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ABSTRACT

Concentration data on POPs in air is necessary to assess the effectiveness of international regulations aiming to
reduce the emissions of persistent organic pollutants (POPs) into the environment. POPs in European background
air are continuously monitored using active- and passive air sampling techniques at a limited number of at-
mospheric monitoring stations. As a result of the low spatial resolution of such continuous monitoring, there is
limited understanding of the main sources controlling the atmospheric burdens of POPs across Europe. The key
objectives of this study were to measure the spatial and temporal variability of concentrations of POPs in
background air with a high spatial resolution (n = 101) across 33 countries within Europe, and to use obser-
vations and models in concert to assess if the measured concentrations are mainly governed by secondary
emissions or continuing primary emissions. Hexachlorobenzene (HCB) was not only the POP detected in highest
concentrations (median: 67 pg/m®>), but also the only POP that had significantly increased over the last decade.
HCB was also the only POP that was positively correlated to latitude. For the other targeted POPs, the highest
concentrations were observed in the southern part of Europe, and a declining temporal trend was observed.
Spatial differences in temporal changes were observed. For example, y-HCH (hexachlorocyclohexane) had the
largest decrease in the south of Europe, while o-HCH had declined the most in central-east Europe. High
occurrence of degradation products of the organochlorine pesticides and isomeric ratios indicated past usage.
Model predictions of PCB-153 (2,2',4,4',5,5'-hexachlorobiphenyl) by the Global EMEP Multi-media Modelling
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System suggest that secondary emissions are more important than primary emissions in controlling atmospheric
burdens, and that the relative importance of primary emissions are more influential in southern Europe
compared to northern Europe. Our study highlights the major advantages of combining high spatial resolution
observations with mechanistic modelling approaches to provide insights on the relative importance of primary-
and secondary emission sources in Europe. Such knowledge is considered vital for policy makers aiming to assess
the potential for further emission reduction strategies of legacy POPs.

1. Introduction

Persistent organic pollutants (POPs) are regulated organic chemicals
that may cause harmful health- and environmental effects, due to their
toxicity and bioaccumulating properties. They are persistent and can be
transported over long distances, far away from their sources. The at-
mosphere represents an important pathway of environmental transport
across national boundaries and into remote areas (Wania and Mackay,
1993).

Though international regulations have reduced the primary emis-
sions of POPs into the environment, POPs are still present both in source
regions and remote regions like the Arctic (Wong et al., 2021). The
occurrence of POPs in the atmosphere and other environmental com-
partments may in part be due to continuing primary emissions (Breivik
et al., 2004; UNEP, 2020). However, the relative importance of sec-
ondary sources from historically contaminated surface media (Jones,
1994; Li and Wania, 2018) is excpected to increase, due to the decrease
in primary emissions (Nizzetto et al., 2010) and/or increased global
temperatures (Ma et al., 2011). Monitoring of POPs in air is therefore
important to identify the main sources controlling the atmospheric
burdens, and to assess the effectiveness of control measures for legacy
POPs (Wohrnschimmel et al., 2016).

POPs have been included in the air monitoring programme of EMEP
(the European Monitoring and Evaluation Programme) since 1999
(Torseth et al., 2012). In 2016, 12 atmospheric monitoring stations in
Europe, utilizing active air sampling (AAS) techniques, reported con-
centrations of POPs in background air to EMEP (Aas and
Bohlin-Nizzetto, 2018). These samplers, driven by pumps, provide data
with high temporal resolution, but are costly and thereby result in low
spatial coverage. The continous monitoring under EMEP is crucial for
time-trend analysis at individual sites, but the analysis of spatial vari-
ability in Europe is hampered by a low number of EMEP sites and
chemical analysis performed by different laboratories. Passive air sam-
plers (PAS) based on diffusive uptake, are independent of electricity and
represent a simple and low-cost alternative. PAS may complement AAS
by expanding the spatial coverage of air measurement assessments
(Jaward et al., 2004; Shoeib and Harner, 2002), such as the EMEP
programme. Within Europe, two PAS monitoring networks (Kalina et al.,
2019; Schuster et al., 2021) and a few case-studies (Gioia et al., 2007;
Halse et al., 2011; Jaward et al., 2004) have contributed to assess the
spatial trends, but except Halse et al. (2011) (n = 86), the number of
sampling sites in background areas within Europe has been limited (n <
46). Therefore, a need exists for studies aiming to improve the under-
standing of the spatial patterns of POPs in European air, as the source
contributions are known to be variable across Europe, e.g. due to dif-
ferences in production and use from country to country. In more central
parts of Europe, the production and use of POPs have been widespread
(Barber et al., 2005; Breivik et al., 1999, 2002), and we therefore expect
the influence of primary emissions to be higher in this region, compared
to remote areas in Europe (Jaward et al., 2004; Lunder Halvorsen et al.,
2021; Meijer et al., 2003). Furthermore, it is also known that there are
major spatial differences in the historical use of legacy POPs within
Europe. A notable example is the insecticide lindane (>99% g-HCH)
which was used more extensively in western parts of Europe, whereas
the historical use of technical HCH (predominantly a-HCH) mainly
occurred in eastern parts of Europe (Breivik et al., 1999). We therefore
hypothesize that the concentrations of POPs in air within Europe may be

a) variable across regions, b) variable for different POPs (both on a
group level and for individual compounds), c) likely to have decreased
over time in response to primary emission reductions, and d) increas-
ingly influenced by secondary emissions.

The main objective of this study was to assess the spatial and tem-
poral variability of legacy POPs in air across Europe, using a combina-
tion of measurements and modelling, both with high resolution. In this
study, a comprehensive passive air sampling campaign with 101 sites
across Europe was conducted in 2016, mapping background concen-
trations of POPs in air. The analysis of all PAS was performed by one
laboratory, providing a consistent dataset. The study focuses on legacy
POPs, that have seen significant historical use in the study region, and
enables us to assess the spatial distribution of POPs in European air and
their temporal change in concentrations by comparing with studies
carried out in the past, including data from a similar PAS campaign
conducted in 2006 (Halse et al., 2011). Lunder Halvorsen et al. (2021)
recently proposed a strategy on how to combine high spatial resolution
measurements with modelling approaches to better understand the main
sources controlling atmospheric burdens of POPs across a nation. In our
study, the approach was expanded to the whole of Europe.

2. Materials and methods

2.1. Sampling

Passive air samples were collected at 101 background sites across 33
countries within Europe (35°N to 82°N, 52°W to 48°E, Figure SI-1.1) ina
coordinated and comprehensive sampling campaign during summer
2016. Most of the sites (n = 96) were monitoring stations reporting
various inorganic and organic compounds in air to EMEP (see e.g.
Torseth et al. (2012)). Among these, 11 sites (Figure SI-1.1) reported
some of the targeted POPs based on AAS to EMEP in 2016 (Aas and
Bohlin-Nizzetto, 2018). Passive air samplers were deployed and
collected by trained personnel already involved in the EMEP program
(Table SI-3.1), following standard operating procedures for passive air
sampling of POPs.

Polyurethane foam based passive air samplers (PUF-PAS) with the
MONET design of the sampler housing (diameter upper and lower bowl
30 and 24 cm respectively) were used for sampling (Kalina et al., 2017;
Markovic et al., 2015). The PUF disks (14 cm diameter x 1.4 cm thick-
ness, 0.027 g/cm®) were purchased from Sunde Skumplast
AS/Carpenter (Norway). Prior to deployment, the PUF disks were
pre-cleaned, spiked with sampling performance reference compounds
(PRCs, Table 1.2a) and distributed to the sampling sites by NILU. The
PUF-PAS were deployed at or close-by the monitoring stations and
exposed from July to October (77-125 days). Details of sampler prep-
aration and deployment are described in Lunder Halvorsen et al. (2021)
while an overview of the sampling sites is presented in the Supporting
Information (Table SI-1.1).

2.2. Sample extraction and clean-up
The exposed PUF disks were returned to the laboratory at NILU for

analysis. A description of sample extraction and clean-up is given in SI
1.2.
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2.3. Instrumental analysis

Prior to instrumental analysis, an instrument performance standard
was added to the samples. The samples were analyzed for 31 poly-
chlorinated biphenyls (PCBs), penta- and hexachlorobenzene (PeCB/
HCB) and 27 organochlorine pesticides (OCPs). This included the six
indicator PCBs (PCB-28, -52, —101, —138, —153 and —180), hexa-
chlorocyclohexanes (HCHs), dichlorodiphenyldichloroethylenes (DDTs),
chlordanes (CDs), aldrin, endosulfans, and their metabolites. A list of all
target compounds is given in Table SI-1.2b-c. Analysis was performed
with a gas chromatograph (GC) coupled to a high-resolution mass spec-
trometer (HRMS) following the method described in Lunder Halvorsen
et al. (2021).

2.4. QA/QC

Blank level control was performed by extracting and analyzing 14
method blank samples and 11 field blank samples in the same way as the
exposed samples. The method detection limits (MDLs) were calculated
as the average plus three times the standard deviation of target analytes
in blank samples, normalized by the average sample volume (Table SI-
2.1b). While the levels in field- and method blanks for the OCPs were
comparable and were all used to calculate the MDL, only the method
blanks were used to calculate the MDL for PCB and PeCB/HCB. Of the 60
targeted analytes, only analytes with more than 60% detection fre-
quency, i.e. 30 PCBs, PeCB/HCB and 16 OCPs, were evaluated in this
study. The median concentrations of these analytes exceeded the MDLs
by a factor of 6-111. For the calculation of sum, average and median,
and for the statistical analysis, concentrations below MDL were replaced
by ! MDL, for consistency with Halse et al. (2011). There are un-
certainties related to the statistical interpretation of data when
substituting values below MDL, especially for analytes with less than
85% detection frequency (Helsel, 2006).

The internal standard recoveries of deployed samples, field- and
method blanks are given in Table SI-1.3. For further method quality
control, a known amount of 12C target analytes was added to three clean
PUF disks to assess the method bias (—2%-6% for PCBs and —13%-27%
for OCPs, Table SI-1.4a). PUF-PAS were co-deployed at 11 selected sites
to assess the reproducibility of the PAS method (0-33 RSD%, Table SI-
1.4b).

2.5. Deriving air concentrations

Air concentrations were derived from the amounts found in the
samplers and air volumes estimated from the template of Harner (2017),
with the same approach described in Lunder Halvorsen et al. (2021). A
detailed description of the required parameters is included in SI section
1.3. In short, site-specific sampling rates (2.0-15 m>/day, median: 3.7
m3/day, Table SI-1.5) were estimated accounting for i) the measured
loss of PRCs from the PUF-PAS, and ii) site-specific environmental
conditions, i.e. ambient air temperature (—13-29 °C) and wind speed
(2-7 m/s). The median sampling rate in our study is within the range
often reported for PUF-PAS (3-4 m3/day) (Wania and Shunthirasing-
ham, 2020).

The PCBs and OCPs targeted in our study are predominantly in gas-
phase (Bohlin et al., 2014), and the lower uptake efficiency for particles
with the MONET sampler (Bohlin et al., 2014; Markovic et al., 2015) is
therefore not taken into consideration when estimating air volumes. For
more volatile compounds with Kpp < 108 (e.g. HCB and PCB-18),
equilibrium is reached during the 3-month deployment period (Fran-
cisco et al., 2017). The Harner-template accounts for this and the esti-
mated air volumes of HCB are consequently lower than e.g. PCB-153
(Table SI-1.5). However, the PAS does not provide a true
time-averaged concentration as the rate of uptake is decreasing during
the sampling period. The amount of HCB in the PUF that is in equilib-
rium with the atmosphere may also change. (Wania and
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Shunthirasingham, 2020).
2.6. Data analysis

The ratio between maximum and minimum concentrations in air
(MMR) was used as a simple measure of the spatial variability. For
comparison with the Norwegian study (Lunder Halvorsen et al., 2021),
MMR was calculated excluding outliers (SI 1.4.1).

Regional differences in the measured concentrations of POPs be-
tween north, south, central-east and west (Figure SI-1.1), according to
the geographical division of Europe by the European Union (EuroVoc,
2021), were assessed using significance tests. The spatial variability was
further assessed by examining possible correlations between the target
compounds, with latitude/longitude as well as with population density
estimated within 50 km of each sampling site (SI 1.4.2). All data, except
latitude/longitude were log-transformed prior to the correlation tests.

Significance tests were also performed to assess the temporal change
in concentrations between this study and an earlier European campaign
from 2006 (Halse et al., 2011), for 73 sites that were included in both
studies. A consistent comparison to the earlier campaign was assured by
using similar sampling and analytical methods, and the same approach
for deriving air concentrations accounting for the temperature depen-
dence of Kpyg-air-

All statistical analyses were performed by using R Studio with R 4.1.1
(details in SI 1.4).

2.7. Source-receptor modelling tools

Model simulations of concentration of PCB-153 in air were carried
out for each individual site, corresponding to the actual deployment
periods, using the GLEMOS model (Malanichev et al., 2004). The results
were initially used to evaluate if the observed spatial pattern is
explained by the model. For each site, the relative contributions
attributed to primary- and secondary emissions were predicted by
GLEMOS. While the total primary emissions are separated into contri-
butions from national emissions and transboundary transport (with-
in/outside EMEP), this is not specified for the secondary emissions. A
correlation between the predicted contribution from national emissions
and population density (within 50 km of each site, SI 1.4.2) was
examined. Furthermore, regional differences in the relative contribution
of the main sources were examined, by using significance tests.

To further examine the source regions and contributions from pri-
mary emissions alone, simulations of PCB-153 were also carried out
using the Lagrangian particle dispersion model FLEXPART V10.4 in
backward mode (Pisso et al., 2019; Stohl et al., 1998). FLEXPART pre-
dicts so-called “footprints” that illustrate where the air mass had the
potential to take up pollutants from sources near the ground. Combining
the footprints with emission data (Breivik et al., 2007) enables us to
identify the primary source regions contributing to the predicted con-
centration at each sampling site.

We refer to Lunder Halvorsen et al. (2021) for further details on the
model simulations that were carried out.

3. Results and discussion
3.1. Overall results

An overview of concentrations in air, detection frequencies (i.e.
percentage of samples above MDL) and MMRs of selected POPs in air is
provided in Table SI-2.1a, while concentrations for all target analytes at
the individual sites are presented in Tables SI-2.2a-b. The median con-
centration of ¥ 30PCBs was 29 pg/m® (range: 3-405 pg/m>), and 30 of
the 31 targeted PCB congeners were detected in more than 60% of the
samples. The six indicator PCBs (45% of ) 30PCBs), PCB-18 (11%), PCB-
31 (8%), and PCB-149 (8%) were most abundant. The concentrations of
> 6PCBs (median: 13 pg/m°, range: 1-241 pg/m°>) were comparable to
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previously reported passive air data from European background sites in
the Global Atmospheric Passive Sampling (GAPS) network (n = 11, 5
coinciding with our study) between 2011 and 2014 (median > 7PCBs:
12 pg/rn3) (Schuster et al., 2021). The median ratio between PAS con-
centrations of Y ¢PCB in our study and AAS concentrations reported to
EMEP (Aas and Bohlin-Nizzetto, 2018) for the same sites (n = 10) and
sampling period, was 1.8 (PAS/AAS-ratio: 0.4-9.6, Figure SI-1.3a),
which is within the uncertainty of PAS and AAS in combination (Holt
et al., 2017).

The highest concentrations were measured for HCB (median: 67 pg/
m®) and PeCB (median: 25 pg/m°>). Of the 27 targeted OCPs, 16 were
detected in more than 88% of the samples (Table SI-2.1a). The other 11
OCPs were only detected in <60% of the samples with median con-
centrations <0.7 pg/m°. o- and y-HCHs were detected in highest
amounts (median: 9 pg/m®), followed by p,p’-DDE, dieldrin and endo-
sulfan I (medians: 6, 4 and 3 pg/m°, respectively). On average, p,p’-DDE
accounted for 58% of the sum of all six targeted DDTs (median ) ¢sDDXs:
10 pg/m®), while p,p’-DDT and o,p’-DDT accounted for 18% and 14%
respectively. Heptachlor-exo-epoxide, a degradation product of Hepta-
chlor, was detected in all samples, with concentrations (median: 2 pg/
m3) similar to the concentrations of the sum of four chlordanes (Table SI-
2.1a, median Y 4chlordanes: 2 pg/m®). Of the chlordanes, cis-chlordane
and trans-nonachlor were dominating (41% and 38% of median
> 4chlordanes respectively). The oxygenated metabolite of chlordanes,
oxy-chlordane, was found in similar concentrations to trans-nonachlor
and cis-chlordane (median: 1 pg/m3).

The median concentrations of HCHs, Dieldrin, cis-chlordane and
trans-nonachlor in this study were within a factor of two of the con-
centrations from PAS deployed at European background sites in the
study of Schuster et al. (2021). However, the median concentration of
endosulfan I in our study was a factor of five lower than in the study by
Schuster et al. (2021) (16 pg/m>). This may be explained by the steeper
declining rate of endosulfan I compared to other compounds, as a
consequence of later phase-out (i.e. 2011) and higher environmental
degradation rate (Schuster et al., 2021). The concentrations of HCB,
HCHs, ) 3DDXs (p,p’-DDD/-DDE/-DDT) and Dieldrin using PAS in our
study were on average 2.4 times higher (PAS/AAS-ratio: 1.0-23) than
the concentrations from AAS reported to EMEP (n = 11) for the same
sites and time period (Figures SI-1.3 b-f) (Aas and Bohlin-Nizzetto,
2018). Differences between studies may be caused by analytical un-
certainties (due to e.g. different chemical laboratories) and uncertainty
in the estimated sampling volumes (due to sampling artifacts or envi-
ronmental conditions not being fully accounted for in the calculations,
SI-1.3.1). A direct comparison to EMEP is further affected by differences
in sampling methodology, including differences in AAS strategies within
the EMEP program.

3.2. Spatial variability

The spatial variability of Y ¢PCBs in Europe, when excluding outliers
(MMR in this study = 60) (SI 1.4.1), is considerably larger than in
Norway (MMR~4) (Lunder Halvorsen et al., 2021). The lowest con-
centrations of Y 6PCBs (<5 pg/m>) were generally found in northern
Europe (e.g. Norway, Sweden, Finland) and on the British Isles (west
region) (Figure SI-2.2a). The correlation analysis (Table SI-2.4) further
showed a significant north-south gradient for PCBs (r = —0.46, p <
0.001), whereby the median concentration within the south region (13
pg/m3, Table SI-2.3) was twice as high as in the north (6.5 pg/m>, p =
0.008). The larger spatial variability within Europe compared to Nor-
way, together with the observed north-south gradient, implies that the
atmospheric concentrations of PCBs at southern latitudes in Europe may
be influenced by primary emissions of PCBs to a larger extent than at
northern latitudes (Breivik et al., 2007; Jaward et al., 2004). The low
levels of PCBs on the British Isles may be explained by the prevailing
wind regimes with transport of air masses arriving from the Atlantic
Ocean, as shown by the map of footprint emission sensitivities for
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PCB-153 (e.g. Yarner Wood, site 92, UK, Figure SI-2.3).

Hotspots (outliers >60 pg/m>) for PCBs were Abastumani (site 29,
Georgia) and Zmeiny Island (site 88, Ukraine) in the central-east region
(241 and 100 pg/m>), Ayia Marina (site 7, Cyprus) in the south region
(90 pg/m3), Keldsnor (site 11, Denmark), Risoe (site 13, Denmark) and
Nuuk (site 40, Greenland) in the north region (73, 70 and 66 pg/m3),
and De Zilk (site 60, the Netherlands, 70 pg/ms) in the west region.
Significantly elevated concentrations of PCBs at a specific site may
indicate influence from local sources and imply that the site may not be
representative for background concentrations in that area. Examples of
sources resulting in possible local influence may be populated areas (e.g.
Nuuk, Greenland), forest fires (e.g Ayia Marina, Cyprus) (San-Migue-
l-Ayanz et al., 2017) and PCB contaminated building materials, equip-
ment etc. in the vicinity of the sampler (e.g. Keldsnor, Denmark) (Halse
et al., 2011). However, such possible local influences are less likely
when several sites in the same area are consistently high (e.g. the
Netherlands, 52-70 pg/m®, n = 3).

The lowest spatial variabilities were found for HCB (and PeCB)
(MMR = 15 and 6). HCB has previously been shown to be evenly
distributed across Europe (Jaward et al., 2004) and the globe (Shun-
thirasingham et al., 2010) explained by the long residence time of HCB
in the atmosphere (Beyer et al., 2003). Elevated concentrations at e.g.
Rucava (site 52, Latvia, 413 pg/m>) may however implicate that emis-
sions of HCB are still ongoing in the vicinity of some sites (Fig. 1a). This
has also been suggested by Hung et al. (2016).

Interestingly, HCB was the only POP in our study that was signifi-
cantly positively correlated to latitude (r = 0.44, p < 0.001, Table SI-
2.4). After Rucava (Latvia), the highest concentrations were observed at
the Arctic sites; Station Nord (site 41, Greenland, 247 pg/ms) and
Zeppelin (site 96, Spitsbergen, 130 pg/m>). As HCB has reached equi-
librium between the PUF and air well within the sampling period at all
sites, the sample volumes for this compound are largely depended on
Kpur-air (Francisco et al., 2017). Consequently, the low temperatures at
Zeppelin (Spitsbergen) and Station Nord (Greenland) (4 °C and —13 °C
respectively, Table SI-1.5) resulted in sample air volumes (355 m® and
297 m®) in the upper range of the other sites (average 217 m3,
Table SI-1.5). When comparing the concentrations at these sites with
concentrations from the co-located AAS reported to EMEP
(Figures SI-1.3b) (Aas and Bohlin-Nizzetto, 2018), the PAS/AAS-ratio
was 1.6 and 3.3 respectively. These ratios are within the expected
range (2-3) (Holt et al., 2017) and hence reflect that the environmental
conditions have been compensated for in the estimation of sampling
volumes. Enhanced re-emissions from previously contaminated surface
reservoirs (Ma et al., 2011) and increasing primary emissions have been
put forward as possible explanations (Platt et al., 2022) for the higher
concentrations of HCB in the Arctic compared to central Europe. Model
predictions in the latter study suggested that Arctic haze periods with
high concentrations of HCB in air in the Norwegian Arctic were asso-
ciated with transport of contaminated air masses from Asia. When
excluding the three above-mentioned sites, there is still a significant
positive correlation with latitude (r = 0.37, p < 0.001), suggesting
generally higher concentrations of HCB in northern Europe, not only in
the Arctic.

Similar to PCBs, a north-south gradient (r < 0, Table SI-2.4) was also
observed for the OCPs, though not statistically significant for all. One
example is the HCHs, for which only y-HCH was significantly negatively
correlated to latitude (r = —0.55, p < 0.001), while a minor correlation
was found for a-HCH (r = —0.14, p = 0.15). The spatial variability for
y-HCH (2-109 pg/m>, MMR = 55) was also larger compared to a-HCH
(4-47 pg/m°, MMR = 12). These differences may reflect the higher
LRAT potential of a-HCH compared to y-HCH (Beyer et al., 2003), but
also that Lindane (>99% y-HCH) was exempted from the SC for use in
the control of head lice and scabies (UNEP, 2020), and hence used more
recently than technical HCH (55-80% o-HCH, 8-15% y-HCH (Breivik
et al., 1999)). The HCHs were furthermore correlated to longitude; the
highest concentrations of a-HCH (Figure SI-2.4a) were observed in the
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Fig. 1. (a) Concentrations of HCB in air across Europe (n = 101, this study), and (b) measured concentrations of HCB in 2016 (this study) divided by measured
concentrations of HCB in 2006 (Halse et al., 2011) at European sites for which data for both years are available (n = 73).

central-east region (median: 18 pg/m®), while the highest concentra-
tions of y-HCH (Figure SI-2.4b) were observed in the west region (me-
dian: 27 pg/m®). This may reflect the later phase-out and large
stockpiles of pesticides in the central-east region (e.g. Moldova and
Ukraine) (Pribylova et al., 2012), and that Lindane was extensively used
in e.g. France in the west region (Breivik et al., 1999; Vijgen et al.,
2019).

The > ¢DDXs (Figure SI-2.5) showed the largest variability in Europe
(0.3-286 pg/m>, MMR S ¢DDX >953) of the targeted compounds. The
variability of e.g. p,p’-DDT (MMR~433) was substantially larger in
Europe, compared to Norway (MMR~15) (Lunder Halvorsen et al.,

2021). This suggests that some European sites may be influenced by
continuing primary sources. The most significant difference (p < 0.001)
between the south- and the north region were also found for } ¢DDXs
(south/north-ratio 6.5, Table SI-2.3), reflecting that the LRAT potential
is less than for the more volatile HCB and HCHs (Shen et al., 2005), but
also the continued use of DDT (UNEP, 2020). Like a-HCH, a west-east
gradient was observed for ) ¢DDXs, with highest median concentra-
tion of Y ¢DDXs in the central-east region (35 pg/m®), approximately
four times higher than the west region (9.2 pg/m?>). High concentrations
of > ¢DDX were measured at sites in e.g. Ukraine, Moldova and the
Czech Republic (146-286 pg/m®), in line with previous findings (Halse
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et al., 2011; Pribylova et al., 2012).

Similar to Y ¢DDXs, significantly (p < 0.001) higher concentrations
were observed for endosulfan I in the south region than in the north
region (south/north-ratio 4.6, Table SI-2.3), with the proximity to pri-
mary sources in the south region as a possible explanation. Though
elevated concentrations of endosulfan I (16-21 pg/m®, Figure SI-2.6)
were measured in Armenia (site 1, Amberd) and Georgia (site 29,
Abastumani) in the central-east region, endosulfan I was not signifi-
cantly correlated to longitude. The very high concentrations of endo-
sulfan I at Iskrba (site 72, Slovenia, 82 pg/m>) may be an indication of
local contribution.

The correlation analysis between the target POPs (Table SI-2.4) ap-
pears to reflect some similarities in the spatial patterns of emission
sources. The positive correlation between all targeted POPs (except
HCB) is likely to be a result of consistently higher concentrations in
southern Europe compared to northern Europe. Furthermore, the posi-
tive correlation with estimated population density (within 50 km of the
sampling sites) observed for all POPs (except HCB and a-HCH), suggests
that high concentrations of most POPs can largely be attributed to
elevated emissions occurring in the most populated areas in Europe.

The strongest correlation (0.84 < r < 0.95) was found between
dieldrin (<MDL-37 pg/m®), S"4chlordanes (0.5-35 pg/m®>), heptachlor-
exo-epoxide (0.4-63 pg/m®) and oxy-chlordane (<MDL-9 pg/m>). These
OCPs also have similar spatial patterns, with highest concentrations
measured in the west region (e.g. Netherlands and Belgium, Figures SI-
2.7-2.10). The median concentrations of these OCPs in the west region
were up to three times higher than the median concentrations in the
central-east region (Table SI-2.3). This finding aligns with the results by
Halse et al. (2011), who also reported elevated levels of >_4chlordanes in
the Netherlands and Belgium.

3.3. Temporal change

When comparing our results on the basis of median concentrations of
all POPs with the 73 common European sites in the study of Halse et al.
(2011), only HCB had higher median concentration in 2016 than in
2006 (56% increase, Table SI-2.5). The increase for HCB (i.e.
2016/2006-ratio >1.2) was evident at 68% of the sampling sites
(Fig. 1b), while no obvious change (i.e. 2016/2006-ratio: 0.8.-1.2) was
observed for the remaining sites. Data from long-term monitoring sites
based on AAS shows an inconsistent time-trend in HCB concentrations
(Gusev et al., 2015; Ilyin et al., 2022; Kalina et al., 2019; Wong et al.,
2021). Of three sites with available AAS-data for both 2006 and 2016 (i.
e. Zeppelin, Birkenes and Kosetice), only Zeppelin showed an increase in
the HCB concentration with a 2016/2006 ratio of 1.1 (Table SI-2.6),
while the ratio was below 1 at the other two sites. In comparison, our
PAS results showed an increase at two of the three sites, i.e Birkenes and
Zeppelin, with a 2016/2006 ratio of 1.8 and 1.3 respectively. This dif-
ference may be explained by that the PAS and AAS have been exposed to
different air masses (i.e. time-average of 3 months-vs.
daily/weekly-samples).

No clear spatial pattern was observed, but the increase was larger at
some specific sites. For example, at Rucava (site 52, Latvia), the con-
centration of HCB in 2016 was almost eight times higher than in 2006,
substantiating possible local contribution at this site in 2016. The in-
crease observed in the Arctic (e.g. site 96, Zeppelin, 2016/2006-ratio:
1.3), is in accordance with the stable or increasing concentrations re-
ported in the Arctic from 1992 to 2018 by Wong et al. (2021).

The concentrations of the other POPs (i.e. PCBs, HCHs, DDXs and
chlordanes) have decreased significantly (p < 0.05) between 2006 and
2016 (Table SI-2.5), i.e. —28% decrease in the median concentrations
for Y 6PCBs, —59% for a-HCHs, —48% for y-HCHs, —12% for Y 4DDXs
(p,p’-DDD/-DDE/-DDT, o,p’-DDT) and —23% for > 4chlordanes. For
both > 4DDXs and ) 4chlordanes, a significant decrease was only
observed in the west region (—45% and —27% respectively). This is
consistent with the overall decreasing trend reported for these POPs at
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AAS sites within EMEP (Gusev et al., 2015; Hung et al., 2016; Kalina
et al., 2019). While there were small differences in the median con-
centrations of ) 4chlordanes between the four regions, in both 2006
(2.2-3.7 pg/m>) and 2016 (2.0-3.1 pg/m®), >~ 4DDXs were substantially
higher for the central-east region (77 pg/m? in 2006 and 61 pg/m® in
2016), compared to the other regions (Figure SI-2.11 c).

It should be noted that the detection frequencies of the DDXs were
higher in 2016 than in 2006. This may be explained by a lower method
detection limit in 2016. For example, the MDL for p,p’-DDE was 0.18 pg/
m® in 2016 while 1.6 pg/m® in 2006, and consequently p,p’-DDE was
detected in all samples in 2016, while only in 74% of the samples in
2006. When disregarding the 20 sites where the concentration of p,p’-
DDE in 2006 was below MDL, a decrease in the median concentration of
p,p’-DDE for the remaining 53 sites was still observed (Figure SI-2.12),
but it was not statistically significant (p = 0.084). As a consequence of
lower MDL and the ability to detect lower concentrations in 2016, the
variability of p,p’-DDE was substantially larger in our study (MMR 1017)
when considering all sites, than reported by both Halse et al. (2011)
(MMR>177) and Jaward et al. (2004) (MMR>29).

For PCBs, the largest decrease in median concentrations was
observed in the north- and central-east regions (—48% and —35%),
followed by the west region (—22%). On the other hand, the median
concentration of ) ¢PCBs in the south region in 2016 were comparable
to 2006. The MMR of > ¢PCBs in 2016 is 211 when including all sites,
which is higher than previously reported for the background sites in the
European studies of Schuster et al. (2021) (MMR > 7PCBs = 58, n = 11)
and Jaward et al. (2004) (MMR > ¢PCBs >24, n = 46). A smaller dif-
ference in MMRs is observed when comparing only with the common
sites (n = 73) in the study of Halse et al. (2011) (MMR 45 in 2006 and
MMR 88 in 2016). The high MMR when including all sites in 2016 may
therefore likely reflect the larger spatial coverage across Europe in our
study compared to previous studies, which illustrates the benefits of
high spatial resolution.

a-HCH was found at highest concentrations in the central-east region
in both 2016 (median 17 pg/m3) and in 2006 (median 55 pg/ms), but
the median concentration has decreased substantially (—69%). In the
north region, the decrease of a-HCH was smaller than in the other re-
gions (—22%) (Figure SI-2.11 a-d). This may be explained by the
northern sites being more influenced by climate change and thereby
from increased re-volatilization from sea and ice melting (Halse et al.,
2012; Ma et al., 2011; Shen et al., 2004), compared to the other regions
in Europe. For y-HCH, the decrease was substantially higher for the
south- (—76%), central-east- (—56%) and west region (—45%),
compared to the north region (—21%). Consequently, the
south/north-ratio (of medians) was reduced from 6.7 in 2006 to 2.0 in
2016. The largest decrease for a-HCH and y-HCH is observed in the
historical primary source regions were technical HCH and Lindane have
been more extensively used, respectively (Breivik et al., 1999), and
reflect that the immediate effect on air concentrations from emissions
reductions is larger in source areas, compared to more remote areas.

3.4. Source indications

A higher proportion of the more chlorinated PCBs is expected closer
to source regions, as heavier PCBs tend to be less prone to LRAT (Beyer
et al., 2003). Accordingly, high relative abundance of PCB-153,
compared to PCB-28 (Figure SI-2.13), in combination with elevated
measured concentrations, may reveal potential source areas and/or
locally affected sites. Consequently, higher PCB-153/PCB-28 ratios were
observed in southern Europe than in northern Europe. The highest ratio
was observed for Abastumani (site 29, Georgia, PCB-153/PCB-28-ratio:
14, Figure SI-2.13), followed by Keldsnor (site 11, Denmark), Porspoder
(site 26, France) and Risoe (site 13, Denmark) (PCB-153/PCB-28-ratios:
3-4). For all these sites (except Porspoder), the high ratios are accom-
panied with elevated Y ¢PCB concentrations (i.e. outliers >70 pg/m?,
Figure SI-2.2a), substantiating that sources may exist in the vicinity.
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The a-/y-HCH-ratios in this study (range: 0.1-7.7, Figure SI-2.14)
and within EMEP (range: 0.2-41 (Aas and Bohlin-Nizzetto, 2018),) were
highest in northern Europe (correlation with latitude in this study; r =
0.53, p < 0.001), suggesting that LRAT and/or re-volatilization of
a-HCH are important in this region (Halse et al., 2012; Shen and Wania,
2005). The lower a-/y-HCH-ratios in southern Europe may further
reflect the vicinity to countries which have experienced significant
historical use and emissions of y-HCH (Breivik et al., 1999). For
example, the a-/y—-HCH-ratio at Waldhof (site 35, Germany) were 0.3 in
this study and 0.2 within EMEP respectively.

Isomeric ratios can be used to assess whether more “weathered”
isomers are dominating, and hence indicate possible shifts from
primary-to secondary sources (Becker et al., 2012; Pozo et al., 2006).
One example is the DDXs, for which a weathered signal with the ratio (p,
p’-DDE + p,p’-DDD)/p,p’-DDT larger than 1.3 was found at 92% of the
sites (Figure SI-2.15a), indicating past usage of technical DDT in Europe.
(Li and Macdonald, 2005; Ricking and Schwarzbauer, 2012). A weath-
ered signal of p,p’-DDT in European air was also shown in 2006 (Halse
et al.,, 2011). When comparing the ratio for the 53 sites above MDL in
2006 with the ratio in 2016, 17 sites had a lower ratio in 2016
(Figure SI-2.15b). For Montelibretti (site 47) and Ispra (site 46) in Italy,
the ratios decreased from 2.8 to 1.5 and 2.6 to 1.5 respectively. As the p,
p’-DDT concentration at the site had increased, while there was no
reduction in the p,p’-DDE concentration, the observed decrease may be a
result of possible influence from primary emissions of p,p’-DDT.

Several countries in Europe (e.g. Spain, Italy and Turkey) have uti-
lized dicofol in agriculture (Denier van der Gon et al., 2007). Dicofol is
synthesized from DDT (Qiu et al., 2005) and has shown to have a higher
content of the o,p’-DDT isomer compared to technical DDT. In our study,
29% of the sites had o,p’-DDT/p,p’-DDT ratios between 1.0 and 3.2
(Figure SI-2.15¢), and influence from dicofol may therefore be expected.
However, elevated ratios up to 14 have previously been reported in
areas where dicofol is suspected to be the dominant source (Ricking and
Schwarzbauer, 2012). The highest ratios in our study were found in
northern Europe (including Svalbard with ratio 3.2), which instead may
be explained by differences in the LRAT potential of the two isomers due
to a greater vapour pressure of the o,p’-DDT isomer (Spencer and Cliath,
1972). Preferential mobilization of the o,p’-DDT isomer from soil to air
(Ricking and Schwarzbauer, 2012) may also explain the elevated ratios
at some of the sites in our study.

The expected proportion of trans- and cis-chlordane from technical
chlordane in ambient air is 1.6 (Jantunen et al., 2000). Due to greater
reactivity of trans-chlordane compared to cis-chlordane in the envi-
ronment (Becker et al., 2012; Bidleman et al., 2002), the low trans-/-
cis-chlordane ratio observed in our study (median 0.27, less than 1.6 at
99% of the sites) may indicate that the occurrence of chlordanes in
European atmosphere is mostly influenced by historical use. This is
further supported by the high detection frequency of oxy-chlordane
(99%), which is a metabolite of the chlordanes. Houtem (site 4) in
Belgium, with the highest concentration of } schlordanes (35 pg/m®),
also shows a high ratio of trans-/cis-chlordane (2.2, Figure SI-2.16),
which implicates possible influence from more recent use of technical
chlordane in the vicinity of the site.

Technical chlordane also contains 7% of heptachlor (Dearth and
Hites, 1991). The dominance of the degradation product
heptachlor-exo-epoxide (detected at all sites) in our study, compared to
heptachlor (7% detected frequency), could therefore indicate past usage
of technical chlordane in Europe, but could also be due to past usage of
technical heptachlor (Bidleman et al., 2002). It should be noted that
heptachlor was detected with highest concentration in the sample from
Houtem (21 pg/m?, 32 times the MDL). This substantiates possible fresh
usage of one of these pesticides at the site (Hung et al., 2002).

While aldrin was not detected in any of the samples, dieldrin was
detected in 98% of the samples. Aldrin is degraded to dieldrin in the
environment (Gannon and Bigger, 1958), and the high abundance of
dieldrin may therefore implicate re-volatilization of either dieldrin
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and/or aldrin.

The technical mixture of endosulfan consists of >95% of the endo-
sulfan I and —II, in ratios between 2:1 and 7:3 (Weber et al., 2010). While
endosulfan I was detected at all sites, the detection frequency of endo-
sulfan II was only 45%. This may be explained by the higher content of
endosulfan I in the technical mixture and that endosulfan II may be
converted to endosulfan I in the environment (Schmidt et al., 1997;
Weber et al., 2010). The high median endosulfan I/endosulfan II-ratio
(8.5) across Europe may further suggest high degree of conversion of
endosulfan II, and hence implicates previous use of endosulfan. In
contrast, the low ratios at Iskrba (site 72, Slovenia, ratio: 1.4) and Capo
Granitola (site 50, Spain, ratio: 2.4) (Figure SI-2.17), accompanied with
the highest measured concentrations of both endosulfan I (82 and 24
pg/m>) and endosulfan-II (58 and 9.9 pg/m®), suggest more recent use at
these sites. It is also noteworthy that the detection frequency of endo-
sulfan II is higher compared to the detection frequency in the Norwegian
study (5% only) (Lunder Halvorsen et al., 2021), which may be a result
of endosulfan II being washed out more easily during atmospheric
transport (Shen et al., 2005).

3.5. Model predictions of PCB-153

Concentrations of PCB-153 in air predicted by GLEMOS and FLEX-
PART were within a factor of three of the observed concentrations for
62% and 65% of the sampling sites respectively. Both models generally
underestimated the measured concentrations, i.e. the ratio of measured/
predicted concentrations was larger than one for 81% of the sites with
GLEMOS and 84% of the sites with FLEXPART. The highest deviations
were found in the north and east regions (Figure SI-2.18). The under-
estimation observed for both FLEXPART and GLEMOS may in part be
due to uncertainties in the emission data used as input to the models
(Lunder Halvorsen et al., 2021). Secondly, FLEXPART ignores secondary
emissions, hence lower predicted concentrations with FLEXPART are
expected. However, FLEXPART predicted lower concentrations only at
45% of the sites and the FLEXPART/GLEMOS ratio ranged from 0.3 to
3.0. Thirdly, there are also uncertainties related to the estimated at-
mospheric loss during transport with the two models. A comparison of
predicted and observed concentrations (Figure SI-2.18), may help
identifying sites or areas where emissions are either under- or over-
estimated. The most noticeable example is Abastumani (site 29, Geor-
gia) where the highest measured concentration of PCB-153 (78 pg/m°>)
was found in this study. The measured concentration at this site far
exceeds what both GLEMOS (0.45 pg/m>) and FLEXPART (0.31 pg/m°>)
predict. When excluding the concentration measured at Abastumani, the
spatial variabilities of PCB-153 obtained from the two models (MMR =
566 for GLEMOS, MMR = 229 for FLEXPART), are larger than the
observed spatial variability (MMR = 161) in the study region. The un-
derestimation with GLEMOS is largest when low concentrations are
predicted (e.g. in the north region, Figure SI-2.18), resulting in a
possible overestimated MMR.

GLEMOS (Table SI-2.7) predicts that secondary emissions are, on
average, four times more important (median 78%) than total primary
emissions (i.e. national emissions and transboundary transport within/
outside EMEP) in controlling atmospheric burdens. The contributions
from secondary emissions (Fig. 2) are predicted to be largest at sites in
Russia and Finland (92-95%, e.g. Pinega, site 64, Figure SI-2.19a). The
footprint map of Pinega, obtained from FLEXPART (Figure SI-2.19b),
shows low input of primary emissions from other areas.

According to GLEMOS, the contributions from total primary emis-
sions (Fig. 2) to the measured concentrations on the sites varied from 5%
to 61% (median 22%), with the exception of Station Nord at Greenland
(site 41, 94%). Significantly larger (p-value<0.001) contribution from
primary emissions in the south and west region (median 35% and 28%
respectively), compared to the north and central-east region (median
18% and 16% respectively) were observed. National primary emissions
(Fig. 2) were predicted to contribute 0-53% (median 11%) to the
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Fig. 2. Predicted relative contribution of secondary and primary emissions of PCB-153 attributed to national emissions and transboundary transport from countries
within/outside EMEP, predicted by The Global EMEP Multi-media Modeling System (GLEMOS). The different study regions are indicated in the background map.

concentrations of PCB-153 and followed a similar spatial pattern as the
total primary emissions. Barcarotta in Spain (site 78, south region,
Figure SI-2.20a) is an example of a site that is predicted to be highly
influenced by national emissions (41%). The footprint map (Figure SI-
2.20b), showing largest input in the vicinity to the sampling site, also
reflects this.

It should be noted that many of the selected background sites are not
necessarily designated sites for the measurement of PCBs, but rather
background sites for other air quality indicators. Both the observed
concentrations of PCB-153 and the predicted total primary emissions
correlated significantly (p-values <0.001) with the estimated popula-
tion density within 50 km radius of the sampling site (r = 0.63 and r =
0.51). The highest densities (690-2700 persons per km?) were found for
nine sampling sites which had a city within this region (red circles in
Figure SI-1.8), and it may therefore be questioned if these are repre-
sentative background sites in the measurement of PCBs. For example,
Alfragide (site 63, Portugal) was located in the immediate vicinity of
Lisbon city. Not surprisingly, the observed concentrations of PCB-153
for these “suburban” sites (3.3-17 pg/m®) were found to be signifi-
cantly higher (p < 0.001) than all other sites (median 1.8 pg/m°, <610
habitants/km?). This “suburban effect” was largely captured by GLE-
MOS, which predicted the influence from national emissions to be
significantly higher (p-value = 0.01) for the “suburban” sites (5-53%),
compared to the other sites (median 11%).

On the other hand, the influence from transboundary transport
within/outside EMEP (Fig. 2) were 5% and 2% (medians) respectively,
and were predicted to be largest in the north region (median 9%). This is
in line with the findings in our Norwegian study (Lunder Halvorsen
et al., 2021), in which 15% was attributed to LRAT. Both Station Nord
(site 41, Greenland) and Zeppelin (site 96, Spitsbergen) in the north
region were predicted to be highly influenced by primary sources
outside EMEP (93% and 42% respectively), compared to the other sites
(<17%). This was also demonstrated in the footprint map for Zeppelin
(Lunder Halvorsen et al., 2021). Malanichev et al. (2004) has further
shown that American emission sources are one of the main contributors
to the atmospheric concentrations of PCB-153 in the Arctic in summer.
In contrast, e.g. Houtem (site 4, Belgium) had the largest predicted in-
fluence from transboundary transport within EMEP (58%),

predominantly from France (56%) (Figure SI-2.21a). The footprint map
(Figure SI-2.21b) further showed high emission contributions beyond
the nation’s boundaries, within the EMEP region. The EMEP countries
that contributed most frequently to the atmospheric burdens of PCB-153
at sites in other countries, were France (67%), Germany (48%), UK
(38%), Belgium (18%), Italy (18%), Russia (17%), Spain (16%), Sweden
(16%), Finland (11%), Netherlands (10%), Denmark (10%) and Ukraine
(9%). However, these numerical values are affected by the geographical
location and density of sites, as well as the predominant air flow across
Europe (west to east). For example, as the number of sites is relatively
large east of the French border, a relatively large number of sites are
likely to have been influenced by emissions in France.

4. Conclusions

In this extensive spatial mapping study, HCB and HCHs were found
to dominate the atmospheric background concentrations of POPs across
Europe. The highest spatial variability, on the other hand, was found for
> 6DDXs (MMR>953) and ) \sPCB (MMR = 240). For most POPs, higher
concentrations were observed in southern Europe than in northern
Europe, reflecting the proximity to historical source regions. In contrast,
the concentrations of HCB increased with latitude. The elevated con-
centrations of HCB observed in the Arctic may be explained by enhanced
influence of re-volatilization, but primary emissions of HCB have also
been suggested to be influential (Platt et al., 2022).

HCB was the only POP with higher concentrations in 2016 than in
2006. An increase was observed at 68% of the sites, distributed across
Europe, with an increase of 56% in the median concentration of HCB
from 2006 to 2016. High concentrations of HCB due to pesticide use
have previously been reported in central parts of Europe (Barber et al.,
2005), and enhanced influence of secondary emissions from previously
contaminated soil may be possible. However, the increase in concen-
trations of HCB in air could also be a consequence of an increase in
primary emissions. This highlights the need for further studies sepa-
rating the contributions from primary and secondary sources of HCB,
and future source-receptor modelling studies should therefore target
HCB. The increased concentrations also imply that further monitoring of
HCB is needed.
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On the other hand, the observed decline in the median atmospheric
concentrations from 2006 to 2016 for a-HCH (—59%), y-HCH (—48%),
3 6PCBs (—28%), > 4chlordanes (—23%) and > 4DDXs (—12%) reflects
that the primary emissions in the study region have declined. The largest
decreases are observed in historical primary source regions while the
smallest decreases are observed in remote regions which are more
influenced by secondary emissions and/or long-range atmospheric
transport from outside Europe. For the PCBs, no significant decrease and
a higher proportion of the more chlorinated PCB-153 than PCB-28 was
observed in the south region, implying more influence of primary
sources in this region. This was supported by model predictions of PCB-
153 using GLEMOS that showed that the contribution from secondary
emissions is, on average, four times higher than primary emissions in
most of the study area while primary emissions of PCB-153 are more
influential at southern latitudes.

For Y ¢DDXs and _schlordanes, the decrease was only significant in
the west region. Isomeric ratios for OCPs showed that most sites are
influenced by secondary sources from historical usage of pesticides. For
DDXs, however, the isomeric ratio indicates that some sites may be
influenced by primary emissions of technical DDT. Furthermore, the
spatial patterns of the dominating isomers suggest that the influence of
secondary sources was largest at southern latitudes in Europe. Second-
ary emissions from applications of technical aldrin, -chlordane and
-heptachlor were more dominating in the west region than the east
region.

Implications of continued influence of primary emissions of PCBs and
DDXs in some regions, suggest that these compounds should be priori-
tized in future monitoring of POPs. Within EMEP, the MMRs based on
active air sampling concentrations were 11 for ) cPCB (n = 10) and 328
for sum of p,p’-DDD/DDE/DDT (n = 11). This is substantially lower than
the spatial variability (240 and 1135 respectively) based on all sites in
our study (n = 101) and suggests that the spatial variability of PCBs and
DDXs in Europe is not fully captured by the ongoing monitoring activ-
ities within EMEP.

Our study highlights the advantages of combining high spatial res-
olution observations with mechanistic modelling approaches as an
important supplement to ongoing long-term monitoring efforts at EMEP
sites. As this study offers results which provide new insights on the
relative importance of primary and secondary emission sources on a
European scale, it thereby also offers knowledge which can be used by
policy makers to assess potential opportunities for further emission re-
ductions of legacy POPs. While this study has focused on selected legacy
POPs only, the strategy of combining high resolution monitoring and
modelling can be expanded towards a wider range of semi-volatile
organic chemicals in the future. However, due to the lower uptake ef-
ficiency for particles with our MONET-sampler (Markovic et al., 2015),
alternative sampling strategies will ideally be required if targeting
trace-levels of particle-associated chemicals.
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