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dichlorodiphenyltrichloroethane were primarily used 
in the past; meanwhile, chlordane (CHL) and EnSFs 
were derived from recent material inputs. Seasonally, 
OCP concentrations largely peaked in summer with 
minimum values in winter. This apparent temperature 
dependence suggests the re-volatilization of accumu-
lated chemicals into the atmosphere. Additionally, an 
air mass back trajectory indicated the influence of pol-
lutants released from a reservoir through long-range 
atmospheric transport in the summer. In particular, 
restricted OCPs are primarily released into the atmos-
phere by inadvertent sources, such as industrial activi-
ties and volatilization from contaminated areas. Thus, 
severe OCP pollution in Korea is due to the mobile 
nature of the particles. These data can be useful for the 
continuous monitoring of long-range transported air 
pollutants that are transferred between countries.
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Seasonal variation · Long-range air transport · South 
Korea

Introduction

Organochlorine pesticides (OCPs) are a primary group 
of persistent organic pollutants (POPs), and have been 
used extensively worldwide over the previous decades 
to increase agricultural productivity and control insect 
damage (Luo et  al., 2019). Moreover, OCP toxicity, 

Abstract Organochlorine pesticides (OCPs) are 
widely used in certain countries. We determined 
atmospheric concentrations, distribution patterns, 
and seasonal variations of OCPs at four sites in South 
Korea for 1  year. Samples of 22 OCPs were col-
lected using a high-volume air sampler, and meas-
ured via the isotope dilution method with HRGC/
HRMS. In South Korea, pentachlorobenzene (PeCB), 
hexachlorocyclohexane (HCB), and endosulfan 
(EnSF) were dominant, accounting for > 87% of total 
OCPs. Spatial distributions showed significant dif-
ferences and the highest levels were observed in 
Seosan (295.2  pg·m−3), indicating the compound-
ing potential of diverse sources as Seosan has con-
centrated large-scale industrial complexes and 
agricultural activity (Seoul: 243.6  pg·m−3 > Jeju: 
193.5  pg·m−3 > Baengnyeong: 178.2  pg·m−3). The 
isomeric ratios of OCPs in the South Korean atmos-
phere indicated that the dominant sources of HCB and 
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persistence, and biological accumulation have been 
found in various studies, leading to global concerns 
over correlated damage to the environment and human 
health (Choi et  al., 2018; Wang et al., 2018a). Increas-
ing concern over these adverse characteristics led to the 
adoption of the Stockholm Convention on POPs in 2001 
(implemented in 2004), which was aimed at minimiz-
ing the damage from hazardous chemicals such as OCPs 
(Alshemmari, 2021). Under the convention, pesticides 
including hexachlorobenzene (HCB), aldrin, dieldrin, 
endrin, chlordane (CHL), dichlorodiphenyltrichloro-
ethane (DDT), mirex, and toxaphene were listed as the 
“dirty dozen.” Notably, HCB was also listed as a harmful 
industrial chemical and by-product. Since then, penta-
chlorobenzene (PeCB), hexachlorocyclohexane (HCH), 
lindane (also known as γ-HCH), chlorodecone, and later 
endosulfan (EnSF) were added to the list of OCPs in 
2009 (Jennings & Li, 2015; Lammel & Lohmann, 2012). 
Most recently, dicofol was added to the list of POPs in 
2019 (Liu et al., 2021).

As OCPs exhibit semi-volatile features and a strong 
resistance to degradation, they can be easily released 
into the air and travel though long-range atmospheric 
transport (LRAT) from a contamination source area (Li 
et al., 2020). Until the 1980s, about 3600 tons of OCPs 
(except for mirex and HCB) had been used for agricul-
tural activities in Korea (Kim & Smith, 2001). Although 
their use and production has been either restricted or 
banned since the Korean government implemented 
the Stockholm Convention in 2008, they are still being 
detected within the environment (Kim et al., 2019; Lee 
et al., 2014). This persistence can be attributed to vari-
ous factors, such as re-emissions of historically used 
pesticides in the atmosphere and the application of cur-
rent used pesticides (Barron et  al., 2017; Wang et  al., 
2018b). Research has found that OCPs are still being 
produced and used in some countries, including China 
and India where high concentrations have recently been 
observed (Khuman et al., 2020; Zhou et al., 2013). Spa-
tiotemporal distributions and transportation patterns 
within a given area are closely correlated with mete-
orological conditions; thus, it is important to understand 
the role of the atmosphere in the long-range transport 
of source emissions (Kim et al., 2005, 2021b). Indeed, 
a number of monitoring-based studies have focused on 
the sources, transport, and behaviors of pesticides via 
examinations of regional LRAT (Gao et  al., 2020; Li 
et al., 2020; Rimondino et al., 2018). As these processes 
are difficult to capture through LRAT alone, multiple 

other factors and approaches have been assessed in this 
study, including isomer patterns, principal component 
analysis, and spatiotemporal distribution variations. 
In particular, monitoring of OCP concentration trends 
according to seasonal and regional differences can con-
firm the influence of air pollution between countries; 
hence, this is necessary for national measurement net-
work data.

The purpose of this study was to understand the 
behavior and origins of OCP pollutants found within 
the atmosphere of South Korea by (1) investigat-
ing the spatial and seasonal distribution patterns, (2) 
comparing OCP concentrations with those of other 
Asian nations, and (3) exploring the efficacy of vari-
ous factors for influencing contamination.

Materials and methods

Chemicals and reagents

Standard solutions (native standard, ES-5464-A; clean-
up standard, ES-5465-A; internal standard, EC-5350) 
were acquired for the analysis of OCPs (PeCB, HCB, 
cis-/trans-CHL [CC/TC], cis-/trans-nonachlor, oxy-
CHL, o,p′-/p,p′-DDE, o,p′-/p,p′-DDD, o,p′-/p,p′-DDT, 
heptachlor [HEPT], cis-/trans-HEPT epoxide, α-/β-/γ- 
/δ-HCH, and EnSF 1/2) (Cambridge Isotope Labora-
tories, MA, USA). Florisil SPE cartridges (InertSep  
FL, 5  g·20   mL−1) were obtained for clean-up proce-
dures from GL Science, Inc., Tokyo, Japan. Mean-
while, acetone, n-hexane, dichloromethane, and tolu-
ene (for pesticide residue and polychlorinated biphenyl 
(PCB) analysis grade) were purchased from Fujifilm 
Wako Pure Chemical Co., Inc., Osaka, Japan, and 
anhydrous sodium sulfate (for pesticide residue and 
PCB analysis grade) was obtained from Kanto Chemi-
cal Co., Inc., Osaka, Japan, respectively.

Sample collection

Sampling was conducted at four sites in South Korea 
(Table  S1). Jeju is representative of the background 
site, as monitoring has been continuously carried 
out there since 2009 after the Stockholm Convention 
implementation; Baengnyeong is located at the west-
ernmost point of the country, and is representative of 
the background levels near northeastern China; Seoul 
is the largest residential site, with abundant traffic and a 
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substantial floating population; and Seosan comprises  
an active agricultural area and is a heavily industri-
alized city where severe air pollution has recently 
become an issue. Accordingly, each site was classi- 
fied as either background, urban, or industrial accord-
ing to their environment and geography.

Daily air samples were collected for three consecu-
tive days from January to December 2020 (winter 
[December–February], spring [March–May], summer 
[June–August], and fall [September–November]) using 
a high-volume air sampler (HV-1000F, Sibata Scien-
tific Technology, Saitama, Japan), whose flow rate was 
set to 700 L·min−1. The total volume of each collected 
sample was 1007.9  m3. Then, 3-day averages were 
calculated and used for subsequent analysis. All field 
blanks were performed by exposure to the surround-
ings during sampling. To collect both the gas- and 
particle-phase substances, a pair of polyurethane foam 
disks (PUF; 84-mm diameter × 50-mm height; Sibata 
Scientific Technology, Saitama, Japan), piece of acti-
vated carbon felt (ACF; 84 mm; Sibata Scientific Tech-
nology, Saitama, Japan), and quartz fiber filter (QFF; 
203 × 254  mm; Whatman, Buckinghamshire, UK) 
were used per sample. Prior to use, the PUFs and ACFs 
were cleaned with acetone using Soxhlet extractors for 
24 h, and then dried completely; the QFFs were placed 
in an oven at 600  °C for 5  h to remove any organic 
residue. The pre-treated materials were individually 
packed in an aluminum foil and stored in a desicca-
tor. After sampling, the used materials were rewrapped 
with aluminum foil, placed in ziplock bags, and stored 
in a refrigerator at −4 °C until extraction commenced.

Sample pre-treatment

Pre-treatment and analytical procedures were car-
ried out in accordance with the United States Envi-
ronmental Protection Agency (US EPA) meth-
ods (US EPA, 1999, 2007) and Korean Official 
Method of Organochlorine Pesticides in Ambi-
ent Air (ES 10,900.1a). PUF, ACF, and QFF were 
Soxhlet extracted with 500  mL of dichloromethane 
for 24 h. The extract was dehydrated with an anhy-
drous sodium sulfate, concentrated to 0.5 mL using 
a rotary evaporator (N-1300, EYELA, Tokyo, Japan) 
and solvent exchanged into 5  mL hexane. The sol-
vent was again concentrated to 1 mL hexane under 
a nitrogen concentrator (N-EVAP 112, Organoma-
tion, MA, USA) (Kim et al., 2020; Tasdemir et al., 

2004). Within this step, the isotopically labeled 
standard (ES-5465-A, Cambridge Isotope Labs, MA, 
USA) was spiked into the concentrate to ensure the 
accuracy of overall experimental procedures (Jin 
et al., 2013; Kim et al., 2020). Prior to cleanup, 2 g 
of anhydrous sodium sulfate was added to the top 
layer of the Florisil SPE cartridge, and the cartridge 
was then conditioned with 20  mL of hexane. Once 
activated, the sample was loaded into the cartridge 
and eluted with 100  mL of hexane (1st fraction); 
subsequently, it was eluted with 100 mL of hexane/
dichloromethane (v/v 3:1) (2nd fraction). The elu-
ent was concentrated using a rotary evaporator, and 
purged again with a nitrogen concentrator. Finally, 
the internal standard (EC-5350, Cambridge Isotope 
Labs, MA, USA) was spiked into the resultant solu-
tion, and the volume was reduced to 100 μL under a 
gentle stream of nitrogen for instrumental analysis.

Instrumental analysis

Target components were analyzed using a gas chro-
matographer (7890B, Agilent Technologies, CA, 
USA), which was coupled with a high-resolution 
mass spectrometer (JMS-800D, JEOL, Tokyo, Japan) 
and a fused silica capillary column (Rtx-CLPestides 
2, 30-m length, 0.25  mm i.d., 0.25-μm film thick-
ness, Restek, PA, USA). The mass spectrometer was 
operated in the electron ionization mode, with an 
applied energy of 38  eV, a current of 500 μA, and 
the selected ion monitoring mode with > 10,000 res-
olutions. Samples of 1 μL were injected through the 
splitless mode using helium (99.9999%) as a carrier 
gas, with a constant flow rate of 1  mL·min−1. The 
inlet and source temperatures were maintained at 260 
and 280 °C, respectively. The initial oven temperature 
was maintained at 100 °C for 1 min, which was then 
increased to 180 °C, 200 °C, 220 °C, and 300 °C at a 
rate of 20 °C·min−1, 1.4 °C·min−1, 5 °C·min−1 (held 
for 0.314 min), and 40  °C·min−1 (held for 4.4 min), 
respectively. Quantification of each OCP component 
was carried out via the isotope dilution method.

Quality assurance/quality control

Field blanks (once per site, per month), solvent-only 
method, and spiked blanks (standards injected into 
the solvent) were processed and analyzed to assess 
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the procedure quality. Laboratory blank samples 
showed either negligible or non-quantifiable levels of 
contaminating compounds. Method detection limits 
(MDLs) were derived from a Student’s t-value of 3.14 
(99% confidence level, n = 7) multiplied by the stand-
ard deviation of seven replicates of the spiked blank 
samples (injection volume for all components, 0.5 ng), 
and ranged from 0.037 to 0.269 pg·m−3 (Table S2). A 
certified reference material (CRM818-50G, Sigma-
Aldrich, MO, USA) was analyzed and confirmed that 
the results corresponded to true values (Table  S3). 
The recoveries of 13C-labeled internal standards for 
the blank and real samples ranged from 40 to 120%. 
Concentrations < MDLs were assigned a value of zero.

Air mass backward trajectories and statistical 
analyses

Air mass backward trajectories were conducted 
using the hybrid single-particle Lagrangian inte-
grated trajectory (HYSPLIT 4) model developed by 
the US National Oceanic and Atmospheric Admin-
istration (NOAA) to assess the origins and transport 
of OCPs from potential source areas. The trajecto-
ries for each sampling site were conducted in 6-h 
intervals (00:00 UTC, coordinated universal time) 
at an altitude of 500  m above ground level. Scat-
terplots of the spatial and seasonal concentration 
distributions of OCPs were created in SigmaPlot 
v.12.0 (Systat Software Inc., CA, USA). All statisti-
cal analyses were performed in SPSS v.20.0 (IBM, 
NY, USA). Pearson correlation coefficients were 
calculated to assess the relationships between OCP 
concentration levels and seasons (i.e., changes in 
local temperature). A principal component analysis 
(PCA) was also conducted to identify the relation-
ship between each component and potential source. 
For both statistical analyses, p < 0.05 was consid-
ered to be statistically significant.

Results and discussion

Spatial distribution and OCP levels

Atmospheric concentrations of OCPs measured at 
each site are shown in Table 1, and individual OCP 
values are presented in Table  S4. Although the use 
and production of OCPs in South Korea has been 

banned since 2008, most of these chemicals are still 
detected in the present-day atmosphere.

PeCB and HCB

In the past, PeCB has been used as an intermediate 
in the manufacturing process of pentachloronitroben-
zene, an organochlorine fungicide, and a chloroben-
zene mixture for products containing PCBs (Mitra 
et al., 2019). Meanwhile, HCB has served as a precur-
sor for pentachlorophenol production and as a mate-
rial component for flame retardants, plasticizers, and 
synthetic rubbers (Dhaibar et  al., 2021; Pan et  al., 
2020). Production and release volumes of PeCB and 
HCB peaked from the late 1970s to the early 1980s 
(Su et al., 2006); however, since it was banned under 
the Stockholm Convention, there are currently no 
known manufacturing sites or commercial uses of 
these chemicals anywhere in the world (Bailey et al., 
2009; Stockholm Convention, 2021c, d).

PeCB concentrations ranged from 42.4 to 
150.3  pg·m−3, with the following site averages 
(± 1 SD): Jeju, 62.4 ± 14.5  pg·m−3; Baengnyeong, 
74.2 ± 36.3  pg·m−3; Seoul, 80.7 ± 27.7  pg·m−3; and 
Seosan, 84.5 ± 19.9  pg·m−3. HCB concentrations 
ranged from 49.1 to 202.4 pg·m−3, with the following 
site averages: Jeju, 104.2 ± 29.3 pg·m−3; Baengnyeong, 
101.5 ± 35.8  pg·m−3; Seoul, 109.3 ± 24.2  pg·m−3; 
and Seosan, 129.5 ± 46.9  pg·m−3. The levels of both 
substances tended to be higher in the residential and 
industrial areas than those in the background sites. 
Furthermore, these two chemicals were distributed at 
high concentrations, accounting for up to 80% of the 
total OCPs across all sites (Fig.  1; PeCB, 28–38%; 
HCB, 44–50%).

As mentioned above, although PeCB and HCB 
were not previously used as pesticides in South 
Korea, they were still detected at fairly high concen-
trations. These results were likely caused by primary 
emissions from the unintentional formation of by-
products through diverse processes (e.g., industrial 
fields, use of chlorinated compounds, combustion), 
and secondary emissions from accumulated chemi-
cals in the environment (Liu et al., 2018; Wang et al., 
2010). Table  2 presents previously reported atmos-
pheric concentrations of individual OCPs for other 
Asian nations. In particular, the atmospheric levels 
of PeCB reported in the present study were compa-
rable to those of Kuwait and Japan, whereas HCB 
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concentrations were much lower than those of all 
other countries that were examined (except Pakistan). 
Accordingly, it is proposed here that these chemicals 
may be entering Korea from polluted sites via LRAT.

HCHs

HCH was broadly used and manufactured for agricul-
tural applications in two forms: technical mixture and 
lindane. Technical HCH was mainly used as an insec-
ticide in the 1940s; however, when crop problems 

were observed, it was replaced with a more effec-
tive insecticidal product, lindane. It was reported that 
both HCH forms were used in Asian regions includ-
ing India, China, and Vietnam, as well as in South 
America up until the 1990s; their illegal use still per-
sists in some countries to the present day (Pozo et al., 
2004; Vijgen et al., 2019). Since, HCH isomers were 
registered under the Stockholm Convention in 2009, 
and lindane has been strictly controlled, with specific 
exemptions for medical and pharmaceutical uses on 
head lice and scabies in China until 2019 (Stockholm 
Convention, 2021a). In South Korea, the use of tech-
nical HCH and lindane as pesticides was banned in 
1979 and 1969, respectively, with an estimated pre-
ban consumption of 6153 and 209 tons, respectively 
(Hong et al., 2006).

Technical HCH is usually composed of α-HCH 
(60–70%), β-HCH (5–12%), γ-HCH (10–12%), and δ-
HCH (3–4%), whereas lindane is nearly pure γ-HCH 
(> 99%) (Mishra et  al., 2013). Because technical 
HCH contains a high proportion of α-HCH, the ratio 
of the two isomers (α-HCH/γ-HCH) is used to evalu-
ate usage patterns. It has been generally observed that 
the ratio ranges between 4.0 and 7.0 in technical HCH 
(Yu et al., 2019); therefore, without any recent input 

Table 1  Summary of atmospheric concentrations of OCPs at each site (pg·m−3)

ND not detected
a ∑HEPTs: sum of heptachlor, cis-heptachlor epoxide, and trans-heptachlor epoxide
b ∑HCHs: sum of α-HCH, β-HCH, γ-HCH, and δ-HCH
c ∑CHLs: sum of oxy-CHL, cis-CHL, trans-CHL, trans-nonachlor, and cis-nonachlor
d ∑DDTs: sum of o,p′-DDE, p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p′-DDT, and p,p′-DDT
e ∑EnSFs: sum of endosulfan 1 and endosulfan 2
f ∑OCPs: sum of PeCB, HCB, ∑HCHs, ∑DDTs, ∑CHLs, and ∑HEPTs

Site PeCB HCB ∑HEPTsa ∑HCHsb ∑CHLsc ∑DDTsd ∑EnSFse ∑OCPsf

Avg ± Std 62.4 ± 14.5 104.2 ± 29.3 0.8 ± 0.4 8.2 ± 2.9 5.6 ± 2.7 4.0 ± 2.6 19.5 ± 17.0 204.8 ± 69.3
Jeju Median 64.6 103.4 0.7 7.3 5.0 3.5 11.4 195.9

Min–max 42.4–97.1 53.2–146.8 0.4–1.7 5.2–13.7 2.4–10.7 1.9–12.0 3.1–54.3 108.6–336.2
Avg ± Std 74.2 ± 36.3 101.5 ± 35.8 0.5 ± 0.2 10.3 ± 3.3 4.1 ± 1.2 4.4 ± 1.1 5.0 ± 1.9 200.0 ± 79.8

Baengnyeong Median 59.9 96.7 0.6 9.7 3.7 4.7 4.7 180.0
Min–max 46.2–150.3 63.1–167.6 0.3–0.8 5.4–14.6 2.8–6.3 2.3–5.7 1.9–7.6 121.9–353.0
Avg ± Std 80.7 ± 27.7 109.3 ± 24.2 1.1 ± 0.5 16.0 ± 12.0 4.5 ± 2.0 7.9 ± 5.7 14.8 ± 17.0 234.2 ± 89.1

Seoul Median 80.3 107.8 1.0 11.4 3.5 6.7 7.0 217.7
Min–max 45.5–116.1 49.1–151.1 0.4–2.0 7.1–50.6 1.8–7.9 2.4–22.0 1.9–59.1 108.2–408.7
Avg ± Std 84.5 ± 19.9 129.5 ± 46.9 1.7 ± 1.2 13.1 ± 7.3 6.1 ± 3.4 4.2 ± 1.3 55.0 ± 63.8 294.1 ± 143.8

Seosan Median 75.4 146.0 1.4 11.7 4.9 3.6 17.6 260.6
Min–max 65.1–121.7 5.9–202.4 0.6–4.7 5.9–30.6 2.5–14.1 2.6–6.7 7.5–199.8 141.1–580.0

Fig. 1  Compositional profiles of OCPs at each site: JJ Jeju, 
BN Baengnyeong, SE Seoul, SS Seosan
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of technical HCH, this value should decrease with 
time. The measured concentrations of ∑HCHs ranged 
from 5.2 to 80.4 pg·m−3, with the following site aver-
ages (± 1 SD): Jeju, 8.2 ± 2.9 pg·m−3; Baengnyeong, 
10.3 ± 3.3  pg·m−3; Seoul, 16.0 ± 12.0  pg·m−3; and 
Seosan, 13.1 ± 7.3 pg·m−3 (Fig. 2a). HCH concentra-
tions were relatively high in the residential and indus-
trial regions, with maximum levels being observed in 
Seoul; however, these concentration levels were much 
lower than those observed in other Asian nations. The 
range of the α-HCH/γ-HCH ratios observed in the 
present study was 1.94 to 3.84 (mean: 3.03 ± 0.70), 
with the following site averages: Jeju, 3.38 ± 0.86; 
Baengnyeong, 3.84 ± 0.89; Seoul, 1.94 ± 0.73; and 
Seosan, 2.96 ± 0.42. Since all observed values were 
below 4 across all sites, it indicates that modern-
day HCH concentrations in the Korean atmosphere 
predominantly originated from lindane. Notably, the 
ratios here show a significant reduction compared to 
those observed during a previous monitoring study in 
South Korea that was conducted less than a decade 
ago (Jin et al., 2013).

CHLs

CHL was largely applied as a pesticide for a range 
of agricultural crops (mostly corn and citrus), man-
agement of home lawns and gardens, and termite 

control in housing foundations. Due to its hazardous 
features, most countries prohibited the use of CHL in 
the late 1980s (Becker et  al., 2012); however, infor-
mation on global use indicated that about 58 tons 
of chlordane were imported into Venezuela up until 
2003, and that China consumed about 745 tons from 
1998 to 2008 (Girones et al., 2020; Niu et al., 2016). 
Further, its production and use as a termiticide con-
tinued in China, Zambia, and Botswana until 2009, 
well after its registration under the Stockholm Con-
vention (Stockholm Convention, 2021c). CHL has 
been banned in South Korea since early 1969, prior 
to which about 3 tons was used over the previous 
4 years (Park et al., 2011). Figure 2c shows the mean 
concentrations of ∑CHLs and ratios of geometric 
isomers for each site. The concentration of ∑CHLs 
ranged from 1.8 to 14.1  pg·m−3, with the following 
site averages (± 1 SD): Jeju, 5.6 ± 2.7  pg·m−3; Bae-
ngnyeong, 4.1 ± 1.2 pg·m−3; Seoul, 4.5 ± 2.0 pg·m−3; 
and Seosan, 6.1 ± 3.4  pg·m−3; no significant differ-
ences were observed in these concentrations, accord-
ing to spatial variation in South Korea. The CHL lev-
els observed in the present study were analogous to 
the atmospheric concentrations of Hong Kong, and 
much lower than those observed in other Asian sites 
(Table 2).

Technical CHL, a mixture composed of more than 
140 compounds, contains TC (~13%), CC (~11%), 

Fig. 2  Mean concentrations 
of a ΣHCHs, b ΣDDTs, 
c ΣCHLs, and d ΣEnSFs 
at each site: J Jeju, BN 
Baengnyeong, SE Seoul, SS 
Seosan
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and HEPT (~5%). The ratio of the two isomers (TC/
CC) is a recognized indicator of CHL age (typically 
ranging from 1.16 to 1.56), with values < 1.56 result-
ing from the more rapid decomposition rate of TC 
than that of CC (Yang et al., 2008). The observed TC/
CC ratios ranged from 1.67 to 2.21 (1.88 ± 0.20), with 
the following site averages: Jeju (1.85 ± 1.40), Baeng-
nyeong (1.67 ± 0.41), Seoul (1.78 ± 0.77), and Seosan 
(2.21 ± 0.82); these results indicate the influence of 
recent CHL inputs. As only a relatively small amount 
of chlordane was used in South Korea over 50 years 
ago, its relative levels are quite low compared to other 
OCPs; however, there is still evidence of its current 
use within the South Korean atmosphere. Recently, 
high chlordane levels and corresponding proportions 
of TC have been reported in several Asian regions, 
including Pakistan and China (Aslam et  al., 2021; 
Huang et  al., 2019); the direct cause for this result 
remains unknown, although it may be related to mete-
orological conditions and geographical positioning.

DDTs

DDT was used extensively to prevent the spread of 
insect-borne diseases (e.g., malaria and typhus) and 
increase agricultural efficiency; however, DDT was 
banned in many countries in the 1970s after its true 
toxicity to humans and animals was discovered (Van 
Dyk et al., 2010). In 2004, DDT officially became one 
of the initial members listed by the Stockholm Con-
vention; however, use and production of this chemical 
persisted in China and India until the specific exemp-
tion on the manufacture of dicofol expired in 2009 
(Stockholm Convention, 2021d). Estimates of the 
production and import of DDT for agricultural pur-
poses across its 30-year history in South Korea were 
758 and 1320 tons, respectively, until 1971 (Kim 
et  al., 2009). Technical DDT commonly consists of 
p,p′-DDT (75%), o,p′-DDT (15%), p,p′-DDE (5%), 
and others forms (< 5%). DDT metabolizes to dichlo-
rodiphenyldichloroethylene (DDE) under aerobic (or 
oxidizing) conditions, and degrades to dichlorodiphe-
nyldichloroethane (DDD) through the dechlorination 
process under anaerobic (or reducing) conditions; 
thus, the ratio of DDT isomers (DDT/[DDD + DDE]) 
can be a useful indicator of environmental input, indi-
cating that present atmospheric concentrations are a 
result of current DDT use when the ratio is > 1 (Kim 
et al., 2002; Zheng et al., 2020).

Dicofol (trade name: Kelthane) was used to control 
crop mites following the ban of technical DDT due to 
its acaricidal activation. Because dicofol is normally 
synthesized through chlorination and hydrolysis reac-
tions of technical DDT, high DDT and related-DDT 
contents remain as impurities in dicofol. It has been 
totally banned without exemption by the Stockholm 
Convention since 2019 (Turgut et  al., 2009). From 
1972 to 2002, approximately 1515 tons of dicofol 
was used for the management of citrus and gerbera in 
South Korea (Baek et al., 2013). Although both tech-
nical DDT and dicofol mainly comprise p,p′-DDT, 
there is a difference in their distribution. For this rea-
son, the o,p′-DDT/p,p′-DDT ratio appears to be dif-
ferent for each type of DDT (technical DDT, 0.2–0.3; 
dicofol-type DDT, 1.3–9.3) (Zhang et al., 2009).

Figure 2b shows mean ∑DDT concentrations, and 
the corresponding isomer ratios at each site. Concen-
trations of ∑DDTs ranged from 1.9 to 22.0  g·m−3, 
with the following site averages (± 1 SD): Jeju, 
4.0 ± 2.6 g·m−3; Baengnyeong, 4.4 ± 1.1 g·m−3; Seoul, 
7.9 ± 5.7  g·m−3; and Seosan, 4.2 ± 1.3  g·m−3. The 
highest concentrations were recorded in Seoul, and 
no significant difference was found among the other 
locations. DDT levels detected in other Asian nations 
were much higher than those in South Korea, with 
maximum concentration distributions in Vietnam 
and China being about 250 and 150 times greater, 
respectively. The DDT ratios measured at each site 
revealed similar patterns (Fig. 3). In the present study, 
the DDT/(DDE + DDD) ratio ranged from 0.55 to 
0.72 (0.68 ± 0.05), with the following site averages: 
Jeju, 0.62 ± 0.22; Baengnyeong, 0.69 ± 0.31; Seoul, 
0.65 ± 0.27; and Seosan, 0.77 ± 0.52. Moreover, 
the o,p′-DDT/p,p′-DDT ratio ranged from 0.62 to 
0.96 (0.79 ± 0.13), with the following site averages: 
Jeju, 0.96 ± 0.48; Baengnyeong, 0.62 ± 0.35; Seoul, 
0.85 ± 1.17; and Seosan, 0.73 ± 0.41. Accordingly, 
DDT/(DDE + DDD) indicated that past DDT use is a 
predominant source of present-day atmospheric DDT 
concentrations. This result suggested that the decom-
position of DDT to its metabolites during atmos-
pheric exposure had an effect on the distribution of 
DDTs, along with the use of dicofol.

EnSFs

EnSF is an insecticide used until recently for prevent-
ing damages from tsetse flies, mites, and other pests. 
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From 1950 to 2000, an estimated 310 ktons was used 
worldwide, with about 5,400 tons and 2,800 tons 
being produced annually in India and China, respec-
tively (Mitton et al., 2016; Weber et al., 2010). EnSF 
was added to the Stockholm Convention list in 2011; 
however, it was used in Guatemala and China (where 
it was also produced) until 2019 because of its spe-
cific exemptions for crop-pest complexes (Stockholm 
Convention, 2021b). In South Korea, it is estimated 
that 900–1000 tons·yr−1 of EnSF was applied as a 
pesticide from 1971 until it was outlawed in 2010 
(Choi & Chun, 2007). Technical EnSF is a racemic 
mixture comprising EnSF 1 (α-form) and EnSF 2 
(β-form) in proportions of 2:1–7:3 (i.e., 2.0–2.3), 
with values < 2.3 indicating that the primary emis-
sion sources are related to past use (Kim et al., 2020). 
Figure  2d shows the mean ∑EnSF concentrations 
of two stereoisomers for each site. The concentra-
tions of ∑EnSFs ranged from 1.9 to 199.8  pg·m−3, 
with the following site averages (± 1 SD): Jeju, 
19.5 ± 17.0  pg·m−3; Baengnyeong, 5.0 ± 1.9  pg·m−3; 
Seoul, 14.8 ± 17.0  pg·m−3; and Seosan, 55.0 ± 63.8 
pg·m−3. Accordingly, EnSF at most of the sites was 
detected at relatively high concentrations; indeed, it 
was the most abundant OCP observed in this study, 
excluding unintentional POPs (UPOPs: PeCB and 
HCB in this study), accounting for up to 18% of 
total OCPs (followed by ∑HCHs [~6.5%] > ∑DDTs 
[~2.9%] > ∑CHLs [~2.7%] > ∑HEPTs [~0.5%]). In 
particular, ∑EnSF levels in Seosan were three times 
higher than those recorded in Vietnam, although 

lower than those observed in Lahore, Pakistan. The 
recorded EnSF 1/EnSF 2 ratios ranged between 5.85 
and 6.60 (6.15 ± 0.30), with the following site aver-
ages: Jeju, 6.60 ± 3.91; Baengnyeong, 6.13 ± 3.28; 
Seoul, 6.01 ± 3.96; and Seosan, 5.85 ± 2.49. The 
likely sources of EnSF can be explained in two ways: 
first, there is evidence of atmospheric input from 
recent use, and second, EnSF 2 is converted to EnSF 
1 during its atmospheric transport due to its low sta-
bility. However, the higher isomer ratio than that of 
technical EnSF and the low EnSF 2 concentrations 
indicate that the dominant source of EnSF in South 
Korea may be related to LRAT inputs from other sites 
(Miglioranza et  al., 2021; Shunthirasingham et  al., 
2010).

HEPT

HEPT was a widely used cyclodiene insecticide for 
controlling crop pests from the 1950s to 1970s, ever 
since it was isolated from chlordane in 1946 (Guida 
et  al., 2018). HEPT was included as a POP with-
out exemptions under the Stockholm Convention in 
2004, and since then there have been no confirmed 
reports of its use or production. In South Korea, total 
agricultural consumption was roughly ~16,617 tons 
until it was banned in 1979 (Chung et  al., 2001). 
The concentrations of ∑HEPTs ranged from 0.3 to 
4.7  pg·m−3, with the following site averages: Jeju, 
0.8 ± 0.4  pg·m−3; Baengnyeong, 0.5 ± 0.2  pg·m−3; 
Seoul, 1.1 ± 0.5 pg·m−3; and Seosan, 1.7 ± 1.2 pg·m−3. 
Accordingly, although larger past amounts of HEPT 
were comparable to those of other analytes, it main-
tained the lowest concentration distributions (< 1% 
of total OCPs) and no significant spatial differences 
were observed. Furthermore, HEPT concentrations 
were the lowest than those reported in other Asian 
nations, implying that this occurred due to the use of 
chlordane, as the technical type comprises 10% HEPT 
(Pokhrel et al., 2018).

Seasonal variation and OCP levels

Figure  4 shows the seasonal distributions of total 
OCPs (excluding UPOPs) during the four seasons 
(additional details on seasonal OCP concentrations 
for each site are shown in Table  S5). The atmos-
pheric OCP concentrations in summer (34.8–213.9, 
103.2 ± 68.5  pg·m−3) were remarkably higher than 
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those in spring (25.8–49.2, 37.3 ± 8.9  pg·m−3), 
fall (26.6–48.8, 38.5 ± 9.9  pg·m−3), and winter 
(19.4–27.1, 21.9 ± 3.0 pg·m−3). This may be related to 
the re-volatilization of historically used and/or recent 

applications of OCPs from the soil and sediment as 
ambient temperature increases (Sanlı & Tasdemir, 
2020). These observed seasonal characteristics are 
distinct to South Korea due to its temperate climate 
(Fig. 5). It has also been shown that atmospheric OCP 
distributions can vary with meteorological conditions 
(Kim et  al., 2021a). In particular, summer concen-
trations in Seosan (213.1  pg·m−3) increased much 
more sharply than the other sampling sites (Jeju, 
60.5 pg·m−3; Baengnyeong, 41.3 pg·m−3; and Seoul, 
107.1 pg·m−3). These results may be caused by their 
regional large-scale industrial facilities, such as pet-
rochemical and steel complexes and coal-fired power 
plants, in addition to various agricultural activities; 
however, the precise set of emission sources remains 
unknown. The correlations between atmospheric 
OCPs and seasonal variability for specific regions 
have been frequently reported in previous studies 
(Chakraborty et al., 2019; Romanić et al., 2018). Fig-
ure 5 shows the average temperatures and OCP con-
centrations for each season, which mostly follow the 
pattern of summer maximums and winter minimums, 
particularly in Seoul and Seosan. Similarly, a Pear-
son correlation analysis between OCP concentrations 
and local temperatures was performed, revealing that 
most OCPs were positively related to temperatures 
(HCHs, r > 0.7, p < 0.01; DDTs, r > 0.4, p < 0.01; 

Fig. 4  Seasonal concentration distributions of ΣOCPs at each 
site

Fig. 5  Seasonal variations in the concentrations and temperatures of a ΣHCHs, b ΣDDTs, c ΣCHLs, and d ΣEnSFs at each site: JJ 
Jeju, BN Baengnyeong, SE Seoul, SS Seosan
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CHLs, r > 0.7, p < 0.01; and EnSFs, r > 0.6, p < 0.01). 
HEPTs also showed a positive correlation with tem-
perature (r > 0.6, p < 0.01), but their extremely low 
concentrations indicate that further analyses are 
needed to confirm this trend.

Alternatively, no seasonal or temperature-based 
variations were observed for PeCB and HCB 
(p > 0.05), indicating that their dominant source is not 
historical use, but the unintentional sustained releases 

from industrial activities and/or atmospheric inputs 
(Moon et  al., 2009). To investigate the possibility 
of LRAT from potential sources, air mass backward 
trajectories were performed for each site during the 
3  days with maximum summer concentration dis-
tributions (Fig.  6). In this period, air masses in the 
background sites primarily originated from the East 
China Sea and China; however, for Seoul and Seosan, 
inputs from the Philippines Sea passing through 

Fig. 6  Backward air trajectories at each site in summer. JJ Jeju, BN Baengnyeong. SE Seoul, SS Seosan
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southwestern Japan were found along with those from 
the east coast of China. These results indicate that the 
primary mechanism behind the high summer contam-
ination levels may be the LRAT, which occurs due to 
meteorological conditions. The winter back trajec-
tories of the low concentration levels indicated that 
the air masses at all sites originated from northeast 
China, Mongolia, and Russia (Fig. S1).

Principal component analysis

PCA was performed to estimate the sources of indi-
vidual OCPs, and Fig.  7 shows their distributions 
according to the first three components, namely: 
PC1, PC2, and PC3 (detailed results are presented in 
Tables S6 and S7). PC1 (42.8% variance explained), 
which exhibits the highest proportion of all the com-
ponents, had a strong positive correlation with o,p’-
DDT, p,p’-DDT, o,p’-DDD, p,p’-DDD, o,p’-DDE, 
and p,p’-DDE; this indicated that DDTs and its 
metabolites were originated from similar sources. 
PC2 (16.1% variance explained) was highly cor-
related to HEPT, CC, TC, trans-nonachlor, EnSF 1, 
and EnSF 2, suggesting the similarity of their origin 
sources. Furthermore, this result was indicative of 
the intimate relationship between HEPT and TC. In 
fact, technical chlordane and technical HEPT com-
prise a certain quantity of each other (technical chlor-
dane contains ~5% of HEPT, and technical HEPT 

contains ~20% of TC) (Qu et al., 2019). PC3 (11.4% 
variance explained) was strongly correlated with 
HCH isomers (α-, β-, γ-, and δ-), which indicated 
their similar sources based on the effects of both 
technical HCH and lindane and the isomerization 
reactions of γ-HCH (Devi et  al., 2015). PC4 (8.4% 
variance explained) had a high positive correlation 
with only PeCB and HCB, indicating that they were 
originated by inflows of diverse routes and had simi-
lar sources as those of UPOPs. PC5, PC6, and PC7 
held eigenvalues < 1, indicating that the origins of 
oxychlordane, HEPT epoxide, and cis-nonachlor were 
non-distinct (Lv et  al., 2020); this was likely due to 
their low concentrations and detection rates in South 
Korea. Ultimately, most OCP compound concentra-
tions were closely correlated with similar congeners.

Conclusion

The atmospheric OCP concentrations of the sampling 
sites demonstrated that even though all OCPs exam-
ined are currently listed under the Stockholm Con-
vention and have been completely banned in South 
Korea, the majority of them are still being observed. 
OCP levels in the urban and industrial locations were 
relatively higher than those in the background sites, 
especially in Seosan, where concentrations about 
1.6 times higher than those of other sites indicated 
the possibility of various local emission sources. 
Among OCPs, PeCB, HCB, and EnSFs were detected 
at much higher concentrations than other compo-
nents and were comparable to (or higher than) values 
reported in other nearby Asian countries. Indeed, iso-
meric ratios of the South Korean atmosphere indicate 
the current use of CHLs and EnSFs. Seasonal varia-
tions in OCPs appeared to reach peak concentrations 
in the summer, and dropped to their lowest concen-
trations in the winter. HCHs, HEPTs, CHLs, DDTs, 
and EnSFs were positively related to local tempera-
tures, while no such correlations were observed for 
PeCB and HCB. The elevated concentration levels 
and isomeric ratios indicate the continued effects of 
volatile chemicals used in the past, or an increase in 
recent use; these impacts increased with temperature 
and LRAT from contaminated areas. The PCA results 
revealed that similar substances had a strong correla-
tion with each other, implying that they share similar 
origin sources and behaviors.

Group 1

Group 2

Group 3 Group 4

Fig. 7  Loading plot of the first three major principal compo-
nents on individual OCP concentrations
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The drawback of monitoring in this study was that 
air samples were collected only 3 days per month. The 
average concentrations of individual OCP may not be 
representative of annual concentrations due to seasonal 
variation. Although it is desirable to consider more real-
istic variables for regional temporal factors and seasonal 
influences, we speculate that the main findings and 
overall conclusions of this study will not change signifi-
cantly. This national monitoring study of atmospheric 
OCPs can facility various related forms of research in 
the future, and assist with decreasing the atmospheric 
concentrations of these hazardous chemicals as a part of 
the Stockholm Convention implementation.
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