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Abstract. While numerous studies have demonstrated the association between outdoor exposure to
atmospheric particulate matter (PM) and adverse health effects, the actual chemical species responsible for
PM toxicological properties remain a subject of investigation. We provide here reactive oxygen species (ROS)
activity data for PM samples collected at a rural site in the Po Valley, Italy, during the fog season (i.e.,
November-March). We show that the intrinsic ROS activity of Po Valley PM, which is mainly composed of
biomass burning and secondary aerosols, is comparable to that of traffic-related particles in urban areas. The
airborne concentration of PM components responsible for the ROS activity decreases in fog conditions, when
water-soluble species are scavenged within the droplets. Thanks to this partitioning effect of fog, the
measured ROS activity of fog water was contributed mainly by water-soluble organic carbon (WSOC) and
secondary inorganic ions rather than by transition metals. We found that the intrinsic ROS activity of fog
droplets is even greater (> 2.5 times) than that of the PM on which droplets are formed, indicating that redox-
active compounds are not only scavenged from the particulate phase, but are also produced within the
droplets. Therefore, even if fog formation exerts a scavenging effect on PM mass and redox-active
compounds, the aqueous-phase formation of reactive secondary organic compounds can eventually enhance
ROS activity of PM when fog evaporates. These findings, based on a case study during a field campaign in
November 2015, indicate that a significant portion of airborne toxicity in the Po Valley is largely produced by
environmental conditions (fog formation and fog processing) and not simply by the emission and transport

of pollutants.

1 Introduction

There is a rapidly growing body of epidemiological evidence identifying major health impacts associated with
population exposure to airborne particulate matter (PM), including, but not limited to, respiratory and
cardiovascular diseases, as well as neurodegenerative effects (Pope et al., 2002; Pope et al., 2004; Dockery
and Stone, 2007;Davis et al., 2013;Gauderman et al., 2015). Even if the international air quality standards for
atmospheric PM are based on mass concentrations (PM10 and PM2.5 for particles of diameter below 10 or
2.5 um, respectively), the WHO acknowledges that it is likely that not every PM component is equally
important in causing these health effects (WHO, 2007, 2013). Research on traffic-related PM has provided a
first epidemiological evidence of the links between adverse health effects and PM chemical composition

(Janssen et al., 2011;Bates et al., 2015), in line with the results of several toxicological studies (Nel, 2005;
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Cassee et al., 2013; Fang et al., 2015), while outside urban areas, the characterization of PM and associated
health effects is sparse. During transport in the atmosphere, particles emitted by traffic are progressively
diluted and eventually transformed by chemical processes that enrich them in secondary components (Zhang
et al.,, 2007;Crippa et al., 2014). Moreover, the oxidation of reactive volatile organic compounds (VOCs)
supplies a range of water-soluble compounds (e.g., formaldehyde, glyoxal), partitioning into the particulate
phase at high relative humidities (deliquescent aerosols and cloud/fog droplets), where they can be further
oxidized into new secondary organic compounds (so called “aqueous SOA”) (Ervens et al., 2011). The current
understanding of the health impacts of PM secondary components is certainly much more limited than for
traffic-related aerosols. Although recent chamber studies have indicated increased oxidative potential of PM
emitted from a variety of sources (e.g., combustion or biomass burning) after undergoing oxidation and/or
secondary formation (Antinolo et al., 2015;McWhinney et al., 2011;McWhinney et al., 2013), there is a lack
of direct field toxicological observations, which is partly caused by the difficulty of disentangling the
secondary PM fraction from other oxidized organic material of primary nature in field conditions. In this
study, we investigate the toxicological properties of PM at a polluted rural site, where the presence of fog is
responsible for aerosol scavenging and deposition but also for secondary aerosol formation through
aqueous-phase processes. Fog and low-level clouds are transient phenomena in the atmosphere but their
occurrence can be high in wintertime in certain areas of the globe, including many highly-populated sites
enclosed in orographic basins. (Cermak et al.,, 2009) showed that several pollution hotspots in Europe,
including Benelux, the Ruhr district, the basins of Paris and London and the Po Valley, experience low-level
clouds and fogs for 35% to 60% of the days in winter months. The fraction of fog days in fall/winter in the
Californian Central Valley (6.5 millions inhabitants) is ca. 20% according to (Baldocchi and Waller, 2014). Fog
frequencies of ca. 10% in winter are also characteristic of the Yangtze River corridor (Niu et al., 2010), and
even greater values (20% to more than 35%) are typical of the Indo-Gangetic plain (Saraf et al., 2011). All
these regions of the globe commonly experience PM pollution peaks in winter months, during the fog season.
In this season of the year, the same stable weather conditions favor the accumulation of air pollutants and
fog formation. Therefore, fog-processing is potentially a major driver for secondary aerosol formation in
wintertime at all these sites. In (Gilardoni et al., 2016), we provided a first estimate of secondary organic
aerosols produced by aqueous-phase processing of wood smoke particles in Europe: 0.1 to 0.5 Tg of organic
carbon per year, corresponding to 4 — 20% of total primary organic aerosol emissions in the region.

In the present study, aerosol chemical and toxicological measurements were carried out in the Po Valley,
Italy, where radiation fogs frequently occur during the cold season (up to 25% of the time in fall-winter
months in rural areas, according to recent studies (Giulianelli et al., 2014). With approximately 20 million
inhabitants (~30% of the Italian population), the Po Valley area has the highest population density across the
country, and ranks among the top European “pollution hotspots” in terms of mortality attributable to PM
exposure (Kiesewetter and Amann, 2014). In the rural areas of the Po Valley, wood smoke can be responsible
for adverse health effects on humans (Naeher et al., 2007), while little information is available on the

toxicological properties of secondary aerosols, including SOA species formed upon smoke particles by
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chemical processing in fog water and deliquesced aerosols. We provide here the first measurements of the
redox activity (as a proxy for toxicological potential) of fog water and interstitial (i.e., unscavenged) aerosols.
The toxicological assay used in this study is capable of quantifying the oxidative potential associated with
ambient PM, initiated via generation of reactive oxygen species (ROS) due to the interaction of target cells
with redox-active components of ambient PM (Landreman et al., 2008; Daher et al., 2012;Verma et al.,
2012b). We show that ROS, in the rural Po Valley PM, occur in concentrations comparable to that of a PM in
a megacity, and that the ROS levels are even amplified in fog water with respect to the PM fraction scavenged
within fog droplets. Results from the present study provide a basis for prospective epidemiological programs

to evaluate how fog scavenging/processing of PM impacts on human health.

2 Methods

2.1 Measurement site

Fog samples were collected from 30 November to 30 December 2015 at the meteorological station Giorgio
Fea in San Pietro Capofiume (44°39'15" latitude, 11°37'29" longitude), a rural site located 30 km northeast
of Bologna (ltaly) in the eastern part of the Po Valley (northern Italy). From 30 November to 4 December, an
intensive observation period was scheduled, with the concurrent sampling of fog and aerosol samples and
the deployment of a HR-ToF-AMS (Aerodyne Research) for online aerosol measurements. During the
sampling campaign, a total of 6 aerosol samples and 16 fog samples were collected. Additionally, fog samples
collected after the intensive observation period (i.e., after 4 December) were pooled in groups of two or

three for the analysis of metals and oxidative potential.

2.2 Aerosol and fog-water sampling

Aerosol samples were collected by a PM1 Tecora Echo High Volume sampler equipped with a PM1 Digitel
sampling head, operating at 500 L min flow. One daytime and one nighttime sample were collected every
day from 9:00 to 18:00 LT and from 18:00 to 9:00 LT respectively, on prewashed and prebaked Pall quartz
fiber filters. Samples were wrapped with aluminum foil, zipped in plastic bags, and stored in freezer at -20°C
until analysis. Fog samples were collected using an automated, computer driven active string collector
described in (Fuzzi et al., 1997). A Particulate Volume Monitor PVM-100 (Gerber, 1991), used to determine
fog liquid water content (LWC) at 1 min time resolution, was used to activate the string collector. The
collector and its strings were extensively cleaned at the beginning of the fog season, two weeks before the
samples of this study were collected. In particular, the stainless-steel strings were carried to the CNR-ISAC
chemical laboratory in Bologna where they were gently brushed to remove any stuck residues from fog
sampling in the previous winter and washed with ultrapure (milliQ) water in an ultrasonic bath. Finally, they
were brought back to the field and mounted on the fog collector before first the automatic sampling system

was switched on around mid-November. A LWC threshold of 0.08 g m was chosen for the activation as an
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indicator of fog presence, which roughly corresponds to a 200 m visibility. Concentrations of analytes in fog
samples, expressed in ug mL?, were converted into pg m= by multiplying with the fog liquid volume (mL m"
3). The latter was not estimated by the mass of sampled fog water multiplied by the flux of the fog collector,
because the collection efficiency is typically much smaller than 100% (about 40%, according to Fuzzi et al.
1997). We used instead the liquid water content (LWC) measured by the PVM-100 and averaged over the
sampling time of the fog collector to multiply by the concentrations of chemicals in fog water to obtain air

equivalent concentrations (ug m?3) of the fog components.

2.3 Chemical analysis of water-soluble components

Prior to chemical analysis a quarter of each aerosol quartz-fibre filter was extracted with 10 mL of 18-MQ
Milli-Q water by sonication for 30 minutes. Liquid extracts were filtered to remove quartz residues, then
analyzed for Water Soluble Organic Carbon (WSOC) with a total organic carbon analyzer (Shimadzu TOC-
5000A). Fog samples were filtered on 47 mm quartz-fibre filters (Whatman, QMA grade) within few hours
after collection to remove suspended particulate. Conductivity and pH measurements were carried out
immediately, then samples were stored frozen until further analysis. WSOC was determined in the same way
as for aerosol filter extracts, in addition the ionic composition of fog was determined by two Thermofisher
ICS_2000 ion chromatographs equipped with an lonPac AS11 2x250 mm separation column for anions and
lonPac CS16 3x250 mm Dionex separation column, self-regenerating suppressors and KOH and MSA as
eluents for anions and cations respectively. In both cases a gradient elution allowed the separation and

detection of both inorganic and organic anions and cations.

2.4 Total elemental analysis of aerosol and fog samples

The magnetic sector inductively coupled plasma mass spectrometry (SF-ICP-MS; Thermo-Ginnigan Element
2) unit was used for the total elemental analysis of the aerosol and fog samples. Detailed information about
the procedure can be found elsewhere (Zhang et al., 2008) (Okuda et al., 2014). Briefly, the samples are first
digested in an automated microwave-aided (oven-aided in case of fog samples) digestion system (Milestone
ETHOS+) using a mixture of ultra-high-purity acids (1.0 mL of 16 M nitric acid and 0.25 mL of 12 M
hydrochloric acid). Then, the digestates are analyzed by SF-ICPMS after being diluted to 15 mL with high-
purity water (18 mQ). A combination of the SF-ICPMS instrumental analysis, method blanks, and digestion
recoveries were used to estimate the analytical uncertainties. A total of 49 elements were determined using
this method. Further details of the analytical method can be found in (Zhang et al., 2008) and (Okuda et al.,
2014). The full chemical analyses (WSOC, ion chromatography, metals) were performed on 6 aerosol samples

and 7 fog samples.

2.5 ROS analysis

The ROS assay, an in vitro exposure assay of PM extracts to rat alveolar macrophage cells (cell line NR8383)
(Landreman et al., 2008), was used as a measure of PM toxicity of the samples. In this method, samples (only
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filters in this step) were first extracted using an initial sonication period for 15 min with high-purity 10 Milli-
Q (18 mQ) water. The samples are then continuously agitated in the dark at room temperature for 16 h,
followed by another 15-min sonication and 1-min agitation by a vortex mixer. A portion of the sample
suspension was passed through 0.22 um polypropylene syringe filters (referred to as filtered samples,
representing WS components), while the other portion of the sample suspension underwent the ROS assay
without filtration (referred to as the unfiltered samples)(Shafer et al., 2016). ROS activity analysis was carried
out on 20 samples (= 6 aerosol + 7 unfiltered fog + 7 filtered fog samples).

In the in vitro exposure and ROS detection step, the membrane-permeable 2',7'-dichlorodihydro- fluorescein
diacetate (DCFH-DA) probe gets deacetylated by cytoplasmic esterases to 2,7'-dichlorodihydro- fluorescein
(DCFH) upon entering the macrophage cell. In the presence of oxidizing species (for example, the ROS species
generated due to exposure to toxic PM components), DCFH is converted to its fluorescent form, which is DCF.
In the next step, an M5e microplate reader (Molecular Devices, CA, USA) is used to determine the
fluorescence intensity of each cell after the exposure at 488 nm excitation and 530 nm emission. The raw
fluorescence data were corrected using blanks and normalized using Zymosan (ZYM) positive controls (i.e.,
B-1,3 polysaccharide of D-glucose from Sigma Aldrich, MO, USA) (Shafer et al., 2016). Filter blanks were used
to account for the potential impact of the biologically active quartz filters on the ROS results. The ROS activity
of filter blanks (N = 2) was on the order of 280 * 13 fluorescence units (FU) for unfiltered extracts and of 27
+ 23 FU for filtered extracts. For comparison, the ROS activity of PM1 filter samples was as high as 3896 +
350 FU and 1518 + 118 FU for unfiltered and filtered extracts, respectively. Following subtraction of the
contribution of blanks, the overall per-mass oxidative potential (representing the inherent toxicity) of
samples was reported in units of Zymosan equivalents. The per-volume ROS activity (i.e., normalized by the
volume of air samples) of samples was also calculated via multiplying the mass-based ROS by the PM mass
concentration of a given sample. This provides a measure of the actual toxicity of the air inhaled by
individuals, which is a very important parameter in exposure assessment studies (Wittkopp et al., 2013;

Zhang et al., 2007; Delfino et al., 2010).

2.6 Statistical analyses

Spearman rank correlation was used to explore the association of individual components of the aerosol and
fog with the ROS activity. We also applied the principal component analysis (PCA) to the ambient
concentrations of the chemical components of the aerosols in order to identify the source factors that
contribute to PM levels and ROS activity. In this analysis, the VARIMAX-normalized rotation approach was
employed to identify the uncorrelated source factors (Henry, 1987). Additionally, we also applied the multi-
linear regression (MLR) analysis to identify the source factors (as represented by the relevant species) that
mostly contribute to ROS activity of aerosols and fog water. In this analysis, several combinations of species
with high loadings in the PCA were regressed against the ROS levels, and the ones leading to the highest R2
value were kept in the final solution. The statistical significance was evaluated at both P values of <0.1 and

<0.05.
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3 Results

3.1 ROS activity of fog water and aerosol samples

When fog forms, aerosol particles are selectively scavenged into fog droplets, with the smaller and more
hydrophobic particles left unscavenged as interstitial aerosol. This process tends to be selective with respect
to specific chemical components (“partitioning”) and represents a useful way to study the toxicological
properties of externally-mixed PM components under field conditions. Past studies in the Po Valley (Facchini
et al., 1999;Gilardoni et al., 2014) highlighted that fog scavenging efficiency for different chemical
components of atmospheric particles is related to their water solubility, with higher scavenging efficiencies
for water-soluble (WS) species (e.g., inorganic ions and water-soluble organic carbon, WSOC) and lower
scavenging efficiencies for hydrophobic compounds (e.g., elemental carbon and several metals) (Gilardoni et
al., 2014). Therefore, during fog episodes, fog droplets are enriched in WS components, while water-insoluble
(WI) species dominantly partition into interstitial aerosols (Hallberg et al., 1992; Fuzzi et al., 1988). Results
from the present study are in good agreement with the published literature on the effect of fog scavenging
on the aerosol properties: Figures S2 and S3 in Supporting Information indicate that organic as well as
inorganic WS components (e.g. MSA, oxalate, nitrate, and sulfate) and metals with high WS fractions
(including Ca, Na, and Mg) have the highest scavenging rate, whereas other combustion-related species with
lower solubility (i.e. Fe, Cr, and Zn) are scavenged much less efficiently. Metals can be also scavenged by fog
(Mancinelli et al., 2005) but not to the same extent as secondary organic and inorganic species, resulting in
higher metal enrichment of the interstitial aerosol. The results on partitioning of WSOC between interstitial
aerosols and fog water are presented in Figure 1c,d. Contrary to the chemical species discussed above, WSOC
is a complex mixture of chemical species originating from a variety of sources. According to previous studies
in the region (Gilardoni et al., 2014; 2016), oxidized particulate organic compounds include biomass burning
products as well as secondary organic species, which also account for the products of transformation of
biomass burning compounds upon fog processing. As can be seen in Figure 1c, the mass fraction of WSOC in
PM1 was comparable between daytime and interstitial aerosols, analogously to what is observed for some
of the WS ionic species, like sulfate and oxalate, and contrary to others (e.g., nitrate and ammonium) which
are considerably depleted in interstitial particles with respect to daytime aerosol. However, the airborne
concentration of WSOC in daytime aerosol was approximately two times higher than that of interstitial
aerosols (Figure 1c). Additionally, the concentration of WSOC was much higher in the fog water than in
daytime and nighttime aerosols, both on a per-mass and per-volume basis.

We present here for the first time results on fog scavenging effects on ROS activity of the aerosol. The average
ROS activity of daytime (i.e, without fog) and nighttime (in-fog as well as interstitial) aerosol bulk extracts
and for fog water is reported in Figure 1a,b. On a per m? of air volume basis, the ROS activity of fog water
and daytime aerosol are quite comparable and about four times greater than that of interstitial aerosol.
However, per PM mass ROS activities of the daytime and interstitial aerosols are very similar (18771849 and

1870+1229 microgram Zymosan/mg of PM, respectively), while the ROS activity of fog water was
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considerably higher (51941610 MicrogramZymosan/mg of PM) than that of both types of aerosols. The
variability of ROS activity of PM in the Po Valley in the fog season is therefore complex. The extrinsic (on a
per-volume basis) ROS activity in PM decreases upon fog scavenging similarly to total PM1 mass
concentrations (-70% and -66%, respectively) causing the toxicity of interstitial particles being comparable to
that of the original aerosol population. In contrast, the ROS activity of fog water is clearly higher than the
scavenged fraction of ROS activity of PM (calculated as the difference between daytime and interstitial PM
activity). This trend reflects very closely that of WSOC levels (Figure 1c,d). The excess of WSOC mass in fog
water with respect to daytime aerosol indicates that organic solutes in fog droplets do not originate simply
from aerosol scavenging, and that additional sources from aqueous-phase processing of absorbed volatile
organic compounds must be taken into account. Secondary organic aerosol (SOA) sources in fog water could
therefore explain the “amplification” of ROS activity with respect to the parent aerosol population.

To further explore the difference in the toxicity of daytime and interstitial aerosols, the ROS activity of
daytime and nighttime aerosols was also evaluated based on the filtered ROS analysis protocol, representing
the toxicity of the WS components (Figure 2a,b). As already mentioned, volume-based ROS activity of
daytime aerosols was 3-5 times higher than that of interstitial aerosols, but this difference becomes even
greater in the filtered extracts (a factor of 7, see Figure 2a). It should be noted that during the daytime, the
per PM-mass filtered ROS activity of aerosols (which relates to the redox activity of only the WS fraction) is
almost half of the unfiltered ROS levels (representing the redox activity of both WS and WI fractions).
However, during nighttime, the per PM mass ROS activity of the WS fraction contributes approximately only
25% to the overall per-mass ROS aerosol activity (Figure 2b). These results imply that during daytime, WS and
WI PM fractions contribute roughly equally to the ROS activity of the aerosol, whereas during nighttime, the
WI components (comprising mostly elements, metals and insoluble carbonaceous material) contribute to as
much as 75% of the aerosols ROS activity. Therefore, even if daytime and interstitial aerosols exhibit the
same intrinsic toxicity (Figure 1b), this is driven by different chemical composition in the two aerosol
populations. The most critical difference between daytime and interstitial (i.e., unscavenged) aerosols is that
the latter are depleted of WS components, including WSOC (Figure 1) and inorganic aerosols (Figures S2 and
S3) which are efficiently scavenged by fog. Therefore, as discussed above, the higher ROS activity of daytime
aerosols compared to that of nighttime/interstitial aerosols must be attributed to WS components, while, at
nighttime, the aerosol ROS activity is mainly driven by Wl components. It is also noteworthy that the highest
ROS activity was observed in the fog water, which is enriched in WS components compared to the daytime

and interstitial aerosols.

3.2 Association of ROS activity to PM and fog chemical components

To investigate the main species driving the ROS activity in fog water, we performed Spearman rank
correlation as well as Multilinear regression (MLR) analysis between per-volume concentrations of all species
and per-volume ROS activity of fog water, the results of which are presented in Tables 1, 2, and in Table 3.

As can be seen in Table 1, most of the WS species were strongly correlated with the ROS activity of fog.
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However, this does not necessarily mean that all of these species, including inorganic ions, are responsible
for the aerosol redox activity. Previous studies have indicated that some of these associations with
toxicologically innocuous species (e.g., inorganic ions) are observed because of the co-linearity of inorganic
ions with important redox active species, including WSOC, and not because of the toxicity of these
components per se (Ntziachristos et al., 2007) (Cho et al., 2005) (Verma et al., 2012a). For instance, (Verma
et al., 2012a) found strong positive correlations between the redox activity of quasi-ultrafine PM (PM0.18)
and NOs, SO,%, NH4*, and WSOC; however, the authors concluded that the strong correlations observed
between these inorganic ions and redox activity is because of their co-linearity with WSOC (as also shown in
Table S1) rather than their own toxicity, as these components are not mechanistically active in these assays
(Cho et al., 2005). It should be noted, however, that inorganic acids could indirectly affect the ROS activity of
fogs and wet aerosols by solubilizing redox-active metals (Giulianelli et al., 2014;0akes et al., 2012;Fang et
al.,, 2017). Such mechanisms can be important for areas where SO, levels are high, while they are less
plausible for environments such as the Po Valley where aerosols and fogs are largely neutralized by ammonia,
as demonstrated by the typical fog pH of about ~6 , according to Giulianelli et al. (2014).

The attribution of ROS activity of fog to dissolved organic substances was also confirmed by the results of the
MLR analysis (Table 3), demonstrating that WSOC alone explains 98% of the variability in the fog water ROS
levels. We observed much smaller correlation coefficients between the ROS activity of fog water samples and
elemental/metallic components, which have been shown to correlate with particle toxicity in earlier studies
(Ntziachristos et al., 2007) (Cho et al., 2005) (Hu et al., 2010) (Verma et al., 2012a). This is due to the lower
concentration of metals/elements in the fog water compared to daytime and interstitial aerosols, as shown
in Figure S3.

To investigate the major PM chemical species that contribute to the ROS activity of daytime and interstitial
aerosols, we performed a principal component analysis (PCA) followed by a linear correlation and a
multilinear regression (MLR) analysis on the data pertaining to aerosols samples. It should be noted that, due
to the limited number of aerosol samples analyzed for ROS activity (a total of 6), the data for both daytime
and nighttime (i.e., interstitial) aerosols were combined together, and the following analyses were performed
on the pooled data. Table S2 presents the results of the PCA conducted on the chemical components of
daytime and interstitial aerosols. As can be seen in the table, two source factors were resolved, together
explaining 95% of the variance in the data. The first source factor comprises species that most likely are of
combustion origin (e.g., traffic, power plants), even though some of them (e.g., Fe, Mn, and Cu) may also
come from non-exhaust traffic sources in other areas (Sanderson et al., 2014). The metals in this group,
including V, Fe, Cu, Mn, and Ni, are considered toxic and known as redox-active metals (Argyropoulos et al.,
2016; Sowlat et al., 2016;Wang et al., 2016). The second source factor consists of water-soluble components,
including WSOC as well as the ionic components (methane-sulfonate, oxalate, sulfate, and nitrate) which are
tracers of secondary aerosols (Hu et al., 2010; Hasheminassab et al., 2013). We should point out that the PCA
grouping of the chemical species reflects both the possible day-to-day variations in the contributions of the

specific sources to PM mass as well as the diurnal cycles in concentrations governed by the specific fog
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scavenging rates (Figures S2, S3). Table 2 shows the Spearman rank correlation coefficients between the WS
components and elemental/metallic species of the aerosols and the corresponding ROS levels. Very strong
positive correlations were observed between the ROS activity of aerosol samples and many of the WS
components, which are also known tracers of secondary organic aerosols (SOA); for example, the Spearman
rank correlation coefficients between the ROS activity and the concentrations of MSA and oxalate were 0.83
and 0.83, respectively. Similar as in the case of fog water, the observed association of inorganic ions and low-
molecular weight organic acids with the aerosol ROS activity is probably because of the co-linearity of the
ionic species and (unspeciated) redox-active organic compounds. Interestingly, correlation coefficients are
greater for the SOA tracers (oxalate, MSA) than for the bulk WSOC mixture (R = 0.66) and for the whole
organic mass measured by the AMS (R = 0.43), suggesting that the ROS activity is prevalently contributed by
the secondary fraction of particulate organic matter. However, Table 2 also shows strong positive and
statistically significant correlations for several metal/elemental species, such as Fe, Ni, and Cu, which are
primary components of the aerosol. The correlation results were also corroborated by the outcome of the
MLR analysis (Table 3), indicating that MSA (representative of the secondary organic aerosols source factor)
and Ni (representative of the primary combustion-related source factor) were highly correlated with the ROS
activity in the aerosol samples. Judging by the standardized coefficients (0.79 and 0.30
MicrogramZymosan/m? air for MSA and Fe, respectively) and partial correlation values (0.94 and 0.73 for
MSA and Fe respectively), the secondary organic aerosol fraction (represented by MSA in the MLR analysis)
overall has a higher contribution to the aerosol ROS activity compared to combustion-related metals
(represented by Fe in the MLR analysis). The results discussed above imply that during daytime, the aerosol
ROS activity is driven by a combination of WS organics and redox active metals. However, during nighttime,
when fog scavenging partitions the WS components into the water phase and enriches the nighttime (or
interstitial) aerosols with metals, the aerosol ROS activity is mainly driven by elemental/metallic components,
while the ROS activity of fog is mostly driven by WS organic compounds.

WSOC is the main driver of toxicity in fog water and also a likely contributor of toxicity of PM1 during daytime
when the contribution of WS components to toxicity is significant (Fig. 2). Submicron organic aerosols in rural
Po Valley originate mainly from combustion processes (biomass burning) but a significant fraction of mass is
the product of chemical transformations occurring in wet aerosols and fog droplets (“aqueous SOA”)
(Gilardoni et al., 2016). Biomass burning organic tracers and their products of oligomerization formed in the
aqueous phase contain hydroquinone and catechol moieties that can participate to redox reactions leading
to ROS formation. The formation of such redox active organic compounds occurs in the aqueous phase, which
explains a correlation with ionic tracers such as oxalate. Another source of reactive WSOC dissolved in
deliquesced aerosols and especially in fog water is the uptake of water-soluble reactive gases. It is well known
that organic vapours, like low-molecular weight organic acids and carbonyls, can account for a significant
fraction of WSOC in fog (up almost 50% according to (Collett et al., 2008)). Some, like formic acid, exhibit ROS
activity (Du et al., 2008). In this study, the contribution of low-molecular weight organic acids to WSOC was

on average 8% t 4%, which represents a lower limit for the contribution of WS VOC to fog solutes (as
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formaldehyde and other carbonyls were not measured). The uptake of reactive gases could explain the
excess of WSOC in fog water compared to the scavenged fraction of daytime PM1 (Figure 1 c,d) as well as

the higher intrinsic toxicity of fog components, as shown in Figure 1 b.

4 Discussion and Conclusions

This study reports ROS activity data for PM1 and fog water samples at a continental rural area virtually free
of local traffic emissions and where aerosol mass is prevalently contributed by biomass burning and
secondary organic and inorganic components (Gilardoni et al., 2014). The aerosol chemical composition
differed substantially from that of urban PM for which the induced oxidative potential has been documented
by several studies (Saffari et al., 2014) and can be put in relation to the redox-active activity of traffic-related
aerosols (Ning and Sioutas, 2010). Despite the very limited in situ traffic emissions at the Po Valley site, the
ROS levels recorded for PM (18791851 and 1873+1199 MicroZymosan/mg during day and night respectively)
and fog samples (4142+1347 MicroZymosan/mg) in our study are comparable with those reported by (Saffari
et al., 2014), who reported ROS values of approximately 800 and 6000 MicrogramZymosan/mg PM in Los
Angeles (LA) for PM2.5 and quasi-ultrafine PM (PMO0.25), respectively. Additionally, in a more recent on-road
study conducted in 2015 inside two major freeways of Los Angeles, the average (¥SD) per-mass ROS activity
of PM2.5 particles was found to be 3660 (+1743) and 3439 (+3058) MicrogramZymosan/mg PM for 1-110 and
I-710, respectively (Shirmohammadi et al., 2017) , indicating that the intrinsic toxicity of the Po Valley fog
water is higher than that of PM2.5 particles collected on the freeways of Los Angeles.

Although direct comparison of the ROS activity of the fog and aerosol samples collected in this study with
those of ambient aerosol previously reported by other studies is associated with some uncertainties (due
mainly to the different size range of the particles collected and the fact that the ROS activity appears to be
strongly particle size-dependent (Sioutas et al., 2005; Saffari et al., 2014), nonetheless these results point to
possible health effects associated with PM exposure during fog episodes in the Po Valley, the toxicity of which
are comparable or, in many cases, higher than that of the highly toxic traffic-related PM. Our results show
that the toxicity of aerosol particles accumulating in orographic depressions at the mid-latitudes during the
cold season, which is normally peak concentration season for PM in many continental areas, can be further
amplified by the formation of fog, whose intrinsic toxicity is even greater than that of the original aerosol
particles scavenged into the droplets. Moreover, the redox potential of fog solutes is mainly driven by
oxidized organic compounds, which also explains the excess of ROS activity in fog water with respect to the
scavenged fraction of the aerosol. The effect of secondary organic species on ROS activity in fog and aerosols
in the Po Valley is clearly demonstrated by the fact that fog water exhibits a higher intrinsic toxicity with
respect to PM1, despite its depletion of redox active metals as a consequence of the systematically different
scavenging rates between WS and WI aerosol species. The contribution of WS secondary species to ROS
activity is supported also by: a) the results of MLR analysis, b) the scavenging rate of total redox-active

compounds (71% of ROS activity) which is higher than that for most combustion-related metals (typically <
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60%), corroborating the contribution of hygroscopic particles to ROS activity; and c) the results obtained from
the filtered extracts indicating that ca. 50% of ROS activity is attributable to WS species in daytime (i.e., out-
of-fog) conditions. The origin of secondary organic compounds responsible for the ROS activity of aerosol
WSOC in the Po Valley cannot fully be elucidated based on this set of data. However, previous observations
at the same site in the fog season showed that SOA are produced in large amounts by aqueous reactions in
fog droplets and deliquesced aerosols starting from organic compounds emitted from biomass burning
(Gilardoni et al., 2016). Production of biomass burning SOA is accompanied by the formation of redox active
organic compounds, including hydroquinones. We can therefore speculate that the enhancement of ROS
activity in fog water is at least partly irreversible, as evaporating fog droplets become enriched on newly-
formed redox-active secondary species. The relevance of secondary sources of toxicity in fog and fog-
processed aerosols calls for more stringent controls on possible precursor emissions, which should be
pursued by policy makers including international authorities (as secondary PM components concentrations
are often triggered by transboundary pollution) (Kiesewetter and Amann, 2014). Finally, the health effects of
the exposure to fog water toxics depends on fog frequency, and in turn on climate conditions and climate
change. Substantial reductions (-50%) of fog occurrence in the last 30 years have been documented for the
Po Valley and many other European locations, and these dramatic changes have been attributed to global
warming and changes in cloud condensation nuclei concentrations (Vautard et al., 2009; Giulianelli et al.,
2014). The enhanced toxicity of fog droplets observed in this study suggests that the historical reduction of
fog frequency may result in an unintended improvement of air quality in many continental areas, overlapping
also with the deliberate reduction of PM emissions put into practice since the early 90’s in many developed

countries.

Acknowledgements

This research was funded by Regione Emilia Romagna as part of the “Supersito” project (Decreto Regionale
428/10) and co-funded by the European Union’s Seventh Framework Programme (FP7/2007-797 2013) under
grant agreement no 603445 (BACCHUS). The authors would also like to acknowledge the financial support
from the United States National Institute of Allergy and Infectious Diseases (award number: 5R01AI065617-
15) and the National Institutes of Health (grant number: 5R01ES024936-02).

References

Antinolo, M., Willis, M. D., Zhou, S. M., and Abbatt, J. P. D.: Connecting the oxidation of soot to its redox
cycling abilities, Nature Communications, 6, 10.1038/ncomms7812, 2015.

Argyropoulos, G., Besis, A., Voutsa, D., Samara, C., Sowlat, M. H., Hasheminassab, S., and Sioutas, C.: Source
apportionment of the redox activity of urban quasi-ultrafine particles (PM0.49) in Thessaloniki following the
increased biomass burning due to the economic crisis in Greece, Science of the Total Environment, 568,
124-136, 10.1016/j.scitotenv.2016.05.217, 2016.

Baldocchi, D., and Waller, E.: Winter fog is decreasing in the fruit growing region of the Central Valley of
California, Geophysical Research Letters, 41, 3251-3256, 10.1002/2014gl060018, 2014.

11



10

15

20

25

30

35

40

45

50

55

Bates, J. T., Weber, R. J., Abrams, J., Verma, V., Fang, T., Klein, M., Strickland, M. J., Sarnat, S. E., Chang, H.
H., Mulholland, J. A., Tolbert, P. E., and Russell, A. G.: Reactive Oxygen Species Generation Linked to
Sources of Atmospheric Particulate Matter and Cardiorespiratory Effects, Environmental Science &
Technology, 49, 13605-13612, 10.1021/acs.est.5b02967, 2015.

Cassee, F. R., Heroux, M. E., Gerlofs-Nijland, M. E., and Kelly, F. J.: Particulate matter beyond mass: recent
health evidence on the role of fractions, chemical constituents and sources of emission, Inhalation
Toxicology, 25, 802-812, 10.3109/08958378.2013.850127, 2013.

Cermak, J., Eastman, R. M., Bendix, J., and Warren, S. G.: European climatology of fog and low stratus based
on geostationary satellite observations, Quarterly Journal of the Royal Meteorological Society, 135, 2125-
2130, 10.1002/qj.503, 2009.

Cho, A. K., Sioutas, C., Miguel, A. H., Kumagai, Y., Schmitz, D. A., Singh, M., Eiguren-Fernandez, A., and
Froines, J. R.: Redox activity of airborne particulate matter at different sites in the Los Angeles Basin,
Environmental Research, 99, 40-47, 10.1016/j.envres.2005.01.003, 2005.

Collett, J. L., Herckes, P., Youngster, S., and Lee, T.: Processing of atmospheric organic matter by California
radiation fogs, Atmospheric Research, 87, 232-241, 10.1016/j.atmosres.2007.11.005, 2008.

Crippa, M., Canonaco, F., Lanz, V. A, Aijala, M., Allan, J. D., Carbone, S., Capes, G., Ceburnis, D., Dall'Osto,
M., Day, D. A,, DeCarlo, P. F., Ehn, M., Eriksson, A., Freney, E., Hildebrandt Ruiz, L., Hillamo, R., Jimenez, J.
L., Junninen, H., Kiendler-Scharr, A., Kortelainen, A. M., Kulmala, M., Laaksonen, A., Mensah, A., Mohr, C.,
Nemitz, E., O'Dowd, C., Ovadnevaite, J., Pandis, S. N., Petaja, T., Poulain, L., Saarikoski, S., Sellegri, K.,
Swietlicki, E., Tiitta, P., Worsnop, D. R., Baltensperger, U., and Prevot, A. S. H.: Organic aerosol components
derived from 25 AMS data sets across Europe using a consistent ME-2 based source apportionment
approach, Atmospheric Chemistry and Physics, 14, 6159-6176, 10.5194/acp-14-6159-2014, 2014.

Daher, N., Ruprecht, A, Invernizzi, G., De Marco, C., Miller-Schulze, J., Heo, J. B., Shafer, M. M., Shelton, B.
R., Schauer, J. J., and Sioutas, C.: Characterization, sources and redox activity of fine and coarse particulate
matter in Milan, Italy, Atmospheric Environment, 49, 130-141, 10.1016/j.atmosenv.2011.12.011, 2012.
Davis, D. A., Bortolato, M., Godar, S. C., Sander, T. K., Iwata, N., Pakbin, P., Shih, J. C., Berhane, K.,
McConnell, R., Sioutas, C., Finch, C. E., and Morgan, T. E.: Prenatal Exposure to Urban Air Nanoparticles in
Mice Causes Altered Neuronal Differentiation and Depression-Like Responses, Plos One, 8,
10.1371/journal.pone.0064128, 2013.

Delfino, R. J., Staimer, N., Tjoa, T., Arhami, M., Polidori, A., Gillen, D. L., George, S. C., Shafer, M. M.,
Schauer, J. J., and Sioutas, C.: Associations of Primary and Secondary Organic Aerosols With Airway and
Systemic Inflammation in an Elderly Panel Cohort, Epidemiology, 21, 892-902,
10.1097/EDE.Ob013e3181f20e6c, 2010.

Dockery, D. W., and Stone, P. H.: Cardiovascular risks from fine particulate air pollution, New England
Journal of Medicine, 356, 511-513, 10.1056/NEJMe068274, 2007.

Dy, L, Su, Y.Y., Sun, D. B., Zhu, W. H., Wang, J. Y., Zhuang, X. H., Zhou, S. N., and Lu, Y. J.: Formic acid
induces Ycalp-independent apoptosis-like cell death in the yeast Saccharomyces cerevisiae, Fems Yeast
Research, 8, 531-539, 10.1111/j.1567-1364.2008.00375.x, 2008.

Ervens, B., Turpin, B. J., and Weber, R. J.: Secondary organic aerosol formation in cloud droplets and
aqueous particles (agSOA): a review of laboratory, field and model studies, Atmospheric Chemistry and
Physics, 11, 11069-11102, 10.5194/acp-11-11069-2011, 2011.

Facchini, M. C., Fuzzi, S., Zappoli, S., Andracchio, A., Gelencser, A, Kiss, G., Krivacsy, Z., Meszaros, E.,
Hansson, H. C., Alsberg, T., and Zebuhr, Y.: Partitioning of the organic aerosol component between fog
droplets and interstitial air, Journal of Geophysical Research-Atmospheres, 104, 26821-26832,
10.1029/1999jd900349, 1999.

Fang, T., Verma, V., Guo, H., King, L. E., Edgerton, E. S., and Weber, R. J.: A semi-automated system for
quantifying the oxidative potential of ambient particles in aqueous extracts using the dithiothreitol (DTT)
assay: results from the Southeastern Center for Air Pollution and Epidemiology (SCAPE), Atmospheric
Measurement Techniques, 8, 471-482, 10.5194/amt-8-471-2015, 2015.

Fang, T., Guo, H. Y., Zeng, L. H., Verma, V., Nenes, A., and Weber, R. J.: Highly Acidic Ambient Particles,
Soluble Metals, and Oxidative Potential: A Link between Sulfate and Aerosol Toxicity, Environmental
Science &amp; Technology, 51, 2611-2620, 10.1021/acs.est.6b06151, 2017.

Fuzzi, S., Orsi, G., Nardini, G., Facchini, M. C., MclLaren, S., MclLaren, E., and Mariotti, M.: HETEROGENEOUS
PROCESSES IN THE PO VALLEY RADIATION FOG, Journal of Geophysical Research-Atmospheres, 93, 11141-
11151, 10.1029/JD093iD09p11141, 1988.

12



10

15

20

25

30

35

40

45

50

55

Fuzzi, S., Orsi, G., Bonforte, G., Zardini, B., and Franchini, P. L.: An automated fog water collector suitable
for deposition networks: Design, operation and field tests, Water Air and Soil Pollution, 93, 383-394,
10.1023/a:1022108801083, 1997.

Gauderman, W. J., Urman, R., Avol, E., Berhane, K., McConnell, R., Rappaport, E., Chang, R., Lurmann, F.,
and Gilliland, F.: Association of Improved Air Quality with Lung Development in Children, New England
Journal of Medicine, 372, 905-913, 10.1056/NEJMoal1414123, 2015.

Gerber, H.: DIRECT MEASUREMENT OF SUSPENDED PARTICULATE VOLUME CONCENTRATION AND FAR-
INFRARED EXTINCTION COEFFICIENT WITH A LASER-DIFFRACTION INSTRUMENT, Applied Optics, 30, 4824-
4831, 1991.

Gilardoni, S., Massoli, P., Giulianelli, L., Rinaldi, M., Paglione, M., Pollini, F., Lanconelli, C., Poluzzi, V.,
Carbone, S., Hillamo, R., Russell, L. M., Facchini, M. C., and Fuzzi, S.: Fog scavenging of organic and inorganic
aerosol in the Po Valley, Atmospheric Chemistry and Physics, 14, 6967-6981, 10.5194/acp-14-6967-2014,
2014.

Gilardoni, S., Massoli, P., Paglione, M., Giulianelli, L., Carbone, C., Rinaldi, M., Decesari, S., Sandrini, S.,
Costabile, F., Gobbi, G. P., Pietrogrande, M. C., Visentin, M., Scotto, F., Fuzzi, S., and Facchini, M. C.: Direct
observation of aqueous secondary organic aerosol from biomass-burning emissions, Proceedings of the
National Academy of Sciences of the United States of America, 113, 10013-10018,
10.1073/pnas.1602212113, 2016.

Giulianelli, L., Gilardoni, S., Tarozzi, L., Rinaldi, M., Decesari, S., Carbone, C., Facchini, M. C., and Fuzzi, S.:
Fog occurrence and chemical composition in the Po valley over the last twenty years, Atmospheric
Environment, 98, 394-401, 10.1016/j.atmosenv.2014.08.080, 2014.

Hallberg, A., Ogren, J. A., Noone, K. J., Heintzenberg, J., Berner, A., Solly, |., Kruisz, C., Reischl, G., Fuzzi, S.,
Facchini, M. C., Hansson, H. C., Wiedensohler, A., and Svenningsson, |. B.: PHASE PARTITIONING FOR
DIFFERENT AEROSOL SPECIES IN FOG, Tellus Series B-Chemical and Physical Meteorology, 44, 545-555,
10.1034/j.1600-0889.1992.t01-2-00008.x, 1992.

Hasheminassab, S., Daher, N., Schauer, J. J., and Sioutas, C.: Source apportionment and organic compound
characterization of ambient ultrafine particulate matter (PM) in the Los Angeles Basin, Atmospheric
Environment, 79, 529-539, 10.1016/j.atmosenv.2013.07.040, 2013.

Henry, R. C.: Current factor-analysis receptor models are ill-posed, Atmospheric Environment, 21, 1815-
1820, 10.1016/0004-6981(87)90122-3, 1987.

Hu, D., Bian, Q. J., Lau, A. K. H., and Yu, J. Z.: Source apportioning of primary and secondary organic carbon
in summer PM2.5 in Hong Kong using positive matrix factorization of secondary and primary organic tracer
data, Journal of Geophysical Research-Atmospheres, 115, 10.1029/2009jd012498, 2010.

Janssen, N. A. H., Hoek, G., Simic-Lawson, M., Fischer, P., van Bree, L., ten Brink, H., Keuken, M., Atkinson,
R. W., Anderson, H. R., Brunekreef, B., and Cassee, F. R.: Black Carbon as an Additional Indicator of the
Adverse Health Effects of Airborne Particles Compared with PM10 and PM2.5, Environmental Health
Perspectives, 119, 1691-1699, 10.1289/ehp.1003369, 2011.

Kiesewetter, G., and Amann, M.: Urban PM2.5 levels under the EU Clean Air Policy Package. TSAP Report
N.12. International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria, 2014.

Landreman, A. P., Shafer, M. M., Hemming, J. C., Hannigan, M. P., and Schauer, J. J.: A macrophage-based
method for the assessment of the reactive oxygen species (ROS) activity of atmospheric particulate matter
(PM) and application to routine (daily-24 h) aerosol monitoring studies, Aerosol Science and Technology,
42,946-957, 10.1080/02786820802363819, 2008.

Mancinelli, V., Decesari, S., Facchini, M. C., Fuzzi, S., and Mangani, F.: Partitioning of metals between the
aqueous phase and suspended insoluble material in fog droplets, Annali Di Chimica, 95, 275-290,
10.1002/adic.200590033, 2005.

McWhinney, R. D., Gao, S. S., Zhou, S. M., and Abbatt, J. P. D.: Evaluation of the Effects of Ozone Oxidation
on Redox-Cycling Activity of Two-Stroke Engine Exhaust Particles, Environmental Science & Technology, 45,
2131-2136, 10.1021/es102874d, 2011.

McWhinney, R. D., Badali, K., Liggio, J., Li, S. M., and Abbatt, J. P. D.: Filterable Redox Cycling Activity: A
Comparison between Diesel Exhaust Particles and Secondary Organic Aerosol Constituents, Environmental
Science & Technology, 47, 3362-3369, 10.1021/es304676x, 2013.

Naeher, L. P., Brauer, M., Lipsett, M., Zelikoff, J. T., Simpson, C. D., Koenig, J. Q., and Smith, K. R.:
Woodsmoke health effects: A review, Inhalation Toxicology, 19, 67-106, 10.1080/08958370600985875,
2007.

13



10

15

20

25

30

35

40

45

50

55

Nel, A.: Air pollution-related illness: Effects of particles, Science, 308, 804-806, 10.1126/science.1108752,
2005.

Ning, Z., and Sioutas, C.: Atmospheric Processes Influencing Aerosols Generated by Combustion and the
Inference of Their Impact on Public Exposure: A Review, Aerosol and Air Quality Research, 10, 43-58,
10.4209/aaqr.2009.05.0036, 2010.

Niu, F., Li, Z. Q., Li, C., Lee, K. H., and Wang, M. Y.: Increase of wintertime fog in China: Potential impacts of
weakening of the Eastern Asian monsoon circulation and increasing aerosol loading, Journal of Geophysical
Research-Atmospheres, 115, 10.1029/2009jd013484, 2010.

Ntziachristos, L., Froines, J. R., Cho, A. K., and Sioutas, C.: Relationship between redox activity and chemical
speciation of size-fractionated particulate matter, Particle and fibre toxicology, 4, 5-5, 10.1186/1743-8977-
4-5, 2007.

Oakes, M., Ingall, E. D., Lai, B., Shafer, M. M., Hays, M. D., Liu, Z. G., Russell, A. G., and Weber, R. J.: Iron
Solubility Related to Particle Sulfur Content in Source Emission and Ambient Fine Particles, Environmental
Science &amp; Technology, 46, 6637-6644, 10.1021/es300701c, 2012.

Okuda, T., Schauer, J. J., and Shafer, M. M.: Improved methods for elemental analysis of atmospheric
aerosols for evaluating human health impacts of aerosols in East Asia, Atmospheric Environment, 97, 552-
555, 10.1016/j.atmosenv.2014.01.043, 2014.

Pope, C. A, Burnett, R. T., Thun, M. J,, Calle, E. E., Krewski, D., Ito, K., and Thurston, G. D.: Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution, Jama-Journal of the
American Medical Association, 287, 1132-1141, 10.1001/jama.287.9.1132, 2002.

Pope, C. A, Burnett, R. T., Thurston, G. D., Thun, M. J., Calle, E. E., Krewski, D., and Godleski, J. J.:
Cardiovascular mortality and long-term exposure to particulate air pollution - Epidemiological evidence of
general pathophysiological pathways of disease, Circulation, 109, 71-77,
10.1161/01.cir.0000108927.80044.7f, 2004.

Saffari, A., Daher, N., Shafer, M. M., Schauer, J. J., and Sioutas, C.: Seasonal and spatial variation in
dithiothreitol (DTT) activity of quasi-ultrafine particles in the Los Angeles Basin and its association with
chemical species, Journal of Environmental Science and Health Part a-Toxic/Hazardous Substances &
Environmental Engineering, 49, 441-451, 10.1080/10934529.2014.854677, 2014.

Sanderson, P., Delgado-Saborit, J. M., and Harrison, R. M.: A review of chemical and physical
characterisation of atmospheric metallic nanoparticles, Atmospheric Environment, 94, 353-365,
10.1016/j.atmosenv.2014.05.023, 2014.

Saraf, A. K., Bora, A. K,, Das, J., Rawat, V., Sharma, K., and Jain, S. K.: Winter fog over the Indo-Gangetic
Plains: mapping and modelling using remote sensing and GIS, Natural Hazards, 58, 199-220,
10.1007/s11069-010-9660-0, 2011.

Shafer, M. M., Hemming, J. D. C., Antkiewicz, D. S., and Schauer, J. J.: Oxidative potential of size-
fractionated atmospheric aerosol in urban and rural sites across Europe, Faraday Discussions, 189, 381-405,
10.1039/c5fd00196j, 2016.

Shirmohammadi, F., Wang, D. B., Hasheminassab, S., Verma, V., Schauer, J. J., Shafer, M. M., and Sioutas,
C.: Oxidative potential of on-road fine particulate matter (PM2.5) measured on major freeways of Los
Angeles, CA, and a 10-year comparison with earlier roadside studies, Atmospheric Environment, 148, 102-
114, 10.1016/j.atmosenv.2016.10.042, 2017.

Sioutas, C., Delfino, R. J., and Singh, M.: Exposure assessment for atmospheric ultrafine particles (UFPs) and
implications in epidemiologic research, Environmental Health Perspectives, 113, 947-955,
10.1289/ehp.7939, 2005.

Sowlat, M. H., Hasheminassab, S., and Sioutas, C.: Source apportionment of ambient particle number
concentrations in central Los Angeles using positive matrix factorization (PMF), Atmospheric Chemistry and
Physics, 16, 4849-4866, 10.5194/acp-16-4849-2016, 2016.

Vautard, R., Yiou, P., and van Oldenborgh, G. J.: Decline of fog, mist and haze in Europe over the past 30
years, Nature Geoscience, 2, 115-119, 10.1038/ngeo414, 2009.

Verma, V., Rico-Martinez, R., Kotra, N., King, L., Liu, J., Snell, T. W., and Weber, R. J.: Contribution of Water-
Soluble and Insoluble Components and Their Hydrophobic/Hydrophilic Subfractions to the Reactive Oxygen
Species-Generating Potential of Fine Ambient Aerosols, Environmental Science & Technology, 46, 11384-
11392, 10.1021/es302484r, 2012a.

Verma, V., Rico-Martinez, R., Kotra, N., King, L., Liu, J. M., Snell, T. W., and Weber, R. J.: Contribution of
Water-Soluble and Insoluble Components and Their Hydrophobic/Hydrophilic Subfractions to the Reactive

14



10

15

20

Oxygen Species-Generating Potential of Fine Ambient Aerosols, Environmental Science & Technology, 46,
11384-11392, 10.1021/es302484r, 2012b.

Wang, D. B., Sowlat, M. H., Shafer, M. M., Schauer, J. J., and Sioutas, C.: Development and evaluation of a
novel monitor for online measurement of iron, manganese, and chromium in ambient particulate matter
(PM), Science of the Total Environment, 565, 123-131, 10.1016/j.scitotenv.2016.04.164, 2016.

WHO: The world health report 2007 - A safer future: global public health security in the 21st century,
Geneva, 2007.

WHO: Research for universal health coverage: World health report 2013, Geneva 2013.

Wittkopp, S., Staimer, N., Tjoa, T., Gillen, D., Daher, N., Shafer, M., Schauer, J. J., Sioutas, C., and Delfino, R.
J.: Mitochondrial Genetic Background Modifies the Relationship between Traffic-Related Air Pollution
Exposure and Systemic Biomarkers of Inflammation, Plos One, 8, 10.1371/journal.pone.0064444, 2013.
Zhang, Q., Jimenez, J. L., Canagaratna, M. R, Allan, J. D., Coe, H., Ulbrich, I., Alfarra, M. R., Takami, A,
Middlebrook, A. M., Sun, Y. L., Dzepina, K., Dunlea, E., Docherty, K., DeCarlo, P. F., Salcedo, D., Onasch, T.,
Jayne, J. T., Miyoshi, T., Shimono, A., Hatakeyama, S., Takegawa, N., Kondo, Y., Schneider, J., Drewnick, F.,
Borrmann, S., Weimer, S., Demerjian, K., Williams, P., Bower, K., Bahreini, R., Cottrell, L., Griffin, R. J.,
Rautiainen, J., Sun, J. Y., Zhang, Y. M., and Worsnop, D. R.: Ubiquity and dominance of oxygenated species
in organic aerosols in anthropogenically-influenced Northern Hemisphere midlatitudes, Geophysical
Research Letters, 34, 10.1029/2007gl029979, 2007.

Zhang, Y. X., Schauer, J. J., Shafer, M. M., Hannigan, M. P., and Dutton, S. J.: Source apportionment of in
vitro reactive oxygen species bioassay activity from atmospheric particulate matter, Environmental Science
& Technology, 42, 7502-7509, 10.1021/es800126y, 2008.

15



120 6000
a) b) —
—100 L =
mE100 5000 =
[=11]
< 501 L 4000 E
E .
e 5
gsg_ - 3000 ©
% s
2 40 - L 2000 &
S =2
o 73]
20 - - 1000 &
o
0 - )
1 1 [+T4] 1 1 [=T1]
= = o) 2 = o)
SgBe & Egag °
o = * o s ¥
o o

9 0.30

g ¢ d)

: L 0.25
o =
E 6 L 020 &
E [=11]

=
I 5 S
= L 0.15
O 4 4 =2
2 g
z 3 - 0.10 O

2 =

) L 0.05

0 - L 0.00

1 1 [+T4] 1 1 [+T4]
= £ o = =t o
SgEe ¢ fgme
E-I: :.g z; Cg
a = v a = v

o o

Figure 1: Per-volume (MicrogramZymosan/m?3 air) (a) and per-mass (MicrogramZymosan/mg PM) (b) ROS
activity of the fog water and aerosol samples collected in the Po Valley in fall 2015. The results pertain to
parallel aerosol and fog samples. The values for aerosol samples are based on the unfiltered ROS analysis
protocol. Bars represent geometric means and error bars correspond to one standard error (SD). Lower
panels (c and d): same as a) and b), but for WSOC.
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Figure 2: Per-volume (MicrogramZymosan/m? air) (a) and per-mass (MicrogramZymosan/mg PM) (b) ROS
activity of the aerosol samples collected in the Po Valley in fall 2015. The values for aerosol samples are based
on both filtered (representing the redox activity of WS components) and unfiltered (representing the redox
activity of both WS and WI components) ROS analysis protocols. Bars represent geometric means and error
bars correspond to one standard error (SD).
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Table 1 - Spearman rank correlation coefficients between per-volume concentrations of water-soluble
species as well as metals/elements in the fog water samples and the corresponding ROS levels. Correlation
coefficients which were statistically significant (at P<0.05) are highlighted in bold.

Species Corr Species  Corr
Coeff Coeff
Water-soluble components
Acetate 0.72%* cr 0.86
Dimethylamine 0.58 K* 0.93
Ethylamine 0.90 Mg** 0.90
Formate 0.75* Na* 0.89
Methansulfonate 0.89 NH4* 0.82
Methylamine 0.68* NO -0.75
Oxalate 0.52 NOs* 0.97
Trimethylamine 0.89 SO4* 0.61
Ca* 0.86 WSsOocC 0.93
Metals/Elements
Na 0.26 Ni 0.26
Mg 0.60 Cu 0.49
Al 0.49 Zn 0.60
Ca 0.49 As 0.26
Ti 0.49 Cd 0.49
Vv 0.26 Ba 0.49
Cr 0.49 Pb 0.60
Mn 0.60 Th 0.49

Fe 0.49

*Denotes statistical significance at P<0.1.

18



Table 2 - Spearman rank correlation coefficients between concentrations of the metals/elements, markers
of organic aerosol, and water-soluble (WS) components in the aerosol samples and the corresponding ROS
levels. Statistically significant (P<0.05) correlation coefficients are highlighted in bold.

Species Corr Species Corr

Coeff Coeff

Markers of organic aerosol
m/z 44 (marker of 0.43 m/z 60 (marker of 0.31
OO0AY) BBOA?)
Water-soluble components

Organic matter 0.43 K* 0.60
WsOoC 0.66 Mg** 0.62
Acetate 0.66 Na* 0.60
Formate 0.66 NH,* 0.31
Methansulfonate 0.83 NOs 0.66
Oxalate 0.83 SO4* 0.66
ol 0.66

Elements/metals
Na 0.54 Ni 0.77*
Mg 0.03 Cu 0.77*
Al -0.25 Zn 0.60
Ca 0.33 As 0.66
Ti -0.52 Cd 0.31
Vv 0.74 Ba -0.15
Cr 0.26 Pb 0.66
Mn 0.66 Th 0.14
Fe 0.77*

*Denotes statistical significance at P<0.1.
5 1 OOA: Oxygenated organic aerosol

2 BBOA: Biomass burning organic aerosol
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Table 3 - Output of multiple linear regression (MLR) analysis using ROS activity as the dependent variable and

ambient concentrations of the measured chemical species as independent variables.

Category Species  Standardized Units PartialR R P-value R?
coefficients
Fog Samples WSOC 0.97 ug Zymosan/ m? air 0.98 0.98 <0.0001 0.96
MSA 0.79 ug Zymosan/ m? air 0.94 0.016
Aerosols 0.97 0.94
Fe 0.30 pg Zymosan/ m? air 0.73 0.161
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