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Abstract

The atmospheric condition at the quasi-national park adjacent to the downtown of a highly industrialized
city was evaluated based on three-site observations (quasi-national park, downtown, and suburbs). The
concentrations of NOx, NO, NO,, O3, SO,, and NH3 were determined. The NOx and NO, concentrations at
the quasi-national park were lower and higher than those downtown and in the suburbs, respectively. The
05 concentration at the quasi-national park was higher than that downtown and equivalent to that in the
suburbs, indicating that the impact of O air pollution on plants and the forest ecosystem is potentially
more severe at the quasi-national park than downtown. Potential ozone (P0O), defined as

PO = O3 + NO; — 0.1 x NOx, showed no statistically significant difference (p<0.05) among the
three sites, indicating that the nitric oxide titration operated and controlled the O5 concentration across
the entire city. The definite difference in the level among the three sites in the SO, concentration strongly
implied the large contribution of sulfur supply from stationary emission sources and ships located along
the shoreline. Fog events at the quasi-national park could be attributed to the determination of the NH5
concentration at the quasi-national park, i.e., the effective scavenging of NH; from the ambient air by fog
water.

1. Introduction

National parks and quasi-national parks are designated by the government and are managed by the
national or local government. Quasi-national parks are designated for purposes such as the conservation
of nature and the conservation of green spaces near an urban region. In the management of quasi-
national parks, the atmospheric environment, i.e., the degree of air pollution, is one of the key elements
to be evaluated because quasi-national parks are often designated in the vicinity of urban area.

Exposure to ozone damages plants through ozone-induced stress (e.g., Alvarez et al. 1998; Gravano et al.
2003; Miguel et al. 2022; Saji et al. 2022). Ozone is a critical air pollutant affecting the conservation of
plants and the forest ecosystem (Broberg et al. 2015; Chaudhary and Rathore 2022; Wang et al. 2023).
Ozone is an air pollutant produced/reduced secondarily via. photochemical reactions involving volatile
organic compounds and oxides of nitrogen in ambient air (Seinfeld and Pandis 2016). Nitric oxide
titration is a chemical reaction that consumes ozone in ambient air: O3 + NO — NOy + O,. As can
be understood, by this nitric oxide titration, NO is consumed and NO, is produced; thereby, in considering
the effect of air pollution on ozone, it is necessary to consider not only O; itself but also NO and NO,
simultaneously. Environmental standards are set for SO, as well as for NO, and O5. Since many
sightseers visit the quasi-national park, it is also inevitable that SO, should be observed. In particular, in
the target area of this study, the largest contributor (ca. 26%) to air pollution is industrial combustion
plus ship emissions (Zhang et al. 2021). An autoanalyzer for the chemical species shown above—03, NO,
NO,, and SO,—has been already developed, and national and local governments have been monitoring
the concentration from the viewpoint of protecting the health of citizens. However, the constant
observation on an hourly basis has been limited to the area where many people are usually living.
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Therefore, information regarding the degree of air pollution in a forested area that includes quasi-
national parks is quite inadequate for evaluating the degree of air pollution.

Furthermore, information on air pollutants having no environmental standard is further limited; ambient
NH; is a typical example. Ambient NH; plays an important role not only in air pollution but also in the
eutrophication of the environment including fresh water, sea water, and soil (Roy et al. 2021; Manninen et
al. 2023). In addition, NH; is the most abundant inorganic alkaline gas in the atmosphere, and it
contributes to the deacidification of precipitation as a univalent base. However, once NH; deposits onto

the soil, it works as a bivalent acid by the reaction of NHZ +20; — NO; + H,0 + 20" totally
working as a univalent acid from the atmosphere to the soil.

Japan'’s Kitakyushu Quasi-National Park plays an important role in the lives and recreation not only of the
inhabitants living in Kitakyushu City but also of tourists. Kitakyushu Quasi-National Park is located in the
largest industrialized city: Kitakyushu City. However, there is little information on air pollution, such as the
concentrations of air pollutants, even though environmental standards have been set for those items.
Therefore, we tried to observe the atmospheric conditions at Kitakyushu Quasi-National Park in this
article not only to evaluate the current situation of air pollution there but also to improve and conserve
the park in a more comfortable condition for years to come.

2. Material and methods
2.1 Survey sites

The atmospheric environment from the viewpoint of air pollution was studied based on the data set
determined at four sites. The locations and attributes of the sites are summarized in Table 1, together
with the items to be determined and the methods. The atmospheric environment was evaluated in terms
of the site attribute: (1) a quasi-national park adjacently located to the downtown of a highly
industrialized area of Kitakyushu City, Japan (Sarakura site), (2) the suburbs (University site and Egawa
site), and (3) downtown (Tobata site) of Kitakyushu City.

Kitakyushu City is one of Japan'’s highly industrialized cities, being located in the northern part of Kyushu
Island. Kyushu Island is situated in the western part of Japan, and Japan is on the eastern edge of East
Asia (Fig. 1). Due to its geographical location, Kitakyushu City is influenced by outflow from the Asian
continent in the spring, autumn, and winter seasons; in contrast, Kitakyushu City rarely suffers outflow
from the Asian continent in the summer season because the air mass formed over the Pacific Ocean
covers Japan, and the southern wind is dominant in the summer (Aikawa et al. 2010; Zhang et al. 2021).
The largest contribution (ca. 26%) to air pollution is industrial combustion plus ship emissions (Zhang et
al. 2021).

2.2 Items to be determined, method, sampling frequency,
and target period to study
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ltems to be measured are NOx (= NO + NO,), NO, NO,, SO,, O3, and NH;. The survey at Sarakura was
carried out with a passive method (Ogawa 2022) due to the limited power supply. NH; was measured by
a passive method at all sites. Measurements by autoanalyzer were organized and controlled by the local
government of Kitakyushu City (City of Kitakyushu). SO, at University was determined by a five-stage

filter pack (Aikawa et al. 2005; Network Center of EANET 2013).

The chemical analysis except by autoanalyzer followed the manuals for each item (Ogawa 2022) and
EANET manuals for filter packs (Network Center of EANET 2013). The devices of UV-VIS
spectrophotometer (UV-1280, Shimadzu, Kyoto, Japan) for NOx and NO, and ion chromatography
system (Thermo Fisher Scientific™ Dionex™ Integrion, Thermo Fisher Scientific Inc., Chelmsford, MA,
USA) for SO, and NH; were used to determine the extract of each filter paper.

Sampling at Sarakura was biweekly. Samplings by a passive method at University and Tobata and a filter-
pack method were basically weekly (Monday to the next Monday). The determination by autoanalyzer
was on an hourly basis; therefore, in the comparison among items, a weekly mean was calculated from
the hourly data for the results by autoanalyzer. In the time series (Figs. 2-5), the data at Sarakura was
doubly used. The two-year data set from June 2020 to May 2022 was set as the target period studied in
this article.

Table 1
Survey sites, items to be determined and method to determine
Site Attribute Latitude Longitude Elevation Items to be Method to
determined determine
/ma.s.l
Sarakura Quasi- 33.8452  130.7946 550 NOX*! NO Passive
National L2
Park 802, 03, NH3,
(NO)™
University ~ Suburbs 33.8899 130.7118 29 SO, Filter pack
NHj Passive
Egawa 33.8933  130.6929 26 NOx, NO, O, Autoanalyzer
(NOo)™
Tobata Downtown 33.8952  130.8293 12 NOx, NGO, SO,, Autoanalyzer
O3, (NO,)"™
NHj Passive
*1: NOx is the sum of NO and NO,. *2: NO is determined as the difference between NOx and NO,. *3:
NO, is determined as the difference between NOx and NO.
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3. Results and discussion
3.1 Temporal variation of the concentration
3.1.1 NOx, NO,, and NO

Figure 2(a)—(c) shows the time series of the concentrations of NOx (a), NO, (b), and NO (c), respectively

at Tobata (downtown), Egawa (suburbs), and Sarakura (quasi-national park). The comparison below
among the sites was tested by ANOVA and Tukey's test.

The NOx concentration at Tobata (mean: 15.1 ppb) was higher than those of Sarakura (mean: 11.5 ppb)
and Egawa (mean: 8.7 ppb) with a statistical significance (p < 0.05), and the NOx concentration at
Sarakura (mean: 11.5 ppb) was higher than that of Egawa (mean: 8.7 ppb) with a statistical significance
(p < 0.05). It is noteworthy that the NOx concentration was higher at the quasi-national park (Sarakura)
than in the suburbs (Egawa). This would be attributable to its location in the vicinity of the downtown
even though the site is established in a mountainous area and the elevation (550 m a.s.l.) is high.

A difference among the sites similar to the case of the NOx concentration was observed in the NO,
concentration: Tobata (mean: 13.2 ppb) > Sarakura (mean: 9.4 ppb) > Egawa (mean: 7.5 ppb), with a
statistical significance (p < 0.05). Since NO, is deeply related to an oxidizing chemical reaction of NO by

03, the comparison among the sites would not be as simple as the case of NOx; nonetheless, it is also
noteworthy that the NO, concentration was higher at the quasi-national park (Sarakura) than in the
suburbs (Egawa).

The magnitude correlation in the case of NO was different from those of NOx and NO,. The NO

concentrations at Tobata (mean: 1.96 ppb) and Sarakura (mean: 1.63 ppb) were higher than that of
Egawa (mean: 1.22 ppb) with a statistical significance (p < 0.05); in the meantime, no statistically
significant difference (p > 0.05) was observed between Tobata and Sarakura. This will be discussed in
greater detail in section 3.1.2, as it relates to O; and PO.

3.1.2 05 and potential ozone (PO)

Figure 3(a) and (b) shows the time series of the concentrations of O5 (a) and PO (b), respectively, at

Tobata (downtown), Egawa (suburbs), and Sarakura (quasi-national park). Potential ozone is defined by
the following formula: PO = O3 + NOy — 0.1 x NOx; here, NOx is the sum of NO and NO,, (NOx =

NO + NO,). The concept of PO is based on the facts that (1) NO, in ambient air has been produced by the
oxidation of NO by 05: O3 + NO — NO3 + O, and (2) NO, and NO account for 10% and 90% of the

primary emissions of NOx, respectively.

The O3 concentrations at Egawa (mean: 35.2 ppb) and Sarakura (mean: 33.9 ppb) were higher than that
of Tobata (mean: 29.8 ppb) with a statistical significance (p < 0.05); in the meantime, no statistically
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significant difference (p > 0.05) was observed between Egawa and Sarakura (Fig. 3(a)). This indicates
that the impact by the O air pollution is potentially more severe in the quasi-national park (Sarakura) and
the suburbs (Egawa) than in the downtown (Tobata), suggesting that considerable attention should be
paid to O5 air pollution from the viewpoint of ensuring the preservation of plants and forest ecosystems
as well as protecting human health. Meanwhile, the concentrations of PO at three sites: Tobata (41.5
ppb), Sarakura (42.6 ppb), and Egawa (41.8 ppb) had no statistically significant difference (p >0.05). As
shown in section 3.1.1, the concentrations of both NOx and NO, at Tobata (downtown) were significantly

higher than those at the other two sites, and the NO concentration at Tobata was statistically higher than
that at Egawa (suburbs) and was not statistically different from that at Sarakura (quasi-national park).
Taking the definition of PO and the reaction of O3 + NO — NO2 + O3 into account, the O air
pollution at Tobata (downtown) was presumably mitigated by NO through nitric oxide titration (

O3 + NO — NO; + 02) in ambient air. However, since the PO concentrations at three sites were at
an equivalent level, the potential risk arising from the O3 air pollution should be studied comprehensively
in a wider scale across all of Kitakyushu City.

3.1.3 S0,

Figure 4 shows the time series of the SO, concentration at Tobata (downtown), University (suburbs), and
Sarakura (quasi-national park). The spatial distribution of air pollution by SO, was definitely different
from those by NOx, NO, NO,, O5, and PO. The SO, concentration at Sarakura (mean: 0.17 ppb) was ca.
one-fifth (20%) those at Tobata (0.88 ppb) and University (mean: 0.77 ppb); in the meantime, no
statistically significant difference (p > 0.05) was observed between Tobata and University. The NOx
concentration at Sarakura (11.5 ppb) was also lower than that at Tobata (15.1 ppb); however, that is just
76% (= 11.5/15.1). This difference between NOx and SO, would be attributable to difference in their
emission sources and their location/distance from emission sources. The dominant contributor to NOx
air pollution in Japan is mobile emission like automobile; in contrast, the dominant emission sources of
SO, are stationary emissions and ships. Most stationary emission sources are located near the
shoreline, and Kitakyushu City is facing an enclosed water area, the Seto Inland Sea. The large
contribution of sulfur from ships running in the Seto Inland Sea has been shown in previous studies
(Nakatsubo et al. 2020; Wang et al. 2021; Zhang et al. 2021; Kondo et al. 2023). We simply estimated the
dilution coefficient due to the differences in SO, and NOx under some assumptions, as given below:

1. The horizontal distance of Sarakura from the nearest shoreline and main road is ca. 4 km and ca. 2
km, respectively, and the elevation of the Sarakura site is 0.55 km.

2. The stationary emission sources of SO, are located on the shoreline, and the ships run along the
shoreline.

3. The dominant emission of NOx is attributable to automobiles, and the direction of the advection of
NOx is same as that of SO, from the stationary source.

4. The concentration of air pollutants is diluted in the plume flow from the emission sources.

Page 6/15



Dilutioncoe f ficientduetodi f ferencesinSOyand N O,

_ dilutionfactorofSOy 1/4/4% + 0.55
~ dilutionfactorofNO, 1/4/22 1 0.55

The estimation of 0.51 is not small enough to explain the difference in SO, (20%) and NOx (76%);

= 0.51.

0.2/0.76 = 0.26. The biggest factor responsible for this gap is presumed to be an error in the assumption
that the advection of NOx was in the same direction as SO,, although the emission source of NOx is a
non-point source.

Assuming that the three-dimensional dilution is by diffusion and not by advection, the dilution of 0.14
would be expected as seen below:

1/( \/42+0.5523 )
v 210550

Further, it is worth noting that no statistically significant difference (p > 0.05) was observed between
Tobata (downtown) and University (suburbs), although the NOx concentration at Tobata (mean: 15.1
ppb) was higher than that of Egawa (suburbs) (mean: 8.7 ppb) with a statistical significance (p < 0.05).
Both Tobata and University are located in areas similarly far from the shoreline; on the other hand,
Tobata is located in the vicinity of the downtown where stationary sources are concentratedly
established, whereas there are few large stationary sources on the shoreline where University is located.
This result is consistent with the emission source of SO, being stationary sources and ships; in addition,

= 0.14.

the larger contribution of ships is strongly suggested.

In this section, the difference in the concentrations of NOx and SO, observed at Sarakura could be
conclusively attributable to the difference in NOx and SO, emission sources and the location/distance of
the emission sources; in addition, a large contribution from ships is also strongly implied.

3.1.4 NH;

Figure 5 shows the time series of the NH; concentration at Tobata (downtown), University (suburbs), and
Sarakura (quasi-national park). The NH5 concentration at Tobata (mean: 5.18 ppb) was higher than those
of Sarakura (mean: 2.31 ppb) and University (mean: 2.49 ppb) with a statistical significance (p < 0.05);
however, no statistically significant difference (p > 0.05) was observed between Sarakura and University.
The NH; concentrations at Sarakura and University were within the range of the NH; concentrations in

Japan (Japan Environmental Laboratories Association 2018; Yokoyama et al. 2019). On the other hand,
the NH; concentration at Tobata was equivalent to the maximum level of Japan (Yokoyama et al., 2019);

however, the NH5 concentration at Tobata in this target period seemed to be higher than that during
another period (Nguyen et al. 2020), indicating that the NH; concentration should continue to be
monitored, taking the trend into account. Since emissions from automobiles would be a dominant
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source of NH; in the urban area (e.g., Pandolfi et al. 2012; Reche et al. 2015), traffic density would be
responsible for the difference between Tobata (downtown) and University (suburbs). The NH;
concentration at Sarakura (2.31 ppb) was also lower than that at Tobata (5.18 ppb), corresponding to
just 45% (= 2.31/5.18). This dilution of the NH5 concentration was larger than that of the NOx
concentration (76%). One of the possibilities peculiar to the Sarakura site that could explain the larger
dilution of the NH5 concentration in the atmosphere is the foggy condition due to the high elevation of

the Sarakura site. Abe et al. (2022) showed that air pollutants were highly concentrated in the fog water
collected at the same site as this study (Sarakura). A wet deposition process is related with scavenging
of ambient NH; (Roy et al. 2021). Since NH3 has a high solubility to water, more frequent fog events at
Sarakura than at Tobata could contribute to a more effective scavenging of NH; from the ambient air.

4. Conclusions

The atmospheric condition at the quasi-national park was evaluated by comparing it with the
atmospheric conditions at not only the downtown but also the suburbs based on the ambient
concentrations of NOx, NO, NO,, O3, SO,, and NH;. The concentrations of potential ozone (

PO = O3 + NOy — 0.1 x NOx) at three locations were the same with no statistically significant
difference (p>0.05); on the other hand, the concentration of Og, which impacts plants and forest
ecosystems at the quasi-national park, was higher than that downtown due to less nitric oxide titration in
the atmosphere. The SO, concentration at the quasi-national park was absolutely lower than those

downtown and in the suburbs, which is surely due to the distance from the emission sources, that are
ships and stationary sources along the shoreline. The NH; concentrations at the quasi-national park and

the suburbs were within the range of those in Japan; on the other hand, the NH; concentration downtown
was at the maximum level in Japan. The scavenging of ambient NH5 by fog water would be involved in
determining the NH3 concentration at the quasi-national park.
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Figure 1

Location of survey sites: Sarakura site (quasi-national park), University site and Egawa site (suburbs),
Tobata site (downtown)
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Figure 2

Time series of the concentrations of NOx (a), NO, (b) and NO (c), respectively at Tobata (downtown;

black solid square) and , Egawa (suburbs; red solid circle) and Sarakura (quasi-national park; blue solid
triangle). Indication of Sum, Aut, Win and Spr shows the summer, autumn, winter and spring seasons,
respectively.
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Figure 3

Time series of the concentrations of O (a) and potential ozone (PO) (b) respectively at Tobata

(downtown; black solid square) and , Egawa (suburbs; red solid circle) and Sarakura (quasi-national park;
blue solid triangle). Indication of Sum, Aut, Win and Spr shows the summer, autumn, winter and spring
seasons, respectively.
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Figure 4

Time series of the SO, concentration at Tobata (downtown; black solid square) and, University (suburbs;

red solid circle) and Sarakura (quasi-national park; blue solid triangle). Indication of Sum, Aut, Win and
Spr shows the summer, autumn, winter and spring seasons, respectively.
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Figure 5

Time series of the NH; concentration at Tobata (downtown; black solid square), University (suburbs; red

solid circle) and Sarakura (quasi-national park; blue solid triangle). Indication of Sum, Aut, Win and Spr
shows the summer, autumn, winter and spring seasons, respectively.
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