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Abstract: The NP method was used to elucidate the contributions of vehicles and coal combustion to seasonal 
and long-term atmospheric PM-bound Pyr and 1-NP concentrations in Kanazawa, Kitakyushu, Shenyang, and 
Shanghai in the Western Pacific region from 1997 to 2021. Among the four cities, Kanazawa demonstrated the 
lowest Pyr concentration. The contribution of vehicles to Pyr before and after 2010 were 35% and 5%, 
respectively. The 1-NP concentration reduced by a factor of more than 1/10. These changes can be attributed to 
the emission control from vehicles. Kitakyushu revealed the second lowest Pyr and the lowest 1-NP 
concentrations. Coal combustion was found to be the main contributor to Pyr, while its contribution to 1-NP 
increased from 9% to 19%. The large contribution of coal combustion is attributed to iron manufactures. 
Shenyang demonstrated the highest atmospheric Pyr concentration with its largest seasonal change. Vehicles 
are the largest contributors to 1-NP. However, coal combustion, including winter coal heating, contributed 97% or more to 
Pyr and more than 14% to 1-NP. Shanghai revealed the second highest Pyr and 1-NP concentrations, but the former was 
substantially lower than in Shenyang. Coal combustion was the major contributor, but the contribution of vehicles to Pyr 
was larger before 2010 similar to Kanazawa. 

Keywords: Western Pacific; vehicle; coal combustion; source contribution; pyrene; 1-nitropyrene 
 

1. Introduction 

Air pollution causes millions of deaths every year in the world [1]. Particulate matters (PMs) and 
several types of harmful pollutants, including polycyclic aromatic hydrocarbons (PAHs) and their 
nitro-, hydroxy-, and quinoid derivatives, can be attributed to the incomplete combustion of organic 
matters. A variety of combustion sources, including vehicles, factories, power stations, incinerators, 
home heaters and ovens, postharvest field burning, and forest fires, emit several PAHs such as 
benzo[a]pyrene and nitropolycyclic aromatic hydrocarbons (NPAHs) such as dinitropyrens (DNPs), 
demonstrating carcinogenicity/mutagenicity. Most of these toxic hydrocarbons are contained in fine 
inhalable particles with a diameter of 2.5 µm and smaller (PM2.5) in the air and implicated in 
respiratory and cardiovascular diseases [2,3]. 

The rapid increase in the number of vehicles intensified urban air pollution in Japan in the 1980s 
to 1990s. As a result, the number of respiratory disease patients increased. The Japanese government 
lowered allowable PM and nitrogen oxide (NOx) emissions from new vehicles to improve air quality 
[4]. To clarify the trends in air pollution due to PAHs and NPAHs in the Western Pacific, total 
suspended particulates (TSPs) were collected in Tokyo, Sagamihara, Sapporo, and Kanazawa (Japan), 
Shenyang, Beijing, and Shanghai (China), Vladivostok (Russia), and Busan (Korea) in summers and 
winters from 1997 to 2014 [5,6]. Atmospheric concentrations of PAHs and NPAHs significantly 
decreased in Japanese commercial cities in the 2000s. By contrast, northern Chinese and far-eastern 
Russian cities showed one order or more higher PAH concentrations due to a considerable amount 
of coal combustion. Thus, vehicles and coal combustion were found to be the main sources for urban 
atmospheric PAHs and NPAHs in this region. However, PAH and NPAH concentrations and their 
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long-term and seasonal changes varied greatly from city to city [7]. Therefore, determining the exact 
amount of contribution of each source is necessary to identify effective measures against air pollution. 

The NP method, a new calculation approach for the contributions of major sources to 
atmospheric combustion-derived PM (Pc), PAHs, and NPAHs using 1-nitropyrene (1-NP) and pyrene 
(Pyr) as markers, was recently developed [8,9]. Using this method, atmospheric Pc concentrations and 
the long-term and seasonal contributions of vehicles and coal combustion to Pc in the above 10 cities 
were calculated [10]. These cities were then divided into two groups with high- and low-Pc 
concentrations. The former group included Shenyang, Beijing, and Vladivostok, which consumed 
substantial amounts of coal for winter heating, and the latter group included Tokyo, Sagamihara, 
Sapporo, Kanazawa, Kitakyushu, Shanghai, and Busan. The latter cities were thoroughly divided 
into two groups based on emission source types. The first group included Tokyo, Sagamihara, 
Sapporo, Kanazawa, Shanghai, and Busan whose main emission sources were vehicles, and the 
second group included Kitakyushu whose main emission source was coal combustion for coke oven 
plants in steel manufactures. However, the contribution amount of each emission source to 
atmospheric PAHs and NPAHs is still unknown. 

From the 10 aforementioned cities, Kanazawa, Kitakyushu, Shenyang, and Shanghai, which 
demonstrated distinctive source contributions to Pc, were selected to address the above issues. This 
paper calculated the contributions of vehicles and coal combustion using the NP method to clarify 
the causes of long-term and seasonal changes in the atmospheric PAH and NPAH concentrations. 

2. Materials and Methods 

2.1. Airborne particulate samples 

TSP or PM2.5 samples were collected in residential areas in Kanazawa, Kitakyushu, Shenyang, 
and Shanghai (Fig. S1). Table S1 summarizes the fundamental characteristics of these cities (locations, 
populations, temperatures, and main industries). Kanazawa, which is a typical local commercial city, 
uses electricity or kerosene for winter heating. Kitakyushu is an iron-manufacturing city that 
consumes a considerable amount of coal in steel manufactures. Shenyang is an agricultural and 
industrial mega city that has a large amount of coal consumption for winter heating. As a business 
and commercial mega city, Shanghai does not use winter heating. A high-volume air sampler 
equipped with a quartz fiber filter (8 × 10 in, 2500QAT-UP, Tokyo Dylec, Tokyo, Japan) was set in a 
residential area in each city, and 24 h sampling was continued for two consecutive weeks in each 
season [5,6]. 

2.2. Data of PAHs and NPAHs concentrations 

Sampling cities, periods, cities, and sizes of PM samples are presented in Table 1 with references: 
Analytical results of TSP collected in Kanazawa, Kitakyushu, Shenyang, and Shanghai from summer 
1997 to winter 2014; PM (PM≤2.1 + PM>2.1) in Kanazawa in summer 2017 and winter 2018; and PM2.5 in 
Shanghai from summer 2015 to winter 2018, autumn 2018, and spring 2019 were used. Additionally, 
PM2.5 in Kanazawa from winter 2020 to winter 2021 were collected in this study. 

A high-performance liquid chromatograph (HPLC) equipped with a fluorescence detector was 
used in accordance with the USEPA standard method to quantify nine PAHs: fluoranthene, Pyr, 
benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene (BaP), benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene [11]. An HPLC equipped with 
a reducing column packed with platinum/rhodium-coated particles and a chemiluminescence 
detector was used to quantify six NPAHs, namely, 9-nitroanthracene, 1-NP, 6-nitrocrysene (6-NC), 
7-nitrobenz[a]anthracene (7-NBaA), 3-nitroperylene, and 6-nitrobenzo[a]pyrene (6-NBaP) [12,13]. 
Instead of the chemiluminescence detection system, the same HPLC equipped with a fluorescence 
detector was also used for several samples. 

Table 1. Sampling cities and periods of PM samples used in this study. 
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City (Period) PM size Ref. 

Kanazawa, Kitakyushu, Shenyang, Shanghai (summer 1997–winter 
2014) 

TSP [5] 

Kanazawa (summer 2017 and winter 2018) PM≤2.1 + PM>2.1 [14] 
Kanazawa (winter 2020–winter 2021) PM2.5 This study 
Shanghai (summer 2015–winter 2018) PM2.5 [15] 
Shenyang (autumn 2018 and spring 2019) PM2.5 [16] 

2.3. Calculation of source contributions 

Among the PAH and NPAH concentrations in PM samples in Table 1, data sets of Pyr and 1-NP 
were used for the NP method analysis. The outline of this method to calculate source contributions 
[8] is presented below. PM-bound Pyr in the atmosphere is divided into the high-temperature 
combustion-derived Pyr (Pyrh) and low-temperature combustion-derived Pyr (Pyrl). PM-bound 1-
NP in the atmosphere is also categorized into high-temperature combustion-derived 1-NP (1-NPh) 
and low-temperature combustion-derived 1-NP (1-NPl). Let the fractions of 1-NPh in 1-NP (= 1-NPh 
+ 1-NPl) and Pyrh in Pyr (= Pyrh + Pyrl) in the atmosphere be a (0 < a < 1) and b (0 < b < 1), respectively. 
Thus, Equations (i) and (ii) can be obtained. 

[1-NPh] = [1-NP]a and [1-NPl] = [1-NP](1 - a)                          (i) 
[Pyrh] = [Pyr]b and [Pyrl] = [Pyr](1 - b)                                (ii) 
Equations (iii) and (iv) can be obtained by dividing Equation (i) by Equation (ii). 
[1-NPh]/[Pyrh] = [1-NP]a/[Pyr]b                                      (iii) 
[1-NPl]/[Pyrl] = [1-NP](1 – a)/[Pyr](1 – b)                              (iv) 
The nitration reaction of organic compounds is temperature dependent, and a substantial 

increase in the yield of NPAHs from mother PAHs with temperature is observed [17]. As described 
above, the two major contributors to PAHs and NPAHs are vehicles and coal combustion around the 
sampling sites in the four cities. The combustion temperatures of vehicle engines and coal combustion 
were 2,700 °C–3,000 °C and 1,100 °C–1,200 °C, respectively, and the molar concentration ratio of 1-
NP to Pyr ([1-NP]/[Pyr]) of vehicles (= 0.425) was substantially larger than that of coal combustion (= 
0.0013) [7]. The values of a (= [1-NPh]/[1-NP]) and b (= [Pyrh]/[Pyr]), which correspond to the 
contributions of vehicles to atmospheric 1-NP and Pyr, respectively, can be calculated by introducing 
these ratios into Equations (iii) and (iv). The values of a and b with atmospheric concentrations of Pyr 
and 1-NP for all samples are presented in Table S2. 

3. Results 

3.1. Long-term and seasonal changes in Pyr and 1-NP 

As shown in Figures 1–4, considerable differences in atmospheric Pyr and 1-NP concentrations 
were observed in Kanazawa, Kitakyushu, Shenyang, and Shanghai. First, a big difference of the Pyr 
profile was observed among the four cites (Figures 1 to 4(A)). Shenyang demonstrated the highest 
mean annual Pyr concentrations (at 16,900 pg/m3 before 2010 and 7430 pg/m3 after 2010), while 
Kanazawa showed the lowest concentrations (338 and 154 pg/m3, respectively) (Table 2). The long-
term and seasonal changes in the four cities also demonstrated substantial differences. The decreasing 
factor (d/c) of the mean annual Pyr concentration ratio (c) before 2010 and (d) after 2010 in Kanazawa 
and Shenyang were 0.46 and 0.44, respectively, indicating a decreasing tendency. However, 
Kitakyushu, whose d/c was 1.3, did not reveal such a decreasing tendency. By contrast, Shanghai, 
whose d/c was 2.6, demonstrated an increasing tendency despite an insufficiently short monitoring 
period. This finding can be attributed to the continuous increase of the winter Pyr concentration by 
2014. A seasonal difference (winter > summer) in the Pyr concentration in all cities was also observed. 
Among them, Shenyang revealed the largest winter/summer ratio (= 25), which was more than one 
order of magnitude larger than the other cities (Table 3). 
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Figure 1. Atmospheric Concentrations of Pyr and 1-NP and Their Sources in Kanazawa. (A) Pyr 
concentration, (B) 1-NP concentration, (C) Sources of Pyr, (D) Sources of 1-NP. S, summer; W, winter. 

 
Figure 2. Atmospheric Concentrations of Pyr and 1-NP and Their Sources in Kitakyushu. (A) Pyr 
concentration, (B) 1-NP concentration, (C) Sources of Pyr, (D) Sources of 1-NP. S and W, the same as 
in Fig. 1. 
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Figure 3. Atmospheric Concentrations of Pyr and 1-NP and Their Sources in Shenyang. (A) Pyr 
concentration, (B) 1-NP concentration, (C) Sources of Pyr, (D) Sources of 1-NP. S, summer; W, winter; 
A, autumn, Sp, spring. 

 
Figure 4. Atmospheric Concentrations of Pyr and 1-NP and Their Sources in Shanghai. (A) Pyr 
concentration, (B) 1-NP concentration, (C) Sources of Pyr, (D) Sources of 1-NP. S and W, the same as 
in Fig. 1. 

Table 2. Comparison of mean annual concentrations of Pyr and Pyrh before and after 2010 in four 
cities. 
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City 

Pyr  Pyrh  Pyrh/Pyr 
(c) ≤2008 

pg/m3 
(d) ≥2010 

pg/m3 
 

d/c  (e) ≤2008 
pg/m3 

(f) ≥2010 
pg/m3 

 
f/e  

≤2008 
% 

≥2010 
% 

Kanazawa 338 ± 197 154 ± 128 0.46  119 ± 88 7.4 ± 7.3 0.06  35 5 
Kitakyushu 456 ± 234 611 ± 783 1.3  18 ± 17 8.0 ± 6.3 0.44  4 1 
Shenyang 16,900 ± 23,400 7430 ± 8600 0.44  173 ± 129 193 ± 118 1.1  1 3 
Shanghai 405 1040 ± 950 2.6  71 33 ± 32 0.46  18 3 

Monitoring periods are the same as in Table 1. 

Table 3. Comparison of summer and winter concentrations of Pyr and Pyrl in four cities. 

City 
Pyr  Pyrl 

S, pg/m3 W, pg/m3 W/S  S, pg/m3 W, pg/m3 W/S 
Kanazawa 169 ± 178 304 ± 176 1.8  122 ± 110 240 ± 115 2.0 

Kitakyushu 239 ± 231 797 ± 542 3.3  234 ± 228 774 ± 550 3.3 
Shenyang 971 ± 473 2380 ± 1880 25  913 ± 468 2360 ± 1880 26 
Shanghai 567 ± 914 1260 ± 797 2.2  540 ± 911 1200 ± 787 2.2 

W and S denote winter and summer, respectively. Monitoring periods are the same as in Table 
1. 

Second, Figures 1 to 4 (B) show the long-term and seasonal variations in 1-NP concentrations in 
the four cities. Shanghai demonstrated the highest 1-NP concentration (371 pg/m3) in summer 2007 
(Table S2). However, the mean annual 1-NP concentrations were highest in Shenyang in both periods 
(88 and 85 pg/m3 before and after 2010, respectively) and lowest in Kitakyushu (8.3 and 5.2 pg/m3 
before and after 2010, respectively) (Table 4). Despite the lowest mean annual 1-NP concentrations 
among the four cities, Kanazawa demonstrated a decreasing tendency of the 1-NP concentration (d/c 
= 0.08), which was substantially clearer than that of the Pyr concentration. It should be noted that 
Shenyang and Kitakyushu had larger fractions of 1-NPl to Pyr (1-NPl/1-NP) than the other two cities. 
However, the decreasing tendency of the 1-NP concentration was absent in Shenyang (d/c = 0.97) 
(Table 4). All cities revealed seasonal changes (winter > summer) in the 1-NP concentration. Among 
them, Shenyang showed the largest winter to summer ratio of 1-NPl (W/S = 5.1) (Table 5). However, 
this ratio was substantially smaller than that of Pyr in this city described above, indicating that the 
seasonal change in the 1-NP concentration was considerably weaker. 

Table 4. Comparison of annual concentrations of 1-NP and 1-NPl before and after 2010 in four cities. 

 
City 

1-NP  1-NPl  1-NPl/1-NP 
(c) ≤2008 

pg/m3 
(d) ≥2010 

pg/m3 d/c  
(e) ≤2008 

pg/m3 
(f) ≥2010 

pg/m3 f/e  
≤2008 

% 
≥2010 

% 
Kanazawa 55 ± 45 4.5 ± 3.2 0.08  0.29 ± 0.21 0.24 ± 0.19 0.83  1 5 

Kitakyushu 8.3 ± 6.1 5.2 ± 4.0 0.63  0.76 ± 0.42 0.98 ± 1.24 1.3  9 19 
Shenyang 88 ± 66 85 ± 90 0.97  24 ± 38 12 ± 14 0.50  27 14 
Shanghai  16 ± 18    1.2 ± 1.3    8 

Monitoring periods are the same as in Table 1. 

Table 5. Comparison of summer and winter concentrations of 1-NP and 1-NPl in four cities. 

City 
1-NP  1-NPl 

S, pg/m3 W, pg/m3 W/S  S, pg/m3 W, pg/m3 W/S 
Kanazawa 22 ± 39 33 ± 49 1.5  0.13 ± 0.08 0.36 ± 0.21 2.8 

Kitakyushu 2.9 ± 2.0 11 ± 4.3 3.8  0.6 ± 0.6 1.1 ± 1.0 2.0 
Shenyang 31 ± 9.8 161 ± 44 5.1  1.5 ± 0.7 34 ± 32 23 
Shanghai 4.8 ± 2.7 30 ± 18 6.2  0.23 ± 0.05 1.9 ± 1.3 8.3 
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W and S denote winter and summer, respectively. Monitoring periods are the same as in Table 
1. 

3.2. Long-term and seasonal change in source contributions 
The contribution of the two combustion sources to the atmospheric Pyr and 1-NP were examined 

using the NP method. First, Equations in 2.3 were used to calculate fractions of Pyrh (b) and Pyrl (1 - 
b) in Pyr. As shown in Figures 1 to 4 (C), Pyrl was constantly over 50% of the atmospheric Pyr in all 
cities over the monitoring period. However, the fraction of Pyrh markedly varied from city to city and 
from time to time. In Kanazawa, regardless of the lowest Pyr concentration among the four cities, the 
fraction (%) of Pyrh in Pyr (Pyrh/Pyr) was over 35% in the 1990s (Fig. 1(C)). The fraction of Pyrh in Pyr 
was 35% before 2010, which was the highest among the four cities (Table 2). However, the fraction of 
Pyrh in Pyr was 5% with decreasing the Pyrh concentration to the lowest (= 7.4 ng/m3) among the four 
cities after 2010. The fraction of Pyrh in Pyr in Kitakyushu remained at the low level not more than 
4% over the periods. The Pyr concentration abruptly increased in the winter 2014 (Fig. 2(C)). But the 
fraction of Pyrh was less than 1% (Table 2). The rise in the Pyl concentration contributed to the 
aforementioned increase in the Pyr concentration. Shenyang revealed the highest Pyr concentration 
among the four cities with a decreasing tendency (Fig. 3(C)). The fraction of Pyrl in Pyr was 
considerably large (more than 97%) over the period, while the fraction of Pyrh was not more than 3% 
(Table 2). The seasonal difference in the Pyrl concentration (winter/summer ratio = 26) was also the 
largest among the four cities (Table 3), contributing to the remarkable seasonal change in the Pyr 
concentration as described above. In Shanghai, the fraction of Pyrh in Pyr (= 18%) was the second 
largest before 2010 (Fig. 4(C)). But the fraction of Pyrh sharply decreased to 3% after 2010 (Table 2). 
This decreasing tendency in Shanghai was similar to Kanazawa, but the phase was later by several 
years.  

Second, the fractions of 1-NPh (a) and 1-NPl (1 - a) in 1-NP were calculated using Equations in 
2.3. Contributions of the two sources to 1-NP were completely different from those to Pyr. a value in 
the four cities. From Table S2, the fraction of 1-NPh in 1-NP was always larger than that of 1-NPl. By 
contrast, the fraction of 1-NPl in 1-NP was larger than 35% several times in Shenyang and Kitakyushu, 
but not more than 8% in Kanazawa and Shanghai over the period. The fractions of 1-NPl in 1-NP 
were 27% and 14%, respectively, in Shenyang before and after 2010 and 19% in Kitakyushu after 2010 
(Table 4). Notably, among the four cities, Shenyang revealed the largest seasonal difference (W/S ratio 
= 23) in the 1-NPl concentration. However, such a considerable seasonal difference was not found in 
1-NP in all for cities (Table 5). These results indicated that large amounts of coal combustions for 
heating increased the 1-NPl concentration only in Shenyang in winter. 

4. Discussion 

The combustion of organic materials emits PAHs and NPAHs. The production of high molecular 
weight PAHs increases with the combustion temperature [18]. The nitration reaction is also 
temperature dependent, which increases the concentration ratio of NPAH to its corresponding PAH. 
In exhaust PM, concentration ratios of [1-NP]/[Pyr], [6-NC]/[Chr], [7-NBaA]/[BaA], and [6-
NBaP]/[BaP] were larger from vehicle engines with higher-combustion temperature than in coal 
combustion facilities with lower-combustion temperature [7]. Therefore, several NPAHs have 
become exposure markers for diesel vehicles [19]. 

For gasoline engine vehicles, three-way catalyst systems that could reduce carbon mono-oxide 
(CO), hydrocarbon (HC) and NOx in emission gas were developed. The installation of this system 
has progressed since the 1970s. However, urban air pollution did not improve in Japan at all. As 
mentioned above, its health effects became a major problem in the 1980s. The reason for this was the 
rapid increase in the number of vehicles equipped with diesel engines, which produce far more PM 
and NOx than gasoline engines [20]. Therefore, technological improvements were made to diesel 
engines and fuel, and the government's PM and NOx emission regulations for diesel vehicles were 
gradually tightened. In response to the Japanese governmental control values, atmospheric 
concentrations of BaP and 6-NBaP in Kanazawa, which were high in the 1990s, dramatically reduced 
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in the 2000s [21]. Therefore, vehicles were identified as the major contributor to the atmospheric 1-
NP. A similar reduction in the atmospheric PAH and NPAH concentration was also observed in other 
Japanese commercial cities [5]. By contrast, the fraction of Pyrh in Pyr was over 35% in Kanazawa in 
the 1990s, indicating that the mixture of coal combustion and vehicles contributed to Pyr. However, 
as described above, the emission control against vehicles effectively reduced their atmospheric 
concentrations after the 2000s. 

Kitakyushu is a typical steel manufacturing city, where coke oven plants consume considerable 
amounts of coal. The air sampling site is located 6 to 17 km west–southwest of steel mills and is on 
the leeward side of the westerly wind that blows from Asian continent to Japan Islands. This finding 
indicated the strong effects of iron manufactures on the atmospheric PAHs and NPAHs. A previous 
report revealed that combustion sources with low temperature largely contributed to Pc emission in 
this city than in Kanazawa [10]. A major contributor to Pyr involved the combustion of large amounts 
of coal, especially in iron manufactures. Meanwhile, vehicles were the major contributors to 1-NP. 

Coal energy in Shenyang used for winter heating is 70% of the primary energy [22]. Coal 
combustion was reported to contribute more largely to the atmospheric Pc than vehicles in this city 
[10]. Moreover, the atmospheric Pyr concentration demonstrated a large seasonal difference (winter 
> summer). Therefore, coal combustion, especially for winter heating, was identified as the major 
contributor to Pyr. Although the major contributor to 1-NP was vehicles, coal heating also 
contributed to the atmospheric1-NP to some extent. 

The contribution of vehicles to the atmospheric Pc in Shanghai was larger than that of coal 
combustion [10]. The contribution of vehicles to Pyr was over 30% in Shanghai in the summer 2007, 
although the contribution of coal combustion to Pyr was much larger than that of vehicles over the 
period. Subsequently, it decreased gradually, similar to Kanazawa. These results indicated that the 
effects of technological innovations of vehicle engines and oils emerged several years later in this city 
than in Kanazawa. 

For 47 samples in Table S1, the correlations between Pyr and nine PAHs and 1-NP and two 
NPAHs (= 1-NP + 6-NBaP) were 0.963 and 1.00, respectively. The strong relations indicated the above 
results of Pyr and 1-NP are regarded as the results of the primary emitted PAHs and NPAHs, 
respectively [13]. 

5. Conclusion 

As two major combustion sources, contributions of vehicles and coal combustion to long-term 
and seasonal changes in atmospheric PM-bound Pyr and 1-NP concentrations in Kanazawa, 
Kitakyushu, Shenyang, and Shanghai in the Western Pacific region were elucidated using the NP 
method. 

(1) Kanazawa demonstrated the lowest Pyr concentration among the four cities. The contribution of 
vehicles to Pyr before and after 2010 were 35% and 5%, respectively. By contrast, the atmospheric 1-
NP concentration, of which more than 95% was emitted from vehicles, markedly decreased after 2010 
by a factor of more than 1/10. These changes can be attributed to the effective control against PM/NOx 
emissions from vehicles. 

(2) The second lowest Pyr concentration and the lowest 1-NP concentration were observed in Kitakyushu. 
The contribution of coal combustion was more than 96% to the atmospheric Pyr, while that to 1-NP 
before and after 2010 was 9% and 19%, respectively. The large contribution of coal combustion to Pyr 
and 1-NP can be attributed to iron manufactures, where a large amount of coal was consumed in coke 
oven plants. 

(3) The highest Pyr concentration with its largest seasonal change (winter/summer) was found in 
Shenyang. Although vehicles were the major contributor to 1-NP, coal combustion, including winter 
coal heating, contributed 97% or more to the atmospheric Pyr and around 14%–27% to the 
atmospheric 1-NP. 

(4) Shanghai revealed the second highest atmospheric Pyr and 1-NP concentrations, but the former 
concentration was substantially lower than that in Shenyang. Coal combustion was the major 
contributor to Pyr and 1-NP, but vehicles still contributed 18% to the atmospheric Pyr before 2010. 
However, their contribution decreased to 1% after 2010 due to the development of technology on 
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vehicle emissions. 
(5) Strong correlations between Pyr and PAH concentrations and between 1-NP and NPAH 

concentrations in the four cities indicate that the above results for Pyr and 1-NP can be considered in 
terms of the contributions of vehicles and coal combustion to PAHs and NPAHs, respectively. 
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