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Airborne particulates have been continuously collected
at four cities in Japan starting in the late 1990s, at major
cities in China, Korea and Russia starting in 2001 and at
Noto peninsula starting in 2004. After extracting and
cleaning up particulates, nine polycyclic aromatic hy-
drocarbons (PAHs) and eleven nitropolycyclic aromatic
hydrocarbons (NPAHs) were determined by HPLC with
‰uorescence and chemiluminescence detections, respec-
tively. Annual concentrations of PAHs and NPAHs at the
cities were in the order, China＞Russia＞Korea＞Japan.
Concentrations of PAHs and NPAHs in Japanese cities sig-
niˆcantly decreased but diŠerent tendencies were ob-
served in Chinese and Russian cities. On the Noto peninsu-
la, which is in the main path of winter northwest winds and
a year-round jet stream that blow from the Asian continent
to Japan, the concentrations of PAHs and NPAHs were
high in winter and low in summer every year. A cluster
analysis and back trajectory analysis indicated that PAHs
and NPAHs at the Noto peninsula in winter mainly came
from coal burning systems in Northeast China.

Key words: polycyclic aromatic hydrocarbon, nitropolycy-
clic aromatic hydrocarbon, PM2.5, East Asia, long-range
transport

Introduction
In East Asia, the economics and industrial outputs of

Japan, China, Korea and Russia have developed rapidly
in recent decades. Together, these countries account for
more than a quarter of the world energy consumption.
The main energy sources in these countries are oil in
Japan and Korea, coal in China and natural gas in
Russia (but coal for Far Eastern Russia). The burning of
these fuels releases many pollutants including gases and
particulates into the atmosphere. Recent increases in the
consumption of coal and petroleum in China have led to
heavy air pollution. One class of small atmospheric
pollutants is refereed to as ``atmospheric particulate
matters not more than 2.5 mm (PM2.5)''. High levels of

PM2.5 have been reported in Beijing since January 2013
(1).

Polycyclic aromatic hydrocarbons (PAHs) such as
benzo[a]pyrene (BaP) and nitropolycyclic aromatic
hydrocarbons (NPAHs) such as 1-nitropyrene (1-NP)
are ubiquitous environmental pollutants, which mainly
originate from imperfect combustion and pyrolysis of
organic matters (2). In addition, some NPAHs, such as
2-NP and 2-nitro‰uoranthene (2-NFR), are secondarily
formed in the atmosphere via reactions of their parent
PAHs and NO2 (3). Many of them are carcinogenic
and/or mutagenic. The International Agency for
Research on Cancer ranked BaP in Group 1 (carcino-
genic to humans), 1-NP in Group 2A (probably carcino-
genic to humans) and several other PAHs and NPAHs
in Group 2B (possibly carcinogenic to humans). Addi-
tionally, WHO moved PM2.5 in Group 1 in 2013, be-
cause several PAHs and NPAHs, such as BaP and
1-NP, contained in PM2.5 are in Group 1 or Group 2A
(4). On the other hand, several metabolites of PAHs
and NPAHs have estrogenic/antiestrogenic or antian-
drogenic activities (5–7) or activity to produce reactive
oxygen species (8,9). Because PAHs and NPAHs have
been linked to respiratory and cardiovascular diseases,
the environmental behaviors need to be better under-
stood.

Airborne particulates were collected at four major ci-
ties (Kanazawa, Tokyo, Sapporo and Kitakyushu) in
Japan from the late 1990s. The sampling area was ex-
panded to major foreign cities in Pan-Japan Sea coun-
tries, Shenyang, Tieling, Fushun and Beijing (China),
Busan (Korea) and Vladivostok (Russia) starting in
2001. The international collaboration in airborne par-
ticulate sampling has continued to the present with the
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Fig. 1. Annual average atmospheric concentrations of PAHs and NPAHs in East Asia.
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addition of several cities such as Shanghai in China.
Airborne particulates were extracted with ben-

zene/ethanol and the extracts were cleaned up with
alkaline solution, acidic solutions and water. Then
PAHs and NPAHs were determined. The United States
EPA has listed 16 PAHs as priority pollutants. In this
study we measured nine of these PAHs having 4 to 6
rings, by HPLC with ‰uorescence detection using
pyrene-d10 (Pyr-d10) and benzo[a]pyrene-d12 (BaP-d12) as
internal standards (10,11). The nine PAHs were ‰uoran-
thene (FR), pyrene (Pyr), benz[a]anthracene (BaA),
chrysene (Chr), benzo[b]‰uoranthene (BbF), ben-
zo[k]‰uoranthene (BkF), BaP, benzo[ghi]perylene
(BghiPe) and indeno[1,2,3-cd]pyrene (IDP).

Using the same extracts that were used for the PAH
analysis, were measured eleven NPAHs by HPLC with
chemiluminescence detection using 2-‰uoro-7-nitro‰uo-
rene (FNF) as an internal standard (12–14). The eleven
NPAHs were 1,3-, 1,6-, 1,8-dinitropyrenes (1,3-, 1,6-,
1,8-DNPs), 9-nitroanthracene (9-NA), 1-, 2-NPs, 2-
nitro‰uoranthene (2-NFR), 6-nitrochrysene (6-NC), 7-
nitrobenz[a]anthracene (7-NBaA), 6-nitrobenzo[a]py-
rene (6-NBaP) and 3-nitroperylene (3-NPer). The
system time-programed the following ˆve steps: 1) sepa-

ration of NPAHs from PAHs in a clean-up column, 2)
reduction of NPAHs to their corresponding amino
derivatives (APAHs) in a reduction column packed with
Pt/Rh, 3) concentration of APAHs on a concentrator
column, 4) separation of APAHs in a separation
column and 5) detection of APAHs chemilumigenically.
The sensitivity of the HPLC with chemiluminescence
detection was about 100 times higher than the sensitivi-
ties of previous methods such as HPLC with ‰uores-
cence detection and GC-MS (12).

Atmospheric Concentrations of PAHs and
NPAHs

Figure 1 shows the annual mean atmospheric con-
centrations of total PAHs and NPAHs at the above
cities from 2001 to 2005 (10,11,15–20). The PAH con-
centrations were in the order; FushunÀBeijingÀ
TielingÀShenyangÀÀVladivostokÀTokyoÀSapporo
ÀKitakyushuÀBusanÀKanazawa. The NPAH con-
centrations were in the order; FushunÀBeijingÀTie-
lingÀShenyangÀTokyoÀVladivostok＝KitakyushuÀ
BusanÀSapporoÀKanazawa. Although there were
small diŠerences in the order of cities, the PAH and
NPAH concentrations in the four countries were in the
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Fig. 2. [NPAH]/[PAH] ratios of diesel-engine exhaust particulates (DEP), coal-smoke particulates (CSP) and wood-smoke particulates (WSP).
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order, ChinaÀRussiaÀKorea＝Japan. It must be em-
phasized that the PAH concentrations in China were
much higher than those in Japan, suggesting that the ur-
ban atmosphere in China was very much polluted with
PM-containing PAHs. Moreover, Fig. 1 showed that
the concentration ratios of NPAHs to PAHs
([NPAHs]/[PAHs]) were smaller at Chinese cities
(0.014–0.048) than those at Japanese cities
(0.055–0.407), suggesting that the sources were diŠerent
between the two counties (11).

Compositions and Main Sources
The formation of NOx depends on the combustion

temperature and the formation of NPAHs from corre-
sponding PAHs in the presence of NOx also depends on
combustion temperature of organic matters. Therefore,
the formation of NPAHs increased with increasing
combustion temperature, suggesting that the [NPAH]/
[PAH] concentration ratios in PM might also depend on
combustion temperature. To test this hypothesis, the
[NPAH]/[PAH] concentration ratios were determined
in three diŠerent types of PM from diesel-engine vehi-
cles (combustion temperature was about 2,7009C), coal-
burning stoves (about 9009C), and wood burning stoves
(about 5009C). Four of the ratios ([1-NP]/[Pyr], [6-
NC]/[Chr], [7-NBaA]/[BaA] and [6-NBaP]/[BaP])
were signiˆcantly diŠerent in the three PMs (Fig. 2),
suggesting that these parameters showed the sources
clearly (11,21). A high concentration of 1-NP in the PM
in automobile exhausts has been used as an eŠective

marker of human exposure to automobile exhausts
(22–25).

Figure 2 showed very different values of [1-NP]/
[Pyr], [6-NC]/[Chr], [7-NBaA]/[BaA] and [6-NBaP]/
[BaP] in diesel-engine particulates (DEP), coal-smoke
particulates (CSP) and wood-smoke particulates
(WSD). The ˆgure, for example, showed the [1-NP]/
[Pyr] ratio of CSP (0.001) was much smaller than the
ratio of DEP (0.36) (11). In East Asian cities, DEP
and/or CSP were considered as major contributors. The
[1-NP]/[Pyr] ratios at Shenyang were 0.003 (winter) and
0.04 (summer), while the values at Tokyo were 0.13
(winter) and 0.09 (summer), respectively. The diŠerence
in the values between the two cities in winter (more than
40 times) was larger, probably because of a larger
amount of emissions from coal heating in Shenyang.
Several PAH pairs such as [FR]/[FR＋Pyr], [BaA]/
[Chr] and [IDP]/[IDP＋BghiPe] have been used as mar-
kers of the source of the PAHs (2,26,27). However, the
diŠerences in those markers were not large enough to
identify the source. Thus, by using the [NPAH]/[PAH]
ratios, the major sources of PAHs and NPAHs of the
four countries in Fig. 1 were identiˆed as automobiles in
Japan and Korea, coal combustion systems in China
and Russia (19,28). The values for China were typical of
a country that exhausts huge amounts of PAHs and
NPAHs from coal combustion systems.

Figure 3 shows diurnal atmospheric concentrations of
1-NP and 1,3-, 1,6-, 1,8-DNPs emitted from automo-
biles. Airborne particulates were collected every 2 h at
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Fig. 3. Diurnal variations of 1,3-, 1,6-, 1,8-DNPs and 1-NP in urban air.

Fig. 4. Changes of atmospheric (A) total particulate matter (TPM), (B) BaP and (c) 6-NBaP concentrations and (d) [6-NBaP]/[BaP] Ratio at
downtown Kanazawa.
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Fig. 5. Comparison of atmospheric PAHs and NPAHs at two sites in Shenyang in 2001–2002 and 2007.
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roadside in downtown Kanazawa city, Japan. Although
the concentrations of 1,3-, 1,6- and 1,8-DNPs were
much lower than the concentration of 1-NP, the three
NPAHs showed very similar patterns. The concentra-
tions of these three NPAHs were high in the evening,
decreased in the night and reached in the lowest levels in
the early morning. Then they increased later in the
morning. The pattern of these NPAHs was in parallel
with the time course of tra‹c volume monitored at the
nearest intersection, suggesting that these NPAHs were
emitted from automobiles (29). PAHs such as BaP and
Pyr showed patterns similar to those of NPAHs. Figure
3 is a typical pattern observed in the downtown area of
Japanese cities where the major contributors of PAHs
and NPAHs were automobiles (30,31). Both PAHs and
NPAHs emitted from automobiles mainly existed in the
ˆne particulate fraction less than 1.1 mm (32,33).

In 1990s, the atmospheric concentrations of PM,
which contained PAHs and NPAHs, in Japanese cities
were very high and were considered as a cause of
respiratory and/or cardiovascular diseases. In the early
2000s, the Japanese government took countermeasures
to reduce the urban air pollutions by requiring emission
control of PM and NOx from automobiles and die-
sel/gasoline quality control (34). Some of the results of
these measures are shown in Fig. 4. In downtown
Kanazawa, total particulate matters (TPM) tended to
decrease during the period from 1999 to 2010 (Fig. 4A).
Moreover, the concentrations of BaP (Fig. 4B) and 6-
NBaP (Fig. 4C) clearly decreased in this period. Espe-

cially, the 6-NBaP concentration decreased signiˆcantly
by a factor of 30 in summer and decreased by a factor of
13 in winter. Moreover, the [6-NBaP]/[BaP] ratio,
which is an eŠective marker of automobile emission,
decreased signiˆcantly in the same period (Fig. 4D).
This suggests that the contribution of automobiles to
atmospheric PAHs and NPAHs were eŠectively reduced
by the countermeasures. During this period, the sig-
niˆcant decreases of PAHs and NPAHs were also ob-
served in the other Japanese cities (34,35).

In China, local governments started several projects
to reduce air pollution. However, the eŠects were not
the same as those in Japan. The Shenyang government
undertook the Blue Sky Project (36), in which 100 facto-
ries were transferred to the outer city, and 5,000 in-
e‹cient boilers for domestic heating were removed be-
tween 2001 and 2007. The project helped to reduce the
atmospheric concentrations of PM10. As shown in Fig.
5, the project also decreased the concentrations of
PAHs in Shenyang (37). The Beijing government started
to control tra‹c volume to reduce air pollution for the
2008 Olympic Games. It is important to know the ten-
dency of the concentrations of both PAHs and NPAHs
after then. Thus atmospheric pollution levels in the Pan-
Japan Sea countries changes very fast with diŠerent ten-
dencies. The follow-up monitoring of these PAHs and
NPAHs in East Asian countries is needed to make ac-
curate prediction.
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Fig. 6. Time course of atmospheric PAH and particulate concentrations at Noto Peninsula, Japan.
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Long-range Transport of PAHs and NPAHs from
the Asian Continent to Japan

Airborne particulate matter was collected at the
Wajima Air Monitoring Station (Nishi-Futamata-
machi, Wajima City, Ishikawa Prefecture, Japan),
which is located on the Noto peninsula 2.1 km south of
the Japan Sea coast and about 100 km north of Kanaza-
wa. The Noto peninsula is a less-populated area and no
major emission sources of atmospheric pollutants are
near the station. Airborne particulate matter was col-
lected continuously from September 17, 2004 to the
present. This site is in the main path of winter northwest
winds and a year-round jet stream that blow from the
Asian continent to Japan. The concentrations of PAHs
at this site were much higher during the heating period
of China (from October 15, 2004 to April 15, 2005) than
in other seasons. Airborne particulate concentration, on
the other hand, was high from March and May, partly
caused by Yellow sand storms. The variation of PAHs
was diŠerent from that of airborne particulate concen-
tration (Fig. 6) (38). In subsequent years, PAH concen-
trations repeated the same seasonal variation (high in
winter and low in summer).

A cluster analysis dendrogram showed that the chemi-
cal composition of atmospheric PAHs at the Noto
peninsula was closer to the chemical composition at
Shenyang than to the chemical composition at Kanaza-
wa, even though Shenyang is much farther away than

Kanazawa. Moreover, a back trajectory analysis
showed that the air mass collected at the Noto peninsula
in winter passed over Northeast China including
Shenyang two or three days before it reached to the
Noto peninsula, but it did not pass over this region in
other seasons (38). These results indicated that PAHs
detected at the Noto peninsula in winter mainly came
from Northeast China. The variations in NPAHs were
similar to those observed in PAHs, suggesting that the
NPAHs have also undergone long-range transport from
Northeast China to Japan (39).

During their atmospheric transport, PAHs and
NPAHs were converted to other compounds such as
their hydroxylated derivatives in the presence of NOx,
sunlight or other co-existing compounds such as yellow
sand. Some of these compounds were considered to
cause respiratory and cardiovascular symptoms (40–45).

Because deterioration of respiratory and cardiovascu-
lar symptoms might be caused by yellow sand and PM2.5

long-range transported from Asian continent to Japan,
as a possible mechanism, continuous monitoring of
atmospheric PAHs and NPAHs not only at major cities
in Pan-Japan Sea countries but also at Noto peninsula,
Japan is very important. By using recent analytical
results, the emission sources, concentrations, and
transboundary transport of particulate PAHs in North-
east Asia could be estimated accurately (46,47).
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