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ABSTRACT: The effective enrichment of perfluoroalkyl acids
(PFAAs) in sea spray aerosols (SSA) demonstrated in previous
laboratory studies suggests that SSA is a potential source of PFAAs
to the atmosphere. In order to investigate the influence of SSA on
atmospheric PFAAs in the field, 48 h aerosol samples were
collected regularly between 2018 and 2020 at two Norwegian
coastal locations, Andøya and Birkenes. Significant correlations (p
< 0.05) between the SSA tracer ion, Na+, and PFAA
concentrations were observed in the samples from both locations,
with Pearson’s correlation coefficients (r) between 0.4−0.8. Such
significant correlations indicate SSA to be an important source of
atmospheric PFAAs to coastal areas. The correlations in the
samples from Andøya were observed for more PFAA species and
were generally stronger than in the samples from Birkenes, which is located further away from the coast and closer to urban areas
than Andøya. Factors such as the origin of the SSA, the distance of the sampling site to open water, and the presence of other PFAA
sources (e.g., volatile precursor compounds) can have influence on the contribution of SSA to PFAA in air at the sampling sites and
therefore affect the observed correlations between PFAAs and Na+.

KEYWORDS: per- and polyfluoroalkyl substances (PFAS), perfluoroalkyl acids (PFAAs), sea spray aerosols (SSA), coastal areas,
long-range atmospheric transport, air monitoring, Arctic, Norway

1. INTRODUCTION

Perfluoroalkyl acids (PFAAs), including perfluoroalkyl carbox-
ylic acids (PFCAs) and perfluoroalkanesulfonic acids (PFSAs),
are a group of persistent organic contaminants that have been
found worldwide in abiotic environments, biota, and
humans.1−9 Long-range atmospheric transport is considered
to substantially contribute to the ubiquitous presence of
PFAAs,3,10 especially in remote areas such as the Arctic and
Antarctic. There are three major sources of PFAAs to the
atmosphere: (1) direct emission from manufacturing sources
such as fluoropolymer plants,11,12 (2) formation in the
atmosphere via degradation from volatile precursors like
fluorotelomer alcohols (FTOHs),13,14 and (3) water-to-air
transfer via sea spray aerosol (SSA) emission.15,16

SSA is emitted at the sea surface by bubble bursting.17 When
air is entrained into seawater by breaking waves, surface active
substances such as PFAAs can be scavenged by the air−water
interface of the bubbles and transferred to the atmosphere via
SSA emission.17 Laboratory SSA simulation experiments have
demonstrated that PFAA concentrations in submicron SSA can
be 4−5 orders of magnitude higher than in the bulk water.15,18

On the basis of laboratory-derived enrichment factors (EFs)
and reported median concentrations in seawater, the estimated

fluxes of perfluorooctanoic acid (PFOA) and perfluorooctane-
sulfonic acid (PFOS) from SSA to the atmosphere were
comparable with the other two sources of atmospheric PFAAs
(i.e., direct emission from manufacturing sources and
degradation from volatile precursors),15 suggesting the
potential of SSA as an important source of PFAAs to the
atmosphere.
PFAAs can travel a great distance in the atmosphere via SSA.

For SSA particles with r80 (radius at 80% relative humidity) =
1, 2, and 5 μm, the estimated residence times with respect to
dry deposition are ∼1.5 weeks, 2.3 days, and 10 h, and the
transport distances are ∼104, 2000, and 330 km, respectively.19

The removal of SSA by wet deposition depends on the
frequency of precipitation events, which is usually several days
to a week in a marine environment.19 The modeling results by
Johansson et al. showed that the deposition of PFOA and
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PFOS to terrestrial environments via SSA transport may
impact large areas of inland Europe and not only coastal
areas.15

Despite increasing evidence that SSA may be an important
source to the atmosphere from these laboratory stud-
ies,15,16,18,20 evidence from the field remains elusive. Long-
term air monitoring between 2006 and 2014 showed
significantly higher PFOA concentrations at two Norwegian
Arctic stations, Zeppelin and Andøya, compared to the
Canadian High Arctic station of Alert.21 It was speculated
that the two Norwegian stations might receive additional
PFOA transported via SSA since they are closer to open water
(Andøya ∼1.3 km and Zeppelin ∼ 2km) than Alert (∼4 km
from the coast and the surrounding water was covered by sea
ice for most of the year).21 However, the PFOS concentrations
were not significantly different between the three Arctic
stations.21 It is hypothesized that, if SSA was an important
source of PFAAs to the atmosphere, significant correlations
between the concentrations of SSA tracer ions (e.g., Na+) and
PFAAs should be observed in aerosol samples obtained in the
marine atmosphere or at coastal locations where the
atmospheric burden of SSA is highest. Casas et al. collected
seven aerosol samples at a site located at South Bay, Livingston
Island, Antarctica, but observed no such correlation in the
samples,9 which might be due to the small sample size
collected within a relatively short time period (one month).
Atmospheric deposition samples such as surface snow have

also been used to examine the relationship between PFAAs and
SSA. Kwok et al. collected surface snow samples (n = 10)
around the coastal area of Longyearbyen, Svalbard Archipela-
go, Norway, in May 2006 and found that the concentrations of
the sea-salt component SO4

2− were significantly correlated
with perfluorohexanesulfonic acid (PFHxS) and PFOS
concentrations (r > 0.9, p < 0.0001) but not with PFCA
concentrations.22 A series of field studies have investigated
snow pit samples or ice core samples from ice caps that
represented atmospheric deposition from multiple years and
found no correlations between the concentrations of PFAAs
and SSA tracer ions.22−25 The lack of correlation may be
because SSA only contributed to a small portion of the PFAA
deposition on the high altitude ice caps. Ice core samples
represent atmospheric deposition from multiple years or
decades. Compared with annual PFAA and PFAA-precursor
emissions,26,27 the annual SSA deposition is expected to be less
variable over decades. So the changes in yearly PFAA
deposition may be mainly driven by the changes in historical
PFAA emissions rather than SSA deposition. In addition, other
factors such as melting events during a temporary warm period
can lead to uncertainty25 when using deposition samples to
examine the links between PFAAs and SSA tracer ions.
Therefore, direct field evidence is still needed to understand
the influence of SSA on PFAAs in the atmosphere.
In this study, air sampling was conducted regularly at two

Norwegian coastal sites across a two-year period in order to
obtain aerosol samples with a wide range of SSA loading. The
aim was to establish a long-term and large data set in which
PFAAs and SSA tracer ions were measured in the same
samples so that the correlations between the concentrations of
PFAAs and SSA tracer ions could be determined to help
improve our understanding of the importance of SSA as a
source of PFAAs to the atmosphere.

2. MATERIAL AND METHODS

2.1. Target Compounds. A total of 11 PFAAs were
investigated in this study, including C5−C12 PFCAs and C4,
C6, and C8 PFSAs (“Cn” indicates the total number of carbon
atoms). The PFCAs were perfluoropentanoic acid (PFPeA),
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid
(PFHpA), PFOA, perfluorononanoic acid (PFNA), perfluor-
odecanoic acid (PFDA), perfluoroundecanoic acid (PFUn-
DA), and perfluorododecanoic acid (PFDoDA) and the PFSAs
were perfluorobutanesulfonic acid (PFBS), PFHxS, and PFOS.
Details of the target compounds, analytical standards, and
reagents used can be found in Tables S1 and S2 in the
Supporting Information. Sodium (Na+) and magnesium
(Mg2+) ions were analyzed as tracers of SSA.

2.2. Aerosol Sampling. Ambient aerosol samples were
collected at two Norwegian coastal sites, Andøya (69°16′N,
16°00′E, 380 m above sea level, and ∼1.3 km to open water)
and Birkenes (58°23′N, 8°15′E, 190 m above sea level, and
∼20 km to open water), as shown in Figure S1. The sampling
at Andøya (n = 57) was carried out between April 2018 and
July 2020 with 2−3 samples taken per month. The samples
from Birkenes (n = 58) were collected at a higher frequency of
about 5−8 samples per month between April and October in
2018 and between September and December in 2019. The
samples were collected on prebaked (800 °C for 8 h) quartz
fiber filters (QFFs, φ = 150 mm, MK360, Munktell) using a
Digitel (DH77) high-volume active air sampler (HV-AAS)
operated at a flow rate of ∼500 L min−1. For each sample,
∼1500 m3 air was collected over 48 h, with a few exceptions. A
complete sample list including the start date, duration, and
sample volume is provided in Table S3.

2.3. Sample Preparation and Analysis. Prior to
extraction, a small hole (φ = 13 mm) was punched in each
QFF. The punch was stored for sodium (Na+) and magnesium
(Mg2+) analysis. The rest of the filter was used for PFAA
analysis. PFAAs were analyzed on an Acquity ultraperformance
liquid chromatography system coupled to a Xevo TQ-S
tandem mass spectrometer (UPLC/MS/MS; Waters Corp.)
based on a previously published method.28 Na+ and Mg2+ ions
were analyzed using an inductively coupled plasma-atomic
emission spectrometer (ICP-AES, Spectro CirrosCCD, Kleve,
Germany) located at the Department of Chemistry, Uppsala
University, Sweden. Details regarding the extraction of the
samples and the analysis of PFAAs can be found in the
Supporting Information.

2.4. QA/QC. Field blanks were produced routinely at
Andøya (n = 9) and Birkenes (n = 7) by loading the QFF on
the HV-AAS and exposing them to ambient air for 1 min
without turning the pump on. The field blanks were treated the
same as the samples. Two blank QFFs (prebaked at 800 °C for
8 h) were extracted as laboratory blanks and analyzed with
every 20 samples.
To check the distribution of SSA on the filters, triplicate

punches were randomly taken on 10% of the samples (n = 12)
and analyzed for sodium and magnesium. The relative standard
deviations of triplicates were generally < 5%. Therefore, it can
be assumed that SSA were evenly distributed on the filters and
the small punches were representative of the whole filters.
Details regarding the blank levels, MDLs, MQLs, IS recoveries,
and spike-recovery test can be found in Section S2 and Table
S4.
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2.5. Air Mass Trajectory Analysis. The HYSPLIT4
model29 was used for air mass backward trajectory analysis,
and the meteorological data set used was the one degree
Global Data Assimilation System (GDAS1) archive (https://
www.ready.noaa.gov/archives.php). The HYSPLIT model was
run using the ensemble method 10 days (240 h) back in time.
For each sample, the trajectory footprint was calculated and
used to determine the transport probability function plot
(P[Ai,j]), which represents the probability of a backward
trajectory passing through a certain grid cell (i,j). This was
used to visualize the dominant movement path of the air
masses for any given period. The footprint analysis of each
sample was further used to estimate the source attribution
function plot (C̅i,j), which represents the average observed
concentration of PFAAs and Na+ if the trajectory spent time in
a specific grid cell (i,j). These source attribution function plots
were used to identify potential source areas of PFAAs. Details
regarding the trajectory analysis can be found in the
Supporting Information.
2.6. Statistical Analysis. Statistical analysis was conducted

using RStudio (Version 1.2.5033) with R version 3.6.3.
Concentration data were logarithm-transformed (i.e.,
log10[PFAA] and log10[Na]) before statistical analysis was
performed and values below the MDLs were not included,
unless otherwise stated. Values between the MDLs and MQLs
were included without adjustment. Log−log linear correlations
were evaluated using the Pearson’s correlation coefficient (r).
To prevent a few extreme values biasing the correlations, only
samples with PFAA and Na+ concentrations > MDLs and
PFAA/Na+ ratios between the 5th and 95th percentiles at each
location were included (i.e., 90% of the samples). Correlation
analysis was also performed including the data with <5th
percentile and >95th percentile PFAA/Na+ values and

substituting values < MDL by 1/2MDL. These different data
treatments did not affect the significance of the correlations for
PFSAs in the samples from both sites and C7−C10 PFCAs in
the Andøya samples but did affect the PFCAs in the Birkenes
samples. For example, when all samples were considered, none
of the PFCAs (p > 0.05) were correlated with Na+ at Birkenes.
Details about the results of the correlation analysis and
orthogonal regression with different data treatments are
included in Table S5.

3. RESULTS AND DISCUSSION

3.1. PFAA Concentrations at Andøya and Birkenes.
PFAAs were detected in all samples, and the results are shown
in Figure 1. Details regarding the detection frequencies (DF)
of the target compounds, medians, ranges, etc. can be found in
Table S6. C7−C12 PFCAs were frequently detected in
samples from both Andøya (n = 57) and Birkenes (n = 58),
with detection frequencies > 50%. PFHxA was found in 43% of
the Andøya samples but in only 10% of the Birkenes samples.
PFPeA was not reported due to a matrix effect which resulted
in a high chromatographic baseline. The median concen-
trations of ∑PFCAs (where the total is the sum of C6−C12
PFCAs and values < MDL were replaced by 1/2MDL) were
(ranges given in parentheses) 0.46 pg m−3 (0.045−3.4 pg m−3)
at Andøya and 0.22 pg m−3 (0.012−2.0 pg m−3) at Birkenes.
The concentrations of PFNA, PFDA, and ∑PFCAs were
significantly higher in the Andøya samples than in the Birkenes
samples (t test, p < 0.001).
For PFSAs, PFOS was detected in almost all samples and

PFHxS was detected in >70% of the samples from both
locations. PFBS was excluded from the following analysis due
to its low detection frequency (<15% at both locations). The
concentrations of ∑PFSAs (where total is the sum of PFHxS

Figure 1. Box-whisker plot of concentrations of PFAAs, Na+, and Mg2+ in the air samples from Andøya and Birkenes. The lower and upper hinges
correspond to the first and third quartiles (the 25th and 75th percentiles). The black lines and dots inside the boxes indicate the medians and
means, respectively. Values below the MDLs were replaced by 1/2MDLs. The whiskers extend to no further than 1.5*IQR (interquartile range)
from the hinges. The circles indicate values outside of 1.5*IQR. The gray dashed lines indicate MDLs (lower) and MQLs (upper). The numbers
below the compound names are detection frequencies at each of the two sampling locations.
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and PFOS and values < MDL were replaced by 1/2MDL)
were about 1 order of magnitude lower than for∑PFCAs, with
median concentrations (ranges in parentheses) of 0.033 pg
m−3 (0.004−0.16 pg m−3) and 0.045 pg m−3 (0.007−0.46 pg
m−3) at Andøya and Birkenes, respectively. No significant
differences (p > 0.05) were observed for PFSAs between the
two sampling sites.
The concentrations of PFOA (median: 0.11 pg m−3 and

range: < 0.003−1.3 pg m−3) and PFOS (median: 0.030 pg m−3

and range: < 0.003−0.14 pg m−3) at Andøya were comparable
to previously reported data for samples collected between
2010−2014 at this site (median: 0.24 pg m−3 and range: <
0.12−5.5 pg m−3 for PFOA and median: 0.072 pg m−3 and
range: < 0.043−0.43 pg m−3 for PFOS).21 The detection
frequencies of PFCAs with more than 8 carbons (C > 8) at
both locations in this study were much higher than reported in
previous studies (<25%).21,30,31

Significant log−log linear correlations (p < 0.05) were
observed between all possible pairs of PFCAs at both Andøya
(r = 0.68−0.94) and Birkenes (r = 0.47−0.94) as shown in
Figure S2. Additionally, PFHxS and PFOS were also found to
be positively and significantly correlated with PFCAs (r = 0.2−
0.68, p < 0.05) with only a few exceptions. The degradation of

FTOHs in the atmosphere would form a series of PFCA
homologues, while both PFCAs and PFSAs can be transported
via SSA since they are all frequently detected in seawater.32

Although perfluoroalkyl sulfonyl fluoride (PASF)-based
precursor compounds such as x-perfluorooctanesulfona-
mides/sulfonamido ethanols (xFOSAs/Es) can form both
PFSAs and PFCAs in the atmosphere,14 xFOSAs/Es were not
frequently detected in the long-term air monitoring program at
the two sampling sites (DF < 20%) and their concentrations
were orders of magnitude lower than FTOHs.30,31 Therefore,
such a correlation pattern may suggest the combined effect of
both transport via SSA and degradation from FTOHs.

3.2. Na+ and Mg2+ Ion Concentrations at the Two
Locations. The Na+ ion was detectable in almost all air
samples (100% at Andøya and 97% at Birkenes). The Na+ ion
concentrations in the samples from Andøya (median: 0.21 μg
m−3 and range: 0.022−3.2 μg m−3) were significantly higher (p
< 0.01) than in the samples from Birkenes (median: 0.04 μg
m−3 and range: < 0.009−1.7 μg m−3, Figure 1 and Table S6).
Significant correlations between Na+ and Mg2+ were observed
at both locations (not logarithm-transformed, r = 0.99 at
Andøya, and r = 0.98 at Birkenes, p < 0.001). The Mg2+/Na+

ratios determined by the slopes of the orthogonal regressions

Figure 2. Correlations between PFAAs and Na+ in (a) air samples with PFAA/Na+ ratios between the 5th and 95th percentiles and (b) in summer
and winter samples. The strength of the log−log linear correlation is indicated by the r value (Pearson’s correlation coefficient). The significance of
the correlation is indicated by the number of asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). Data not included in the correlation analysis are
marked as “×”. In Figure 1a, the solid lines are fitted by orthogonal linear regression in the form of log10[PFAA] = k × log10[Na

+] + b and the
dashed lines in parallel represent ± σ. The gray horizontal dashed lines in panel (a) indicate MDLs (lower) and MQLs (upper) of individual
PFAAs. In Figure 1b, the solid lines are fitted in the form of log10[PFAA] = log10(kSSA × [Na+] + [PFAA]other).
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(Figure S3) were 0.135 and 0.141 at Andøya and Birkenes,
respectively, which are close to the observed ratio of 0.119 in
seawater.33 The good correlation between the two elements
and the close Mg2+/Na+ ratio to the Mg2+/Na+ ratio of
seawater suggest that sea spray aerosol was a major source of
particulate matter at the two sampling sites.
3.3. Correlations between PFAAs and Na+ Air

Concentrations at the Two Sampling Sites. Positive
log−log linear correlations between PFAA and Na+ ion
concentrations were observed in air samples from both
locations (Figure 2a), suggesting that SSA can be an important
source of PFAAs to the atmosphere in coastal areas. For the
Andøya samples, all PFCAs (C6−C12) and PFSAs (C6 and
C8) were found to be positively correlated with Na+ (r =
0.50−0.79, p < 0.05). PFOA showed the strongest correlations
with Na+ (r = 0.77, p < 0.001) among the PFCAs. The
correlations became weaker both as the chain length decreased
and increased relative to PFOA. PFHxS (r = 0.79, p < 0.001)
showed a better correlation with Na+ than PFOS (r = 0.70, p <
0.001). At Birkenes, PFOA (r = 0.46, p < 0.001) and PFNA (r
= 0.46, p < 0.001) were the only PFCAs that correlated with
Na+ and the correlations were weaker than at Andøya. In the
case of the two PFSAs, the correlations with Na+ at Birkenes (r
= 0.71 and 0.65 for PFHxS and PFOS, respectively, p < 0.001)
were similar to those observed at Andøya.
The amount of PFAAs transported from the ocean to the

atmosphere is determined by both their concentrations in
seawater and the enrichment factor in SSA.15,18 Compared to
PFOA and PFNA, laboratory studies have shown that C < 8
PFCAs have ∼3−20 fold lower enrichment factors15,18 while
field measurements have shown that C > 9 PFCAs are usually
present in seawater at concentrations orders of magnitude
lower.2,34−37 Such laboratory and field observations may
explain why PFOA and PFNA exhibit the strongest correlation
with Na+ among the PFCAs at Andøya (r = 0.77 and 0.75 for
PFOA and PFNA, respectively, p < 0.001) and why they were
the only two PFCAs that showed significant correlations with
Na+ at Birkenes (r = 0.46 for both, p < 0.001).
Different origins of SSA could be another factor influencing

the correlation between PFAA and Na+. PFAA seawater
concentrations vary over several orders of magnitude from
populated coastal areas to the open ocean.2,34−39 SSA
produced from areas with different PFAA concentrations
would also vary in the amount of PFAA transferred to air per
pg of SSA (Na+), which could weaken the correlations.
The potential influence of sources other than SSA (e.g.,

transformation of volatile precursors14,21) can also weaken the
correlations observed between PFAAs and Na+. For example, if
the fluctuation in air concentrations of precursor compounds
and/or the yield of the transformation is large in relation to the
contribution from SSA, the correlation between PFAAs and
Na+ might be weak or even difficult to observe. Birkenes has a
lower SSA burden than Andøya (lower Na+ concentration) and
is closer to an urban area where consumer products containing
PFCA precursor compounds were likely used widely.40 This
may explain the weaker correlation with Na+ for PFOA and
PFNA in the Birkenes samples (r < 0.5) and the lack of
correlation with Na+ for the other PFCAs. Additionally,
different SSA origin and influence of other sources can lead to
variability in the [PFAA]air/[Na

+]air ratio and result in the
slope of the log−log linear relationship deviating from 1. For
example, for PFOA, the slope estimated for the Birkenes

samples is 0.419 while the slope for the Andøya samples is 1.06
(Figure 2a).
In contrast to the PFCAs, the r-values of the correlations

between Na+ and the two PFSAs did not differ much between
Andøya (r = 0.79 and 0.70 for PFHxS and PFOS, respectively)
and Birkenes (r = 0.71 and 0.65 for PFHxS and PFOS,
respectively, Figure 2a). This suggests that for PFSAs, non-SSA
sources are less important or make similar contributions at the
two sites. Perfluorohexane sulfonyl fluoride (PHxSF)-based,
precursors, which transform to PFHxS, were not intentionally
produced in large quantities,41 and as mentioned previously,
reported concentrations of major PFOS precursors, i.e.,
xFOSAs/Es, were not frequently detected (DF < 20%) at
the two sampling sites.30,31 Thus, the observed correlations for
PFSAs and low PFSA precursor concentrations in air suggest
that the contribution from SSA may be more important for
PFSAs compared to PFCAs.
Interestingly, while the overall PFNA and PFDA loadings

were significantly higher in the Andøya samples (t test, p <
0.001, section 3.1), the ratios of PFNA/Na+, PFDA/Na+, and
PFOS/Na+ were found to be significantly higher in the
Birkenes samples (p < 0.05). SSA originating from more
polluted areas (e.g., populated coastal areas) would have higher
PFAA/Na+ ratios since laboratory results show that the
amount of PFAAs transferred via SSA emission is positively
correlated with their seawater concentrations.18 Additionally,
greater contributions from other sources such as trans-
formation from precursors may also lead to a higher PFAA/
Na+ ratio.

3.4. Seasonal Differences. SSA production can be
affected by a number of environmental variables including
wind speed and the sea surface temperature.17 The formation
of PFAAs via degradation from volatile precursors can also be
affected by environmental variables including temperature,
ultraviolet (UV) light intensity, and hydroxyl (OH) radical
concentrations.13,14 These parameters all have a seasonal
pattern, so the contribution of these two sources to
atmospheric PFAAs may differ between seasons. To investigate
whether the correlations between PFAAs and Na+ revealed
seasonal differences, the samples from the two sampling sites
were grouped as summer samples (collected between April first
and September 30th) and winter samples (collected between
October first and March 31st). Since the PFAA concentrations
in air can be simplified as the combination of the contribution
from SSA ([PFAA]SSA) and the contribution from other
sources ([PFAA]other), in addition to log−log linear Pearson
correlation analysis between PFAA and Na+, the data of the
two seasons were fitted to a linear function of the form:

[ ] = [ ] + [ ]

= × [ ] + [ ]+k

log PFAA log ( PFAA PFAA )

log ( Na PFAA )
10 air 10 SSA other

10 SSA other (1)

where kSSA (pg μg−1 Na+) represents the amount of PFAA
transferred to the atmosphere per μg of Na+ and [PFAA]other
(pg m−3) represents the average of other sources. Results of
the correlation analysis and the parameters of the fitted lines
are included in Figure 2b and Table S7.
Almost all PFAAs were correlated with Na+ (p < 0.05) in

both summer and winter samples collected at Andøya except
PFDoDA, for which the log−log linear correlation was only
observed in summer samples. For Andøya winter samples, the
fitted lines for each PFCA have greater kSSA (0.064−0.345) and
lower [PFAA]other (0−0.012) than those of the summer
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samples (kSSA = 0.030−0.198 and [PFAA]other = 0.011−0.031).
In other words, the PFCA concentrations in air at Andøya
during winter appear more sensitive to changes in Na+

concentrations, but the contribution from other sources was
lower compared to summer. PFOS showed a similar pattern to
PFCAs, but the difference between winter (kSSA = 0.056,
[PFAA]other = 0.009, and r = 0.617) and summer (kSSA = 0.040,
[PFAA]other = 0.012, and r = 0.736) was not as large as
observed for PFCAs.

The lower contribution from other sources in winter may be
the result of reduced yield of the indirect photolysis of PFAA
precursors. In winter, the fewer daylight hours would lead to
lower concentrations of OH radicals in the atmosphere, which
would limit the reaction rate.14,42,43 Concentrations of PFAA
precursors (e.g., FTOHs) in air were also found to be
positively correlated with air temperature,21 and the lower air
concentration of precursor compounds in winter would further
limit the degradation process to form PFAAs.

Figure 3. First row: air mass transport probability function (P[Ai,j]) for the summer and winter samples at Andøya (a, b) and Birkenes (c, d).
Second row: source attribution function (C̅i,j) for PFOA in summer and winter samples at Andøya (e, f) and Birkenes (g, h). Third row: source
attribution function for PFOS in summer and winter samples at Andøya (i, j) and Birkenes (k, l). Fourth row: P[Ai,j] × C̅i,j normalized to 1 for
PFOA and PFOS in all samples from Andøya (m, n) and Birkenes (o, p). Fifth row: correlations (ri,j) between PFOA and Na+ and between PFOS
and Na+ in all samples from Andøya (q, r) and Birkenes (s, t).
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For the Birkenes samples, correlations with Na+ were
observed for C8−C10 PFCAs (p < 0.05) in the winter samples
and for C7−C9 PFCAs (p < 0.05) in the summer samples. The
two PFSAs were correlated with Na+ (p < 0.01) in both sample
groups. Similar to the Andøya samples, [PFAA]other obtained
from the fitted lines for PFOA, PFNA, and PFOS at Birkenes
were lower in winter than in summer, suggesting a lower
contribution from other sources in winter than in summer.
However, contrary to the Andøya samples, kSSA of the Birkenes
samples were similar between the seasons, implying little
variation of the contribution from SSA. The longer distance to
the coast (∼20 km) than Andøya (∼1.3 km) may have limited
the size of SSA that can be transported to Birkenes, which may
be one potential cause for the observed differences. However,
since the PFAA enrichment in SSA under real-world
conditions is still not very well-understood, it is difficult to
conclude the causes of the observed seasonal differences.
Further laboratory studies on the enrichment mechanisms of
PFAAs in SSA (e.g., the influence of natural organic matter)
and field studies with size-resolved aerosol sampling techniques
will help improve the understanding of the contribution of SSA
to the atmospheric transport of PFAAs.
3.5. Backward Air Mass Trajectory Analysis. The

results of the backward air mass trajectory analysis using the
HYSPLIT4 model are presented in Figure 3. Both the Andøya
and Birkenes samples are frequently influenced by air masses
from the Arctic region and the North Atlantic Ocean as shown
in the transport probability function plots (P[Ai,j], the first row
in Figure 3) for the two sampling sites. The trajectory pattern
did not differ much between the summer and winter samples.
Potential source areas of PFAAs were tentatively identified

based on the observed concentrations at the two sites using
HYSPLIT4. The source areas of PFAAs revealed similar
patterns so only the source attribution function plots (C̅i,j) of
PFOA and PFOS are shown in Figure 3 (the second and the
third row) as an example. At Andøya, high PFAA
concentrations were associated with air masses from the Arctic
region and Eastern Europe. At Birkenes, PFCAs have a
westerly origin from the North Atlantic in addition to Eastern

Europe, especially in summer. PFSAs at Birkenes were
generally associated with air masses from the Arctic region
and the North Atlantic, but strong input from Europe/Eastern
Europe may occur in summer. Such potential source area
patterns may reflect transport of PFAAs via SSA from the
Arctic and North Atlantic Ocean and the influence of
precursor compounds from populated areas such as con-
tinental Europe. As production of C8-related fluorinated
chemicals is still ongoing in Russia and China,34 emissions
from these sources may also have affected the observed PFAA
concentrations at the two sites. In order to estimate the
accumulated source contribution to observed concentrations,
the transport probability function and source attribution
function can be combined (P[Ai,j] × C̅i,j, the fourth row in
Figure 3). This quantity, in the following normalized to 1,
represents the overall contribution to the total amount of
receptor-observed PFAAs and Na+, respectively, from each one
of the grid-cells (defined under section 2.5). This method takes
into account both the frequency of transport from each grid
cell as well as the estimated relative strength of the source. The
results, presented in the fourth row of Figure 3, suggest that air
masses from the Arctic region and the North Atlantic appear to
have contributed the most to the observed PFAA concen-
tration at Andøya and Birkenes, respectively.
Plots of correlations per grid cell (ri,j, the fifth row in Figure

3) based on the observed PFAA and Na+ concentrations reveal
higher r-values (0.4−0.6) in the Arctic region and North
Atlantic than other areas, especially for PFOS (r and t in Figure
3) and PFHxS (Figure S6), suggesting PFAAs originated from
these areas may be partly due to SSA emission. Plots for all
PFAAs can be found in Figures S4−S6.

3.6. Comparison with the Previous Laboratory Study
and Modeling Result. In a previous laboratory study,18 the
enrichment factor of PFAAs in SSA was calculated as

=
[ ] [ ]

[ ] [ ]

+

+EF
PFAA / Na

PFAA / NaPFAA
SSA SSA

water water (2)

Figure 4. Comparison between the kSSA determined by the linear fit (log10[PFAA] = log10(kSSA × [Na+] + [PFAA]other) and the estimation,
kSSA_est, based on previous laboratory results and median PFAA seawater concentrations from the literature. The error bar represents the standard
deviation of kSSA_est, [PFAA]seawater × (EFMean ± SD).
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After rearrangement of eq 2, the PFAA concentration
contributed by SSA can be estimated by

[ ] = ×
[ ]
[ ]

× [ ]

= × [ ]

_ +
+

_
+k

PFAA EF
PFAA
Na

Na

Na

SSA est PFAA
water

water
SSA

SSA est SSA (3)

where kSSA_est (pg μg
−1 Na+) represents the estimated amount

of PFAA transferred to the atmosphere per μg of Na+. On the
basis of laboratory-derived EFs and reported PFAA seawater
concentrations from the literature and assuming a constant
Na+ concentration of 13.8 g L−1 in water (35 g L−1 NaCl, same
as the previous laboratory experiments18), kSSA determined by
the fitted lines for all samples from Andøya (Table S7) can be
compared to kSSA_est estimated using eq 3. Here the median
concentrations of PFAAs in the Arctic Sea, North Atlantic,
North Sea, and Baltic Sea provided in a recent review of PFAA
concentration in seawater by Muir and Miaz32 were used for
the estimation. The average EF of individual PFAAs in
particles with a dry aerodynamic diameter < 10 μm from the
previous laboratory study were used in the estimation.18

Details regarding the PFAA concentrations and EFs can be
found in Table S8 and Table S9.
The comparison between kSSA and kSSA_est for Andøya are

presented in Figure 4. In general, kSSA_est followed a similar
pattern to kSSA, but the differences between kSSA and kSSA_est
can be 1−3 orders of magnitude. These estimates were greatly
influenced by the PFAA seawater concentrations (i.e., the
origin of the SSA). The relative standard deviation of the
laboratory-derived EFs are between 8−30% (Table S9), but
the median PFAA seawater concentrations in different regions
vary over orders of magnitude. For example, the median
seawater concentrations of PFOA between 2010 and 2014 are
43, 103, 520, and 1090 pg m−3 for samples from the Arctic Sea,
North Atlantic, Baltic Sea, and North Sea, respectively.32 Such
large differences highlight the importance of accurate
information on the geospatial variation of PFAA seawater
concentrations when evaluating the contribution of SSA. It
should be noted that for PFCAs, kSSA_est is at least 2 times
lower than kSSA in most cases, especially when the median
PFAA seawater concentrations for the time period of 2015−
2019 were used. The causes of the underestimation are unclear
since the enrichment process in the field is much more
complicated than in controlled laboratory experiments. For
example, other ions in seawater such as Mg2+ also contribute to
SSA emission while only NaCl was used in the laboratory
study; the presence of organic matter in seawater may
influence PFAAs emission by SSA; wind speed at the sea
surface may influence the amount and size of SSA particles
emitted; and the SSA size distribution at the sampling site can
be very different from freshly emitted SSA, etc. As such, further
research on the PFAAs enrichment mechanism in SSA is
required to reduce the uncertainty.
On the basis of modeled annual SSA production and kSSA

determined from the fitted lines for all samples from Andøya
(Table S7), the global annual fluxes of PFOA and PFOS from
the ocean to the atmosphere via SSA emission can be
estimated as

= × +kflux fluxPFAA SSA Na (4)

kSSA of the Andøya samples was used since the sampling site at
Andøya is ∼1.3 km to open water so the SSA size distribution
may be more similar to nascent SSA above the sea surface than

at Birkenes. For SSA annual production (fluxNa+), Textor et al.
calculated 12 estimates of SSA annual production using 12
chemical transport and general circulation models.44 The first
and third quartile and the median values of these 12 estimates
were used as the low, high, and median scenarios. These
estimates of SSA annual production have recently been
updated,45 but the values reported by Textor et al. were still
used in the present study in order to compare with the
modeled PFOA and PFOS emission via SSA by Johansson et
al.15 The estimated global annual fluxes of PFOA and PFOS
and comparison with Johansson et al.15 are shown in Table
S10. Estimates of PFOA and PFOS fluxes using the updated
SSA annual production are also included in Table S10 for
reference.
For PFCAs, the modeling results from the three scenarios by

Johansson et al. (23, 122, and 506 tonnes yr−1 for the low,
median, and high scenario, respectively)15 are all below the
estimates based on the field measurements (258, 442, and 686
tonnes yr−1 for the low, median, and high scenario,
respectively). Similarly, in the previous comparison with the
laboratory result, kSSA_est of PFCAs were also lower than kSSA in
most cases (Figure 4). This suggests that using lab-derived EFs
may underestimate the contribution of SSA to PFCAs in air.
The estimated annual flux of PFOS in the low scenario (56
tonnes yr−1) is close to the modeling result of Johansson et al.
(42 tonnes yr−1), while the median (96 tonnes yr−1) and high
scenarios (149 tonnes yr−1) are lower than the previous
modeling results (183 and 801 tonnes yr−1 for the median and
high scenarios, respectively).15 As mentioned before, PFAA
seawater concentrations have a large influence on estimates of
the amount of PFAA transferred to air via SSA emission
(kSSA_est) based on laboratory-derived EFs. So the PFAA
seawater concentrations that are used as input in the modeling
may be one cause of the differences between the modeling
results and the estimated annual fluxes. In addition, artificial
seawater without organic matter was used to derive the EFs in
the lab. But the composition of real seawater is very complex
and may have influence on the enrichment process,17,19 so the
EFs measured in the lab may differ from the field. It should
also be noted that the model used the EF of three modes as
input (0.095, 0.6, and 1.5 μm), while the estimate in the
current study was based on the field measurement of bulk
aerosol samples. The EFs generally increase with decreasing
particle size.15,18 For example, the laboratory-derived average
EF of PFOS was 9.6 ± 1.4 × 103 for particles < 10 μm but
increased to 2.9 ± 0.5 × 104 when only particles < 1.5 μm were
considered (Table S8).
The observed significant correlation between PFAAs and

Na+ in the samples from Andøya and Birkenes suggest that
SSA can be an important source of atmospheric PFAAs in
coastal areas. Further, since SSA particles can travel significant
distances in the atmosphere (e.g., an SSA particle with r80 = 5
μm can spend upward of 10 h in the atmosphere and travel
more than 300 km), our results suggest that PFAAs transport
via SSA may impact large areas of inland Europe and other
continents in addition to coastal areas. However, it is still
challenging to evaluate the contribution from SSA on the
global scale. Further laboratory experiments focusing on the
enrichment mechanisms and more field evidence from various
coastal locations are required before this process is well-
parametrized for inclusion in global models.
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