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ABSTRACT

An intensive observation campaign at Cape Hedo, Okinawa, Japan was conducted from late October to early November
2015 to investigate the behavior of long-range transported atmospheric pollutants. During this period, sulfate (SO4*) was
the dominant aerosol component. The sources of SO,>~ were estimated by using the air quality model with the tagged
tracer method. The main source of high SO4* concentration varied day-to-day. When the westerly wind was dominant
(October 27), the main source was anthropogenic SO, emissions in China. When the northerly wind prevailed (November
1), the impact of volcanoes in western Japan was significant and the conversion ratio from SO, to SO42’ was lowest, at less
than 70%, because of the faster transport. During the latter part of the campaign, the northerly to easterly winds were
prominent, and the impacts of Korea, Japan, and ships on SO,* observed at Cape Hedo were also clear. When the
contributions from Korea, Japan, and ships were the highest (November 4), the conversion ratio was also the highest, at
greater than 95% because of long-range transport. The modeled sources of volcanoes and ship emissions corresponded
well with the observed coarse-mode SO,* and V/Mn ratio, respectively. The mutual evaluation of sources from model and
observations enable SO,> sources to be estimated with higher confidence.

Keywords: Air quality model; Source apportionment; Tagged tracer method; East Asia.

INTRODUCTION

Air quality in Asia is a major regional-to-global
environmental problem (Carmichael et al., 2009). China is
a particularly important source region because Chinese
anthropogenic emissions account for a major proportion of
global emissions (Janssens-Maenhout ef al., 2015). Several
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collaborative international experiments have been performed
over the western Pacific region (e.g., Nakajima et al.,
2007). Investigating the transformation of aerosols during
long-range transport (LRT) is essential for understanding
atmospheric pollution impact and regional climate change.
During late October to early November, 2015, an intensive
observation campaign was conducted at Cape Hedo
Atmosphere and Aerosol Monitoring Station (CHAAMYS),
Okinawa, Japan (Fig. 1). CHAAMS is located in northern
Okinawa (26.87°N, 128.25°E, 60 m above sea level), far
from Naha City, which is the largest city on Okinawa. The
location of CHAAMS is suitable for capturing the
atmospheric pollutants via LRT, and has already revealed
the behavior of aerosols affected by the LRT (Takami et
al., 2007; Takiguchi et al., 2008; Hatakeyama et al., 2011;
Shimada et al., 2015). During the intensive observation
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Fig. 1. Modeling domain with anthropogenic SO, emissions used in this study. The open circle indicates the location of

CHAAMS.

campaign in 2015 and other seasonal campaigns at
CHAMMS, sulfate aerosol (SO42’), which is mainly produced
by the oxidation of sulfur dioxide (SO,), was the dominant
aerosol component at CHAAMS (Tatsuta et al., 2017).

SO4* is generally present in particulate matter with
aerodynamic diameters of less than 2.5 pm (PM;s), an
important aerosol component in Asia (Zhang et al., 2007).
Because of the long lifetime of SO4* in the atmosphere,
LRT is likely to have a major effect in downwind regions.
Comparing these results with observations over a
metropolitan area and a remote island in western Japan
indicated that SO, mainly came from LRT (Kaneyasu et
al., 2014). A large longitudinal gradient of SO,*, with higher
concentrations over western Japan and lower concentrations
over eastern Japan, was revealed by the compiled dataset
of the observation network over Japan (Aikawa et al.,
2010). In addition to the ground-based observations, satellite
observations of aerosol optical depth, mainly arising from
SO4*, also indicated a longitudinal gradient over adjacent
oceans in East Asia (Itahashi er al, 2012a). These
observations highlighted the importance of the LRT from
continental Asia to downwind regions of Japan.

An air quality model can provide valuable insights for
evaluating the impact of the LRT, especially for quantitative
assessment. The traditional approach of sensitivity analysis,
in which one model parameter (e.g., emissions from a
specific source) is tested at a time, has been widely used to
estimate sources. One of the limitations of sensitivity
analysis is the computational burden of testing many model
parameters. The decoupled direct method has been used to
perform sophisticated sensitivity analysis of SO,> sources
in East Asia (Itahashi ez al., 2012b); however, this method
is also computationally intensive. Higher computational
efficiency has allowed the tagged tracer method to be used
to estimate year-round source apportionment of SO,*~ over
East Asia (Itahashi ef al., 2017a). The LRT from mainland
China was found to have a large impact over downwind
regions of Taiwan, Korea, and Japan throughout 2005, when

the anthropogenic SO, emissions from China peaked.
However, this previous study was not focused on the
source impact at Okinawa and the source assessment was
based on a monthly to annually averaged time scale; thus,
the work did not examine detailed transport patterns.

In the present work, we evaluated the sources of SO42’
by the tagged tracer method on a daily averaged time scale
based on the model evaluation in comparison with intensive
observations. Model estimated sources were compared with
observed indicators to improve our evaluation of the sources
of SO,*. To the best of our knowledge, this is the first
mutual source evaluation of SO4* between the tagged tracer
method with the air quality model and observed indicators.
To exclude the effect of sea salt, non-sea salt SO,> (nss-
SO,*) was analyzed throughout this study. The concentration
of non-sea salt SO,* (units of micrograms per cubic
meter) was calculated from the following equation by the
conservative assumption of Na as a sea salt tracer. For
simplicity, we refer to nss-SO,” as SO4> hereafter.

nss-SO,% = SO, —0.251 x Na". (1)

METHODS

Observations

During the intensive observation campaign at CHAAMS,
24 h sampling starting from 10:00 local time (LT) to 10:00
the next day was conducted from October 26 to November
8, 2015 (13 samples in total). PM, s concentrations were
analyzed based on the following two observation methods.
PM, ;s was sampled with a high-volume air sampler at a
flow rate of 740 L min ' by using a PM, 5 impactor developed
by Kaneyasu (2010). Atmospheric aerosols were sampled
with a cascade impactor (Model 3180, KANOMAX) with
a flow rate of 40 L min ™' and segregated into six size bins
according to particle diameter (D,): D, > 10 um; 10 pm >
Dy >25pum; 2.5 um > Dy > 1 pm; 1 pm > Dy > 0.5 umy;
0.5 pum >D,>0.1 pm; and 0.1 pm > D,,. The samples were
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collected on a Teflon (PTFE) filter, and cut into two pieces
for analyzing ions and metals. The ions in the aerosols
were analyzed by ion chromatography and metals were
analyzed by inductively coupled plasma-mass spectrometry.
The observation details of ions and metals conducted on
CHAAMS are reported in the companion articles (Tatsuta
et al., 2017; Taniguchi et al., 2017).

Air Quality Model Simulation

To conduct the model simulation, we used the regional
chemical transport model of the Comprehensive Air
Quality Model with Extensions (CAMx) version 6.11
(ENVIRON International Corporation, 2014). CAMx was
configured with a 36-km horizontal resolution and 220 x
140 grid points, centered at 35°N and 115°E on a Lambert
conformal projection, covering East Asia (Fig. 1). For the
vertical resolution, 37 non-uniformly spaced layers from
the surface to 50 hPa were used. CAMx was driven by the
meteorological fields calculated by the Weather Research
and Forecasting model version 3.6.1 (Skamarock et al.,
2008). We have previously used the CAMx model to study
the behavior of air pollutants (e.g., ozone, SO4*) over East
Asia (Itahashi et al., 2015; 2017a). The lateral boundary
conditions were prepared from the global chemical transport
of MOZART-4 (Emmons ef al., 2010). The model calculation
started from October 20 and ended on November 8 to cover
the intensive field campaign, and the first week was discarded
as model spin-up time.

Emissions data were prepared as follows. Anthropogenic
emissions were obtained from the Regional Emission
inventory in ASia (REAS) version 2.1 (Kurokawa et al.,
2013); however, the latest year covered is 2008. There is
no anthropogenic emission inventory during the intensive
field campaign; therefore, we prepared the anthropogenic SO,
emissions as follows. For China, which is the largest SO,
emitter in East Asia, the satellite-based SO, column variation
over China was used to evaluate the emissions variation. The
SO, column observed by the Ozone Monitoring Instrument
captured a declining trend after 2011 over the North China
Plain area (i.e., Hebei and Shanxi provinces) (Krotkov et
al., 2016); hence, this decrease ratio was used to create the
tentative SO, emissions amounts for China in 2015. From
the variation of SO, column over Chinese provinces (van
der A et al., 2017), the decreasing trend over the North China
Plain area can be a proxy of that over whole China; because
this area is one of a dominant source of anthropogenic SO,
emissions in China. This decrease ratio is mainly driven by
the power plant sector (e.g., Wang et al., 2015); however, we
adjusted the amount of SO, emissions because the emission
source categories were not the focus of this study. For other
countries in East Asia, national-scale emissions estimations
were adjusted for Taiwan (TWEPA, 2016), Korea (NIER,
2016), and Japan (JATOP, 2012a, b) based on the target
year 2010. The spatial allocations were assumed to be the
same as REAS. For other regions in the modeling domain,
SO, emissions were not adjusted. The anthropogenic SO,
emissions distribution is shown in Fig. 1. Biogenic emissions
were prepared from the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) (Guenther et al., 2012).

Biomass burning emissions were used from the REanalysis
of the TROpospheric chemical composition (RETRO)
climatological database (Schultz et al., 2008). SO, emissions
from volcanoes were taken from the ACE-Asia and TRACE-
P Modeling and Emission Support System (Streets et al.,
2003). Fifteen main active volcanoes in Japan and Mt. Mayon
in Luzon Island, Philippines were considered (Fig. 2). In
Japan, the amount of SO, emissions from volcanic activity
surpassed the amounts of anthropogenic emissions; hence,
the amount of SO, was further modified by observation
data on volcanic activity during the calculation period
from the Japan Meteorological Agency (JMA, 2016). The
SO, emission amounts used in this study are summarized
in Table 1.

To estimate the sources of SO42’, we used the Particulate
Source Apportionment Technology (PSAT) method in
CAMx (Wagstrom et al., 2008). This method assigns tracers
to track the sources; hence, we refer to this method as the
tagged tracer method. The concentration of each tracer is
tagged to the specified emission source groups (i.e., source
region and category). When i (i = 1, ..., N) indicates the
emission source groups, the SO, and SO, tracers are

Asosan

Satsuma-lojima

Fig. 2. Locations of the volcanoes for which the SO,
emissions were considered. The three named volcanoes are
those with the greatest activity (SO, emissions greater than
0.5 Gg day ") during October-November 2015.

Table 1. SO, emission amounts used in this study. Ship
emissions are summarized over the whole model domain
in this study.

SO, emissions (Gg day ')

Anthropogenic
China 34.6
Taiwan 0.3
Korea 1.1
Japan 1.5
Ships 2.6
Volcanoes
Asamayama 1.3
Asosan 0.9
Satsuma-Iojima 0.5
Others total 1.5
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denoted as SO,; and SO,*, respectively. Based on the mass
consistency between the modeled concentration (SO4*) and
the sum of the tracers’ concentration (Z?’zl SO42’,-), the
tracers’ concentration can be used for source apportionment,
which attributes the emission source groups, i. The temporal
variations of the SO,* tracers’ concentration were determined
according to the variation of SO, and the apportionment
of tracers of SO,”; during the transport and deposition
processes; meanwhile, the S0,> tracers were determined
according to the variation of SO,* and the apportionment
of tracers of SO,; during the production of SO,*". The linear
response in the production was assumed to transfer the
information of emission source groups. The usefulness of
the tagged tracer method for SO, over East Asia with
respect to the validity of the linear assumption has been
already reported (Itahashi et al., 2017a). In this study, we
prepared seven source groups: five sources for anthropogenic
emissions from mainland China, Taiwan, the Korean
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Peninsula, Japan, and other regions in the modeling domain,
including the lateral boundary condition; one source for
ship emissions; and one source for volcano emissions as a
natural source. In this work, the source region of Japan did
not include Okinawa, where CHAAMS is located. Based
on the REAS emission inventory, local anthropogenic SO,
emissions from Okinawa were less than 1% of the total
anthropogenic emissions from Japan; therefore, we regarded
Okinawa as a remote site. The source apportionment for
Japan represented LRT from mainland Japan.

RESULTS AND DISCUSSION

Model Evaluation

To evaluate the model reproducibility, the model results
were compared with observations. Fig.3 presents the
observed and modeled meteorological field at CHAAMS.
The temporal variation of wind speed (Fig. 3(a)) and direction
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Fig. 3. Temporal variation of the meteorological fields of (a) wind speed, (b) wind direction, (c) temperature, and (d) relative

humidity for observations (gray) and the model (black).
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(Fig. 3(b)) were well captured by the model, although the
wind speed was slightly overestimated. This was partly
because CHAAMS was resolved as an ocean grid at the
current model resolution. The wind direction was easterly
on October 26, westerly on October 27-28, changed rapidly
from northerly to southerly on October 29-30, and changed
more slowly from northerly to easterly after October 31
until the end of the study period. The temperature was 20—
25°C during the campaign and the model captured the
variation, although the modeled variation range was smaller
than the observed variation (Fig. 3(c)). During the period,
precipitation higher than 1 mm h™' was only observed at
21:00 LT, October 30 with 25.7mmh'. During this
precipitation event, the model greatly underestimated the
amount of rainfall as 7.4 mm h™' with a 3 h delay (data not
shown). At the nearest JMA meteorological observation
site of Oku within 5 km of CHAAMS, precipitation was
2.5mm h™ at 21:00 LT and 10.5 mm h™" at 22:00 LT on
October 30; the observed precipitation was a local event and
was difficult for the model to capture. Relative humidity
was around 80% during the campaign with a maximum of
around 95%, which corresponded to the precipitation event.
The model tended to overestimate the observation before
this event, although it captured the observed variation well
afterward (Fig. 3(d)).

The model SO,> concentrations were compared with
those obtained by the two observation methods. The results
from the high-volume air sampler for PM, s and the cascade
impactor with six segregated size bins were compared with
the model results (Figs. 4(a) and 4(b)). For the cascade
impactor, the concentration of particles with D, of less
than 2.5 um (corresponding to PM, 5) was summed. During
the period, the averaged SO, concentration was around
3.0 pg m” for both the observations and the model; the
model captured the observed concentrations with a good
correlation (R > 0.8). From the statistical analysis, the mean
fractional bias and mean fractional error were calculated and
were within the performance goal criteria proposed by
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Boylan and Russel (2006). High concentrations greater than
4.0 png m* were observed on October 27 and November 1
and 3 with both observation methods, and they were also
observed on November 4 by the high-volume sampler and
on October 31 by the cascade impactor. In Fig. 4, each
symbol is colored according to the model conversion ratio
(Fs) from SO, to SO,*, which is calculated from the molar
concentrations

SO;”

= 2
S0, +S0>" @

This ratio represents the fraction of precursor gases of
SO, and secondary aerosols of SO.*". A ratio of 0% indicates
no production of SO,*, and that of 100% indicates the
complete conversion of SO, to SO,*. Assuming that the
local SO, emissions at CHAAMS are negligible, Fs was
used as the index of the LRT impact to identify whether the
air mass was fresh (lower Fis) or aged (higher Fs). During
the episode, Fs varied from under 70% to over 95%. For
the intensive observation on January 2015 at Fukuoka
(33.52°N, 130.47°E) in western Japan, the model estimated
that s was 30% for transboundary air pollution from China
(Itahashi ef al., 2017b). This result suggested that SO,*
concentration at CHAAMS was affected by an aged air
mass during the period. The event on November 1 showed
the lowest F’s value of 67.0% and the event on November 4
showed the highest Fs value of 97.3%. The variation of Fis
during the high concentration of SO at CHAAMS
suggested the event was dominated by different types of aged
air mass that may have originated from different sources.
Hereafter, we discuss the estimated sources of SO,* at
CHAAMS by using the tagged tracer method considering
the F's variation.

Estimation of Source Apportionment of SO/~ at CHAAMS

The modeled SO, concentration, source
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Fig. 4. Scatter plot of SO4* concentration from the (left) high-volume sampler and (right) cascade impactor observations
and the model. Color denotes the modeled F’s. Statistical analyses are shown in the inset.
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apportionments by the tagged tracer method, and Fs values
calculated with Eq. (2) at CHAAMS during the episode
were averaged to give a daily value (Fig. 5). The results of
source apportionments are shown as relative percentages to
the modeled concentration and colored according to the
source groups of anthropogenic emissions from mainland
China, Taiwan, the Korean Peninsula, Japan, other regions,
and ship emissions, and natural emissions from volcanoes.
The source apportionment for China was continuously found
during the observation campaign, but it was especially
dominant on October 27 and 28, with the relative source
apportionments of around 70%. These results were consistent
with the westerly wind (Fig. 3(b)). Subsequently, source
apportionments varied from day to day. On November 1,
when Fs reached its lowest value, volcanoes were the largest
source, with a relative source apportionment of 66.8%. On
this peak day, the wind direction was mostly northerly
(Fig. 3(b)), bringing an air mass from volcanoes in Japan
to CHAAMS. After November 1, northerly to easterly winds
continued, and volcanoes were identified as an important
source of SO, at CHAAMS. On November 4, when Fs
reached its highest value, the absolute source apportionments
of Japan, Korea, and ships were the largest.

By averaging the source apportionment over the intensive
observation campaign, the impact of volcanoes was the
largest (40.8%), followed by China (34.3%), ships (8.7%),
others (7.5%), the Korean Peninsula (4.6%), and Japan
(4.2%). The source apportionment of Taiwan was less than
0.1% throughout the period. Fig. 5 shows that the sources
of SO, at CHAAMS varied day-to-day during the period,
so hereafter, we focus on the three high concentration
events featuring Fs variation on October 27 and November
1 and 4.

Impact of China at CHAAMS

The maximum absolute source apportionment of China
of 3.46 ug m~ was revealed on October 27. To examine
this event, the modeled spatial distribution of SO42’ and the
source apportionments of mainland China, the Korean
Peninsula, Japan, ships, and volcanoes are shown for
October 27 in Fig. 6. The modeled high SO,* concentration
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extended from mainland China to the East China Sea and
reached to CHAAMS with a northwesterly wind (Figs. 6(a)
and 3(b)). As a result, the source apportionment of China
was dominant for this peak (Fig. 6(b)). In this event, Fis was
relatively high at 90.8%. Because CHAAMS was over 650
km from Shanghai, the air mass from China was regarded
as aged during the LRT. The Fs value of each tracer (SO,;
and SO.>;, where i denotes the emission source groups)
was calculated with Eq. (2) (Table 2). During this event,
the air mass that originated from China was highly aged
with an Fs value of 95.8%. A similar dominant effect from
China was previously reported based on aerial observations
over East China Sea during spring (Hatakeyama et al.,
1997, 2011).

Impact of Volcanoes at CHAAMS

On November 1 (Fig. 7), the maximum absolute source
apportionment of volcanoes was found to be 3.22 pg m™.
This event was also characterized by the lowest value of
Fs of 67.0%. The spatial distribution is shown in Fig. 7. A
narrow air mass stream with a high concentration of SO,*
from western Japan (Kyushu Island) to eastern Taiwan was
found (Fig. 7(a)), accompanied by a northerly wind
(Fig. 3(b)). Because of the prevailing northerly wind over
the East China Sea, the impact of China was limited to
southern China (Fig. 7(a)). The narrow flow consisted of
the volcano source apportionment (Fig. 7(f)). Kyushu Island
has many volcanoes (7 of the 15 volcanoes considered in the
modeling system), and these volcanoes, especially Asosan,
which was active during the study period (Table 1), were
responsible for the high concentration of SO,* at CHAAMS.
Table 2 shows the Fs values of each tracer, and the Fs
value of 63.0% suggested that the air mass from volcanoes
was relatively fresh. This was related to the fast transport
over a higher altitude because of the injection height of
volcanoes. A higher surface wind faster than 10 m s ' was
also found on October 31.

As an index of volcano source, coarse-mode SO,° is
related; as a counter-ion of volcanic ejecta (e.g., Ca). In
addition, LeGrande et al. (2016) reported that during a
volcano eruption the HyO and SO, concentrations were
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Fig. 5. Temporal variation of (left axis) modeled SO4* concentration (grayscale circles indicate modeled Fs) and (right)

stacked bar chart of source apportionment.
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Fig. 6. Special distribution of (a) modeled SO,> concentration, and source apportionment of (b) mainland China,
(c) Korean Peninsula, (d) Japan, (e) ships, and (f) volcanoes on October 27.

Table 2. Modeled SO, concentration and Fs during high-concentration events on October 27, and November 1 and 4.

October 27 November 1 November 4
SO (ugm>)  Fs (%) SOs (ugm>)  Fs (%) SO, (ugm™)  Fs (%)

Concentration 5.45 90.8 4.82 67.0 4.85 97.3
Source apportionment

China 3.46 95.8 0.54 94.1 1.41 99.9

Korean Peninsula 0.17 99.5 0.25 83.2 0.35 99.3

Japan 0.15 99.8 0.22 73.3 0.45 98.7

Ships 0.34 64.9 0.32 53.3 0.63 86.3

Natural 0.95 99.8 3.22 63.0 1.69 98.9

high; a large amount of H,O will promote SO,* growth.
Fig. 8 shows the temporal variation of the modeled volcano
absolute source apportionment and coarse-mode SO,* of D,
> 10 um observed by the size-segregated cascade impactor.
They showed moderate correlation (R = 0.64), and both

revealed the maximum attribution to the volcano source on
November 1. The approach of specifying emission sources
both from model and observations is necessary to have
confidence in the estimation results. Our results demonstrated
an example of estimating the volcano source.
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Impact of Ships at CHAAMS

On November 4 (Fig. 9), the high concentration of SO,*
that covered CHAAMS was affected by the easterly wind
(Fig. 9(a)). From the spatial distribution of the modeled
source apportionments, the contributions of Korea, Japan,
and ships were determined for this event, and the maximum
absolute source apportionments were 0.35, 0.45, and 0.63
pg m>, respectively, although they were smaller than
those of China and volcanoes (Table 2). This event had a
maximum value of Fs over 95%. The air mass from China,
Korea, Japan, and volcanoes were highly aged with Fs over
98%. The air mass from ships had the highest Fs value of
86.3% for this event, compared with 64.9% and 53.3% for
other two events (Table 2), and 50-70% during the whole
period. Along the passage of the high-pressure system from
eastern China (November 2, not shown) to South Korea
(November 4, Fig. 9(a)), SO, was transported over a longer
time by the easterly wind. This led to the aged air mass in
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the event on November 4.

The ship emissions source can be related to the observed
V/Mn ratio (Hioki et al., 2009; Shimada et al., 2017). When
an air mass is affected by oil combustion, the V/Mn ratio is
increased because V is a tracer of oil combustion. In this
comparison, two sets of V/Mn ratios were calculated from
the high-volume air sampler and size-segregated cascade
impactor. The size-segregated cascade impactor V/Mn values
were calculated from the V concentration of D, < 0.1 pm and
Mn concentration of 2.5 pm < D, < 10 pm. These diameter
ranges were selected based on the analysis of crustal
enrichment factors. It was confirmed that the V concentration
of D, < 0.1 pm indicated anthropogenic sources and the
Mn concentration of 2.5 um < D, < 10 pm indicated natural
sources. Fig. 10 shows the temporal variation of the modeled
absolute source apportionment of ships and the observed
V/Mn ratio. The high-volume air sampler results showed a
good correlation (R = 0.53) and those for the cascade
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Fig. 10. Temporal variation of (left axis) modeled source apportionment of ships (black circles with dotted lines), and
(right) V/Mn ratio observed by the high-volume air sampler (gray bar charts) and cascade impactor (white bar charts).
Observation data from the high-volume air sampler on November 7, and from the cascade impactor on November 2, 6, and

7 were not calculated because of the detection limit of Mn.

impactor had a high correlation (R = 0.96) with the modeled
source apportionment. The stronger effect of ships during
the latter period suggested by both observations corresponded
well to the model estimation. Additionally, the observed
size-segregated V/Mn ratio indicated that the maximum
contribution of the ship emission source on November 4
coincided with model estimation. Because the V/Mn ratio
may contain information other than ship oil combustion,
the V/Mn ratio based on the high-volume air sampler was
higher on October 27 when the impact of China showed
the largest contribution. Our results revealed that the size-
segregated V/Mn ratio could be used as a ship source
indicator to identify the effect of ship oil combustion. To
the best of our knowledge, this is the first time that mutual
source evaluation of ships has been performed by using the
tagged tracer method with the chemical transport model
and the observed V/Mn ratio. To improve our understanding
of ship emission sources, more case studies should be
performed.

CONCLUSIONS

Day-to-day variation of SO,* sources at Cape Hedo,
located on in the northernmost part of Okinawa, Japan
(CHAAMS) was evaluated based on the air quality model
with the tagged tracer method. The air quality model can
capture the observed meteorological conditions and SO, .
It was clarified that the high concentration episodes were
affected by different sources. The air quality model with
the tagged tracer method verified with the daily observation
data identified and quantified a more detailed transport
mechanism compared with our previous study (Itahashi et
al., 2017a), which was based on monthly or yearly averaged
data.

On October 27, when the westerly wind was dominant,
the absolute source apportionment of China was the
highest. On November 1, when the northerly wind prevailed,
the maximum source apportionment of volcanoes was

observed, and was characterized by the lowest conversion
ratio from SO, to SO4* of less than 70%. During the latter
part of campaign, northerly to easterly winds were prominent.
The effects of Korea, Japan, and ships were also found, and
these absolute source apportionments peaked on November 4.
Because of the LRT, this event was characterized by the
well-aged air mass with a conversion ratio of greater than
95%. For further confirmation of the source estimation
results, the modeled source effects of volcanoes and ships
were paired with the observed coarse-mode SO,* and V/Mn
ratio, respectively, and these pairs corresponded well.
Based on the modeling results and observations, sources
can be estimated with greater confidence.
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