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• Long-term observations of terrestrial
lipid compounds were reported in ma-
rine aerosols.

• A homologous series of n-alkanes, fatty
acids and n-alcohols were detected in
the marine aerosols.

• Terrestrial plantation emission was en-
hanced in the upwind regions in the
2000s than in the early1990s.
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Terrestrial lipid biomarkers are one of the key tracers in the studies of atmospheric aerosols. Here, we investi-
gated such organic compounds in marine aerosols collected at Chichijima Island, the western North Pacific for
two 4-year periods: 1990–1993 and 2006–2009. A homologous series of lipid biomarkers including C18–C37 n-
alkanes, C9–C34 fatty acids, and C14–C35 fatty alcohols were determined by gas chromatography/mass spectrom-
etry (GC/MS). The atmospheric levels of these tracers increased from 1990–1993 to 2006–2009. Their seasonal
trends were clearly characterized by winter–spring maxima and summer–fall minima. The relative abundance
of the high-molecular-weight (HMW) n-alkanes (C25–C37) and n-alcohols (C20–C35) in total HMW lipids peaked
inwinter andwinter/fall, respectively, whereas those of HMW fatty acids (C20–C34) peaked in summer. Air-mass
backward trajectory analyses suggest that the Asian continent, Southeast Asia including tropical regions, and the
Central Pacific are themain source regions. The seasonal shift and distribution of the carbon preference index and
average chain length for the HMW lipids were controlled by the changes in climatic factors and source regions.
The higher abundance of terrestrial lipids during 2006–2009 than 1990–1993 indicates a higher emission from
terrestrial plantation in the 2000s than in the early 1990s in upwind regions of East Asia. Furthermore, HMW
lipid compounds exhibited much stronger positive correlations with levoglucosan, a biomass-burning tracer,
during 2006–2009 than 1990–1993, suggesting that biomass-burning emissions contributed more significantly
in this century.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The ocean–atmosphere interface is the largest and most important
interface on our living planet. The ocean acts as a tremendous reservoir
of organic matter that plays a significant role in carbon cycling and cli-
mate change (Bates et al., 2005; O'dowd et al., 2004; Russell et al.,
2010; Xie et al., 2007; Zhang et al., 2018). Organic aerosols in themarine
boundary layer (MBL) are derived from sea spray, biogenic volatile or-
ganic compounds (BVOCs) emitted from the marine surface followed
by photo-oxidation (Bikkina et al., 2014; Meskhidze and Nenes, 2006;
Yokouchi et al., 1999; Zhu et al., 2016), and continental sources via
long-range atmospheric transport (Ding et al., 2013; Fu et al., 2011;
Lyu et al., 2020; Mu et al., 2018; Simoneit et al., 2004; Verma et al.,
2015). The terrestrial organic aerosols potentially control the physical
and chemical properties of the particles and affect the scattering of sun-
light and the formation of cloud condensation nuclei (Hallquist et al.,
2009; Kanakidou et al., 2005; Nozière et al., 2015; Xu et al., 2015).

A homologous series of high-molecular-weight (HMW) n-alkanes,
fatty acids, and fatty alcohols, known as terrestrial lipid biomarkers,
are important components of higher plant waxes. These lipid bio-
markers can be sloughed off easily from plant leaf surfaces, blown up
from decaying plant materials in soil during severe dust storms
(Simoneit et al., 1977), or emitted via biomass-burning activities
(Abas et al., 1995; Fu et al., 2008; Oros and Simoneit, 2001). Further-
more, they can be transported long distances to remote ocean and
even polar regions (Conte and Weber, 2002a; Gagosian et al., 1981;
Gagosian et al., 1987; Kawamura, 1995; Kawamura et al., 2003;
Schefub et al., 2003; Schneider et al., 1983; Simoneit et al., 1977;
Simoneit et al., 2004). Chester (2001) estimated that the rate of atmo-
spheric delivery of terrestrial carbon to the oceans is 2.6 to 10.1 × 1014

g yr−1.
Lipids of terrestrial higher plant origin, through long-range trans-

port, have been frequently reported in themarine environment, includ-
ing marine aerosol and sediment core samples (Conte and Weber,
2002a; Fu et al., 2011; Kang et al., 2017; Kawamura, 1995; Kawamura
et al., 2003; Madureira et al., 1995; Madureira et al., 1997; Ohkouchi
et al., 1997a). These specific biomarkers provide useful diagnostic infor-
mation on the potential sources of atmospheric organic aerosol, plant
ecosystems, and the terrestrial biosphere functioning (Bendle et al.,
2006; Conte and Weber, 2002a; Conte and Weber, 2002b; Kawamura
et al., 2003; Ren et al., 2020). The concentrations of lipid compounds
in marine sediments' surfaces decreased from the western Pacific to
the Central Pacific around 40°N longitude (Kawamura, 1995). In addi-
tion, the concentrations of n-alkanes and n-alcohols in the surface sed-
iments also decreased from 48°N to 15°N across a latitudinal transect
at 175°E, but fatty acids showed a different pattern, being more abun-
dant in the low-latitude sediments (Ohkouchi et al., 1997a). Such lipid
compounds in marine sediments are likely derived by a long-range
transport of airborne particles from continental regions to the Pacific,
and these have been used as molecular tracers in paleoclimatic recon-
structions (Kawamura, 1995; Madureira et al., 1997; Ohkouchi et al.,
1997a; Ohkouchi et al., 1997b; Seki et al., 2003). Furthermore, these bio-
markers provide useful information to elucidate the atmospheric circu-
lation and/or transport processes.

Terrestrial lipid biomarkers have been investigated in marine aero-
sols over the Atlantic (Conte and Weber, 2002a; Simoneit, 1977;
Simoneit et al., 1991), Pacific (Gagosian et al., 1981; Gagosian et al.,
1982; Kang et al., 2017; Kawamura and Gagosian, 1990; Kawamura
et al., 2003), and Arctic Oceans (Fu et al., 2009; Kawamura et al.,
2005). Such investigations reveal that the continent-derived organic
material can be transported long distances across the oceans. In order
to define the atmospheric levels of lipid compounds and their relation-
ships to biomass-burning activities in upwind regions, and to link tem-
poral variations in their atmospheric levels to climatic and
meteorological factors, a long-term observation on the terrestrial or-
ganic carbon transported to marine regions needs to be investigated.
2

Chichijima is a subtropical oceanic island, which is located in the
western North Pacific about 2000 km away from the Asian continent
and 1000 km south of Tokyo, Japan. The climate is warm (ambient tem-
perature: 12.1–32.2 °C during the study periods) and humid (mean hu-
midity: 79%) due to warm currents from the North Pacific gyre.
Chichijima is covered by plenty of endemic plants (e.g., sclerophyllous
scrub woodlands), and the endemic ratio of vascular plants is up to
36% (Kawakami, 2010). Kawamura et al. (2003) reported that the atmo-
spheric concentrations of terrestrial higher plant lipids over Chichijima
were higher in winter/spring when the westerlies dominate in this re-
gion. They stated that the atmospheric transport should be one of the
major pathways for the occurrence of higher plant-derived lipids in
the marine aerosols over the Pacific Ocean and its deep sediments.

In this study, we present two 4-year periods of temporal variations
in terrestrial higher plant-derived lipid compounds (n-alkanes, fatty
acids, and n-alcohols) in marine aerosols over thewestern North Pacific
Ocean. Annual and seasonal variations in atmospheric concentration
changes between the 1990–1993 and the 2006–2009 periods were
compared. Meteorological data and climatic factors were used to inter-
pret the change in the source regions and the atmospheric transport
pathways via long distance over the western North Pacific during two
different periods.

2. Materials and methods

The aerosol sampling was conducted at the Ogasawara Downrange
Station of the Japanese Aerospace Exploration Agency (JAXA) (142°13′
E, 27°04′N; 254 m a.s.l.) in Chichijima (Fig. 1). Total suspended particle
(TSP) samples were collected from April 1990 to November 1993 bi-
weekly (n = 69) and from January 2006 to January 2010 weekly (n =
203). A Shibata HVC–1000 high-volume air sampler was used in
1990–1993 and a Kimoto AS–810A model was used in 2006–2009.
The air flow rate was set at 1.0 m3 min−1 for both periods. The air sam-
pler was set on the top of the station (5 m a.g.l.) for the parabolic an-
tenna. Prebaked (450 °C for 6 h) quartz-fibre filters (20 cm × 25 cm,
Pallflex) were used for all the sample collection. After the collection,
each sample was kept in a prebaked (450 °C for 6 h) clean glass jar
with a Teflon-lined screw cap. All field and blank samples were kept
at−20 °C in a dark freezer room before the chemical analysis.

Small punches (ca. 20 cm2) cut from each aerosol sample were ex-
tracted with 10 ml of dichloromethane/methanol (2:1, v/v) under
ultrasonication for 10 min, and this process was repeated for three
times. The extracts were combined and concentrated using a rotary
evaporator under vacuum and blown down under pure nitrogen gas.
Then, the concentrated solvent was reacted with N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA, 50 μl) with 1% trimethylsilyl
chloride in the presence of pyridine (10 μl). This procedure was held at
70 °C for 3 h to derivatize OH– and COOH– functional groups to their
corresponding trimethylsilyl (TMS) ethers and esters, respectively.
The derivatives were diluted by adding 140 μl of n-hexane with
1.43 ng μl−1 of C13 n-alkane as the internal standard.

Gas chromatography/mass spectrometry (GC/MS) analyses were
performed on a GC (HPmodel 6890) coupled to amass-selective detec-
tor (MSD, HPmodel 5973). This GC/MS systemwas equippedwith aDB-
5MS fused silica capillary column (30 m × 0.25 mm i.d., 0.25 μm film
thickness). The MS was operated on the electron impact (EI) mode at
70 eV. Individual organic species were identified and quantified using
authentic standards. Detailed quantification of the lipid marker com-
pounds can be found elsewhere (Fu et al., 2008). In order to quality as-
surance, field blank filters were performed following the same way as
real samples. Very few target compounds (e.g., C16:0 and C18:0 fatty
acids) can be detected in the blanks with low levels, being less than
5% of those in real samples. The relative standard deviation of the atmo-
spheric concentrations based on duplicate analyses was less than 15%.
The recoveries for authentic standards were generally better than
85–95%, so the data were not corrected for recoveries in this study.



Fig. 1. The location of the sampling site, Chichijima Island, in the western North Pacific Ocean. The map was generated by the software © Ocean Data View.
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The total carbon (TC) concentration was analyzed using a small disk
(ca. 2.54 cm2) of each filter sample. Then, it was wrapped with a
prebaked tin cup using clean tweezers. The prepared tin cups were
placed into an autosampler of an elemental analyser (EA, NA 1500
NCS, Carlo Erbo Instruments) that was connected to an isotope ratio
mass spectrometer (ThermoQuest, Delta Plus). The data of TC were
used in the present study.

Air-mass backward trajectories were analyzed using the NOAA Hy-
brid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4)
model (http://www.arl.noaa.gov/ready/hysplit4.html). Here, we chose
500 m (a.s.l.) as the starting height of the trajectories. The horizontal
patterns of backward trajectories at 1000m (a.s.l.) were also calculated.
They were similar to those at 500 m and thus not reported here.

3. Results

We detected a homologous series of n-alkanes (C18–C37), fatty acids
(C9–C34), and fatty alcohols (C14–C35) in the Chichijima aerosol samples.
Table 1 presents the atmospheric concentrations of the target com-
pounds. The results of TC, low-molecular-weight (LMW) and high-
molecular-weight (HMW) lipid compounds and levoglucosan in the
aerosols are also listed in Table 1. Fig. 2 presents the monthly averages
of TC, LMW and HMW lipid compounds.

3.1. Concentrations of TC

TC concentrations ranged from 0.11 to 1.91 μg m−3 (mean 0.63 μg
m−3) during 1990–1993, which are slightly lower than those
(0.23–8.46 μg m−3, 0.87 μg m−3) during 2006–2009. These concentra-
tions are far lower than those of urban aerosols from Tokyo (12–44 μg
m−3, average 22 μg m−3), Beijing (24–85 μg m−3, 49 μg m−3), Mumbai
in India (summer 4.2–9.3 μgm−3;winter 16–32 μgm−3), andMorogoro
in Tanzania (wet season 3–10 μg m−3, 6 μg m−3; dry season 4–16 μg
m−3, 9 μg m−3) (Aggarwal et al., 2013; Kawamura and Ikushima,
3

1993; Mkoma et al., 2013; Sekine et al., 1992), but are higher than
those in the marine or Arctic Ocean aerosols (0.11–2.93 μg m−3, 0.56
μg m−3) (Fu et al., 2013). TC includes primary elemental carbon (EC)
and organic carbon (OC). Concentrations of EC in the marine aerosols
are very low, so the concentrations of OC approximate to those of TC.
Conte and Weber (2002a) reported that the concentrations of OC
were 0.07–0.70 μg m−3 in marine aerosols over the western North At-
lantic, whereas those in Beijing ranged from 2.61 to 19.5 μg m−3 (10.9
μg m−3) in the summer of 2006 (Ho et al., 2010).

In this study, high values were often observed in winter–spring, and
low values in summer–fall in both periods (Fig. 2a), being consistent
with the average concentrations of OC and EC which showed higher
values in winter–spring than in summer–fall during 2001–2004
(Mochida et al., 2010). The reason for this seasonal changes could be ex-
plained by the increased atmospheric transport of Asian continental
aerosols by westerly winds in winter/spring (Kawamura et al., 2003).
We detected a rise in every monthly averaged TC concentrations with
different levels from the period 1990–1993 to the period 2006–2009
(Fig. 2a). TC in the global emission inventory increased linearly, approx-
imately 5100 Gg in 1850, 8000 Gg in 1900, 9700 Gg in 1950, and 13,100
Gg in 2000; there is a gradual increase between 1950 and 2000,which is
similar to the increase from 1850 to 1925 (Tami et al., 2007). These re-
sults of the global emission inventory well agreed with our finding, that
is, a gradual increase in continental TC emissions from 1990 to 1993 to
2006–2009 (Fig. 2a).
3.2. Concentrations of LMW and HMW lipid compounds

The concentrations of LMW lipid compounds were in the range of
0.69–18.7 ng m−3 (mean 4.0 ng m−3) during 1990–1993 and
0.48–16.1 ng m−3 (5.5 ng m−3) during 2006–2009 (Table 1). Higher
values were found in summer/fall, whereas lower values were detected
in winter/spring during 2006–2009. Higher values were observed from
April to June and from August to October during 1990–1993. Fu et al.



Table 1
Concentrations (ng m−3) of organic compounds measured in the marine aerosols collected on Chichijima Island in the western North Pacific during 1990–1993 and 2006–2009.

Compounds Carbon range Concentrations

1990–1993 2006–2009

Min Max Mean SD Min Max Mean SD

n-alkanesa C18–C37 0.11 9.1 1.4 1.6 0.12 11.6 1.9 2.0
CPIb of n-alkanes C25–C37 2.2 17.2 5.3 3.2 1.5 21.1 7.0 3.3
ACLc of n-alkanes C27–C37 29.1 33.6 30.2 0.86 29.0 31.4 29.8 0.35
Fatty acids C9–C34 0.69 30.5 5.8 4.9 0.44 57.7 9.6 6.7
LMW fatty acids C9–C19 0.56 18.6 3.6 2.8 0.38 15.8 5.1 2.9
HMW fatty acids C20–C34 0.005 11.2 1.0 1.9 0.002 49.8 2.3 5.0
CPIFA C20–C33 0.84 37.8 7.5 7.0 0.82 44.4 7.0 5.7
ACL of fatty acids C22–C34 22.0 27.6 24.0 1.3 22.0 29.4 24.4 1.3
n-alcohols C14–C35 0.17 43.3 3.9 6.3 0.32 48.9 5.2 5.8
LMW n-alcohols C14–C19 0.033 0.81 0.20 0.14 0.045 1.5 0.27 0.19
HMW n-alcohols C20–C35 0.14 42.5 3.7 6.3 0.24 48.6 4.9 5.7
CPIalc C20–C35 1.7 31.1 7.9 5.6 1.4 35.2 7.9 5.8
ACL of n-alcohols C22–C34 25.7 31.0 27.9 1.2 24.5 30.9 27.6 1.2
Levoglucosand C6 0.004 4.77 0.62 0.82 0.006 5.20 0.53 0.71
LMWe lipids C9–C24 0.69 18.7 4.0 2.9 0.48 16.1 5.5 2.9
HMWf lipids C20–C37 0.25 59.7 5.9 8.9 0.40 84.1 9.0 11
TC (μg m−3) 0.11 1.91 0.63 0.35 0.23 8.46 0.87 0.70

a Not detected.
b CPI, Carbon Preference Index: (C19+C21+C23+C25+C27+C29+C31+C33+C35+C37)/(C18+C20+C22+C24+C26+C28+C30+C32+C34+C36) for n-alkanes; CPIFA, (C20+

C22+C24+C26+C28+C30+C32)/(C21+C23+C25+C27+C29+C31+C33) for fatty acids; CPIalc, (C20+C22+C24+C26+C28+C30+C32+C34)/(C21+C23+C25+C27+C29+C31
+ C33 + C35) for n-alcohols.

c ACL, the concentration-weighted average carbon chain length (27*C27 + 29*C29 + 31*C31 + 33*C33 + 35*C35 + 37*C37)/(C27 + C29 + C31 + C33 + C35 + C37) for n-alkanes; ACLFA
and ACLalc (22*C22 + 24*C24 + 26*C26 + 28*C28 + 30*C30 + 32*C32 + 34*C34)/(C22 + C24 + C26 + C28 + C30 + C32 + C34) for fatty acids and n-alcohols.

d The data of levoglucosan were from a previous study (Chen et al., 2013).
e LMW lipids, Low molecular weight lipids, ∑C18–C24 n-alkanes +∑C9–C19 fatty acids +∑C14–C19 n-alcohols.
f HMW lipids, High molecular weight lipids, ∑C25–C37 n-alkanes +∑C20–C34 fatty acids +∑C20–C35 n-alcohols.

Fig. 2. Monthly average of (a) total carbon, (b) LMW lipids, and (c) HMW lipids in the
marine aerosols collected on Chichijima Island during 1990–1993 and 2006–2009.
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(2013) reported LMW lipid compounds in the Arctic Ocean aerosols in
August 2009 with concentrations of 2.03–13.7 ng m−3 (4.8 ng m−3),
whose average concentration is similar to the ranges obtained for the
two periods fromChichijima. LMW lipid compounds aremainly derived
from energy-related anthropogenic sources transported across long dis-
tances in the atmosphere from the Asian continent and emissions from
marine organisms. There is a rising trend in LMW lipids from 1990 to
1993 to 2006–2009, especially inMay to July and September to Decem-
ber in Chichijima (Fig. 2b).

HMW lipid compounds showed the concentrations ranging from
0.25 to 59.7 ng m−3 (average, 5.9 ng m−3) in 1990–1993 whereas
they showed the concentrations ranging from 0.40 to 84.1 ng m−3

(9.0 ng m−3) in 2006–2009 (Table 1). High values were found in win-
ter/spring, whereas low values were observed in summer/fall during
the both periods. The values were much higher than those reported in
the Arctic Ocean aerosols (0.2–7.7 ng m−3, 1.9 ng m−3) (Fu et al.,
2013). By comparing the monthly averaged temperature, precipitation
and wind direction over Chichijima between the 1990–1993 period
and the 2006–2009 period (Fig. 3), we found a decreased precipitation
and increased average wind speed in winter/spring during
2006–2009. The increased concentration of HMW lipids and the sea-
sonal trend were likely associated with enhanced long-range transport
of terrestrial aerosols from the upwind Asian continent inwinter/spring
under the control of westerlies (Kawamura et al., 2003).

4. Discussion

4.1. Temporal variations in terrestrial lipid compounds

Temporal variations in terrestrial lipid compounds, i.e., C25–C37 n-
alkanes, C20–C34 fatty acids, and C20–C35 n-alcohols, were characterized
by a seasonal pattern with higher atmospheric concentrations in win-
ter/spring than in summer/fall and also by an increased trend from
1990–1993 to 2006–2009 in the Chichijima aerosols (Fig. 4). However,
during 1991, the concentrations of n-alkanes, fatty acids, and alcohols
were relatively high in summer/fall. Similar situations could be seen in
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the 2006–2009 period. In some extreme events, there were very high
concentrations in the summer or fall aerosol samples; this point will
be discussed later. Such a seasonal variation pattern showed that atmo-
spheric transport of terrestrial organic aerosols probably increased
under strongwesterly winds over the western North Pacific Ocean dur-
ing the winter/spring season, and the increased concentrations from
1990–1993 to 2006–2009 were likely related to source differences and
climatic factors, such as the increase inwind speed (Fig. 3). These results
were consistent with previous observations, which detected the same
samples using a different method (Kawamura et al., 2003).

4.2. n-Alkanes

Total concentrations of measured n-alkanes ranged from 0.11 to
9.1 ng m−3 (1.4 ng m−3) in 1990–1993 and from 0.12 to 11.6 ng m−3

(1.9 ng m−3) in 2006–2009 (Table 1). The molecular distribution pat-
terns of n-alkanes were characterized by the odd‑carbon-numbered
predominance with a maximum at C29 or C31, and C25, C27, C29, C31,
and C33 were the dominant organic compounds that showed high
plant wax sources (Gagosian et al., 1982). The LMW (C18–C24) n-
alkanes showed a weak odd/even predominance (Fig. S1a). LMW n-
alkanes are mostly emitted from the incomplete combustion of fossil
5

fuel and petroleum residues, in which there is no odd/even predomi-
nance [carbon preference index (CPI) = 1] (Simoneit, 1984). The aver-
age concentrations of HMW n-alkanes (C25–C37)were 2.1/1.7 ngm−3 in
winter/spring and 0.59/0.77 ng m−3 in summer/fall during 1990–1993,
whereas the concentrations were 2.4/2.7 ng m−3 in winter/spring and
1.1/0.95 ng m−3 in summer/fall during 2006–2009. Furthermore, an-
nual mean concentrations of HMW n-alkanes were higher during
2006–2009 than during 1990–1993 (Fig. 4).

The CPIs (carbon preference index), concentration ratios of odd-
carbon over even‑carbon numbered C25–C35 n-alkanes, are shown in
Fig. 5. The indices ranged from 2.2 to 17.2 (average 5.3) during
1990–1993 and from 1.5 to 21.1 (7.0) during 2006–2009 (Table 1).
These values were clearly higher than those studied in urban aerosols
(0.91–2.3) in China (Fu et al., 1997; Ren et al., 2020), Tokyo in Japan
(1.1–2.8, mean 1.5) (Kawamura, 1995), tropical regions in North Pacific
(1.6–3.2) (Gagosian et al., 1982), tropical urban India (1.2–2.3, 1.5) (Fu
et al., 2010), and the southern Beaufort Sea in the Canadian Arctic
(1.6–7.0, 2.3) (Fu et al., 2013). However, the values are similar to
those reported in high mountain aerosols over Mount Tai, North China
Plain (1.1–8.0, 4.5) (Fu et al., 2008). These field measurements suggest
that the detected n-alkanes in marine aerosols at Chichijima Island
were mainly derived from terrestrial higher plants. As shown in
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Fig. 5a, the average value of CPIs in winter/spring was higher than in
summer/fall during the period of 1990–1993, but that of 2006–2009
was higher in spring/summer than in fall/winter. The highest CPI values
(>14) were often observed in May, August, and September.

LMW n-alkanes are generally considered as specific biomarkers for
fossil-fuel combustion, whereas HMW n-alkanes are tracers for terres-
trial higher plant waxes and biomass-burning emissions. The ratios of
LMW to HMW n-alkanes were clearly higher in the 1990–1993 period
than the 2006–2009 period (Fig. 6). Such a trend may indicate that
the energy-related emission relative to terrestrial plant wax emission
was higher in the early 1990s than in the 2000s. The ratios of LMW to
6

HMW n-alkanes were lower in winter/spring than summer/autumn in
both periods. This result may in part suggest that biomass-burning ac-
tivities act as a key emission source of organic aerosols in East Asia in
cold seasons when the westerlies prevail, and biomass-burning plumes
can be transported to the western North Pacific Ocean.

4.3. Fatty acids

The total concentrations of fatty acids ranged from 0.69 to 30.5 ng
m−3 (average, 5.8 ng m−3) in the period 1990–1993, and from 0.44 to
57.7 ng m−3 (9.6 ng m−3) in the period 2006–2009 (Table 1). Their



Fig. 5. Temporal variations in CPI index for n-alkanes (C25–C35), fatty acids (C20–C33), and n-alcohols (C20–C35) in the marine aerosols during 1990–1993 and 2006–2009.
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molecular distribution patterns were characterized by an even-carbon-
numbered predominance with maxima at C16 and C24 or C28, and the
C16, C18, C24, or C28 are the dominant species in continental aerosols
(Fu et al., 2008; Fu et al., 2010; Simoneit et al., 1988; Wang et al.,
2006), marine aerosols (Bendle et al., 2007; Conte and Weber, 2002a;
Fu et al., 2011; Gagosian et al., 1981; Mochida et al., 2007), and marine
sediments (e.g., Ohkouchi et al., 1997a) (Fig. S1b). The concentrations of
LMW fatty acids (C9–C19)were in the range of 0.56–18.6 ngm−3 (3.6 ng
m−3) during 1990–1993 and 0.38–15.8 ng m−3 (5.1 ng m−3) during
2006–2009 (Table 1). The LMW fatty acids are mostly derived from
the lacustrine and/or marine algae as well as terrestrial plants
(Kawamura et al., 2010). Mochida et al. (2002) found a positive correla-
tion between the sea-to-air emissions of LMW fatty acids relative to sea
salts and the satellite images of biological activity in the northern North
Pacific.
7

The concentrations of HMW fatty acids (C20–C34) were in the range
of 0.005–11.2 ng m−3 (average, 1.0 ng m−3) during 1990–1993, and
0.002–49.8 ng m−3 (2.3 ng m−3) during 2006–2009 (Table 1). LMW
fatty acids appeared the weak even/odd predominance, but HMW
fatty acids showed the even/odd predominance (Fig. S1b). HMW
fatty acids were characteristic of contributions to higher plant
waxes. Although the averaged concentrations of C20–C34 fatty acids
were the highest in spring, the maxima during 1990–1993 and
2006–2009 periods were detected in summer samples because of
the extreme events (Fig. S1b). The mean concentrations of HMW
fatty acids (C20–C34) were 2.2 ng m−3 in spring, 0.71 ng m−3 in sum-
mer, 0.38 ng m−3 in winter, and 0.36 ng m−3 in fall during
1990–1993 period whereas they were 3.1 ng m−3 in spring, 2.8 ng
m−3 in winter, 2.7 ng m−3 in summer, and 0.65 ng m−3 in fall during
2006–2009 period. Furthermore, the mean concentrations of HMW



Fig. 6. Mass concentration ratios of LMW (C18–C24) to HMW (C25–C35) n-alkanes during 1990–1993 and 2006–2009.
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fatty acids were also higher in 2006–2009 than those in 1990–1993
(Fig. 4).

The CPIFA (Carbon Preference Index, concentration ratios of
even‑carbon fatty acids to odd‑carbon fatty acids) values for C20–C34

fatty acids in the Chichijima aerosols are shown in Fig. 5. The indices
ranged from 0.84 to 37.8 with an average of 7.5 during 1990–1993,
and from 0.82 to 44.4 with an average of 7.0 during 2006–2009
(Table 1). The CPIFA seasonal trend was lower in winter–spring than
summer–fall in both periods. The values were much higher than those
reported in the aerosols from the tropical India (2.8–6.4, average 3.8)
(Fu et al., 2010) and the Arctic Ocean (1.6–7.0, 2.3) (Fu et al., 2013).
The values of CPIFA in winter/spring aerosols were almost similar to
those reported in the Mount Tai, North China (2.99–11.9, 5.79) and
the North Atlantic (3.6–10.3, 6.4) (Conte and Weber, 2002a; Fu et al.,
2008). Matsumoto et al. (2007) suggested that the relatively high
CPIFA values (CPIFA= 19.1) in the aerosolswere derived from terrestrial
fresh plants. A few of the highest values (CPIFA > 30) were often ob-
served in August and October in this study, and the air mass of those
samples might have been transported from the Northeast Pacific
Ocean (near the Russian Bystrinsky District) and the Southwest Pacific
Ocean (near the Australian continent) according to the air-mass trajec-
tory analysis. Most of the CPIFA values were in the range of 3–7, and the
relatively low CPIFA values suggested that the fatty acids in the aerosols
were derived mostly from soil organic matter (CPIFA = 4.57)
(Matsumoto et al., 2007). In the atmosphere, α-oxidation of even-
carbon-numbered HMW fatty acids during the long-range transport
could produce odd-carbon fatty acids and thus lower the CPIFA values
(Kawamura et al., 2010).

4.4. n-Alcohols

Total concentrations of measured fatty alcohols ranged from 0.17 to
43.3 ng m−3 (mean 3.9 ng m−3) in the period 1990–1993 and
0.44–57.7 ng m−3 (5.2 ng m−3) during 2006–2009 (Table 1). The mo-
lecular distributions are characterized by an even-carbon-numbered
predominance, with a maximum at C26 or C28, whereas a few aerosol
samples showed peaks at C30 or C32 (Fig. S1c). The concentrations of
LMW C14–C19 n-alcohols were in the range of 0.03–0.81 ng m−3

(0.2 ng m−3) during 1990–1993 and 0.05–1.5 ng m−3 (0.27 ng m−3)
during 2006–2009 (Table 1). The average concentrations of HMW n-
alcohols (C20–C35) were 5.4/6.5 ng m−3 in winter/spring and 1.5/
1.9 ng m−3 in summer/fall during 1990–1993, and 5.1/8.8 ng m−3 in
winter/spring and 3.2/2.7 ng m−3 in summer/fall during 2006–2009.
Furthermore, annual averaged concentrations of HMW n-alcohols
were higher in 1990/1992 (mean 4.7/4.9 ng m−3) than those in 1991/
1993 (mean 2.7/2.7 ng m−3), whereas they were the highest in 2009
(mean 7.0 ng m−3), and the other three were mean 4.1 ng m−3,
4.1 ngm−3 and4.6 ngm−3 in 2006, 2007 and 2008, respectively (Fig. 4).
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The CPIalc (concentration ratios of odd-carbon n-alcohols over even-
carbon n-alcohols) values for C20–C35 n-alcohols are shown in Fig. 5. The
indices ranged from 1.7 to 31.1 with an average of 7.9 during
1990–1993, and ranged from 1.4 to 35.2 with an average of 7.9 during
2006–2009 (Table 1). The average CPIalc during the two periods of
1990–1993 and 2006–2009 were 6.1 and 6.3 in summer and 8.4 and
7.3 inwinter, respectively. These valueswere lower than those reported
in tropical Indian aerosols (mean 9.75 in summer and 10.9 in winter)
(Fu et al., 2010) and the North Atlantic Ocean (mean 12.4 in summer
and 8.2 in winter) (Conte and Weber, 2002a). These results suggest
that fatty alcohols over Chichijimawere mainly derived from terrestrial
higher plants. LMW n-alcohols are emitted from the fossil fuels and pe-
troleum residues as well as marine phytoplankton whose contributions
to total n-alcohols are very small in this study.

4.5. Chain-length distributions and relative abundances

The terrestrial biomarkers showed an odd number predominance
for n-alkanes and even number predominance for fatty acids and alco-
hols, but therewere somedifferences in theirmaximum carbon number
distributions during the 1990–1993 and 2006–2009 periods. In order to
observe such differences in molecular distributions, we calculated the
concentration-weighted average carbon chain length (ACL) for n-
alkanes, fatty acids, and alcohols (Pletzer and Gagosian, 1989). The
ACL values of the terrestrial biomarkers were in the range of 29.1–33.6
(mean 30.2), 22.0–27.6 (mean 24.0), and 25.7–31.1 (mean 27.9) for n-
alkanes, fatty acids, and fatty alcohols, respectively, during the period
1990–1993, and 29.0–31.4 (mean 29.8), 22.0–29.4 (mean 24.4), and
24.5–30.9 (mean 27.6), respectively, during the period 2006–2009
(Fig. 7). The ACL values of n-alkanes were higher in summer/fall than
in winter/spring during the 1990–1993 period, and were higher in
fall/winter than in spring/summer during the 2006–2009 period. The
ACL of n-alcohols showed higher values in fall/winter than in spring/
summer during the both periods. The ACL values of fatty acids were
higher in spring/summer during 1990–1993 and higher in winter/
spring during 2006–2009.

Fig. 8 presents plots of the concentrations of C27–C37 n-alkanes, C22–
C34 fatty acids and C22–C34 fatty alcohols as a function of the corre-
sponding ACL values for the periods of 1990–1993 and 2006–2009. In
general, higher atmospheric levels of long-chain n-alkanes and alcohols
were observed when ACL indices were approximately 30 and 27.5, re-
spectively, during 1990–1993 and 29.5 and 27, respectively, during
2006–2009. However, the concentrations of long-chain fatty acids
peaked when the ACL indices were around 25 during 1990–1993,
whereas during 2006–2009 they peaked when the ACL values were
around 27. The shift of the ACL values from 1990's to 2000's may indi-
cate that the source region of HMW fatty acids shifted from mid- to
lower-latitudes based on the analogy of n-alkanes in higher plant



Fig. 7. Monthly changes in average chain length (ACL) of (a) n-alkanes (C27–C37), (b) fatty acids (C22–C34) and (c) n-alcohols (C22–C34) in the marine aerosols during 1990–1993 and
2006–2009.
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waxes, whose ACL indices showed higher values in tropical plants
(Kawamura et al., 2003). Alternatively, global warming may have
caused the shift of ACL values of fatty acids in plant leaf waxes to
adapt to the higher leaf temperature to maintain the hardness of plant
waxes even in mid-latitudes.

During the period of 1990–1993,monthly averaged ACL indices of n-
alkanes and fatty alcohols showed maxima of 31.8 (August) and 29.1
(September), respectively, and minima of 29.7 and 27.2 in May. Simi-
larly, we observed the highest ACL values of 30.0 and 28.5, respectively,
in September, and the lowest ACL values of 29.4 and 26.5 in May during
the period of 2006–2009 (Fig. 8). In contrast, monthly averaged ACL
values of fatty acids during the two periods maximized in April (25.1)
and February (25.5), respectively, and minimized in September (22.9
and 23.5, respectively). The chain-length distribution of terrestrial lipids
9

can be used as a tool to trace the changes of source region of air masses
andwind systems. The differentmonthly average ACL indices among n-
alkanes, fatty acids and alcohols suggested changes in the source region
for the terrestrial organics due to the shift from awesterly to easterly re-
gime. Kawamura et al. (2003) reported that terrestrial biomarkers such
as n-alkanes biosynthesized in warm regions have higher ACL values
and lower CPI values. In this study, monthly average values showed
the highest ACL and lowest CPI in August during 1990–1993, which
may be linked with the source regions in Southeast Asia, Indonesia,
and Australia as supported by air-mass backward trajectories (see
Fig. 10).

Correlation coefficients between n-alcohols and n-alkanes during
1990–1993 and 2006–2009 were found to be high (r = 0.85 and 0.67,
respectively, p < 0.01), while those between n-alcohols and fatty acids



Fig. 8. Concentrations of terrestrial biomarkers as a function of the ACL index during
1990–1993 and 2006–2009.
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showed slightly low (r= 0.7 and 0.48, respectively, p < 0.01) (Fig. S2).
Furthermore, fatty acids showed a nonlinear decrease at low concentra-
tions, which was not found for n-alkanes in both periods (Fig. S2). The
correlation coefficients between n-alkanes and fatty acids during
1990–1993 and 2006–2009 were found to be high (r = 0.56 and r =
0.68, respectively) (Table S1). A good covariance between n-alkanes,
fatty acids, and n-alcohols suggests their similar sources and source re-
gions, but the source regions would change with the seasonal condi-
tions and climatic factors.

As mentioned above, long-chain or HMW n-alkanes (C25–C37), fatty
acids (C20:0–C34:0), and alcohols (C20–C35) are one of the key compo-
nents of higher plant waxes. They are the main parts of the extractable
organic components in ambient aerosols. HMW n-alkanes, fatty acids,
and alcohols accounted for on average 44% (9–90%) and 46% (3–90%)
10
of total terrestrial biomarkers in the Chichijima samples in 1990–1993
and 2006–2009, respectively (Fig. 9). The relative abundances of these
three measured lipid classes showed clear seasonal trends that did not
correspond with seasonal differences in air-mass atmospheric trans-
port, but they were associated with the source input (Conte and
Weber, 2002a). In the current study, the relative contributions of n-
alkanes and fatty alcohols are highest in winter (28.5% and 63.9%, re-
spectively) during 1990–1993, and highest in winter (26.9%) and fall
(63.5%), respectively, during 2006–2009. However, the relative contri-
butions of fatty acids during 1990–1993 and 2006–2009 were the
highest in summer (21.1% and 23.3%, respectively) (Fig. 9).

The percentage of n-alcohols showed amarked seasonal peak in fall,
and this increase was also exhibited in the ratio of n-alcohols to n-
alkanes (Fig. 9). The relative abundance of fatty acids became the
highest mostly in late spring and summer, indicating an enhanced con-
tribution from biological activities in warm seasons (Tyagi et al., 2015).
However, the concentration ratios of n-alcohols to fatty acids performed
no apparent seasonal changes, which indicates that they may have sim-
ilar sources.

4.6. Meteorological factors and air-mass backward trajectories

In general, results of air-mass backward trajectories for the present
marine aerosol samples show that most of the air masses were origi-
nated from the Asian continent, Japan/Korea and the western Siberian
Plain during winter–spring and from the Central Pacific and Southeast
Asia during summer–fall (Mochida et al., 2003). Compared with the
1990–1993 period, the frequency of air masses from the Central Pacific
increased in winter and decreased in spring during 2006–2009. In sum-
mer, the frequency of air masses from the Central Pacific and the Asian
continent decreased during 2006–2009, and there was no significant
change in fall between the two periods (Fig. S3). Mochida et al. (2003)
differentiated the sources and source regions based on seasonal pat-
terns of dicarboxylic acids over Chichijima using three features;
i.e., (1) the annual emission inventory of black carbon (BC) from
fossil-fuel combustion, (2) BC from biomass burning, and (3) biogenic
volatile organic compounds (VOCs) for representative emissions from
natural vegetation, forest fires, and anthropogenic sources. The seasonal
and spatial variations in aerosol emissions from such sources could also
be utilized to better explain the seasonal patterns of lipid compounds
over the western North Pacific.

A previous study by Kawamura et al. (2003) suggested that during
winter/spring, marine aerosol samples were influenced by the Asian
continental outflows under the westerlies, whereas the summer/fall
aerosols were affected by trade winds including the Central Pacific
and sometimes Central America. As given in Fig. 10, 25–27% of the air
masses were from Southeast Asia in summer during 1990–1993 and
2006–2009 (Fig. S3). During the 1991 El Niño event, sporadic transport
pathways could be involved in the changes in the atmospheric circula-
tion patterns, and the smoke containing lipid class compounds pro-
duced by forest fires was transported long distances over the western
North Pacific (Kawamura et al., 2003). Furthermore, 22% of air masses
in the year of 1991 were delivered from Southeast Asia, whereas in
the other seven years, theywere less than 10% (Fig. S3). The ACL indices
of n-alkanes, fatty acids, and n-alcohols in our study are higher in 1991
than other years in 1990–1993. Bendle et al. (2006) reported the sea-
sonal variations in compound-specific stable carbon isotopic ratios of
HMW C29 and C31 n-alkanes in the Chichijima aerosols during summer
and winter between 1990 and 1993. They found that the Asian conti-
nent is the major source region for C3 plant materials during winter–
spring, whereas Indonesia, Australia, and probably the Americas are
the potential source regions for C4 plants during summer/fall.

From1990–1993 to 2006–2009,monthly averaged temperatures in-
creased during summer/fall and decreased during winter/spring. Most
of the monthly averaged precipitation amounts and relative humidity
in 2006–2009 were higher than those in 1990–1993 (Fig. 2a–b). The
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west wind and wind speed over Chichijima are stronger in 1990–1993
than 2006–2009 (Fig. 2c–d). In our results, the maximum concentra-
tions of the HMW lipid compounds represented two typical situations.
First, for the sample QFF181 (HMW lipids 59.7 ngm−3) collected during
9–12 April 1990, air masses were transported from the upwind Asian
continent under the westerlies. Second, for the sample QFF3260
(84.1 ng m−3) collected during 10–14 August 2009, air masses were
mainly delivered from Southeast Asia and the Central Pacific where for-
est fires frequently occurred and/or the El Niño event probably changed
the atmospheric circulation pattern, as seen in the trajectories for the
samples of such as on 5–9 August 1991 (QFF218) and 17–20 September
1991 (QFF221) (Fig. 10).

The average concentrations of levoglucosan, a specific biomass-
burning tracer, showed changes in the periods 1990–1993 (0.62 ng
m−3), 2001–2004 (1.03 ng m−3), and 2006–2009 (0.53 ng m−3) in
the Chichijima aerosols (Table 1) (Chen et al., 2013; Mochida et al.,
Q3260
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Fig. 10. Typical air-mass back trajectories of four seasons during 1990–1993 and 2006–2009. S
(QFF 181), 13–16May 1991 (QFF 212), 5–9 August 1991 (QFF 218), 17–20 September 1991 (Q
2007 (QFF 3076), 7–11 July 2008 (QFF 3197), 2–6March 2009 (QFF 3235), 10–14 August 2009
parcels are placed vertically at 500 m a.s.l. The color scale shows the concentrations of HMW li
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2010). The atmospheric levels of levoglucosan were associated with
air masses transported from its potential source regions influenced
by wildfires, which suggested that the intensity and frequency of re-
gional wildfires directly affected the depositional record of terres-
trial organic markers in its downwind regions and remote marine
areas (Mochida et al., 2010; Zheng et al., 2018). The correlation
coefficients between levoglucosan and n-alkanes (C27–C37) during
1990–1993 and 2006–2009 were found to be high (r = 0.38 and
r = 0.50, respectively, p < 0.01), and those between levoglucosan
and n-alcohols were relatively low (r = 0.33 and r = 0.29, respec-
tively, p< 0.01). On the contrary, the correlation coefficient between
the concentrations of levoglucosan and fatty acids was very low (r=
0.11) during 1990–1993 but high (r = 0.42) during 2006–2009
(Table S1 and Fig. 11). The correlation between sucrose and n-
alcohols (C22–C34) are higher in 2006–2009 (r = 0.59) than in
1990–1993 (r = 0.22). Sucrose is associated with pollen emission,
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although the contribution of pollen grains to atmospheric n-alcohols
needs further studies.

5. Conclusions

In this study, we conducted long-term observations of long-chain
lipid compounds (i.e., n-alkanes, fatty acids, and n-alcohols) in marine
aerosols over the western North Pacific, and found a clear increase in
their concentrations from the period of 1990–1993 to 2006–2009. Our
observation also revealed a strong seasonal pattern with the winter/
spring maxima and summer/autumn minima in both periods. These
biomarkers originating from terrestrial higher plant waxes, soil, and
other continental materials were mainly transported over the western
North Pacific Ocean in winter–spring under the influence of the strong
westerlies. Compared with the HMW lipids, the average concentrations
of the LMW lipids largely increased from 1990–1993 to 2006–2009.
After the 2000s, the LMW lipids originated from marine organisms via
sea-to-air emission have probably been enhanced due to intensified
wind-driven forcing and primary productivity of the ocean.

The high CPIs of HMW lipids indicated a terrestrial higher plant ori-
gin associatedwith long-range atmospheric transport. The ACL values of
n-alcohols were higher in fall/winter than in spring/summer during the
two 4-year periods. In addition, the seasonal shift in the ACL values for
n-alkanes and fatty acids from 1990–1993 to 2006–2009 was likely re-
sulted from the changes in climatic factors (i.e., ambient temperature)
and air-mass source regions (more from the tropics). The relative
12
abundances of n-alkanes and n-alcohols in total lipid compounds were
highest in winter and winter/fall whereas those of fatty acids were
highest in summer. There are major source regions for the terrestrial
lipid class compounds, i.e., the Asian continent, Southeast Asia,
Indonesia and Australia, and the Central Pacific. Correlation coefficients
between levoglucosan and n-alkanes (C27–C37), fatty acids (C22–C34),
and n-alcohols (C22–C34) were relatively high in both periods. During
wildland forest fires and other biomass-burning events, lipid com-
pounds can be enormously emitted as smoke particles and transported
for long distances to remote areas in the North Pacific.
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