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< PAN in autumn was the highest due to frequent transports from source regions.
< The maximum levels of PAN were observed at airs originated from mid-altitudes.
< The marine boundary layer acted as an overall sink for PAN.
< In-situ PAN production within boundary airs was apparent under some conditions.
< PAN in this study was two times higher than previous studies in the Yellow Sea.
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Concurrent two-week measurements of peroxyacetyl nitrate (PAN), other photochemically reactive
species (including O3, CO, NO2, and volatile organic compounds), and aerosols (water-soluble ionic
species, organic and elemental carbon, and trace metals) were made at an atmospheric monitoring
station on Baengyeong Island in the summer and autumn of 2010 and winter and spring of 2011. PAN
mixing ratios ranged from the below the detection limit of 0.01e2.47 ppbv, with a median of 0.04, 0.58,
0.32, 0.17 ppbv during the summer, autumn, winter; and spring, respectively. Although the
photochemical ages determined from the PAN/NOx ratios indicated that the measurement site was
situated under a relatively clean marine boundary layer, signiﬁcant and abrupt increases in PAN were
frequently observed due to transport from nearby land masses, mainly China and South Korea. The
vertical trend of PAN with a mid-altitude maximum observed in this study is consistent with previous
aircraft campaigns near the site. However, the PAN concentration recorded in this study was about two
times higher than those of previous studies at remote marine surface sites in the southern Yellow Sea. In
most cases, the marine boundary layer acted as an overall sink for PAN. However, we found that in-situ
photochemical production of insoluble PAN also contributes to maintaining high-PAN mixing ratios in
the boundary layer over the Yellow Sea and plays a role in the regional transport of reactive nitrogen
species.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
PAN, like O3, is a secondary pollutant that is photochemically
produced from precursor gases such as nitrogen oxides (NOx) and
volatile organic compounds (VOCs). Although PAN and O3 share
common precursors and are often considerably correlated with each
other, PAN is known as a better indicator of photochemical air
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pollution because it originates solely from photochemical reactions,
whereas O3 is often signiﬁcantly inﬂuenced by other sources such as
stratospheric intrusion (Nielsen et al., 1981). Furthermore, PAN has
long been considered an important pollutant as it is likely to lead to
widespread acid deposition, with harmful effects on vegetation
(Cape, 2003). Due to its high production rate near NOx and VOCs
source regions, PAN mixing ratios have been measured in excess of
a few ppbv in urban areas. PAN is also ubiquitous at levels of a few
pptv in remote marine environments, although mixing ratios in
Antarctica are often down to sub-pptv levels (Gallagher et al., 1990;
Muller and Rudolph, 1992; Staudt et al., 2003; Mills et al., 2007).
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In East Asia, anthropogenic emissions are considered to be
rapidly increasing and are predicted to increase further (Akimoto,
2003; Ohara et al., 2007). The apparent increasing trend in the O3
mixing ratio at background sites in Northeast Asia over the last two
decades points to the considerable effect of increasing emissions
from Asia. Furthermore, the increases in background O3 over
Europe and North America cannot be solely explained by regional
O3 precursor changes because anthropogenic O3 precursor emissions decreased in Europe and North America as consequence of
strict air pollution legislation (Staehelin and Poberaj, 2007). Xu
et al. (2008) observed long-term trends showing an increase in
the daily O3 maximum at a regional background station in eastern
China, which was attributed mainly to increasing NOx concentrations. There are also numerous reports showing that pollutants
from Asia are transported over the Paciﬁc to North America (Singh
et al., 2009; Reidmiller et al., 2009). Wild et al. (2004) showed that
outﬂow from East Asia can affect the O3 concentration on a global
scale. PAN transported away from source regions is the key reactive
nitrogen species responsible for O3 formation in remote regions
(Crutzen, 1979; Ridley et al., 1990; Hudman et al., 2004).
The lifetime of PAN after formation is highly sensitive to
temperature: it is 5.36 years at 26  C but just 30 min at 25  C
(Zhang et al., 2011). Thus, the extent of long-range transport of PAN
signiﬁcantly varies with the time of day, season, path and altitude,
and weather processes during transport. Near the source regions,
the maximum PAN mixing ratios are observed during late spring
and summer, when the photochemical production is the highest. In
contrast, in remote areas, the maximum PAN mixing ratios are
often found in winter time as a result of the increased stability of
PAN at the lower temperatures (Gaffney and Marley, 1993; Rubio
et al., 2007). The prevailing winds in Northeast Asia are greatly
complicated by seasonal circulation patterns that overlap the midlatitude westerly. Thus, pollution transport over this region is
frequently subject to the inﬂuence of monsoon air ﬂows, which
represent the major seasonal changes in circulations affecting
pollutant distribution (Sun et al., 2011). Although the Yellow Sea,

surrounded by China and the Korean Peninsula, is an ideal place to
examine the long and medium-range transport of PAN and other
photochemical pollutants, their concentrations have rarely been
measured in a systematic manner in marine background
atmospheres.
In order to assess the extent and identify the pathways of longrange transport of reactive nitrogen species, including the PAN,
from East Asia, it is essential to know the key behaviors and
conditions involved in PAN and O3 chemistry in the marine
boundary layer near major source regions. Thus, the objectives of
this study were to determine PAN mixing ratios in different seasons
over the Yellow Sea and to investigate their variations according to
transport effects, in-situ production, and loss within the boundary
layer.
2. Experiment
Seasonal PAN measurements were conducted at an atmospheric
supersite on Baengyeong Island, located in the far western part of
Korea, in the Yellow Sea between China and Korea (Fig. 1). The
measurement station (37 570 N, 124 370 E) is located at the top of
a hill in a mountainous area with an altitude of 150 m above sea
level. The Korea National Institute of Environmental Research
(NIER) established this atmospheric monitoring station to observe
the regional background. The island has a population of about
4000 people who mainly reside on the eastern part. The inﬂuence
of local emissions is practically conﬁned to a narrow region because
of the easterly wind and infrequent trafﬁc on nearby roads.
Intensive seasonal ﬁeld experiments were conducted in
summer (August 2nde14th, 2010), autumn (October 1ste16th,
2010), winter (January 14the29th, 2011), and spring (March
28theApril 12th, 2011). PAN measurements were conducted in
a room on the ﬁrst ﬂoor of a station where 56 VOCs species were
determined in-situ by an online gas chromatograph (GC) on an
hourly basis. PAN mixing ratios were determined every 3 min by
a fast chromatograph with luminol-based chemiluminescence

Fig. 1. Location of sampling site on Baengyeong Island in the Yellow Sea.
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detection (Marley et al., 2004; Lee et al., 2008). Although a common
glass inlet (1 inch diameter) and manifold were used to sample the
air for VOCs and other gaseous compounds at the site, an independent perﬂuoroalkoxy line (1/4 inch) was used to directly sample
the ambient air and thus reduce the length of the sample line to the
PAN instrument. Air was continuously ﬂushed at 100 ml min1 to
a 2-cm3 Teﬂon loop attached to a six-port, two-position switching
valve (Cheminert C22, Valco Instruments (Houston, TX, USA)) by
a vacuum pump. The valve was cycled to injection/sampling positions by commands sent via an RS-232 serial port. PAN in the
injected air samples was separated with NO2 and other chemiluminescence reacting species along a 10-m capillary GC column
(DB-1, J&W Scientiﬁc, Folsom, CA, USA), and was introduced to
a reaction cell connected to one end of the GC column. The PAN
chemiluminescence signal, i.e., chromatogram peak, was detected
by a gated photon counter (HC135-01, Hamamatsu, Bridgewater, NJ,
USA) set at around 800 V and operated at room temperature.
Photons from the PAN chemiluminescence reaction were counted
by a PC through the RS-232 port. The whole process, including PAN
peak identiﬁcation and integration, was automated using
a customized LabView (National Instruments, Austin, TX, U.S.A.)
program with the serial data acquisition interface.
PAN calibration was carried out at the beginning and end of each
experiment against liquid standards synthesized by nitration of
peracetic acid in n-tridecane (Gaffney et al., 1984; Gregory et al.,
1990). For this calibration, 1e5 mL aliquots of the PAN/n-tridecane
solution were injected through the injection port into a 5-L Tedlar
bag ﬁlled with zero air (99.999%). After letting the air in the bag
equilibrate for 2 min, it was connected to the sampling line and
injected into the GC system. Immediately after being injected into
the GC system, the air in the same bag was introduced to an NO2
chemiluminescence instrument (42C, Thermo Electron Corporation, Franklin, MA, USA) to read the PAN concentration in the form
of NO2. The above calibration procedure was completed in less than
5 min to minimize errors from the possible thermal decomposition
of PAN (Kourtidis et al., 1993). As the nominal detection limit of NO2
for a commercial instrument is 1 ppbv, the calibrations were conducted at a range higher than 1 ppbv PAN. In comparison, the
detection limit of PAN for our GC/Luminol system was estimated to
be 0.01 ppbv, which was deﬁned as three times the standard
deviation of 7 signal noises. Based on the calibration, the response
of the GC/Luminol system to PAN was linear and its precision and
accuracy were estimated to be 5% and 16%, respectively. Nonetheless, the uncertainty was likely to be greater at concentrations
below 1 ppbv.
A comprehensive set of gaseous and aerosol species was
monitored routinely at the site by NIER. For gaseous speciesdO3,
NOx, CO, and SO2dand VOCs were measured on an hourly basis.
O3 was sampled at 1-min intervals based on the UV absorption
method (49C Thermo Electron Corporation, Franklin, MA, USA) and
calibrated by an O3 transfer standard with a self-contained O3
generator. NO, NO2, NOx, and NOy concentrations were measured
every minute with two chemiluminescence instruments equipped
with Mo converters (42C and 42CY, Thermo Electron Corporation,
Franklin, MA, USA). The NO/NOx and NOy analyzer was calibrated in
the range of 1e200 ppbv NO and propyl nitrate (RIGAS, Daejeon,
South Korea) by diluting the NO standard (Deokyang Gas, Korea)
using a dynamic calibrator (Thermo Electron Corporation, Franklin,
MA, USA). CO was quantiﬁed every minute utilizing the gas ﬁlter
correlation/non-dispersive infrared absorption spectroscopy
method (48C, Thermo Electron Corporation, Franklin, MA, USA).
The CO analyzer was standardized in the range of 0.5e2 ppmv
every 2 weeks using CO standards (Deokyang Gas, Korea) with
the same dynamic calibrator. Hourly VOCs were routinely quantiﬁed by two-column automated GC with two ﬂame ionization
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detectors (Varian, Walnut Creek, CA, USA) and a thermal desorption
unit (UNITY, UK). One GC column was used to separate the more
volatile organics and the other for the less volatile compounds. The
detection limits for the two GCs were 0.5 ppbC propane and
benzene, respectively.
The major chemical components (water-soluble ionic compositions and elemental carbon (EC)/organic carbon (OC)) of PM2.5
aerosols in were analyzed by online ion chromatography (URG
9000D, URG Corp., Chapel Hill, NC, U.S.A.) and a continuous EC/OC
instrument (Model 4, Sunset Laboratory, Tigard, OR, U.S.A.).
Meteorological parameters, including air temperature, relative
humidity, wind direction, and wind speed, were also measured at
a neighboring meteorological station operated by the Korea
Meteorological Agency.
3. Results
3.1. Time variations
As listed in Table 1, the overall mean PAN level (0.38 ppbv) at
Baengyeong station was lower than in urban areas in northeast
Asia, where it ranges from 0.8 to 1.4 ppbv (Lee et al., 2008; Zhang
et al., 2011). However, only limited numbers of atmospheric PAN
measurements at remote sites in East Asia are available for
comparison. The PAN levels observed during this study were
similar to the summertime average PAN of 0.44 ppbv at a background site at Mt Waliguan, China (Zhang et al., 2009) but higher
than the values (0.01e0.2 ppbv) at remote islands near the Yellow
Sea (Watanabe et al., 1998). The overall mean CO (269 ppbv) and
NOy (4.40 ppbv) at Baengyeong station were much higher than
those in Mt Waliguan (149 and 1.41 ppbv, respectively). The low
temperatures at the high altitudes on Mt Waliguan, and thus the
increased stability of PAN, explain the relatively high PAN mixing
ratios despite the low precursor availability. Pochanart et al. (2004)
showed that air masses (regionally polluted continental air)
impacted by large-scale East Asian anthropogenic emissions had
typical CO levels higher than 200 ppbv, whereas the clean background values were only 167 ppbv. Thus, it is obvious that the air
masses on Baengyeong Island are greatly inﬂuenced by the nearby
anthropogenic sources from China and Korea.
From the hourly PAN variations (Fig. 2), we see large day-to-day
variability in all seasons with maxima of 0.76, 2.57, 2.47, 1.01 ppbv
for summer, autumn, winter, and spring, respectively. A few cases of
episodic increased PAN for short periods were observed, especially
in summer and winter. These periods were coincident with the
arrival of fast moving air masses that had recently passed over
populated areas in China and Korea prior to reaching the Baengyeong site. We plotted the natural log (loge) of hourly PAN mixing
ratios in ppbv against the theoretical quantiles for each season, as
shown in Fig. 3. The linearity of the distribution plot indicates the
log-normal distribution (QeQ plot) pattern. In the ﬁgure, we see
that PAN mixing ratios in each season followed the log-normal
distribution reasonably well. However, the clear deviations from
linearity at high quantiles (around 2) in summer and winter indicate abnormal behaviors of PAN at very high mixing ratios. These
high-PAN spikes in summer and winter were unusual events with
regard to the regional background from a purely statistical point of
view. In case of relatively short-term measurements such as this
study, median values were more representative for each season due
to outliers on the high ends, especially in summer and winter.
The slopes of the log-normal distribution plot represent the
magnitude of variance in the PAN mixing ratios. Although overall
PAN mixing ratios were the lowest in summer, the variance in
summer PAN mixing ratios was the greatest. The simultaneous
active photochemical production and thermal destruction of PAN
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Table 1
Summary of observed species in each season and over entire campaign.
Species

PAN
O3
NOx
NOy
CO
SO2
PM2.5 *
TVOC **
EC *
OC *
NO
3 *
nss SO2
4 *
Temp ***

Summer

Autumn

Winter

Spring

All campaign

Mean

Median

Mean

Median

Mean

Median

Mean

Median

Mean

Median

0.068
32
1.71
1.77
175
1.99
14
229
0.65
1.79
0.47
5.58
24.8

0.040
31
1.20
1.34
166
2.00
12
210
0.65
1.71
0.30
3.65
24.9

0.72
41
2.91
5.28
212
3.94
14
149
0.68
2.34
1.45
4.94
15.6

0.58
40
2.36
3.65
182
3.55
12
118
0.68
1.94
0.52
4.21
15.5

0.38
28
1.21
3.25
308
5.85
13
53
0.32
1.68
0.98
3.19
0.7

0.32
28
0.62
1.62
257
4.40
10
43
0.23
0.32
0.50
3.01
5.6

0.22
43
3.80
6.43
353
3.78
26
85
0.93
4.35
6.43
10.8
6.5

0.17
42
3.14
5.57
292
2.84
22
77
0.82
4.18
2.46
9.30
6.1

0.38
37
2.49
4.40
269
4.05
17
126
0.65
2.57
2.26
5.79
10.9

0.28
34
1.83
2.73
226
3.22
13
91
0.58
1.99
0.61
4.13
12.8

All concentrations are in ppbv unless otherwise noted.
*ug m3, **: ppbC, ***:  C.

during summer might explain the large concentration variation.
Photochemical production of O3 and PAN is most active during the
summer if the precursors remain at constant levels. However, slowmoving summer monsoon depressions bring clean marine air to
East Asia. PAN, CO and NOy remained at their lowest levels at the
measurement site in the summer. In contrast to the other precursors, total VOC (TVOC) peaked in summer. It is well documented
that VOCs concentrations in urban areas in Korea are lowest in
summer (Na and Kim, 2001). Contrary to this fact, TVOCs in our
study area were highest in summer. Especially, isopentane, toluene,
ethylbenzene, and xylene (denoted as TEX) had the largest portion
(57%) and isoprene was the second (11%) in summer TVOCs. These
ﬁve species accounts for about 70% in summer TVOCs in
measurement site. Isopentane and TEX are the representative
compounds of gasoline evaporation and solvent use, respectively.
Their concentrations are known to be elevated during summertime
in Korea (Na and Kim, 2001). One of the largest oil reﬁneries and
petrochemical complex which are the potential sources of

isopentane and TEX is located 200 km southeast of measurement
site. Based on very low concentrations of other precursors, it is
likely that petrochemical emission sources by prevailing south
winds and high temperature were the main causes of unusually
high summertime TVOCs in this remote site. Thus, the drop in PAN
in summer can be attributed to the limited availability of reactive
nitrogen species and rapid thermal destruction.
In contrast to summer, the variance in PAN mixing ratios in
winter was the smallest. The reduced photochemical production
rate and thermal stability of PAN at low temperatures ensured
a relatively narrow range of PAN levels. Although the slopes of the
autumn and spring PAN QeQ plots were similar to each other, the
PAN mixing ratios in autumn were three times higher than in
spring. All measured species, except PAN and TVOC, were higher in
spring than autumn and the secondary species such as O3 and
aerosol nitrate and sulfate were also higher in spring (Table 1). For
O3, its maximum in spring is consistent with other studies at
regional remote sites (Monks, 2000; Salisbury et al., 2002; Sikder

Fig. 2. Observed hourly PAN mixing ratios on Baeyeong Island during the four different seasons: 2010 summer (A), 2010 autumn (B), 2011 winter (C), and 2011 spring (D).
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Fig. 3. Log-normal distributions (QeQ plot) of hourly PAN mixing ratios in each season
in 2010 and 2011.

et al., 2011; Wang et al., 2011). A seasonal pattern with a PAN
maximum in autumn and O3 maximum in spring was also found in
an urban areadSantiago, Chile (Rubio et al., 2007). The increased
levels of precursors, associated with the stability of the atmosphere,
and the decreased rate of thermal decomposition were the main
causes for the maximum PAN in autumn. On Baengyeong Island,
the difference in prevailing transport patterns might be the main
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cause for the disparity in PAN mean concentrations between
autumn and spring. In contrast to autumn, when air masses
transported from the Korean peninsula were frequently observed at
the measurements site, the air reaching the site had passed over
inland China in spring. The air mass from China in spring had
relatively low TVOC but high levels of other precursors and aerosol
species. Apparently, the low TVOC level with a mean of 85 ppbC in
spring was the limiting factor for PAN production on Baengyeong
Island.
As seen in Fig. 4, distinct diurnal variations in PAN concentrations with an afternoon peak are most visible during the summer
and autumn. This indicates that in-situ photochemical production
of PAN occurs on Baengyeong Island during these seasons. In-situ
production (several hundred pptv) of PAN during the autumn
daytime was an important source supporting the high PAN mixing
ratios in the boundary layer over the Yellow Sea. It is known that
long-range transport of PAN away from source regions usually
occurs in the free troposphere, where the temperature is low
enough to minimize thermal decomposition and removal by
deposition (Wolfe et al., 2007; Parker et al., 2009). However, our
observations show that transport over considerable distances is
possible by the cycling of in-situ production and thermal dissociation within the boundary layer.
Due to predominant inﬂuences from the relatively clean, slowmoving marine air masses and high temperature during the
summer season, the PAN mixing ratios were mostly low with an
hourly average of 0.09 ppbv, barring a few transient cases of
elevated levels due to the inﬂuence of the nearby land masses.
Daytime photochemical production of PAN in the summer was
clearly impeded due to the limited availability of precursors despite
the strong sunlight. Nearly all the PAN produced photochemically
by noon was destructed within 2e3 h in the early afternoon. During

Fig. 4. Diurnal variations in PAN for each season. Boxes and bars represent 25e75 percentiles and 5e96 percentiles, respectively. Lines inside the boxes denote medians.
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the winter and spring, photochemical production of PAN was also
restricted due to limited precursor species and low sunlight
intensity. The high PAN events with very short time periods (less
than half day) were quite common except during daytime in all
seasons (Fig. 4). These bursts of high PAN corresponded with the
arrival of fast moving air masses inﬂuenced by the major emission
sources in China and Korea.
3.2. Transportation of PAN
The most frequent and prevailing winds at the Baengyeong site
were from the northwest, and usually brought continental air
across the Yellow Sea (Fig. 5A). Southerly winds were also rather
common during the summer and usually carried the cleanest
marine air to the site. During the summer and fall, air masses that
had passed over Korea were often brought over by the southeasterly winds. A PAN polar plot calculated with nonparametric K-mean
regression showed that the largest mixing ratios occurred in the
fast moving northwesterly winds, reﬂecting transport from
northeastern China, especially the Beijing area (Fig. 5B). Signiﬁcant
NOy was brought by the fast moving westerly winds; the closest
land mass in that direction is Shandong province in inland China,
which is the second most populated and industrialized area
(Fig. 5C). Increased levels of NOy were observed as well in the

moderate south and southeast winds, where the anthropogenic
inﬂuences from South Korea would be dominant. A TVOC windrose plot showed that southeast was the upwind direction along
which potential sources were located (Fig. 5D). As discussed earlier,
high TVOC levels were observed during the summer. Thus, it can be
inferred that the prominent sources for TVOC are anthropogenic
emissions from South Korea and natural emissions from local
summer vegetation, where cover extensive areas toward the
southeast from the site. Despite the very high TVOC in the southeast winds, the PAN mixing ratios were low given that they had the
lowest levels of NOy and the high temperature in the summer. The
wind-rose plots suggest that PAN was more closely dependent on
the winds from the northwest, which had high levels of reactive
nitrogen (NOy).
The sampling site faces the coastal areas of North Korea along
the North to the East. The winds were seldom blowing from
these directions. Even though the measurement site and Baengyeong Island are situated under a coastal boundary layer 10 km
away from coast of North Korea, no oscillation in wind direction
with land sea breezes was noticeable for all seasons. In addition
to low occurrences of winds from the North to the East, the levels
of PAN and its precursors were the lowest within these wind
directions. Thus, it appears that North Korea does not play an
important role in emissions of atmospheric pollutants over this

Fig. 5. Polar plots for winds, PAN, NOy, and TVOCs using nonparametric smoothing for all season data.
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region. The synoptic wind patterns and prevailing wind systems
(mid-latitude westerly) from China and South Korea are the key
features determining the levels of PAN measured at the Baengyeong site.
Compared with the other seasons, more regular cases of
enhanced PAN were observed throughout the autumn campaign.
Hence, we focus on the autumn episodes: We could classify four
distinct periods (LO, SK, BC, and DC) on the basis of the behaviors of
measured chemical species and back trajectories during the
autumn measurement campaign (Fig. 6). The locally inﬂuenced
period (LO) was characterized by high TVOC and NO2 concentrations but depleted O3. Although the concentrations of the PAN
precursors were greatly enhanced, the concentration of PAN itself
was raised just slightly due to the moderate amount of precipitation in this period.
The transported air masses (SK) from industrial areas in South
Korea showed the largest PAN concentrations of up to 2.6 ppbv.
TVOC and nitrate aerosol concentrations were signiﬁcantly
enhanced compared with the other species. Moreover, the O3
concentrations reached their highest levels in this period. The air
masses from the Beijing area (BC) also showed a similar pattern to
that seen in the SK period, with slightly low concentrations for
most species except sulfate aerosol, EC, and atmospheric aerosol
lead (Pb). While most gaseous and aerosol species demonstrated

Fig. 6. Variations in PAN and selected gaseous and aerosol species during 2011 autumn
campaign. LO, SK, BC, and DC denote the periods dominated by local sources, South
Korea, the Beijing area, and the Dailan area in Liaoning province, China, respectively.
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similar ranges of concentrations between the BC and DC periods,
NO2 was considerably increased during the latter. Comparing with
the Beijing region (BC), the short distance to the sampling site from
emission sources in Liaoning province (DC) was the likely reason
for the high concentrations of short-lived NO2. It was found that air
masses from Chinese (BC and DC) were typically characterized by
very high concentrations of aerosol species such as sulfate aerosol,
Pb, and EC, although the photochemical products O3 and PAN
remained at moderate levels.
All precursors showed some degree of correlation with PAN.
Especially, PAN was very well correlated with NO2 in South Korea
and Beijing air mass and their slope (PAN/NO2 ratio) were close to 1.
The PAN/NOx ratio versus the NOx mixing ratio is often used as an
indicator of the air mass age (Singh et al., 1985). Higher ratios at low
NOx conditions can be expected with increasing age and photochemical decoupling of PAN and NOx, in areas far from emission
source regions. PAN/NOx ratio of about 5 is typical of isolated
maritime free tropospheric air masses with an age of 1 week
(Ridley et al., 1990). PAN/NOx ratios on Baengyeong Island were
lower than those on well aged air mass. However, they were similar
to those at the regional background sites in Japan (Watanabe et al.,
1998). Thus, although caution should be applied in regarding
Baengyeong Island as a marine remote site, it is an ideal site to
monitor outﬂows inﬂuenced by surrounding regional anthropogenic sources.
The ratios of daily maximum PAN to O3 in daytime during
autumn were in the range 0.03e0.04, with no noticeable differences between Chinese and South Korean air masses. Even though
this range is similar to the value of 0.02 reported in other urban
studies conducted elsewhere, it is considerably lower than the
value of 0.07 measured in the Seoul Metropolitan area in South
Korea in summer (Lee et al., 2008) and 0.09 at a suburban site in
China (Zhang et al., 2009). The low photochemical production,
thermal decomposition of PAN, and additional O3 not involved in
the photochemical reaction during air mass transport are the likely
causes for the reduced PAN/O3 ratio at the site compared with those
in surrounding source regions.
We calculated the isentropic back trajectories using the NOAA
HYSPLIT model to determine air mass positions 24 h prior reaching
a height of 500 m over the Baengyeong site (Draxler and Rolph,
2012), as shown in Fig. 7. High PAN mixing ratios were mainly
observed in the air masses with prior sinking motions within
2000 m above sea level. PAN mixing ratios in air masses transported at low altitudes below 500 m were clearly lower than those
at higher altitudes. This suggests that the transport of PAN is more
efﬁcient at high altitude due to the fast moving air masses and
relatively low temperatures, both of which ensured transport over
large distances. It also indicates that the marine boundary layer
acted as an overall sink for PAN, although in-situ photochemical
PAN production was apparent under some conditions. We may
expect higher PAN levels as the altitude increases if the removal of
PAN dominates in the boundary layer. However, we found a vertical
distribution of PAN with a maximum near a height of 2 km. The fast
sinking air at the measurement site from altitudes higher than 2 km
were did not tend to bring air from regions in close proximity to the
source regions in China and Korea. The vertical trend of PAN with
a mid-altitude maximum observed here is consistent with those
observed in the marine atmospheres in southern Yellow Sea and
near Japan during aircraft campaigns (Watanabe et al., 1998). In
general, the surface PAN concentration recorded in this study was
about two times higher than that of previous studies in the early
1990s. The closeness to major source regions and anthropogenic
emission increase of precursors over the last two decades are likely
causes for the increased surface PAN concentrations at Baengyeong
Island.
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Fig. 7. Distributions of PAN mixing ratios versus altitudes of the air masses 24 h prior
to arrival at Baengyeong Island. Boxes and bars represent 25e75 percentiles and
5e96 percentiles, respectively. Lines inside the boxes denote medians.

4. Conclusions
We measured the mixing ratios of PAN and other major
atmospheric pollutants and ionic species on Baengyeong Island in
the four different seasons in 2010 and 2011. The observed PAN
mixing ratio was signiﬁcantly higher in October (median:
0.58 ppbv) than in summer (0.04 ppbv). Despite the intense
sunlight available in summer, the prevalence of slow-moving,
high-temperature clean marine air masses favored low PAN
mixing ratios. The air masses originating from high altitudes prior
to reaching Baengyeong Island brought in relatively high levels of
PAN, which conﬁrmed that the high-altitude outﬂows from the
continents are efﬁcient transport pathways that can carry PAN
over extensive distances. Further, this indicates that the marine
boundary layer acted as an overall sinks for PAN. However, we
found that in-situ photochemical PAN production was apparent
under some conditions. The observed systematic daytime increase
(several hundred pptv) in PAN in autumn implied that the in-situ
photochemical production of insoluble PAN is an important
source for maintaining high PAN mixing ratios in the boundary
layer over the Yellow Sea. In addition, it might play signiﬁcant role
in the regional transport of reactive nitrogen species within the
marine boundary layer. The photochemical ages determined from
the PAN/NOx ratios indicated that the measurement site mostly
represented the relatively clean regional marine boundary layer,
with abrupt increases in PAN levels due to transport from the
nearby land masses. Thus, PAN observations on Baengyeong
Island offered an interesting chance to monitor the regional
anthropogenic inﬂuence from the nearby land masses, mainly
China and South Korea. However, the long-term systematic
measurements of PAN and its precursors on this site are required
to elucidate a more complete picture of its chemistry and transport over this region.
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