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ARTICLE INFO ABSTRACT

Keywords: The influence of transboundary air pollutants originating from the Asian continent on South Korea has been a
LRAT major concern. Although organochlorine pesticides (OCPs) have been banned for several decades, they continue
OCPs

to be detected in the Korean environment. However, studies on the long-range atmospheric transport (LRAT) of
OCPs in South Korea, particularly in background areas, remain limited. This study investigated the atmospheric
levels, sources, and behavior of OCPs at Deokjeok Island, a background site near the west coast of the Korean
Peninsula. Total concentrations of 24 OCPs ranged from 53.6 to 325 pg/m°, which are lower than those reported
by the national POPs monitoring network of South Korea and similar to levels found in other background regions

POPs
Deokjeok Island
Fugacity fraction

* Corresponding author. Department of Civil, Urban, Earth, and Environmental Engineering, Ulsan National Institute of Science and Technology (UNIST), Ulsan,
44919, Republic of Korea.
E-mail addresses: hylee@unist.ac.kr (H.-Y. Lee), sdchoi@unist.ac.kr (S.-D. Choi), mkpark86@unist.ac.kr (M.-K. Park), 30296@unist.ac.kr (Y.-S. Lee), kimcs@
unist.ac.kr (C.-S. Kim), chkim2@pusan.ac.kr (C.-H. Kim), Ischang@korea.kr (L.-S. Chang).
1 Present address: Department of Environmental Engineering, Jeju National University, Jeju, 63243, Republic of Korea.

https://doi.org/10.1016/j.chemosphere.2024.143964
Received 9 September 2024; Received in revised form 2 December 2024; Accepted 14 December 2024

Available online 20 December 2024
0045-6535/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0003-1024-2620
https://orcid.org/0000-0003-1024-2620
mailto:hylee@unist.ac.kr
mailto:sdchoi@unist.ac.kr
mailto:mkpark86@unist.ac.kr
mailto:30296@unist.ac.kr
mailto:kimcs@unist.ac.kr
mailto:kimcs@unist.ac.kr
mailto:chkim2@pusan.ac.kr
mailto:lschang@korea.kr
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2024.143964
https://doi.org/10.1016/j.chemosphere.2024.143964
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2024.143964&domain=pdf

H.-Y. Lee et al.

Chemosphere 370 (2025) 143964

in Northeast Asia. HCB (62.7 pg/m3, 45%) and PeCB (46.6 pg/rn3, 33%) were the most dominant OCPs in the
gaseous phase, whereas DDTs were predominant (1.65 pg/m®, 44%) in the particulate phase. Gaseous OCPs were
strongly influenced by past use and re-emissions, while ongoing emissions and LRAT were the major sources of
particulate OCPs. The consistent detection of mirex provides strong evidence of LRAT. In addition, correlation
analysis and the Clausius-Clapeyron equation indicated that DDTs were significantly influenced by LRAT.
Concentration-weighted trajectory maps identified East, North, and Northeast China as the major source regions
for gaseous OCPs, driven by re-emissions, while the primary source areas for particulate OCPs were Beijing,
Hebei, Tianjin, and Shandong. Air/soil fugacity fractions showed equilibrium or net deposition for most OCPs
(except PeCB), indicating the dynamic environmental behavior of OCPs influenced by past use and LRAT. This
study provides evidence of LRAT of OCPs to South Korea, demonstrating the significant impact of transboundary
pollution. These results highlight the importance of ongoing monitoring of both historically and currently used
pesticides at receptor sites in Northeast Asia.

1. Introduction

Organochlorine pesticides (OCPs), a group of persistent organic
pollutants (POPs), were widely used in agricultural activities during the
1950s-1960s (Li and Macdonald, 2005). They were subsequently ban-
ned in the 1980s due to their toxicity, except in specific cases related to
public health and malaria control in some countries (Angulo Lucena
et al., 2007). The persistence, semi-volatility, and potential for
long-range atmospheric transport (LRAT) of OCPs have continuously
raised concerns about their environmental impact (Kallenborn et al.,
2007; Gong et al., 2010). Legacy OCPs, such as hexachlorocyclohexanes
(HCHs), dichlorodiphenyltrichloroethanes  (DDTs), chlordanes
(CHLORSs), and mirex, are still detected in the atmosphere, even in re-
gions where their manufacture and use have been prohibited (Wang
et al., 2018b; lakovides et al., 2021). These banned OCPs continue to be
emitted into the atmosphere from both primary and secondary sources
in terrestrial and marine environments (Wang et al., 2012; Li et al.,
2020). Atmospheric transport plays a significant role in the distribution
of released OCPs, leading to their presence even in remote areas (Wang
et al., 2012, 2018b; Ding et al., 2022). Therefore, atmospheric moni-
toring of OCPs and understanding the impact of LRAT are crucial.

The residue levels of OCPs in the atmosphere can be attributed to two
key factors: re-emission from environmental reservoirs and LRAT.
Generally, OCP concentrations increase during warm seasons due to
enhanced re-emission from environmental matrices (Qu et al., 2015;
Khuman et al., 2023). Subsequently, OCPs can migrate to other regions
under warm conditions through atmospheric transport and deposition
(Wania and Mackay, 1993). OCPs exist in both gaseous and particulate
phases, and their LRAT should be considered separately due to the
distinct environmental behaviors of each phase (Yu et al., 2019).
Furthermore, understanding the partitioning between these two phases
is crucial for identifying sources, assessing LRAT effects, and deter-
mining the environmental fate of OCPs. Equilibrium state models, such
as the Junge-Pankow (J-P) model and the octanol-air partition coeffi-
cient (Koa) absorption model, have been widely used to study the
gas/particle (G/P) partitioning behavior of OCPs (Harner and Bidleman,
1998; Wang et al., 2023). In addition, air/soil exchange processes (i.e.,
atmospheric deposition and evaporation from surface matrices) play a
key role in determining their environmental fate (Chakraborty et al.,
2015; Zhan et al., 2017). These environmental behaviors are influenced
by both environmental parameters and the physicochemical properties
of the chemicals (Odabasi and Cetin, 2012; Qu et al., 2015). Therefore,
LRAT effects, G/P partitioning behavior, and air/soil exchange should
be considered to gain a thorough understanding of atmospheric trans-
port pathways and the environmental fate of OCPs.

In Northeast Asia, OCPs have been heavily used historically in South
and East China (Tian et al., 2009), and these regions are considered
sources of OCPs for North China, South Korea, and Japan (Takazawa
et al., 2016; Wang et al., 2023). Moreover, high levels of particulate
matter (PM) facilitate the transport of particulate-bound OCPs into
South Korea (Jin et al., 2013). Consequently, South Korea is particularly
susceptible to receiving OCPs from the northeastern Asian continent. In

South Korea, approximately 3,600 tonnes of OCPs were used for agri-
cultural purposes until their ban in the 1980s (Kang et al., 2008). To
regulate and monitor various POPs, the Korean Ministry of Environment
(KMOE) established a nationwide POPs monitoring program in 2008
under the POPs Control Act. The status of POPs in multimedia envi-
ronments (air, soil, and water) is reported annually, and several studies
on air monitoring have been conducted. For example, residual levels of
OCPs at 37 nationwide stations and the impact of LRAT were investi-
gated (Park et al., 2011). Recently, long-term monitoring results of at-
mospheric OCPs from 2008 to 2017 were interpreted, and decreasing
trends associated with regulatory actions were highlighted (Khuman
et al.,, 2023). Additionally, the occurrence, seasonal variability, and
sources of OCPs at background sites (Baengnyeong and Jeju Island) and
urban sites (Seoul and Seosan) were investigated (Lee et al., 2022),
indicating that OCPs still exhibit relatively high levels, despite being
banned in South Korea (Park et al., 2011).

The goal of this study is to identify the sources of OCPs in the at-
mosphere and determine their atmospheric transport pathways and
environmental fate. Gaseous and particulate samples were collected on
Deokjeok Island in South Korea, and the pollution levels and profiles of
24 OCPs were analyzed. Source identification of OCPs was conducted
based on meteorological parameter analysis and backward air trajectory
modeling. Furthermore, to understand their environmental behaviors,
G/P partitioning and air/soil fugacity fractions were investigated.

2. Materials and methods
2.1. Study area and sample collection

Deokjeok Island is located on the western coast of the Korean
Peninsula, approximately 50 km from Seoul Metropolitan City. The
sampling sites were located on the south beach (37.2151°N,
126.1408°E), away from potential pollution sources such as ports to the
north and farmland to the east (Fig. 1). Meteorological parameters,
including air temperature, wind direction, wind speed, and precipita-
tion, were measured at an automatic weather station operated by the
Korea Meteorological Administration, located east of the sampling site.
In addition, PM;o concentrations were measured at an air quality
monitoring station operated by the National Institute of Environmental
Research.

High-volume air samplers (HiVol, HV-700F, Sibata, Japan) were
used to collect both gaseous and particulate (total suspended particu-
late: TSP) samples on polyurethane foam (PUF) plugs and glass fiber
filters (GFFs), respectively. Duplicate HiVol samples were collected for
24 h starting at 11:00 a.m. for 10 days, from May 21 to May 26 and from
July 24 to July 29, 2013. The total air sampling volume was 1007.9 m>
with a flow rate of 700 L/min for each sample. Surface soil samples (<5
cm) were collected at four sites on both May 26 and July 29, with each
sample composed of five sub-samples. Triplicate passive air samplers
equipped with polyurethane foam disks (PUF-PAS) were deployed for 64
days (May 26-July 29) at a nearby soil sampling site. The air and soil
samples were transported to the laboratory and stored in polyethylene
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zippered bags at —4 °C until analysis. Prior to sampling, PUF plugs and
disks were cleaned using a sonicator for 30 min with acetone and hexane
to remove water and organic contaminants, respectively. GFFs were
baked at 400 °C for 16 h to remove organic substances. The soil samples
were dried at room temperature, homogenized, and sieved using a 2-mm
steel sieve before analysis.

2.2. Chemical analysis

The PUF plug, GFF, PUF disk, and soil samples were separately
Soxhlet extracted, and the extracts were purified using neutral silica gel
columns. Twenty-four individual target OCPs, including hexa-
chlorobenzene (HCB), pentachlorobenzene (PeCB), 4 HCHs, 6 DDTs, 5
CHLORSs, 3 heptachlors (HEPs), 3 DRINs (aldrin, dieldrin, and endrin),
and mirex, were analyzed using a gas chromatograph/high-resolution
mass spectrometer (GC/HRMS) (AutoSpec Premier, Waters, USA). A
detailed description of the analytical procedure is provided in Text S1 in
the Supplementary Information.

For quality assurance and quality control (QA/QC), the recoveries of
surrogate standards were calculated for each PUF plug, GFF, PUF disk,
and soil sample. Instrumental detection limits (IDLs) and method
detection limits (MDLs) were calculated by multiplying the Student’s t
value at 99% confidence (3.14) by the standard deviation (SD) of seven
replicates for the lowest calibration standard (0.4 pg/pL) and the spiked
PUF plug and GFF blank samples (30 pg spiked, assuming 0.1 pg/m®),
respectively. For soil, MDLs were determined based on signal-to-noise
(S/N) ratios of 3:1 in the soil samples. The IDLs and MDLs are listed in
Table S1 in the Supplementary Information. Field blanks were collected
to assess contamination introduced during sample collection and pre-
treatment in the laboratory. These blank samples were pre-treated and
analyzed for the target OCPs following the same procedure as the real
samples. The mean concentration of each compound (HCB, PeCB,
«-HCH, and 6-HCH) in the field blanks was subtracted from that of the
real samples. Concentrations below the MDLs were treated as non-
detected (ND). The mean recoveries of surrogate standards from the
PUF plug, GFF, PUF disk, and soil samples were 75%, 92%, 68%, and
70%, respectively. Compound- and matrix-specific mean recoveries are
provided in Table S1.

2.3. Source identification

2.3.1. Statistical analysis

The normality of the OCP data was assessed using SigmaPlot 14.0
(Systat Software Inc., USA). As the data were not normally distributed,
non-parametric tests (Mann-Whitney rank sum test and Spearman cor-
relation analysis) were conducted using SigmaPlot 14.0 and SPSS Sta-
tistics 25 (IBM, USA), respectively. The Mann-Kendall test was
conducted to identify trends in OCPs, and Sen’s slope was used to

@ PAS sampling site

@® Soil sampling site
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estimate the magnitude of increase or decrease in the trend, using the
‘trend’ package in R software (version 4.0.2, R core Team, Austria).

2.3.2. Influence of meteorological parameters

The relationships between OCPs and meteorological parameters
were investigated using Spearman correlation analysis. The Clausius-
Clapeyron (CC) equation was used to investigate the temperature
dependence of individual OCPs using Eq. (1), as described elsewhere
(Sofuoglu et al., 2004; Stoji¢ and Stanisic Stoji¢, 2017).

-AH, 1
InP= ( R ) . (7") + constant (@)

where P is the partial pressure, R is the gas constant (8.314 J/mol-K), T is
the temperature, and AH,, is the enthalpy of vaporization (kJ/mol). In P
is regressed against the inverse of T, and the resulting linear slope de-
scribes the temperature dependence of individual OCPs. While the slope
of the CC equation can be used to calculate AH,, it represents the
enthalpy of surface-air exchange (AHy,) under the given environmental
conditions. This value reflects the energy required for a phase transition
from the surface to the atmosphere (Wania et al., 1998).

2.3.3. Backward air trajectory analysis

Backward air trajectories at the sampling site were calculated using
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT
5) model, developed by the National Oceanic and Atmospheric
Administration (https://www.arl.noaa.gov/hysplit/). Three-day (72 h)
backward air trajectories were calculated every hour for the HiVol
sampling days, starting at a height of 500 m above ground level.
Reanalysis data from the National Centers for Environmental Prediction
and the National Center for Atmospheric Research (NCEP/NCAR) were
used as input meteorological data with a resolution of 2.5° x 2.5°. A
total of 240 trajectories were obtained for the HiVol sampling period.
Daily backward air trajectories are illustrated in Fig. S1 in the Supple-
mentary Information.

The concentration-weighted trajectory (CWT), a hybrid-receptor
model, was used to identify potential regional emission sources and
LRAT of OCPs. The CWT assigns a weighted concentration of the target
OCP by associating trajectories in each grid cell based on Eq. (2).

M
> Gty
CWT; =51

Tijt

==

(2)
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—

where M is the total number of backward trajectories, 7;; represents the
number of endpoints in cell (i, j) for trajectory [, and C; is the OCP
concentration. TrajStat software (1.4.4R5, Chinese Academy of Meteo-
rological Sciences, China) was used to calculate CWT values with a grid

Deok-jeok
Island

HiVol sampling site
A Air-quality monitoring station

Automatic weather station

Fig. 1. Locations of sampling sites on Deokjeok Island, South Korea. The air quality monitoring station and the automatic weather station are also marked.
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cell size of 0.5° x 0.5°. A weighted function W (n;), as described in Eq.
(3), was used to reduce the trailing effect, which indicates the high
uncertainty of the source area due to a small number of trajectories
passing through the grid cell (Stojic and Stanisic¢ Stoji¢, 2017). Areas
with higher CWT values are expected to be potential source regions of
OCPs.

1,2av<n
0.75,av <n < 2av
0.5,0.5av<n < av
0.25,n < 0.5av

W (ny) = ©)

where n;; is the number of trajectory endpoints in grid cell (i, j), and av is
the average number of trajectory endpoints per cell. In addition, cluster
analysis was performed using the Euclidean distance method. The
number of clusters was determined to be two based on the change in
total spatial variance (TSV), which is the sum of the cluster spatial
variance values (Draxler et al., 2020).

2.4. Gas/particle partitioning model

The G/P partitioning model for OCPs was used to study their parti-
tioning behavior and equilibrium. First, the partitioning behavior of
OCPs was investigated by fitting the measured data to the Junge-
Pankow G/P partitioning model. This model, which is based on the
fraction in the particulate phase (¢), is more suitable for fitting OCP data
than using linear regressions with the gas/particle partition coefficient.
Second, two equilibrium-state models, the Kpa absorption model
(Harner and Bidleman, 1998) and the steady-state model (Li et al.,
2015), were used to predict the equilibrium partitioning coefficient
(Kpg) and the steady-state partitioning coefficient (Kps). The measured
G/P partitioning coefficient (Kp) was calculated using the concentra-
tions of the particulate and gaseous phases, normalized by the TSP
concentration, and then compared with the predicted values to evaluate
the partitioning behavior of OCPs. The steady-state model was found to
be more suitable for predicting Kp values for OCPs, as it accounts for the
influence of wet and dry deposition on partitioning Qiao et al. (2019);
OriginPro 2020 (OriginLab, USA) was used for G/P partitioning
modeling. Detailed descriptions of the calculations and model parame-
ters are provided in Text S2 and Table S2, respectively.

2.5. Fugacity fractions

To assess the net transfer of OCPs between air and soil, fugacity
fractions were calculated using air and soil concentration data. Air
concentrations of OCPs were calculated based on the accumulated
amounts in PUF-PAS. A detailed calculation method for atmospheric
OCP concentrations using PUF-PAS is provided in Text S3. Air and soil
data for 12 OCPs, which exhibited high detection frequencies in both
PUF disk and soil samples, were selected to calculate fugacity fractions.
The air/soil concentration ratios (A/S) for OCPs were calculated using
soil density based on the following Egs. (4) and (5):

Ca
A/S= 4
/ pse Cs @
s =foc ® poc + (1 - foc) ® psu )

where Cj is the measured air concentration in ng/m3, Cs is the measured
soil concentration in ng/kg, and ps is the density of soil solids in kg/m®.
The density of soil solids was calculated using the organic carbon frac-
tion (foc) of soil samples, along with the density of soil organic carbon
(poc: 1,000 kg/m3) and the density of mineral matter (psy: 2,650 kg/ m®)
(Daly et al., 2007). The foc in the soil samples was determined using the
loss-on-ignition (LOI) method, which quantifies the weight change of
the sample before and after the combustion of organic matter at high
temperatures. It was assumed that the LOI value was equal to foy, and
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foc was calculated by multiplying fom by an empirical constant (the van
Bemmelen value of 0.58) (Choi, 2014). To express the air-soil equilib-
rium, the fugacity fraction (F) between air and soil was calculated using
Eq. (6):

oS _ 1
fs+fa 1+EefocepseKoreA/S

©

where fs and fj represent the fugacity in soil and air, respectively, and E
is an empirical constant (0.00075 m3/kg) (Hippelein and McLachlan,
1998). The partitioning of OCPs to soil is primarily driven by the ab-
sorption process into the organic carbon fraction, indicating that Koy is
an important property for partitioning between air and soil (Harner and
Bidleman, 1998). The Koa values were adjusted for the ambient air
temperature of each sampling day using the temperature-dependent
equations from Shoeib and Harner (2009).

3. Results and discussion
3.1. Levels of OCPs

3.1.1. Variations in levels and patterns of OCPs

Daily concentrations of X4 OCPs and the fractions of OCP groups in
the total (gas + particle) phases are presented in Fig. 2. Compound-
specific concentrations are provided in Table S3. The concentrations
of £54 OCPs in both phases ranged from 53.6 to 325 pg/m> with a mean
of 144 pg/m>. The concentration of £54 OCPs was higher in May (mean:
173 +£123 pg/mB, median: 153 pg/mg) than in July (mean: 115 + 25.2
pg/m3, median: 120 pg/m>); however, the difference was not statisti-
cally significant (rank sum test, p > 0.05). The notable variation in daily
concentrations of X4 OCPs can be attributed to the fluctuations in two
dominant OCPs, HCB and PeCB. In particular, their levels were much
higher on May 22-23 (HCB: 102 pg/m> and PeCB: 162 pg/m®)
compared to other days (HCB: 53.7 pg/m® and PeCB: 18.1 pg/m%). A
previous study reported that atmospheric levels of HCB and PeCB in
South Korea were higher in the summer due to increased volatilization
at higher temperatures (Lee et al., 2022). In contrast, HCB levels in East
China were highest in winter, strongly associated with combustion
sources (Mao et al., 2020). The elevated levels of HCB and PeCB in May,
when ambient temperatures were lower and volatilization was reduced,
can be attributed to the influence of inflow from China. The influence of
LRAT on OCPs will be discussed in Section 3.3.2.

HCB accounted for the highest fraction (63.3 pg/m3, 44%) of the
concentrations of X4 OCPs, followed by PeCB (46.9 pg/m3, 33%), HCHs
(13.8 pg/m°>, 9.6%), DDTs (13.0 pg/m?, 9.0%), CHLORs (3.65 pg/m?,
2.5%), HEPs (1.30 pg/rng, 0.9%), mirex (1.05 pg/m3, 0.7%), and DRINs
(0.99 pg/mg, 0.7%) (Fig. 2). HCB and PeCB were also the most dominant
compounds monitored at background sites in China (Zhan et al., 2017)
and Switzerland (Kirchner et al., 2016), attributed to ongoing sources
from surrounding areas. In South Korea, HCB and PeCB have not been
used as pesticides but only as intermediates in manufacturing processes
(Park et al., 2011). Therefore, the high concentrations of HCB and PeCB
observed in this study can be explained by atmospheric transport and
secondary emissions from surface environments. Among the other OCP
groups, HCHs contributed the highest proportions (13.8 pg/m>, 9.6%) to
total X4 OCPs, with a-HCH (9.66 pg/m3, 71%) as the most dominant
isomer in the HCH group (Fig. S2). DDTs had the fourth-highest pro-
portion within the total X4 OCPs, with o,p’-DDE (4.67 pg/m3, 38%)
being the most prevalent isomer.

The levels and patterns of OCPs observed in this study are consistent
with those reported in previous studies in South Korea (Lee et al., 2022;
Khuman et al., 2023). The current levels of these compounds were
mainly influenced by historical usage, such as the application of tech-
nical HCH and DDT (Khuman et al., 2023). The elevated levels of o4
OCPs on May 22 (270 pg/ms) and May 23 (323 pg/m3) suggest a po-
tential influence of external inflow. According to daily wind rose plots,



H.-Y. Lee et al.

(a) Levels of total OCPs
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(b) Fractions of OCP groups
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Fig. 2. Daily (a) levels of total (£24) OCPs and (b) fractions of individual OCP groups, along with daily ambient air temperatures.

southerly and westerly winds prevailed on May 22 and May 23,
respectively (Fig. S1). Backward trajectory analysis revealed similar
transport pathways for both days, suggesting the influence of LRAT.
Further discussions on the source identification of OCPs based on
meteorological conditions are presented in Section 3.3.

3.1.2. Comparison with previous monitoring studies

The levels of OCPs in this study were compared with those from the
national POPs monitoring network of South Korea (Table 1). The
nationwide mean concentration of ;g OCPs in 2008 (161 pg/m3) (Park
et al., 2011) was higher than the mean concentration of ;g OCPs in this
study (83.3 pg/m®). The nationwide mean concentration of Z53 OCPs in
2013 (311 pg/m3), which included 4 HCHs and mirex as additional
target compounds (KMOE, 2015), was 3.4 times higher than the con-
centration of Xp3 OCPs (excluding PeCB) observed in this study (97.1
pg/m®). In particular, the nationwide concentrations of HCBs (237
pg/m3), HCHs (33.2 pg/mg), and CHLORs (33.3 pg/mg) were 3.7, 2.4,
and 9.1 times higher, respectively, than those in this study. The
nationwide concentration of Xp3 OCPs (excluding PeCB) significantly
decreased (Mann-Kendall test, p < 0.05) from 311 pg/m® in 2013 to 187
pg/m3 in 2019 (KMOE, 2018). Meanwhile, the annual mean concen-
trations of PeCB remained relatively stable (mean: 113 pg/m?
Mann-Kendall test, T = —0.06) over the years, with the highest con-
centrations in 2019 (131 pg/m®) and the lowest in 2016 (91.2 pg/m®)
(KMOE, 2017). The stable PeCB levels in South Korea may be influenced
by consistent sources, including unintentional byproduct releases from
industrial processes and the use of chlorinated compounds (Bailey et al.,
2009). A previous study also reported a decreasing trend in nationwide
mean OCP concentrations from 2008 to 2017, attributed to regulatory
actions (Khuman et al., 2023). However, the concentrations of DDTs
(13.0 £10.1 pg/m?’) and mirex (1.05 £+ 0.74 pg/m?’) in this study were
higher than those in the national POPs monitoring network (KMOE,
2015), providing strong evidence of re-volatilization from surface en-
vironments and LRAT. Elevated levels of DDTs have also been observed
in various urban areas across China (mean: 28.5 pg/m®) (Wang et al.,
2023), and mirex concentrations at Mount Tai, China (mean: 10.1
pg/m>) (Liu et al., 2019) were notably higher than those observed in
background regions of South Korea. The relatively high concentrations
of DDTs and mirex in China suggest that these compounds are more
susceptible to LRAT. The mean concentrations of OCPs in this study were
comparable to those found in background areas in South Korea, such as
Gosan (Jeju), Goesan, and Taean in 2008 (X17 OCPs: 246 pg/m3) (Jin
et al., 2013) and Jeju and Baengnyeong islands in 2020 (£33 OCPs: 190
pg/m>) (Lee et al., 2022). These findings suggest that the levels and
sources of OCPs have remained relatively constant, attributed to similar
atmospheric transport pathways and continuous volatilization in back-
ground regions.

A continental-scale monitoring study conducted in China, South
Korea, and Japan in 2004 (Jaward et al., 2005), reported that HCB levels
in China (10.4-462 pg/m>) were higher than those in South Korea
(26.0-136 pg/m3) and Japan (14.1-94.7 pg/m3). DDT concentrations in
China, with a mean of 23.6 pg/m® in 2013 and 205 pg/m® in 2016, were
dramatically higher than those in South Korea (annual nationwide
means: 4.24 pg/m3 in 2013 and 2.56 pg/m3 in 2016) (Table 1), pri-
marily due to significant DDT production in China for malaria control
until 2007 (Qiu et al., 2005). Despite the ban on most OCPs in China,
their legacy use has resulted in consistently high concentrations, as
accumulated OCPs in soil and water continue to be emitted and trans-
ported to surrounding areas (Ding et al., 2022). In particular, urban sites
in China exhibited much higher OCP concentrations, with the mean
concentration of 17 OCPs reaching 850 pg/m® in 2006 (Yang et al.,
2008), with elevated concentrations of CHLORs and DDTs. X4 OCP
concentrations in northern coastal cities of China were recorded at 1,
519 pg/m3 in 2016 (Yu et al., 2019). Previous studies also monitored
various OCPs at background sites in Qinghai, China (£;; OCPs: 321
pg/m?’) (Cheng et al., 2007) and at a China Atmosphere Watch Network
(CAWNET) site in Hubei (15 OCPs: 191 + 107 pg/m3) (Zhan et al.,
2017). OCP levels in these background areas, which have low influence
from local re-emissions (Zhan et al., 2017), were considerably lower
than those in urban areas (405 pg/m3) (Wang et al., 2023). In Japan, a
nationwide monitoring study reported steady levels of HCB (104 pg/m®)
and PeCB (60 pg/m>) between 2003 and 2018, with slight increases
(Dien et al., 2021). Monitoring of HCHs and CHLORs on Okinawa Island
from 2009 to 2014 did not show clear annual trends, displaying only
seasonal variations (Takazawa et al., 2016). However, DDT levels on
Okinawa Island significantly decreased during the same period, with
diagnostic ratios indicating fresh inputs from Northeast Asia. In
Mongolia, HCB, HCH, and DDT concentrations were reported at 15.8
pg/m?3, 38.3 pg/m®, and 252 pg/m°, respectively, at urban sites in 2009
(Mamontova et al., 2011). The Northern Hovsgol region, a background
area in Mongolia, showed a decreasing trend in DDTs (from 70 pg/m? in
2008 to 13 pg/m?® in 2015) and HCHs (from 35 pg/m? in 2008 to 15
pg/m3 in 2015) (Mamontova et al., 2019). Overall, OCP levels in re-
ceptor areas affected by LRAT in Northeast Asia, such as background
sites in South Korea, Japan, and Mongolia, have been steadily
decreasing.

3.2. Profiles and diagnostic ratios of OCPs

The mean level of gaseous OCPs (140 pg/m®) was much higher than
that of particulate OCPs (3.71 pg/m?>). The composition of gaseous OCPs
was similar to that of total (gas + particle) OCPs, while the composition
of particulate OCPs differed (Fig. 3a). Gaseous OCPs contributed over
80% of the total OCPs, except for p,p’-DDT (47%) and dieldrin (50%)



Table 1
Comparison of atmospheric OCP concentrations (pg/m®) measured in South Korea and other countries in Northeast Asia.
Country Period Target X OCPs >4 HCHs X DDTs X5 CHLORs X3 HEPs X3 DRINs HCB PeCB Mirex Reference
OCPs
Deokjeok Island, Korea 2013 24 144 + 88.9 13.8 +£5.90 13.0 +£10.1 3.65 £ 1.94 1.30 + 0.92 0.99 + 0.37 63.3 £ 24.9 46.9 £+ 63.3 1.05 £ 0.74 This study
(53.6-325) (6.19-21.0) (2.10-28.8) (1.00-7.01) (0.25-3.43) (0.31-1.41) (36.7-106) (6.38-189) (0.13-2.35)
Nationwide 37 sites, 2008 18 161 - 5.24 5.76 1.28 0.66 148 - - Park et al.
Korea (ND-47.6) (ND-39.0) (ND-9.19) (ND-9.30) (41.2-344) (2011)
Nationwide 38 sites, 2013 23 311 33.3£36.0 4.24 + 3.78 33.3+155 1.95 + 0.86 1.45 £ 0.88 237 £ 101 - 0.11 £ 0.27 KMOE (2015)
Korea (8.23-224) (0.35-17.0) (5.42-73.3) (0.48-4.35) (ND-3.81) (86.6-598) (ND-1.06)
2016 24 308 24.1 £ 14.6 2.56 £+ 2.50 1.82 +1.20 0.41 £ 0.35 0.63 £ 0.79 187 + 85.0 91.2 £ 424 0.25 £ 0.61 KMOE (2017)
(8.48-78.8) (ND-11.2) (ND-4.68) (ND-1.70) (ND-3.94) (106-587) (42.9-261) (ND-2.35)
2019 24 313 16.1 £11.2 1.45 £ 2.61 0.98 + 4.79 0.10 £ 0.13 0.11 £ 0.74 164 + 76.3 131 + 106 ND KMOE (2018)
(5.55-63.1) (ND-12.9) (ND-15.3) (ND-1.91) (ND-3.14) (6.52-351) (40.9-480)
Gosan, Goesan, and 2008-2009 17 246 +£ 179 141 + 153 6.22 £+ 9.92 2.38 £ 2.72 0.78 £ 0.67 1.08 +1.13 94.1 £+ 56.8 - 0.09 £ 0.14 Jin etal. (2013)
Taen, Korea (37.7-700) (10.8-542) (ND-56.5) (ND-10.5) (ND-2.59) (ND-4.36) (15.0-256) (ND-0.78)
Baengnyeong and Jeju, 2020 22 190 9.25 4.20 4.85 0.65 ND 103 68.3 ND Lee et al.
Korea (2022)
Gonghe, China 2005 11 321 198 34.3 50.3 - - 38.4 - - Cheng et al.
(2007)
Guangzhou, China 2006 17 850 72 185 452 129 20.7 - - - Yang et al.
(2008)
Chongyang, China 2013 15 191 + 107 17.1 £10.0 23.6 + 20.5 9.18 £ 6.24 - - 133 £ 122 - - Zhan et al.
(47.3-501) (3.65-46.1) (3.33-111) (1.52-25.4) (17.7-479) (2017)
Coastal 7 sites along the 2016 24 1,519 666 205 295 29.8 - 236 87.9 - Yu et al. (2019)
Bohai and Yellow
Seas, China
Mohe, Harbin, and 2019-2020 19 405 52.8 28.5 7.37 - 0.75 315 - - Wang et al.
Shenzhen, China (2023)
Ulaanbaaar, Mongolia 2009 11 433 38.3 252 - - - 15.8 - - Mamontova
et al. (2011)
Nationwide 37 site, 2018 2 163 - - - - - 104 60 - Dien et al.
Japan (2021)
Cape Hedo, Japan 2009-2014 15 26.3 15+7.8 25+2.0 8.8+ 11 - - - - - Takazawa et al.
(4.9-43) (0.7-16) (1.5-83) (2016)

ND: Not detected. —: Not included as target compounds.
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Fig. 3. Levels and patterns of gaseous and particulate OCPs: (a) mean concentrations of OCP groups and (b) fractions of OCP groups in both phases.

(Fig. S3). The dominance of gaseous OCPs is well-documented in pre-
vious studies (Wang et al., 2018b, 2023). Most OCPs are predominantly
distributed in the gaseous phase due to their high volatility and rela-
tively low log Koa values (e.g., 7.4 for HCB, 6.2 for PeCB, and 7.6 for
a-HCH) (Shoeib and Harner, 2009) compared to other POPs, such as
polychlorinated biphenyls (PCBs), whose log Koa values range from 8.0
for PCB-28 to 12 for PCB-209 (Harner and Bidleman, 1996). In the
gaseous phase, HCB was dominant (62.7 + 25.1 pg/m3, 45%), followed
by PeCB (46.6 + 63.5 pg/m°, 33%), HCHs (13.6 + 5.79 pg/m°, 9.7%),
DDTs (11.3 + 9.21 pg/m?, 8.1%), CHLORSs (3.33 =+ 1.97 pg/m°, 2.4%),
HEPs (1.30 £+ 0.92 pg/m?’, 0.9%), mirex (1.08 + 0.72 pg/m3, 0.8%), and
DRINs (0.50 + 0.39 pg/m>, 0.4%) (Fig. 3b). Legacy OCPs, which have
been prohibited, are predominantly found in the gaseous phase, whereas
more recently or currently used pesticides (CUPs) are dominant in the
particulate phase (Degrendele et al., 2016b) due to their higher log Koa
values (e.g., 8.9 for fenpropimorph and 11 for isoproturon) (Gotz et al.,
2007). In the particulate phase, DDTs were dominant (1.65 + 1.21
pg/m>, 44%), followed by HCB (0.61 + 0.63 pg/m°, 16%), DRINs (0.49
+ 0.18 pg/m>, 13%), PeCB (0.37 + 0.40 pg/m°>, 10%), CHLORs (0.32 +
0.12 pg/m3, 8.7%), and HCHSs (0.19 + 0.20 pg/m3, 5.0%). Consistent
with our findings, previous studies have reported high levels of partic-
ulate DDTs at urban and background sites in China (Yu et al., 2019),
which may be attributed to recent inputs of DDTs (Zhan et al., 2017).

HCB was the most dominant compound in the gaseous phase and the
second most abundant in the particulate phase. HCB was commercially
used in various applications, including as a fungicide, wood preserva-
tive, and intermediate in organic synthesis. It is also unintentionally
formed during the production of chlorinated chemicals and various
thermal processes (Bailey, 2001). In South Korea, HCB was never
registered for agricultural use (Park et al., 2011), but it was found as an
impurity in chlorothalonil, with estimated emissions of 77 kg/yr from
1970 to 2004 (Kim et al., 2007). Additionally, domestic HCB emissions
from byproducts were estimated to be 245 kg/yr in 2000, with the
following source contributions: waste incineration (62%), iron ore sin-
tering (19%), fuel combustion (14%), and non-ferrous metal/mineral
production (4%) (Kim et al., 2007). Although HCB was not registered for
pesticide use in China, it was historically used in the production of
pentachlorophenols (PCPs) (Liu et al., 2009). HCB was found as an
impurity in fungicides in China due to a lack of strict regulation. The
total production of HCB in China reached 66,000 tonnes between 1988
and 2003, and its production, application, import, and export were
prohibited in 2009 (Yu et al., 2019). Due to its extensive historical use,
HCB has the potential for re-emission from contaminated soil and water
systems (Lin et al., 2012; Qu et al., 2015). In addition, previous studies
have reported higher HCB concentrations during colder seasons in China
(Quetal., 2015; Wang et al., 2023), suggesting that combustion sources
significantly contribute to HCB levels and indicating the potential for
LRAT effects during winter.

PeCB was historically used in chlorobenzene mixtures for PCB

products and flame retardants and as an intermediate in the manufac-
ture of pentachloronitrobenzene (Van de Plassche et al., 2001). PeCB
can also be released as a byproduct of chlorinated solvent use and from
the combustion of solid waste, coal, and biomass (Bailey et al., 2009).
Recently, the primary source of PeCB emissions has shifted to uninten-
tional production from activities such as waste incineration and
non-ferrous industrial processes (Nielsen et al., 2014). PeCB can be
transported over longer distances than other OCPs because of its higher
vapor pressure (Pp, value of PeCB: 0.30 Pa at 25 °C) compared to other
OCPs such as a-HCH (0.22 Pa), TC (6.6 x 1073 Pa), and p,p’-DDT (5.0 x
104 Pa at 25 °C) (Zhang et al., 2009). As a result, PeCB in background
regions may be strongly influenced by LRAT due to its high stability
(Dien et al., 2021).

Technical HCHs are a mixture of isomers, including a-HCH
(60-70%), B-HCH (5-12%), y-HCH (10-15%), and §-HCH (6-10%)
(Buser and Miiller, 1995). Lindane, formerly used as an insecticide,
contains over 90% y-HCH (Walker et al., 1999). In this study, a-HCH was
dominant in the gaseous phase (9.65 + 4.35 pg/m®, 71%), followed by
B-HCH (3.21 + 2.36 pg/m°>, 21%) and y-HCH (1.05 + 0.48 pg/m°>, 7.7%)
(Fig. S4a). This profile, with a-HCH dominance, is consistent with that of
technical HCHs, suggesting a significant influence from past usage
(Shunthirasingham et al., 2010). The higher proportion of f-HCH (21%)
observed in this study, compared to its proportion in technical HCHs
(5-12%), likely reflects its greater persistence in the environment.
Although the half-lives of HCH isomers are similar (Sun et al., 2006),
B-HCH has higher chemical and metabolic stability than a-HCH and
y-HCH due to its planar structure (Willett et al., 1998). As f-HCH con-
centrations decrease more gradually than those of other HCH isomers,
its fraction in the atmosphere increases over time (Chakraborty et al.,
2010). In contrast, y-HCH (0.21 + 0.15 pg/m?’, 90%) was the dominant
isomer in the particulate phase (Fig. S4a). The dominance of particulate
y-HCH was also observed in a background area of China (Zhan et al.,
2017), indicating a strong influence of lindane use. The mean a/y-HCH
ratios in the gaseous and particulate phases were 9.9 and 0.3, respec-
tively. A high a/y-HCH ratio typically suggests re-volatilization of
technical HCHs (Kalantzi et al., 2001), photochemical conversion of
y-HCH to a-HCH, or biological degradation of y-HCH (Syed et al., 2013).
Previous studies reported mean o/y-HCH ratios of 0.5 + 0.3 at a remote
site in China (Cheng et al., 2007) and 1.8 at a remote site in Kuwait
(Gevao et al., 2018), indicating a stronger influence of lindane use.
Conversely, ratios of 12.8 in Greenland (Bossi et al., 2013) and 3.0-6.3
in the Arctic (Baek et al., 2011) suggest re-volatilization of technical
HCHs. The a/y-HCH ratios of daily concentrations in the total phases
ranged from 3.6 to 14 (mean: 9.7), similar to other background areas,
indicating a significant influence of technical HCHs. When the g-/(a +
y)-HCH ratio is less than 0.5, it indicates recent input from fresh sources
(Liu et al., 2012). In this study, the p-/(a + y)-HCH ratios were 0.3 in the
gaseous phase and 0.1 in the particulate phase, suggesting that Deokjeok
Island is primarily influenced by more recent emissions, potentially
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involving the re-volatilization of technical HCHs from secondary
sources.

Technical DDTs were used in South Korea from the 1940s to the early
1970s, with an estimated total application of approximately 2,000
tonnes (Yeo et al., 2004). The environmental release of DDTs from
dicofol use was estimated to be 578 kg (KMOE, 2009). However, these
amounts are significantly lower than DDT usage for agricultural pur-
poses in other countries, such as China (260,000 tonnes) and India (505,
000 tonnes) (Li and Macdonald, 2005). Both technical DDTs and dicofol
formulations contain p,p’-DDT as the dominant isomer, but the pro-
portion of o,p’-DDT differs between them. Dicofol formulations have a
much higher o,p’-DDT/p,p’-DDT ratio (approximately 7) (Qiu et al.,
2005; Shen et al., 2005) compared to technical DDTs (0.2-0.3) (Metcalf,
1955). In this study, the o,p’-DDT/p,p’-DDT ratios were 1.1 + 0.4 and
0.4 + 0.1 in the gaseous and particulate phases, respectively, suggesting
that atmospheric DDTs are primarily influenced by the historical use of
technical DDTs. Additionally, o,p’-DDT was dominant in the gaseous
phase (90%), while p,p’-DDT was more prevalent in the particulate
phase (53%) (Fig. S4b). This result is attributed to the higher vapor
pressure of o,p’-DDT, which is 7.5 times higher than that of p,p’-DDT,
leading to its faster volatilization and enrichment in the gaseous phase
(Chakraborty et al., 2010). The dominance of p,p’-DDE (4.36 + 3.56
pg/m°, 38%) in the gaseous phase indicates significant degradation of
parent DDTs in the atmosphere. Conversely, p,p’-DDT was found in the
highest fraction in the particulate phase (0.88 + 0.67 pg/m°>, 53%),
which suggests the presence of fresh DDTs, likely transported from other
regions and countries (Chakraborty et al., 2015).

Chlordane was used as a pesticide in South Korea, with an estimated
total application of 3 tonnes between 1964 and 1968 (Park et al., 2011),
and it was also employed as an adhesive for plywood until 1995 (KMOE,
2009). In the gaseous phase, cis-chlordane (CC) was the dominant iso-
mer among CHLORs, accounting for 39%, followed by trans-chlordane
(TC) (26%), trans-nonachlor (TN) (26%), oxychlordane (OxC) (8.9%),
and cis-nonachlor (CN) (0.8%) (Fig. S4c). In contrast, in the particulate
phase, TC (52%) was dominant, followed by CC (28%), TN (19%), and
CN (1.2%). TC is more sensitive to photochemical reactions (Bidleman
et al., 2002) and is more easily lost in the gaseous phase under increased
sunlight exposure (Oehme, 1991). The ratio of trans/cis-chlordane
(TC/CC) is often used as an indicator of recent chlordane input, with
values greater than 1.17 (Daly et al., 2007). In this study, TC/CC ratios
ranged from 0.3 to 0.9 in the gaseous phase, indicating historical use and
re-emission. In contrast, the higher ratios observed in the particulate
phase (1.5-2.4) indicate recent chlordane input. Although TC and CC
have similar partitioning and deposition behaviors (Shen and Wania,
2005), the difference in TC/CC ratios between the gaseous and partic-
ulate phases likely reflects variations in source proximity and atmo-
spheric persistence. Specifically, the lower TC/CC ratios in the gaseous
phase are attributed to the preferential degradation of TC over time, as
TC is more volatile than CC (Shen and Wania, 2005). Gaseous CHLORs
are significantly influenced by the historical application of technical
chlordane, which primarily consists of TC (24%), CC (22%), HEPT
(10%), and TN (7%) (Hinckley et al., 1990). The higher TC/CC ratios in
the particulate phase may be explained by two factors: (1) the slower
degradation of TC in particulate matter and (2) the re-suspension of
particulate matter containing higher concentrations and proportions of
TC (Jiao et al.,, 2018). The TC/CC ratios in the particulate phase
observed in this study are consistent with those reported in South Korea,
ranging from 1.23 to 1.96 in the national POPs monitoring network in
2008 (Park et al., 2011) and from 1.67 to 2.21 at urban and background
sites in 2020 (Lee et al., 2022). The annual mean TC/CC ratio in
Guangdong Province, South China, was reported at a similar level (2.4
+ 0.5) (Tian et al., 2021), suggesting the influence of recent sources of
technical chlordane and heptachlor. These findings indicate a significant
influence of LRAT and recent chlordane input in South Korea.

A total of 16,617 tonnes of HEPT were used in South Korea between
1963 and 1979 for agricultural applications and soil pest control (Park
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et al.,, 2011). Despite this historically high usage, gaseous HEPT con-
centrations (0.04 + 0.11 pg/mg) were significantly lower than those of
its metabolite, HEPX (1.26 4 0.92 pg/ms), and neither HEPT nor HEPX
was detected in any particulate samples. HEPT residues from past use
are easily metabolized into HEPX in the soil (Mackay et al., 2000), which
is then re-emitted into the atmosphere, leading to higher HEPX con-
centrations (Shen et al., 2005). Thus, HEPX may be detected in the at-
mosphere through volatilization from the soil. Previous studies in South
Korea have consistently reported HEPX as the dominant compound,
making up over 80% of total HEP concentrations (Park et al., 2011;
Khuman et al., 2022).

Endrin and aldrin, which were used in South Korea 30-40 years ago,
were not detected in either the gaseous or particulate phases. In contrast,
dieldrin was consistently detected in both the gaseous phase (0.50 +
0.39 pg/m®) and particulate phase (0.49 = 0.18 pg/m®), likely due to its
longer half-life of approximately 4-40 years (Mackay et al., 2000). These
results align with observations from the national POPs monitoring
network (Khuman et al., 2022).

Mirex, which was used for termite control in China, particularly in
South China, since 1958 and banned in 2009 (Wang et al., 2010a), has
never been registered or used in South Korea (KMOE, 2009), and there is
no record of its use in North Korea. Despite no domestic production or
usage of mirex, it was detected in over 90% of atmospheric samples,
with mean concentrations of 1.08 =+ 0.72 pg/m® in the gaseous phase
and 0.08 + 0.13 pg/m® in the particulate phase. These levels are higher
than those reported in other studies (Table 1), providing evidence of
ongoing LRAT. Consistent with these results, the national POPs moni-
toring network also reported the continuous detection of mirex in the
atmosphere (Baek et al., 2013; Khuman et al., 2023). Furthermore,
elevated mirex levels were observed in the soil of Jiangsu Province, East
China (Wang et al., 2010a) and in the atmosphere of the Yangtze River
Delta, East China (Zhang et al., 2013), further suggesting the influence
of LRAT from continental sources to South Korea.

3.3. Potential source types and source regions

3.3.1. Influence of meteorological parameters

To explore the relationship between OCPs and meteorological pa-
rameters, a Spearman correlation analysis was conducted (Table 2). In
general, the volatilization of OCPs from surface environments (e.g.,
water, soil, and vegetation) increases with higher ambient temperatures
(Cortes et al., 1998). However, air temperature showed a negative cor-
relation with gaseous X34 OCPs (r = —0.39, p = 0.26), though this cor-
relation was not statistically significant, likely due to the small sample
size (n = 10), which was limited to warmer periods. Conversely, par-
ticulate X4 OCPs and temperature were significantly positively corre-
lated (r = 0.71, p < 0.05). The most dominant compounds, gaseous HCB
and PeCB, exhibited negative correlations with air temperature (HCB: r
= —0.49, p = 0.15; PeCB: r = —0.41, p = 0.24). A similar negative

Table 2
Correlation coefficients between OCPs and meteorological parameters over the
entire sampling period.

Gaseous phase Particulate phase

Temp WD WS Temp WD WS

o4 OCPs —0.39 —0.04 0.35 0.71* —0.58 0.59
HCB —0.49 0.04 0.04 0.72* —0.68* 0.70*
PeCB -0.41 0.09 0.31 0.74* —0.62 0.67*
HCHs 0.42 —0.25 0.49 0.68* —0.47 0.61
DDTs 0.72* —0.33 0.77** 0.71* —0.43 0.55
CHLORs 0.18 —0.13 0.37 0.17 —0.59 0.12
HEPs —0.42 —0.38 0.05 - - -
DRINs 0.13 0.49 0.29 0.36 —-0.33 0.20
Mirex 0.68* -0.27 0.83*%* 0.23 -0.31 0.46

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed).
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correlation between HCB and temperature was observed in a study
conducted in Lijiang, China (Gong et al., 2018), which was attributed to
incomplete combustion sources (Liu et al., 2009). A previous study in
China reported elevated OCP levels during spring due to the influence of
combustion sources (Yu et al., 2019). Therefore, combustion may have
contributed to the observed peaks in HCB and PeCB concentrations, as
well as the negative correlation between gaseous Zy4 OCPs and tem-
perature. On the other hand, particulate HCB and PeCB were positively
correlated with temperature (HCB: r = 0.72, p < 0.05; PeCB: r = 0.74, p
< 0.05), likely due to LRAT of particulate matter containing high levels
of OCPs during the summer (Ya et al., 2019). Most other OCPs, except
HEPs, also showed positive correlations with temperature in both the
gaseous and particulate phases, largely driven by temperature-induced
volatilization from surface environments. For example, DDTs in the
gaseous (r = 0.72, p < 0.05) and particulate (r = 0.71, p < 0.05) phases
were significantly correlated with temperature. Similarly, significant
correlations were found for gaseous mirex (r = 0.68, p < 0.05) and
particulate HCHs (r = 0.68, p < 0.05), indicating strong evidence of
re-emission from past use. However, no significant correlation of
CHLORs and DRINs with temperature suggests that they were substan-
tially influenced by both local emissions and external inputs (Yu et al.,
2019).

To assess the temperature dependence of individual OCPs, the
Clausius-Clapeyron (CC) equation was applied to temperature and OCP
concentration data, yielding regression coefficients and AHy, values
(Sofuoglu et al., 2004). A detailed description of the CC equation is
provided in Text S4. The AH,, values were calculated to help identify
major sources, indicating the potential for LRAT or re-volatilization
from local sources (Wania et al., 1998). Both o,p’-DDT and p,p’-DDT
exhibited strong temperature dependence (R% > 0.7) and had high AH,
values (2,416 and 1,299 J/mol, respectively) (Table S4), suggesting that
re-emission from local sources is the dominant source. This finding
aligns with the DDT diagnostic ratios discussed in Section 3.2, which
point to the re-volatilization of technical DDT as the primary source of
DDTs. Other compounds such as o,p’-DDD, p,p’-DDE, p,p’-DDD, CN, and
mirex showed moderate temperature dependence (R? between 0.4 and
0.7), suggesting their persistence in surface media (e.g., soil and water)
and subsequent volatilization under high-temperature conditions.
Notably, relatively high AHj, values were estimated for o,p’-DDD (2,130
J/mol), p,p’-DDD (2,258 J/mol), o,p’-DDE (1,271 J/mol), and mirex (1,
223 J/mol), indicating that these compounds are predominantly
re-emitted from past use. Other OCPs, such as HCHs, CC, TC, TN, OxC,
HEPs, dieldrin, HCB, and PeCB, showed relatively shallow slopes and
lower R? values (<0.4), indicating low-temperature dependence and
suggesting influences from both LRAT and newer emission sources.
Additionally, CHLORs, dieldrin, HCB, and PeCB had low AHj, values
(240-655, 203, —555, and —1,764 J/mol, respectively), indicating a
significant influence of LRAT. In particular, as mentioned above, fresh
sources (e.g., unintentional emissions) of HCB and PeCB have been
identified (Yu et al., 2019; Wang et al., 2023).

The relationships between wind patterns and OCP concentrations
were also investigated. The daily mean wind direction ranged from 157°
to 297° (Fig. S1), with predominant westerly and southerly winds during
the sampling period. Westerly and northwesterly winds at the sampling
site suggest LRAT from Northeast Asia to the Korean Peninsula.
Although southerly winds were dominant on several days (e.g., May 22,
July 28, and July 29), air masses originated from distant areas, including
North and South China (Fig. S1). Particulate OCPs had negative corre-
lations with wind direction (e.g., HCB: r = —0.68, p < 0.05), suggesting
that southerly winds, likely coming from China, were associated with
higher OCP concentrations. In contrast, gaseous OCPs displayed rela-
tively weak positive or negative correlations with wind direction,
implying influence from various source regions. A strong correlation
between air pollutants and wind speed indicates the influence of LRAT,
while a weak correlation denotes emissions from local sources (Hillery
et al., 1997). Most OCPs were positively correlated with wind speed,
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indicating a significant influence of LRAT. Specifically, gaseous DDTs
and mirex (p < 0.01) and particulate HCB and PeCB (p < 0.05) were
significantly correlated with wind speed. Other OCPs, which were less
correlated with wind speed, were likely influenced by both LRAT and
local emissions (Yu et al., 2019).

3.3.2. Potential source areas

To identify the potential source regions of OCPs, a backward air
trajectory analysis was performed. The daily backward trajectories
during the HiVol sampling period were grouped into two clusters
(Fig. S5). Cluster 1 indicated the influence of LRAT from North China,
specifically from Hebei and Inner Mongolia provinces, as well as
Northeast China (Liaoning province). Cluster 2, which represented the
dominant air mass (63%), originated from East China, particularly from
Shanghai and Jiangsu provinces. The LRAT of air masses from industrial
regions in North and East China to South Korea, even during summer, is
well documented (Jeong et al., 2011; Lee et al., 2022).

The CWT maps were separately generated for both gaseous and
particulate Zo4 OCPs (Fig. 4). The CWT results for gaseous OCPs suggest
that East China is a potential source region (Fig. 4a). The levels of HCB
and PeCB at the sampling site were likely influenced primarily by
emissions from Shandong and Jiangsu provinces in East China and Hebei
province in North China. HCB has never been registered as a pesticide
for agricultural purposes in China, but it was predominantly used in the
production of PCP and PCP-Na (Liu et al., 2009). After its regulation in
1983, HCB production decreased drastically and continued only in
Tianjin until 2009 (Wang et al., 2010b). Despite the ban, unintended
emissions of HCB have occurred due to its presence as an impurity in
pesticides, chlorine-related manufacturing, and combustion processes,
resulting in significant accumulation in northern China (Wang et al.,
2023). In addition, biomass combustion for heating was identified as an
important local source of HCB in North and Northeast China (Qu et al.,
2015). The CWT plots for both gaseous and particulate HCB (Fig. S6) are
consistent with the distribution patterns of primary HCB emissions in
China.

Potential source areas for HCHs, DDTs, CHLORs, DRINs, and HEPs
were identified in East China (Shandong and Jiangsu provinces), North
China (Hebei and Inner Mongolia provinces), and Northeast China
(Liaoning province) (Fig. S6). National soil monitoring in China re-
ported high concentrations of DDTs and HCHs in North and Northeast
China (Yu et al., 2020). These results demonstrate the grasshopping
effects of OCPs, which lead to their accumulation in northern China
(Wang et al., 2023). OCPs were heavily used in South, Central, and East
China, while Northeast China is considered a recent sink region for OCPs
due to the slower biodegradation in colder climates (Wang et al., 2023).
A previous modeling study also reported that the outflow of banned
OCPs from China occurs mainly through Northeast China (Heilongjiang
and Jilin provinces) and North China (Inner Mongolia province),
particularly during the summer (Tian et al., 2009), which is consistent
with the hotspots identified in the CWT maps. Furthermore, high mirex
concentrations in Liaoning province soils (5-20 pg/g) were reported
(Wang et al., 2010a), supporting the CWT result of this study. Overall,
the CWT maps for gaseous OCPs effectively identified potential source
areas for the re-emission of accumulated OCPs from the soil.

For particulate OCPs, the CWT results revealed that primary source
regions included North China (Beijing, Hebei, and Shandong provinces)
and Northeast China (Liaoning province) (Fig. 4b). Notably, the CWT
maps for each OCP group, except for mirex, showed similar patterns to
the CWT map for X4 OCPs (Fig. S6). A previous study reported the
highest levels of particulate HCB and DDTs in the East China Sea during
the summer (Ya et al., 2019), suggesting possible inflow from China to
South Korea across the Yellow Sea in warm seasons. In addition, po-
tential source areas for particulate mirex were identified in East China
(Anhui and Jiangsu provinces), where it was historically used for termite
control (Wang et al., 2010a). The CWT plots for particulate OCPs
emphasized the influence of LRAT, along with fresh OCP emissions.
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Fig. 4. CWT results for (a) gaseous and (b) particulate X,4 OCPs. The numbers correspond to 10 provinces in China: (1) Heilongjiang, (2) Jilin, (3) Liaoning, (4) Inner
Mongolia, (5) Hebei, (6) Shandong, (7) Jiangsu, (8) Zhejiang, (9) Anhui, and (10) Henan.

3.4. G/P partitioning behavior

Among the 24 target OCPs, 13 OCPs detected in both the particulate
and gaseous phases were used for the G/P partitioning analysis. Two
types of nonlinear regression analyses for the Junge-Pankow model were
conducted using experimentally determined G/P partitioning data
(Fig. S7). The two-parameter model consistently showed higher corre-
lation coefficients than the one-parameter model, which assumes G/P
equilibrium with a theoretical slope (m = —1). The slope values (m) in
May (mean: —0.68) were closer to —1 than those in July (m = —7.98)
(Table S5), suggesting a closer equilibrium state in May. Notably, the
curves for May 22 and 23 shifted to the lower left compared to other
days in May and July, indicating an increased contribution of gaseous
OCPs. On these days, gaseous OCP concentrations were highest (270 and
323 pg/m>), while particulate concentrations were lower (1.70 and
1.67 pg/m°>), reflecting enhanced re-emissions of historically accumu-
lated OCPs. The PM, concentrations on May 22 (36.4 pg/m>) and May
23 (38.6 pg/m>) were also lower than on other sampling days (mean:

(a) May 22-26
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75.6 ug/m>), indicating a low influx of particulate matter and suggesting
an equilibrium state. Interestingly, the shallow S-curves observed on
May 24-26 had higher slope values (m: —0.61, —0.45, and —0.57).
During this period, high particulate fractions of OCPs (log P, > —3), such
as TC, CC, TN, p,p’-DDD, and p,p’-DDE, were observed, along with
relatively high PM;( concentrations (mean: 81.2 pg/m3) compared to
May 22-23 (37.5 pg/m®>). Although Z24 OCP concentrations in the total
phase were relatively low on May 24-26, the particulate concentrations
of these compounds remained consistent with levels observed on other
days, resulting in the highest particulate fractions. This result indicates a
continuous influence of LRAT. In addition, July samples with high
particulate X34 OCP concentrations exhibited lower slope values (m:
—1.11 to —4.70), suggesting a stronger disequilibrium between the
gaseous and particulate phases in July, when relatively high PM;jg
concentrations (mean: 72.2 pg/m>) were observed. This finding aligns
with a previous study suggesting that the transport of aerosols, along
with high PM concentrations and dust incursions, may contribute to the
disequilibrium (Iakovides et al., 2021).

(b) July 25-29
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Fig. 5. Regression plots showing the relationship between log Koa and log Kp, log Kpg, and log Kps for 13 individual OCPs in (a) May and (b) July. The log Kp values
represent the measured data, while the Kpg and Kpg values were predicted using the Koa and steady-state models, respectively.
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Further examination of the relationship between log Kp and log Koa
was conducted using the Kpa absorption model and the steady-state
model (Li et al., 2015). The coefficients of determination (R?) between
log Kp and log Kpa values were 0.95 and 0.79 (p < 0.01) for May and
July, respectively (Fig. 5). The slope of the regression line in May (0.64)
was much closer to 1 than the slope in July (0.11). This result indicates a
substantial difference in the G/P partitioning of OCPs between the
measured log K}, in July and the predicted value from the equilibrium
model (log Kpg) (Harner and Bidleman, 1998). The steady-state model
(log Kps) also showed a considerable difference from the regression line
for July, only matching well with log Koa values greater than 10
(Fig. 5b). This phenomenon has been reported in previous studies; for
instance, model predictions deviate from measured Kp when log Ko, is
below 11.4 in a cross-regional study in China (Wang et al., 2023), and a
low regression slope was observed in the Antarctic (slope: 0.24) when
strong LRAT influences were present (Wang et al., 2018b). These find-
ings suggest that particulate OCP input plays an important role in OCP
partitioning. The steady-state model, which takes into account a
non-equilibrium term (log ), showed a gradual decrease in the slope for
log Koa values above 10, influenced by the wet and dry deposition of
particles (Qiao et al., 2019). The regression line for May is closer to the
equilibrium model result for log Ko > 10, indicating stable equilibrium
conditions for OCPs. Conversely, the regression line for July is much
closer to the steady-state model result for log Koa > 10, suggesting
enhanced particle deposition in July (Li et al., 2015). Consequently, the
G/P partitioning models indicate that gaseous OCP emissions in May
lead to equilibrium, whereas particulate OCP inputs contributed to the
deviations from equilibrium observed in July, which had higher PM;q
concentrations (mean: 72.2 pg/m>) than in May (mean: 59.7 pg/m°).
Previous studies have similarly reported that an influx of particulate
matter resulted in disequilibrium (Wang et al., 2018b; Qiao et al., 2019).
The predicted particle-bound fraction was notably underestimated in
July compared to May when log Koa < 10, suggesting the influence of
additional factors. Previous studies reported sampling artifacts and the
sorption of compounds with relatively high vapor pressures onto other
sorbents as contributors to disequilibrium conditions (Melymuk et al.,
2016; Wang et al., 2018a). These factors likely account for the dis-
crepancies observed in July between the measured and predicted data.

3.5. Air-soil gas exchange

Air and soil fugacity fractions for 12 OCPs detected in both PUF-PAS
and soil samples are presented in Fig. 6. Theoretically, fugacity fractions
between 0.3 and 0.7 suggest equilibrium, with a 20% margin of error
(Harner et al., 2001). PeCB exhibited a mean fugacity fraction above 0.7,
indicating net volatilization from soil to air. This result implies that soil
remains a source of PeCB to the atmosphere due to its historical use and
accumulation in soil. The AHy, values derived from the CC equation
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Fig. 6. Box plots showing the air/soil fugacity fractions of 12 OCPs detected in
both PUF-PAS and soil samples.
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further support the strong volatilization of PeCB from soil. This finding is
consistent with observations in background areas of Hungary
(Degrendele et al., 2016a). Meanwhile, HCB, a-HCH, TC, CC, and diel-
drin exhibited tendencies close to equilibrium between air and soil.
However, TC (0.03-0.95) and CC (0.01-0.86) displayed a wide range of
fugacity fractions, reflecting their ongoing dynamic behavior in the
environment. Lower fugacity fractions (<0.3) observed for g-HCH,
DDTs, TN, and HEPX suggest that net deposition from air to soil is the
dominant process. Since there are no new emissions of these banned
OCPs, their presence in the study area is likely a result of LRAT followed
by deposition. A previous study in the Tibetan background region re-
ported a similar fate for DDTs, showing LRAT and deposition (Wang
et al., 2012).

3.6. Limitations and implications

In this study, short-term monitoring was the only feasible option due
to the geographical constraints of the remote island, and the samples
were collected in 2013, reflecting a relatively outdated pollution status.
However, in our previous study, nationwide annual and seasonal vari-
ations in OCP levels, profiles, and potential sources remained relatively
consistent between 2008 and 2017 (Khuman et al., 2023). Therefore, the
potential sources and the influence of LRAT of OCPs identified in this
study likely reflect the conditions in background areas of the Korean
Peninsula, particularly near the west coast, during warm periods.
Additionally, the relatively stable long-term trends in OCP concentra-
tions in South Korea suggest that the sources and environmental fate of
OCPs, including air-soil exchange, have remained largely unchanged
over the past decade. Furthermore, slight decreases in a-HCH and y-HCH
concentrations, along with increases in o,p’-DDE and HCB concentra-
tions, were observed in China (Wang et al., 2018a). Since OCPs have
been extensively used in South and East China (Wang et al., 2023) and
persist for long periods in soil and water, they are continually re-emitted
into the atmosphere (Chen et al., 2023). As a result, the annual trends
and source regions of OCPs transported from China are expected to have
remained consistent during the study period and in recent years.

4. Conclusion

This study investigated the influence of LRAT on the levels and
patterns of OCPs on Deokjeok Island, a background site in South Korea.
The total (X54) OCP concentrations were lower than those observed in
the national POPs monitoring network of South Korea and other
Northeast Asian countries. Gaseous OCP concentrations, particularly the
higher levels of HCB and PeCB, were linked to the past usage of technical
HCHs and DDTs, indicating that atmospheric OCP levels are influenced
by volatilization from surface environments. In contrast, particulate
OCPs, dominated by DDTs, likely originated from recent emissions and
atmospheric transport. The detection of mirex, which has never been
used in South Korea, in both gaseous and particulate phases provides
evidence of LRAT influence. In addition, significant influences of LRAT
on DDTs were identified through the CC equation and strong correla-
tions with wind speed. The primary source regions for the LRAT of
gaseous OCPs to South Korea were identified as East, North, and
Northeast China, along with re-emissions of accumulated OCPs from
soil. CWT maps for particulate OCPs highlighted fresh inputs, with
Beijing, Hebei, Tianjin, and Shandong identified as key source regions.
Secondary emissions from historically accumulated OCPs on surfaces
may contribute to elevated gaseous concentrations, potentially leading
to G/P equilibrium. In contrast, the fresh input of particulate OCPs,
likely associated with high PM concentrations, contributed to non-
equilibrium conditions. Fugacity fractions suggested equilibrium or
net deposition between air and soil for most OCPs, except for PeCB,
indicating ongoing cycling, potential LRAT, and subsequent deposition.
The results of this study suggest that LRAT continues to significantly
influence atmospheric OCP concentrations in South Korea, with ongoing
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re-emissions. Based on the various monitoring and modeling tools used
in this study, it is recommended to conduct long-term seasonal moni-
toring and modeling of both OCPs and CUPs to further evaluate the
impacts of LRAT and local emissions.
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