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Key Points:

1. We report 3-year observations of biogenic secondary organic aerosols (BSOAs) at
Chichijima Island in the western North Pacific.

2. Monoterpene oxidation products are the significant sources for BSOAs, followed by
isoprene and B-caryophyllene oxidation products in Chichijima aerosols.

3. High-NOx BSOA tracers (2-MGA, 3-HGA, and 3-MBTCA) are influenced by a long-
range transport of anthropogenic air masses and low-NOx BSOA tracers (2-MTLs and C5-
alkene triols) are produced mainly by the oxidation of locally emitted isoprene.

4. Biomass burning aerosols contribute to [-caryophyllene-derived BSOA tracer by
atmospheric oxidation during long-range transport from the Asian continent over the

western North Pacific.
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Abstract

To better understand the formation processes of biogenic secondary organic aerosols (SOAs)
over remote oceanic regions, aerosol samples were collected from 2010 to 2012 at Chichijima
Island in the western North Pacific (WNP). The samples were analyzed by gas
chromatography-mass spectrometry for SOA tracers, which are produced by the photochemical
oxidation of biogenic volatile organic compounds (BVOCs), including isoprene, monoterpene
and sesquiterpene. Although no seasonal trend was identified for the isoprene-derived SOA
tracers, we observed higher levels of the monoterpene-derived and sesquiterpene-derived SOA
tracers in winter/spring and lower levels in summer/autumn. We found a significant correlation
(r = 0.87) of p-caryophyllinic acid with levoglucosan, the latter being a specific tracer of
biomass burning (BB). This suggests that the f-caryophyllene accumulated in higher plants is
evaporated by BB followed by atmospheric oxidation during long-range transport from the
Asian continent over the WNP. The biogenic secondary organic carbon concentration
estimated using a tracer-based approach ranged from 0.11-174 ngC m (avg. 34.8+38.2 ngC
m ), accounting for 0.02-32.0% (avg. 6.11+6.42%) of the measured organic carbon. Our
results indicate that SOAs are formed by the photooxidation of BVOCs. The backward
trajectories of air masses further support their transport from the central Pacific during mid-
spring to mid-autumn, whereas BB aerosols are transported from the Asian continent during
mid-autumn to mid-spring over the WNP. Positive matrix factorization analyses of the SOA
tracers suggest that organic aerosols of Chichijima are mostly related to BVOC emissions, with

BB's additional contributions especially in winter and spring. (248)

Keywords: Biogenic SOA tracers, biomass burning, continental influence, remote marine

aerosols.
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1. Introduction

Atmospheric aerosols are derived from various natural and anthropogenic sources
(Robinson et al., 2006; de Gouw and Jimenez, 2009). Primary aerosols are directly emitted
from continents, oceans, arid regions, volcanic eruptions, fossil fuel combustion, and biomass
burning (BB). Conversely, secondary aerosols are formed by photochemical reactions via gas-
to-particle conversion in the atmosphere (Hallquist et al., 2009). Secondary organic aerosols
(SOAs) are abundant, representing one of the most important components of carbonaceous
aerosols that significantly affect the atmospheric radiation budget, both directly by scattering
sunlight and indirectly by acting as cloud condensation nuclei (CCN) (Kanakidou et al., 2005).
Considerable efforts have been devoted in recent decades to developing an understanding of
SOA formation by the photooxidation of volatile organic compounds (VOCs) of anthropogenic
and biogenic origin (Kavouras et al., 1998). Biogenic VOCs (BVOCs) are emitted from

terrestrial vegetation and marine biota (Guenther et al., 20006).

Guenther et al. (1995) estimated the annual global emission of BVOCs to be 1150
TgC yr ', of which isoprene and monoterpenes accounted for 44% and 11%, respectively.
Similarly, Piccot et al. (1992) reported the emission of 110 TgC yr ' of anthropogenic VOCs
(AVOCs), which is one order of magnitude lower than that of BVOCs. Hallquist et al. (2009)
reported the global production of SOAs from BVOCs to be 9-910 TgC yr . The contribution
of BVOCs to SOA formation is much greater (840 Tg yr ') than that of AVOCs (0.3 to 1.8 Tg
yr ') (Intergovernmental Panel on Climate Change, 2001). The emissions of BVOCs followed
by SOA formation are expected to have a significant impact on the chemical composition and
physical properties of tropospheric aerosols and thus climate change (Fowler et al., 2009).
Although the AVOC contribution to SOA formation frequently exceeds 50% in urban areas
due to the influence of human activities (Ding et al., 2012; von Schneidemesser et al., 2009), it

is likely much smaller in the remote marine atmosphere.

The global production of SOAs from marine sources has been considered less
important than from terrestrial sources. Meskhidze and Nenes (2006) suggested that marine
phytoplankton could be an emission source of BVOCs and SOA formation. However, studies
of the oxidation products of BVOCs in the remote marine atmosphere are limited in number.
We note that remote marine aerosols would provide a unique opportunity to examine the
atmospheric chemistry of BVOCs due to their being so far away from the anthropogenic

sources on the continent. A potential source of SOAs in the free troposphere has been reported
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to be the atmospheric oxidation of long-lived VOCs (Heald et al., 2005). Isoprene was included
as an SOA precursor in a global model developed by Henze and Seinfeld (2006). Studies on
SOA formation are essential for understanding the aerosol-cloud-climate system over the

remote oceans (Meskhidze and Nenes, 2006).

The authors of several chamber studies have reported the anthropogenic influence on
the formation of biogenic SOAs (BSOAs). Ding et al. (2014) found NOy levels to significantly
influence the concentrations of BSOA tracers in the atmosphere. Surratt et al. (2006) and
Zhang et al. (2011) demonstrated that 2-methyltetrols are most likely generated under low-NOy
and high relative humidity (RH) conditions, whereas 2-methylglyceric acid is generated under
high-NOy and low RH conditions. Surratt et al. (2010) proposed that high-NOy and low RH
levels affected the formation of Cs-alkene triols. The results of chamber experiments conducted
by Claeys et al. (2007) and Szmigielski et al. (2007) demonstrated the formation of 3-
hydroxyglutaric acid and 3-methyl-1,2,3-butanetricarboxylic acid under UV-radiation in the
presence of NOy. Similarly, it is assumed that the anthropogenic NOy emitted from the Asian
continent is transported together with anthropogenic aerosols to Chichijima Island in the
western North Pacific (WNP) (Boreddy et al., 2015). Under favorable meteorological
conditions, NOx may affect the seasonal concentrations and formation mechanisms of BSOA

tracers over the remote ocean.

The vehicular emissions and BB in the East Asian countries are the primary sources of
NOy, which might be significantly transported to the downwind regions. The anthropogenic
nitric oxide (NO) reacts with Oz to form NO, and subsequently converts to nitrate (NO3)
radicals. The long lifetime of VOCs and their oxidation by photolabile NO;3 provide additional
pathways for SOA formation, which is enhanced under high-NOy conditions (Hoyle et al.,
2011). Hoyle et al. (2007) reported a global modeling study where oxidation of SOA
precursors by NOj3 in nighttime increases up to 21% of the global average SOA burden. Brown
et al. (2009) reported that NOs initiated isoprene oxidation process increased up to 17% of
SOA formation in the northeastern US. Ng et al. (2008) estimated that ~2 to 3 Tg of SOA yr '
result from isoprene reaction with NOs;. Moreover, in the industrialized region, the average
percentage increased to around 50-60%, suggesting the significance of anthropogenic

emissions for the SOA formation pathway (Hoyle et al., 2007).

The East Asian monsoon significantly affects the regional climate and air quality of the

outflow regions in the WNP (Yamamoto et al., 2011). Over Chichijima in the WNP, pristine
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air masses usually travel from the Pacific Ocean in summer and autumn by easterly winds,
whereas polluted air masses from the Asian continent are transported over the WNP in winter
and spring by westerly winds (Chen et al., 2013). Verma et al. (2015) reported high
concentrations of BB tracers in total suspended particulate (TSP) samples collected from
Chichijima during winter and spring. Verma et al. (2018) discussed the influence of long-range
atmospheric transport on the seasonal distributions of sugar components in Chichijima aerosols.
A long-term (2001-2012) study of TSP samples from Chichijima found NO;™ to be more
abundant in winter and spring than summer and autumn over the WNP (Boreddy et al., 2015).
The above studies demonstrate that atmospheric circulation and wind patterns control

atmospheric aerosols seasonal sources and compositions over the Pacific Ocean.

In addition to continental emissions, followed by long-range atmospheric transport the
marine atmosphere is also affected by oceanic emissions. Therefore, it is essential to
investigate the SOA tracers in remote marine aerosols to determine their origin and impacts on
the regional and global climates. In this study, we analyzed TSP samples collected from
Chichijima to determine the molecular characteristics of the SOA tracers, and their abundances
and sources over the WNP. Here, we discuss the influence of the local meteorology,
atmospheric circulations, and long-range atmospheric transport of BVOCs and pollutants on
the abundance of SOAs in Chichijima aerosols. We performed a diagnostic mass concentration
ratio analysis, a tracer-based approach, and a positive matrix factorization (PMF) analysis at
annual and seasonal scales to explore the variations in SOA tracers concentrations and sources

over the WNP.
2. Materials and Methods
2.1. Sampling Site and Aerosol Sample Collection

The sampling site (Chichijima: 27.06°N and 142.21°E) is located at the Ogasawara
Downrange Station of the Japan Aerospace Exploration Agency (JAXA) on Chichijima Island
(Figure 1). A detailed description of the sampling site is given in Kawamura et al. (2003).
Briefly, Chichijima is a small remote island located in the WNP approximately 2000 km east
of the Asian continent and 1000 km south of Tokyo, Japan. The total area of the island is 24
km?®, and its population is about 2000. The climate of Chichijima is classified as subtropical.
The island is too far away from the Asian continent to receive monsoonal rainfall on the

equator ward side of the Siberian High and too far south to be influenced by the Aleutian Low.
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Figure 2 shows the monthly average values of the meteorological parameters over
Chichijima Island during the campaign. Its climate is a humid year around. The monthly mean
RH was found to be lowest in January 2011 (62%) and highest in June 2012 (89%), with an
average of 77% during the study period. The monthly mean temperatures ranged from 7.8 °C
in January to 34.1 °C in August (avg. 23.5 °C). More precipitation events were recorded at the
sampling site between April and July and September and October. The total precipitation
amounts were 1393, 942, and 1229 mm, respectively, in 2010, 2011, and 2012. A broad-leaved
evergreen forest covers a large part of the island. The vegetation of Chichijima is characterized
by rich endemic flora (75%) and short trees with sclerophyllous leaves on the ridge sites. The
plants typically experience severe drought in July and early summer, especially on the ridge
sites, due to low precipitation levels, high temperatures, and shallow volcanic soil. Typhoons
also affect the climate and vegetation of Chichijima as these frequently occur from mid-

summer to mid-autumn.

Detailed descriptions of the TSP samples collected at Chichijima Island are given in
Mochida et al. (2010) and Chen et al. (2013). Briefly, a high-volume air sampler (Kimoto
AS810A) was placed at JAXA’s Ogasawara Downrange Station on Chichijima. The samples
were collected on precombusted (450 °C for 6 h) quartz fiber filters at a flow rate of 1.0 m’
min~' on a weekly basis from January 2010 to December 2012. After sample collection, to
prevent microbial activity and the loss of semi-VOCs from the samples, the individual filters
were placed in a precombusted glass jar with a Teflon-lined screw cap and stored in a dark,
cold room at —20 °C until analysis. In this study, a total of 171 filter samples were analyzed,

including 17 field blanks.
2.2. Extraction and Derivatization of Samples

Approximately 21 cm® of each of the sample filters were extracted with a
dichloromethane and methanol mixture (2:1) under ultrasonication. The extracts were filtered
through a Pasteur pipette packed with precombusted quartz wool to remove filter debris and
then concentrated in a rotary evaporator under vacuum and dried by nitrogen blowdown. To
convert the hydroxy groups into corresponding trimethylsilyl (TMS) ethers and the carboxyl
groups into TMS esters, the extracts were then derivatized with N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% TMS chloride in the presence of 10 uL

of pyridine in a 1.5 mL precombusted glass vial sealed with a Teflon-lined screw cap at 70 °C
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for three hours. More details regarding the extraction and derivatization procedures are

reported in Fu et al. (2008).
2.3. Gas Chromatography—Mass Spectrometry Determination of SOA Tracers

Before injection into a gas chromatograph-mass spectrometer (GC-MS), the derivatized
fraction was diluted with n-hexane containing an internal standard of »n-C,; alkane (1.43 ng
uL ™). GC-MS analyses of samples were performed on an Agilent model 7890 GC coupled to
an Agilent model 5975 mass selective detector (MSD). The mass spectrometer was operated in
the electron ionization (EI) mode at 70 eV and scanned in the m/z range 40—-650 Da. The GC
was equipped with a split/splitless injector and a DB-5MS fused silica capillary column (30 m
% 0.25 mm in diameter, 0.25 pm film thickness). The GC oven temperature was programmed
to be 50 °C for 2 min at a rate of 15 °C min™' from 50 to 120 °C, then from 120 to 305 °C at
5°C min™". The final isotherm holds at 305 °C for 15 min. Helium was used as the carrier gas
at a flow rate of 1.0 mL min™'. The sample was injected on a splitless mode at 280 °C injector
temperature. GC-MS data were acquired and processed with an Agilent GC/MSD ChemStation

software.

The compound masses were also compared using the relative response factors
determined by the injection of authentic standards and those reported in the literature and
library texts. The average response factors of internal standard calibration for the surrogates
were average of 2.18. In total 11 BSOA tracers including 2-methylthreitol (2-MTL;), 2-
methylerythritol (2-MTL,), 2-methylglyceric acid (2-MGA), cis-2-methyl-1,3,4-trihydroxy-1-
butene, 3-methyl-2,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-trihydroxy-1-butene (Cs-
alkene triols), cis-pinonic (PNA), pinic acids (PA), 3-methyl-1,2,3-butanetricarboxylic acid (3-
MBTCA), 3-hydroxyglutaric acid (3-HGA) and p-caryophyllinic acid were detected in

Chichijima aerosol.
2.4. Quality Assurance and Quality Control

A total ion chromatogram (TIC) provides a reliable approach for tracer quantification in
the absence of authentic standards. Kleindienst et al. (2007) used TMS derivatives of ketopinic
acid for quantitative estimation of SOA tracers because no standards were available for the
majority of the compounds. In this study, GC-MS response factors were determined using
authentic standards of PNA, PA, 3-HGA and meso-erythritol to quantify SOA tracers. The
concentrations of 2-MTLs (2-MTL; and 2-MTL,), 2-MGA, and Cs-alkene triols were
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estimated using the response factor of meso-erythritol (Wang et al., 2008; Kourtchev et al.,
2008), whereas the response factor of PA was used to quantify 3-MBTCA and g-
caryophyllinic acid (Jaoui et al., 2007; Ding et al., 2011) due to the unavailability of
commercial standards. The EI spectrum and TIC with the retention time, observed MS
fragments and relative ratio of fragments of each tracers compounds were presented in Figures
S1 and S2a-S2k, which supported a correct identification of the SOA tracers. The ionization
and mass fragmentation of target SOA tracers are different from the surrogate standards.
Therefore, the substantial uncertainties caused by different surrogate standards were estimated

based on the method described in Stone et al. (2012).

The recoveries of authentic standards or surrogates that were spiked onto a
precombusted quartz fiber filters (n = 3) were 90 = 5% for 3-HGA, 93 + 4% for meso-
erythritol, 89 + 3% for PNA, and 78 + 4% for PA. Based on the duplicate analysis, the
analytical errors in the detected compounds concentrations were determined to be within 10%.
Field blanks were collected every two months during the campaign at the observation site,
which was analyzed as the real samples. The measured SOA tracers were not detected in these
field blanks. The method detection limits (MDL) for 3-HGA, meso-erythritol, PNA acid and
PA were 3.2, 4.3, 1.2 and 2.6 pg m ", respectively, under a typical sampling volume of 4500

3
m-.

2.5. Estimation of Measurement Uncertainty

The standards for PNA, PA and 3-HGA are available commercially among all the
measured SOA tracers in this study. Hence, the additional error introduces for the
quantification while using surrogate standards in the analytical measurements. The

uncertainties in the measurements of SOA tracers were calculated by the following equation

developed by Stone et al. (2012):

\/ A A A
Ea= N Em+ERrR+EQq (Eqn. - 01)
where E, is an error in analyte measurement, Erpg is the standard deviation of the field blank,
Er is the error in spike recovery, and Eq is the error from surrogate quantification. Erg was 0 in
this study because no target compounds were detected in the field blanks. The spike recoveries
of surrogate standards were used to estimate the Er of SOA tracers, ranging from 2 to 23%. An

empirical approach was developed by Stone et al. (2012) to estimate Eg based on the
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homologous series of atmospherically relevant compounds. The relative error introduced by
each carbon atom (En) was estimated to be 15%, each oxygenated functional group (Ef) to be
10%, and alkenes (Ed) to be 60%. The errors introduced from surrogate quantification are

treated as an additive and are calculated with Eqn. - 02,
Eq =EnAn + EfAf+ EqgAd (Eqn. - 02)

where An is the difference in carbon atom number between a surrogate and an analyte, Af'is the
difference in the oxygen-containing functional group between a surrogate and an analyte, Ad is
the difference in alkene functionality between a surrogate and an analyte. The quantification
errors (Eq) were then propagated with the other source of measurement uncertainty using Eqn.
- 01 were ranged from 15% (2-MTLs) to 140% (p-caryophyllinic acid) in this study. The
quantification errors (Eq) yield the following uncertainties (Ea) for SOA tracers in this study
were 20% for 2-MTLs, 25% for 2-MGA, 83% for Cs-alkene triols, 50% for 3-MBTCA, and
145% for B-caryophyllinic acid.

2.6. Air-mass Circulation and Back Trajectories

The five-day air-mass backward trajectories (AMBTSs) arriving over the sampling site
500 m above ground level were computed for each sample using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model developed by the National Oceanic and
Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) (Draxler and Rolph,
2013). Figure 3 shows the seasonal AMBTs for the samples collected at Chichijima. These
trajectory-based observations show two significant pathways for the air masses that arrived in
Chichijima, which indicate that the observation site is strongly affected by seasonal changes in
the wind system. Trade winds, which are dominant from mid-spring to mid-autumn, transport
clean and pristine marine air masses from the central Pacific. The westerly winds dominate
from mid-autumn to mid-spring, bringing continental air masses enriched with pollutants
including NOy, dust, and anthropogenic aerosols emitted from East Asia and Eurasia

(Kawamura et al., 2003; Simoneit et al., 2004; Wang et al., 2009).

Bourgeois and Bey (2011) reported global lifetimes of aerosol in the air are about five
days by estimating the loss rate constant of tracers as 2.3x1072 cm® molec™” s at OH levels of
1x106 molecules cm™. According to the above study, five days lifetime was also assumed for
SOA tracers in Chichijima aerosols; however, it may vary for a different environment.

Therefore, considering the lifetime of SOA tracers is five days, we compute the five-day air-
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mass backward trajectories arriving over the sampling site 500 m above ground level. Apart
from the above study, detailed research is needed about the stability, degradation, and lifetime

of the SOA tracers during long-range transport.
2.7. Positive Matrix Factorization (PMF) Analysis

Positive matrix factorization (PMF) is a powerful statistical tool for resolving the
potential sources contributing to atmospheric particles (Paatero and Tapper, 1994). The
uncertainties were calculated by using the measured ambient concentrations and method
detection limits (MDLs). The measured concentrations of SOA tracers below or equal to the
MDLs were replaced by half of the MDL, and associated uncertainties were set at five-sixths
of the MDL [(5/6) x MDL] values of each sample. The geometric mean of the concentrations
replaced missing concentrations, and the calculation of uncertainty for the concentrations

greater than the MDL is based on the following equation 03

Uncertainty = \/ (error fraction x concentration)” + (0.5 x MDL)? (Eqn. - 03)

The error fraction is a user-provided estimation of the analytical uncertainty of the
measured concentration or flux. For example, Xie et al. (2014) and Han et al. (2017) used an
error fraction of 0.2-0.3 and 0.2 for organics, respectively. In this work, the error fraction was

set to be 0.2 for all species. The detailed discussions of the determination and application of

PMF are reported by Paatero et al. (2002) and Zhou et al. (2004).
3. Results and Discussion
3.1. Concentrations of Biogenic SOA Tracers

Figure 4 shows the temporal trends in the concentrations of BSOA tracers in the
Chichijima samples (Figures 4a—4n), and Table 1 presents their annual and seasonal
concentration ranges and average values, together with the standard deviations. The
concentrations of BSOA tracers in the Chichijima aerosols ranged from 0.03-14.1 ng m " (avg.
2.35+2.71 ng m ), which are lower than those reported for Okinawa Island (0.09-15.5 ng m™>,
avg. 4.53 ng m°) (Zhu et al., 2016) and the East China Sea (1.1-135 ng m >, 22.9 ng m°)
(Kang et al., 2018). The East China Sea is closer to the Asian continent than the Okinawa and
Chichijima Islands. The lower concentrations of BSOA tracers suggest that continental air
masses influence is weakened over in remote Chichijima due to aerosol aging, dry/wet

deposition during long-range atmospheric transport, and dilution of pristine air masses.
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3.1.1. Isoprene-derived SOA Tracers

Isoprene (2-methyl-1,3-butadiene, CsHg) is a volatile unsaturated hydrocarbon that is
mainly emitted from terrestrial vegetation, maritime phytoplankton, seaweed (Shaw et al.,
2003) and microorganisms, including cyanobacteria. The production of isoprene is
temperature-dependent (Sharkey and Singsaas, 1995; Kurihara et al., 2010; Li et al., 2011).
Although the oceanic emissions of isoprene are much smaller than the terrestrial emissions,
they significantly impact the atmospheric chemistry and cloud properties in the remote marine
boundary layer because of the short lifetime (1-2 h) and high reactivity (Bonsang et al., 1992;
Hackenberg et al., 2017). Hence, due to the short lifetime, isoprene cannot be transported long
distances after the emission in source regions. Therefore, the isoprene-derived SOA (iSOA)
tracers detected in the remote marine atmosphere are formed by the oxidation of the maritime-
emitted isoprene or transported to the marine site from the adjacent continent after the
formation of iSOA (Fu et al., 2016; Kang et al., 2018). Accordingly, the iSOA tracers abundant
in winter and spring were mostly long-range transported from the Asian continent. In contrast,
summertime higher iSOA tracers were formed by the oxidation of isoprene emitted in the

remote marine atmosphere.

Six iSOA tracers including 2-MGA, three Cs-alkene triols, and two 2-MTLs were
identified in the Chichijima aerosol samples (Figures 4b—4h). The total concentrations of the
iSOA tracers varied from 0.007—3.98 ng m, with a mean of 0.69 + 0.67 ng m ° (Table 1). The
mean concentration of the iSOA tracers at Chichijima is comparable to those reported for the
North Pacific to the Arctic (Ding et al., 2013) and the North Pacific (Fu et al., 2011), but much
lower than those reported for the South and East China Sea (Ding et al., 2012; Kang et al.,
2018).

We found 2-MTLs to be the dominant iSOA tracer in Chichijima aerosols. The
concentrations of 2-MTL, were twice those of 2-MTL,; with concentrations ranging from
0.005-2.07 ng m > (avg. 0.29 + 0.33 ng m°) and 0.003-0.97 ng m > (0.14 £ 0.15 ng m "),
respectively. The concentrations of 2-MTLs ranged from 0.007-3.04 ng m > (0.43 + 0.47 ng
m ), which are several times lower than those (0.05-7.22 ng m ", avg. 1.58 + 1.50 ng m™)
reported in the aerosols from Okinawa Island in the WNP (Zhu et al., 2016). 2-MGA is formed
by the oxidation of methacrolein and methacrylic acids derived from isoprene (Surratt et al.,
2006). The average concentration of 2-MGA was determined to be 0.15 + 0.14 ng m (0.005-

0.79 ng m ). Cs-alkene triols are a photooxidation product of isoprene. Its concentrations were
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detected in the range from 0.006—1.28 ng m°, with an average of 0.12 + 0.16 ng m > in

Chichijima aerosols.
3.1.2. Monoterpene-derived SOA Tracers

Four monoterpene-derived SOA tracers (mSOA tracers), including PNA, PA, 3-HGA,
and 3-MBTCA were detected in the Chichijima aerosols (Figures 4i—4m). Monoterpenes are
photooxidation products of o/B-pinene with Os; and OH radicals, mainly emitted from the
needle leaves of the higher plants and trees (Hoffmann et al., 1997; Glasius et al., 2000; linuma
et al,, 2004). These components have been utilized to estimate the role of monoterpene
oxidation in SOA formation (Griffin et al., 1999). The concentrations of mSOA tracers in
Chichijima samples ranged between 0.005 to 11.1 ng m™, with an average of 1.14 + 1.93 ng
m " (Table 1). This average concentration is higher than those reported from remote sites in the
North Pacific and Indian Ocean (Fu et al., 2011), but lower than those reported from coastal
sites in the South China (Ding et al., 2012) and East China Sea (Kang et al., 2018).

A very low level of first-generation products such as PNA (avg. 0.05 + 0.08 ng m )
and PA (0.19 £ 0.28 ng m ), were detected in the Chichijima aerosols. The vapor pressure of
PNA is higher than that of PA (Bhat and Fraser, 2007), so PNA is not as easily saturated in the
atmosphere nor does it nucleate as readily as PA. Therefore, PNA is expected to have a smaller
fraction in the aerosol phase than PA. 3-HGA was found to be the most abundant among the
SOA tracers detected in the Chichijima aerosols. The concentration range of 3-HGA was
0.002-8.04 ng m ™ with an annual average of 0.71 + 1.26 ng m . Both 3-HGA and 3-MBTCA
are novel mSOA tracers that have been reported to generate in a-pinene smog-chamber
experiments under UV-radiation in the presence of NOy (Claeys et al., 2007). In addition, PNA
can be further photochemically oxidized to a higher-generation product 3-MBTCA in the

presence of oxidants (Szmigielski et al., 2007).

Interestingly, we found a substantial amount of 3-MBTCA in Chichijima aerosols. The
concentrations of 3-MBTCA ranged from 0.001-2.51 ng m°, with an average of 0.29 + 0.49
ng m . This 3-MBTCA concentration in Chichijima is lower than that reported at Okinawa
Island, which is very close to the Asian continent (Zhu et al., 2016), but comparable to those
reported in remote marine aerosols over the Pacific and Atlantic Oceans (Fu et al., 2011). The
concentration of 3-MBTCA in the atmosphere has noted to be significantly enhanced by high
levels of NOy (Claeys et al., 2007), which is abundant at urban sites compared to remote

marine sites. Kang et al. (2018) found higher concentrations of 3-MBTCA at a coastal site in
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the East China Sea, which is highly influenced by the continental outflows of anthropogenic
emissions. These findings indicate that the low concentration of 3-MBTCA in the western
North Pacific is associated with the lesser impact of anthropogenic sources than the East China
Sea. However, it is also evidence for the aging effect of 3-MBTCA during long-range transport

from the continental source region to the remote site.
3.1.3. p-Caryophyllene-derived SOA Tracer

p-Caryophyllinic acid can rapidly form in the atmosphere by the ozonolysis or
photooxidation of S-caryophyllene (Jaoui et al., 2007). With relatively low vapor pressure, S-
caryophyllinic acid is highly reactive and thus is usually the least reported SOA component in
atmospheric aerosols. Sesquiterpenes and isoprenoids are stored in plant tissues such as glands
or resin ducts in the form of liquid micelles due to their lesser volatility (Fall, 1999). They play
protective roles against pathogens and insects (Keeling and Bohlmann, 2006). BB (i.e.,
smoldering, charring, and flaming) may induce the emissions of different VOC classes
including B-caryophyllene into the atmosphere (de Lillis et al., 2009). BB not only stimulates
the emissions of sesquiterpene but also substantially impacts the formation yields of SOAs in

the air (Mentel et al., 2013).

Interestingly, an abundant presence of the S-caryophyllene-derived SOA tracer (-
caryophyllinic acid or ¢SOA tracer) was detected in the Chichijima aerosols (Figure 4n). The
concentrations of this S-caryophyllinic acid ranged range from 0.002-2.81 ng m°, with an
average of 0.60 + 0.72 ng m° (Table 1). This value is lower than those reported for the marine
aerosols of Okinawa (Zhu et al., 2016) and the coastal aerosols of the East China Sea (Kang et
al., 2018). This comparison further suggests that the continental emissions of f-caryophyllene
profoundly influence the formation of cSOA in the marine atmosphere, which is discussed later

in section 3.2.3.
3.2. Possible Sources and Factors Affecting the BSOA Tracers Over Chichijima Island

Our previous studies found that atmospheric circulations significantly affect the
composition and seasonal variations of aerosol particles in the WNP (Verma et al., 2015; 2018).
Moreover, meteorological conditions also play a significant role in producing BSOA tracers
(Szmigielski et al., 2007). The chlorophyll-a is a good tracer of marine biological activities,
which affects the production of marine BVOCs (Ooki et al., 2015). Boreddy et al. (2015)

reported higher chlorophyll-a concentrations in winter and spring than in summer and autumn
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in the WNP. However, the lower biological activities and, subsequently, lesser VOC emissions
might not be so significant for the SOA emissions over the WNP region. Moreover, the
photochemical processing of BVOCs, followed by their atmospheric circulation over the WNP
and gas-to-particle conversion of BVOCs via atmospheric oxidation, may another important
factor controlling the seasonal variations of BSOA tracers, which follow changes in the

ambient temperature and precipitation.

Supplementary Figures S3a and S3b show the temporal trends and monthly mean
variation of the NOs™ concentrations in the Chichijima aerosols from 2010 to 2012. The
seasonal distributions of NOs™ showed higher concentrations in winter and spring, while they
are lower in summer and autumn. Similar temporal and seasonal variations were found
between NOs concentrations and high-NOy SOA tracers (2-MGA, 3-HGA, and 3-MBTCA). In
contrast, trends were opposite for low-NOy SOA tracers (2-MTLs, Cs-alkene triols) in the
Chichijima aerosols (Figures 4b—4m and 5b—5m), which indicates a possible role of NO;
radicals in the formation and seasonal variations of SOA tracers in the Chichijima aerosols.
Kang et al. (2018) reported a correlation between NO;™ and high-NOy iSOA tracers and mSOA
tracers. They suggested that this kind of relationship indicates the influence of NO; in the
formation of high-NOy iSOA tracers and mSOA traces in the marine aerosol samples.
Therefore, the abundance and seasonal variations of BSOA tracers in the Chichijima aerosols
might be significantly affected by several parameters, i.e., long-range transported
anthropogenic and pristine air masses, NOs radicals, and chlorophyll-a concentrations, which

we discuss in the next section.
3.3. Seasonal Variations of SOA Tracers

Table 1 shows a summary of the seasonal concentrations of SOA tracers in the
Chichijima aerosols. The overall concentrations of SOA tracers were found to be higher in
winter (avg. 3.40 + 2.18 ng m ) and spring (avg. 3.35 + 3.83 ng m ) than summer (1.05 +
1.12 ng m ) and autumn (1.68 + 2.17 ng m ). The monthly variations of biogenic SOA tracer
concentrations were at their maximum in spring, followed by autumn (Figure 5a). SOA tracers
are highly water-soluble because they contain multiple hydroxy and carboxyl groups, and
therefore they can be easily scavenged by precipitation and act as CCN. In Chichijima,
significant rainfall occurs in early summer (June) to mid-autumn (October) (Figure 2), which
would lead to the scavenging of SOA tracers in summer/autumn by the occasional rain events

in Chichijima and its surrounding areas.
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3.3.1. Seasonal Variations of Isoprene-derived SOA Tracers

The iSOA tracers concentrations in the Chichijima aerosols exhibited no significant
seasonal variation (Figure 5b). Their average concentrations are comparable over the four
seasons i.e. winter (avg. 0.78 + 0.56 ng m ), summer (0.73 £ 0.90 ng m ), spring (0.71 £ 0.52
ng m ), and autumn (0.56 £ 0.67 ng m ) (Table 1). This insignificant seasonal variation
suggests that although the contribution of iSOA tracers to organic aerosols (OA) is significant
in the Chichijima, their production seems to occur almost irrespective of their source regions,
except for 2-MGA, which shows a clear winter maximum. Surratt et al. (2006) noted that total
concentrations of iISOA tracers are affected by the emission and reaction rates of BVOCs under
different meteorological conditions such as the ambient temperature and RH. The atmospheric
levels of NOy significantly influence the production of iSOA tracers (Ding et al., 2014). A
significant amount of iSOA tracers in winter suggest that enhanced long-range atmospheric
transport of pollutants such as NOy controls the production of iSOA tracers over the remote

island.

2-MTLs are formed by the photooxidation of isoprene initiated by OH radicals, which
was observed first time in the aerosols collected from the Amazonian rain forest (Claeys et al.,
2004). Based on laboratory experiments, Zhang et al. (2011) proposed that the production of 2-
MTLs is enhanced under low-NOy and high RH conditions. Apparently, the remote marine
atmosphere is characterized by low-NOy with high-RH, supporting the formation of MTLs
instead of 2-MGA. The insignificant correlation of 2-MTLs with NO;™ (r = 0.03) also suggests
their formation in the low-NOy condition. We observed insignificant seasonal variations of 2-
MTLs in the Chichijima aerosols. The monthly mean concentrations of 2-MTLs were elevated
from June to August (Figures 5c and 5d). The seasonally averaged concentrations of 2-MTLs
were 0.58 + 0.73 ng m " in summer, 0.41 + 0.30 ng m " in winter, 0.38 + 0.30 ng m ° in spring,
and 0.37 + 0.42 ng m " in autumn (Table 1). The predominance of 2-MTLs among iSOA
tracers was also reported for the Okinawa aerosols together with higher loadings in summer
(Zhu et al., 2016). The long-range atmospheric transport of anthropogenic pollutants (e.g.,
NOy) may contribute to a decline in the production of low-NOy iSOA tracers (2-MTLs) during

winter and spring over Chichijima Island.

The isoprene emission rates might be much higher in summer than in spring, autumn
and winter due to the change of leafage, temperature, and light. These factors also affect the

isoprene reactions, causing a higher production of 2-MTLs in the summer season (Xia and
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Hopke et al., 2006). The summertime maximum of 2-MTLs is probably associated with the
enhanced emission of isoprene from terrestrial and marine biota, followed by its atmospheric
oxidation. This occurs because isoprene emissions can increase by a factor of 10 with a 10 °C
increase in the leaf temperature (Sharkey and Singsaas, 1995; Rasulov et al., 2010; Li et al.,
2011). Moreover, phytoplankton and marine biota are unique sources for isoprene emissions in
the remote marine atmosphere (Bonsang et al., 1992; Broadgate et al., 1997). If the iSOA
tracers were formed over the marine atmosphere, the seasonal and spatial distribution of 2-
MTLs could be assumed to correlate with the mass of phytoplankton in the marine site. The
trade winds from the central Pacific to Chichijima might transport the isoprene emitted from
marine biota in summer (Figure 3). In addition, summertime low-NO, and high RH conditions
may enhance the production of 2-MTLs in a pristine environment over the WNP (Zhang et al.,
2011). It also suggests that the formation of 2-MTLs was highly influenced by the local
emissions and meteorological conditions in the pristine environment of the WNP (Ding et al.,

2013).

The insignificant correlations of 2-MTLs with BB tracer (levoglucosan) during winter
(r = 0.04, n = 37) and spring (r = 0.26, n = 40) (Figures 6a and 6b) imply that the isoprene
emissions from BB are negligible. The higher levels of 2-MTLs from January to March may be
associated with the isoprene emissions from marine phytoplankton. A high level of
chlorophyll-a was observed near Chichijima Island from January to March, which is in good
agreement with the wintertime isoprene oxidations into 2-MTLs in the marine atmosphere over
Chichijima and its surrounding areas. 2-MTLs are the acid-catalyzed hydrolysis products of
isoprene epoxydiols (IEPOX) in the aerosol aqueous-phase (Riva et al., 2016). Chichijima
Island is highly influenced by anthropogenic aerosols from East Asia in winter and spring, with
higher levels of SO4* and NO;™ (Boreddy et al., 2015), which likely increase the acidity of

aerosols and the formation of 2-MTLs.

In a chamber experiment, Surratt et al. (2006) reported the formation of 2-MGA by the
photooxidation of isoprene under high-NOy conditions. 2-MGA is an oxidation product of
methacrolein and methacrylic acid, which are formed by the gas-phase oxidation of isoprene at
high-NOy levels (Claeys et al., 2004). We found that 2-MGA is the second most abundant
iSOA tracer at Chichijima with different seasonal patterns than low-NOy products (i.e.,
2MTLs). Its concentration was higher in winter (avg. 0.22 + 0.15 ng m ) followed by spring
(0.19 + 0.16 ng m ) and lower in summer (0.07 + 0.08 ng m ). 2-MGA is most abundant in
mid-winter (January), to early spring (March) (Figure 5e). Surratt et al. (2006) and Zhang et al.
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(2011) reported an enhancement of 2-MGA in low RH conditions. The wintertime maximum
of 2-MGA at Chichijima may be associated with the wintertime low RH and high-NOy
conditions via the long-range transport of pollutants from East Asia. The lowest concentrations
of 2-MGA in June may be partly associated with its washout by rain at Chichijima and its

surroundings (Figure 2).

iSOA tracers were comprised of effectively nonvolatile material that could be allowed
iSOA to be long-lived in the atmosphere (Lopez-Hilfiker et al., 2016). In a NOs initiation
experiment, Hoyle et al. (2011) reported a significant yield of mSOA and iSOA tracers by the
reaction of isoprene and monoterpene with nitrate radical (NOs), a nighttime product of NO,
and Os. Kang et al. (2018) also found the correlation of high-NOy iSOA tracers (2-MGA and
Cs-alkene triols) with NOs™ and suggested the close connections between the formation of SOA
tracers and NO; in marine aerosols. Although 2-MGA, a high-NOy iSOA tracer, showed
seasonal variation similar to NOs™ we did not find significant correlations of 2-MGA with NOs3
(r = 0.55). This suggests that 2-MGA likely formed at upwind in the Asian continental region
and subsequently transported to the Chichijima Island in the WNP. The SOA tracers were
transported to long distances, but its impact gradually decreased because of the dilution and

deposition effects during long-range atmospheric transport.

The diagnostic mass concentration ratios of iSOA tracers can provide valuable
information about their sources and formation processes as well as their photochemical aging
and the impact of long-range transported anthropogenic aerosols on iSOA formation. We
determined the ratio of low-NOy products (2-MTLs) to the high-NOy product (2-MGA) to
understand the biogenic emissions of iSOA tracers and the influence of NOy and local
meteorological conditions on their formation (Lewandowski et al., 2013). The average seasonal
ratio of 2-MTLs/2-MGA shows a maximum in summer (5.22) and autumn (4.12) and a
minimum in winter (2.02) and spring (2.80) (Table 2). A significantly high annual average of
2-MTLs/2-MGA ratio (3.43) in Chichijima aerosols suggest a decrease in the concentration of
2-MGA due to a dilution effect during long-range transport from the continental region to
Chichijima Island. The lower ratios in winter and spring are in good agreement with the

enhanced levels of NOy in these seasons.

Cs-alkene triols are mainly formed by the reactive uptake of the isoprene epoxydiols
(IEPOX) produced by the reaction of isoprene with OH and HO, radicals in low-NOx

conditions. The insignificant seasonal variation of Cs-alkene triols indicates the importance of
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regional or local sources during the sampling campaign. Cs-alkene triols and 2-MTLs show
excellent linearity and a significant correlation coefficient in all seasons (Figures 7a—7d). These
results suggest that Cs-alkene triols and 2-MTLs are derived from the same sources via an
identical formation mechanism. In addition, the insignificant correlations of Cs-alkene triols
and NOs™ (r = 0.20), indicates their formation by isoprene photooxidation in the low-NOx
environment of the western North Pacific. The monthly mean concentrations of Cs-alkene
triols showed a prominent peak in mid-winter (January) to early spring (March) (Figures 5f—
5h), which are in good agreement with the higher chlorophyll-a concentrations during similar
periods, suggesting that the significant isoprene emissions from the oceanic phytoplankton in

the marine atmosphere of the WNP .

The concentration ratio of Cs-alkene triols (low-NOy) and 2-MTLs (high RH) can be
used to understand the influence of anthropogenic emissions on the formation of BSOA tracers.
The Cs-alkene triols/2-MTLs ratio was reported to be <0.1 in aerosol samples collected over
the remote ocean, whereas ratio >0.6 was reported over the coastal ocean (Fu et al., 2011). The
seasonal mean Cs-alkene triols/2-MTLs ratios in the Chichijima samples were higher in spring
(0.37) and winter (0.34) than in summer (0.15) and autumn (0.22) (Table 2). The lower ratios
in summer and autumn are in good agreement with a laboratory experiment of Kleindienst et al.
(2009), in which a lower ratio was obtained for the photooxidation of isoprene in the absence
of NOy. Furthermore, Cs-alkene triols can be transformed into 2-MTLs through acid-catalyzed
hydrolysis in summer and autumn seasons suggested the intra-transformation of iSOA tracers

under suitable atmospheric conditions.

3.3.2. Seasonal Variations of Monoterpene-derived SOA Tracers

The monoterpene-derived SOA (mSOA) tracers in the Chichijima aerosols presented
the highest concentration in spring (avg. 1.96 + 2.96 ng m ) followed by winter (1.45 + 1.42
ng m ), autumn (0.83 + 1.39 ng m ), and summer (0.20 + 0.39 ng m°) (Table 1 and Figure
51). The first-generation monoterpene product (PA) showed a clear seasonal trend with higher
levels in winter and spring, whereas low levels were observed in summer and autumn. The
PNA showed a similar seasonality with low concentrations (Figures 5j and 5k). Bud formation
and elongation are maximized in spring, along with the emission rates of terpenes (Kim, 2001).
3-HGA and 3-MBTCA were found to be the dominant mSOA tracers detected in the
Chichijima aerosols, and thus their seasonal variations significantly affect the seasonal trends

of those mSOA tracers. 3-HGA showed a high level in spring (avg. 1.31 + 2.0 ng m)
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followed by winter (0.86 + 0.90 ng m™), whereas 3-MBTCA is equally distributed in winter
(0.32 £ 0.36 ng m ), spring (0.40 + 0.69 ng m ), and autumn (0.31 + 0.57 ng m°) (Table 1
and Figures 51 and 5m). A high-NOx level in spring may enhance the formation of 3-HGA and
3-MBTCA (Surratt et al., 2006). 3-HGA and 3-MBTCA show good correlations in each season,
which suggests that the formation mechanisms of both mSOA tracers in the WNP are similar

(Figures 7e—7h).

In addition, the monthly mean concentrations of 3-HGA and NO;  were found to
increase from late autumn (November) and peaked in early spring (May), which prolonged up
to mid-spring (March). The concentrations started to decrease from early summer (May) to
mid-autumn (October). In the preceding periods, emissions of anthropogenic gases (NOy and
SOy) are usually high in the East Asian countries, which might initiate the oxidation of
monoterpenes and isoprene followed by subsequent formation of mSOA tracers (3-HGA and 3-
MBTCA) and iSOA tracers (2-MGA), respectively. Although the seasonal trends of 3-HGA
and NOj™ are similar in the Chichijima aerosols, the negative correlation of NOs” with 3-HGA (r
= —0.20) and 3-MBTCA (r = —0.09) suggest that both mSOA tracers might be formed in the
continental region and transported to the downwind region in the WNP during winter and
spring (Figures 71 and 7j). The previous study also reported a long-range transport of mSOA

tracers from the East Asian continent to the remote marine region (Kang et al., 2018).

The lower levels of 3-HGA and 3-MBTCA in summer may be associated with
summertime lower emissions of monoterpenes, which decline the formation of mSOA tracers
over the remote Chichijima Island. The meteorological parameters may significantly influence
the formation of mSOA tracers in the WNP. We note that the seasonal concentration of 3-HGA
is slightly different from that of 3-MBTCA, suggesting an additional formation process for 3-
MBTCA via the photochemical oxidation of PNA in the presence of oxidants (Szmigielski et
al., 2007). The significant level of 3-MBTCA and low concentrations of PNA in the

Chichijima aerosols might indicate aerosol aging during long-range atmospheric transport.

3-MBTCA is an oxidation product of PNA and PA (Claeys et al., 2007). Therefore, the
3-MBTCA/(PNA+PA) ratios can be used to better understand the aging of mSOA tracers in the
atmosphere (Kulmala et al., 2011). Ratios greater than unity indicate the photochemical aging
of SOA, whereas ratios <1 indicate relatively fresh SOA. The average 3-MBTCA/(PNA+PA)
ratios in the Chichijima aerosols were 1.26, 1.37, 1.13, and 1.40 in winter, spring, summer, and

autumn, respectively (Table 2). According to the results, we hypothesized the possibilities of
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the aging effect in the Chichijima aerosol during long-range atmospheric transport. However,
further research is needed to better evaluate the photochemical formation or aging of aerosol

during long-range transport from Asian continent to the WNP.
3.3.3. Seasonal Variation of B-Caryophyllene-derived SOA Tracer

The ¢SOA tracer showed a clear winter maximum that is differed from those of the
iSOA and mSOA tracers (Figures 5b, 5i and 5n). The ¢SOA tracer exhibited the highest
concentration in winter (avg. 1.23 + 0.68 ng m ) followed by spring (0.66 + 0.73 ng m>),
autumn (0.37 + 0.61 ng m ), and summer (0.12 + 0.21 ng m ) (Table 1). Sesquiterpenes,
including p-caryophyllene, can accumulate in plant leaves and be emitted to the atmosphere.
However their global emission (36 Tg C yr ') is less than those of isoprene (634 Tg C yr ') and
monoterpenes (89 Tg C yr ') (Acosta Navarro et al., 2014). They can evaporate and emit into
the atmosphere substantially via the BB of higher plants (Ciccioli et al., 2014; Sekimoto et al.,
2018).

The ¢SOA tracer concentrations in Chichijima aerosols (avg. 0.60 + 0.72 ng m°) are
notably lower than those reported for coastal site and Marine Island in the WNP, which are
significantly influenced by continental outflows from East Asia. Kang et al. (2018) reported
high levels of the ¢SOA tracer (2.9 ng m ) in the coastal East China Sea, strongly influenced
by BB aerosols in winter. Zhu et al. (2016) also reported relatively high concentrations of the
cSOA tracer (1.63 ng m™ in winter and 0.82 ng m " in spring) at Okinawa Island, located in
the east of the East China Sea and is influenced by westerly winds from the Asian continent.
The comparisons of ¢SOA tracer of Chichijima with those from the East China Sea and
Okinawa Island reveal that the significant decline in the ¢SOA tracer concentrations in the
Chichijima aerosols is largely caused by dry/wet scavenging along the atmospheric transport

pathway over the WNP.

As seen in Figure 4n, the concentrations of f-caryophyllinic acid substantially increase
from 2010 to 2012. Monthly composite images of the Moderate Resolution Imaging
Spectroradiometer (MODIS) active fire spots were obtained to identify the geographically
active fire areas as possible source regions of BB tracers (https://earthdata.nasa.gov/data/near-
real-time-data/firms/). Three years of monthly MODIS active fire spot detections in Siberia,
East Asia, and Southeast Asia indicate a significant increase of fire activity in mid-autumn to

late spring (Figure S4). The BB for cooking and space heating is common in the East Asian
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countries during the cold seasons (mid-autumn to mid-spring), which might be a significant
source to the downwind regions. Interestingly, concentrations of levoglucosan and p-
caryophyllinic acid also increased during mid-autumn to mid-spring, suggesting that cSOA
tracer is strongly associated with BB in East Asia (Figure 8). The BB activities in the Asian
continent significantly impact on the concentration of ¢SOA tracers in the remote marine
atmosphere over the WNP during the mid-autumn to mid-spring. Air mass trajectories also
support the transport of air parcels from East Asia, Siberia, and Russian Far East over

Chichijima Island (Figure 3).

The concentration ratios of the iISOA/cSOA tracers in the Chichijima aerosols are much
higher in summer (avg. 14.6) and autumn (9.64) than in spring (4.17) and winter (0.85) (Table
2). This indicates the enhanced emissions of isoprene and subsequent formation of iSOA
tracers in warmer seasons and the enhanced emission of S-caryophyllene in colder seasons by
BB in East Asia followed by atmospheric transport and oxidation over the WNP. The isoprene
emissions are known to increase with an increase in ambient temperature in summer and
autumn (Ding et al., 2014). In Chichijima, higher concentrations of i{SOA tracers were recorded
during the warmer periods when biogenic emissions increase due to the higher temperatures.
These results also indicate a significant contribution of iSOA tracers from local vegetation and
marine phytoplankton in the Pacific. The winter minima of iSOA/cSOA ratios are amplified by

a greater contribution of cSOA tracer associated with BB in East Asia.
3.4. Contributions of Oxidation Products of BVOCs to Organic Carbon (OC)

In this study, we applied a tracer-based method proposed by Kleindienst et al. (2007) to
roughly estimate the loading of biogenic secondary organic carbon (SOC) using the SOA tracer
concentrations measured in the Chichijima aerosols and the mass fractions (fsoc) of laboratory-
derived tracers: 0.155 + 0.039 for isoprene, 0.231 + 0.111 for monoterpene, and 0.0230 +
0.0046 for S-caryophyllene. The SOC concentrations derived from each type of precursor were
calculated using the following equation: fsoa = Zi[tri]/[SOA], where [tri] is concentrations of
tracer, i, in ng m > and [SOA] is the mass concentrations of SOA. We note that the tracer-
based method simplifies the truly complex system of the real atmosphere (Stone et al., 2010).
Kleindienst et al. (2007) applied the total of 3 and 9 tracers to derive fsoc of isoprene and a-
pinene, respectively. In contrast, we detected six compounds (i.e., 2-MGA, three Cs-alkene
triols, and two diastereoisomeric 2-MTLs) derived from isoprene and four compounds (i.e., 3-

HGA, PNA, PA, and 3-MBTCA) from monoterpene, whose concentrations were used to
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estimate the fsoc derived from the precursors.

We consider that the uncertainties associated with the differences between the tracers
used for the SOC estimation to be within the range of those of the tracer-based approach itself
(25%, 48% and 22% for isoprene-, monoterpene-, and p-caryophyllene-derived SOA,
respectively), based on the standard deviation in the fsoc mentioned above. Although the
estimation of biogenic SOC is associated with some uncertainty due to the difference in the
number of SOA tracers used for calculation, this is a widely accepted approach for estimating
the SOC in atmospheric aerosols (Lewandowski et al., 2013). Kleindienst et al. (2009) reported
that the fsoc derived for isoprene (range 0.117-0.231, ave. 0.156) in the absence of NOy is
similar to that obtained under high-NOy (0.11-0.65 ppm) conditions, although the NOy
influence of the fsoc for other VOCs is not clear. Hence, we emphasize that this tracer-based

method is highly applicable to the present study.

Table 3 shows the seasonal concentrations of the total SOC and their contributions to
OC concentrations in the Chichijima aerosols. These OC data are available in Boreddy et al.
(2018). The total SOC concentrations ranged from 0.11-174 ngC m™ (avg. 34.8 + 38.2 ngC
m ), which accounts for 0.02-32.0% (6.11 + 6.42%) of the OC in the Chichijima samples.
These levels are comparable to those (0.25-157 ngC m >, 35.8 ngC m ) reported for the
Okinawa aerosols (Zhu et al., 2016). We found the highest average concentration of biogenic
SOC (64.6 + 34.5 ngC m ) and contribution to OC (12.4 + 6.95%) in winter, followed by
spring (41.3 +42.6 ngC m ", 5.48 + 5.41%), autumn (17.3 + 25.8 ngC m >, 3.17 + 3.83%), and
summer (10.7 £+ 12.5 ngC m >, 2.67 + 2.98%). More oxidants (NO,, O3, and SO,) are likely
transported over the WNP from the Asian continent due to the strong westerly winds in winter
(Figure 3), resulting in more SOAs from VOC precursors. Therefore, higher biogenic SOC

concentrations and their higher contributions to OC are reasonable in the winter season.

The average concentrations of isoprene-derived SOC (iSOC) were found to be almost
equally distributed in winter (avg. 5.00 + 3.60 ngC m°), summer (4.70 + 5.77 ngC m°), and
spring (4.52 + 3.33 ngC m°), with slightly lower concentration observed in autumn (3.49 +
4.48 ngC m™). These iSOC levels in Chichijima are comparable to those reported for marine
aerosols over Okinawa Island (3.86 = 3.86 ngC m°) (Zhu et al., 2016), which are significantly
lower than those from the East China Sea (39.8 + 55.4 ngC m ) (Kang et al., 2018). The
average contribution of iISOC to OC in the Chichijima aerosols was maximum in summer (1.16

+ 1.24%), followed by winter (1.02 £ 0.95%). Interestingly, the highest contribution of iSOC
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to total SOC concentration was observed in summer (45.0 £ 24.9%)), followed by autumn (35.5
+ 21.5%) (Table 3). This result indicates that significant amounts of isoprene are emitted from
terrestrial vegetation and marine phytoplankton and oxidized to SOC over the WNP under
higher ambient temperatures and solar radiation during the warmer seasons (Goldstein et al.,

2007).

The seasonal mean concentration of monoterpene-derived SOC (mSOC) in the
Chichijima aerosols was found to be higher in spring (avg. 8.53 £ 12.9 ngC m°) and winter
(6.30 + 6.15 ngC m°) than in autumn (2.49 + 4.30 ngC m°) and summer (0.86 + 1.69 ngC
m ) (Table 3). These concentration levels are much lower than those reported for coastal
aerosols over the East China Sea (50.2 + 72.0 ngC m°) (Kang et al., 2018). Although the
mSOC concentrations at Chichijima were found to be several times lower than those at
Okinawa (5.57 + 4.74 ngC m ) (Zhu et al., 2016), the seasonal trends are very similar in both
islands. The westerly winds influence the atmospheric aerosols over the Okinawa and
Chichijima Islands because both are situated on the transport pathways of continental aerosols
and their precursors from the Asian continent. Thus, we hypothesized that the SOC
contribution in Chichijima was significantly affected by the monoterpene emissions and mSOA

tracers formation in the upwind continental regions.

We found p-caryophyllene-derived SOC (¢SOC) to be a significant contributor to the
total BSOC in the Chichijima aerosols. f-Caryophyllinic acid is the photooxidation product of
[-caryophyllene, which has an endocyclic C=C bond. Because f-caryophyllene (C;sHa4)
contains more carbon atoms than isoprene (CsHg) and monoterpene (CioHi¢), the oxidation
products of f-caryophyllene generally have less vapor pressure than those of isoprene and
monoterpenes. Consequently, the differences in the formation processes of SOA and the
emission strength of their precursors, and the gas-to-particle conversion of different BVOCs
may be a potential factor in controlling the levels of ¢SOC in the Chichijima aerosols. The
seasonal mean concentration of ¢SOC was found to be highest in winter (53.6 + 29.6 ngC m ),
followed by spring (28.6 + 31.6 ngC m ), autumn (11.4 + 20.3 ngC m ), and summer (5.20 +
9.33 ngC m°) (Table 3). Interestingly, these ¢cSOC concentrations are much higher than iSOC
and mSOCs throughout the study period.

The higher ¢SOC concentration in winter indicates an enhanced contribution of f-
caryophyllinic acid, which is associated with BB in the Asian continent. We note that westerly

winds can deliver significant amounts of BB-derived OA from the Asian continent to the WNP
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(Verma et al., 2015). A similar seasonal trend (Figure 8) and the significant correlation
(Figures 6¢c—6g) of ¢cSOA tracer with levoglucosan demonstrate that BB in East Asia likely
contributes significantly to ¢SOC in Chichijima aerosols. BB-derived OC (BB-OC) was found
to be highest in winter (0.97 £ 0.76 ngC m°), followed by spring (0.39 + 0.51 ngC m™),
autumn (0.16 £ 0.29 ngC m ), and summer (0.08 + 0.14 ngC m ) (Table 3). BB is considered
to affect the concentration levels of ¢SOA tracer and ¢SOC because the seasonal trend of BB-
OC (calculated from levoglucosan) was similar to that of ¢SOC. The above considerations
emphasize the contribution of SOC from BB and the production of S-caryophyllinic acid in the

continental region, followed by the atmospheric transports to the WNP.

3.5. Sources Apportioned of SOA Tracers by PMF Analysis

PMF is a powerful statistical tool for resolving the potential sources contributing to
atmospheric particles (Paatero and Tapper, 1994). PMF analysis was performed for
quantitative estimation of sources for the collected samples using tracer compounds for iSOA,
mSOA and ¢SOA. Based on a given understanding of sources of SOA tracers, 3 to 5 sources
were examined and total three interpretable factors were characterized by the enrichment of
each tracer compound, which reproduced more than 95% of SOA tracers. These factors were
selected on a basis of minimum robust and true Q values (goodness of fit parameters). The
PMF analysis results showed a good correlation between the predicted and observed
concentrations of SOA tracers and levoglucosan, which supported the excellent rationality of
the source apportionment (Figure S5). We also included the levoglucosan in the Chichijima
SOA tracer data sets in the PMF analysis to better understand the possible sources and
contributions of anthropogenic activities to the formation of BSOA tracers. Figure 9 shows the
factor profiles resolved by the PMF analysis of biogenic SOA tracers detected in the
Chichijima aerosols. Based on a PMF analysis of BB tracer (levoglucosan) and biogenic SOA
tracers, we detected three biogenic sources. Interestingly, we found that some factors represent

a combined influence of biogenic and BB sources as discussed below.

The first factor is characterized by S-caryophyllinic acid (95.4%) and levoglucosan
(92.9%) followed by 2-MGA (14.8%), Cs-alkene triols (11.9%), and 2-MTLs (7.35%). The
higher values of p-caryophyllinic acid and levoglucosan in factor 1 suggest the substantial
influence of BB on the production of S-caryophyllinic acid. Although iSOA tracers such as 2-
MGA, Cs-alkene triols, and 2-MTLs were detected as minor contributors to factor 1, they are

characterized as major contributors in factor 3. Due to the higher abundances of levoglucosan
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and p-caryophyllinic acid, we conclude that factor 1 is influenced by p-caryophyllene
emissions and BB (Figure 9a). Here, we propose a hypothesis that S-caryophyllene is largely
emitted from plant tissues by evaporation during BB events in East Asia and oxidized in the

atmosphere during long-range transport of air masses to the remote Pacific Ocean.

Four mSOA tracers, including 3-MBTCA, PNA, PA, and 3-HGA, were found to have
contributed 96.8%, 96.6%, 88.5%, and 87.5%, respectively to factor 2. Due to the higher scores
of this factor, we conclude that factor 2 is characterized by monoterpene emissions from
terrestrial higher plants (Figure 9b). In factor 3, Cs-alkene triols, 2-MTLs, and 2-MGA
contributed 82.8%, 81.5%, and 76.1%, respectively. Hence, factor 3 is dominated by biogenic
isoprene oxidation products (Figure 9c¢). Overall, the average contributions of each factor to the
measured BSOA tracer concentrations were estimated by PMF analyses (Figure 10), where
mSOA tracers accounted for 44%, followed by iSOA tracers (29.6%) in the Chichijima
aerosols. The contribution of the cSOA and BB tracers accounts for 26.3% of the total SOA
tracer concentration. Levoglucosan and pS-caryophyllinic acid in factor 1 indicate the
involvement of biogenic and BB sources. The PMF results show that biogenic emission
sources significantly contributed to the formation of BSOA tracers but were largely
superimposed by BB during the emissions of S-caryophyllene and the subsequent formation of

c¢SOA tracer.

4. Summary and Conclusions

In this study, atmospheric concentrations, seasonal distributions, and source
apportionments of biogenic isoprene, monoterpene, and sesquiterpene SOA tracers were
studied in aerosol samples collected at remote Chichijima Island in the western North Pacific.
The predominance of mSOA tracers, followed by iSOA and ¢SOA tracers were found in
Chichijima aerosol. The seasonal distributions of SOA tracers in Chichijima Island were
characterized by higher concentrations in winter and spring, and lower concentrations in
summer and autumn. iSOA tracers were formed with isoprene emissions from phytoplankton
in the Pacific region. In contrast, mSOA tracers were formed by the oxidation of monoterpenes
emitted at the continental region, consequently transported to Chichijima Island. The
contributions of f-caryophyllene oxidation products and BB-derived OC were dominant in
winter and spring due to long-range transport of continentally derived BB aerosols. The high-

NOy BSOA tracers (2-MGA, 3-HGA, and 3-MBTCA) were aged and influenced by the long-
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range transport of anthropogenic air masses. In contrast, the low-NOyx BSOA tracers (2-MTLs

and Cs-alkene triols) were mostly produced by the oxidation of locally emitted isoprene.

The biogenic emissions of f-caryophyllene contributed to more formation of secondary
organic carbon, followed by monoterpene and isoprene. A higher ratio of 2-MTLs/2-MGA
resulted in the formation of iSOA tracers by isoprene emissions from marine phytoplankton. In
contrast, the high 3-MBTCA/(PA+PNA) ratio indicated the aging of aerosols during long-
range transport from the Asian continent. The meteorological parameters such as RH,
temperature, and precipitation also influence the formation of biogenic SOA tracers over
Chichijima. PMF analysis illustrates that monoterpene oxidation products could be the major
sources for BSOA, followed by isoprene and f-caryophyllene in Chichijima aerosols over the
WNP. This study demonstrates that the biogenic and anthropogenic emissions from the
continental region significantly impact the formation and chemistry of BSOA over the WNP.
Because previous model studies have not considered the emission of ¢cSOA by BB, it is
important to estimate how BB impacts the secondary formation of OA from the low volatility
terpenoids accumulated in terrestrial vegetation at regional and global scales, which are easily

emitted to the air on biomass burning.

The oxidation of isoprene emitted from phytoplankton could significantly influence the
cloud droplet number and affect marine cloud condensation nuclei (CCN) in the remote marine
atmosphere. In addition, the oxidation process of maritime BVOCs is significantly influenced
by the long-range transport from the continent. The SOA tracers are highly water-soluble due
to —OH and —COOH groups. Therefore, the chemical and physical properties of cloud
condensation nuclei (CCN) and gas to particle conversion could be elucidated by the
atmospheric compositions and seasonal studies of SOA tracers in the remote marine

atmosphere.
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Figure Captions

Figure 1. Geographic location of Chichijima Island (27.06°N and 142.21°E) in the western
North Pacific. Sampling site is indicated by the red star.

Figure 2. Monthly variation of the meteorological parameters over Chichijima Island during
2010-2012 period (The error bars denote the standard deviations).

Figure 3. Seasonal air-mass backward tracjectories over Chichijima Island during winter
(December—February), spring (March-May), summer (June-August), and autumn
(September—November).

Figure 4. Temporal trends of measured SOA tracers at Chichijima Island during the campaign.

Figure 5. Monthly trends of measured SOA tracers at Chichijima Island during the campaign.

Figure 6. Seasonal scatter plots of levoglucosan with 2-MTLs (a, b) and ¢SOA tracers (c - g).

Figure 7. Seasonal scatter plots of Cs-alkene triols with 2-MTLs (a - d), 3-MBTCA with 3-
HGA (e - h), NO;™ with 3-HGA (i), and 3-MBTCA (j).

Figure 8. Monthly average concentrations (2010-2012) of levoglucosan and f-caryophyllene-
SOA tracer in the Chichijima aerosols.

Figure 9. PMF analyses of the biogenic SOA tracers and levoglucosan in the Chichijima
aerosols. (levoglucosan data were acquired from Verma et al. (2015) for PMF analysis).

Figure 10. Contributions to biogenic SOA tracers from various sources based on PMF analyses.



1175
1176
1177
1178
1179
1180

1181
1182

1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197

36

Figure 1.

Latitude (°N)

NN
o

=y

Ea.gt . cee
i China Sea Y Chichijima

N
(@)

Pacific Ocean

~ -

80 100 120 140 160 180
Longitude (°E)



1198
1199
1200
1201
1202
1203
1204

1205
1206

1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233

Figure 2.

Precipitation

Relative humidity

—_

S

~

(%)

300

QO Precipitation OTemperature

200

100

(s/w)
paads puipn

aJnjesadwa]

37



1234
1235
1236
1237
1238

1239
1240

1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255

Figure 3.

Winter

Summer Spring
Latitude °N

Autumn

Longitude °E
EISO 8|0 l(I)O 12|0 11}0 1§0 180

Spuim
Al491s9 M\

Spuim aseyd
uonisues)

aseyd
uonlisued]

38

apeJ]



39

1256
1257
1258  Figure 4.
1259
1260
1261
1262
1263

(a) Total SOA tracers 0.9 (h) 3-methyl-2,3,4-trihydroxy-1-butene;

e I |
RSV ki)
3 SO0 O prpy,

Concentration (ng m3)

0
) .!"; 3
ayy O

2010 2011 2012 2010 2011 2012

1264 Year
1265

1266
1267
1268
1269
1270
1271
1272
1273
1274
1275



1276
1277
1278
1279
1280
1281

1282
1283

1284
1285
1286

Figure 5.

Concentration (ng m3)

w o O

2.0
1.5
1.0
0.5
0.0

0.4 A

0.2

0.0
1.0

0.5

0.0

0.4 A

0.2

0.10

0.05

0.00

0.04

0.02

0.00

.
= 0 7] E 5
-8 c £ E =g
S = € = £
S E
lg (%) ) < =
0 " . 0 . ——

(a) Total SOA tracers

—1(b) Total Isoprene SOA tracers

(c) 2-methylthreitol

_|(d) 2-methylerythitol

(e) 2-methylglyceric acid

| (f) trans-2-methyl-1,3,4-trihydroxy-1-
butene

(g) cis-2-methyl-1,3,4-trihydroxy-1-

butegne

LL>' o]0 >-U
s0852 535338522
S L2223 32gwn0zZz0

0.0
1.0

0.5

Month

[
[
-
£
=

+-Spring
FSummer

}Autumn
]— Winter

[ l

A
(h) 3-methyl-2,3,4-trihydroxy-1-butene

-1 (i) Total Monoterpene SOA tracers

4 (j) pinonic acid

4 (k) pinic acid

(I) 3-hydroxyglutaric acid

-(m) 3-methyl-1,2,3-butanetricarboxylic acid|

| (n) B-caryophylinic acid

— > . - P
o P NS
s0238s5353382¢g
- < =S <<wnw OZ2A0

40



1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297

1298
1299

1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326

Figure 6.

41

(a) 2-MTLs (Winter) (b) 2-MTLs (Spring) (c) cSOA (Annual) g (d) cSOA (Winter)
9 8
y =0.298x + 2.096 6 - y = 1.018x + 0.484 y = 1.641x -0.040 o y=1.804x-0.118 o
r=0.265 6 r=0.874 o 6 r=0.748 o
4 A
4 o 4
_ 2 2 2
i 0 0 0
‘z’ 15 0.0 0.5 1.0 15 0.0 1.0 2.0 3.0
o
38 (e) cSOA (Spring) (f) cSOA (Summer) (g) cSOA (Autumn)
S 2.0 4
=1
ED y = 1.391x - 0.049 y = 1.430x - 0.002 y=1.372x + 0.009
F r=0.876 0 o 1.5 r=0.999 3 r=0.997
- o
1.0 1 2 o
° 0.5 1
‘@0 O
T 0.0 0 T
1.0 2.0 3.0 0.0 0.5 1.0 15 00 05 1.0 15 2.0 2.5

Concentrations (ng m-3)



1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337

1338
1339

1340

Figure 7.

42

(a) 2-MTLs (Winter) (b) 2-MTLs (Spring) (c) 2-MTLs (Summer) (d) 2-MTLs (Autumn)
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(a) B-Caryophyllinic acid
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