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Abstract: To clarify different effects of Asian dust (AD), long-range transported from Asian continent,
on total suspended particles (TSP) and polycyclic aromatic hydrocarbons (PAHs) in Japan, TSP
were simultaneously collected during AD periods (from 1 March to 31 May 2020 and 2021) in
Fukuoka and Kanazawa. During AD days, decided by Light Detection and Ranging and Japan
Meteorological Agency, TSP concentrations increased significantly (p < 0.001) at two sampling sites.
PAH concentrations increased in Kanazawa (p < 0.001) but not in Fukuoka on AD days. Correlation
coefficients (r) between daily TSP and total PAHs concentrations were weak in Kanazawa: 0.521
(non-AD) and 0.526 (AD) (p < 0.01), and in Fukuoka: 0.321 (non-AD) and 0.059 (AD). However,
correlation between seasonal (average monthly) TSP and total PAH concentrations were stronger:
0.680 (Kanazawa) and 0.751 (Fukuoka). The reasons might be that seasonal variations of TSP and
total PAHs in two cities depend equally on planetary scale westerly, while daily TSP and total PAHs
variations in each city varied by different transportation distances from AD and PAHs sources in
the Asian continent to Japan. Different local sources and meteorological conditions were considered.
These results are important for elucidating the causes of chronic and acute respiratory diseases.

Keywords: long-range transport; Asian dust; polycyclic aromatic hydrocarbons; Japan; backward
trajectory

1. Introduction

Long-range transported (LRT) air pollution indicates the atmospheric movement of
pollutants for more than 100 km, affecting neighboring countries’ air quality across national
boundaries. It is well known that Japan has suffered from LRT air pollution such as Asian
dust (AD) and acid rain from the Asian continent [1–5]. However, different patterns of LRT
may vary air pollutant concentrations in monitoring areas.

Asian dust (AD), swirling sand from western China and Mongolia deserts to great
heights by a turbulent wind, is long-range transported by westerlies towards Japan and
the western United States [6–8]. During its transport, the air mass adopts large amounts of
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anthropogenic air pollutants, such as sulfur oxides (SOx), nitrogen oxides (NOx), polycyclic
aromatic hydrocarbons (PAHs), and nitro-polycyclic aromatic hydrocarbons (NPAHs),
emitted from industrial and metropolitan regions in China. Among these pollutants,
SOx and NOx cause acid precipitate (rain and snow) on the west coasts of Japan and
AD suppresses its acidification. Several NPAHs are secondarily formed from PAHs in the
presence of OH and NOx radicals and a high concentration of AD [9]. It has been considered
that these organic and inorganic pollutants were simultaneously long-range transported to
Japan by westerly winds. They are thought to be common causes of hospital admission for
respiratory, cerebrovascular, and cardiovascular diseases [10], cough prevalence [11–13],
itchy eyes [14], asthma exacerbation [15], and seasonal allergic rhinitis [7,16].

On the other hand, long-range transportation of PAHs from China was sensitively
detected at several remote sites or cities on the west coasts of Japanese islands: Noto
peninsula [4,17–19], Fukue [4,19,20], Okinawa [20], and Kanazawa [2,21]. However, PAH
concentrations did not always show the same variation as AD in the downstream ar-
eas [4,13,19,22]. Our speculation is that particulate matters (PM) and PAHs in Japan are
from different sources. Therefore, to clarify the different transportation mechanisms be-
tween AD and PAHs, the present study monitored PM and PAHs simultaneously in AD
seasons in two Japanese cities, Fukuoka and Kanazawa, at a distance of 660 km. The results
would benefit for investigating the cause of pollutant-related diseases (respiratory diseases,
etc.) at different locations under weather phenomena similar to AD.

2. Materials and Methods
2.1. Sampling Sites and Method

Total suspended particulate matter (TSP) samples were collected on the roofs of two
buildings in residential areas: National Fukuoka Hospital, Fukuoka (33.53◦ N, 130.41◦ E),
and the Graduate school of Medical Science of Kanazawa University, Kanazawa (36.55◦ N,
136.67◦ E) (Figures 1 and S1). Fukuoka City (population of 1,620,000), the capital of
Fukuoka prefecture, is a commercial port city located on the Japan Sea coast side of Kyushu.
Kanazawa City (population of 461,000), the capital of Ishikawa prefecture, is a commercial
city located on the Japan Sea coast side of the central Honshu Island, Japan. TSP samples
were collected daily using high-volume air samplers (HR-RW, Shibata, Japan), equipped
with glass fiber filters at a flow rate of 1000 L min−1 from 1 March to 31 May in 2020 and
2021. Filters were covered in aluminum foil and balanced in a dark desiccator at least 24 h
before and after the sampling. TSP concentration was calculated from filter weights before
and after sampling. Details of the sampling sites and method were described in Text S1.

2.2. Chemicals: Organic Solvent and Standards

Nine PAHs, fluoranthene (Flt), pyrene (Pyr), benz[a]anthracene (BaA), chrysene
(Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP),
benzo[ghi]perylene (BghiP) and indeno [1,2,3-cd]pyrene (IcdP) in SS EPA 610 PAH Mix
(Supelco, Bellefonte, PA, USA) were quantified using high-performance liquid chromatog-
raphy (HPLC) equipped with fluorescence detection. Sample treatment and detailed HPLC
conditions are described in Text S2.

2.3. Asian Dust Observation

AD events in Japan were determined by the Japan Meteorological Agency (JMA) at
one or more of 11 stations across Japan (http://www.data.jma.go.jp/gmd/env/kosahp/
kosa_data_index.html, accessed on 15 October 2021) and by Light Detection and Ranging
(LIDAR) (https://www-lidar.nies.go.jp/AD-Net, accessed on 15 October 2021) [23].

http://www.data.jma.go.jp/gmd/env/kosahp/kosa_data_index.html
http://www.data.jma.go.jp/gmd/env/kosahp/kosa_data_index.html
https://www-lidar.nies.go.jp/AD-Net
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Figure 1. Map of sampling sites. Site 1: Fukuoka National Hospital (33.53◦ N, 130.41◦ E). Site 2:
Kanazawa University (36.55◦ N, 136.67◦ E).

2.4. Backward Trajectory and Weather Map

The 72-h backward trajectories at 6-h intervals were calculated during the sampling
period using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
v5 (https://www.ready.noaa.gov/HYSPLIT_traj.php, accessed on 15 October 2021) pro-
vided by National Oceanic and Atmospheric Administration, U.S. Department of Com-
merce [24,25]. The Global Data Assimilation System (1◦ longitude × 1◦ latitude resolution)
produced by the National Centers for Environmental Prediction was used as the input
meteorological data for the HYSPLIT v5 analysis.

3. Results and Discussion
3.1. TSP and PAH Concentrations in Fukuoka and Kanazawa

Figure 2 shows the daily and average concentrations of TSP and PAHs in Fukuoka
and Kanazawa from 1 March to 31 May in 2020 and 2021. During the monitoring period,
AD events were identified in 41 and 33 days in Fukuoka and Kanazawa, respectively, by
either JMA or LIDAR (Table S1). These results showed that profiles of daily TSP and PAHs
were different between the two cities, and there were more AD days in Fukuoka than in
Kanazawa. Average TSP concentrations of the monitoring periods in Fukuoka (15.6 µg m−3

in 2020, 19.2 µg m−3 in 2021) were lower than those in Kanazawa (22.9 µg m−3 in 2020,
30.1 µg m−3 in 2021). However, the average total PAH concentrations of the monitoring
periods in Fukuoka (0.64 ng m−3 in 2020, 0.92 ng m−3 in 2021) were much higher than
those in Kanazawa (0.30 ng m−3 in 2020 and 0.31 ng m−3 in 2021). It should be emphasized
that the concentration ratio of total PAHs to TSP was much larger in Fukuoka (0.04 in 2020,
0.05 in 2021) than that in Kanazawa (0.01 in 2020 and 2021).

https://www.ready.noaa.gov/HYSPLIT_traj.php
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Figure 2. The concentrations of total PAH (ng m−3) and TSP (µg m−3) from March to May in 2020
and 2021 in Fukuoka and Kanazawa.

The monthly average concentrations were calculated in Table 1 to investigate the
seasonal variation of TSP and PAHs. The total PAH concentration was in the decreasing
order Mar > Apr > May in both cities. However, the average concentration was higher in
2021 than in 2020 in Fukuoka, while it was comparable in two years. The TSP concentration
did not show such a clear monthly tendency. The results suggested that the seasonal
variations of PAHs in Japan were influenced by long-range transported PAHs (LRT-PAHs)
controlled by the synoptic-scale of meteorology [13].

The relationship between daily variations of TSP and total PAHs was weak in Fukuoka
(non-AD: r = 0.321, AD: r = 0.059) and Kanazawa (non-AD: r = 0.521, AD: r = 0.526) (Table 2).
As the reason for this, the different origins of TSP and PAHs are considered. TSP was
affected by AD from deserts in the Asian continent on a planetary scale: moving within the
upper layer of the planetary boundary layer and the free atmosphere [22]. On the other
hand, LRT-PAHs emitted from Chinese cities closer to Japan than AD sources influenced
PAH concentrations at monitoring sites on a synoptic scale: moving horizontally near the
surface layer [13]. The difference in transportation of LRT-PAHs and AD will be discussed
further in Sections 3.2 and 3.3.

3.2. Backward Trajectory

The individual PAH concentrations significantly differed between non-AD and AD
days in Kanazawa (p < 0.001), while the difference was not significant in Fukuoka (Table 3).
Backward trajectories from Fukuoka and Kanazawa were compared for AD and LRT-PAHs
(Figure 3). AD is transformed from Northwest and Central China or Mongolia deserts. It
travels more than 6000 km to arrive in Japan. On the other hand, large amounts of PAHs are
emitted from industrial and city areas near or on the east coast of China, which are less than
2000 km away from Japan. LRT-PAHs in Kanazawa mostly came from northeastern China
areas above 35◦ N latitude, while it was from above and below 35◦ N latitude in Fukuoka.
The northeast China areas above 35◦ N latitude include the Manchurian industrial region
with the steel industry, coal, lubricating oil, chemicals, machinery, tools production, mills
and shipyards, and Bohai Economic Rim with coal, steel and machinery production. On
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the other hand, LRT-PAHs in Fukuoka come from the northeast China areas below 35◦ N
latitude are the Yangtze River Delta with shipyards, oil refineries, flour mills, steel plants,
metal works, and light industries. Differences in emission sources and concentration in
those areas might result in different PAH concentrations at sampling sites. Further studies
on their effect should be conducted.

Table 1. Total PAHs (ng m−3) and TSP (µg m−3) in Fukuoka and Kanazawa from March to May in
2020 and 2021 (Mean ± SD).

Place Time Total PAHs (ng m−3) TSP (µg m−3)

Fukuoka

Mar 2020 0.89 ± 0.72 15.0 ± 5.9
Apr 2020 0.58 ± 0.26 16.7 ± 7.0
May 2020 0.45 ± 0.40 15.2 ± 8.1

Avg of 2020 0.64 ± 0.53 15.6 ± 7.0

Mar 2021 1.17 ± 1.11 23.7 ± 27.3
Apr 2021 1.07 ± 0.89 18.3 ± 9.3
May 2021 0.53 ± 0.68 15.5 ± 12.5

Ave of 2021 0.92 ± 0.94 19.2 ± 18.3

Avg of total 0.78 ± 0.77 17.4 ± 14.0

Kanazawa

Mar 2020 0.37 ± 0.16 22.6 ± 10.2
Apr 2020 0.28 ± 0.14 22.4 ± 9.9
May 2020 0.25 ± 0.15 23.6 ± 14.5

Avg of 2020 0.30 ± 0.16 22.9 ± 11.6

Mar 2021 0.42 ± 0.15 39.6 ± 54.8
Apr 2021 0.30 ± 0.16 26.7 ± 17.7
May 2021 0.21 ± 0.14 24.0 ± 18.3

Avg of 2021 0.31 ± 0.17 30.1 ± 35.5

Avg of total 0.30 ± 0.16 26.5 ± 26.5
SD: standard deviation.

Table 2. Correlation coefficient (r) between total PAH and TSP in Fukuoka and Kanazawa in non-AD
and AD days.

r Fukuoka Kanazawa

Monthly 0.751 0.680

Daily Non-AD AD Non-AD AD
0.321 ** 0.059 0.521 ** 0.526 **

**. Correlation is significant at the 0.01 level (2-tailed).

To find the reason for the lesser relationship between Fukuoka and Kanazawa for
the PAH variation than for the TSP variation, we divided transporting routes of air mass
into four patterns illustrated in Figure S2. During AD days, the TSP concentration is high
because AD is from West and Central China to the sampling site. The PAH concentrations
are high because the sampling site in Japan is on the LRT-PAH route (Figure S2a). On the
other hand, the LRT-PAH route from Northeast China is narrower and shorter than AD.
In this case, the PAH concentrations are low because the sampling site in Japan is not on
the LRT-PAH route (Figure S2b). During non-AD days, TSP is low. However, the PAH
concentrations are high when LRT-PAHs arrived at the sampling site in Japan (Figure S2c).
The last pattern is that domestic sources only affect the PAH concentrations (Figure S2d).
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Table 3. Difference between individual PAH and TSP in Fukuoka and Kanazawa in non-AD and AD
days.

Air
Pollutants

Fukuoka Kanazawa
p-Value b

(Fukuoka vs.
Kanazawa)

Non-AD
(n = 143) AD (n = 41) p-Value b

(Non-AD vs.
AD)

Non-AD
(n = 150) AD (n = 33) p-Value b

(Non-AD vs.
AD)Mean SD Mean SD Mean SD Mean SD

Flt 0.16 0.18 0.18 0.25 0.414 0.06 0.03 0.09 0.04 <0.001 <0.001
Pyr 0.12 0.12 0.14 0.16 0.431 0.05 0.02 0.07 0.03 <0.001 <0.001
BaA 0.03 0.04 0.03 0.04 0.525 0.01 0.01 0.01 0.01 0.002 <0.001
Chr 0.08 0.08 0.09 0.11 0.427 0.02 0.01 0.04 0.02 <0.001 <0.001
BbF 0.12 0.11 0.13 0.13 0.534 0.04 0.02 0.06 0.03 <0.001 <0.001
BkF 0.04 0.04 0.04 0.04 0.791 0.01 0.01 0.02 0.01 <0.001 <0.001
BaP 0.06 0.06 0.06 0.06 0.870 0.02 0.01 0.03 0.01 <0.001 <0.001

BghiP 0.10 0.08 0.11 0.09 0.492 0.04 0.02 0.06 0.02 <0.001 <0.001
IcdP 0.06 0.05 0.07 0.05 0.781 0.03 0.02 0.04 0.02 <0.001 <0.001

ΣPAHs a 0.76 0.73 0.85 0.92 0.503 0.28 0.15 0.43 0.18 <0.001 <0.001
TSP 14.1 7.1 28.8 23.2 <0.001 20.3 9.1 54.6 51.2 0.001 <0.001

p-value less than 0.05 is shown in bold. a Total PAHs, b p-value was from independent t-test.
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Figure 3. The backward trajectory and cluster analysis of four patterns: (a) AD days with high PAH
concentration (≥mean PAH concentration in AD days: 0.85 ng m−3 in Fukuoka and 0.43 ng m−3 in
Kanazawa), (b) AD days low PAH concentration (<mean PAH concentration in AD days), (c) non-AD
with high PAH concentration (≥mean PAH concentration in non-AD days: 0.76 ng m−3 in Fukuoka
and 0.28 ng m−3 in Kanazawa), and (d) non-AD days with low PAH concentrations (<mean PAH
concentration in non-AD days).

3.3. Effect of Local Characteristics on PAH Concentrations

The above results show that local sources might also impact the PAH concentrations
differently depending on the location of the sampling site. Kanazawa does not have major
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industrial areas and is substantially influenced by automobile emissions [21]. On the other
hand, Fukuoka might be affected by the nearby heavy industrial area, Kita-Kyushu [26].
As an example, from 7–9 March in 2021, the PAH concentrations decreased in Kanazawa,
while they increased in Fukuoka due to the different local air mass (Figure 2).

Besides the geology, different topographic sampling sites might affect the air pollu-
tion level. The Kanazawa sampling site was on a hill in the residential area, while the
Fukuoka sampling site was in the valley bound to downtown. Valley topography can cause
temperature inversion, which traps air pollutants emitted from downtown [27,28]. These
considerations can explain the difference in daily and seasonal variations of TSP and PAHs
between Fukuoka and Kanazawa.

4. Conclusions

In conclusion, the air mass of AD from Northwest and Central China strongly influ-
enced TSP, but did not consistently affect PAH concentrations in Fukuoka and Kanazawa.
Backward trajectories showed that the AD originated from Northwest and Central China or
Mongolia deserts for a long distance (more than 6000 km) at a planetary weather scale with
transporting heights of 1000–6000 m. In comparison, the LRT-PAHs came from industrial
and city areas near/on the east coast of China with a short distance (800–2000 km) on a
synoptic weather scale (transporting height: 500–4000 m). The LRT-PAH from above 35◦ N
latitude areas (Manchurian industrial area and Bohai Economic Rim) impacted Fukuoka
and Kanazawa. In contrast, LRT-PAH from below 35◦ N latitude areas (Yangtze River Delta)
affected mainly Fukuoka. In addition, local emissions presented different effects from city
to city in Japan. The major PAH source is traffic in Kanazawa, while it is the mixed source
of industrial and traffic emissions in Fukuoka.

This is the first report to clarify the daily and seasonal effects of TSP and PAHs on
long-distant sites in Japan during the AD period, which is important for studying chronic
and acute respiratory disease mechanisms. The following study will analyze NPAHs in the
same air samples and estimate source contributions of TSP, PAHs, and NPAHs in Fukuoka
and Kanazawa by the NP-method, which uses 1-nitropyrene and Pyr as markers [2,21,26].
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