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ABSTRACT

We investigated the changes in the carbonaceous-aerosol sources and their effects on the
long-term elemental carbon (EC) and organic carbon (OC) concentration trends at the Cape Hedo
Atmosphere and Aerosol Monitoring Station (CHAAMS) in Okinawa, Japan, during the period 2004—
2013. We obtained the EC and OC concentrations by conducting semi-real-time measurements using
a carbon monitor, and performing an offline thermal/optical filter analysis according to the
Interagency Monitoring of Protected Visual Environments (IMPROVE) protocol. The annual
average concentration of the EC remained constant between 2004 and 2013, but that of the OC
decreased at a rate of 0.11 pg C m= y™* (& > 0.05). The secondary OC (SOC)/OC ratio showed an
increasing trend from 2004 till 2011, which may have been caused by a reduction in primary
emissions of OC and compositional changes in the organic compounds originating in China, from
which air pollutants were frequently transported during spring and winter. Although the EC
concentration did not change appreciably in either season, the OC concentration decreased at
rates of 0.10 ug C m3y ™ and 0.11 pg C m=3y* during spring and winter, respectively. We estimated
the contributions from the various sources of carbonaceous aerosol, viz., biomass burning, fossil-fuel
combustion, and air-pollutant transport from China, based on the OC/EC ratio, which decreased
from 5.7 to 2.4 in terms of the annual average. The growing share from fossil-fuel combustion is
responsible for the decline in biofuel-burning OC emissions transported from China to CHAAMS.

Keywords: Carbonaceous aerosol, CHAAMS, Fossil fuel combustion, Biomass burning, Long-term
trend

1 INTRODUCTION

Elemental carbon (EC), or black carbon (BC), is known to cause both warming and degraded
air quality. BC is the most critical light-absorbing component in atmospheric aerosols and a
contributor to climate change although short-lived compared to other long-lived gases. Air
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pollutants such as BC are called short-lived climate pollutants (SLCPs) (Shindell et al., 2012). BC
concentrations have been reported to show a downward trend in Europe (Bower et al., 2009)
and the United States (Kirchstetter et al., 2008; Murphy et al., 2011; Hand et al., 2013) but an
upward trend in Asia (Ohara et al., 2007). For example, Bower et al. (2009) reported that the BC
concentration decreased 1952-2005 in England, and Kirchstetter et al. (2008) reported a
decrease 1967-2003 in the ambient BC concentration in San Francisco, California, United States,
despite an increase in fuel consumption. These observations were attributed to the successful
implementation of technologies controlling BC emissions. In the American and European Arctic
region, BC has decreased at Zeppelin, Ny-Alesund, Alert, Barrow, and Split (Eleftheriadis et al.,
2009; Hirdman et al., 2010) due to a downward trend of BC concentrations in United States and
Europe. On the other hand, the contribution of BC and sulfate concentrations derived from
northern Eurasia including East Asia increase in 1989 to 2009 (Hirdman et al., 2010).

According to Kondo et al. (2011) and Matsui et al. (2011), in the Arctic Research of the
Composition of the Troposphere from Aircraft and Satellites (ARCTAS) mission, the amount of BC
and sulfate transported from Asia to the Arctic region was found to be higher than that transported
from the North America to the Arctic. As one of the reasons, rapid economic development has
caused increased energy consumption along with a higher rate of increase in anthropogenic air
pollution in Asia (Ohara et al., 2007; Zhang et al., 2009). Estimates of the global and regional
effects of air pollutants (such as BC) in Asia on climate change contain large uncertainties. Analyses of
the long-term trend in BC in Asia based on global and regional monitoring are rather scarce.

At the Cape Hedo Atmosphere and Aerosol Monitoring Station (CHAAMS) in Okinawa, Japan,
observations of transboundary air pollution have been performed since 2004. CHAAMS has been
designated as a major atmosphere-monitoring station by the United Nations Environment
Programme in the Asian region (Takami et al., 2007; Nakajima et al., 2008; Shimada et al., 2015).
To understand the impact of air pollution on the climate, ecosystems, and human health, we
examined the formation of secondary aerosols, such as sulfate and nitrate (Takami et al., 2005,
2007; Takiguchi et al., 2008). In particular, in order to improve the three-dimensional regional model,
weinvestigated the process of chemical transformations of these secondary aerosols during long-
range transport. We previously studied seasonal variations and source areas of carbonaceous
aerosols from 2004 till 2008 in air masses transported from East Asia to CHAAMS (Shimada et al.,
2011) as well as identified specific sources within the source area (Shimada et al., 2015). Our long-
term observations at CHAAMS from 2004 till 2009 showed that large-scale transboundary air-
pollution (LSP) events frequently occur in winter (Shimada et al., 2016). In addition, we have
compared emission inventories with each of the aforementioned studies to understand
carbonaceous-aerosol sources and emissions in China. Studying the long-term trends in OC and
EC concentrations also supplies information for improving three-dimensional regional model in East
Asia. Therefore, in this study, by investigating the long-term trends of OC and EC concentrations, we
focus on the relationship between the long-term trends in OC and EC concentrations over
CHAAMS and examine the relation between these trends and emission changes in China.

2 EXPERIMENTAL METHOD

CHAAMS (26.87°N, 128.25°E, 60 m above sea level) is located at the northern end of Okinawa
Island in Japan. The site is approximately 100 km from Naha, which is the largest city on the
island, and approximately 650 km from Shanghai in a straight line, one of the major cities in China.
There is no major industrial or residential activity around the station. Air masses reaching
CHAAMS are primarily transported from China, Korea, Japan, Southeast Asia, and the Pacific
Ocean; therefore, this site is suitable for observing the long-range transport characteristics of air
pollutants in East Asia (Takami et al., 2007).

The OC and EC concentrations in aerosols were measured using an ambient-carbon monitor
(Series 5400; Rupprecht & Patashnick Co., Inc. [R&P], Albany, New York, USA) at 3-h intervals
from March 2004 till May 2011. OC concentration and total carbon (TC) concentration were
analyzed with a non-dispersive infrared CO2 sensor on the basis of desorption at 350°C and
750°C, respectively. EC concentration was calculated as the difference between TC concentration and
OC concentration (Shimada et al., 2016).
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In addition to the aforementioned continuous measurements, carbonaceous aerosol was
collected on quartz filters (Shimada et al., 2011) and analyzed using a thermal/optical carbon
analyzer (Model 2001; Desert Research Institute [DRI], Reno, Nevada, USA), following the
Interagency Monitoring of Protected Visual Environments (IMPROVE) protocol (Chow et al.,
2001). Aerosol particles for analyses of OC and EC in PM25 were collected on quartz-microfiber
filters with a diameter of 47 mm (Pallflex Tissuquartz 2500QAT-UP; Pall Corp., East Hills, New
York, USA) using an Federal Reference. Method 2025 apparatus (Thermo Electron Corp., Franklin,
Massachusetts, USA) operated at a flow rate of 16.7 L min~ . None of the quartz fiber filters were
baked before sampling because the amount of volatile organic compounds (VOCs) adsorbed onto
unbaked quartz fiber filters is lower than the amount adsorbed onto baked (900°C) quartz fiber
filters (Hasegawa, 2014). Three categories of blank filters were used: field (at the rate of 4 filters
per month), travel (6 filters per month), and laboratory (4 filters per month) (Shimada et al.,
2015). The detection limits of OC and EC were 0.90 and 0.10 pg C m=3, respectively. The OC and
EC samples were collected on a weekly basis from March 2010 till March 2014, but they were
intensively sampled on a daily (24-h) basis during spring (March—May) in 2010 and 2011.

Because the Rupprecht and Patashnick [R&P] Series 5400 (RP5400) carbon monitors are known
to have low collection efficiency and high time resolution (3 h), the concentrations measured by
this thermal method were scaled using methods developed by U.S. EPA (2001), Green et al.
(2007) and Quincey et al. (2009) with a semi-continuous EC and OC field analyzer (Sunset
Laboratory Inc., Oregon, USA). The measurement principle of Sunset Laboratory instruments is similar
to DRI instrument (thermal/optical method). Applying a thermal/optical method, both studies
compared Sunset Laboratory instruments in the field with RP5400 instruments using the data
observed at roadsides in England. Their conversion equation was EC(rps400) = (0.22 £ 0.02)EC{sunset)
+(0.88 £0.26) (N = 92). In our case, the conversion coefficient was calculated by comparing the
daily measured raw data obtained from the DRI instrument with the data acquired from the R&P
instrument for the periods from March till May of 2010 and 2011 (Shimada et al., 2016). The
conversion equation for OC is:

Yiory = (2.3 £0.23)X(res400) + (0.11 £ 0.10)
and that for TCis:
Yiory = (2.3 £0.18) Xirps400) + (0.16 £ 0.1)

where X is the concentration obtained using RP5400. As mentioned, EC was calculated as TC —
OC (Shimada et al., 2016).

Water-soluble organic carbon (WSOC) concentration in PM2s was analyzed with DRI
instrument. The analysis of WSOC concentration was performed in the same manner as for OC
and EC concentrations. Five punches of 0.5 cm? were taken from sample filters, and then, WSOC
contained in these filters was extracted with ultra-pure water. The extracted solution was
absorbed in a heat-treated 0.5-cm? filter. After the filter was dried by infrared light, WSOC
concentration was analyzed by DRI instrument.

At CHAAMS, we also measured polycyclic aromatic hydrocarbons (PAHs) contained in filtered
aerosol samples collected from 2004 till 2013. Concentrations of retene, one of the molecular
markers of biomass burning, were measured. Methods for sampling and analyzing retene were
described by Miura et al. (2019). We used the same data in Sato et al. (2007b), Sato et al. (2008),
Yoshino et al. (2011), Ogawa et al. (2012) and Miura et al. (2019). The sampling periods and
number of samples used in the current study are shown in Table S1. Furthermore, the durations
of the seasons were considered to be as follows: March—May for spring, June—August for
summer, September—November for autumn, and December—February for winter.

3 RESULTS AND DISCUSSION

3.1 Trends in OC and EC Concentrations from 2004 till 2013
Fig. 1 shows the monthly trends in OC and EC concentrations from 2004 till 2013. The
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Fig. 1. The trends in monthly concentrations of (a) EC and (b) OC from 2004 till 2014. The dashed line represents a 3-y running
mean of monthly averages. The solid bars and circles represent monthly means and median concentrations in box-and-whisker

plot (same hereinafter).

concentrations were high in spring and winter, typically because of aerosols transported from
China. In our previous studies, we reported high concentrations of PM;s, OC, EC, CO, Os, and
major ionic components in rainwater during spring and winter and low concentrations during
summer at CHAAMS (Shimada et al., 2011). In addition, metallic and ionic species in PMa.s were
all high during spring and winter but low during summer (Shimada et al., 2015). The flow of air
masses is governed by the wind field, created by pressure gradients as shown in Miura et al.
(2019) in which the seasonal mean wind fields from 2008 to 2015 are shown. In winter, spring
and fall, a high-pressure system is often located over northwestern China and a low-pressure
over the western Pacific Ocean. On the other hand, in summer, a high-pressure system is often
located over the western Pacific Ocean. Therefore, air pollutants were mainly transported from
China during spring and winter. The OC and EC data for summer were insufficient for a detailed
analysis to examine the relation between OC and EC trends and emission changes in China, and
therefore, we excluded summer data.
As exhibited in Fig. 2, the annual average and median concentrations of EC did not show any
significant increase in the period 2004-2014. By contrast, the annual average and median
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Fig. 2. The annual trends of (a) EC and (b) OC concentrations from 2004 till 2013, excluding
summer data. OCaverage): Y = —0.1X + 1.7 (a > 0.05, R = 0.64); OC(median): ¥ = -0.1X + 2.0 (a > 0.05, R
=0.84).

concentrations of OC clearly decreased at the rate of 0.12 pg C m3y™? (7% y; R = 0.73, « > 0.05
when 2004 is considered the base year) and 0.10 ug C m3y™* (7% y™%; R = 0.83), respectively.

The average EC concentrations are typically higher than the median concentrations.
Furthermore, the difference between the average and the median concentrations increases at
higher concentrations. Several major episodes increased the average EC concentrations in spring
and winter. We observed LSP events in winter. The OC and EC concentrations were highest in
month of the year when LSP persisted over the CHAAMS 4—6 daysin winter (Shimada et al., 2016).
Although these observations indicate the importance of episodic events to EC, the difference
between average and median values is less pronounced than that for OC (Fig. 1), indicating that
the aforementioned episodes affect EC concentration more than OC concentration, even though
the latter is higher. To investigate the influence of episodic events on average and median EC
concentrations, we analyzed the increase—decrease rates of the annual trends in OC and EC
concentrations. Fig. S2 shows the frequency distributions of the quantity (average —
median)/median for EC concentration and OC concentration, and Fig. 2 shows the annual trends
in OC and EC concentrations from 2004 till 2013. The frequency of EC concentration is
predominantly higher than that of OC concentration, and the quantity (average — median)/median
for EC concentration varies between 20% and 70%. It was found that the above episodes affect
EC concentration rather than OC concentration. Although LSP might influence the annual trend
in EC, it does not affect the annual trend in OC.

Fig. 3 shows the annual trends in EC and OC in spring and winter, when air pollutants were
frequently transported from China to Japan. The average and median EC concentrations did not
show appreciable changes (Figs. 3 and S1), whereas the average and median OC concentrations
showed a considerable decrease in both winter and spring. Episodes such as those of LSP did not
affect the average and median OC concentrations (Fig. S2), which decreased at the rate of
0.10 ug Cm3y1 (5% y!) in spring and 0.11 pg C m3 y1 (7% y2) in winter (Figs. 3 and S1). We
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Fig. 3. The annual trends of average (a) EC and (b) OC concentrations in spring and winter from
2004 till 2014. OCispring): Y = -0.1X + 1.9 (. > 0.05, R = 0.64); OCwinter): Y =-0.1X+ 1.9 (a > 0.05, R
=0.76).

checked for trends by applying the Mann—Kendall test, which is widely used to verify the
significance of tendencies in data sets (Miura et al., 2019). No significant increasing or decreasing
trends in EC (P > 0.05) were found in any given season over the study period. On the other hand,
decreasing trends in OC (P < 0.05) were found in spring and winter. The decreasing trend from
winter through spring observed at CHAAMS may indicate a reduction in OC emissions in China
from the past decade.

3.2 Annual Trends in POC and SOC from 2004 till 2013

Primary emissions of OC are expected to have decreased over the past decade. Here, we
examined the secondary formation of OC using the EC-tracer method. According to Turpin and
Huntzicker (1991), the contributions of primary organic carbon (POC) and secondary organic
carbon (SOC) concentrations can be estimated as:

Croc = EC x (OC/EC)min (1)
Csoc = OC — Cpoc (2)

where (OC/EC)min is the observed minimum OC/EC ratio. The (OC/EC)min values were determined
by using the RP5400 data for spring and winter and taking the average of the 10 minimum OC/EC
ratios (Turpin and Huntzicker, 1995) for the period 2004—2010. The obtained values were 2.91
(R?=0.99), 2.95 (R*=0.85), 1.78 (R* = 0.99), 0.98 (R* = 0.84), 1.57 (R? = 0.84), 0.64 (R* = 0.74), and
0.67 (R? = 0.90) for 2004, 2005, 2006, 2007, 2008, 2009, and 2010, respectively. Moreover, for
the filtered samples collected in 2010 and 2011, (OC/EC)min was determined as the average value
of the two lowest OC/EC ratios in these years. We used OC and EC data from the spring of 2010
and 2011, when intensive daily sampling was conducted throughout the season. The (OC/EC)min
values for 2010 and 2011 were 0.95 (R? = 0.83) and 1.17 (R? = 0.98), respectively. Because the
samples with the minimum OC/EC ratios at CHAAMS might contain SOC, the contribution of SOC
could be underestimated by the EC-tracer method. Zhang et al. (2008) reported that (OC/EC)min
ranged from 0.9 to 2.4 at 18 stations of the China Atmosphere Watch Network (CAWNET) in China
in 2006. In our study, the SOC/OC ratio increased from 2004 till 2007 and thereafter stabilized
(Fig. 4). It is noteworthy that the use of yearly (OC/EC)min from 2010 to 2013 instead of average
(OC/EC)min would only lead to a larger increase in the SOC/OC ratio. This is because SOC/OC data
from filter sampling were used for spring of 2010 and 2013. The annual trends of the SOC/0C
ratio from 2004 till 2010, excluding summer data from 2004 till 2010, was used from the RP5400
data. For reference, we showed SOC/OC ratios from 2010 till 2013 using the calculated average
(OC/EC)min values (1.06) based on 2010 and 2011 data. These ratios were consistently higher
(~75%) in rural areas due to reduced contributions of primary OC concentrations.

Moreover, in the current study, the relationship between SOC and WSOC concentrations was
found to be Y =0.70X + 0.32 (R = 0.62) (Fig. S3). Here, X is the estimated SOC concentration, and
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Fig. 4. The annual trends of the SOC/OC ratio from 2004 till 2010, excluding summer data from
2004 till 2010, from RP5400 measurements. SOC/OC data from filter sampling were used for
spring of 2010 and 2013. SOC/OC: Y = 2.8X + 48.7 (« > 0.05, R = 0.67).

Y is the measured WSOC concentration. When SOC is produced by a photochemical oxidation
reaction as shown below, the main component of SOC is water-soluble. Therefore, SOC and
WSOC are highly correlated (Miyazaki et al., 2006). SOC concentration is known to be formed
from gas-phase photo-oxidation of VOCs, such as isoprene (Kroll et al., 2006) and monoterpenes
(Hatakeyama et al., 1989), and aromatic compounds (Sato et al., 2007a) as well as carbonyl and
semi-volatile organic species from anthropogenic emissions (Hatakeyama et al., 1994; Robinson
et al., 2007) formed through oxidation by ozone or radicals such as OH and NOs.

The trend in ozone concentration at CHAAMS from 2001 till 2013 did not show either upward
or downward trends (Kato et al., 2014), and therefore, the high SOC content in OC was not due
to an increase in the ozone concentration. Huang et al. (2015) reported that based on the OC/EC
ratios in literature, SOC is increasing in urban Shanghai. Thence, they discussed the contribution
of VOC emissions, such as those with high aromatic contents, to secondary organic aerosol (SOA)
formation and the relative importance of vehicular emissions. They suggested that gasoline
exhaust is an important factor in SOA formation based on the relative contributions of gasoline and
diesel vehicles to vehicle-origin organic aerosol. Kurokawa et al. (2013) reported that emissions
from solvent and paint increased rapidly to 38% in 2008, exceeding those from road transport
(35%). Zheng et al. (2017) also reported that solvent emissions are estimated to have increased
by 52% since 2010. Toluene and Cs aromatics were the most abundant species, accounting for
76% of the total VOCs emitted from paint applications (Yuan et al., 2010). De Smedt et al. (2010)
reported that an upward trend of formaldehyde-column abundance was observed over
northeastern China (4% y™) based on data retrieved from the Global Ozone Monitoring
Experiment (GOME) and Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY) instruments between 1997 and 2009. Formaldehyde is one of the
important intermediate products from the oxidation of VOCs. They also reported that the detected
trend in formaldehyde-column abundance could be explained by changes in the emissions of
corresponding anthropogenic non-methane hydrocarbon (NMHC), which were reported by
Ohara et al. (2007). The trend of formaldehyde can mainly be used as an indicator of tropospheric
VOC emissions. It seems that the SOC/OC ratio is increasing at the rate of 2.7% y* due to the
reduction of OC emission and the change in composition of OC in China.

3.3 OC/EC Ratio and Retene as a Molecular Marker of Biomass Burning

Fig. 5 shows the annual trend in the OC/EC ratio from 2004 till 2013. This ratio is useful for
examining the relative importance of sources of carbonaceous aerosols, namely biomass burning
and fossil-fuel combustion. The OC/EC ratios of the products of coal combustion, oil combustion,
and vehicle emissions, and biomass burning have been suggested to be 3.0 and 12.3, respectively
(Bond et al., 2004; Cao et al., 2005), indicating the greater importance of biomass burning. The
annual average OC/EC ratio decreased from 5.7 to 2.4, at the rate of 0.28 y* (5% y*; R = 0.66,
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Fig. 5. The annual trends of OC/EC ratios from 2004 till 2013, excluding summer data. OC/EC: Y =
-0.28X+ 5.5 (a > 0.05, R = 0.66).

o.>0.05, with 2004 as the base year). The yearly trend in OC/EC ratios for spring and winter from
2004 till 2013 showed an appreciable decrease (Fig. S4) at the rate of 0.26 y™* (4% y™2) in spring
and 0.28 y* (5% y?) in winter. According to the Mann—Kendall test, decreasing trends in OC/EC
ratio (P < 0.05) were found in spring and winter over the study period, suggesting that the
contribution of fossil-fuel combustion increase more than biomass burning to carbonaceous
aerosols. Our results agree with the results of Kim et al. (2011), who reported a decrease in the
OC/EC ratio at Gosan, Korea, from 1992 till 2008. Handa et al. (2010) reported that *C/*2C
analysis of the EC indicated a greater contribution from fossil-fuel combustion (~60%) than
biomass burning (~40%). When low EC concentrations were observed, **C/*2C analysis of OC
indicated that the contribution of fossil-fuel combustion (~40%) was less than that of biomass
burning (~60%). The contribution of OC probably does not reflect biomass burning; rather, this
increase may have been caused by SOA derived from biogenic VOCs (Handa et al., 2010).

Moreover, the OC/EC ratios in the air masses that originated in North China and South China
were 1.98 + 0.05 and 2.83 + 0.03, respectively, using the same data from 2004 to 2008 (Shimada
et al., 2011). OC/EC ratios estimated for North China and South China based on the Asian
emission inventory data set were 1-2 and 2-3, respectively (Shimada et al., 2011). Thus, our
observational data are in accordance with the emission inventory data. The low OC/EC ratios (<
3) in both North China and South China indicate that the sources of the EC and OC were
anthropogenic (Shimada et al., 2011). In order to identify specific source categories for EC and
OC using the same data in the air masses from China and Korea, we used Positive Matrix
Factorization—Potential Source Contribution Function (PMF—PSCF) analysis results (Shimada et
al., 2015), which provided information on air-mass transport. While oil combustion occurred in
South China, coal combustion occurred in North China, with high contributions from the former
in spring and the latter in winter (Shimada et al., 2015).

The yearly trend in the OC/EC ratio indicates that the contribution to carbonaceous aerosols
from biomass burning has decreased at CHAAMS. We also compare the yearly trend in the OC/EC
ratio with emission inventories in Section 3.4.

The website of the Acid Deposition Monitoring Network in East Asia (EANET; led by the Ministry
of the Environment, Japan) reported the monthly trends of potassium concentration in PMso
during spring and winter at Cape Hedo from 2004 till 2012 (http://www.eanet.asia/). The main
sources of potassium are biomass burning and sea salt. The non-sea-salt potassium (nss-potassium)
concentration, obtained from the Na* concentration, first increased from 2004 and then decreased,
showing a slight overall decrease during the aforementioned period (Fig. 6). At Gosan, it slightly
decreased overall from 1992 till 2008 (Kim et al., 2011). The trend at CHAAMS from 2004 till 2008
is in agreement with the observations made at Gosan. Overall, the trend in the potassium
concentration supports the observed decrease in the contribution of biomass burning to ambient
aerosols. However, due to low potassium concentration, PMF analysis did not show the contribution
from biomass burning (Shimada et al., 2015).
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Fig. 6. The annual trends of non-sea-salt potassium concentrations in spring and winter from
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Fig. 7. The annual trends of retene concentrations in spring and winter from 2004 till 2013. CH
means the fraction of air-mass origins from the area including part of China.

Levoglucosan has often been used as a marker of biomass burning (Simoneit et al., 2002).
However, recent findings have reported that its lifetime is rather short, up to 12 h, because of
rapid photochemical oxidation in the droplet phase (Teraji et al., 2010) and that it may not be
suitable for use as a marker in humid environments. Retene concentration is another marker of
biomass burning, especially softwood burning (Ramdahl, 1983; McDonald et al., 2000; Fine et al.,
2001; Simoneit, 2002). We monitored retene, a persistent organic pollutant, to examine changes
in the biomass-burning source strength. Fig. 7 shows the annual average concentrations of retene
in spring and winter from 2004 till 2013. Fig. 7 also shows the annual average concentrations of
retene transported from China classified by back-trajectory analysis. Table S2 shows sampling
periods and sample number from 2005 to 2013. PAH concentrations at CHAAMS in each season
were dominated by PAHs transported from China. PAH concentrations were highest in winter
and lowest in spring (Miura et al., 2019; Shimada et al., 2020). We used the data classified as of
Chinese origin by back trajectory in these references (Sato et al., 2007b, 2008; Yoshino et al.,
2011; Ogawa et al., 2012; Miura et al., 2019). Retene concentrations transported from China
dominate the long-term trend of Cape Hedo. In other words, the retene concentrations
transported from China determine the long-term trends of retene.

During this period, the retene concentration based on all data sets decreased from 315 pg m™
to 7 pg m=3 (in winter) and from 439 pg m~ to 11 pg m~ (in spring), indicating a decrease in the
contribution from biomass burning to carbonaceous aerosols.

Examining the OC/EC ratio, nss-potassium concentration, and retene concentration, we found
that the contribution from biomass burning to carbonaceous aerosols has decreased at CHAAMS.
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Fig. 8. Comparison of OC/BC emission inventories from China based on references (left axis) with
observed OC/EC concentrations (bar graph) at CHAAMS in this study (right axis).

3.4 Comparison of the Annual Trends in OC and EC with Emission Inventories

The annual trends in the OC and EC concentrations at CHAAMS from 2004 till 2008 and 2010
to 2017 were also quite consistent with changes in the emission inventories in China reported by
Kurokawa et al. (2013) and Zheng et al. (2018). The annual trend in the OC/BC ratio in emissions
in China decreased during this period, consistent with the decrease in the OC/EC ratio at CHAAMS
(Fig. 8). Carbonaceous aerosol emissions in China originate mainly from residential biofuel and coal
combustion. According to the Regional Emission Inventory in Asia (REAS; version 2.1; Kurokawa
et al., 2013) and Multi-resolution Emission Inventory for China (MEIC; Zheng et al., 2018), due to
a reduction in biofuel consumption in China, BC emissions have increased since 2000, and OC
emissions have decreased since 2006. Kurokawa et al. (2013) and Zheng et al. (2018) reported
that more than half of the total BC emissions in China during 2000 were from the domestic sector
(e.g., biofuel consumption). BC emissions from this sector have decreased since 2006, and
industrial emissions reached levels equal to domestic emissions in 2008 (with each category
contributing approximately 45% to the total BC emissions). The road-transport sector has
become more important, with a share of 11% (Kurokawa et al., 2013). Kurokawa et al. (2013)
reported that OC emissions decreased by 16% between 2006 and 2008.

It is noteworthy that Kurokawa et al. (2013) and Zheng et al. (2018) considered biofuel
consumption such as wood burning but not open biomass burning in the emission inventory. Lu
et al. (2010) described the overall trend in the annual change in emissions from open biomass
burning in China from 2004 till 2010 on the basis of the Global Fire Emissions Database (GFED;
version 3.1), reporting that OC emissions from open biomass burning of forests and savannas
vary from year to year. The emissions are largely dependent on the amount of precipitation and
soil moisture. Although the emission factor is highly uncertain, OC emissions from this source
type account for 2-11% of the total emissions in China, depending on the year. Li et al. (2009)
reported that the OC emission factor varies in the range 0.85-3.97 g kg™t among different types
of biofuels. OC emission also depends on the moisture content of biomass fuels (Venkataraman
et al., 2005). In a laboratory experiment, OC emission factors of fuelwood were observed to be
approximately 0.4 g kg™ at low burn rates and as high as 2.7 g kg™ at high burn rates (Venkataraman
et al., 2005). In general, the contribution of open burning to OC emissions is considered low.
Therefore, we believe that a decrease in biofuel consumption in China caused the decreasing
trend in OC concentration observed at CHAAMS. The annual trend in the OC/EC ratio at CHAAMS,
and the trend in the OC/BC ratio in emissions in the study by Kurokawa et al. (2013) and Zheng et
al. (2018) (Fig. 8) consistently show the large contribution of fossil-fuel combustion to carbonaceous
aerosols at CHAAMS.

4 CONCLUSION

This study assessed the levels of the carbonaceous aerosols at Cape Hedo from 2004 till 2014.
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Using an ambient-carbon-particulate monitor, we measured the OC and EC concentrations in these
aerosols every 3 h between March 2004 and May 2011. Additionally, following the IMPROVE
protocol, we collected samples of the carbonaceous aerosols on quartz filters between March 2010
and March 2014 and quantified the carbon content with a DRI Model 2001 thermal/optical
carbon analyzer.

The annual EC concentration exhibited a stable trend from 2004 till 2014. However, both the
annual average and median OC concentrations decreased at a rate of 0.10 pg C m™= y™* during
this period owing to the reduction in OC emissions in China over the past decade. Specifically,
the levels of OC dropped at rates of 0.10 ug Cm=y ™ and 0.11 pg C m~3yin spring and winter,
respectively, during which air pollution from China frequently arrived in Japan.

The annual average of the OC/EC ratio, which can be used to estimate the contributions of
biomass burning and fossil-fuel combustion to carbonaceous aerosols, decreased from 5.7 in
2004 to 2.4 in 2014, or at a rate of 0.28 y, indicating a reduction in the relative contribution of
biomass burning. Comparing the BC to the OC emission-inventory data in REAS v.2.1 and MEIC,
we found that the declining OC concentrations observed at CHAAMS can be attributed to the
remarkable decrease in biofuel consumption in China.
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