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Abstract: In order to determine recent behaviors in atmospheric polycyclic aromatic hydrocarbon
(PAH) concentrations at the west end of Japan and to reveal the causes of these behaviors, atmospheric
PAH concentrations were measured in suburban and forest sites of Nagasaki, Japan from 2017 to 2021.
The results showed that the total concentration of PAHs decreased considerably by 60% and 57% in
suburban and forest sites, respectively, over this period. When analyzed by season, the rate of decrease
in winter was markedly high. Therefore, the decreasing behavior in PAH concentrations in Nagasaki
in recent years was considered to be mainly due to less PAHs originating from cold continental regions
such as northern China. In particular, the reduction in coal and biomass combustion for winter heating
in households, the efforts to improve air quality, and the limitation of economic activities in response
to COVID-19 were likely responsible for the decrease in atmospheric PAH concentrations. In addition,
although the PAH concentrations decreased, there was no significant change in the breakdown of the
number of benzene rings in the PAH or in the attributes of their sources.

Keywords: polycyclic aromatic hydrocarbons; transboundary pollution; Japan; air pollution; total
suspended particles

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are air pollutants, many of which are sus-
pected carcinogens [1]. They are widely present in air [2–4], water [5–7], and soil [8–10].
In particular, atmospheric PAHs are fast-moving and can travel relatively freely, causing
wide-area and transboundary pollution [11–13], which can cause exposure to people who
are far from the source. China is representative of a country that has achieved consider-
able economic development in recent years. For example, China’s GDP has continued to
rise [14], and its consumption of fossil fuels and vehicle fleets have continued to increase in
recent years [15]; however, similar to many countries, environmental pollution, including
air pollution by PAHs in relation to economic development, has become a serious challenge.
As Japan is located close to China, people living in Japan are concerned not only about
pollution of domestic origin but also about the health effects of cross-border pollution from
China and other neighboring countries.

The standard of living in China has been improving along with economic development
in such areas as the shift from coal to natural gas use in households. In addition, various
environmental measures have been implemented, including the promotion of renewable
energy [15] and regulation of automobile use. Furthermore, Japan has been cooperating to
improve environmental pollution in China. For example, Japan’s Ministry of the Environ-
ment implemented a project over 5 years (2014–2018) to utilize Japanese knowledge and
expertise in the field of air pollution for capacity building and human resource development
in major Chinese cities [16]. In addition, as a novel coronavirus spread in China around
January 2020, temporary lockdowns were implemented in some cities for approximately 2
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months [17,18]. Subsequently, when new cases of infection were confirmed in a Chinese
city, measures such as the temporary suspension of factory operations, blockade of the area
in question, and restriction of activities were implemented.

As previously mentioned, air pollution by PAHs is a health concern; therefore, it is
important to investigate and analyze the atmospheric behavior of these substances. In
addition, understanding the impact of environmental changes in a country on neighbor-
ing regions is essential for developing countermeasures. If PAH concentrations in the
atmosphere are measured over long duration at Japanese sites that are directly exposed to
transboundary pollution from China, the causal relationship between economic activities
in China and PAH concentrations in Japan could be determined by tracing behaviors in the
measured values. Our previous research showed no notable trends in PAH concentrations
in Nagasaki, located at the west end of Japan, from 2012 to 2018 [19]. The purpose of this
study was to identify recent behaviors in PAH concentrations in Nagasaki following the
previous study and to speculate on the causes of these behaviors.

2. Materials and Methods
2.1. Sample Collection

Methods of sample collection in this study were the same as in our previous study.
Atmospheric particles were collected at suburban and forest sites in Nagasaki, at the west end
of Japan, as shown in Figure 1. The forest site was situated in a park near the top of a mountain
in the Nishisonogi Peninsula that was covered by trees. There are few anthropogenic sources
of pollution around the site. The suburban site was located at Bunkyo Campus, Nagasaki
University. Sampling was performed on the roof of a four-story building. The campus is
surrounded by the residential and business districts of Nagasaki City.
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Figure 1. Location of the sampling sites. Suburban site: 32◦47′07.9′′ N, 129◦51′52.6′′ E; Forest site:
32◦54′32.4′′ N, 129◦44′33.5′′ E.

Quartz fiber filters (QR-100, Advantec, Tokyo, Japan) were preheated at 800 ◦C for
8 h. The total suspended particles were retrieved using a high-volume sampler (HV-7000F,
Sibata Scientific Technology Ltd., Saitama, Japan) at a flow rate of 700 L/min. Aerosol
particle collection occurred three or four times in each season (winter, December–February;
spring, March–May; summer, June–August; and autumn, September–November) from
2017 to 2021. The sampling period was 1 week.

2.2. PAH Analysis

Methods of PAH analysis in this study were almost the same as in the previous study,
although the analytes were somewhat different. In this case, 15 PAHs and one methylated
substance were selected for quantification: acenaphthylene, phenanthrene, anthracene
(Ant), 3-methylphenanthrene (Mph), fluoranthene (Flt), pyrene (Pyr), benzo[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene,
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dibenz[a,h]anthracene, indeno [1,2,3-cd]pyrene, benzo[ghi]perylene, and coronene (Cor).
In this study, these were denoted as “PAHs”. These standard reagents, apart from Ant, Mph,
and Cor, were purchased from AccuStandard Inc. (New Haven, CT, USA). Ant was pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan), while Mph and Cor were purchased from
Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Acenaphthene-d10, phenanthrene-d10,
pelyrene-d12, and pyrene–d10 were used as surrogate compounds for precise measure-
ments. The first three were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan), and pyrene–d10 was acquired from Kanto Chemical Co. Inc. (Tokyo, Japan). Silica
gel C-200 was purchased from Wako Pure Chemical Industries, Ltd. for cleanup and the
analytical-grade solvents were purchased from Nacalai Tesque, Inc.

The filters were stored in a desiccator for more than 2 days. The filter was cut into
pieces, placed in a centrifuge tube, and 100 ng of each of the four surrogates was added. Fur-
ther 30 mL of acetone was introduced, and ultrasonic extraction was performed for 10 min.
After centrifugation, the extract was filtered through a cartridge with a pore size of 0.45 µm.
This procedure was repeated three times. The filtrate was concentrated to approximately
1 mL using nitrogen blow. Polar compounds in the solution, components that interfere
with the analysis, were removed by adsorption on 15 mL of 5% H2O deactivated silica gel.
The component containing PAHs was eluted with 50 mL of an acetone-dichloromethane
mixture (3:2, v/v). This eluate was collected and concentrated for GC/MS analyses.

The eluted samples were dehydrated and concentrated to 1 mL using nitrogen blow.
The PAHs were determined using a 7890A gas chromatograph (Agilent Technologies, Santa
Clara, CA, USA) equipped with a 7000A mass spectrometer (Agilent Technologies). An
aliquot of 1 µL was injected into an HP-1MS capillary column with 1.4 mL/min helium
gas. The injector temperature was maintained at 300 ◦C. The column temperature was
programmed as follows: 60 ◦C for 1 min, heat to 300 ◦C at 10 ◦C/min, and hold for 5 min.
The molecular weight of each PAH and deuterium-labeled PAH was used for quantification
in selected ion monitoring (SIM) mode. The concentration of the target component was
quantified by the internal standard method using the standard for each PAH and the
surrogate described above.

2.3. Back Trajectory Analysis

Back trajectory analysis was performed with HYSPLIT Model-Trajectory Frequencies
of the National Oceanic and Atmospheric Administration, USA [20,21] in order to grasp
the long-range transport of air masses. The results from this model show the frequency that
the trajectory passed over a grid cell taking into account residence time. The main analysis
conditions were the same as the previous report [19].

3. Results and Discussion
3.1. Back Trajectory Analysis

Figures 2–5 show back trajectory analysis results for the forest site for each season
during the study period. Figure 2 shows the frequency of back trajectories in winter. In
all years, the back trajectories were drawn more frequently in the northwest direction of
Nagasaki, indicating that advection from the northwest was predominant in winter. In
other words, in winter, there were many cases in which air masses that passed through
cold continental regions such as northeastern China and the Korean peninsula reached
Nagasaki. Figure 3 shows the frequency of back trajectories in spring. Although advection
from the northwest direction of Nagasaki was also common in spring, advection from
directions other than the northwest, including the Pacific side, was increasing compared
to winter. Figure 4 shows the frequency of back trajectories in summer. There was less
advection from the continental direction in summer. Advection from the Pacific and other
oceanic regions, where there was less land and less anthropogenic activity, was dominant.
Figure 5 shows the frequency of back trajectories in autumn. As in spring, advection from
the northwest of Nagasaki was common in autumn, while advection from directions other
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than the northwest was increasing compared to winter. These results were almost the same
as those of the previous study [19].
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Figure 2. Frequency of residence of back trajectories in a grid cell in winter calculated by HYSPLIT
Model of the National Oceanic and Atmospheric Administration, USA. The analysis period was set
from 30 December–3 February in each year.
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Figure 3. Frequency of residence of back trajectories in a grid cell in spring calculated by HYSPLIT
Model of the National Oceanic and Atmospheric Administration, USA. The analysis period was set
from 29 March to 3 May in each year.
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Figure 4. Frequency of residence of back trajectories in a grid cell in summer calculated by HYSPLIT
Model of the National Oceanic and Atmospheric Administration, USA. The analysis period was set
from 29 June to 3 August in each year.
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Figure 5. Frequency of residence of back trajectories in a grid cell in autumn calculated by HYSPLIT
Model of the National Oceanic and Atmospheric Administration, USA. The analysis period was set
from 29 September to 3 November in each year.

3.2. Behaviors in PAH Concentrations and Their Causes

The total concentrations of the target PAHs (ΣPAHs) measured in the suburban and
forest sites in Nagasaki from 2017 to 2021 are shown in Figure 6. The individual PAH
concentrations are shown in Tables S1 and S2. The ΣPAH values ranged from 0.039 to
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12.2 ng/m3 and 0.012 to 9.43 ng/m3 in the suburban and forest sites, respectively. The
mean value of the suburban site was 2.12 ng/m3, which was 1.25 times greater than that of
the forest site (1.69 ng/m3). In addition to wide-area pollution, including transboundary
pollution, suburban site was likely affected by local automobile emissions and other factors.
Conversely, there were a few cases in which PAH concentrations were higher at the forest
site even though there were no nearby pollution sources. This is presumably because they
do not capture exactly the same air mass due to the shift in wind direction and the slight
deviation in the sampling period. As observed in previous studies, PAH concentrations
were higher in winter and lower in summer [19,22,23]. The reasons for the high PAH
concentration in winter at this study area according to the previous report are (1) an
increase in the burning of coal and biomass for thermal heating, especially in the cold
northern parts of China; (2) the prevailing winter wind from the northwest from the stable
atmospheric pressure chart pattern; (3) a lower altitude for mixing of atmospheric zones
in winter; (4) a decreased decomposition of chemical substances due to low temperatures
and weak sunshine in winter; and (5) less breakthrough of PAHs with high vapor pressure
from the particulate phase to the gas phase due to low temperatures [19].
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Figure 6. Total PAH concentrations (ΣPAHs) in the suburban and forest sites of Nagasaki from 2017
to 2021. The gray areas indicate winter data.

The average values for each year are shown in Figure 7 to clarify the changes over
time. There was an overall decreasing behavior, although ΣPAHs increased from 2017 to
2018 at both sites. During the entire period, ΣPAHs decreased by 60% in suburban site and
by 57% in forest site. There are few reports on atmospheric PAH concentrations during the
same period as this study. Zhang et al. reported a 40–50% decrease in atmospheric PAH
concentrations in Wajima, Japan, during the COVID-19 outbreak period compared to the
same period of the previous year [24]. Although the study period was different, the results
of this study were similar to the report.
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Figure 7. Behaviors in the annual average of total PAH concentrations in the suburban and forest
sites of Nagasaki from 2017 to 2021. The error bars indicate the magnitude of the standard error.
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To understand this downward behavior, Figure 8 shows the results aggregated by
season. The winter value changed more markedly than the other seasons, with a decrease
of 72% in suburban site and 84% in forest site. Since the items (2) to (5) which are the
reasons for the high PAH concentration in winter listed above would not have changed
during this period, it is assumed that the results were due to an alteration in relation to
item (1). Within China, measures are being taken to convert the domestic coal used for
heating and cooking to natural gas, and renewable energy is being used extensively. In
addition, according to Cao et al., PAH emissions from 2016 to 2020 from domestic coal
across China have been nearly halved [25]. Thus, considering also the results of the back
trajectory analysis, one of the main reasons for the markedly downward behavior in winter
values is thought to be the decrease in the amount of biomass and coal burned for heating
and other operations in cold continental regions such as northern China. The ΣPAH values
in the suburban and forest sites decreased by 37% and 49% in 2020, and by 53% and
73% in 2021, respectively, compared to 2019. One reason for this may be the frequent
curtailment of industrial activities in China, such as the factory shutdowns that occurred
for several months beginning in January 2020, as China’s novel coronavirus outbreak
led to lockdowns throughout the country, which suspended economic activities. In 2021,
community-acquired infections still occurred frequently in China, and factory operations
were suspended each time. As a result, the concentration of PAHs emitted in China
decreased, which is presumed to have affected the overall decrease in the concentration of
PAHs in Nagasaki in 2020 and 2021.
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Figure 8. Behaviors in seasonal averages of total PAH concentrations in the suburban and forest sites
of Nagasaki each year from 2017 to 2021: (a) winter; (b) spring; (c) summer; (d) autumn.

In spring, PAHs decreased by 50% in suburban site and by 20% in forest site, but with
a smaller range than that observed in winter. This may be due to more air mass advection
in spring from directions other than northeastern China, and the reduced amount of coal
and biomass burning for heating compared to that in winter. Similarly, the autumn PAH
concentrations did not decrease significantly during this period.
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In summer, the concentrations decreased by 60% in suburban site and by 62% in forest
site. One of the main reasons for this may be the decrease in emissions from sources in the
vicinity of Japan because of the predominance of air masses originating from the Pacific
Ocean in summer. In particular, for 2020 and 2021, movement restrictions in Japan could
cause a decrease in PAH emissions from automobiles, aircraft, ships, etc. However, because
concentrations are much lower in summer than in other seasons, the effect of this decrease
on the annual mean is small.

Overall, the recent declining behavior in PAH concentrations in Nagasaki is considered
to be mainly due to less PAHs originating from cold continental regions, such as northern
China. The decline in total PAH emissions in China could be influenced by the replacement
of residential coal with natural gas, widespread use of new energy sources such as solar and
wind energy, and efforts to improve air quality in China including sophistication of exhaust
gas treatment technology. In addition, restrictions on economic activities in response to
COVID-19 may have impacted these values. It is speculated that these energy transitions
and infectious disease countermeasures in China have affected the decrease in atmospheric
PAH concentrations in Nagasaki, which is located downstream of the monsoon.

3.3. Characteristics of PAHs in Each Year

Figure 9 shows the results arranged by the ring number of PAHs to investigate whether
there is a behavior in the general types of PAHs for each research year. The suburban and
forest sites yielded similar results, which supports the idea that they were influenced by
similar sources. In the last 4 years, 4- and 5-ring PAHs have been abundant, while few 3-,
6-, and higher-ring PAHs have been reported. This behavior is similar to that observed in
a long-term survey report in Japan [24,26]. There was no clear relationship between the
number of rings and the recent decreasing behavior in PAH concentrations in Nagasaki.
Although the results are not shown, there was no clear relationship between the number of
rings and decreasing concentrations of PAHs in the seasonal analysis.
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Figure 9. Behaviors in composition of PAHs by ring number: (a) suburban site; (b) forest site.

Source characteristics were estimated from the diagnostic ratios of the PAHs because
of the possible relationship between the source type and PAH composition. Various
diagnostic ratios have been proposed for this estimation [27–29]. In this study, Flt/(Flt +
Pyr) was selected as an indicator that can distinguish three types of sources: petroleum,
oil combustion, and biomass/coal combustion, using four-ring PAHs with relatively high
abundance (Figure 9). For example, Flt/(Flt + Pyr) values of less than 0.4 are considered
to originate from petroleum; 0.4–0.5 from liquid fossil fuel combustion; and >0.5 from
biomass/coal combustion [29–31]. Figure 10 shows behaviors in the diagnostic ratio using
all data from forest site that were less susceptible to local pollution. The results showed
that the source category was “grass, wood, or coal combustion,” although there was some
variation. These results are consistent with those of previous studies [19,24,32]. These
results were determined by collectively calculating the data for one year under various
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conditions, such as wind direction and temperature; the winter values were extracted and
analyzed in the next paragraph.
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Figure 10. Behaviors in the diagnostic ratio of the forest site using all data of each year. The bar
graphs represent the median values.

Figure 11 is a graph plotting each year by extracting and calculating only winter
values, when PAH concentrations were higher. Figure 11 shows that the source category
was sometimes “petroleum” in 2017 and 2018, but overall, as in Figure 10, the source
category would be “grass, wood, or coal combustion” even when looking at winter alone.
This could relate to the less advanced environmental measures in 2017 and 2018, whereby
there were contributions from a variety of sources, including “petroleum”, but from 2019
onward, contributions from such sources decreased. It also shows that biomass combustion
and coal combustion remain considerable despite the advancements in recent years. Overall,
the concentration of PAHs has decreased in Nagasaki in recent years, but the Flt/(Flt + Pyr)
index indicates that there was no significant change in the attributes of the sources. This
result is consistent with that of previous studies [19,24,32].
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Figure 11. Behaviors in the diagnostic ratio of the forest site using winter data of each year.

4. Conclusions

In conclusion, the total atmospheric PAH concentrations measured at the suburban
and forest sites of Nagasaki from 2017 to 2021 decreased considerably. The declines in
suburban and forest sites were similar, at 60% and 57%, respectively. When analyzed by
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season, the percentage of decrease in winter was markedly greater, suggesting that the main
reasons for this decline related to energy conversion and air quality improvement measures
in China, along with the suppression of industrial activities in response to measures against
novel coronavirus infections. Therefore, we were able to show that environmental measures
in China could have a significant positive impact on neighboring Japan. In this study, we
found that there was no clear relationship between the decrease in PAH concentration and
the number of PAH rings. In addition, regarding the Flt/(Flt + Pyr) index, no significant
changes in the attributes of the sources of PAHs were noted during this period.

Improving air quality at sites affected by transboundary pollution is difficult because
local measures alone are insufficient. In this study, we were able to capture a significant
downward behavior in atmospheric PAH concentrations in Nagasaki and consider the
relevance of changes in the environmental situation in China. This result could contribute
to the management of atmospheric PAH concentrations in Japan (e.g., by setting target
concentrations and emission limits). It is expected that environmental improvements in
China will continue to progress in the future; therefore, it will be necessary to continue
monitoring air pollutants in Japan.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app122110963/s1, Table S1: PAH concentrations in the suburban
site of Nagasaki from 2017 to 2021; Table S2: PAH concentrations in the forest site of Nagasaki from
2017 to 2021.
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