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Abstract

:

Human behaviors probably represent the most important causes of the SARS-Cov-2 virus propagation. However, the role of virus transport by aerosols—and therefore the influence of atmospheric conditions (temperature, humidity, type and concentration of aerosols)—on the spread of the epidemic remains an open and still debated question. This work aims to study whether or not the meteorological conditions related to the different aerosol properties in continental and coastal urbanized areas might influence the atmospheric transport of the SARS-Cov-2 virus. Our analysis focuses on the lockdown period to reduce the differences in the social behavior and highlight those of the weather conditions. As an example, we investigated the contamination cases during March 2020 in two specific French areas located in both continental and coastal areas with regard to the meteorological conditions and the corresponding aerosol properties, the optical depth (AOD) and the Angstrom exponent provided by the AERONET network. The results show that the analysis of aerosol ground-based data can be of interest to assess a virus survey. We found that moderate to strong onshore winds occurring in coastal regions and inducing humid environment and large sea-spray production episodes coincides with smaller COVID-19 contamination rates. We assume that the coagulation of SARS-Cov-2 viral particles with hygroscopic salty sea-spray aerosols might tend to inhibit its viral infectivity via possible reaction with NaCl, especially in high relative humidity environments typical of maritime sites.
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1. Introduction


The COVID-19 escalation, which started at the beginning of 2020 due to the SARS-CoV-2 coronavirus, is causing serious consequences in our society in terms of health with hundred thousands of deaths but also in terms of economy because of the confinement decision that nearly stopped the industrial and commercial activities of a large number of countries. Since 2003, when the SARS-CoV was identified, very few studies and routine monitoring dealt with the role of coronaviruses in humans [1]. In anticipation of another crisis in the future, we need to improve our knowledge of the spread of the SARS-Cov-2 and of potentially similar viruses, to help our governments to develop strategies avoiding as much possible stopping human activities. Human behaviors probably represent the most important causes of the virus propagation [2,3] nevertheless, the influence of atmospheric environmental parameters need to be investigated as well in view of this containing strategy development [4,5].



SARS-Cov-2 is thought to spread through natural respiratory activities—such as breathing, talking, coughing, and sneezing [6,7]. Even if the recent study of Balachandar et al. [8] described the fluid dynamics of exhalations and subsequent dispersion processes, in practice little is still known about the spread of the virus in the air and survival [9]. It has been demonstrated that the probability of airborne transmission due to respiratory aerosol is very low in outdoor conditions excluding public crowded areas [10] but this transmission mechanism is more relevant for indoor environments [11]. Indoor air is a mixture of indoor airborne pollutants from specific sources and outdoor air that penetrates indoors [12,13,14]. Therefore, the influence of the outdoor environmental parameters—like solar radiation, [15] temperature, humidity, wind characteristics, pollution and aerosols load, etc.—needs to be investigated as well [4,9].



We need to explain why relatively close areas with similar human behaviors and socioeconomic properties experience very different situations in terms of the virus propagation. In this case, the role of the environmental parameters needs to be studied. Among them, the atmospheric aerosol could have a strong, indirect impact through its role in respiratory diseases [16,17,18]. As an example, Conticini et al. [19] investigated the correlation between the high COVID-19 lethality and the atmospheric pollution in Northern Italy, in which PM10 and PM2.5 were included, and they concluded that the high level of pollution in that area should be considered an additional cofactor of the high lethality recorded. In addition, the atmospheric aerosols could have a strong, direct impact through interaction with virus aerosolization, which is an important air dispersal mechanism of infectious viruses [20]. The accurate estimation of the impact of the atmospheric aerosol properties on virus virulence and propagation, including SARS-CoV-2, is then an important scientific challenge [21,22,23].



Regular aerosol observations based on well-calibrated instruments have led to a better understanding of the aerosol properties. In recent years, these instruments have played an important role in the determination of the increase in anthropogenic aerosols and of the quantification of the natural aerosols emissions by means of long-term studies. Among them, the AErosol RObotic NETwork (AERONET) program (http://aeronet.gsfc.nasa.gov/, accessed on 19 February 2021) aims to provide a global distribution of aerosol optical properties and to validate satellite retrievals. This network of ground observations provides suitable data for trend analysis of the aerosol optical depth (AOD) at main wavelengths (440, 675, 870, and 1020 nm) based on continuous long-term observations with high temporal resolution as well as high accuracy [24,25].



To understand the influence of the aerosol composition and why the polluted areas are suspected to be more exposed to higher rates of contamination, [19] coastal regions are of particular interest to investigate since they are alternatively under influence of continental and marine air masses with respect to the wind direction. Indeed, the variation in wind direction is usually accompanied by changes of the atmospheric aerosol characteristics, [26] with potential different interactions with the virus. Thus, in coastal areas, aerosol concentrations result from the complex mixing between particles produced by natural processes of continental and marine origins and particles of anthropogenic origin issued from urban and industrial activities. Among them, the sea-spray aerosols generated at the air–sea interface by wave breaking represent a major component of the natural aerosol mass [27,28,29,30]. The generation of sea-spray is due to two major mechanisms: the bubble-mediated production of jet and film droplets from breaking waves [31] effective at wind speeds from 4 ms−1 and up, and the production of spume droplets torn directly from wave crests by strong turbulence [32] effective at wind speeds in excess of 10–12 ms−1. Additional aerosols are produced over the ocean’s surface from secondary processes issued from the gaseous dimethyl sulfide (DMS) released from surface waters (e.g., Bates et al. [33]). These primary and secondary marine aerosol production processes result in particles carrying widely in number and size, i.e., from less than 0.01 µm to about 500 µm [34].



In this paper, we focus on the influence of the maritime air masses on the SARS-CoV-2 propagation because it has been noted that the number of deaths in the French hospitals represents less than 15% of the total in regions with a maritime facade normalized to the population density (French Ministry of Health, 2020). It should be noted that a maritime character is not systematic for air masses over coastal areas. For example, Piazzola et al. [35] found that for low wind speeds air masses were strongly impacted by pollution on the French Mediterranean coast, and analogous situations were detected by Massabo’ et al. [36] over the coastal zone of the Northern Adriatic Sea. Maritime conditions occur over coastal areas during onshore wind episodes with high velocity and long fetch above the sea. Among the maritime air mass properties, we point out the role of sea-spray aerosols and humidity in the lower atmospheric layer for their influence on the virus contamination. In this paper, we focus only on the March–April period, which corresponds to the French lockdown that contributed to reduce the influence of the human social behavior. Figure 1 shows the normalized number (per 100.000 residents) of deaths due to COVID-19 by department in France from March to July 2020 (i.e., during the first outbreak). The COVID-19 effects tended to be larger in the inner areas than in the areas subject to marine influence. This called for a study of the contamination rate of specific geographic areas with respect to the meteorological conditions and the corresponding air mass properties in order to better understand the role of sea spray in the virus propagation. To this end, we have compared two distinct French departments. It should be noted that important regional variations were recently observed in France in terms of the occurrence of new emerging virus variants (Haim-Boukobza et al. [37]), which could in principle modify the virus epidemiology.



The investigated pair is constituted by one coastal and one continental location. The continental French location is the Paris department, which was identified as a cluster for the pandemic with an excess in hospitalizations and deaths. This is compared to the trend of the contamination in the Loire-Atlantique department, a geographical area around Nantes, which is the largest and more industrialized city of the western part of France. This latter one was spared by the virus in the beginning of the pandemic, but then knew a sudden increase in the contamination cases after the beginning of the confinement period, which was decided by the French government in the middle of March (i.e., the 17th). As outlined above, the geosocial factors—like population density, demographic and socio-economic structure, etc.—that can be relevant for COVID-19 outcomes and as potential confounding factors (e.g., Wu et al. [3]; Sobral et al. [38]) are reasonably similar in the two cities. To investigate if the aerosol properties can play a role in these differences between coastal and continental regions, we have analyzed the aerosol and meteorological data for every study area using ground-based measurements. In particular, the AERONET data allowed a survey of the aerosol properties, as optical depth (AOD) and Angstrom exponent in the selected locations during the spring 2020 COVID-19 outbreak. The present results are in favor of an influence of the maritime air-masses on the limitations of the virus impact via the role of the sea-spray and atmospheric humidity.




2. Field Sites and General Characterization of the Study Areas


We study both the meteorological characteristics and aerosol properties of two different specific geographical areas located in France. Our analysis focuses on the region around the city of Nantes, located in the French Atlantic shoreline, south of Brittany, and the inland Paris department (Figure 1).



The two French cities are both densely populated, characterized by large amounts of car traffic and surrounded by industrialized areas. However, the Atlantic shoreline near Nantes, as in the other French western regions, is most of the time under marine air masses’ influence, while the capital city is quite constantly polluted [39]. In coastal areas, the wind direction is the first parameter to consider in our analysis, since changes in the wind direction may result in transport from different aerosol source regions. We will then study two particular types of meteorological conditions that often occur in the coastal area, offshore winds (which travel from land to the sea) and onshore winds (from the sea to the shore), which correspond to marine air mass conditions. Figure 2 shows the normalized number of deaths recorded in the Paris and Loire-Atlantique departments from March to May 2020, data publicly available from the official government website (https://www.gouvernement.fr/info-coronavirus/carte-et-donnees, accessed on 19 February 2021).



The population density of the Paris department is greater than that of Loire-Atlantique, but due to the fact that in the latter the majority of population is located in the city of Nantes (Figure 1) we believe that the comparison is not compromised by this confounding factor. We note a factor of about eight between the two French regions in the cumulative results. In particular, in the beginning of March, a few hundred contamination cases were already reported in Paris, whereas only a few cases were detected in the Nantes region. Then, a sudden increase in the COVID-19 cases was recorded in the Nantes area at the end of March. In this paper, we propose to investigate the reasons of this behavior in terms of the mesoscale atmospheric transport.




3. Meteorological Conditions and Air Mass Properties


Aerosol dynamics are strongly dependent on the meteorological conditions [40]. As outlined above, the maritime air mass character is provided by an onshore wind direction with high velocity. To observe the respective contribution of both the onshore and the offshore winds, the wind rose of the wind direction recorded in Le Croisic in the period March–April 2020 is reported in Figure 3. We can see that high wind speed episodes largely correspond to the northwest and west directions, i.e., the onshore winds in the study area. This deals with the lower number of contaminations observed in Brittany (even in the second wave occurring in 2021).



In addition, Figure 4 reports the temporal survey of both the wind speed and the direction measured in the period March–April 2020 in the coastal station—the SEM-REV site for multi-technology offshore testing—located in Le Croisic, twenty kilometers from Nantes near to the Atlantic shoreline (Figure 4a,b) and in the center of Paris (Figure 4b).



Figure 4a exhibits two distinct periods: until the end of March, it shows that the wind comes from western to south-western directions resulting in the transport of marine air masses in the study area, then the dominant wind system clearly comes from east. In addition, we can note that, in this first period, high wind speed episodes from the onshore direction are frequent, inducing both the production and transport of sea-spray aerosols [26]. Furthermore, such maritime conditions have also caused few rainy episodes (data not shown). As outlined above, after about one month of the purely marine system, Figure 4a shows that the wind direction turns east on the Atlantic shoreline. During this second period, the wind then keeps its direction for more than three weeks with rather low wind speeds. It should be noted that low wind speeds do not allow both the production of sea-spray at the air–sea interface and also an efficient atmospheric mixing (e.g., Piazzola and Despiau [26]). Indeed, the western part of France was first exposed to a long marine wind system, followed by anthropogenized air masses coming from the industrial region of Paris and its suburb. The decrease in the wind speed and the change in wind direction exhibited in Figure 4a at the end of March in Nantes seem to be well-correlated with the increase in the COVID-19 casualties, as noted in Figure 2.



Figure 4b shows that Paris was exposed to east and southeast winds, which deal with land and urbanized influence. The wind speed rarely exceeded 6 ms−1 in the study period, which does not permit the strong turbulent dispersion of the atmospheric aerosols. However, there were therefore more opportunities for the wind to blow above the industrialized areas, as will be confirmed from the air mass properties (see below).



For each meteorological period presented in Figure 4, we have studied the properties of the corresponding air masses using numerical calculations of the air mass back-trajectories issued from the NOAA HYSPLIT model [41,42]. Figure 5 reports air mass back-trajectories from the French Atlantic shoreline for March 2020. As outlined above, it confirms that western winds recorded until the end of March (see Figure 4a) deal with marine air mass coming from the open Atlantic Ocean. The first half of March probably allows the transport of sea-spray aerosols in the low atmosphere in the Nantes region. In contrast, after a short transition period, the air mass back-trajectories calculated for the eastern wind period, occurring in the second half of March, indicate the atmospheric transport to the Nantes region of the anthropogenic air masses coming from Paris.



Figure 6 presents the numerical calculations of the air mass back-trajectories in Paris for March 2020. According to Figure 6, we see that, in the second half of March, the air masses transported above the Paris area come essentially form the North-Western region, which deals mainly with urbanized areas and probably transports anthropogenic aerosols. It should be noted that the western influence that occurs in the west coast of France can also affect the center of the country in Paris, but in this latter case, the wind then has the opportunity to cross the polluted regions and transport anthropogenic aerosols.




4. Survey of the Aerosol Properties


As noted in Section 3, combining the analysis of both the back-trajectory calculations and the wind conditions provide indirect information on the composition of the atmospheric aerosols transported in the regions investigated. To confirm our analysis and to study the influence of the air masses on the propagation of the COVID-19 during spring 2020, we also used the global data provided by the AERONET network. This is equipped with sun-photometers that provide information of the aerosol properties above the region considered. This gives the total (columnar) Aerosol Optical Depth (AOD), which is defined as the integral of the extinction coefficient, σext along the air column from the ground to the top of the atmosphere:


  A O D =   ∫  0 ∞   σ  e x t     d z  



(1)




where σext is the extinction coefficient at altitude z.



The size distribution of the aerosols can be estimated from spectral AOD, typically from 440 nm to 870 nm. The AOD is then strongly related to the aerosol concentrations and properties on the atmospheric column. The AERONET program has provided high quality aerosol data for the past few decades over roughly 850 global stations. We selected suitable AERONET stations having a sufficiently large number of records per month. The number of observations per month basically depends on the seasonal daytime length, the station’s location, the operational instrument status, the cloud disturbance, and the verification process of data quality. From Equation (1), we can readily calculate the AOD for each of the Sun–photometer bands at a specific wavelength λ, then by applying Angstrom’s Law. The Angstrom coefficient, or exponent of the Angstrom diffusion α, reflects the dependence between the optical thickness of the aerosol and the wavelength. It is defined as the variation of the diffusion coefficient between two wavelengths such that:


  α = −   l n  [   τ 1   ]    l n  [   τ 2   ]     



(2)




where σ1 and σ2, the aerosol optical depth at wavelengths λ1 and λ2, respectively.



The Angstrom coefficient α, is then inversely related to the average particle size of the aerosol, i.e., the smaller the aerosols, the larger the coefficient. It is then a good indicator of the average distribution of the aerosol concentrations. As an example, values of α larger than 1 indicate the presence of small particles of anthropogenic or continental nature (such as smoke particles and sulfates, e.g., Saha et al. [43]), more particularly if the AOD value is low in the meantime (typically < 0.2). In contrast, small values of α (<1) indicate the presence of coarse mode particles such as desert dust and sea-spray (e.g., Dubovick et al. [44]). As for the marine particles generated by the breaking waves, they are generally large spherical aerosols, which also correspond to AOD (at 550 nm) roughly smaller than 0.2. In the maritime area, an industrial component may be accompanied by a variable marine component. If, like most of the time, the major contribution of marine aerosols is in the “coarse” mode, especially in the case of high relative humidity, we can still obtain a low Angstrom coefficient. As outlined above, the temporal behavior of both the Angstrom coefficient and the AOD can give an indication of the nature of the aerosols transported in the lower atmosphere. Moreover, by helping the analysis using the air mass back-trajectory calculations, the Angstrom parameter is enough in a first approach to characterize the size of the atmospheric particles.



In Figure 7 are reported the temporal variation of both the Angstrom coefficient and the AOD in Le Croisic over the period covering March 2020. We can note that Figure 7 exhibits two distinct portions whenever we consider data recorded before or after about the 15 March. During the first two weeks of March, the value of the Angstrom coefficient stays smaller than about 0.5, with an AOD smaller than 0.2, which indicates the presence of marine sea-spray in the coastal atmosphere. We can also observe in Figure 7, however, that a progressive increase in the Angstrom coefficient above the value of one occurs at the end of March, whereas the AOD increase in the meantime to vary around an average value of about 0.3 on the period. This sudden change in both the Angstrom coefficient and the AOD occurs at the date when the wind system changes, as shown in Figure 4a and Figure 5. In turn, this indicates a change in the aerosol characteristics shifting from a prevalence of natural sea salt particles to anthropogenic ones.



Figure 8 presents the temporal variation of both the Angstrom coefficient and the AOD in Paris along the period covering March 2020. The large Angstrom coefficient and small AOD observed in Figure 8 then confirm the presence of a substantial anthropogenic contribution in the atmospheric aerosols during March 2020. These aerosols are likely submicrometer particles of carbonaceous matter for a larger part, the major emission sources of soot particles in Europe being diesel engines and incomplete biomass burning. If we consider that the lockdown had started the 17th March in France, we assume that the major part of the atmospheric aerosols is of anthropogenic origin throughout the period. In particular, due to the low average temperature, the residential heating in Paris area had likely persisted during March 2020, while the traffic was almost stopped. The anthropogenic influence is shown to be nearly constant in Paris during the whole period. We can think that the emission of anthropogenic aerosols can be related to the continuous increase in COVID-19 contamination, as observed in the French capital city (see Figure 1). We could note that the Angstrom coefficient is positively correlated with the number of contaminations.




5. Discussion


The transmission of SARS-CoV-2 by aerosols emitted from the human respiratory system and its viability have been supported by several recent studies [45,46,47]. Nevertheless, the whole set of parameters influencing its atmospheric propagation and their role are poorly understood [48,49,50]. It is often a specific combination of them, characterizing specific atmospheric air masses, that leads to the enhanced incidence of infectious diseases [51]. The aim of this work was to study the environmental conditions and the role of atmospheric aerosols on COVID-19 contamination. To this end, we have compared two regions experiencing different atmospheric air masses and with different COVID-19 contamination rates. This work has implications on contamination because of both the indirect and direct effects of aerosols. Concerning direct effects, the potential risk of airborne indoor transmission has been demonstrated (e.g., Birnir [14]), and the indoor air environment is a mixing of specific indoor components emitted by indoor sources and outdoor air, including outdoor aerosol particles, that penetrates indoors [12,13].



The meteorological conditions near the coastal city of Nantes exhibit two distinct periods, which exactly correspond to an abrupt change in aerosol properties as indicated by the temporal behavior of both the Angstrom and the AOD during the same period (Figure 7). This also corresponds to a net increase in the COVID-19 cases in this western part of France observed in the second half of March (Figure 2). After two weeks, changes in the wind systems (Figure 4a), i.e., from onshore to offshore winds, induced a return of air mass conditions to a maritime character, and hence, a lower slope of the contamination cases was noted from the end of April.



In the meantime, continental sites such as the Paris region stay under influence of anthropogenic air masses for most of the time. The anthropogenic character of aerosols transported above the location is also confirmed by the study of the Angstrom coefficient, which attests the presence of a substantial anthropogenic contribution in the atmospheric aerosols during March 2020. In agreement with Isaia et al. [52] polluted aerosols can be hypothesized.



We hypothesize that the lifetime and viability of the virus in the atmosphere depends also on its ability to coagulate with aerosols. Coagulation is a phenomenon corresponding to the shock between two particles, which remain linked to form one particle. Coagulation is conditioned by the Brownian agitation of the air which takes into consideration the cross section of the particle and the collision probability of two particles. It can be expressed as the transverse area that the incident particle must hit in order for a collision to occur. According to the coagulation coefficient K, we can show (e.g., Fuchs, [53]) that the most rapid coagulation concerns particles of size about 0.1 µm, which corresponds to the diameter of the SARS-CoV-2 particle. Coagulation then acts a source and a sink for particles in the 0.02–0.15 μm size range [54]. Dusek et al. [55] suggest that size is the key parameter for the cloud-nucleating ability of aerosol particles, more than their composition. Figure 9 reports an example of the aerosol size distributions typical of the coastal zone issued from measurements conducted on the island of Porquerolles by Van Eijk et al. [34] As shown in Figure 9, the aerosol concentration dN/dr can be fitted by the sum of five lognormal functions centered on radii of 0.01, 0.03, 0.24, 2 and 10 µm. We can see that if the lower size of atmospheric particles can be small as 10 nm, sea salt mainly deals with supermicrometer aerosols with sizes up to 50 µm. The submicronic particles mainly deal with anthropogenic aerosols. In urban atmosphere, the anthropogenic particles, such as carbonaceous particles, present in the atmosphere have sizes close to the diameter of the virus particle and hence, can allow its transport through the coagulation processes. This supports the hypothesis that the atmospheric transport of the virus is favored by polluted aerosols.



In addition, anthropogenic aerosols will increase the sensitivity of fragile people to develop virus disease, [56] worsening the number of cases and fatalities. In this latter case, we suspect a strong role of carbonaceous anthropogenic aerosols emissions, which allow better atmospheric transport of the SARS-CoV-2 through their fractal aspect by facilitating the aggregation of some viruses on it. The major emission sources of soot particles in large parts of Europe are diesel engines and incomplete biomass burning. An abundant constituent in atmospheric aerosols is carbonaceous matter (CM), which is composed of black carbon (BC) and organic carbon (OC). BC is commonly referred to as soot, whose submicrometer size and fractal morphologies may favor efficient interactions with the virus and its coagulation upon the particle. As the confinement had started on the 17th March in France, it suggests that the major part of the atmospheric aerosols is black carbon (BC) issued from wood burning emissions, in particular if we consider that wood heating (residential heating) in Paris still persisted during March 2020, whereas traffic jams were almost stopped. It should be noted that another continental example can be found in the literature, which had approximately the same behavior as Paris (see Conticini et al. [19]), with a similar polluted character of the air masses transported above the city during the period. In contrast, in coastal areas, the contamination rate can be low, reflecting a potential consequence of viral activity inactivation by maritime air masses. In addition to the size, the morphology of the aerosols can also affect the coagulation process. The morphology of sea salt is cubic and flat whereas the soot has a complex form, as shown in Figure 10, which reports scanning electron microcopy (SEM) images of aerosol samples acquired using a Dekati impactor (e.g., Piazzola et al. [35]) on the Mediterranean island of Porquerolles [57]. The fractal aspect of the carbon particles could indeed facilitate the aggregation of some viruses on it. It should be noted that Figure 10 shows pictures of samples taken on a filter on which aerosols are mixed, but it is not demonstrated in the atmosphere. However, if an external mixing between sea salt and soot occurs in the atmosphere, we can imagine that the virus aggregate on the soot could be affected by the humidity of the sea-spray aerosol. In particular, if we consider that high wind speed periods of marine winds induce increase in the ambient relative humidity [58]. The survivability of enveloped viruses, such as SARS-CoV-2, seems to be linked to temperature and humidity in a complex and nonmonotonic manner [5,59]. As an example, Ma et al. [60] and Wu et al. [3] provided preliminary evidence that the COVID-19 pandemic may be partially suppressed with temperature and humidity increases.



Following the coagulation, atmospheric reaction between virus and sea-spray is also possible since sea-spray is known to react with various atmospheric gas and aerosol components (see Piazzola et al. [62] as an example). Sea salt aerosols are humid particles mainly constituted of sodium chloride (NaCl). Salt-contained aerosols can act as inhibiting factors for the virus activity. For instance, Quan et al. [63] demonstrated that viruses captured on salt-coated filters exhibited rapid infectivity loss compared to a gradual decrease on bare filters. Sea-spray aerosols constitute strongly hygroscopic particles that instantaneously answer the humidity variations by varying in size [64]. The increase in relative humidity induces an enhancement of the sea-spray sizes through the increase in the amount of the water vapor around the droplet. The radius of sea salt particles at 100% relative humidity is twice that at a relative humidity of 80% [65]. The injection of a large volume of sea-spray particles in the atmosphere results in a larger ambient humidity in the lower atmosphere through aerosol evaporation. For onshore winds, high wind speeds are positively correlated with high relative humidity, as shown in Figure 11, which presents the variation of the relative humidity when the wind speed of a marine direction increases in the case of a coastal marine air mass episode (this is not systematic for offshore winds) [26]. Chan et al. [66] show that a high relative humidity (>95%) combined with a high temperature (38 °C) led to a 0.25~2 loss of titer in 24 hours for the SARS coronavirus. Viral particles coagulated with sea-spray are surrounded by a very humid environment and it can be hypothesized that, in the marine atmosphere where a lot of large humid particles are present, virus infectivity will decrease rapidly. In contrast, even though humidity can be high in urbanized areas, the anthropogenic aerosols are mostly not hygroscopic and hence do not affect the infectivity of the virus. Kanji et al. [67] note that freshly emitted soot is hydrophobic. In addition, field observations show that, most of the time, small atmospheric particles do not answer to humidity (Dusek et al. [55]).



We therefore propose that the coagulation of the SARS-Cov-2 with anthropogenic aerosols protects the virus particle from ambient humidity and preserves its infectivity, whereas the coagulation with humid sea-spray rapidly inhibits its activity, in particular through the reaction of the salt with the virus. On the basis of our results, a main trend is emerging: the risk of ambient contamination by the SARS-CoV-2 is less important for locations under marine air masses’ influence and more particularly when the wind speed is frequently strong enough to allow the atmospheric transport of freshly produced sea-spray particles. In the coastal area that we considered, the contamination rate is low, reflecting a potential consequence of viral activity reduction by maritime air masses. This is not, however, systematic for all maritime regions, since few of them are under the influence of offshore winds, such as the Mistral for the Western Mediterranean coast of France (near Marseille), most of the time. Laboratory work is in progress to confirm our hypothesis on the role of the sea-spray aerosols on the survival of the SARS-Cov-2 virus in the marine atmosphere.




6. Conclusions


The aim of this paper was to study the contamination rate of both a continental and a coastal geographic area in France with respect to the meteorological conditions and the corresponding air mass properties. The regions investigated in this paper were very different in terms of the number of contamination cases. Comparing only two regions is undeniably a limit of the present study. Nevertheless, our results indicate that the risk of contamination by the COVID-19 was less important for the location under marine air masses’ influence and more particularly when the wind speed was frequently strong enough to allow the atmospheric transport of freshly produced sea-spray particles. This reflects a potential consequence of the viral activity reduction by the maritime air masses. In view of the systematically lower number of cases in this maritime area, we hypothesized an impact of the marine aerosol.



Our results suggest that the marine air mass influence could have an effect on the SARS-CoV-2 through both the morphology and/or the hygroscopic character of sea-spray aerosols in the lower atmosphere, as well as a possible reaction with the salt onto the spray particles [63]. It is then possible that marine episodes tend to decrease virus infectivity by the coagulation of the virus with sea-spray aerosols. In contrast, in polluted areas, the facilitated coagulation processes with nonhygroscopic anthropogenic aerosols makes the virus more infectious over larger periods, more particularly indoors where the virus concentration is more relevant. This is in addition to the combination with the capability of the anthropogenic aerosols to increase the sensitivity of fragile people to develop viruses [56].



Further studies, also in other maritime areas around the world, will be required to assess the robustness of this approach for a better prediction of the SARS-COV-2 propagation and activity according to the trajectory and the nature of the air masses. In addition, it should be noted that the recent occurrence of virus variants, observed in France with different frequency across regions (Haim-Boukobza et al. [37]), is a complicating factor. Work is currently in progress to confirm our hypothesis on the role of the sea-spray aerosols on the survival of the SARS-CoV-2 virus in marine atmosphere.
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Figure 1. (Left): Number of deaths per 100000 residents by French departments. The circles denote the capital cities of the regions investigated: 1 = Nantes, 2 = Paris. (Right): population density of France. Images modified from https://en.wikipedia.org/wiki/COVID-19_pandemic_in_France (accessed on 19 February 2021) and https://en.wikipedia.org/wiki/Demographics_of_France (accessed on 19 February 2021). 
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Figure 2. Number of deaths for COVID-19 per 100,000 residents by department in Paris (red line) and Loire-Atlantique (blue line). See https://www.gouvernement.fr/info-coronavirus/carte-et-donnees (accessed on 19 February 2021). 
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Figure 3. Wind rose recorded in Le Croisic in March April 2020. The wind speed intervals encountered during the campaign are reported above the graphic. 






Figure 3. Wind rose recorded in Le Croisic in March April 2020. The wind speed intervals encountered during the campaign are reported above the graphic.



[image: Atmosphere 12 00523 g003]







[image: Atmosphere 12 00523 g004 550] 





Figure 4. Time series of both the wind speed (the blue line) and direction (the red line) over March, and April 2020 in (a) the SEM-REV station located in Le Croisic near Nantes and (b) at the station of the Montsouris park in Paris. Above the Figure 4a is reported the onshore and offshore wind episodes that occur in the coastal site. 
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Figure 5. Calculated air mass back-trajectories in Nantes (French Atlantic shoreline) for March 2020. 
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Figure 6. Calculated air mass back-trajectories in Paris for March 2020. 
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Figure 7. Temporal survey of the Angstrom coefficient (left) and the AOD (right) in Le Croisic (Nantes region) in March 2020. The arrow indicates the date of the occurrence of offshore wind conditions. 
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Figure 8. Temporal survey of the Angstrom coefficient (left) and the AOD (right) in Paris in March 2020. 
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Figure 9. An example of aerosol size distributions typical of the coastal zone issued from measurements conducted on the island of Porquerolles by Van Eijk et al. (2011). As shown, the aerosol concentration dN/dr can be fitted by the sum of five lognormal functions centered on radii of 0.01, 0.03, 0.24, 2 and 10 µm. (the black line). The dashed lines indicate the size intervals dealing with the different aerosol sources found in the coastal zone. The arrows indicate the expected size of SARS-CoV2 (around 100 nm). 
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Figure 10. SEM image of a mixing sea-spray-soot as sampled on the Mediterranean coast using a Dekati impactor. The red square denotes a salt crystal, while the black circles show soot. The photograph is issued from aerosol samples acquired on the island of Porquerolles during the MATRAC experiments (Piazzola et al., 2020) [61]. 
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Figure 11. Variation of the relative humidity versus wind speed for an onshore wind direction (marine air mass episode). The data were recorded on the island of Porquerolles by Piazzola (personal communication). The black line fits the data. 
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