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Abstract

To clarify the pollution characteristics of polycyclic aromatic hydrocarbons (PAHs) and
nitro-PAHs (NPAHs) in the East Asian monsoon region under different atmospheric en-
vironments and to assess their potential influences on receptor areas, this study selected
two background monitoring stations with different environments in Shimane Prefecture,
Japan: a marine station (MB) and a forest station (SF). PMy.5 samples were simultaneously
collected using a high-volume sampler during the summer and winter of 2022-2023, and
ten PAHs and three NPAHs were quantified using HPLC. The concentrations of PAHs
and NPAHs at MB and SF exhibited significant seasonal variations in 2022 (winter > sum-
mer). However, in 2023, a clear seasonal difference was observed only at MB. Isomer
ratio analysis of PAHs at both stations indicated that traffic emissions and biomass or
coal combustion were major contributors. Seasonal variations in the [2-NFR]/[1-NP] ratio
indicated that, while high ratios at MB and SF during summer were mainly associated with
local photochemical formation, low ratios in winter reflected long-range transportation of
combustion-derived PAHs and NPAHs from the Asian continent. Incremental lifetime can-
cer risk values (1077 to 10~ ) indicated that even at background stations, the atmospheric
environment poses certain health risks. This first comparative investigation of PAHs and
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NPAH:s at two distinct background stations in Shimane again highlights the importance of
international cooperation among East Asian countries for effective air pollution control.

Keywords: polycyclic aromatic hydrocarbons; nitro-polycyclic aromatic hydrocarbons;
background monitoring station; East Asia; transboundary pollution

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) and nitro-polycyclic aromatic hydrocarbons
(NPAHS) have long attracted attention because of their recognized carcinogenic, muta-
genic, and teratogenic effects [1-5]. Atmospheric PAHs and NPAHs are mainly produced
by the partial combustion of petroleum, coal, wood, and other organic materials. In ur-
ban regions, vehicles, factories, and thermal power plants are the major contributors to
PAHs and NPAHs [6-8]. In rural regions, the contribution of biomass burning cannot be
underestimated [9,10]. Through interactions with atmospheric oxidants like ozone (O3),
hydroxyl radicals (OH), and nitrogen oxides (NOx), PAHs can be transformed into more
toxic derivatives, such as NPAHs and quinones [11-13]. In remote areas, atmospheric trans-
portation from upwind regions can sometimes lead to more complex changes in chemical
composition [14,15].

During the past 40 years, intensified industrial growth and urban development across
East Asia have significantly elevated PAH and NPAH emissions [16], although strict con-
trol measures have been implemented in recent years, significantly reducing emissions of
PAHs and NPAHs in major East Asian countries such as China, Japan, and Republic of
Korea [17-19]. East Asia remains one of the regions with the highest emission levels in
the world [20,21]. According to recent studies, cities in northern China, such as Shenyang
(18.7ng/ m?), and Beijing (32.8 ng/ m?), exhibited relatively high concentrations of PAHs.
The urban concentrations observed in Republic of Korea were comparatively lower (Seoul:
3.66 ng/m?) but still higher than those in Japan (Kanazawa: 0.32 ng/m?) [22-25]. Since
these countries and regions all lie within the well-known East Asian monsoon zone, trans-
boundary pollution of atmospheric pollutants during the peak periods of the monsoon
has long been a well-recognized phenomenon [26,27]. Specifically, during the summer
monsoon, air masses generally flow from the Pacific toward the Japanese archipelago and
the southern regions of China, while in the winter, colder continental air masses from
northern and northeastern Asia move toward Japan, often bringing pollutants from inland
China, Mongpolia, and the Russian Far East [28,29]. Our previous monitoring background
stations on the Sea of Japan coast revealed that air masses originating from the Japanese
mainland mainly affected the concentrations of PAHs and NPAHs. In contrast, during the
winter monsoon, the influx of PAHs and NPAHSs from the Asian continent caused concen-
trations to increase three- to tenfold [23,30]. Meanwhile, these investigations also revealed
that for two geographically separated background stations facing the Asian continent
(Wajima, Ishikawa Prefecture, and Fukue Island, Nagasaki Prefecture), the temporal and
compositional variations in the concentrations of PAHs and NPAHs were not necessarily
consistent during simultaneous observations [30,31]. It is inferred that the differences are
mainly caused by variations in atmospheric pressure patterns. Therefore, to systemati-
cally understand the differing impacts of PAHs and NPAHSs on receptor regions and to
develop targeted environmental protection policies, it is essential to conduct background
observations across different regions.

Shimane Prefecture, situated on Japan’s western seaboard and facing the Asian con-
tinent across the Sea of Japan, lies geographically between the two background stations



Atmosphere 2025, 16, 1311

30f15

investigated in our previous studies (Ishikawa and Nagasaki Prefectures) and is located
approximately 350 km east of the Korean Peninsula. With a total population of 657,842,
it ranks 46th nationwide. Its forest coverage rate of 78.7%, the third highest among all
prefectures in Japan [32], highlights its significance for forest-related atmospheric studies.
In addition, Shimane Prefecture, which possesses the longest coastline in Japan, extending
approximately 640 km along the Sea of Japan, serves as a key receptor region within the East
Asian monsoon area due to its geographical orientation toward the Asian continent [33-35].

Because the atmospheric behaviors of PAHs and NPAHs differ between marine and
forest environments [36-38], this study, based on the geographical characteristics of Shi-
mane Prefecture, conducted a two-year comparative investigation at a marine background
station (MB) and a forest background station (SF). The concentrations, compositional char-
acteristics, and potential sources of PAHs and NPAHs were compared to evaluate whether
the influences of the East Asian summer and winter monsoons differ. The findings pro-
vide fundamental data for future atmospheric observation networks and environmental
policy development.

2. Materials and Methods
2.1. Sample Collection

A total of 120 PM; 5 samples were obtained during two consecutive summer—winter
cycles: July to September 2022 and January to March 2023, followed by July to September
2023 and January to March 2024. Sampling was carried out at two background monitor-
ing stations, Oki Marine Biological Station (MB, 36.19° N, 133.27° E) and Sambe Forest
(SE, 35.17° N, 132.62° E), both operated by Shimane University (Figure 1). MB is located
on the Oki Islands near Saigo Port and represents a typical marine background site. SF is
situated on the main island of Honshu near Sanbecho Shigaku, Ota City, and is character-
ized as an inland forested background area. This geographical contrast provides a valuable
framework for investigating the spatiotemporal distribution of atmospheric pollutants
between coastal and inland environments.

Oki Marine Biological Sambe Forest, Shimane
Station, Shimane university | | university (SF)
(MB) pas
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Figure 1. The location of sampling stations (the map was generated using MeteoInfo software 3.8.11,
accessed on 30 October 2025).

Using a high-volume air sampler (Sibata Sci. Tech. Ltd., Saitama, Japan) fitted with
quartz fiber filters (2500QAT-UP, Pallflex Products, Putnam, CT, USA), PM, 5 was collected
continuously for 24 h at a flow rate of 1000 L/min. Sampling was carried out on five
successive days each month. After collecting, filters were conditioned in a desiccator for
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72 h before being weighed, then wrapped in aluminum foil and stored at —27 °C until
chemical analysis.

2.2. Chemicals

In each sample, ten PAH standards—including 4-ring PAHs: fluoranthene (FR), pyrene
(Pyr), benzo[a]anthracene (BaA), chrysene (Chr); 5-ring PAHs: benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), benzo[e]pyrene (BeP); and 6-
ring PAHs: benzo[ghi]perylene (BgPe), indeno[1,2,3-cd]pyrene (IDP)—were purchased
from Supelco Park (Bellefonte, PA, USA). Three NPAHs—including 2-nitrofluoranthene
(2-NFR) and 1-nitropyrene (1-NP)—were obtained from Aldrich Company Inc. (Mil-
waukee, WI, USA). 6-nitrobenzo[a]pyrene (6-NBaP) was obtained from AccuStandard,
Inc. (New Haven, CT, USA). Pyr-dip and BaP-d;; (Wako Pure Chemicals, Osaka,
Japan) were used as surrogate standards for the quantification of PAHs, and 2-fluoro-
7-nitrofluoranthenes (FNF, Aldrich Chemical Company, Milwaukee, WI, USA) were used
as the internal standard for NPAHs (Wako Pure Chemicals, Osaka, Japan). All chemicals
employed in this study were of analytical grade.

2.3. Sample Preparation and HPLC Analysis of PAHs and NPAHs

The pretreatment procedures, analytical protocols, and quality control processes
followed in this study were aligned with our previous research [39,40]. PM;5 filters
(17.8-103 cm?) were cut, spiked with internal standards, extracted ultrasonically with
dichloromethane, and concentrated for PAH and NPAH analysis. HPLC coupled with
fluorescence and chemiluminescence detection was applied to quantify ten PAHs and
three NPAHs following established procedures [39,40]; see Text S1 for details. The recov-
ery rate of the indicator Pyr-dyg and BaP-d;; and FNF were 84 £ 12%, 118 & 43%, and
94 + 29%, respectively. Quality control was maintained by analyzing blank and refer-
ence standards after every seventh sample to verify accuracy and rule out contamination
(Text S2 and Table S1). This also served to ensure robustness and reliability about the
system of HPLC throughout the analytical process.

2.4. Statistical Analysis and Backwards Trajectory Clustering
2.4.1. Mann-Whitney U Test

To assess regional and seasonal variations in PAH and NPAH concentrations at MB
and SF, a two-tailed Mann-Whitney U test was employed using R language (version 4.4.1).
Effect sizes (r) were calculated to quantify the magnitude of group differences. A Bonferroni
correction was applied to control for multiple comparisons across sampling sites and
seasons. After correction, statistical significance was defined at p < 0.05. In Tables S2 and S3,
the statistical test used, sample size, time coverage, and p-values are indicated.

2.4.2. Air-Mass Cluster Analysis Based on Backwards Trajectory Calculation

Air-mass backward trajectories during the sampling period were simulated using the
Meteolnfo software 3.8.11 [41]. This model is widely employed for calculating air parcel
trajectories and simulating the dispersion and deposition of atmospheric pollutants [42],
based on meteorological data sets spanning various altitudes and time intervals [43].
The meteorological fields used in this study were retrieved from the Global Data As-
similation System (GDAS, ftp://arlftp.arlhq.noaa.gov/pub/archives/gdasl, accessed on
30 October 2025), supplied by the National Centers for Environmental Prediction (NCEP),
NOAA Air Resources Laboratory (2025). In this study, 72 h backward air-mass trajecto-
ries were simulated for each sampling day during the summer and winter of 2022 and
2023 at MB and SF, with a starting height of 500 m above ground level (AGL). To ensure
temporal consistency between the air-mass origin and the sampling period, the backward
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trajectory analysis was initialized at the same time as the sampling. A total of 15 trajectories
were obtained for each season (summer and winter) in 2022 and 2023 at MB and SF. The
backward trajectories for the two stations during the summer and winter of 2022 and 2023
were clustered using the built-in clustering algorithm of the HYSPLIT model. The optimal
number of clusters was determined based on the inflection point of the total spatial variance
(TSV) curve [44]. Seasonal clustering diagrams were generated by grouping the backward
trajectories using the HYSPLIT model’s built-in clustering procedure.

2.5. Health Risk Assessment

According to the International Agency for Research on Cancer (IARC) classification
of the carcinogenic potential of 16 priority PAHs, BaP is categorized as a Group 1 human
carcinogen [45,46]. Therefore, the BaP toxic equivalent of individual PAHs is commonly
used to assess cancer risk associated with PAH and NPAH emissions. BaP toxic equivalent
is defined as the product of the concentration of each PAH and its toxic equivalency factor
(TEQ). The TEF values for the PAHs and NPAHs used in this study were adopted from
previous studies [47-49], which indicated that high-molecular-weight PAHs generally have
higher TEF values compared to low- and medium-molecular-weight PAHs. The TEF values
of 10 PAHs and 2 NPAHs used in this study are listed in Table S4 (Equations (1) and (2)).

The incremental lifetime cancer risk (ILCR) was combined with the toxic equiva-
lency factor (TEF) model by Equations (3)—(6). ILCRs corresponding to ingestion, inhala-
tion, and dermal absorption pathways, together with the total ILCR, were calculated as
follows [50-52]: where TEQju, is the sum of 10 individual PAHs and 2 NPAHs in
Pg m 2 and for ILCR calculations, TEQy, values were converted to mg m 3 to main-
tain consistency with the units used in risk assessment equations. ILCRjg, ILCRjyp,
and ILCRgep, denote the ILCR associated with ingestion, inhalation, and dermal adsorp-
tion, respectively. The carcinogenic slope factors (CSFs) for BaP were set as 7.3, 25, and
3.85 ((mg kg~ ! day~1)~!) for CSFing, CSFinh, and CSFdem, respectively [50,53]. Other
parameters include BW, the mean body weight (kg) [54]; IRing, the ingestion rate (mg
day~!) [55]; EF, annual exposure frequency (days year~!) [56]; ED, exposure duration
(years) [56]; AT, the average lifespan (days) [56]; IRinh, inhalation rate (m?® day~1) [55];
PEF, the particle emission factor (m> kg~1!) [56]; SA, the exposed skin area (cm? day 1) [56];
SF, the skin adherence factor (mg cm~2) [55]; and ABS, the dermal absorption factor
(day~1) [55]. Comprehensive information on the parameters applied is presented in
Table S5.

TEQ; = C; x TEF; 1)
TEQtotal = ZTEQi 2)
3/ BW 5
ILCRing = TEQjota1 X CSFjpg X —0 xIRing XEF x ED/(BW x ATx10°) 3

ILCR,yp, = TEQqora1 X CSFinh X 1/ % x IRy, x EF x ED/(BW x AT x PEF)  (4)

ILCRgem = TEQiotal X CSFdem X 1/ % x SA x SF x ABS x EF x ED/(BW x AT x 10°) (5)

Total ILCR = ILCRing + ILCRinh + ILCR dem (6)
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3. Results and Discussion
3.1. PAH and NPAH Concentrations

The median concentrations of PAHs and NPAHs measured in the atmosphere at both
monitoring stations during summer and winter of 2022 and 2023 are shown in Figure 2. The
median concentrations of various PAHs and NPAHSs are shown in Table S6. In summer 2022,
the median concentrations of PAHs and NPAHs were 74.53 pg m 3 and 0.37 pg m 2 at MB,
and 67.43 pg m~3 and 0.58 pg m 2 at SF, respectively. In winter 2022, the PAH and NPAH
median concentrations were 346.97 pg m 3 and 1.91 pg m~2 at MB, and 363.85 pg m 3
and 2.33 pg m~3 at SF, respectively. Seasonal variation was evident at both stations,
with markedly reduced concentrations of PAHs and NPAHs in summer and significantly
enhanced levels in winter (p < 0.05). And SF consistently exhibited slightly higher PAH and
NPAH levels than MB. In summer 2023, the median PAH and NPAH concentrations were
50.94 pg m~3 and 0.36 pg m 2 at MB, and 340.28 pg m > and 1.78 pg m 3 at SF, respectively.
In winter 2023, the median concentrations of PAHs and NPAHs were 267.09 pg m 2 and
1.52 pg m~3 at MB, and 249.54 pg m 3 and 2.18 pg m 2 at SF, respectively. This seasonal
variation pattern differed from that observed in 2022. These results suggested that temporal
variations in PAH and NPAH levels at the two background stations were governed by
distinct factors.

1200 7
m PAHs m NPAHs * *

*x |

1000

800 |

600 |

400 |

NPAHSs concentration (pg m™)

PAHs concentration (pg m™)

200 |

0
MB SF MB SF MB SF MB SF

Summer Winter Summer Winter

Figure 2. Median concentrations of PAHs and NPAHs at MB and SF in summer and winter of 2022
and 2023 (* indicates p < 0.05).

Compared with two other background stations located along the Sea of Japan, the
Wajima monitoring station of Kanazawa University (KUWAMS) and the Fukue atmospheric
and aerosol monitoring station (FAMS), the concentrations of nine PAHs (excluding BeP) in
the atmosphere at MB and SF were higher than FAMS but comparable to those at KUWAMS
in summer (Table S6). During winter, the concentrations observed at both MB and SF were
lower than KUWAMS and FAMS [31].

3.2. Main Sources of PAHs and NPAHs
3.2.1. Primary Emission and Secondary Formation

Many studies have demonstrated that the composition of PAHs varies depending on
fuel type and temperature during pyrolysis and combustion [18,57,58]. Therefore, molar
concentration ratios of specific PAHs are widely employed to distinguish primary emission
sources. As presented in Figure 3a, in both summers, [IDP]/([IDP] + [BgPe]) values at MB
and SF ranged from 0.21 to 0.49, indicating that the primary source of PAHs was traffic
emissions (0.20-0.50). Meanwhile, [FR]/([FR] + [Pyr]) values at MB and SF ranged from
0.10 to 0.64, suggesting that PAHs originated mainly from traffic emissions (<0.5) and
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biomass or coal combustion (0.5-0.6). These results indicated that although both sources
contributed to summer PAH concentrations at both stations to varying degrees, traffic
emissions were the dominant source. In both winters, [IDP]/([IDP] + [BgPe]) ratios at MB
and SF ranged from 0.21 to 0.39, still suggesting traffic emissions as the major origin of
PAHs. However, in contrast to summer, most [FR]/([FR] + [Pyr]) values in winter were
within the interval of 0.5 to 0.6, indicating a substantially higher contribution from biomass
or coal combustion.

O MB - 2022 summer A MB - 2022 winter OO MB - 2023 summer © MB - 2023 winter
O SF - 2022 summer SF - 2022 winter [ SF - 2023 summer SF - 2023 winter
(a) (b)
T T 25.00
Traffic IBi | Traffic
lorcoal I emission
Jcombustiq s 20.00 D
050 = mm—m—————
=
E .
=] 2 — 15.00
s |3 & g 2
| = z
= £ O & 1000 | O
a s P4
= = a
025 === ===== - ] = §
OO I 500 O -
E |
- !
o2 1
3% ; 0.00
g ’E 1 MB SF| MB SF| MB SF| MB SF
0.00 =3 M N 1 3 Summer Winter Summer Winter
020 030 040 050 060 070 . 2023

[FRI/([FR] + [Pyr])

Figure 3. The distribution of PAHs and NPAHs ratios at MB and SF in summer and winter.
(a) [BbF]/([BbF] + [BKF]) and [IDP]/([BgPe] + [IDP]); (b) [2-NFR]/([1-NP]).

For NPAHs, 2-NFR is a typical secondary species formed via the reaction of FR with
OH radicals by day and with NOj3 radicals by night [59,60]. In contrast, 1-NP is mainly a
primary pollutant directly emitted from combustion processes, particularly diesel exhaust.
Therefore, [2-NFR]/[1-NP] ratio is commonly employed as an indicator of the atmospheric
residence time of aerosol-associated PAHs and NPAHs, as well as the oxidation of the sur-
rounding atmosphere. A [2-NFR]/[1-NP] ratio below 5 is generally interpreted to suggest
that atmosphere-borne PAHs and NPAHs likely originate mainly from nearby sources or, if
transported from other regions, have not undergone sufficient oxidation during transporta-
tion. In contrast, a ratio above 5 indicates that long-range atmospheric transportation may
play a dominant role in PAH and NPAH pollution levels [30,61]. According to Figure 3b, the
[2-NFR]/[1-NP] ratio values at MB and SF in both summers showed a wider distribution
(MB: 0.26-6.89; SF: 0.42-21.98), including values below and above 5. It is noteworthy that
days with [2-NFR]/[1-NP] ratios greater than 5 were consistently accompanied by elevated
PAH concentrations. The specific locations and meteorological characteristics of the two
background stations during summer (strong ultraviolet radiation and high humidity at MB,
and strong ultraviolet radiation combined with high concentrations of biogenic VOCs at SF)
favor the formation of OH radicals and other strong oxidants, as shown in Table S7 [62-64].
Therefore, unlike the results of previous investigations, it is possible that on days with high
[2-NFR]/[1-NP] ratios at these characteristic background stations, the primary sources of
PAHs and NPAHs were not long-range transportation but rather local specific activities.

In both winters, however, [2-NFR]/[1-NP] ratios at MB and SF were consistently below
5. Our previous research has shown that at KUWAMS, a background station also facing the
Sea of Japan, the [2-NFR]/[1-NP] ratio values was also less than 5 during winter. This was
ascribed to high concentrations of PAHs and NPAHs produced by combustion in northern
China, together with secondarily formed 2-NFR, which were rapidly transported by strong
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monsoon winds under conditions without limited further oxidation [61]. Therefore, the
wintertime ratios below 5 at MB and SF may reflect similar regional transport influences,
rather than being primary driven by local sources. This interpretation will be further
discussed in the following section on long-range transportation, Section 3.2.2.

3.2.2. Long-Range Transportation

To better understand the environmental behavior of atmospheric contaminants in the
East Asian monsoon region, we conducted long-term observations at background moni-
toring stations along the Sea of Japan coast. One key finding is that in winter, pollutants
including PAHs and NPAHs, originating from heating devices and other sources on the
Asian continent, are transported over long distances to these background stations under
the influence of the Siberian high pressure. In contrast, in summer, the Pacific high pressure
brings air masses from mainland Japan and the surrounding ocean, which have lower
concentrations of PAHs and NPAHs, toward these stations [23,31].

Figure 4 presents the relationship between the daily concentrations of
> (PAHs + NPAHSs) and the cluster analysis of backward air-mass trajectories reaching
MB and SF throughout the monitoring periods. As shown in Figure 4a, in the summer of
2022, 47% of the air masses arriving at MB were derived from the East China Sea and the
Philippine Sea (Cluster 1), 20% from mainland Japan (Cluster 2), and 33% from the Sea of
Japan (Cluster 3). In contrast, SF experienced a different transport pattern: 20% of the air
masses originated from the East China Sea and the Philippine Sea (Cluster 1), 27% from
domestic Japan (Cluster 2), and 53% from the Korean Peninsula (Cluster 3). According
to the concentration data in the same figure (Figure 4a), the levels of PAHs and NPAHs
at SF were higher than those at MB from 26 to 27 July 2022. During these days, the air
masses reaching SF primarily originated from the Korean Peninsula (Cluster 3), while those
arriving at MB were mainly of oceanic origin (Clusters 1 and 3), suggesting that the former
may have transported more pollutants, whereas the latter reflected a relatively cleaner
influence of marine air masses. However, not all air masses transported from the Korean
Peninsula were associated with elevated PAH and NPAH concentrations. For example, on
18, 20-22, and 28 July 2022, PAH and NPAH levels at SF remained relatively low despite
the dominance of Cluster 3. This indicated that the elevated concentrations observed on
26-27 July were likely influenced by local pollution events near SE. In the summer of 2023
(Figure 4c), all air masses arriving at MB were traced back to the Philippine Sea, the East
China Sea, and mainland Japan (Clusters 1-3). For the same reason as in summer 2022,
PAH and NPAH concentrations at MB remained low. At SF, however, 27% of air masses
were transported from the Russian Far East (Cluster 1), due to a different sampling period
compared to MB. Since these trajectories did not pass through highly polluted areas such
as the Vladivostok Naval Base [29], no corresponding increase in pollutant levels was
observed during 5-8 September. Interestingly, as in the previous year, peak concentra-
tions of PAHs and NPAHs were again observed at SF in 2023, specifically during 21-22
August and 29-31 August. Air-mass cluster analysis indicated that the air masses during
these periods mainly belonged to Clusters 2 and 3, both of which passed over mainland
Japan. Simultaneously, the highest PAH and NPAH concentrations in SF were observed on
26-27 July 2022 (Figure 4a: Cluster 3) and 21-22 August 2023 (Figure 4b: Cluster 2). The
common meteorological feature was the relatively slow wind speed, which made it difficult
for accumulated atmospheric pollutants to diffuse. Unlike MB, SF is located in a mountain-
ous area with dense forest cover and is known as a popular destination for summer tourism,
camping, and outdoor cooking activities [65]. During both peak periods, the [FR]/([FR] +
[Pyr]) ratio at SF ranged from 0.5 to 0.6, supporting the hypothesis that these peaks were
related to enhanced emissions from local recreational activities.
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Figure 4. The temporal variation of X (PAHs + NPAHSs) combined with air masses cluster analysis
based on 72 h backward trajectory at MB and SF in summer and winter of 2022 and 2023.

In winter 2022 (Figure 4b), 53% of the air masses arriving at MB originated from
central Russia and passed through northeastern China (Cluster 1), 20% came directly from
northeastern China (Cluster 2), and 27% were transported from Mongolia via eastern China
and the Korean Peninsula (Cluster 3). At SF, 33% of the air masses were from northeastern
China (Cluster 1), 27% from central Russia via northeastern China (Cluster 2), and 40% from
the Korean Peninsula (Cluster 3). Although there were some differences in transport routes,
nearly all air masses during winter 2022 originated from or passed over the Asian continent.
In fact, PAH and NPAH concentrations at MB and SF showed similar temporal variation
during the overlapping sampling period. Peak concentrations occurred on 19 January at
MB (Cluster 3) and 20 January at SF (Cluster 1), as well as on 31 March at SF (Cluster 1), with
Clusters 3 at MB and 1 at SF following almost identical transport pathways. These results,
which are consistent with our previous studies [23,31,61], suggested that wintertime PAHs
and NPAHs at MB and SF were mainly attributed to long-range atmospheric transport
from the Asian continent. In winter 2023 (Figure 4d), although approximately 13% of the
air masses arriving at SF (Cluster 2) were from mainland Japan, and 13% of those reaching
MB (Cluster 3) came from the coastal area of the Korean Peninsula, the dominant transport
patterns still indicated Asian continental origins (MB: Cluster 1, 60%; Cluster 2, 27%. SF:
Cluster 1, 73%; Cluster 3, 13%). As in winter 2022, PAH and NPAH concentrations at
MB and SF exhibited similar temporal trends during the period of overlapping sampling.
Therefore, the PAHs and NPAHs at the two stations in the winter of 2023 can also be
explained as mainly originating from the Asian continent.

3.3. Health Effects of PAHs and NPAHs

Only 10 PAHs and 2 NPAHs were considered in the calculation of ) TEQtotal (Table S8)
because of the limited availability of TEF values. In both the summer and winter periods of
2022-2023, the Y TEQtotal values of PAHs and NPAHs exhibited consistent site differences,
with higher values at MB than at SE, except in summer 2023. This suggested that the
concentrations of potentially carcinogenic PAHs and NPAHs were generally higher at MB
than at SE. During the summer and winter of both years, the total } TEQtotal ranged from
0.77 to 278.79 pg/m?, which is much lower than the standard value recommended by the
WHO (1 ng/ m> ). The ILCRs of PAHs and NPAHs via inhalation, ingestion, and dermal
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contact exhibited spatial trends similar to those of } TEQtotal. In both seasons of 2022, the
carcinogenic risk at MB was higher than at SF, whereas the opposite was observed in 2023
(Table 1).

Table 1. ILCR values of PAHs and NPAHs by three exposure pathways at MB and SF in summer and
winter from 2022 to 2023.

ILCRjng ILCR;p ILCRgem Total ILCR
MB-2022 Male 4.74 x 10~8 3.60 x 10~ 11 1.05 x 108 5.80 x 1078
summer Female 540 x 1078 3.07 x 1071 1.19 x 108 6.60 x 1078

SF2020 Male 331 x 1078 251 x 1071 7.32 x 1077 4.05 x 108

~£Ucs summer Female 3.77 x 1078 214 x 10~ 1 8.33 x 102 4.60 x 108

MEB.2022 wint Male 218 x 107 1.66 x 10710 483 x 108 2.67 x 1077
meUcs wanter Female 2.48 x 107 141 x 10-10 5.49 x 108 3.03 x 107

SE-2022 wint Male 1.30 x 10~7 9.86 x 10~ 11 2.87 x 1078 1.59 x 10~7
-evcs winter Female 1.48 x 1077 8.41 x 10~ 11 3.27 x 1078 1.80 x 10~7
MB-2023 Male 2.04 x 1078 155 x 10~ 1 451 x 1077 249 x 1078
summer Female 232 x 1078 1.32 x 10711 513 x 107° 2.83 x 1078

SE2023 Male 1.67 x 1077 1.27 x 10710 421 x 10~8 2.09 x 1077

~£USo summer Female 1.90 x 10~7 1.08 x 10710 4.79 x 108 2.38 x 107

MB.2023 wint Male 952 x 10~8 7.23 x 10711 210 x 108 1.16 x 1077
~eUco winter Female 1.08 x 1077 6.17 x 10~ 11 239 x 10~8 1.32 x 1077

SE-2023 wint Male 954 x 1078 7.24 x 10711 211 x 1078 1.17 x 1077
-eveo winter Female 1.09 x 10~7 6.18 x 10~ 11 2.40 x 1078 1.33 x 1077

Within the studied population, females exhibited greater potential cancer risks than
males through ingestion and dermal pathways, whereas inhalation posed a comparatively
higher risk. All total ILCR values remained below the acceptable standard recommended
by the US EPA (1 x 10~°), indicating that the concentrations of PAHs and NPAHs at MB
and SF pose relatively low carcinogenic risks. It should be noted that 6-nitrofluoranthene,
considered among the most potent carcinogenic NPAHs, was absent from detection in the
present investigation, and 6-NBaP was excluded from the calculation due to the lack of
TEF value. Among the three exposure pathways, ingestion and dermal contact were the
dominant routes, posing carcinogenic risks that were 2—4 orders of magnitude higher than
that of inhalation. Overall, although MB and SF are both background stations, potential
health risks associated with PAHs and NPAHs remain.

4. Conclusions

This study provided a comparative characterization of the spatiotemporal behavior of
PAHs and NPAHs over two consecutive years at two different types of background stations
in Japan facing the Sea of Japan. Excluding temporary high concentrations caused by spe-
cific local events near the sampling sites, such as summer camping activities, no significant
differences were observed in the atmospheric concentrations of PAHs and NPAHs between
the two stations. Mixed sources of traffic emissions and biomass or coal combustion were
identified in both summer and winter, with a stronger contribution from biomass or coal
combustion during winter. The [2-NFR]/[1-NP] ratios at MB and SF suggested that local
photochemical processes may have influenced summer conditions, while consistently low
winter values were linked to long-range transportation of insufficiently oxidized pollutants
from East Asia. Cluster analysis further indicated that clean marine air masses played a
role in reducing concentrations at MB in summer, whereas local recreational activities may
have contributed to elevated concentrations at SE. In winter, both stations exhibited similar
variation patterns, primarily shaped by the East Asian continent. Despite the different
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atmospheric settings at MB and SF, the East Asian summer and winter monsoons affected
PAHs and NPAHs to a similar extent at both sites. Although the ILCR values ranged
from 10~7 to 10711, implying relatively low levels, carcinogenic risks through all three
exposure pathways were still present and warrant continued attention. To the best of our
knowledge, this study represents the first comprehensive investigation of atmospheric
PAHs and NPAHSs conducted at two different typical background stations in Shimane
Prefecture. The results provide reliable baseline data for understanding the mechanisms of
long-range transport during the prevailing monsoon periods and for developing future
transboundary pollution prediction models of PAHs and NPAHs under different synoptic
pressure patterns. Furthermore, the findings underscore the critical importance of close
international cooperation in controlling air pollution across the East Asian monsoon region.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos16111311/s1, Text S1: Detailed experimental procedures
for PAH and NPAH analysis; Text S2. Quality control and assurance; Table S1. Regression parameters
(R% and equation), detection and quantification limits (LOD and LOQ), and linear ranges for ten PAHs
and three NPAHs; Table S2. Summary of Wilcoxon rank-sum test results for PAH concentrations
at MB and SF in summer and winter of 2022 and 2023. Table S3. Summary of Wilcoxon rank-
sum test results for NPAH concentrations at MB and SF in summer and winter of 2022 and 2023.
Table S4: Toxic equivalent factors (TEF) of PAHs and NPAHs; Table S5: Parameters used for the
estimation of the incremental lifetime cancer risks (ILCRs); Table S6: Median concentrations of PAHs
and NPAHs in PMy.5 (pg m~3) at MB and SF during summer and winter from 2022 to 2023, and
at KUWAMS and FAMS in 2017 and 2019; Table S7. The meteorological parameters, and ozone
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(pg m~3) calculated from PAHs and NPAHs at MB and SF in the winter of 2022 and the summer
of 2023.
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