset is used in this study. The esti-
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mated uncertainty on the retrieved AOD is between 0.01 and 0.2. The Ångström law describes the AOD dependency on wavelength:

AOD(λ) = βλ -α (1) 
In Eq. 1, λ is expressed in µm and β is the modelled AOD at 1.0 µm.

Equation 1 is used to calculate the Ångström exponent α:

α = - ln(AOD(λ 1 )/AOD(λ 2 )) ln(λ 1 /λ 2 ) , (2) 
where λ 1 is 500 nm and λ 2 is 870 nm. Large values of α are associated with small particles and vice-versa [START_REF] Van De Hulst ; M A N U S C R I P T A C C E P T E D Accepted | Light Scattering by Small Particles[END_REF]. The uncertainty on the Ångström exponent depends on the AOD, and may be large for low values of the optical depth. The uncertainty on α is typically of the order of 0.5 for an AOD at 500 nm of 0.19 (long-term annual mean AOD at Lampedusa [START_REF] Di Sarra | Empirical correction of multifilter rotating shadowband radiometer (MFRSR) aerosol optical depths for the aerosol forward scattering and development of a long-term integrated MFRSR-Cimel dataset at Lampedusa[END_REF]), and an Ångström exponent 
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A threshold value of 1.0 DU is chosen for the downwind SO 2 column anomaly at Lampedusa. This value is considered as a significant deviation from background values, and may be associated with the overpass of SO 2 -rich volcanic plumes.

A threshold value of 1.2 is chosen for the downwind Ångström exponent at Lampedusa. As done by Sellitto et al. [START_REF] Sellitto | Synergistic use of Lagrangian dispersion and radiative transfer modelling with satellite and surface remote sensing measurements for the investigation of volcanic plumes: the Mount Etna eruption of 25-27 October 2013[END_REF], this value is selected as to isolate relatively small sized particles. Throughout this work, Mount Etna's plume as observed at Lampedusa is assumed to be an aged volcanic plume, rich in sub-micrometric sulphate droplets due to the gas-to-particle conversion of SO 2 emissions. Lampedusa is about 350 km South-West of Mount Etna. According to our trajectory analyses, the air masses travelling over Mount Etna reach Lampedusa within about 1 to 2 days. The SO 2 lifetime at the typical injection altitudes has been estimated as varying between a few hours and a few days for this volcano (injection altitudes from about 3.5 up to 10-12 km above sea level) [START_REF] Sellitto | Synergistic use of Lagrangian dispersion and radiative transfer modelling with satellite and surface remote sensing measurements for the investigation of volcanic plumes: the Mount Etna eruption of 25-27 October 2013[END_REF][START_REF] Oppenheimer | Depletion rates of sulfur dioxide in tropospheric volcanic plumes[END_REF]. In case of volcanic plume detection at Lampedusa, the coarse ash component is supposed to be significantly reduced by gravitational settling (see simulations in [START_REF] Sellitto | Synergistic use of Lagrangian dispersion and radiative transfer modelling with satellite and surface remote sensing measurements for the investigation of volcanic plumes: the Mount Etna eruption of 25-27 October 2013[END_REF]), leaving mostly small sulphate and/or fine ash particles.

Following this discussion, we identify a volcanic signature by anomalously small particles and, correspondingly, relatively large values of the Ångström exponent.

It is worth noticing that previous Ångström exponent observations for Mount

Etna's plume [START_REF] Watson | Particle size distributions of Mount Etna's aerosol plume constrained by Sun photometry[END_REF][START_REF] Watson | Photometric observations of Mt. Etna's different aerosol plumes[END_REF], as well as for other volcanoes, see, i.e., [START_REF] Mather | Characterization and evolution of tropospheric plumes from Lascar and Villarrica volcanoes, Chile[END_REF], have shown In addition, the air masses trajectories (centroid of the dispersed plumes) is obtained throughout the period 2000-2013.

Results

Quantification of the exposition of the central-southern Mediterranean sector to volcanic air masses originating from Mount Etna

We investigated the average dynamical patterns from Etna, in the selected period, by means of the extended FLEXPART simulations to assess the possible influence on the Southern sector of the central Mediterranean. and 2012 (48-hour trajectories). In any case, the trajectories towards SW are largely infrequent throughout this time interval.

Figure 3 shows the average Mount Etna's SO 2 total column concentration plume between 2000 and 2013, as derived from the SO 2 dispersion fields from FLEXPART (SO 2 total column). As already seen from the trajectory analysis of Fig. 2, the dispersion of the volcanic plume is prevailingly directed toward east, north-east and south-east. This is reflected by the average plume of Fig.

3.

On average, Lampedusa is in an area of small but existent impact (average SO 2 total column concentration from Mount Etna's emission of about 0.04 t km -2 ).

Impact of the overpass of air masses from Mount Etna to SO 2 concentrations and aerosols average size at Lampedusa

We have set a square area of 1 
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SO2 concentration [t km-2]
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assume that days with at least one class 1 trajectory are characterised by transport of Etnean volcanic effluents to Lampedusa. This assumption is based on the supposition that the plume arriving in this area is sufficiently wide. For the case of the eruptive activity of fall-winter 2002, Tiesi et al. [START_REF] Tiesi | Estimation of dispersion coefficient in the troposphere from satellite images of volcanic plumes: Application to mt. etna, italy[END_REF] have shown that at similar distances from Mount Etna's summit craters (a few hundred kilometers) the spread of the plume is consistent with this assumption.

It must be emphasized that Mount Etna produces substantial emissions even during periods of eruptive quiescence, due to summit craters passive degassing.

The integrated SO 2 emissions during this activity can be important. Thus, an impact on the observations at Lampedusa also during passive degassing periods is possible, although the associated emissions may be small. The number of trajectories in the two classes is indicated in the text (as n). A Gaussian fit is applied to all distributions, and curves and parameters (mean value and full width at half maximum -FWHM) are reported. A fit with a 3-mode Gaussian curve is applied to the distribution of the class 1 Ångström exponent values.
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by analysing the paths of the individual trajectories. Figure 5 shows the individual class 1 trajectories for values of the Ångström exponent larger than 1.4, between 0.6 and 1.4, and smaller than 0.6. The average trajectory and its spread (defined as the standard deviation of the longitude/latitude values of the trajectories at the same timestamp) is also shown for the three Ångström exponent ranges of values. An increasing spread of the trajectories for decreasing values of the Ångström exponent is apparent. This indicates that more direct (pure volcanic) trajectories are associated with aerosol layers with smaller particles at Lampedusa. On the contrary, mixing with other aerosol types, such as marine, in some cases desert dust, biomass burning, or others, along more complex paths may contribute for the cases of intermediate and small values of the Ångström exponent. Intermediate values of the Ångström exponent for mixed aerosol layers are also found and discussed by Pace et al. [START_REF] Pace | Aerosol optical properties at Lampedusa (Central Mediterranean). 1. Influence of transport and identification of different aerosol types[END_REF]. The enhanced occurrence of values of α larger than 1.4 is not present in the class 2 distribution.

Potential of air masses from Mount Etna to cause SO 2 and Ångström exponent exceedances at Lampedusa

The previous analysis suggests that volcanic air masses originating from Mount Etna's summit and reaching Lampedusa display some peculiar distributions in the SO 2 column anomaly and Ångström exponent. We now look at the impact of Mount Etna's plume on the exceedences of these two parameters, as defined in Sect. 2.1.4.

Figures 1b andc show the time series of SO 2 anomaly (Fig. 1b) and Ångström exponent observations (Fig. 1c) at Lampedusa, from 2000 to 2013, with exceedences (red crosses) and class 1 days in evidence (blue diamonds).

It is visually apparent how exceedances are more probable for the class 1 cases (higher density of blue squares matching red than black crosses). We quantify this coincidence by calculating the conditional probability of exceedances in class 1 P(exc|ovp), and comparing this quantity with the a priori probability of exceedance P(exc). For the two variables (SO 2 anomaly and α), the two 
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The probabilities are summarized in Table 1. The probability of having SO 2 and Ångström exponent exceedance at Lampedusa is about 5 and 3 times larger, respectively, when air masses who travelled over Mount Etna overpass Lampedusa than in the general conditions. The probability of α exceeding the threshold value for Etnean air masses is higher than 40%. The probabilities are smaller for the SO 2 anomaly because of the smaller sensitivity of SO 2 Brewer observations and the relatively high detection threshold.

We further investigate the conditional probability to have exceedances during overpass events, by calculating P(exc|ovp, lag) with different time lags. Figure 6 shows these quantities as a function of the time lag, for the two observed variables. The values at zero time lag (exceedance during the same day of the overpass) are the same of Table 1, and are found to correspond with maxima with respect to the time lag. This is consistent with the estimated travel time from Etna to Lampedusa. For time lags greater than 0 (exceedance found x days after the overpass), P(exc|ovp, lag=x) is smaller. For the SO 2 anomaly, the probability smoothly decreases for increasing lag, approaching values very close to the a priori P SO2 (exc) at lags greater than about 7-10 days. It must be however pointed out that the present analysis is based on daily values, and that all observations are based on measurements of solar radiation and carried out in daytime. Thus, lags shorter than 10-12 hours are classified as zero in this analysis. The behaviour of P α (exc|ovp, lag) is more complex than for the SO 2 anomaly. As for the SO 2 anomaly, the maximum occurs for zero time lag, and the probability gets close to P α (exc) for time lags longer than 6-7 days. Two relative maxima are found at time lags of 3 and 5 days. This 425 is peculiar of this variable and could suggest different gas-to-particle or aerosol evolution processes, e.g., different aerosol nucleation pathways or different sinks, with maxima of the efficiency for different time intervals along transport. This behaviour requires additional verification and investigation.

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
To summarize, we have found that the Etnean air masses' origins are, locally Although extreme SO 2 emission rate values for class 1 are lacking, a small increase of α for ER larger than 50 kg s -1 , and more marked increase of the SO 2 anomaly for ER larger than 40 and 50 kg s -1 , is apparent in Fig. 7.

As expected from the previous analysis, the mean values of the SO Dynamical processes, partly also depending on the emission altitude, are expected to play a very important role driving the progressive spatial diffusion of the plume, For small and moderate eruptions the dynamical evolution of the plume may be considered the dominant factor determining the amount of gases and particles reaching a specific fixed observation point. It is likely that events characterized by very large emissions may produce more evident effects, which are possibly less dependent on the dynamics than for smaller emissions.

Consistently with this scenario, the dynamical pattern driving aimasses from Etna to Lampedusa seems to play a more important role than the intensity of ER, at least for small and moderate SO 2 emissions. This is consistent with the individual case study of Sellitto et al. [START_REF] Sellitto | Synergistic use of Lagrangian dispersion and radiative transfer modelling with satellite and surface remote sensing measurements for the investigation of volcanic plumes: the Mount Etna eruption of 25-27 October 2013[END_REF]. This conclusion is possibly specific for Lampedusa and its exposition to Etnean air masses. The limited correlation between near source emission rates and downwind SO The previous analyses were aimed at investigating if Mount Etna's sulfur emissions produce a statistically significant impact on the magnitude and the occurrence of SO 2 anomaly and α exceedances at Lampedusa. Once demonstrated that an impact exists, we finally quantify this impact by estimating how many SO 2 and α exceedances at Lampedusa are caused by Mount Etna's sulfur emissions. To do this, we have calculated the probability that an overpass has caused a given threshold exceedance, P(ovp|exc), as follows:

P(ovp|exc) = no. of exceedances in class 1 no. of exceedances (4) 
In other words, we identify each exceedance which is coincident with an overpass and we compare these occurrances with the total number of exceedances, for each of the two variables. Exceedances occurring the same day of or the day after an overpass are identified for the SO 2 anomaly. Exceedances occurring within three days since an overpass are identified for the α, to account for the typical timescales of the gas-to-particle conversion processes (see the discussion linked to Fig. 6 of the present paper, or [START_REF] Stevenson | The tropospheric sulphur cycle and the role of volcanic SO2[END_REF]). We assume that the exceedances which occur at the same time of an overpass event are caused by the Mount Etna's plume alone, while the exceedances which are not temporally coincident with an overpass event are produced by other causes (industrial pollution, smaller marine sulfate aerosols, ship emissions, others). Our impact estimations might be overestimated if more SO 2 or small particles sources are occurring simultaneously. Corrrespondingly, these estimations should be taken with caution. 
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The small number of simultaneous exceedances may be attributed to two reasons. First, the aerosol phenomenology in this area is intrinsically complex.

Notably, the possible occurrence and mixing of different aerosol types at different altitudes along the trajectory is expected to be particularly important. In the Mediterranean the aerosol vertical distribution may be complex, with layers with markedly different optical properties at different altitudes. This complex vertical structure has been observed in previous studies also at Lampedusa, e.g., [START_REF] Di Iorio | Tropospheric aerosols in the Mediterranean: 1. Microphysical and optical properties[END_REF][START_REF] Gómez-Amo | The June 2007 Saharan dust event in the central Mediterranean: Observations and radiative effects in marine, urban, and sub-urban environments[END_REF][START_REF] Marconi | Saharan dust aerosol over the central Mediterranean Sea: PM 10 chemical composition and concentration versus optical columnar measurements[END_REF]. For example, the presence of marine particles, which are obviously the dominant aerosol type measured in the lower troposphere at Lampedusa, see, e.g., [START_REF] Calzolai | Characterization of PM 10 sources in the central Mediterranean[END_REF], leads to a reduction of the column Ångström exponent. A large influence of marine particles is expected particularly during episodes with strong winds close to the surface, see, e.g., [START_REF] Kishcha | Sea-salt aerosol forecasts compared with daily measurements at the island of Lampedusa (Central Mediterranean)[END_REF]. The strong low level winds are not expect to directly affect the SO 2 column anomalies, since the emission altitude generally leads to a plume travelling in the mid-and high troposphere. This is just one example of the mentioned complexity and future studies are necessary to simultaneously analyse the different aerosol sources and processes in the area, including volcanic emissions. Second reason for the small number of simultaneous exceedances is the relatively high detection limit of the Brewer column SO 2 observations and the potential limited vertical extent of the volcanic SO 2 perturbations. This limits the number of the overall (volcanic plus non-volcanic origins) detections of SO 2 anomaly exceedances, which indeed is sensibly smaller than the detections of α exceedances (65 versus 511, see Table 2). The small number of the overall detections of the SO 2 anomaly exceedances obviously limits the number of simultaneous SO 2 and α exceedances detections.

We quantify the total impact of Mount Etna at Lampedusa during the investigation period by calculating what proportion of the total threshold exceedances can be attributed to the volcano. These are 38% of the SO 2 anomaly exceedances (25 cases out of a total of 65 exceedances) and 20% of the α exceedances (103 cases out of the total of 511 exceedances). It is worth noticing that these impact estimations are about 4 to 8 times greater than the average fraction of transport events towards Lampedusa (about 5%, see Sect. The days of SO 2 and α exceedances, as well as the days of simultaneous exceedances, which are attributed to the transport of Mount Etna's effluents (Table 2) are available as Supplementary Material. Mount Etna's plume overpasses are found to cause an increase in the likelihood of SO 2 anomaly and α threshold exceedances (about 10.6% versus 2.0%, and about 45% versus 15%, i.e. 5 and 3 times larger, for the SO 2 anomaly and α, respectively). While the prevailing dynamics seems crucial to determine the impact on the observations at Lampedusa, the magnitude of the SO 2 emission rates seems to play a smaller role, at least for small and moderate emissions.

The impact of the emission rate is stronger on the downwind SO 2 anomalies than on α. Nevertheless, it should be noted that Lampedusa was not downwind Mount Etna during the strongest paroxystic eruptive events in the period under investigation. Finally, it has been estimated that about 40% and 20% of the 

  2 emissions in the central Mediterranean is estimated over the period 2000-2013 using the longterm observations of SO 2 column and aerosol Ångström exponent α at the ENEA (Italian National Agency for New Technologies, Energy, and Sustainable Economic Development) Station for Climate Observations on the small island of Lampedusa (35.5 • N, 12.6 • E).
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 11 Figure 1: (a) Near source SO 2 emission rates at Mount Etna, from COSPEC, CCD and the FLAME network; (b) SO 2 total column anomalies, from Brewer observations and (c) Ångström exponent, from Cimel/MFRSR combined observations at Lampedusa. For the three parameters, the time-series spanning from 2000 to 2013 is shown (as used in the analyses of the present paper). Even years (2000, 2002, etc) and odd years (2001, 2003, etc) alternate grey and white backgrounds, respectively. Data points with values exceeding selected thresholds, 40 kg s -1 for the SO 2 emission rates, 1.0 DU for the SO 2 anomaly and 1.2 for the Ångström exponent are shown in red. Sulfur dioxide anomaly and α data points for class 1 trajectories, as defined in Sect. 3.2, are identified as sky blue diamonds.

2 . 2 .

 22 values higher than 1.0. Previous studies have shown that the aerosol optical characterisation at Lampedusa, including the Ångström exponent, can vary relatively fast, depending on air mass origin[START_REF] Pace | Aerosol optical properties at Lampedusa (Central Mediterranean). 1. Influence of transport and identification of different aerosol types[END_REF]. While, extreme values of the Ångström exponent are found for aerosol types like desert dust (0.15 average α, over the period July 2001-September 2003) or urban/biomass burning particles (1.77 average α, over the same period), the properties of volcanic aerosols from Mount Etna have still not been isolated at Lampedusa.M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Plume dispersion and air masses trajectories simulations with FLEXPARTThe FLEXible PARTicle dispersion (FLEXPART) model is a tool for atmospheric Lagrangian transport and dispersion modeling and analysis[START_REF] Stohl | Technical note: The Lagrangian particle dispersion model FLEXPART version 6.2[END_REF]. FLEX-PART computes trajectories of a large number of air parcels to describe the transport and diffusion of tracers in the atmosphere. FLEXPART can calculate both forward and backward trajectories and dispersion; it is an off-line model that uses meteorological fields from different sources, including the European Centre for Medium range Weather Forecast (ECMWF) analyses, on a latitude/longitude grid. In its forward simulations, it models the mesoscale and long-range transport, diffusion, and plume trajectories of tracers released from a source. It takes into account removal processes as dry and wet deposition.The atmospheric transport is the same for all chemical species, but individual particles can represent several chemical species, each type differently affected by the removal processes.The dispersion of SO 2 from Etna is simulated in this work. We first performed forward modelling calculations to simulate the dispersion of SO 2 from the Mount Etna (14.99 • E, 37.75 • N) source and to describe the SO 2 and aerosol downwind propagation at the regional scale. The SO 2 simulations are initialized with the daily emission rates observed by COSPEC-CCD-FLAME using the method described in Sect. 2.1.1. Although Mount Etna has a multiple active crater structure, it has been modelled as a single volcanic source. In fact, the distance between the active summit craters (a few hundreds meters) is negligible with respect to the considered transport scales (a few hundreds kilometers). Due to the lack of a systematic information on the injection altitude for both explosive and degassing activity, the altitude of the emissions has been chosen to be at: a) a fixed altitude of 3500 m (Etna's summit) for the general case, and b) the interval 3500 to 7000 m for emissions exceeding a fixed threshold (40 kg s -1 ), to account for possible paroxysmal activity linked to stronger emissions. This assumption leads to uncertainties on the downwind distribution due to the variability of the winds field and the dispersion as a function of altitude. Methodologies are under investigation to estimate the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT injection altitude from other archived volcanologic parameters, from satellite observations or from the emission rates themselves. The total target area for this study is 10.00-17.00 • E/33.00-40.00 • N with a resolution of 1 • x 1 • . The simulations extend from 1st January 2000 at 00.00 to 31st December 2013 at 23.59, for a total duration of 14 years. The FLEXPART simulations for this work are driven by ECMWF ERA (ECMWF Re-Analysis)-Interim meteorological data: wind speed and direction, temperature and humidity vertical profiles and other variables, with a 1 • x 1 • horizontal resolution and at more than 100 vertical levels. The FLEXPART outputs are calculated every 6 hours. They simulate 13 altitude levels from the surface to 12000 m altitude (vertical resolution of 1 km, except for the lowest layer of 100 m thickness). The model outputs are taken every 6 hours to account for the daily variability of the meteorological fields. As discussed above, SO 2 emission rates are available on a daily interval. Thus, the daily emission data have been oversampled, with the daily value divided by 4 to obtain a pseudo-resolution of 6 hours, for each individual 6-hour computation step. The outputs are 6-hourly distributions of the SO 2 profile and total column concentrations in the area.

Figure 2a shows the

  Figure 2a shows the distribution of the trajectory ending points in the different sectors, for the trajectories initialised at Mount Etna's summit during the period 2000-2013. Eight sub-quadrants are considered and shown in a wind rose representation. Lampedusa is in the south-western (SW) sub-quadrant, within a
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 2 Figure 2: (a) Wind rose representation of the percent frequency of occurrence of air masses trajectories initialised from Mount Etna's summit, in the period 2000-2013; (b) yearly percent frequency of occurrence of trajectories towards south-western sector. Dark, medium and light blue represent 6-, 24-and 48-hours long trajectories, in (a) and (b).

Figure 3 :

 3 Figure 3: Average SO 2 total column concentrations (2000-2013) from FLEXPART plume dispersion simulations. The position of Lampedusa is indicated with a black diamond; the position of Mount Etna is indicated with a black cross.

FiguresFigure 4 :

 4 Figures 4a and b show the distributions of daily SO 2 anomaly and Ångström exponent observations at Lampedusa, for class 1 (orange) and class 2 (light blue) trajectories. The distributions of the SO 2 anomaly and Ångström exponent appear to depend on the trajectory class. The distributions of the SO 2 anomaly values was fitted with a mono-modal Gaussian curve. The mean value is 0.43 DU for class 1, and 0.08 DU for class 2 trajectories. The distribution full width at half maximum (FWHM) is 0.34 DU for class 1, and 0.23 DU for class 2. The two mean values have been found significantly different, as a result of a t-Student test (p<10 -6 ). About 10% of the class 1 cases display SO 2 anomalies larger than 1.0 DU. This sub-class (average anomaly of 1.65±0.51 DU) has the characteristics of an outliers group. This supports our choice of 1.0 DU as a threshold in SO 2 column anomaly, as described in Sect. 2.1.4. This outliers group of data, i.e. a relative maximum of the distributions for large values, is not present in the class 2 distribution.The distributions of the Ångström exponent values for class 2 trajectories can be fitted with a mono-modal Gaussian curve with mean value of 0.86 and FWHM of 0.38. The distribution for class 1 cases is more complex and can be fit with a 3-mode Gaussian function, whose mean values are at 0.51, 1.30 and 1.65, respectively. The FWHM of the three modes are 0.14, 0.16 and 0.27, respectively. We have further investigated the three modes of this distribution,

Figure 5 :

 5 Figure 5: Individual air masses trajectories for the days with Ångström exponent values at Lampedusa larger than 1.4 (top, orange), between 0.6 and 1.4 (middle, light blue), and smaller than 0.6 (bottom, light green). The average trajectory (thick solid lines) and the variability in terms of the standard deviation of the coordinates (thick dotted lines) for each ensemble of trajectories is also shown. The position of Lampedusa is indicated with a black diamond; the 1 • x 1 • area selected to identify the class 1 trajectories (overpassing Lampedusa) is marked by the 4 black crosses.

Figure 6 :

 6 Figure 6: Percent conditional probabilities of exceedances for class 1 trajectories P(exc|ovp, lag) as a function of the time lag (in days). Sulfur dioxide anomaly and Ångström exponent observations at Lampedusa are in dark red and blue, respectively. The a priori probabilities of exceedances P(exc) are also shown in light red and blue dotted line.
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 34 Lampedusa, a statistically significant factor contributing to elevated values of SO 2 , and to small aerosol particles. The maximum influence is found on the same day of the Etna overpass, while smaller relative maxima of the α exceedance probability are found at time lags of 3 and 5 days. The long-term (lags M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT longer than about 7 days) behaviour of the exceedance probabilities, showing a convergence to a priori values, suggests a possible causal effect between the overpass event and local exceedance of the SO 2 anomaly and α. The role of the Mount Etna's emission strengthThe intensity of SO 2 emission from Etna is expected to influence measurements at Lampedusa. Figure7shows the mean values of the SO 2 anomaly and α at Lampedusa in different conditions, depending on the class and on the corresponding SO 2 emission rate at the Etna. In particular, we show the mean values for: 1) all class 2 conditions, 2) all class 1 conditions, 3) subsets of the class 1 cases, grouped for fixed lower limits of the SO 2 emission rate. Emission limits of 20, 30, 40, and 50 kg s -1 are considered. Although peak SO 2 emission rates (ER) during the 2000-2013 period reached 250 kg s -1 , the average and the maximum emission rate for class 1 cases are 20.6 ± 13.1 kg s -1 and 72.4 kg s -1 (this latter rate on 3 August 2001), respectively. In fact, Lampedusa was not reached by trajectories from Etna during the strongest paroxystic volcanic activity in the period 2000-2013.

Figure 7 :

 7 Figure 7: Mean SO 2 anomaly (blue crosses and one-standard-deviation error bars) and α(red crosses and one-standard-deviation error bars) for Etnean air masses not overpassing Lampedusa (NO, class 2 trajectories), all overpasses (ALL, class 1 trajectories) and overpasses with fixed lower limit for the SO 2 emission rate (>20, >30, >40 and >50 kg s -1 ).
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 235 and aerosol parameters might not be true for other Mediterranean sectors, more exposed to Etnean plumes during explosive eruptions. Quantification of the downwind impact of Mount Etna at Lampedusa

  3.1). ThisM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT is a further evidence of the likely causal impact of Mount Etna's sulfur emissions 535 on SO 2 column anomaly and aerosol properties.

SO 2

 2 anomaly and α exceedances at Lampedusa could be attributed to Mount Etna's sulfur emissions.

Table 1 :

 1 Percent conditional probabilities of exceedances in overpassing situations P(exc|ovp) and percent a priori probability of exceedance P(exc), for the two variables var=(SO 2

	anomaly,α).		
	var	P var (exc)[%] P var (exc|ovp)[%]
	SO 2	2.0	10.6
	α	16.5	42.1
	probabilities are calculated as follows:
	P var (exc|ovp) =	no. of exceedances in class 1 no. of class 1 cases
	P var (exc)	=	no. of exceedances no. of observations

  2 anomaly and α for class 1 cases (SO 2 anomaly: 0.43 ± 0.34, α: 1.06 ± 0.47) are higher than for class 2 (SO 2 anomaly: 0.08 ± 0.23, α: 0.86 ± 0.38). The SO 2 anomaly and α of class 1 cases do not appear to depend on the emission rate for ER lower than 40 kg s -1 . Conversely, class 1 averages of the SO 2 anomaly and α for ER larger than 40 and 50 kg s -1 are larger than the averages over the whole class 1 dataset (i.e., average over all values of ER).

Table 2

 2 summarizes the calculated values of P SO2 (ovp|exc) and P α (ovp|exc) for each year and for the whole 2000-2013 period. The impact on the SO 2

	anomaly exceedances varies from 0% (2003) to 66.7% (2006). The impact on
	the α exceedances varies from 9.7% (2004) to 66.7% (2001). Few (10 overall)
	simultaneous SO 2 anomaly and α exceedances have been found, with 5 cases in
	2006.

Table 2 :

 2 Percent conditional probabilities of exceedances due to class 1 air masses Pvar(ovp|exc), for the SO 2 anomaly and α, and number of simultaneous SO 2 column anomaly and α exceedances. The quantities are reported for individual years and the whole 2000-2013 period. of daily SO 2 emission rates measured near crater at Mount Etna with ground-based ultraviolet spectrophotometers, Lagrangian dispersion and trajectory simulations and downwind column SO 2 and aerosol Ångström exponent observations at Lampedusa. The south-western sector, where Lampedusa is located, is downwind Mount Etna during only 4.5-5.0% of the trajectories, thus indicating that this sector of the Mediterranean is infrequently reached by air masses containing volcanic effluents. Nevertheless, several indications suggest that a statistically significant impact of Mount Etna's sulfur emissions on the SO 2 concentrations (as shown by the SO 2 total column anomaly) and aerosol microphysical properties (as shown by the Ångström exponent α), exists. We grouped in class 1 all trajectories, and the corresponding measurement days, reaching Lampedusa and originating from the Etna summit, and in class 2 all the other days. Sulfur dioxide columns anomalies are found about 80% higher (0.43 DU versus 0.08 DU, difference significant from a t-Student test) for class 1 than for class 2 cases. The Ångström exponent daily values display different distributions for class 1 and for class 2 trajectories: a 3-mode Gaussian distribution, with a distinct maximum at large α values (about 1.65), is found for class 1, while a mono-modal Gaussian distribution, with a maximum at moderate α values (about 0.85) is found for class 2. Compared to background conditions,

	Year	P SO2 (ovp|exc)	P α (ovp|exc)	Simultaneous SO 2 and α exceedances
	2000	29.4% (5/17)	16.7% (5/30)	1

series
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Highlights:

1) Etna's decadal impact in the central Mediterranean is estimated for the first time 2) Transport of Etnean airmasses perturb SO2 content and aerosols mean size at Lampedusa 3) 40% (SO2) and 20% (alpha) exceedances at Lampedusa are attributed to Etna's forcing