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Air pollution studies are still scarce in some areas in Europe like around the Adriatic Sea. Source apportionment
of the fine particulate (PMy s) organic aerosol (OA) was conducted near Rogoznica, a small touristic settlement
on the Eastern Adriatic coast of Croatia, near Lake Rogoznica (43.53° N, 15.95° E). Filter-based offline analyses
of PM by a high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) and an extractive electrospray
ionization time-of-flight mass spectrometer (EESI-TOF) were used to apportion OA to its sources. We quantified
the contributions of fresh biomass burning OA (BBOA) and three oxygenated OA (OOA), denoted as background

gf;:;a OOA (bkgOOA), summer OOA (SOOA), and sulfur-containing OOA (SC-OOA). The bkgOOA component corre-
HR-ToF-AMS lates with anthropogenically influenced secondary inorganic aerosol constituents (e.g. sulfate) and dominates OA
EESI-TOF both during the warm and cold seasons (44%). It exhibits characteristics of regional SOA and there are in-
SOOA dications that during the warm season SOA from wildfires could be a substantial contributor. EESI-TOF mea-
BBOA surements of the levoglucosan related ion showed a high correlation with the BBOA factor. Secondary OA has a

similar molecular composition during the cold and warm seasons — in line with the large contribution of bkgOOA
throughout the investigated seasons. SOOA comprises 19% of total OA and increases exponentially with the local
temperature, consistent with SOA production by oxidation of biogenic emissions. In addition to biogenic pre-
cursors, other precursors (alkanes and aromatic) may contribute to the OOA enhancement during the warm
season. SC-OOA is a minor contributor to OA (6%) and is most likely linked to emissions from a close-by marine
lake.

1. Introduction

Atmospheric aerosols strongly affect human health and Earth’s
climate, causing an estimated 3.3 million annual premature deaths
worldwide and comprising the largest source of uncertainty in global
radiative forcing estimates (Burnett et al., 2018; IPCC, 2021; WHO,
2018). It is generally accepted that any increase in total particulate
matter (PM) is going to increase mortality rates, but different sources
will contribute to this increase in different amounts. Total PM has been
linked to health problems by epidemiological studies (Dockery et al.,
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1992, 1993), and more recent work indicates that aerosol health effects
could strongly depend on the composition of PM, of which organic
aerosol (OA), especially secondary organic aerosol (SOA), is an impor-
tant constituent (Daellenbach et al., 2020). Up to 90% of the share of the
atmospheric fine suspended particulate matter (particulate matter with
an aerodynamic diameter smaller than 1 pm, PM;) is OA (Jimenez et al.,
2009). Because OA composition and concentration are governed by
source emissions and subsequent atmospheric processing, OA source
apportionment is of high importance in developing air quality standards
and in policy making. In the past two decades, new instrumentation,
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such as the aerosol mass spectrometer (AMS) and the extractive elec-
trospray ionization time-of-flight mass spectrometer (EESI-TOF,
applying a soft ionization method), have allowed a deeper insight in the
chemical composition of aerosol PM. Source apportionment analyses
relying on positive matrix factorization (PMF) have greatly improved
the identification of the sources of OA. PMF is a bilinear receptor model
that is able to separate complex sets of data into positive sources con-
centration time series and their corresponding constant chemical
composition. When applied to OA mass spectra, PMF is typically able to
separate the OA mix into primary (POA) sources characterized by low
oxidation levels, e.g., hydrocarbon-like OA (HOA) or biomass burning
OA (BBOA), and SOA types characterized by higher oxidation levels due
to their longer presence in the atmospheric oxidative environment. PMF
was first applied to offline marker data (Jaeckels et al., 2007), and later
used for online OA mass spectral data (Lanz et al., 2007), and finally
applied to offline OA mass spectra (Bozzetti et al., 2016, 2017a, 2017b;
Daellenbach et al., 2017, 2020; Qi et al., 2020; Srivastava et al., 2021;
Vlachou et al., 2018, 2019). The offline method consists in the mea-
surements of filter extracts after filter sample collection in the field.

Eastern Adriatic coastal sites are known to be influenced by long-
range transport of continental emissions from the highly polluted
Southeastern Europe region (De Pieri et al., 2014; Huremovic et al.,
2020; Kanakidou et al., 2011; Pehnec et al., 2020; Skarek et al., 2007;
Stanic et al., 2012; Talic et al., 2018; Tursic et al., 2006), as well as by
local sources such as ship emissions (Merico et al., 2016), and open-fire
episodes typical of the Mediterranean coastal area (Cvitesi¢ Kusan et al.,
2020). Airborne aerosol mass spectrometer measurements over the
northern Adriatic Sea (Crosier et al., 2007; Highwood et al., 2007)
showed that much of the aerosol is secondary, with nitrate and ammonia
predominantly coming from the large sources in the Po Valley, and
sulfate (mostly as ammonium sulfate) and organic aerosol from the air
masses from the east. With the exception of the Northern part (e.g.
Gregoris et al. (2021); Mifka et al. (2021)), to our knowledge, no
detailed source apportionment of the OA fraction has been conducted
for locations at the Eastern Adriatic coastal area. We need to emphasize
that the Mediterranean region is one of the most susceptible areas to
climate change (Chenoweth et al., 2011; Garcia-Ruiz et al., 2011; Giorgi
and Lionello, 2008; Lelieveld et al., 2002, 2012; Sanchez-Gomez et al.,
2009) and therefore providing anchors to fine scale climate models is of
great importance, as well as increasing the number of sampling sites to
improve the spatial resolution of the measurements.

Thus, this work is focused on identifying and quantifying the OA
sources at a coastal Adriatic location in Croatia. We make use of a
recently developed framework for off-line analysis of PM collected on
filter samples (Daellenbach et al., 2016). Chemical characterization of
the organic aerosol is obtained by the high resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS) (DeCarlo et al., 2006), sup-
ported by EESI-TOF (Lopez-Hilfiker et al., 2019; Qi et al., 2019; Stefe-
nelli et al., 2019). Chemical composition data on the same filter set
already performed previously (Cvitesi¢c Kusan et al., 2020) were also
used in support of source apportionment analysis by PMF.

2. Methods
2.1. Study location

The study site was on the shore of the marine lake Rogoznica, also
known as Dragon’s Eye lake, located on the Gradina Peninsula near the
small touristic settlement of Rogoznica (43°31'52“N 15°57'34"E,
around 1600 inhabitants), about 30 km south of Sibenik (34 000 in-
habitants) and 40 km west of Split (178 000 inhabitants) on the middle
Adriatic coast in Croatia, and in the area of the yacht club Marina Frapa.
This central Adriatic marine region is taken as a relatively clean area
(Cvitesi¢ Kusan et al., 2020), with measured values of airborne PMj 5 up
to 10-12 pg/m3 on average. The location is characterized by fields in the
karst landscape and Mediterranean vegetation, with tourism and
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mariculture activities. Mountains are located to the north and northeast.
Summers are arid, as is typical for the Mediterranean region, and thus
prone to wildfires. The Rogoznica lake is enriched with sulfur com-
pounds. During water stratification, low concentrations of organosulfur
compounds are present in the surface oxic layer (up to 20 nM), while
sulfide is accumulating in the anoxic bottom layer. During lake mixing
sulfide from the anoxic layer reaches the surface where it is rapidly
partly oxidized (mainly to S°) and some part is further lost into the at-
mosphere. The effect of this process is already recorded by the presence
of sulfide-like compounds in PM collected in autumn of 2016 (Cvitesi¢
Kusan et al., 2019).

2.2. Particulate matter filter collection

PM,s was collected seasonally between 8 April 2015 and 5
December 2016 by a low volume sequential sampler (SEQ47/50, Sven
Leckel, Ingenieurbiiro GmbH, Germany) using pre-combusted (at 450 °C
for 4 h) glass-fiber filters (Whatman, Grade GF/F, d = 47 mm). The
sampler utilized a flow rate of 2.3 m3/h over a 48 h collection period for
each filter. Filter samples were placed in Petri slides and stored at —20
°C. Field blank (FB) filters were processed the same way as the collected
samples. A total of 168 filters were processed for measurements, as well
as 8 FB filters. Because of EESI-TOF instability and the corruption of one
raw data file, a total of 147 filters and 6 FB filters were measured by both
HR-ToF-AMS and EESI-TOF.

2.3. Chemical analyses and instrumentation

The off-line measurement and analysis procedure was based on the
analytical framework developed for the HR-ToF-AMS by Daellenbach
etal. (2016) and adapted for the EESI-TOF by Qi et al. (2020), and only a
brief description is provided here. A punch of filter area 3.14 cm? was
submerged in 10 mL of ultra-pure water (Milli-Q®, 18.2 MQ cm at 25 °C,
total organic carbon, TOC <5 ppb, Merck), sonicated at 30 °C for 20 min
and then vortexed for 60 s. The extract was filtered through a nylon
membrane with 0.22 pm pores (Infochroma AG, Yeti HPLC filters, 13
mm diameter) in order to remove the residual material of the filter and
larger insoluble particles to avoid clogging the nebulizer or mass spec-
trometer inlets during measurements. Each sample was spiked with 0.1
mL of 200 ppm solutions of isotopically-labelled ammonium sulfate
(NH4)234SO4 and ammonium nitrate NH415N03 to ensure a particle size
that was efficiently transmitted through the AMS’ aerodynamic lens,
independent of the concentration in the extract, and to monitor the
HR-ToF-AMS performance. In addition, the ratio of OA/ 15N03 was used
to estimate the water soluble organic aerosol (WSOA) concentration
corresponding to the HR-ToF-AMS measurements (see section 2.4) for 6
filters and 6 FB filters missing WSOC measurements. The labelled
ammonium sulfate was not used for data analysis. These samples were
then nebulized using argon gas (99.999% purity) and passed through an
APEX Q nebulizer (Elemental Scientific Inc.) (Bozzetti et al., 2016;
Daellenbach et al., 2016; Qi et al., 2020). Each filter extract was nebu-
lized for 480 s, and preceded by a measurement of ultra-pure water
(blank) for 720 s to which it is associated. The flux of argon (1.2 L/min)
containing the nebulized sample was bifurcated, part of it (0.1 L/min)
going to the AMS, and most of the remaining (1 L/min) to the EESI-TOF
inlet. Excess flow was discarded just before entering the EESI-TOF. A
Nafion™ dryer (Perma Pure™) was placed in front of the bifurcation to
maintain the relative humidity in the sampled flow below ~40%, which
reduces aerosol water content and protects the instruments from
excessive water inflow.

The HR-ToF-AMS focuses the nebulized and dried particles through
an aerodynamic lens and introduces the resulting particle beam into a
high vacuum chamber. Once inside, the particles impact on a surface
heated to 600 °C (10_7 torr) to vaporize all non-refractory constituents.
The resulting gaseous molecules are ionized by electron ionization (70
eV). This provides quantitative aerosol mass spectra but also extensive
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thermal decomposition and ionization-induced fragmentation, leading
to a substantial loss in chemical information. Small packets of ions,
triggered by an intermittent starter electric field, enter the time-of-flight
mass spectrometer. An in-depth description of the operating principles
of the HR-ToF-AMS can be found in Canagaratna et al. (2007). One
recorded spectrum represents a 36.5 s average.

The EESI-TOF consists of an extractive electrospray ionization (EESI)
inlet coupled to a time-of-flight mass spectrometer, and has been
described in detail elsewhere (Lopez-Hilfiker et al., 2019). The aerosol is
first passed through a denuder to eliminate the gaseous fraction. The
EESI inlet intersects the aerosol particles with a charged spray of 1:1
water:acetonitrile (ACN) (HPLC grade, >99.9% purity, Sigma-Aldrich,
St. Louis, USA), doped with 100 ppm of sodium iodide (Nal), resulting
in extraction and ionization of the detectable fraction (i.e., soluble and
ionizable compounds). Sodium iodide suppresses unwanted ionization
pathways and simplifies spectral interpretation by ensuring ions are
predominantly detected as [M]Na™ (7% of the ions are still detected as
[M]H", making up an average of 17.8% of the total raw signal). The
droplets enter the vacuum region through a heated inlet (~270 °C).
Because the residence time is very short (a few ps), the effective tem-
perature experienced by the droplets is much lower than the inlet tem-
perature, and no thermal decomposition is observed. The combination
of gentle heating and vacuum causes water evaporation from the
droplets, leading to ejection of unfragmented molecular ions, mainly as
clusters with Na™. These cluster ions are detected by a time-of-flight
mass spectrometer operating in positive ion mode. One recorded spec-
trum represents a 32.5 s average.

Additional measurements performed on the filters include the
following. PM; 5 mass was measured with a Mettler Toledo XP205DR
microbalance. The filters were weighed before and after sampling at the
same temperature (20 + 1 °C) and relative humidity (50 + 5%). Ion
chromatography analyses were performed with a Dionex ICS 3000
equipped with a conductivity detector. A precolumn (Dionex IonPac
AG11-HC, 4 x 50 mm) and an analytical column (Dionex IonPac AS11-
HC, 4 x 250 mm) were used to separate and quantify 12 anions in the
following order: fluoride (F7), lactate (C3HsO3 ), acetate (CoH50%7),
formate (CHO, ), methanesulfonate (CH3SO3~, MS™), chloride (Cl™),
nitrate (NOs3 ), malate (C4H4O52’), maleate (C4H2042’), sulfate
(5042’), oxalate (C2042’), and phosphate (P043’). The cations sodium
(Na"), ammonium (NH4"), and potassium (K") were measured on a
Thermo Separation Products ion chromatograph equipped with a Sho-
dex CD-5 conductivity detector, using a Dionex IonPac CG/CS12A pre-
column (4 x 50 mm) and column (4 x 250 mm). Analyses of water-
soluble ions were performed previously on each filter sample and de-
tails can be found in Cvitesic Kusan et al. (2020). Water soluble organic
carbon (WSOC, extracts prepared analogously to the ones used for off-
line AMS analyses — 2.4) was determined by high-temperature catalytic
oxidation (HTCO) method by a TOC-V¢py analyzer with a non-dispersive
infrared (NDIR) detector for CO5 (Shimadzu, Japan), and total organic
carbon (OC) was analyzed with a solid sample module (SSM-5000A)
associated with a TOC-V¢yp analyzer. These measurements were used in
support of the OA source apportionment analysis conducted in this
study.

2.4. Offline AMS analysis

The analysis of the AMS dataset is based on the method developed by
Daellenbach et al. (2016). Data analysis started with raw AMS data
processed through SQUIRREL (SeQUential Igor data RetRiEvaL v. 1.63;
D. Sueper, University of Colorado, Boulder, CO, USA) and PIKA (Peak
Integration and Key Analysis v. 1.23) to obtain mass spectra of identified
ions over the m/z range 12-120. The PIKA software outputs the raw data
matrix M with elements m;}", and the single-ion error time series §;
which accounts for electronic noise and ion-to-ion variability at the
detector, where i is the instrument time index and j the ion index. 309
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organic ions were detected and exported by PIKA. M™” and §; were used
to calculate the final offline data matrix M/ with elements mf'l g i"E, and

the corresponding error matrix E#¥" composed of elements a;gh"e. The
index a runs over the Npy,s = 153 filters considered, among which are
the 6 field blanks (FB). To each filter « corresponds a number Ny, 0f
mass spectra of filter-sample (denoted with indices ieFilter,) and a
number Npjqni, of preceding water-blank measurements (denoted with
indices ieBlank,). The WSOA spectra of the collected particles, i.e., the
rows of matrix M were determined as

raw raw
Zieﬂ‘h‘er‘, m;; ZiéBlank(, m;;

leﬁm :S([;[/{mr,, _ Sg[;mk,, — J o (1)
: A Nriter, Nbiank,

where each S,; corresponds to the average of elements m{$" over the
corresponding subset of measurements. The error associated with each
ion signal was determined by first calculating the standard deviation of
the previously obtained averages, namely

2
raw __ QFiltery
ZIEF[lleru (mij Saj )

O_ﬂl(er _ (2)
“ Nritter, — 1
for the filter, and
y Blank, 2
Dok ZiEBlanku (m{j“ - Su.j ")
0-(1./' = (3)
i Naiang, — 1

for the blank. Whenever the error was smaller than the minimum error
84j accounting for the duty cycle correction, the minimum error was
used as error. The total error associated to filter related ions is thus
obtained as

e{;’gar — max (6}:]{'[}"7 U):Z;cr) . (6)
Similarly, the total error associated to blank-related ions is expressed
as
blank blank blank
€,;" =max (éa_j » Oy ) @)
The error associated to m{f_'}”l is thus calculated as
oOffine _ (efil{er)z + (eblan)z )
ay ay ay :
The mean signal to noise ratio of each ion SNR; was calculated as
Z ma{ﬂinﬂ o_oj??iue
SNRJ — tl( ay / ay ) (9)

N Filters

All ions with SNR; < 0.2 were not considered, leaving 206 ions in
M/ The error 62" is linearly increased for ions with 0.2 < SNR; < 2,
starting from a scaling factor of 1 at SNR; = 2 to a scaling factor of 10 at
SNRj = 0.2.

The CO," peak and the related peaks of CO*, H,0", HO', and O
were corrected using pure ammonium nitrate measurements by adapt-
ing the AMS fragmentation table as proposed by Pieber et al. (2016) and
Daellenbach et al. (2017). Equation (10) was used to correct the
measured CO,™ to the real estimate.

COZ,mea:

COzpeat = COzmeas —
Zreat > (N03 meas

) NOs e (10)
NHyNO3 pure

Because H,0", HO", and O" are not directly measured but rather
calculated as a constant fraction of CO, " signal, the uncertainties of all
four ions were increased by a factor 2 (i.e. v/4), to avoid overweighting
the CO," time series. Note that unlike for PMF analyses of online AMS
data, it is not necessary to include CO™" in this correction, as the use of Ar
as a carrier gas circumvents the interference with No* that prevents
direct measurement of CO™ in a conventional operation mode (Bozzetti
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etal., 2017b). The organic AMS spectra were then scaled to WSOA using
the WSOC measurement and the organic aerosol to organic carbon ratio
(OA/0C) calculated from each spectrum using the Igor analysis kit APES
(Analytical Procedure for Elemental Separation, Aiken et al. (2008), for
consistency using the fragmentation table for H,0™, HO™, O™, CO™).
Assuming that 15N03 and NO3 have the same ionization efficiency,
the estimated nitrate concentration in the air during sampling can be
expressed as
1

N ] A
O3ams mass(15N03) A—F v an

NOs esiimare = 5
N OS,AMS p

where mass( 15N03) is the mass of labelled nitrate added to each sample
before the analysis, NO3 aus is the sum of the AMS-detected frequencies of
NO; related ions (N*, NOt, NO"), °NO3 ans is the sum of the AMS-
detected frequencies of 15N03 related ions (15N+, 15NO+, 15N02+), Aris
the area of the filter that collected the aerosol, A, is the punched area of
the filter used for the measurement, and V is the volume of air passed
through the filter during collection. NO3ams and 15N03, AMS were
calculated summing up the mentioned ions. No NO3* or 1°NO3* was
used as their detected signals were negligible. Fig. S1 shows the result of
the calculations compared with measured nitrate concentrations by ion
chromatography in a log-log reference frame for a better view of all the
points ranging over multiple orders of magnitude, but mainly concen-
trated in the lower left side of the plot. The slope of the linear fit is 1.05
+ 0.04, very close to 1 as expected.

Assuming an AMS-measured quantity M is quantitatively collected
by the filters (e.g., M does not volatilize or react on the filter surface) and
is fully extracted, M can be estimated by substituting NO3 ams with M/
RIE); in Equation (11), where RIE), is the relative ionization efficiency of
species M with respect to the nitrate. This method was used to estimate
the WSOC concentrations for the 6 FB filters and 6 filters that were not
successfully analyzed by the TOC analyzer. Thus, the sum of all the AMS-
measured OA species Orgs was used to find the WSOC estimate through
the formula

Ap 1

Orgs 1
BNO; aus A,V

RIE,, (OA /o C)

WSOC esiimare = (1 2)

where RIEq, is assumed to be 1.4 (Canagaratna et al., 2007). In order to
confirm the validity of the procedure, WSOCegtimate Values were calcu-
lated for all filters. Fig. 1 shows the scatter plot between WSOC con-
centrations determined through this procedure and the measurements of

+ filters
—— linear fit: WSOC=0.85(0.05) WSOCroc+0.4(£0.01)|  +

WSOC estimate (ug m® )

I I I I I 1
0 1 2 3 4 5

WSOC from TOC analyzer (ug m”)

Fig. 1. Scatter plot of the WSOC concentrations estimated based on the AMS
analyses using '°NO; as an internal standard and the WSOC concentrations
measured by a TOC analyzer.
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WSOC from the TOC analyzer, as well as the related linear fit. The
AMS-WSOC estimate is lower than the concentrations determined by the
TOC analyzer (fit slope of 0.85 + 0.05, 3¢ deviation from the expected
result of 1). The estimated WSOC missing values were thus scaled with
the inverse of the linear fit to correct for the bias. The final WSOA
spectra was obtained by scaling the spectra to WSOA (product of WSOC
and OA/OC) and then subtracting from each filter spectrum the average
spectrum of the WSOA field blank filters (and the resulting uncertainty
propagated to the error matrix used for PMF input).

2.5. Offline EESI-TOF analysis

EESI-TOF raw data were first processed using the software Tofware
(TOFWERK AG) to obtain the integrated matrix I'™ of signal spectra
(974 ions fitted over the m/z range 110-400) with a time resolution of
32.5s, with elements I[*, and minimum error time series EESI-TOF5. The

process to obtain the final data matrix I (with elements Igf;f.li"e), as

well as the corresponding error matrix E'°#" (with elements afl‘gfﬂ ney,

follows the same procedure used for the AMS measurements in Section
2.3 (Equation (1) through Equation (8)).

Unlike the AMS, the EESI-TOF spectra were not normalized before
scaling by WSOC. This is because normalization assumes that the total
measured mass is proportional to the real concentration of the aerosol in
the atmosphere; that is, all measured ions are detected with the same
sensitivity. Such an assumption is not valid for the EESI-TOF, because
the effective sensitivity of the EESI-TOF depends on the molecular
identity and no generally applicable parameterization exists (Lopez--
Hilfiker et al., 2019; Wang et al., 2021). Thus, the calculation to obtain
the specific mass flux (SMF) to the EESI-TOF detector was carried out as

aj ocC

AMS
average, | WSOC,- (%)

where M5 (OA/0C), is the organic aerosol to organic carbon ratio of
filter a as found in the AMS measurements, MW,; is the mass weight of
ion j (excluding the weight of Na™ or H' in case of such clusters), and

WSOC, the water soluble organic carbon of filter a. The errors afgﬁ"e

were scaled with the same scaling factors to obtain af/;” . The spectra of

) AMS
1207 WSOC,- (%> MW,
a

SMF, ;= (13)

the four (blank-subtracted) field blank filters were then averaged and

subtracted from each filter spectrum and the error propagated, obtain-

SMF final

nal
and o, ;

J
Subsequently, the mass spectral matrix was cleaned by considering
the signal to noise ratio calculated as

ing the final matrices with elements SMF,

SMF/Ina[

EESI-TOF _ aj
SN Rm/ ~ _SMF final® (14)

aj

To retain only ions with a better SNR distribution than contaminant
ions, we used a technique based on quantile-quantile plots (Q-Q plots).
Contaminant ions are the measured ions coming from the species that
spontaneously deposited on the field blank filters without pump aid, and
are assumed to be present in all filters. The contaminant ions were
considered to be the 5% of ions with highest signal in the field blanks,
that is, with the highest avg,.rs(SM. a' j”l) (49 ions). The quantiles (from
10th to 90th in steps of 10) of all contaminant peaks’ time series com-
bined (merging all time series into a single array) were calculated and
used as a reference for comparison to other ions, as shown with a black
line in Fig. 2a. The same quantiles were calculated for the SNR time
series of each ion (examples in Fig. 2a). Linear fits were performed on
the Q-Q plots between each ion’s SNR quantiles and the reference
quantiles found for the field blanks’ contaminant ions (example shown
in Fig. 2b). In order to retain only the ions with consistently higher SNR
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a)

20—

—— quantiles of ions selected for reference]
m— reference quantiles
— quantiles of 4 ions

quantiles

d)

204 plot of 4 ions

Q-Q plot fit - slope
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® ions
® ions selected for reference
[dashed lines showing acceptance constraints|

Q-Q plot fit - intercept

ple of linear fit

SNR (quantiles of ions)

e

0.5

1.0
SNR (reference quantiles)

1.5

Fig. 2. Q-Q plot analysis. Plot (a) shows the SNR quantiles of the reference (in black), of the single contaminant ions that compose the reference (in blue), and of four
sample ions (in red). Plot (b) shows the scatter plot of the fit parameters obtained by fitting the Q-Q plot of each single ion. Plot (c) shows the Q-Q plot of the same
four sample ions in comparison to the contaminant ions reference quantiles, with an example of linear fit result. The blue points represent the contaminant ions. Only
ions on the upper right side of the dashed lines in (b) are retained for further analysis. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

for all quantiles with respect to the contaminant ions, we discarded all
ions that yielded a fit with either a slope lower than 1, or an intercept
lower than 0. Fig. 2c shows the resulting fit parameters for each ion,
where the highlighted blue markers represent the contaminant ions.

Based on this approach, 473 of the initially 974 ions were retained
for further analysis. The ions detected with the EESI-TOF were of two
kinds, either [M]Na™ (93% of total) or [MIH" (7% of total, 17.8% of the
raw signal). The ions are listed as their corresponding compounds M of
atmospheric relevance throughout the manuscript.

2.6. Source apportionment

Positive Matrix Factorization (PMF) is a bilinear receptor model with
a non-negativity constraint (Paatero, 1999) used to separate the data
matrix X into different sources. In this study, X represents the time series
of AMS OA mass spectra from filter extracts. The equation used for the
model is X = GF + E, where X is the original data matrix of dimension n
x m, n being the number of time points and m the number of ions, G is
the time-dependent contribution matrix of dimensions n x k, where k is
the parameter defining the number of factors in which to separate the
matrix X, F is the factor profile matrix of dimensions k x m, and E is the
residual error of the bilinear fit. Both F and G are constrained to have
non-negative elements. In practice, the system of equations is solved by
minimizing the quantity Q using a gradient descent optimization:

2
SIES

a, j

(15)

where e, are the elements of E, and o, are the errors associated to each
measurement. Optimization continues until a pre-set number of itera-
tions fails to yield a further decrease in Q (i.e., convergence) or the
maximum iteration count is reached (non-convergence). Here, PMF is
implemented in the multilinear engine (ME-2) (Paatero, 1999), with

model configuration and post-analysis performed in the Source Finder
(SoFi v. 6.E, Datalystica Ltd.) toolkit (Canonaco et al., 2013, 2021).

In this study, each time-point in the X matrix represents a single 48-h
filter quantified and field-blank subtracted HR-ToF-AMS spectrum ob-
tained as described at the end of Section 2.4. The number of total AMS
ions considered after SNR selection is 206. The total number of filters
considered for PMF is 147. First, preliminary runs were performed to
determine the number of factors and obtain an acceptable preliminary
solution as a base case. Second, sensitivity tests were performed to
investigate the PMF solution’s uncertainty via bootstrapping the PMF
inputs (Canonaco et al., 2013; Daellenbach et al., 2017, 2018). Finally,
recoveries from WSOA to OA were estimated to confirm the physical
acceptability of the solution and to estimate the total organic aerosol
concentration for each single factor. Details regarding the number of
factors, uncertainties assessment and recovery of water solubility values
of each factor are described in the Supplementary material.

3. Results and discussion
3.1. Recoveries

Fig. 3a shows the retrieved recoveries of all factors using the random
walk optimizer explained in the Supplementary material. The modelled
OC agrees well with the measured OC, except for a peak consisting in 5
filters sampled in the end of January 2016 (starting dates of 22., 24., 26.,
28., and 30.01.2016) which deviate from the measured OC (Fig. 3b).

3.2. OA sources

The average AMS solution from the bootstrapped inputs is presented
in Fig. 4 and Fig. 5. All the following results are based on the average
bootstrapped AMS OA source apportionment results, unless stated
otherwise. Fig. 4 displays the chemical composition (factor profiles) of
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Fig. 3. Plot (a) shows the distribution of the recovery values found at the end of each of the 1000 random walks. The distributions of Rpig00a and Rsc.ooa are
overlapping in 1 and thus impossible to distinguish. Plot (b) shows the scatter plot of the total modelled OC, obtained by correcting the WSOC for factors and FB,
against the measured OC. The two fits show the agreement between the OC values, calculated for (1) all data (all circles and dashed line) and (2) without 5 outlier
filters from January 2016 (empty circles and solid line) which do not seem to be appropriately explained by the recoveries. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

the 4 factors. In Fig. 5, the factor time series are presented alongside
meteorological observations as well as other PM constituents. In Fig. 6
scatter plots of the factor time series against temperature are shown.
Detailed comparisons between the OA sources’ temporal variability with
collocated analyses (Spearman correlation coefficient matrix) are pre-
sented in Fig. 7.

3.2.1. Primary OA

The first factor is designated as primary biomass burning OA (BBOA).
This source is characterized by high contributions of the typical markers
at m/z 60 (CoH40,™) and 73 (C3Hs0,") (Fig. 4) and overall resembles
the chemical fingerprint of BBOA from previous field and laboratory
studies as well as nebulized levoglucosan — a major constituent of fresh
wood burning emissions (Alfarra et al., 2007; Bozzetti et al., 2017a;
Bruns et al., 2016; Crippa et al., 2014; Daellenbach et al., 2017; Koste-
nidou et al., 2013; Mohr et al., 2015; Schneider et al., 2006). Although
the profile shows a high contribution from the fragment ion CO,™, its
share in the normalized bootstrapped profile is highly uncertain (0.1 +
0.1), and does therefore not contradict the interpretation of this factor
being relatively fresh and of rather local origin. In addition, the BBOA
time series correlates with that of the EESI-TOF measurement of
CeH10Os (corresponding to levoglucosan and its isomers), as shown in
Fig. 5 (Rsp = 0.87). Previous EESI-TOF studies showed this compound to
be strongly enhanced in fresh primary BBOA emissions (Qi et al., 2019;
Tong et al., 2021). BBOA relative concentrations are 2.4 times higher
during the cold period (T < 15 °C) compared to 20-25 °C average
temperatures (2.1 times enhanced as absolute concentration). BBOA
concentrations increase when temperatures fall below 17 °C, as well as
when temperature increases above 25 °C (Fig. 6a). This behavior was
attributed to the onset of biomass burning used for heating at low
temperatures, and the onset of wild and/or controlled fires during the
warm period (Cvitesi¢ Kusan et al., 2020). This is also in agreement with
the air mass transport from regions with active wildfires as indicated by
backward trajectories (Figs. S13, S14, and S15).

3.2.2. Secondary OA

Three oxygenated OA (OOA) factors were identified by distinct
chemical compositions and temporal behaviors.

Background oxygenated OA (bkgOOA) is the most oxygenated factor
retrieved (0:C = 1.1), with CO,™ contributing 25 + 6% of the total
factor mass (Fig. 4), confirming a high contribution of organic acids of
secondary origin in the analyzed samples (Cvitesi¢c Kusan et al., 2020;
Duplissy et al., 2011). The bkgOOA concentration does not show a
strong seasonal cycle and correlates with SO4%~ (Rsp = 0.55) and oxalate

(Rsp = 0.59), indicating aged and possibly long-range transported
anthropogenic SOA. The naming of the factor follows the nomenclature
of Bozzetti et al. (2017b) for regional OOA. However, during the late
summer months the concentration is enhanced, following the increase in
temperature (Fig. 6¢). This is consistent with the increase in BBOA
concentrations and might be related to SOA formation from transported
wildfire emissions (Bougiatioti et al., 2014; Kodros et al., 2020; Zhou
et al., 2017). Analysis of fire maps and back-trajectories (see Figs. S13,
S14, S15) show these to be present especially in the Ukraine region
during the warm season and even extending to autumn (ORNL, 2017), in
addition to local open-fire episodes close to the sampling site during
summer 2016 as previously described in Cvitesi¢c Kusan et al. (2020).
Worth mentioning is also the simultaneous increase of the fractions of
SO42’ and bkgOOA in PMj 5 from the cold to the warm period, with
S04%~ increasing from 15% to 26% and bkgOOA from 14% to 19% as
seen in Fig. 8.

Summer oxygenated OA (SOOA) is the least oxygenated of the OOA
factors (0:C = 0.57). Besides, the CO,™ fraction apportioned to this
factor is very uncertain (0.1 + 0.2). Fig. 6 shows that the SOOA con-
centration increases exponentially with local temperature, consistent
with previously observed biogenic SOA formation (Bozzetti et al.,
2017a; Daellenbach et al., 2017, 2019; Guenther et al., 1995; Leaitch
et al., 2011; Vlachou et al., 2018, 2019). The chemical profile of SOOA
in Fig. 4 also shows characteristics of biogenic SOA, in particular, a
prominent contribution of the peaks at m/z 82 (composed almost
entirely of CsHgO™) and m/z 53 (composed of C4Hs") consistent with
both online and offline studies of OA (Chen et al., 2015; Daellenbach
et al., 2017; Kostenidou et al., 2015; Vlachou et al., 2019; Xu et al.,
2015). We found a 3.4 fold increase of SOOA contribution to OA (2.3
fold increase in contribution to PMj 5) in the warm season as compared
to the cold season (Fig. 8), in line with the increasing local temperature
and solar radiation and thus biological activity in the sea surface layers
as well as on the continent as important natural emission source.

Sulfur-containing oxygenated OA (SC-OOA) is characterized by a
high contribution of the organosulfur fragments CHSO™ (100%) and
CH3SO5" (100%) and is highly oxygenated (O:C = 1). However, the
sensitivity analysis shows also for this factor a highly uncertain appor-
tionment of the CO5™ signal of 0.07(20.10). SC-OOA shows a time series
that is rather inconsistent and unpredictable (Fig. 5), suggesting it could
depend strongly on the air mass origin and specific events. It is also
striking that the SC-OOA is not influenced by temperature, even though
the time series of the factor shown in Fig. 5 displays higher values in the
second year of the sampling campaign. Despite of similar features, it is
improbable that SC-OOA represents non-exhaust traffic emissions as



R. Casotto et al.

Atmospheric Environment: X 13 (2022) 100159

0.12
0.10 Il
0.08
BBOA
0.06 OM:OC 2.16
0:C0.75
0.04 H:C 1.60
Sam N W
0.00 — II . I Al I, ..I|!!I||I=.....I.|.!||-' | [ .
0.10
0.08 c.
SOOA
0.06 OM:0C 1.91 gx:yo
: .57
0.04 ooz H,0;
] C,H,0,.
= 0.02 -
1 1 SN,
5 000— [118 | |I 1L ORI T N L R M T C,H,0,N
E . X z
£ 025 Y
S 020 C,S,
H,O0,
0.15 bkgOOA Air
OM:0C 2.59
0.10 0:C1.10
H:C 1.30
0.05 |
0.00 —~ .II!II !III _..I IlII | Lan aninn N
0.20
SC-0O0A
0.15 OM:OC 2.55
0:C 1.01
0.10 H:C 1.38
0.05
0.00 - .||.J N _.IIIIII vl IIIIi P Y [ T IS |
||||||||||||||||||||||||||||||||||||||||||||||||||||||
20 40 60 80 100 120
m/z

Fig. 4. Factor profiles of OA sources from AMS source apportionment. The colors codify the different families of chemical species found in the legend. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

found at other locations (Daellenbach et al., 2017, 2020; Vlachou et al.,
2018) because such mechanically generated particles are predominantly
found in coarse PM, whereas here PM, 5 is measured. Although a small
portion of such traffic related PM might also fall within PMj 5, reason-
ably constant concentration of such a factor is anticipated throughout
the year and between successive years, which is inconsistent with our
data. The correlation table in Fig. 7 shows that this factor does not
correlate significantly with any of the supplemental data. It is also
noteworthy that SC-OOA does not correlate with methane sulfonic acid
(MSA) (Fig. S9g). Since MSA is formed from marine dimethylsulfide
(DMS) emissions (Crippa et al., 2013), the inconsistent temporal
behavior of the two time series suggests that SC-OOA is not directly
related to marine biogenic emissions. However, this factor also does not
correlate well with either the total PM mass, NOs ™, 5042_ — either
non-sea-salt related SO42~ or biogenic non-sea-salt related S042~
(Fig. S9). In 2016, the high SC-OOA concentrations occurred in spring
and autumn consistent with spring and autumn vertical instability of the
lake water column stratification (Cankovi¢ et al., 2020). During lake
mixing, sulfide-like compounds were detected in WSOC in a previous

study (Cvitesi¢ Kusan et al., 2019) highlighting the strong presence of
atmospheric sulfur in line with high SC-OOA concentrations. In 2015 the
Rogoznica lake was more strongly stratified than in 2016 (unpublished
data, MARRES project), in line with higher emissions during 2016
(Cvitesic Kusan et al., 2019). Therefore, we hypothesize that emissions
from the Rogoznica Lake - up to 5 m from the sampling location - could
be one of the main source of SC-OOA. However, the possible long-range
transport of SO, forming organosulfates cannot be completely ignored
either.

3.3. Source contributions to OA and PM

For further interpretation we separated the obtained data into warm
and cold periods, respectively defined as 48-h average temperatures
during sampling above or below 15 °C (warm: 100 filters, cold 43
filters).

The pie charts in Fig. 8a and b shows the relative PM composition
during the cold and warm periods. Secondary inorganic aerosol (SIA) in
summer is largely composed of S042~, comprising 26% of the measured
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aerosol concentration, while the cold period exhibits an equal contri-
bution of 5042’ and NOj™ of around 15%. High NO3~ contribution in
cold-period samples can be attributed to combustion sources, and are
further enhanced by increased partitioning of ammonium nitrate to the
particle phase during the cold period due to the lower temperatures. On
the other hand, SO4%~ is due to enhanced photooxidation in the case of
warm-period samples. The contributions of the other inorganic aerosol
constituents do not change substantially, the second biggest

contribution being that of sodium, typical of a coastal location.

OA contributes roughly 40% to PM5 5 during both the warm and cold
periods, but the contributions of OA sources vary seasonally. The cold
period is characterized by a higher contribution of BBOA to total OA
(53%, 22% to PM) than during the warm period (30%, 9% to PM), which
is consistent with higher NO3~ contribution. It is thus plausible that
during winter/in colder days BBOA is related to residential heating and/
or open fires (e.g. agricultural waste). However, during summer/on
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warmer days wildfires may play the major role, since in the coastal re-
gion waste burning is forbidden in this time of a year. The overall biggest
contributor to organic aerosol is bkgOOA, comprising 44% of the OA
and 18% of the PM mass throughout the year, with a slightly higher
contribution to OA in the warm period (48%, 19% to PM) than in the
cold period (44%, 14% to PM). In Crete, i.e. further south in the eastern
Mediterranean, a highly oxygenated aerosol similar to the bkgOOA
factor was dominating the total aerosol at that site (Hildebrandt et al.,
2010). In contrast to Crete, other organic fractions are important as well
at the coast of Croatia. SOOA is only a minor contributor to OA during
the cold period (7%, 3% to PM) but a major contributor during the warm
period (24%, 8% to PM), consistent with increased emissions of biogenic
SOA precursors at higher temperatures. SC-OOA is a minor contributor
to OA (6%, 2% to PM) both during the warm and cold seasons. In fact,
SC-OO0A is not influenced by the season, without a clear dependence on
the temperature. Generally, aged OOA/SOA found in the Mediterranean

Atmospheric Environment: X 13 (2022) 100159

dominates the OA, e.g., Bozzetti et al. (2017a) found a 55% contribution
of OOA to OA in Marseille, France, during the summer and Kostenidou
et al. (2015) found a 65% contribution of OOA to OA in Patras and
Athens, Greece, during the summer. The total OOA contribution to OA
found in this work was 77% during the warm period.

The bar plots in Fig. 8c and d display the OA fractional contributions
of the retrieved OA factors during the cold and warm periods, respec-
tively, as a function of the total OA mass. During the cold period,
increasing OA levels correspond to the increasing fraction of BBOA,
which shows the big influence the local biomass burning from residen-
tial heating has on the OA concentration during winter. The warm
period is instead characterized by a stable fraction of BBOA as well as an
increasing fraction of SOOA with increasing OA concentration in the
atmosphere, pointing to SOOA being a major driver of OA pollution in
summer.
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Fig. 9. Atomic H:C ratio as a function of O:C ratio (van Krevelen diagrams). Plots (a) and (b) show all compounds with symbol size depending on the (a) average SMF
during cold period (SMFco;p) and (b) average SMF during warm period (SMFyarm) compared to the maximum of the respective period. Van Krevelen diagrams
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3.4. EESI measurements — molecular composition by season

Fig. 9 presents the EESI-TOF measurement of OA composition during
the cold (Fig. 9a-c-e) and warm periods (Fig. 9b-d-f) as plots of H:C
versus O:C (van Krevelen diagrams). Fig. 9a—f displays the compounds
grouped and colored by molecular formula. The compounds’ symbols
are sized proportionally to the average specific mass flux SMF defined in
Equation (13), during the cold period SMFcorp (Fig. 9a) and during the
warm period SMFyagry (Fig. 9b) normalized to the highest SMF value
among the ones displayed in the respective plot. CgH1505 is the most
abundant compound both during the warm and cold season. While this
compound was found in a factor that was tentatively related to diverse
sources (e.g. cooking, plastic burning, Qi et al. (2019)), we cannot
exclude it as a contaminant (e.g. tetraethylene glycol) even if the com-
pound was detected at much higher rates for samples than field blanks.
For caution, this ion was removed for further analysis and is not dis-
played in Fig. 9. Fig. 9¢ and d help visualizing which compounds are
enhanced more than two-fold with respect to the opposite period, as
calculated in Equations (19) and (20).

_ SMFcorp

Re: = > 2 19
© T SMFyaru
SMFWARM

= > 2 20

YT SMFeow 20

Seasonally enhanced compounds are shown as numbers (denoting
carbon number), and the sizing of the carbon number is proportional to
SMFcorp and SMFyary of the respective compound, normalized to the
highest SMF value among the ones displayed in the respective plot.
Fig. 9c and d also display the compounds with R¢ and Ry, respectively,
between 1 and 2, i.e. compounds that only exhibit a moderate seasonal
variability. These are also shown together (with their carbon number) in
Fig. 9e and f for better viewing, sized with the same ratio as in Fig. 9a
and b.

In general, the molecular composition during the cold and warm
period is strikingly similar (Fig. 9a and b), with only a few compounds
exhibiting R¢ > 2 or Ry > 2 (Fig. 9¢c and d). Thus the bulk SOA appears
to have a similar composition during the warm and cold period. This is
consistent with the high contribution of bkgOOA to OA and SOA during
both periods (warm: 48% of OA and 62% of SOA, cold: 34% of OA and
72% of SOA). Most of the low concentration compounds in the C10-C18
range exhibit similar concentration ratios with the high concentration
compounds in both periods, hinting to the fact that these compose the
bulk of the bkgOOA factor. An exception is found for a few compounds
in the range of C13-C20, H:C = 1-1.5, and O:C = 0.2-0.6 which in the
cold period have a higher concentration with respect to the other
seasonally independent compounds.

Fig. 9c shows that during the cold period Ce¢H;9Os (presumably
mostly levoglucosan) is the only compound with R¢ > 2 as well as a high
SMF of 7.8 ag/s (for comparison, the highest SMF among compounds
with Ry > 2 is 8.7 ag/s). This is in line with the 2.4 times higher BBOA
concentration during the cold compared to the warm period in relative
terms. The only other compound satisfying R¢ > 2 condition is CoH7NO,
which however does not have a high SMF and is thus not a major
contributor to (S)OA mass. During the warm period there are consid-
erably more compounds with Ry > 2 (38 out of the 377 compounds
with higher concentration in the warm period, Table S4), with three
subgroups of particular interest. The first subgroup contains compounds
with carbon numbers from 5 to 10, with an O:C ratio around 0.5, and an
H:C ratio around 1.5 (e.g. CyH;004, CgH1204, CoH1205, CoH1405). These
molecular formulas are consistent with those of previously reported
monoterpene oxidation products (Claeys et al., 2013; Mutzel et al.,
2016; Ye et al., 2018), for example terebic acid (C;H;¢H,), and norpinic
and/or terpenylic acids (CgH1204), and consistent with the major ions in
the biogenic SOA profiles resolved from recent online and offline
EESI-TOF studies in Zurich, Switzerland (C;H1904, CyH190s, CoH140s,
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CoH1205) (Stefenelli et al., 2019; Qi et al., 2019, 2020). In addition,
CsH1204 can be associated with the major biogenic SOA products of
2-methyltetrols (2-methylthreitol and 2-methylerythritol) derived from
(Claeys et al., 2004). The second subgroup consists of compounds with
an O:C ratio close to 0.3 and an H:C ratio close to 1.7. It includes
compounds with higher carbon number, such as Cj4H220s, C14H2204,
C1s5H604, Ci9H330s, and Cy4HsNOs. These C14-C15 formulas
(C14H2204, C14H220s, C14HogOs) are tentatively identified as sesqui-
terpene oxidation products, which are still consistent with those previ-
ously identified in the biogenic SOA profile from offline EESI
measurements (Qi et al., 2020). These observations indicate common
biogenic sources (VOCs such as isoprene, monoterpenes, and sesqui-
terpenes) and potential regional transport in summer. This group also
includes compounds with higher carbon number that might be oxidized
products of alkanes, SOA precursors of anthropogenic origin, such as
traffic emissions from motor oil and diesel fuel or cooking emissions
(Calvert et al., 2008; Platt et al., 2014). The third subgroup is composed
of compounds characterized by an O:C ratio of around 0.6 and an H:C
ratio around 1 (e.g. CcHgO4, CsHgOs, CoHgOs, C10H100s, C10H1006).
Given the low H:C ratio, it is likely that these compounds originate from
aromatic precursors of anthropogenic origin, such as benzene, trime-
thylbenzene, vanillin, and naphthalene.

4. Conclusions

We successfully performed a source apportionment of the OA frac-
tion of PMj 5 samples collected during two years at a coastal site of the
Eastern Adriatic Sea (Rogoznica, Croatia). The filtered water extracts
were nebulized and measured with an aerosol mass spectrometer (HR-
ToF-AMS) and used for apportioning OA to its sources using the positive
matrix factorization (PMF) algorithm. Four factors were identified, of
which one was linked to primary aerosol (biomass burning OA, BBOA)
and three to secondary OA (summer oxygenated OA, SOOA; background
oxygenated OA, bkgOOA; and sulfur-containing oxygenated OA, SC-
OOA). BBOA is characterized by the typical markers at m/z 60
(CoH40,1) and 73 (C3Hs0,™). The time series of the factor correlates
with CgH19Os (from the EESI-ToF, Rg, = 0.87), which is likely domi-
nated by levoglucosan. During the cold period BBOA is thought to be
dominated by residential heating emissions, while the increase in BBOA
concentrations at temperatures above 25 °C is consistent with abundant
local and regional (Eastern Europe) wildfire emission. Second, SOOA is
characterized by elevated concentrations during warmer periods,
consistent with biogenic SOA formation. The bkgOOA factor is charac-
terized by a high concentration throughout the campaign, and the
highest oxygenation among the factors (O:C = 1.1). It correlates with
secondary inorganic aerosol constituents, such as SO42’ (Rsp = 0.55), as
well as with Cy0,42~ (Rsp = 0.59), suggesting that long-range transported
anthropogenic VOC emissions are an important contributor to regional
SOA. During the warm period, the bkgOOA concentration is enhanced at
higher temperatures. The increase in bkgOOA coincides with abundant
local and/or regional wildfires, suggesting that SOA from wildfire
emissions might contribute to the increase. Finally, SC-OOA is charac-
terized by a high contribution of the ions m/z 61 (CHSO™) and 79
(CH3S0, "), which fully apportion to this factor. Despite CHSO" and
CH3SO," being typically used as markers of marine biogenic SOA, the
lack of a correlation between SC-OOA and MSA suggests that SC-OOA is
not directly related to marine biogenic emissions. We hypothesize that
the most likely source of such emissions is the Rogoznica marine lake,
which emits sulfur compounds when the vertical stability of the water
column stratification is perturbed. The possible long-range transport of
SO, might also contribute to the factor to a lower degree.

Molecular characterization of the OA composition performed with a
soft-ionization EESI-TOF-MS contributed to a deeper understanding and
characterization of some of the sources. The analysis shows strong
enhancement of the biomass burning-tracer levoglucosan during the
cold period. In fact, the average concentrations of most compounds do
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not change drastically between the cold and warm periods. This is
consistent with bkgOOA as a main contributor to OA throughout the
year. Based on the molecular characterization, diverse precursor emis-
sion sources presumably contribute to bkgOOA. During the warm
period, two groups of compounds are mostly enhanced. The first group
displays the characteristics of oxidation products of biogenic mono-
terpenes (eg CgH1204, CoH1405, C7H1004, CoH1205), which is in line
with the interpretation of SOOA as biogenic SOA. The second group
could be composed of fragments of oxidized alkanes (e.g. Ci4H220s,
C14H2504, C15H2604, C19H320s5, and C14H25NOs) and oxidized aromatic
compounds (C6H504, C8H605, C9H805, C10H1005, C10H1006), presum-
ably of anthropogenic origin.

The complexity and challenges faced with finding a correct OA
source apportionment and the data presented in this work show the
importance of pursuing such projects and presenting datasets of such
non-urban and less-polluted marine environments, as they are key to
understanding the global influence of anthropogenic aerosol and their
impact on climate change, human health, and the marine environment.
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