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Abstract: Focusing on the components of fine particulate matter, i.e., PM2.5, we have analyzed
the factors that led to the high concentrations of each chemical component in PM2.5 during our
observations in Fukuoka, Japan in spring 2020. The backward trajectory showed that air masses
reached Fukuoka via the Yellow Sea and the southern part of South Korea when PM2.5 and each
chemical component were high in concentrations. On the other hand, diurnal variations in ozone
were also observed, suggesting that both transboundary and local air pollution are involved. Air
masses reached the southern part of the Kyushu region when only sulfate concentrations were high.
A volcano eruption led the high sulfate concentration. When only polycyclic aromatic hydrocarbons
(PAHs) concentrations were high, air masses often reached the northern part of Kyushu, indicating
that there may be a specific local source for PAHs.

Keywords: Fukuoka; PM2.5; PAHs; sulfate; high concentration days; back trajectory

1. Introduction

The achievement rate of the Environmental Quality Standards (EQSs) for concentra-
tions of fine particulate matter (PM2.5) in Japan has increased year by year, with more than
98% of stations achieving EQSs in 2019 [1]. According to a report by the Ministry of the
Environment, Japan, the number of effective monitoring stations for PM2.5 in Japan in
2019 was 1073 (835 stations in residential areas and 238 road-side stations). The number of
monitoring stations that achieved the environmental standard (achievement rate) was 824
(98.7%) for stations in residential areas and 234 (98.3%) for road-side stations [1]. However,
both long-term and short-term EQSs for PM2.5 have not been achieved in northern Kyushu
and several locations in the Seto Inland Sea. This suggests that there is an impact of trans-
boundary air pollution from the Asian continent in the northern Kyushu area and other
areas in addition to the impact of domestic sources. Fukuoka and the northern Kyushu
area is located in the west of Japan and is affected by transboundary air pollution from the
Asian continent from winter to spring [2–9].

Michikawa et al. [10] reported that a 10 µgm−3 increase in PM2.5 results in an approxi-
mately 1.3% increase in deaths in Japan. Kojima et al. [11] also reported that fine particulate
matter exposure relates to out-of-hospital cardiac arrest. There is a lot of evidence for PM2.5
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causing adverse effects on human health [12]. It is well known that particulate matter (PM)
contains a variety of substances, including ions such as sulfate and nitrate, metals such as
copper and iron, black carbon (elemental carbon), organic carbon and polycyclic aromatic
hydrocarbons (PAHs) formed from organic compounds. It is not yet sufficiently known
which substances affect health, though there appear to be several reports which mentioned
the link between chemical components and their health effects [13,14]. Since human health
is considered to be affected when concentrations of PM and each component are high, it is
considered important to elucidate the factors that contribute to high concentrations of PM
components.

We conducted a comprehensive project to elucidate the effects of PM2.5 and PAHs con-
tained in the particles on respiratory diseases. We collected airborne particles in Fukuoka
and measured the chemical composition of the PM2.5 particles. Our epidemiological anal-
ysis team is investigating the association between chemical components and respiratory
diseases. As part of this project, the analysis of PAHs was reported by Pham et al. [15].

In this study, we focus on the chemical components of PM2.5, aiming to clarify whether
they show the same behavior in the atmosphere. We report the results of our analysis of the
factors that led to the high concentrations of each chemical component in PM2.5 observed
in Fukuoka during the spring of 2020.

2. Materials and Methods

The location of Fukuoka is shown in Figure 1. Fukuoka is a large city with a population
of 1.5 million. It is located in the west of Japan and is subject to transboundary air pollution
during the winter and spring seasons [5–9,15].

Appl. Sci. 2022, 12, x FOR PEER REVIEW 3 of 11 
 

Particle Lagrangian Integrated Trajectory model) system was used to estimate air mass 

transport pathways [20,21]. 

 

Figure 1. Location of Fukuoka City. 

3. Results and Discussion 

3.1. Overview of Results from February to April in 2020 

The results for ozone and meteorological data for February–April in 2020 are shown 

in Figure 2. The ozone and solar radiation data in Figure 2a shows a gradual seasonal 

progression from February to April. As solar radiation increase, ozone concentration 

(mole mixing ratio) also increases. In particular, ozone concentration exceeded the EQSs 

of oxidant, which is 60 ppb, on some days in the latter half of April, presumably because 

photochemical reactions became more active with the increase in solar radiation in spring. 

Figure 2b shows the wind speed and direction. Due to the topography of the Fukuoka 

area, northwesterly sea breezes prevail during the daytime and southeasterly land breezes 

prevail during the nighttime [22,23]. The results from the Fukuoka Meteorological Obser-

vatory are daily averages and do not show sea and land breezes clearly during the day 

and night, but they do indicate that winds from the west-north, and southeast are domi-

nant as the main wind directions. We plot hourly data of ozone, wind speed and wind 

direction data in Figure 2c. From the afternoon of 16 to the afternoon of 18 February, nor-

therly winds were dominant, with wind speeds stronger than 3 ms−1. At the same period, 

ozone concentration, especially at night, hardly dropped and showed no diurnal varia-

tions. In this case, we think that transboundary air pollution is dominant [9]. On the other 

hand, from 19 to 20 February, the ozone showed diurnal variations with southeasterly 

winds in the morning and evening and northerly winds in the afternoon, showing typical 

sea-land breeze in Fukuoka, as mentioned above. In this case, we think that local influence 

is relatively strong [9,22,23]. Thus, it is useful to refer to the diurnal variation data of ozone 

and wind direction when examining the influence of either transboundary air pollution 

or local pollution. 

Figure 1. Location of Fukuoka City.

The observation period was from February to April 2020. PM was collected by a
high-volume air sampler (HV-RW, Sibata Scientific Technology Ltd., Tokyo, Japan) with
a slit-type PM2.5 separator installed on the roof of the National Hospital Organization
Fukuoka National Hospital (Minami-ku, Fukuoka, Japan) at a flow rate of 1000 L/min on a
fluoroplastic binder glass fiber filter (TX40HI20WW, Pall Corporation, Port Washington,
WI, USA) for approximately 24 h. The filter that collected PM2.5 was cut for PAHs and
ion analysis. PAHs were analyzed by Kanazawa University [15–17], and The National
Institute for Environmental Studies analyzed ionic components. Filters were soaked in
ultrapure water, irradiated with ultrasonic waves, filtered through disk filters (pore size
0.45 µm), and the ionic components were analyzed by ion chromatography (Prominence,
Shimadzu Corporation, Kyoto, Japan). Ions analyzed were sulfate, nitrate, chloride, sodium,
ammonium, magnesium, calcium, and potassium ions.

For PM2.5 mass concentration, trace metals including metalloids (Ti, V, Cr, Mn, Fe, Ni,
Cu, Zn, As, Pb, Al, Si, S, K, and Ca), elemental carbon (EC), and organic carbon (OC) were
measured at City Hall (Chuo-ku, Fukuoka, Japan, for PM2.5), Fukuoka University (Jonan-
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ku, Fukuoka, Japan, for metals, EC, and OC); we used data measured by the Ministry of the
Environment, Japan, which are publicly available [18]. Daily averages of trace metals and
OC/EC data with 4 h and 1 h time resolutions were calculated. Ozone was measured by
ourselves at Fukuoka University by using ultraviolet absorption spectrometry in accordance
with the ozone standard measurement method established by the Japanese Ministry of the
Environment (Model 49i, Thermo Fisher Scientific Inc., Waltham, MA, USA). Ozone was
measured with a time resolution of 1 min and daily averages were also calculated. For
meteorological data (temperature, relative humidity, solar radiation, wind speed and wind
direction), we used data from the Fukuoka Meteorological Observatory, which is publicly
available [19]. The NOAA’s HYSPLIT (The Hybrid Single-Particle Lagrangian Integrated
Trajectory model) system was used to estimate air mass transport pathways [20,21].

3. Results and Discussion
3.1. Overview of Results from February to April in 2020

The results for ozone and meteorological data for February–April in 2020 are shown
in Figure 2. The ozone and solar radiation data in Figure 2a shows a gradual seasonal
progression from February to April. As solar radiation increase, ozone concentration
(mole mixing ratio) also increases. In particular, ozone concentration exceeded the EQSs
of oxidant, which is 60 ppb, on some days in the latter half of April, presumably because
photochemical reactions became more active with the increase in solar radiation in spring.
Figure 2b shows the wind speed and direction. Due to the topography of the Fukuoka area,
northwesterly sea breezes prevail during the daytime and southeasterly land breezes prevail
during the nighttime [22,23]. The results from the Fukuoka Meteorological Observatory
are daily averages and do not show sea and land breezes clearly during the day and night,
but they do indicate that winds from the west-north, and southeast are dominant as the
main wind directions. We plot hourly data of ozone, wind speed and wind direction
data in Figure 2c. From the afternoon of 16 to the afternoon of 18 February, northerly
winds were dominant, with wind speeds stronger than 3 ms−1. At the same period, ozone
concentration, especially at night, hardly dropped and showed no diurnal variations. In
this case, we think that transboundary air pollution is dominant [9]. On the other hand,
from 19 to 20 February, the ozone showed diurnal variations with southeasterly winds in
the morning and evening and northerly winds in the afternoon, showing typical sea-land
breeze in Fukuoka, as mentioned above. In this case, we think that local influence is
relatively strong [9,22,23]. Thus, it is useful to refer to the diurnal variation data of ozone
and wind direction when examining the influence of either transboundary air pollution or
local pollution.

Note that the daily average of ozone is about 33–39 ppb from 16 to 18 February, but
less than 30 ppb on 19 and 20 February. On average, the ozone concentration tends to be
relatively higher when transboundary air pollution continues [9].

Figure 3 shows the results of concentrations of PM2.5 and major chemical components.
Figure 3a shows PM2.5, total ionic components, and total metal components. The variations
in PM2.5 and total ionic components seem to be similar. The variations in total metals
had a similar trend with PM2.5 in February and March, but their concentrations remained
low from the end of March to the first half of April, unlike the variations in PM2.5 and
total ionic component. Figure 3b shows the variations in EC, OC, and PAHs. All three
are carbon-containing compounds, but their variations are different from time to time.
This indicates that there are cases of external mixing, where each chemical component is
transported from different sources and not contained in the same particle. The results from
monitoring in Figure 3 show that there are days when the concentration of all substances is
high, but there are also days when the concentration of each component is specifically high,
suggesting that some of chemical components are transported from different sources.



Appl. Sci. 2022, 12, 11400 4 of 11Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 11 
 

 
 

 

Figure 2. Time series of ozone, and meteorological data in spring 2020. (a) Ozone (O3), temperature, 

and solar radiation. (b) Wind speed and wind direction. (c) Data from 16 to 21 February for ozone, 

wind speed, and wind direction. 

Note that the daily average of ozone is about 33–39 ppb from 16 to 18 February, but 

less than 30 ppb on 19 and 20 February. On average, the ozone concentration tends to be 

relatively higher when transboundary air pollution continues [9]. 

Figure 3 shows the results of concentrations of PM2.5 and major chemical compo-

nents. Figure 3a shows PM2.5, total ionic components, and total metal components. The 

variations in PM2.5 and total ionic components seem to be similar. The variations in total 

metals had a similar trend with PM2.5 in February and March, but their concentrations 

remained low from the end of March to the first half of April, unlike the variations in PM2.5 
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and solar radiation. (b) Wind speed and wind direction. (c) Data from 16 to 21 February for ozone,
wind speed, and wind direction.
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3.2. Correlation Plot

As mentioned earlier, the concentration variations in PM2.5 and each chemical compo-
nent are different from time to time, then the correlation was plotted for ionic components
(sulfate, nitrate, ammonium), EC, OC, total trace metals, and total PAHs with respect to
PM2.5 concentration, which is shown in Figure 4. The concentrations of ionic components,
EC, OC, and total metals increased with increasing PM2.5 concentration, and their concen-
trations are considered to vary in the similar manner (Figure 4a–c). The EC and OC, both
of which contain carbon, correlate to each other as shown in Figure 4b. Although we do
not know the reason, both EC and OC seem not to increase when the PM2.5 concentration
is higher than 20 µgm−3. EC concentrations tend to be higher when wind speeds are low
(not shown in Figures). This is presumably because local emissions become stagnant at
low wind speeds. As shown in Figure 4c, PAHs tend to increase when the concentration of
PM2.5 is low. The variation in PAHs is different from PM2.5 and other chemical components.
The correlations revealed that PAHs have a slightly different trend from other chemical
components.
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3.3. Days of High Concentration and Transport Paths

Human health is considered to be adversely affected when concentrations of PM and
its components are high. In this section, we will examine the transport paths using back
trajectory analysis when PM2.5 and other chemical components are high.

The method used to extract high concentration days is as follows. The average and stan-
dard deviation were calculated for PM2.5 and chemical components from February to April
2020. The average and standard deviation of PM2.5, nitrate, sulfate, total ions, total PAHs, to-
tal metals, OC, EC, and ozone are 12.4 ± 5.50 µgm−3, 1.20 ± 1.13 µgm−3, 2.62 ± 1.73 µgm−3,
5.60 ± 3.71 µgm−3, 0.75 ± 0.56 ngm−3, 1.35 ± 1.02 µgm−3, 2.65 ± 1.34 µgm−3,
0.24 ± 0.25 µgm−3, and 37.8 ± 16.2 ppb, respectively. The high concentration days were
defined as those greater than the average concentration plus one standard deviation. Then,
the backward trajectory was calculated using HYSPLIT for each high concentration day for
each component. The pathways along which air masses were transported were examined
to investigate whether there was a relationship between high concentration and transport
pathways.

Table 1 shows the days of high concentration of each component for February, March,
and April, respectively. Each number is the respective concentration. All the concentrations
for each component were high in some days, but in other cases, the concentration was high
for a single or few components.

Typical examples of days with high concentrations for almost all components are 2–3
and 10–11 February. The maps of backward trajectory are shown in Figure 5a. The air
masses reached Fukuoka from southern Korea, from the Shandong Peninsula through the
northern East China Sea, or from northern China through the Yellow Sea. The backward
trajectory suggests that transboundary air pollution from the Asian continent influences the
Fukuoka air quality, which was seen before in Fukuoka [7–9]. Since Fukuoka is located in
the western area of Japan, the seasonal monsoon prevails in the winter-spring season. The
weather chart provided by the Japan meteorological Agency showed that a high-pressure
system remained in the East China Sea area on 2–3 and 10–11 March, which is a typical
atmospheric pressure pattern in winter season, and northerly wind prevails under this
pattern. Then, the air pollutants emitted in the Asian continents are transported to Japan,
especially in the west part of Japan [2–9]. However, local influences are also likely to
affect the Fukuoka air quality. This is probable because the population in Fukuoka is
about 1.5 million, and there are seaports and airports near the city in addition to the large
industrial and commercial area. Therefore, the local emissions from the city itself affects the
air quality in Fukuoka. The ozone shows diurnal variation and the wind direction indicates
a sea-land wind pattern on those days [9,22,23], suggesting that the local emissions also
affect the local air quality.
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Table 1. Days of high concentration of various chemical compositions in PM2.5 and ozone in spring
2020. High concentration data is bolded. Ozone for 28–30 March were missing. SD means standard
deviation (1σ).

Date PM2.5/µgm−3 Nitrate/µgm−3 Sulfate/µgm−3 Total
Ions/µgm−3

Total
PAHs/ngm−3

Total
Metals/µgm−3 OC/µgcm−3 EC/µgcm−3 O3/ppb

1 Feb 13.8 2.81 4.21 9.90 0.97 1.72 3.05 0.31 28.0
2 Feb 26.3 4.60 7.08 16.3 1.39 4.11 4.18 0.42 32.1
3 Feb 24.8 2.71 5.38 11.5 1.03 3.49 4.38 0.50 36.4
4 Feb 18.3 2.78 4.20 9.76 0.61 2.27 3.10 0.33 31.8
5 Feb 15.5 1.95 2.44 6.31 0.74 2.26 2.52 0.17 41.6
7 Feb 9.70 1.60 2.12 5.34 1.13 1.04 3.44 0.38 20.2
8 Feb 16.9 2.83 4.51 10.2 0.58 2.47 2.93 0.21 38.2
10 Feb 35.5 7.52 12.3 27.3 1.54 5.49 4.18 0.42 43.8
11 Feb 30.4 1.28 2.16 4.81 0.51 4.10 4.53 0.53 31.4
12 Feb 20.5 0.62 3.36 5.56 0.50 2.88 3.23 0.27 33.2
15 Feb 16.0 1.40 2.27 5.30 1.68 1.42 4.52 0.71 16.9
18 Feb 8.40 0.81 2.42 4.49 2.96 1.16 1.53 0.08 37.5
20 Feb 10.8 0.90 0.74 2.30 0.60 0.99 3.23 0.37 29.4
21 Feb 14.3 0.36 5.58 8.47 0.42 2.22 2.80 0.24 33.0
22 Feb 25.2 4.71 6.23 17.2 1.08 4.15 3.51 0.14 50.3
1 Mar 6.60 0.84 1.98 3.84 1.93 0.76 1.84 0.15 20.6
2 Mar 13.5 1.55 3.17 6.79 1.36 1.87 2.31 0.13 44.0
3 Mar 8.10 1.16 1.32 3.64 1.34 0.70 2.17 0.26 27.9
5 Mar 19.0 1.64 6.66 12.1 1.60 2.50 2.78 0.19 47.1
6 Mar 18.5 1.96 4.71 9.60 0.85 2.22 3.83 0.41 37.4
7 Mar 19.3 1.94 3.64 7.91 0.70 2.14 4.53 0.54 23.7

14 Mar 7.00 3.39 1.84 7.92 0.66 0.84 1.54 0.09 45.6
19 Mar 12.9 0.66 1.82 4.04 0.71 1.18 2.75 0.28 52.9
24 Mar 12.5 1.07 2.11 5.08 1.01 0.50 3.75 0.30 42.2
25 Mar 13.5 1.75 3.80 8.13 2.63 0.38 3.76 0.38 36.9
26 Mar 16.2 0.01 5.28 7.24 0.22 1.26 3.37 0.33 29.9
28 Mar 7.40 0.37 1.05 1.91 2.34 0.46 1.47 0.06 -
29 Mar 6.80 0.53 1.24 2.43 2.52 0.32 1.29 0.08 -
30 Mar 10.3 0.78 2.43 4.58 1.79 0.41 2.70 0.27 -
31 Mar 12.9 2.25 2.60 6.74 1.46 0.62 2.83 0.21 29.7
3 Apr 13.8 1.24 2.30 5.41 0.60 0.33 4.22 0.36 42.6
4 Apr 19.6 3.25 3.47 9.91 0.53 0.33 4.09 0.38 56.4
6 Apr 12.3 1.68 1.95 5.58 1.09 0.07 3.88 0.33 46.3
7 Apr 16.0 2.99 2.98 8.78 0.78 0.05 4.39 0.39 54.8
8 Apr 18.7 1.75 2.74 6.83 0.53 0.27 4.36 0.48 55.8

11 Apr 9.70 1.47 2.02 5.20 1.33 0.08 2.75 0.22 40.2
13 Apr 8.60 0.45 1.33 2.94 0.18 0.42 1.45 0.08 52.9
15 Apr 10.6 1.08 1.97 4.69 0.32 0.66 3.85 0.40 40.9
16 Apr 18.2 0.50 3.73 6.39 0.65 1.51 3.33 0.37 48.1
17 Apr 16.6 0.31 4.51 7.06 0.36 2.08 3.30 0.29 42.1
18 Apr 16.9 0.73 3.10 5.59 0.50 2.64 2.52 0.10 62.9
20 Apr 6.60 1.82 3.56 7.68 0.27 0.67 0.97 0.06 61.5
21 Apr 13.8 0.98 1.67 4.71 0.30 1.26 1.74 0.08 55.2
24 Apr 8.70 0.73 2.05 4.26 0.43 0.83 1.81 0.13 53.9
25 Apr 12.9 0.56 4.56 7.48 0.46 1.35 2.89 0.24 66.7
26 Apr 17.1 0.64 3.74 6.47 0.64 1.68 3.20 0.31 73.0
27 Apr 16.2 0.64 3.28 5.84 0.57 1.56 3.19 0.29 58.2
28 Apr 12.2 0.56 2.76 5.02 0.64 1.01 2.81 0.23 55.0
29 Apr 10.3 0.59 2.57 4.86 0.53 0.90 2.75 0.23 53.4

Average
and SD

of all
days

12.4 ± 5.50 1.20 ± 1.13 2.62 ± 1.73 5.60 ± 3.71 0.75 ± 0.56 1.35 ± 1.02 2.65 ± 1.34 0.24 ± 0.25 37.8 ± 16.2

Typical examples of days when only sulfate was high were on 26 March and 17 April.
The air mass moved northward from the south of the Kyushu area to reach Fukuoka, as
shown in Figure 5b. This pattern probably affects the air quality in Fukuoka by increasing
sulfate, which was generated by the oxidation of SO2 from volcanoes such as Sakurajima
and Suwanosejima. On 26 March, the back trajectory passed over both volcanoes. The
weather chart shows that a high-pressure system remained in the south of Japan, which is a
typical atmospheric pressure pattern for the southernly wind in the Kyushu area. A similar
pattern was seen on 17 April. There are many active volcanoes in the Japanese island, and
the air quality in the Kyushu area including Fukuoka is often affected by volcano eruptions,
which brought sulfate in PM2.5. Emissions from ships account for less than 5% of all PM2.5
emission sources in the Kyushu area, which is very low [24].
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Typical examples of the days when only PAHs concentration were high were seen
on 1–3, 28–29 March. In the case of 1–3 March, ozone showed a diurnal variation and the
wind direction shows a sea-land breeze pattern [9,22,23]. The weather chart shows that the
atmospheric pressure pattern was in the transient state, in which there were low-pressure
systems around Japan on 1–2 March and a high-pressure system moved from the Asian
continent on 3 March. This pattern showed the prevailing influences of local emission. On
the other hand, on 28–29 March, ozone concentrations did not decrease at night and did
not show a diurnal pattern. In addition, the winds remained mostly northerly and wind
speeds were at 6 to 8 ms−1. The weather chart shows that high-pressure systems remained
around at the Shangdon peninsula and the East China Sea. This pattern is presumably the
prevailing influence of transboundary air pollution [9].

The patterns of ozone, wind direction, wind speed and the atmospheric pressure
system on 1–3 March are different from 28–29 March, suggesting that the periods of 1–3
March are under the local prevailing influence and those of 28–29 March are under the
influence of the transboundary air pollution. However, there are common features for the
periods of 1, 3, 28–29 March, which include that the backward trajectory reached Fukuoka
from Sea of Japan via Shimane and Yamaguchi prefectures as shown in Figure 5c. This
suggests that these periods are affected by the local emissions, including local industries in
Fukuoka and Kitakyushu [15] and ship emissions [25,26]. High PAHs concentrations may
be brought due to the influence of local emission sources.

As shown above, some of chemical components, such as sulfate and PAHs, showed
different concentration variations from PM2.5 and other chemical components. This indi-
cates that it is necessary to examine not only the health effects of PM2.5, but also that of
each chemical component. At the same time, it also indicates the need to study the source
of each chemical component and its formation process in the atmosphere.

4. Conclusions

We have measured PM2.5 and its chemical components in Fukuoka in spring 2020. The
variations in chemical components are similar to that of PM2.5 concentration except PAHs.
We extract days with high concentrations. The paths taken by air masses were examined
by backward trajectory using HYSPLIT. For the days with high concentrations for almost
all components, the backward trajectory suggests that transboundary air pollution from
the Asian continent influences the Fukuoka air quality in addition to the local sources. For
high sulfate days, influences of active volcanoes, which emit SO2, were suggested. For high
PAHs days, the influence of local emissions in Fukuoka and Kitakyushu was suggested
in addition to the transboundary air pollution. Some of chemical components showed
the different concentration variations from PM2.5 and other chemical components, which
indicates that it is necessary to examine the health effects of each chemical component, and
to study the source and formation processes of each chemical component in the atmosphere.
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