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Abstract. This study investigated 48 current-use pesticides (CUPs) and 30 organochlorine pesticides (OCPs)
in ambient air at a rural-agricultural site in the Czech Republic, with biweekly sampling over three and 10
years, respectively. Despite being banned decades ago, OCPs persist in the atmosphere, with revolatilisation
from surfaces apparent in summer. Temporal trend analysis revealed decreasing atmospheric concentrations for
several OCPs, which indicate long-term diminishing reservoirs in environmental compartments, especially soil.
For 8- and y-HCH, o, p’- and p, p’-DDE, o, p’-DDD, o, p’- and p, p’-DDT, a-chlordane, and mirex, levelling
off is observed, which points to recently enhanced secondary sources in the region or beyond, related to reversal
of the direction of air-surface exchange in response to historic atmospheric depositions or recent mobilisation
from ground compartments, such as water bodies, the cryosphere, or soils heated by wildfires.

CUP concentrations peaked during application seasons, with multi-annual trends either insignificant or declin-
ing. For compounds like chlorpyrifos and fenpropimorph, declining trends aligned with regulatory bans, though

their presence in the atmosphere was evident one-year after the bans, suggesting persistence.

1 Introduction

The wide use of organochlorine pesticides (OCPs) started
in the 1940s for agricultural and vector disease control pur-
poses. Because of long residence time in ground compart-
ments and air, these substances cycle globally, enhanced by
semivolatility, which allows for several cycles of volatilisa-
tion and deposition (Wania and Mackay, 1993; Semeena and
Lammel, 2005). Due to their severe health and environmental
effects, OCPs have been restricted in most countries (UNEP,
2001). For DDT and HCH, this was consistently reflected
in declining concentrations in air (UNEP, 2003; Becker et
al., 2008; Gao et al., 2010; Venier and Hites, 2010; Shunthi-
rasingham et al., 2016; Wohrnschimmel et al., 2016). With-

out primary emissions, re-volatilisation from soils and sur-
face waters, triggered by the reversal of the direction of air-
surface exchange under declining levels in air (Bidleman
et al., 1995; Lakaschus et al., 2002; Semeena et al., 20006;
Stemmler and Lammel, 2009; Wéhrnschimmel et al., 2012,
2016; O’Driscoll, 2014; Lammel et al., 2018; Li et al., 2020)
should be the only remaining source for banned OCPs in
air (Salamova et al., 2015; Wong et al., 2021). Most of the
total environmental burdens of OCPs are stored in surface
compartments, while only a minor fraction is cycling in air
(Semeena et al., 2006; Wohrnschimmel et al., 2012, 2013;
Mackay and Parnis, 2020).

Newer types of pesticides, called current-use pesticides
(CUPs), have since been developed and have been exten-
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sively used worldwide (Alexandratos and Bruinsma, 2012;
Sharma et al., 2019; FAOSTAT, 2024). CUPs, covering
more than 30 substance classes such as organophosphates,
pyrethroids, and neonicotinoids, are chemically varied and
accordingly subject to different environmental fates (van Pul
et al., 1999; Lewis et al., 2016; Carvalho, 2017). CUPs have
been detected in many environmental matrices worldwide
(Tang et al., 2021) and are capable of long-range transport
(Balmer et al., 2019; Mayer et al., 2024). CUPs can enter
the atmosphere during application, where up to 90 % of the
mass applied can be released directly into the atmosphere
(van den Berg et al., 1999). CUPs can volatilise from sur-
faces such as soil, plants and surface water over longer pe-
riods of time following application (Bedos et al., 2002), and
can be mobilised through wind erosion of soil particles con-
taining CUPs (Glotfelty et al., 1989). Moreover, like OCPs,
CUPs can also re-volatilise from soils and surface waters.
For both banned and authorised chemicals, it is generally
possible to distinguish between primary (e.g., application for
pesticides) and secondary sources (e.g., re-volatilisation) by
examining the seasonal temperature variations, application,
and concentrations in air (Hoff et al., 1998; van den Berg et
al., 1999). OCP sources and atmospheric concentrations have
been monitored for decades at continental sites (Bidleman,
1999; Sofuoglu et al., 2004; Holoubek et al., 2007; Cindoruk,
2011; Salamova et al., 2015; White et al., 2021; Kalina et
al., 2022; Hites and Venier, 2023) and remote sites (Hung
et al., 2005, 2010, 2016; Wong et al., 2021). Monitoring of
CUPs in air has been reported from a few European countries
(Duyzer, 2003; Coscolla et al., 2010, 2017; Degrendele et al.,
2016; Villiot et al., 2018; LCSQA, 2019; IVL, 2021; Kruse-
Pla et al., 2021; Debler et al., 2024; Habran et al., 2024),
and CUP regional distributions have become an increasing
focus of research in recent years (Wang et al., 2021; Mayer
et al., 2024).

Multi-annual observations of these compounds are essen-
tial not only for assessing the effectiveness of policy deci-
sions (e.g., the immediate effects of banning certain pesti-
cides) and evaluating the overall atmospheric pesticide load,
but also for identifying their sources in the atmospheric envi-
ronment. In this study, biweekly samples of OCPs and CUPs
were collected in both the gas and particulate phases at a ru-
ral site in an agricultural region of central Europe, spanning
2013-2022 for OCPs and 2019-2021 for CUPs, allowing for
the assessment of seasonal variations and time trends.

2 Methodology

2.1 Pesticide selection

Forty-eight CUPs (21 herbicides, 16 insecticides and 11
fungicides) encompassing 24 chemical classes were selected
(Table S1 in the Supplement) based on previous studies (De-
grendele et al., 2016; Désert et al., 2018; Mayer et al., 2024),
national and global pesticides usage trends (Maggi et al.,

Atmos. Chem. Phys., 25, 12467-12482, 2025

L. Mayer et al.: Current-use and legacy pesticides’ multi-annual trends in air in central Europe

2019; UKZUZ, 2024) and their potentially harmful effects
on the environment and human health (Jepson et al., 2020;
Hulin et al., 2021). In addition, 30 OCPs and related metabo-
lites were also measured (Table S2).

2.2 Site location

The National Atmospheric Observatory Kosetice, Czech Re-
public (NAOK), is a regional background site of the Co-
operative Programme for Monitoring and Evaluation of
the Long-range Transmission of Air Pollutants in Europe
(EMEP), Global Atmosphere Watch (GAW) and Integrated
Carbon Observation System (ICOS) networks, and con-
tributes to the Aerosols, Clouds and Trace Gases (ACTRIS)
research infrastructure (Holoubek et al., 2007; Lammel et
al., 2010; Vana et al., 2020). However, as this site is lo-
cated in an agricultural area (Fig. S1 in the Supplement) and
in close vicinity to fields (samplers distanced <20 m from
fields; Fig. S2), the site is a rural site and not representative of
background conditions with regards to emissions from agri-
culture.

2.3 Sample collection

A high-volume air sampler (Digitel DH77; Digitel,
Volketswil, Switzerland), equipped with a PM;jo pre-
separator sampling head, was used to collect week-long sam-
ples every second week from January 2013 to December
2022 for OCPs alongside another high-volume air sampler
(Baghirra, Baghirra s.r.0., Prague, Czech Republic) and from
February 2019 to August 2021 for CUPs. For OCPs, the
sampling volume was on average 5167 £518 m>, while it
was 3124 4+491m? for CUPs. Particles were collected on
quartz fibre filters (QFFs) (QM-A, 150 mm, Whatman, UK)
for both OCPs and CUPs, while gaseous OCPs were col-
lected on polyurethane foam (PUF) plugs (two in sequence,
T3037,110 x 50 mm, 0.030 g cm™3, Molitan, Bieclav, Czech
Republic) and gaseous CUPs on a sandwich sorbent con-
sisting of a PUF plug, a layer of XAD resin (Supelpak-2,
Merck, Darmstadt, Germany), and another PUF plug, sepa-
rated by cotton wool (i.e., PUF/XAD2/PUF sandwich). This
configuration has been shown to be the most efficient for the
collection of gaseous CUPs (Dobson et al., 2006; Lopez et
al., 2018) and has been applied and optimized previously for
CUPs and OCPs (Degrendele et al., 2016). Prior to sampling,
PUFs used for OCP sampling were precleaned via Soxhlet
extraction with acetone and dichloromethane for 8 h each,
and both PUFs and XAD2 used for CUP collection were pre-
cleaned via Soxhlet extraction with acetone and methanol for
8 h each.

In total, 252 air samples were collected for OCP analysis,
while 107 samples were collected for CUP analysis. Six sam-
ples from early January to March 2016 were removed from
the dataset due to road reconstruction in the vicinity of the
sampling, which prompted a strong resuspension of soil par-
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ticles. After collection, samples were wrapped in aluminium
foil, sealed in a plastic bag, stored at —18 °C on site until
transport to the RECETOX Trace Analytical Laboratories,
and stored at —18 °C until extraction and analysis.

2.4 Sample preparation and analysis

Air samples were first spiked with isotopically-labelled stan-
dards (Table S3) and then underwent extraction using an au-
tomated extractor (E-800, Biichi Extraction System, Flawil,
Switzerland), with 150 mL of methanol and 5 mM of ammo-
nium acetate for CUPs and 150 mL of dichloromethane for
OCPs. CUPs extract clean-up was done by filtration through
a 0.22 um pore size cellulose acetate membrane (Corning
Costar Spin-X, United States) and concentrated under a gen-
tle stream of nitrogen to a final volume of 500 uL. 100 uL
of MilliQ water were then added to a 100 uL aliquot of the
extract which was then used for analysis. After extraction,
OCPs extracts were transferred to a glass column (30 mm
i.d.) filled with 0.5g of activated silica, 30g of HySOq4
modified activated silica and 1 g of non-activated silica and
were eluted with 40 mL of DCM : hexane (1 : 1). 50 uL of n-
nonane was added as a keeper solvent, and the extract was
then concentrated under a gentle stream of nitrogen to a final
volume of 100 pL.

CUPs were analysed using a high-performance liquid
chromatograph (HPLC, Agilent 1290, Agilent, Santa Clara,
USA) coupled to a mass spectrometer (QTRAP 5500, AB
Sciex, Framingham, USA) using four different methods pre-
viously developed and described (Mayer et al., 2024). The
precursor to product ions were monitored in scheduled multi-
ple reaction monitoring mode (MRM) (Table S4). The identi-
fication of individual pesticides was based on the comparison
of intensity ratios of ions and retention times with standards
and quantification was done using internal calibration with
isotopically labelled standards (Table S4).

OCPs were analysed by gas chromatography-mass spec-
trometry (GC-MS/MS). Detailed information on the methods
employed is available in the Supplement (Sect. S1 “Method-
ology” and Table S5).

2.5 Quality assurance and quality control

Twenty-three and eight field blanks were collected and
treated alongside the collected samples for OCPs and CUPs,
respectively. They were placed in the sampler without pump-
ing air for several seconds (Table S6). Instrumental limits
of detection (iLODs) and quantification iILOQs) were de-
termined by distinguishing the intensity of analytes with a
signal-to-noise ratio of 3:1 and 10: 1, respectively. Field
blanks were used to determine method detection limits
(MDLs) based on the average of the analyte concentrations
in field blanks plus three times their standard deviation. If
field blanks levels were below iLOQ, then iLOQs were used
as MDL.
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The recoveries of individual pesticides were assessed by
spiking sampling media (i.e., QFFs and PUF/XAD2/PUF
sandwiches for CUPs and PUFs for OCPs) with the na-
tive standards and their corresponding isotopically-labelled
standards, which were then processed in the same way as
the samples. With a few exceptions, most analyte recoveries
were in the range of 60 %—120 % and had standard devia-
tions lower than 20 %. For the 48 CUPs analysed using the
HPLC-MS/MS, the method recoveries of individual analytes
ranged from 68 &= 14 % (carbaryl) to 153 22 % (iprovali-
carb) for QFFs and from 61 +3 % (kresoxim-methyl) to
132+ 10 % (iprovalicarb) for PUF/XAD2/PUF (Table S7a),
while for OCPs, recoveries ranged from 47 + 8 % (PeCB) to
100+9 % (p, p’-DDD) for QFFs and from 49 4+ 6 % (PeCB)
to 103+ 10% (p, p’-DDD) for PUFs for all samples from
2013 to 2022 (Table S7b).

In 2018, the analytical instrument and internal standards
were changed for OCPs only. As a consequence, the chro-
matographic results from 2018 onward, for both OCPs and
CUPs, have been adjusted by the recoveries (Sect. S1.1.2 in
the Supplement), while results for OCPs prior to 2018 were
not recovery corrected (Sect. S1.1.1). Therefore, the time
trends are determined separately for the two periods: (1) from
2013 to 2017 and (2) from 2018 to 2022. The different treat-
ment of recoveries is clearly visible in some of the OCP time
series (e.g., PeCB, HCB and HCHs).

2.6 Data processing and statistical analysis

As relaxation to phase equilibrium is fast on the time scale
addressed (weeks), and both phases were analysed sepa-
rately, the data analysis was based on the total concentra-
tion, i.e., the sum of particulate and gaseous concentration.
Individual pesticide temporal trends were investigated us-
ing a multiple regression equation accounting for seasonal-
ity. For OCPs, with expected one annual amplitude, Eq. (1)
is used, which has been widely applied for trend analysis of
OCPs (Venier et al., 2012; Wang et al., 2018), as well as
for other semivolatile organic compounds (SVOCs) which
are dominated by secondary emissions, such as polychlori-
nated biphenyls (PCBs; Degrendele et al., 2020) and poly-
brominated diphenyl ethers (PBDEs; Ma et al., 2013; Li et
al., 2016; Degrendele et al., 2018), halogenated flame retar-
dants (Liu et al., 2016), per- and polyfluoroalkyl substances
(Paragot et al., 2020) and organophosphate esters (Wang et
al., 2020).

In Cyir = ap + ay sin(zt) + az cos(zt) + azt €))

where C,r equals the total (particulate + gaseous) concen-
tration of a compound (pgm™3), 7 is the time (in years) when
the samples were collected; z equals (271/365.25) to fix the
periodicity to a year; ag is an intercept to rectify the units, a;
and ap are harmonic coefficients describing seasonal varia-
tions, and a3 is a first-order rate constant and the long-term
exponential component (yr~!). The parametric F-test was
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used in order to assess the significance of each of these co-
efficients, while the coefficient of determination R? reflects
the fit of Eq. (1).

Since at rural sites, CUPs in air will be dominated by pri-
mary emissions (i.e., application on agricultural land), long-
term trends were analysed using Eq. (2), which captures up
to two annual amplitudes and their application periodicity.

InCyir = ag + aj cos(azzt +aq) + ast )

with a; being a harmonic coefficient describing seasonal
variation, a; allowing for other periods than one year, a3 is
the long-term exponential component (yr~') and a4 defines
a phase shift deviating from the seasons. The initial guess for
the value of a4 was chosen according to the recommended
timing of application (e.g., 2.32 in units of 27 for mid-May)
and was later fine-tuned during the regression.

For both Eqs. (1) and (2), the coefficient a3 is used to cal-
culate the halving (< 0) or doubling time (> 0) for a given
compound according to Eq. (3):

In(2)
T = ( )/365.25 3)
as

The apparent halving or doubling time (t; in years) describes
the time for concentrations of a compound to decrease by
50% or to increase by 100 %. These halving or doubling
times should not be confused with half-lives associated with
degradation processes.

Non-parametric Mann-Whitney tests were applied to com-
pare atmospheric concentrations with previous CUP mea-
surements conducted at the same site in 2012-2013 (Degren-
dele et al., 2016).

2.7 Clausius-Clapeyron equation

The influence of the near-ground air temperature on volatil-
isation of pesticides from soil can be represented using the
Clausius-Clapeyron equation (Hoff et al., 1998; Eq. 4):

In p = (AHexp/R)(1/T,) + constant 4)

with partial pressure p (Pa), near-ground air temperature
T. (K), experimentally-based enthalpy of the soil-air ex-
change AHep (k] mol—!) and the universal gas constant R
(8.314Pam?® K~! mol™!). Firstly, the partial pressures of in-
dividual pesticides were calculated following Eq. (5),

p = (cot RTy)/ Mg &)

using the ideal gas law, air temperature 73, molecular weight
M, (g mol—1), and total concentrations cof = cg+cp (in
gm™3) for OCPs and CUPs. ¢ is more appropriate than
cg, because inherent to our sampling design (weekly sam-
ples, long-lived substances), the total concentration, cg + ¢,
is operationally conservative, unlike c,. The pesticide vapour
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pressures were expressed as linear regressions of the natu-
ral logarithm of partial pressure versus inverse temperature
(Hoff et al., 1998; Eq. 6):

m
Inp=—+5b 6
np Ta+ (6)

where m and b correspond to the slope and intercept of the
linear regression, respectively.

3 Results and Discussion

3.1 Pesticides detection frequencies

Overall, 32 of the targeted 48 CUPs were observed in at least
one sample. Eleven CUPs had detection frequencies (DF)
greater than 80 %, with two CUPs, pendimethalin and tebu-
conazole, being detected in all samples. Six CUPs had DF
from 50 % to < 80 %, five CUPs from 20 % to < 50 %, while
10 CUPs had DF < 20 % (Table S8). The CUPs included in
this study represented 22 %, 30 % and 28 % of all the pes-
ticides used in agriculture in the Czech Republic during the
years 2019, 2020 and 2021, respectively (Table S9). Among
them, chlorotoluron, chlorpyrifos, metamitron, metazachlor,
pendimethalin, prochloraz, spiroxamine, tebuconazole and
terbuthylazine were used in the largest amount (> 50t of ac-
tive substances per year), and these CUPs were all quantified
> 65 % of air samples, except for metamitron (2.8 % DF).
Most of the CUPs quantified during the sampling period were
applied as plant protection products in the Czech Republic,
however, six compounds, acetochlor, atrazine, carbaryl, di-
azinon, isoproturon and mecoprop, had DFs ranging from
0.9% to 51 % and had no documented use. Cyprodinil and
diuron were approved, but no use was reported in the Czech
Republic, while the other compounds were prohibited for use
in Europe.

During the 2013 to 2022 period, all targeted legacy
OCPs and metabolites were detected in at least one
sample. Six compounds were present in every sam-
ple, emphasizing their persistence in the environment:
pentachlorobenzene (PeCB); hexachlorobenzene (HCB);
two stereoisomers of hexachlorocyclohexane (HCH): o-
HCH and y-HCH; p, p’-dichlorodiphenyltrichloroethane
(p, p’-DDT), as well as one of its associated metabo-
lites p, p’-dichlorodiphenyldichloroethane (p, p’-DDE) (Ta-
ble S8). Twelve additional compounds were present in
more than 50% of the samples: o, p’-DDT, o, p’-DDE,
o, p’-DDD, p, p’-DDD, a-chlordane, y-chlordane and as-
sociated metabolite oxychlordane, B-HCH, §-HCH, cis-
heptachlor epoxide, a-endosulfan, and mirex. Aldrin, dield-
rin, B-endosulfan, endrin, endrin aldehyde, endrin ketone,
heptachlor, trans-heptachlor epoxide, isodrin and methoxy-
chlor were all detected in less than 25 % of the samples (Ta-
ble S8).
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3.2 Total concentrations

The concentrations of individual CUPs ranged over five
orders of magnitude, from 40fgm™—> (2,4-D) to Sngm™3
(s-metolachlor). Chlorpyrifos, fenpropidin, fenpropimorph,
metalaxyl, metazachlor, pendimethalin, prosulfocarb, s-
metolachlor, spiroxamine, tebuconazole and terbuthylazine
were the only CUPs with total concentrations exceeding
100 pgm~> on multiple occasions, while chlorotoluron ex-
ceeded that concentration only once during the sampling pe-
riod (Fig. la, b, Table S10). Previous observation at this
site during the 2012-2013 period also showcased the ob-
servation of chlorpyrifos, metazachlor and s-metolachlor,
in addition to acetochlor and isoproturon in concentrations
surpassing 100pgm™3 (Degrendele et al., 2016). In this
study, chlorpyrifos, s-metolachlor, and prosulfocarb were
found most abundant (average concentrations of 116, 115,
and 79.7 pgm™3, respectively; Table S10a). As mentioned
previously, some of those compounds (i.e., chlorpyrifos,
metazachlor, pendimethalin, spiroxamine, tebuconazole and
terbuthylazine) were applied on the Czech territory in more
than 50t of active substance per year, which would influ-
ence their high atmospheric concentration, notably during
application periods (Table S9). Similarly, high concentra-
tions of these compounds had previously been reported from
rural environments (Debler et al., 2024; Habran et al., 2024;
Mayer et al., 2024; Ni et al., 2024). Additionally, elevated
levels of fenpropidin (0.42-307 pgm™—3), prosulfocarb (0.1—
1631 pgm™3), and s-metolachlor (0.06-5025 pgm~3) have
been previously observed in various European countries,
including Germany, France, Belgium, and the Netherlands
(Villiot et al., 2018; Kruse-PlaB et al., 2021; Debler et al.,
2024; Habran et al., 2024) (Fig. 1a, b; Table S10).

Overall, concentrations of OCPs were found to be signif-
icantly lower than CUP concentrations. The average weekly
concentration of ¥30OCPs was 44.3pgm™3, with HCB,
p, p’-DDE and y-HCH accounting on average for 38, 29
and 8.1 % of ¥30OCPs and found at highest concentrations
(Fig. 1c, d and Table S10). These three OCPs have also
been previously observed as the dominant atmospheric OCPs
(Gevaoetal.,2018; Wang et al., 2018; Wong et al., 2021; Ma-
montova and Mamontov, 2022; Khuman et al., 2023; Lunder
Halvorsen et al. 2023).

The ratio of (p, p’-DDT) / (p, p’-DDE +p, p’-DDD) can
be used as an indicator of aged technical DDT, as over
time, DDT is converted into both DDE and DDE (Bidleman,
1999). A lower ratio is indicative of aged DDT, while a ra-
tio > 1 implies fresh application (Sari et al., 2020). In this
study, the ratio ranged 0.03-0.53, indicating aged DDT, as
would be expected considering Czechoslovak restrictions on
DDT in the 1970s. Moreover, the (o, p’- / (0, p’-+p, p’-) ra-
tios for each DDX substance were compared (Fig. S3). In
general, technical DDT contains a higher fraction of p, p’-
DDT, while dicofol contains a higher fraction of o, p’-DDT
(Qiu et al., 2005). For both DDT and DDD, this ratio de-
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creased over time and remained low (0.37 and 0.31 for DDT
and DDD, respectively), indicating that dicofol was seem-
ingly not a viable source for presence of DDT in the atmo-
sphere, not during years of declining concentration nor later
(Ricking and Schwarzbauer, 2012). For DDE, however, the
ratio remained stable and low (i.e., average ratio = 0.02), in-
dicating great environmental persistence, as the more stable
p, p’-DDE isomer predominates, leading to prolonged con-
tamination and potential bioaccumulation in ecosystems.

Additionally, the ratio 8-HCH / (¢«-HCH+y-HCH) which
ranged 0.01-0.16 can be used to distinguish between tech-
nical HCH (8-HCH / (¢-HCH +y-HCH)>0.5 ) and lin-
dane (8-HCH / (¢-HCH +y-HCH) < 0.5) (Li and Macdon-
ald, 2005), as sources of environmental contamination.

The overall low level of B-HCH and the 8-/ (a-+y-)
HCH ratios confirm the use of lindane, which was banned
more recently (1995), as the dominant HCH source (Sari
et al., 2020). Similar results have been recently observed in
Turkey, Peru, South Korea and Argentina (Sari et al., 2020;
Miglioranza et al., 2021; Lee et al., 2022). Similarly, the ratio
a-HCH / y-HCH has been previously used to infer sources
of HCHs. A recent study in Europe highlighted a distinction
between the northern and southern regions: in the north, high
«-HCH / y-HCH values were observed, indicating the domi-
nance of long-range atmospheric transport and re-suspension
of «-HCH, whereas in the south, lower «-HCH / y-HCH
values suggested historical use of y-HCH (lindane; Lunder
Halvorsen et al., 2023). In our study, the ratio «-HCH / y-
HCH ranged from 0.12 to 1.7, aligning with values reported
in southern Europe.

CUPs have previously been monitored at this site from
2012 to 2013 (Degrendele et al., 2016). Total concentra-
tions were compared for compounds with sufficient data
(DF > 20 %) in both this study and the previous one. Over-
all, eight CUPs were compared. The 2019-2021 concentra-
tions were significantly higher for chlorotoluron, chlorpyri-
fos, prochloraz and s-metolachlor, for which approvals ex-
isted during the entire study period, 2012-2021. The 2012-
2013 concentrations were higher for isoproturon, banned as
a plant protection product since 2016, and metazachlor, ap-
proved during the entire study period. No significant differ-
ences were observed for fenpropimorph and terbuthylazine
(Table S11).

3.3 Seasonal variations

Out of the 22 CUPs with DF > 20 %, the total atmospheric
concentration for 16 peaked in spring (Table S12), aligned
with the application season. The typical shape of applica-
tions during an application season is reflected as a fast in-
crease in concentration followed by a slow decrease. Sim-
ilar patterns have been previously observed for CUPs such
as chlorpyrifos, fenpropidin, metazachlor, prosulfocarb and
pendimethalin (Hayward et al., 2010; Degrendele et al.,
2016; Carratald et al., 2017; Villiot et al., 2018; Wang et al.,
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2021). Five CUPs, i.e., chlorotoluron, chlorpyrifos, isopro-
turon, pendimethalin and prosulfocarb, had atmospheric con-
centrations that peaked in both spring and autumn (Fig. S4;
Table S12). For pendimethalin, as a pre-emergence herbi-
cide, an early winter/late spring application is also seen in
2019 and 2020. The autumn peak is likely due to direct ap-
plication of pesticides for winter cereals (Garthwaite et al.,
2014; Degrendele et al., 2016). However, it is also possible
that volatilisation from surfaces such as soil, plants and pre-
treated seed (Nuyttens et al., 2013) as well as tillage practices
(Alletto et al., 2010) occurring at this time may contribute to
the levels in air (Alletto et al., 2010). This is most likely the
case for isoproturon, which has been banned since 2016, and
therefore, application is unlikely. In general, during winter
months, pesticide application are not expected due to low soil
temperature (frozen or near), CUPs occurrence in ambient air
indicates low degradability. During December to February,
chlorpyrifos, isoproturon, and prosulfocarb were the domi-
nant CUPs (with atmospheric concentrations > 100 pg m~3),
which have been indicated to be persistent previously (Debler
et al., 2024; Mayer et al., 2024). Lastly, metazachlor peak in
summer was particularly pronounced (Table S12, Fig. S4),
as observed previously (Mai et al., 2013; Degrendele et al.,
2016). It was highest in August. This can be explained by
coincidence of application, as metazachlor is most used for
seed oil plants, usually applied in August for weed control of
winter cereals (Wijewardene et al., 2021).

Bans on chlorpyrifos, fenpropimorph, propiconazole and
thiacloprid became effective during the sampling period and
an indication of these bans were apparent in the data (Ta-
ble S1). During 2019, high concentrations were due to clearly
evident applications, but these maxima were six times lower
during the same period in the following years, highlighting
the immediate effect of the legislation (Fig. 1). In addition,
based on the simulated concentrations distribution encoun-
tered derived from Eq. (2) (Table S12), we found that pes-
ticide application was done from February until November,
with the spring being quite broad, ranging from mid-March
to end of June, while the autumn one ranged from mid-
October to end of October.

3.4 Influence of temperature on pesticide
re-volatilisation

The influence of local secondary emissions of pesticides via
re-volatilisation from soils was examined using the Clausius-
Clapeyron equation (Table S13) (Hoff et al., 1998). For the
2013-2022 OCPs collection period, the temperature ranged
from —9.5 to 23.7 °C while for the 2019-2021 CUPs collec-
tion period, it ranged from —5.8 to 22.1 °C.

A statistically significant correlation between the natural
logarithm of partial pressure and the inverse ambient tem-
perature was found for all OCPs with DF > 20 %, except
y-chlordane (Table S13b). In addition, slopes were negative
for 17 OCPs (Table S13b) and ranged from —7768 (¢-HCH)
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to —2879 (endosulfan sulfate). This indicates that those pes-
ticides” atmospheric concentration increased with increas-
ing air temperature (Fig. S6). Previous studies noted that a
steep slope and high R? values (> 0.6) are synonymous with
temperature-controlled air—surface cycling and may indicate
significant influence of short-range transport on the ambient
concentrations (Hoff et al., 1998; Wania et al., 1998; Degren-
dele et al., 2016). This was observed for two OCPs: o, p’-
DDT and p, p’-DDT, with respective slopes of —7221 and
—6112, while respective R? values were 0.65 and 0.68 (Ta-
ble S13b). The results from the Clausius-Clapeyron analysis
suggest that soil temperatures play a significant role in in-
fluencing DDD levels at this site, as indicated by only little
scatter, also in the DDD sinusoidal time series (R2 = 0.34,
Table S13b, Fig. S8). In contrast, the bigger scatter for DDE
(R2 = 0.46, Table S13b, Fig. S9), suggests that DDE is more
influenced by secondary sources located far from the sam-
pling area (Hoff et al., 1998).

In general, the Clausius-Clapeyron relationships suggest
that atmospheric concentrations of most OCPs in this study
were controlled by the exchange between soil and air and
therefore, by revolatilisation from surfaces close to the
sampling site. This observation agrees with other studies
(Cabrerizo et al., 2011; Degrendele et al., 2016; Zhan et
al., 2017). For the less temperature-dependent compounds,
it is suggested that atmospheric concentrations were more
influenced by long-range atmospheric transport (LRAT; Ta-
ble S13b).

According to the Clausius-Clapeyron relationship, 18
CUPs were found to be temperature dependent (Ta-
ble S13a; p-value < 0.05). Previously, terbuthylazine and s-
metolachlor have been found to have significant temperature
dependency (Degrendele et al., 2016). Unlike for OCPs, CUP
maximum concentrations were not encountered during the
warmest period (summer) but during their application peri-
ods (Fig. S6 and Table S11).

The overall results emphasize the differences between
OCPs and CUPs. For OCPs, temperature-dependent volatil-
isation is the main influence on OCP atmospheric concen-
tration. For authorised CUPs, atmospheric concentrations
were mainly influenced by application, while temperature-
dependent resuspension and LRAT determined CUP atmo-
spheric levels for banned compounds.

3.5 Multi-annual variations

Long-term annual variations in atmospheric concentrations
were assessed for 22 CUPs with sufficient concentration data
(DF > 20 %) using Egs. (2) and (1) for CUPs and OCPs, re-
spectively. Values below MDL were substituted by MDL /2.
Equation (1) was tested for CUPs trends, too, which led to
lower R? values as compared to using Eq. (2) (Tables S15-
S16), not only for CUPs with 2 concentration maxima per
year, but also for CUPs with only one.
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A decrease of total atmospheric concentrations is found for
14 CUPs over the period 2019-2021 (Eq. 2, Table S15). Nine
of these were approved pesticides: 2,4-D, chlorotoluron,
cyprodinil, fenpropidin, metazachlor, pirimicarb, prochloraz,
s-metolachlor and terbuthylazine. National usage of these
pesticides in the Czech Republic was almost constant dur-
ing 2019-2021, except for fenpropidin and prochloraz, for
which annual amounts decreased by approximately 40 %
during this period. Decreasing trends were also observed
for recently banned pesticides (chlorpyrifos, fenpropimorph,
and thiacloprid), as well as the earlier banned CUPs iso-
proturon and propiconazole. This reflects the immediate and
long-term effects of legislation. Generally, for the CUPs with
decreasing concentrations, the estimated halving times 71,2
ranged from 0.62 to 1.37 years for the approved pesticides,
while for the banned pesticides halving times were expect-
edly lower (i.e., 71,2 ~ 0.38-0.48 years), except for thiaclo-
prid (1,2 ~0.91 years) (Fig. 2; Table S15). Seven CUPs
showed no significant change of their atmospheric concen-
tration over time. These compounds are all approved for use
and applied in the Czech Republic with stable or increasing
usage. Boscalid was the only in-use CUP in the Czech Re-
public that was decreasing (UKZUZ, 2024).

For chlorpyrifos and fenpropimorph, the usage was re-
duced by 30 %-50 % from 2019 to 2020 in the Czech Repub-
lic and was reported to approach zero or very low amounts in
2021 (Table S9). The observed decline was accelerated from
2020-2021 compared to the 2019-2020 period, reflecting the
combination of these applications and degradation in the to-
tal environment after the ban (total environmental residence
time Toyerall Up to many months, BCPC, 2012).

The time trend analyses of the OCPs were assessed sep-
arately for the time periods 2013-2017 and 2018-2022
(Eq. (1), Table S16). A significant decrease in total atmo-
spheric concentration is observed in both periods for «-, §-
and ¢-HCH, cis-heptachlor epoxide, y-chlordane, oxychlor-
dane, and a-endosulfan (Figs. 3 and S6). p, p’-DDD shows
an increasing trend in the 2013-2017 period, but a decreasing
one in the 2018-2022 period (Figs. 3 and S7, Table S16), for
unknown reason. The decreasing trends in 2018-2022 range
—7.3%+5.1% yr~!, with the steepest slope, —16.7 % yr~!,
found for o-endosulfan. Consistently, this steepest slope
of a-endosulfan corresponds with the shortest time passed
since restriction (2013) among these eight OCPs (Alarc6n
et al., 2023). Twelve OCPs, i.e., PeCB, HCB, 8- and y-
HCH, o, p’- and p, p’-DDE, o, p’-DDD, o, p’- and p, p’-
DDT, a-chlordane, mirex and endosulfan sulfate show non-
significant trends in the 2018-2022 period (Figs. 3 and S8,
Table S16b). Among these, eight substances were found to be
significantly decreasing during the 2013-2017 period, while
four (namely o, p’-DDD, o, p’- and p, p’-DDT, and endosul-
fan sulfate) had non-significant trends (Figs. 3 and S8, Ta-
ble S16a). The trend of these 12 substances suggests that the
total environmental burdens cycling across environmental
compartments have been levelling off in the region in recent
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years. Compared to CUPs with insignificant trends, these 12
OCPs levelled-off on a shorter time scale (i.e., longer half-
life than for CUPs), highlighting the persistence of these
compounds. For DDT compounds, the ratio of the pesticide
over its metabolites, DDT/(DDE+DDD), ranged from 0.27
to 0.34 during the 2013-2022 period, which does not indi-
cate any influence of fresh inputs of the pesticide, as gen-
erally a ratio < 1 imply aged DDT (Yang et al., 2008). For
chlordane, the isomeric ratio shifted from « / y & 2.2 during
2013-2017 to o / y =~ 2.8 during 2018-2022. With a/y < 1
indicating fresh inputs (Liu et al., 2009), this observed trend
indicates that eventually recently enforced sources are from
old storage of the pollutant.

The negative trends found are consistent with trends re-
ported from the region for the years 1996-2023 (UNEP,
2023), namely for chlordane, «-, 8- and y-HCH, DDT and
DDE. For HCB, a long-term increase was reported in Euro-
pean background air for the years 2016 to 2019 compared to
the previous decade (Fiedler et al., 2023; Lunder Halvorsen
et al., 2023). Even one decade earlier, higher HCB had been
observed at the site in 2004-2006 as compared to 1997-1999
(Dvorska et al., 2009). However, for Iceland, Germany, Nor-
way and Sweden decreasing HCB was reported during 2016—
2023 (Lunder Halvorsen et al., 2023). For PeCB both nega-
tive as well as insignificant trends were reported in the region
(UNEP, 2023). PeCB and HCB are long phased-out from
agricultural usage, but are unintentionally released by indus-
tries and combustion processes, such as waste incineration
(Thomsen et al., 2009; Gong et al., 2017; UNEP 2024). Lev-
elling off of a-, 8- and y-HCH, o, p’- and p, p’-DDE, and
«-chlordane concentrations has not been observed before,
but declining levels of these pollutants have been reported
until 2023 for «-, 8- and y-HCH, PeCB, «-chlordane, and
DDX substances in the region (central and eastern Europe;
Ilyin et al., 2022; UNEP, 2023), for DDX substances, «- and
y-HCH in Germany, Denmark, Finland, Sweden, Norway
and Iceland, and for -HCH in Denmark and Iceland (Lun-
der Halvorsen et al., 2023). Levelling off of «- and y-HCH,
p, p'-DDE, p, p’-DDT and «- and y-chlordane since ~ 2014
has been reported in some but not all Arctic air monitor-
ing stations, including in the European Arctic (71,2 10 years;
Wong et al., 2021). No mirex monitoring data were recently
reported in Europe.

Long-term chemodynamics and air-surface exchange of
OCPs has been addressed in only few large-scale multi-
compartment modelling studies. Based on global multicom-
partment modelling, net volatilisation of DDT and f-HCH
from soils and the marginal seas of the region are expected
since at least the early 2000s (Stemmler and Lammel, 2009;
Wohrnschimmel et al., 2012). Unlike for the other OCPs,
the influence of recent intentional primary emissions cannot
be excluded for DDT, as India and some African countries
have been reporting DDT applications throughout the last
decade for vector disease control purposes (van den Berg et
al., 2017; UNEP, 2025). In the case of endosulfan sulfate,

https://doi.org/10.5194/acp-25-12467-2025



L. Mayer et al.: Current-use and legacy pesticides’ multi-annual trends in air in central Europe

12475

Chlorotoluron Chlorpyrifos
<+ — 0 —
< 4
a el
a g
&7 &7
(é U 4
Hea =
T up=-133yr "3 4 na=-04syr
p-value =< 0.01 i 4
U - 00 p-value = 0.03
i R2=0.55 ©
od ) ' R*=0.37 0o @0
T T \ T T T T T T \
AY
BT SNSRI I\ AN (1 o\ o U VAP YA
o jo yob- v o W e R S
Fenpropimorph Isoproturon
- B o
- — o
8o
}—\N —
& ﬁ
& ] ¢
oo |
- Ty2=-0.38 yr T tya=-047yr
' | p-value=<0.01 + o p-value=<0.01
- | R*=0.67 R*=0.45 @ %o como P dtRebos -
T Wy
{ T T \ T T
0N 0 a0 N WA
W @ (e 7
S-metolachlor
e -
- 4
~
g
[ =
]
ON
=25
- T,,=-0.62 yr .
T -+ p-value=<0.01 Tija==1.05yr
. o P-value = 0.02
2= \? —
e R#=059 WD R*=0.62
T T T T T T T \ T T
o9 no 0 g@d N NS A T AN A
3\3\‘1 o w AT\S n Fj\‘l 3\}.\-"" 3\)\'1 b !\3\'?' e © 3\)\-7’

O Observed data

Modelled trend

Figure 2. Multi-annual variations of selected CUPs with significantly negative trends. Values < MDL were substituted by MDL /2.

lack of significant trends is inconclusive due to low detec-
tion frequency (Fig. S9). In general, the atmospheric lev-
els of banned OCPs could be sustained by reversal of the
direction of air-surface exchanges driven by historic con-
tamination and chemical equilibria (Bidleman et al., 1995;
Mackay and Parnis, 2020) or by mobilisation from surface
compartments driven by climate events, such as melting of
glaciers, permafrost soils or polar ice, flooding or heating of
soils by wildfires (Holoubek et al., 2007; Bogdal et al., 2009;
Nadal et al., 2015; Jiang et al., 2023). However, for only
few OCPs (HCH, DDT) historic primary emissions, needed
for modelling the large-scale chemodynamics are available
(Hansen et al., 2004; Semeena and Lammel, 2005; Stemmler
and Lammel, 2009; Wohrnschimmel et al., 2012) and mo-
bilisation processes have hardly been described beyond case
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studies (Bogdal et al., 2009; Nizzetto et al., 2010; Chris-
tensen, 2024). In recent years, the influence of such mobil-
isation processes on OCP cycling in the study region has
not become evident, but cannot be excluded, considering on-
going climate change and its global impacts. Note, that the
pesticide concentration in air summer maximum may indi-
cate local sources (Hoff et al., 1998; Wania et al., 1998),
but could also be explained by sources located upwind under
co-varying temperature, such as the larger region (e.g., Zhan
et al., 2024). Using a global chemistry-transport model with
air-soil exchange parameterisations for land and water sur-
faces, seasonal HCH and DDT secondary source areas were
mapped and identified as regional and global scale phenom-
ena (Semeena and Lammel, 2005; Semeena et al., 2006). In
conclusion, current knowledge cannot assess the significance

Atmos. Chem. Phys., 25, 12467—12482, 2025
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Figure 3. Multi-annual variations of OCPs (DF > 20 %). Blue and black dots represent data from the 2013-2017 and 2018-2022 periods,
respectively. The orange and red lines represent the modelled variation, whenever the trend was significant. Values < MDL were substituted
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of these two types of secondary sources for long-term trends
in the region, hence, cannot identify the sources, even not for
HCH and DDT.

One aspect that was not investigated in this study is de-
termining the CUP gas-particle partitioning (GPP) and re-
lated temporal trends. GPP models tested successfully for
other semi-volatile organic compounds (SVOCs e.g., poly-
cyclic aromatic compounds and PBDEs (Shahpoury et al.,
2016; Qin et al., 2021) could not yet be adopted for testing
CUPs’ GPP, because of a lack of field (PM chemical compo-
sition) and laboratory data (GPP model parameters).

4 Conclusions

Overall, this study provided long-term data series for OCPs
and CUPs at a central European site. As this study focuses
on a single agricultural site, the findings cannot capture the
variability across the entire CUP source area i.e., rural cen-
tral Europe. However, the observations were consistent with
the perception of semivolatile compounds degrading slowly
in soils, the Clausius-Clapeyron analysis showed that re-
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volatilisation is a source for all OCPs and most CUPs in air
in summer in rural central Europe.

Although OCPs were banned decades ago, their occur-
rence in the rural atmosphere demonstrates their persistence
in the environment. For the OCPs «-HCH, cis-heptachlor
epoxide, y-chlordane, oxychlordane, and «-endosulfan sig-
nificant negative trends are found until 2023, which were
consistent with previous findings in the region. Additionally,
similar trends were found for 8- and e-HCH. However, the
trends during 2018-2023 are no longer significantly nega-
tive for PeCB, HCB, 8- and y-HCH, o, p’- and p, p’-DDE,
0, p’-DDD, o, p’- and p, p’-DDT, a-chlordane, and mirex.
This suggests a levelling off of these pollutant levels in air
in the region and possibly beyond. Except for PeCB and
HCB, whose atmospheric levels may be sustained by un-
intended releases, the levelling off of these OCPs results
from enhanced secondary sources, i.e., reversal of the direc-
tion of air-surface exchange or recent mobilisation of their
reservoirs in soils, water bodies or the cryosphere. Current
knowledge cannot assess the significance of these two types
of secondary sources or locate their distributions. Longer
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time trends, experimental verification of the direction of air
surface exchange and large-scale multicompartment model
simulations are needed to comprehensively investigate the
chemodynamics of the globally cycling OCPs.

In addition, we observed that CUPs’ temporal trends were
apparently dominated by applications. They were generally
negative or insignificant, while during our study period, CUP
use in the Czech Republic increased for most of the com-
pounds. For pesticides such as chlorpyrifos and fenpropi-
morph, the decreasing trends were directly related to their use
authorisation being revoked. However, one year after their
ban, these compounds were still present in the atmosphere at
detectable concentrations, suggesting potential environmen-
tal or atmospheric persistence.

The long-term data presented in this study highlights the
importance of continued research on these compounds to
provide sufficient insights into their atmospheric fate and to
further develop accurate models to predict key environmental
processes such as transport, deposition, and GPP.
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