
1.  Introduction
Terrestrial lipids associated with soil microbes and higher plants are transported as airborne particles by 
the surface winds. Long-range transport and subsequent deposition of such lipids over the remote oceans 
significantly contribute to pelagic sediments (Kawamura, 1995). Hydroxy-substituted n-alkanoic acids or 
hydroxy fatty acids (FAs) are such lipid compounds originating from soil microbes and epicuticular plant 

Abstract To understand the sources and transport pathways of organic compounds associated with 
soil microbes and higher plant waxes in the East Asian outflow, we assessed source-specific tracers 
such as α-, β- and ω-hydroxy fatty acids (FAs) in remote marine aerosols collected at Chichijima Island 
in the western North Pacific (WNP) during 2001–2003. Molecular distributions of hydroxy FAs are 
characterized by strong even-carbon numbered predominance, indicating biogenic sources. Hydroxy FAs 
showed a strong seasonality with higher loadings during winter/spring than summer/autumn. Cluster 
analysis of backward air mass trajectories, satellite-based fire counts and dust extinction data reveal an 
impact of the East Asian outflow over the WNP in winter/spring. In the spring, there are larger relative 
abundances of short-chain β-hydroxy C10-C18 FAs (a proxy for soil microbes), consistent with the higher 
loadings of non-sea-salt Ca2+ (dust tracer). The molecular distributions of β-hydroxy FAs in spring are 
in agreement with those of the reference materials of Chinese loess (CJ-1) and simulated Asian mineral 
dust (CJ-2), suggesting their probable sources in East Asia. A comparison of relative abundances of 
short-chain β-hydroxy C10-C18 FAs and long-chain ω-hydroxy C20-C32 FAs (a proxy for higher plant 
metabolites) in Chichijima aerosols between this (2001–2003) and previous (1990–1993) studies have 
unveiled an increment of 20% and 30%, respectively. Such an increase was likely caused by the changes 
in source strength on a decadal-scale and warrants further investigation. Furthermore, cluster analysis of 
trajectories and the overall distributions of hydroxy FAs between both datasets have shown their similar 
provenance in winter/spring.

Plain Language Summary Atmospheric transport is a major source of land-derived 
lipid compounds in the deep-sea sediments. Here, we assessed the source-specific tracers (α-, β- and 
ω-hydroxy fatty acids [FAs]) of soil microbes and higher plant waxes in remote marine aerosols collected 
at Chichijima Island in the western North Pacific during 2001–2003 to understand their sources and 
transport patterns from East Asia. Molecular distributions of hydroxy FAs revealed characteristic even-C 
number predominance, suggesting their origin from plant waxes/soil microbes. Besides, hydroxy FAs 
showed higher concentrations in winter/spring compared to summer/autumn. High concentrations of 
short-chain β-(C10-C18) hydroxy FAs (tracers of soil-microbes) coincide with the non-sea-salt Ca2+ loadings 
(dust tracer) in spring. Similar molecular distributions of β-hydroxy FAs in the Chichijima aerosols and 
the reference materials of Chinese loess (CJ-1) and simulated Asian mineral dust (CJ-2), suggesting 
their probable sources in East Asia. A comparison of relative abundances of β-(C10-C18) and long-chain 
ω-(C20-C32) hydroxy FAs (tracer of plant lipids) in Chichijima aerosols collected between 2001–2003 and 
1990–1993 have unveiled an increment of ∼20% and 30%, respectively. Despite having similar sources in 
winter/spring between both these datasets, such an increase could only be explained by changes in source 
strength on decadal-scale.
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waxes (Kawamura et al., 2003; Tyagi et al., 2017; Wakeham et al., 2003). These compounds undergo less (or 
no) chemical modifications during the atmospheric transport, providing crucial information about their 
source regions and aeolian transport pathways (Molina et al., 2006; Pollard et al., 2008; Wilkinson, 1988). 
Furthermore, these lipid compounds have a profound influence on atmospheric processes associated with 
the secondary organic aerosol formation, and on physical and chemical properties (e.g., surface tension, 
hygroscopicity and cloud condensation nuclei [CCN] activity) of marine aerosols (Bernard et al., 2016; Ek-
ström et al., 2010; Mochida et al., 2002; Nguyen et al., 2017; Ovadnevaite et al., 2017).

The most widely studied hydroxy FAs in atmospheric aerosols and marine sediments contain OH-group 
at α-, β-, or ω-position. Molecular distributions and relative abundances of the three compound classes 
in ambient aerosols provide important clues about their geographical sources and types, whether derived 
from soil bacteria or higher plants (Kawamura et al., 2003). Because of the structural similarity and chem-
ical characteristics, the homologs of hydroxy FAs are often represented by their carbon chain length (Cn; 
n = chain length). Hydroxy FAs with a predominance of an even-numbered Cn indicate their biogenic ori-
gin (Pollard et al., 2008). In particular, β-hydroxy C10-C18 FAs are generally associated with lipopolysaccha-
ride of Gram-negative bacteria (GNB) in soils (Huguet et al., 2019; Lee et al., 2004; Paba et al., 2013) and are 
responsible for their endotoxin activity (Wilkinson, 1988). In contrast, the plant waxes contain both short- 
and long-chain homologs of hydroxy FAs; for example, some of long-chain β-hydroxy FAs (C26, C28 and 
C30) were found in cuticular waxes of Aloe arborescens leaves (Racovita et al., 2015). Likewise, ω-hydroxy 
C16–C26 FAs are abundant in cutin and suberin as epicuticular plant waxes (Pollard et al., 2008). Therefore, 
the relative abundance of short- (<C20) or long-chain (≥C20) hydroxy FAs in their total concentration would 
better explain the origin of lipids from soil microbes or plant waxes, respectively (Tyagi, Kawamura, Fu, 
et al., 2016).

Hydroxy FAs were measured in several environmental settings, including oceanic particulate/dissolved or-
ganic matter (Volkman et al., 1998; Wakeham et al., 2003), deep-sea and lake sediments (Cardoso & Eglin-
ton, 1983; Eglinton et al., 1968; Kawamura & Ishiwatari, 1981, 1984a; Yang et al., 2020), snow/snow pits 
(Tyagi, Kawamura, Bikkina, et al., 2016; Tyagi, Yamamoto, & Kawamura, 2015), lake waters (Kawamura 
et al., 1987), and ambient aerosols (Bikkina et al., 2019; Kawamura, 1995; Tyagi et al., 2017; Tyagi, Ishimura, 
& Kawamura, 2015; Tyagi, Kawamura, Fu, et al., 2016). All these studies have attributed their origin either 
from soil microbes or plant waxes. Recent observations of biomass burning influenced aerosols (Tyagi, Ka-
wamura, Fu, et al., 2016) and fresh snow samples (Tyagi, Yamamoto, & Kawamura, 2015) exhibited different 
molecular distributions of hydroxy FAs than those from natural sources (i.e., soil microbes and plant wax-
es). Recent studies detected higher abundances of α-hydroxy FAs than their β- and ω-isomers in the biomass 
burning plumes delivered to the top of Mt. Tai in the North China Plain (Tyagi, Kawamura, Fu, et al., 2016) 
and in the fresh snow samples from Sapporo (Tyagi, Yamamoto, & Kawamura, 2015). These observations 
suggest a plausible modification in the molecular distributions of hydroxy FAs from soil microbes and plant 
waxes due to an additional anthropogenic source input/microbial oxidation during aeolian transport. Re-
cently, there is a growing consensus on the changes in the source regions and emission strengths of those 
lipid compounds mainly due to the expansion of arid/semi-arid regions and decrease in vegetation cover as 
feedback of anthropogenic activities (e.g., land-use practices and emission of more greenhouse gases) and 
global warming (Crespi & Lovatelli, 2011; https://www.unccd.int/issues/land-and-climate-change).

The western North Pacific (WNP) is a region significantly influenced by the airborne pollutants from East 
Asia by the continental outflow (Boreddy & Kawamura, 2015; Verma et al., 2015, 2018). Each year, the west-
erlies facilitate the transport of organic matter (including hydroxy FAs), mineral dust and anthropogenic 
pollutants to the WNP during winter and spring seasons (Bikkina et al., 2015; Gagosian & Peltzer, 1986; Ga-
gosian et al., 1982; Simoneit et al., 2004; Uematsu et al., 1992). As a consequence, the air-to-sea deposition 
of particulate matter to the surface waters have been hypothesized to influence the phytoplankton primary 
production and marine community structures (Uematsu et al., 2010; Yuan and Zhang, 2006), CCN and ice 
nuclei activity of sea-salt aerosols (Bikkina et al., 2019; Mochida et al., 2002, 2007). Recent shipboard micro-
cosm experiments over the WNP by Zhang et al. (2019) have revealed that addition of airborne particulate 
matter inhibited the phytoplankton growth at high loadings (2 mg/L) but showed somewhat nutrient-like 
behavior at moderate and low loadings (0.03–0.6 mg/L). To investigate the impact of fatty acids on marine 
atmosphere and surface waters, not much data is present specifically on hydroxy FAs in marine aerosols, 
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in particular from the WNP. Understanding the long-term trends of hydroxy FAs in marine aerosols would 
provide information on the changes in source regions and/or emission strengths of microbial/plant lipids to 
pelagic sediments as well as their impact on the biogeochemistry of surface waters in the WNP.

Chichijima is a subtropical remote island in the WNP about 2,000 km away from the Asian continent, pro-
viding an ideal site for investigating the plausible sources and transport pathways of terrestrial lipids such 
as hydroxy FAs (Kawamura et al., 2003; Tyagi, Ishimura, & Kawamura, 2015). Chichijima experiences a 
seasonal reversal of winds in winter and spring, bringing dust and other pollutants from East Asia (Boreddy 
& Kawamura, 2015; Kawamura et al., 2003; Verma et al., 2015). In contrast, the impact of continental out-
flow is rather weak in summer and autumn (Tyagi, Ishimura, & Kawamura, 2015; Verma et al., 2015). The 
atmospheric abundances of hydroxy FAs have rarely been studied in marine aerosols from the WNP (Tyagi, 
Ishimura, & Kawamura, 2015). To better assess the source emissions associated with the East Asian outflow, 
we performed long-term measurements of hydroxy FAs over the WNP using marine aerosols collected from 
Chichijima in 2001–2003 and compared with the earlier datasets of 1990–1993 (Tyagi, Ishimura, & Kawa-
mura, 2015). Here, we better constrain the decadal changes in the transport pathways of lipids derived from 
soil microbes and terrestrial plant waxes to the WNP by the East Asian outflow.

2.  Materials and Methods
2.1.  Aerosol Sampling and Prevailing Meteorology

Bulk aerosol (TSP) samples were collected on a weekly or biweekly basis in Chichijima from April 1990 
to November 1993 (N = 69) and January 2001 to January 2003 (N = 94) (Kawamura et al., 2003; Tyagi, 
Ishimura, & Kawamura, 2015). The high-volume air sampler (Kimoto AS-810A; flow rate ≈ 1 m3 min−1) 
was installed on the rooftop of the parabola antenna's base of the Ogasawara Downrange Station of Japan 
Aerospace Exploration Agency (JAXA, elevation: 254 m above sea level), situated in Chichijima (27°04'N, 
142°13'E; Figure 1). Each TSP sample was collected on quartz fiber filter substrates (PALLFLEX®TM, 8" × 
10") for about 4–6 days. After the collection, aerosol filter samples were carefully transferred to precleaned 
glass bottles equipped with a polypropylene cap and Teflon liner. Subsequently, these TSP samples were 
stored at −20°C until analysis. Along with the samples, field blanks were collected and analyzed for the 
chemical composition to assess the handling contamination. More details on sampling location and pre-
vailing meteorological conditions over Chichijima can be found in an earlier publication (Tyagi, Ishimura, 
& Kawamura, 2015). Additionally, to support the inferences related to the impact of biomass burning and 
dust in the East Asian outflow over the WNP, other compositional tracers such as levoglucosan, trehalose 

Figure 1.  Geographical location of the sampling site (Chichijima; 27°04'N; 142°13'E) used for the collection of aerosols 
from the western North Pacific.
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and non-sea-salt Ca2+ data were obtained from previous publications (Boreddy & Kawamura, 2015; Chen 
et al., 2013).

2.2.  Extraction, Analysis and Identification of Hydroxy FAs

Hydroxy FAs were extracted along with other lipid compounds from TSP samples as described in Yamagu-
chi (2009). Briefly, aliquots of aerosol samples (1/8th of the filter) were extracted using Dionex ASE200 ac-
celerated solvent extractor with 0.1 M KOH/methanol solution (11 ml x 3) at 100°C and 1,000 psi for 5 min. 
The extracts were combined, concentrated using a rotary evaporator under vacuum and then saponified 
under reflux after adding pure water (1 ml). From the saponified fraction, a neutral fraction was extracted 
with the mixture of n-hexane/dichloromethane (DCM) (10:1). The remaining solution was acidified with 
6 M HCl and extracted with DCM to separate free carboxylic acids. The free acids were derivatized with 14% 
BF3/methanol to corresponding methyl esters at 80°C for 30 min and extracted with n-hexane/DCM (10:1). 
Using a silica gel column chromatography (deactivated with 1% H2O), monocarboxylic and dicarboxylic 
acid methyl esters were eluted by n-hexane/DCM (1:2) and DCM/ethyl acetate (98:2), respectively. Finally, 
hydroxy FA methyl esters were separated with a mixture of DCM/methanol (95:5).

Hydroxy FA methyl esters were derivatized to their TMS (trimethylsilyl) ethers with a mixture of 50 μL 
N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA  +  TMCS, 99:1; SUPELCO™ Analytical) and pyridine 
(SUPELCO™ Analytical) at 80°C for 1 h. After the reaction, 20 μL of n-hexane solution containing 1.43 ng 
μL−1 of internal standard (C13 n–alkane/tridecane, Wako) were added to dilute the derivatives before anal-
ysis (Rolph et al., 2009; Stein et al., 2015). A gas chromatography (Model 7890, Agilent Technologies) mass 
spectrometry (Model 5975, Hewlett-Packard) (GC/MS) instrument was used for the chemical analysis. The 
GC was installed with a split/splitless injector and DB-5MS fused silica capillary column. Authentic β-hy-
droxy (n-C12, n-C14, n-C15, and n-C16) and ω-hydroxy (n-C16, n-C20 and n-C22) FAs standards were spiked on 
the prebaked blank quartz filter and analyzed similarly to that of a real sample. The recoveries of β- and 
ω-hydroxy FAs are better than 60% and 75%, respectively. Identification of hydroxy FAs was done by com-
paring retention time and mass spectra with authentic TMS derivatives of n-C12, n-C14, n-C15, and n-C16 
β-hydroxy FAs and n-C16, n-C20 and n-C22 ω-hydroxy FAs, which were also used as external standards. 
Procedural field blanks were also analyzed for hydroxy FAs and no signals were detected on the mass spec-
trum of the target compounds. All β-hydroxy FAs TMS derivatives show diagnostic fragment ions (m/z 
175), due to the cleavage between C-3 and C-4 positions, and M+-15 (base peak) due to a loss of CH3 group 
from molecular ions. Mass fragment ions for ω-hydroxy FAs characterized by M+-15 and M+-47 and M+-59. 
α-Hydroxy FAs were detected with the overlapping spectra on β-isomers by sharing the characteristic m/z 
175 and can be separated by using fragment ions such as M+-15 and 103.

2.3.  Backward Air Mass Trajectory Analysis

To assess the source contribution to aerosol composition over Chichijima, 7-day isentropic backward air 
mass trajectories were computed for the sampling days using computer-based hybrid single particle la-
grangian integrated trajectory model (HYSPLIT, version 4). We used the archived meteorological reanalysis 
datasets of the National Centers for Environmental Prediction (Reanalysis global, 1948-present) from the 
National Oceanic and Atmospheric Administration as an input to the HYSPLIT model. Figure 2 depicts the 
generalized pattern of air mass trajectories arriving at Chichijima for the sampling days during 1990–1993 
and 2000–2003 according to seasons. A seasonal shift in the wind regimes from Figure 2 is apparent with 
the impact of continental outflow over the sampling site in winter/spring and the dominant maritime air 
masses in summer/autumn. However, an occasional shift in wind regimes is noteworthy for the air masses 
that are also coming from continents due to reverse shifting in air circulation during summer and autumn.

To assess the contribution of various source regions to atmospheric hydroxy FAs over Chichijima, cluster 
analysis was performed by combining the endpoint files of backward air mass trajectories using PC-based 
HYSPLIT model. In this study, four and three clusters can best represent the meteorological characteristics 
of the transport pathways over Chichijima during 1990–1993 and 2001–2003, respectively. Furthermore, 
MODIS-derived fire count data were superimposed along with the mean trajectory paths of each identified 
clusters on the geographic map of East Asia containing the sampling location (Chichijima) to evaluate the 
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effects of biomass burning on the atmospheric abundances and transport of hydroxy FAs over Chichiji-
ma. Fire count data is not available for the TSP collected during 1990–1993. In both the sampling periods 
(1990–1993 and 2001–2003), the cluster analysis revealed that aerosol composition (hence, hydroxy FAs) 
over Chichijima is predominantly influenced by the continental air masses from Siberia, Mongolia and up 
to some extent from northern China in winter.

3.  Results and Discussions
3.1.  Mass Concentrations

The concentrations of hydroxy FAs exhibited pronounced temporal variability during 2001–2003. We com-
pare their atmospheric abundances with those observed from Chichijima during 1990–1993. A brief sta-
tistical summary regarding range, mean and standard error of hydroxy FAs concentrations are presented 
in Table 1 for the 2001–2003 data set. α-Hydroxy FAs were only observed for 2001–2003 data set but not in 
1990–1993. It is noteworthy that all the even carbon numbered homologs (i.e., even-C) of β-hydroxy FAs 
showed high concentrations than odd carbon homologs and follow the similar hierarchy, C12 > C10 > C8 
>C16 > C18 > C14 for the 1990–1993 (Tyagi, Ishimura, & Kawamura, 2015) and C12 > C10 ≥ C16 > C18 > C14 for 

Figure 2.  Typical 7-day isentropic backward air mass trajectories during the four seasons; (a) winter: December-January, (b) spring: March-May, (c) summer: 
June-August, (d) autumn: September-November) for the sampling period of 2001–2003 (violet, blue and green lines indicate trajectories at arrival heights of 
100, 500, and 1,000 m, respectively).
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the 2001–2003 datasets (this study). We observed a significant increase in the total mass concentrations of 
β-hydroxy FAs (p < 0.05; t-score = 4.3; df = 144) during 2001–2003 (0.01–4,408 pg m−3; av. ± SE: 610 ± 10 pg 
m−3) compared to those obtained during 1990–1993 (11–850 pg m−3; av. ± SE: 230 ± 24 pg m−3). This could 
be explained by an increased contribution of soil microbes from East Asia in more recent years.

The most abundant even-C numbered homologs of ω-hydroxy FAs for the 2001–2003 data set from Chichiji-
ma (C16 > C22 > C24 > C12 > C14) are similar to those observed during 1990–1993 (C16 > C24 > C22 > C14 > C12, 
Tyagi, Ishimura, & Kawamura, 2015). However, the total mass concentration of ω-hydroxy FAs somewhat 
increased from 1990–1993 (range: 0.03–2,500 pg m−3; average: 450 ± 250 pg m−3) to 2001–2003 (<0.01 ng 
m−3 to 5,020 pg m−3; av. ± SE: 468 ± 9 pg m−3). We performed the Wilcoxon text to ascertain whether there 
is any significant difference between 1991–1993 and 2001–2003. The median concentration of ω-hydroxy 
FAs in 2001–2003 data set (0.245; IQR = 0.539) differs significantly from that of 1991–1993 (median: 0.116; 
IQR = 0.418; p-value < 0.05). The apparent increase of total ω-hydroxy FAs mass over Chichijima from 
1990–1993 to 2001–2003 could be explained by the increased atmospheric transport of soil microbes (either 

Compounds

Mean ± SE Range (median) Mean ± SE Range (median) Mean ± SE Range (median)

α-Hydroxy FAs β-Hydroxy FAs ω-Hydroxy FAs

C8 10.4 ± 1.66 1.28–46.3 (7.09)

C9 45.3 ± 4.16 2–134 (40) 13.±1.48 1.49–68.2 (11.6)

C10 101 ± 15.3 2–1000 (70.8) 8.11 ± 0.96 0.53–43.1 (6.16)

C11 36.3 ± 4.46 2.1–277 (27.1) 6.81 ± 0.68 1.36–30.2 (5.33)

C12 145 ± 36.1 0–1553 (38.6) 50.1 ± 7.3 0.69–359 (31.5)

C13 5.00 ± 3.03 1.98–8.03 (5.00) 29.4 ± 5.27 0.8–320 (18.9) 5.02 ± 0.49 0.31–25 (4.68)

C14 1.05 ± 0.00 1.05–1.05 (1.05) 61.9 ± 7.98 7.2–489 (42.5) 36.2 ± 5.18 0.31–298 (21.7)

C15 3.31 ± 1.12 2.19–4.43 (3.31) 21.4 ± 2.94 0.8–186 (16) 6.41 ± 0.73 0.40–37 (4.16)

C16 8.38 ± 1.25 0.87–63.4 (5.89) 99 ± 11.4 5.5–581 (69.6) 124 ± 19.8 0.75–1150 (59)

C17 1.34 ± 0.14 0.52–3.00 (1.20) 13.5 ± 1.65 0.8–102 (9.5) 8.62 ± 1.26 0.23–53.3 (5.03)

C18 5.35 ± 1.07 0.58–52 (2.23) 77.7 ± 9.80 2.4–464 (49.3) 16.1 ± 2.13 0.40–98.3 (9.54)

C19 2.09 ± 0.88 0.00–6.62 (1.03) 14.6 ± 2.12 0.8–92 (10.1) 7.84 ± 1.12 0.18–37.1 (4.34)

C20 2.72 ± 0.60 0.56–18.2 (1.32) 49.4 ± 5.99 5.4–241 (33) 21.1 ± 3.11 0.27–177 (10.6)

C21 2.76 ± 0.44 0.51–12.7 (1.45) 10.5 ± 5.71 2.7–27.4 (5.9) 7.02 ± 1.3 0.31–55.7 (3.57)

C22 6.16 ± 0.77 0.64–39.4 (3.97) 16.4 ± 5.27 3.7–35 (12.4) 74.5 ± 13.1 0.22–791 (37.6)

C23 4.55 ± 0.69 0.71–36.3 (2.69) 10.1 ± 3 7.1–13.1 (10.1) 8.81 ± 1.13 0.17–47.3 (5.64)

C24 15.4 ± 2.05 1.23–123 (10.3) 21.1 ± 6.92 14.2–28 (21.1) 62.8 ± 11.7 0.79–735 (34.2)

C25 3.85 ± 0.52 0.51–26 (2.22) 5.6 ± 0.11 5.4–5.67 (5.6) 9.27 ± 1.2 0.61–48.1 (6.77)

C26 4.27 ± 0.65 0.62–30.7 (2.47) 11.1 ± 0.87 10.3–12 (11.1) 27.3 ± 5.33 0.42–340 (13.6)

C27 2.40 ± 0.35 0.53–16.5 (1.47) 4.1 ± 1.88 2.2–5.96 (4.1) 8.41 ± 1.09 1.08–45.4 (5.53)

C28 3.25 ± 0.45 0.55–21.2 (2.11) 15.6 ± 4.08 11.5–19.6 (15.6) 30.3 ± 6.83 0.87–407 (14.5)

C29 2.79 ± 0.35 0.00–14.1 (1.88) 6.6 ± 0.00 6.6–6.58 (6.6) 7.58 ± 1.14 0.43–45.4 (5.8)

C30 2.80 ± 0.40 0.61–19.1 (2.18) 17.8 ± 0.00 17.8–17.8 (17.8) 11.9 ± 2.14 0.81–92.7 (7.53)

C31 2.73 ± 0.40 0.00–14.2 (2.09) 5.8 ± 0.00 5.8–5.8 (5.8) 5.72 ± 1.8 0.61–19.1 (3.6)

C32 2.79 ± 0.29 0.66–8.45 (1.93) 10.1 ± 0.00 10.1–10.1 (10.1) 10.3 ± 3.14 2.27–27.6 (7.51)

C33 5.25 ± 1.14 1.55–10.2 (4.64)

C34 4.11 ± 0.94 1.28–8.97 (3.32)

Total 59 ± 7.3 0.00–379 (36.9) 529 ± 68 0.00–4408 (376) 453 ± 70.7 0.00–5020 (228)

Table 1 
Statistical Summary (Min-Max, Mean ± Standard Error, and Median) of Mass Concentrations of α-, β-and ω-Hydroxy 
Fatty Acids (FAs) (pg m−3) in Marine Aerosols Collected From Chichijima During 2001–2003
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associated with high wind speed or source strength of the emissions) in the East Asian outflow. Not many 
studies exist in the literature focusing on the atmospheric mass concentration of ω-hydroxy FAs over the 
open oceans. However, Kawamura (1995) reported the presence of ω-hydroxy C12-C30 FAs in one marine 
aerosol sample (collected during August 1–3, 1989) whose concentration was ∼900 pg m−3. It is noteworthy 
that atmospheric concentrations of ω-hydroxy C11-C28 FAs in summer from this study (av. 450 ± 250 pg m−3 
for 1990–1993 data set) are somewhat consistent with that reported in Kawamura (1995). In the remote 
marine aerosol samples from the western North Pacific, ω-hydroxy FAs (av. C11-C28; 480 ± 120 pg m−3) are 
more abundant than β-hydroxy C8-C31 FAs (230 ± 23pg m−3), being consistent with the previous study by 
Kawamura (1995).

3.2.  Seasonal Variability

A clear seasonality was observed for the total mass concentrations of α-, β- and ω- hydroxy FAs over Chi-
chijima during 2001–2003 (Tyagi, Ishimura, & Kawamura, 2015). Higher concentrations of hydroxy FAs in 
spring followed by winter indicate a possible influence of the East Asian outflow over the WNP. The concen-
trations of β- and ω-hydroxy FAs showed pronounced seasonality with the highest concentrations in spring 
followed by winter and summer/autumn (Figure 3). This result is consistent with our early datasets from 
Chichijima during 1990–1993. One main difference is that α-hydroxy FAs were below detection limits in the 
TSP during 1990–1993 (Tyagi, Ishimura, & Kawamura, 2015) but were detected in 2001–2003 (this study).

The seasonally averaged concentrations of α-hydroxy FAs were higher in winter/spring than summer/au-
tumn over Chichijima during 2001–2003. But the one-way ANOVA results showed no significant seasonal 
difference in the concentrations of α-hydroxy FAs (Figure S1). In contrast, the seasonal difference in the 
means of both β- and ω-hydroxy FAs are statistically significant based on the one-way ANOVA (Figure S1). 
However, aerosols derived from crop-residue burning and forest fire are characterized by high concentra-
tions of α-hydroxy FAs (Tyagi, Kawamura, Fu, et  al.,  2016). Likewise, fungal metabolism has also been 
suggested as an important pathway for the synthesis of hydroxy FAs (Cao & Zhang, 2013). Therefore, the 
lack of seasonality of α-hydroxy FA loadings over Chichijima during 2001–2003 could be explained by the 
masking effect (i.e., influence) from these source-emissions other than soil microbes and plant waxes. We 
found that the seasonal trends of hydroxy FAs are distinctly different from other tracer compounds of bi-
omass burning (Figure 3d) and airborne fungal spores (Figure 3e). In spring, Chichijima receives mineral 
dust via long-range transport from source regions in East Asia (viz., Chinese loess deposits, desert dust from 
Mongolia; Tyagi, Ishimura, & Kawamura, 2015). Over Chichijima, the impact of dust transport from East 
Asia can be traced based on the atmospheric mass concentrations of water-soluble non-sea-salt calcium 
(i.e., nss-Ca2+≈[Ca2+]aero− 0.037×[Na+]aero; where 0.037 is the weight ratio of Ca2+/Na+ in seawater, Keene 
et al., 1986).

Several studies used nss-Ca2+ to assess the contribution of mineral dust during long-range atmospheric 
transport (Bikkina & Sarin, 2013; Boreddy & Kawamura, 2015; Tyagi et al., 2017). Similar seasonal trends 
between β-hydroxy FAs (this study) and nss-Ca2+ (Boreddy & Kawamura, 2015) over Chichijima during 
2001–2003 (Figure 3e) revealed their common sources such as mineral dust transport from East Asia. There-
fore, higher atmospheric abundances of β-hydroxy FAs in spring (Figure 3b) indicate the impact of atmos-
pheric transport of soil microbes to the North Pacific. Interestingly, the mean mass concentrations of total 
ω-hydroxy FAs over Chichijima were found to be highest in winter followed by spring and summer, while 
the lowest value was found in autumn during both periods (1990–1993 and 2001–2003). ω-Hydroxy FAs 
(Figure 3c) and levoglucosan (Figure 3d), a unique tracer for biomass burning (Simoneit et al., 1999; Verma 
et al., 2015), have shown the same seasonal trend, indicating that biogenic/biomass burning emissions in 
East Asia are transported to the North Pacific in winter and spring.

3.3.  Molecular Distributions

3.3.1.  Molecular Distributions of α-Hydroxy FAs

Molecular distributions of α-hydroxy FAs over Chichijima are characterized by the even-to-odd carbon pre-
dominance. It is noteworthy that their molecular distributions in 2001–2003 are characterized by the pre-
dominance of C24 (α-hydroxytetracosanoic acid) in winter and spring (Figure 4). However, α-hydroxy C16, 
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C18 and C20 FAs are also relatively abundant in summer and autumn over Chichijima. Although Chichijima 
is under the influence of the East Asian outflow during winter and spring, the mass concentrations of α-hy-
droxy FAs do not vary significantly among seasons. This observation indicates that α-hydroxy FAs are not 
source-specific tracers, possibly originating from the photochemical oxidation and/or chemical reactions 
(e.g., hydroxylation of plant waxes) of high molecular weight (HMW) fatty acids during the transport (De 
Leeuw et al., 1995; Otto & Simpson, 2006; Volkman et al., 1998). Moreover, α-oxidation of HMW fatty acids 
during transport could be the source of long-chain (>C20) α-hydroxy FAs (Cranwell, 1981). Therefore, the 
predominance of α-hydroxy C21-C34 FAs over Chichijima during winter and spring could be involved with 
fatty acid metabolism in the source regions.

Previous studies found that α-hydroxy C22-C30 FAs are present in green microalgae (genus Choricystis) from 
freshwaters (Volkman et al., 1998; Z. Zhang et al., 2014). Likewise, Mochida et al. (2003) documented high 
concentrations of low molecular weight (LMW; C14-C19) saturated fatty acids in marine aerosols collected 
over the North Pacific in summer/autumn than in winter/spring as a result of increased sea spray emis-
sion during former seasons. Thus, it is likely that emission of dissolved organic matter along with sea salts 

Figure 3.  Seasonal variability of atmospheric concentrations of (a) α−hydroxy fatty acids (FAs), (b) β−hydroxy FAs 
and (c) ω-hydroxy FAs and, chemical markers (d) levoglucosan, (e) trehalose, and (f) non-sea-salt (nss) Ca2+ in TSP 
collected over Chichijima during 2001–2003.
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from the ocean surface could be a potential source of α-hydroxy FAs over Chichijima during summer and 
autumn. Although we cannot conclude the natural source contribution (e.g., soil microbes, plant waxes) 
of hydroxy FAs based on the similar seasonal trends with nss-Ca2+ in spring/winter, the distinctly different 
seasonal trend from anthropogenic tracers (e.g., levoglucosan) clearly supports the natural sources for hy-
droxy FAs.

3.3.2.  Molecular Distributions of β-Hydroxy FAs

A comparison of molecular distributions of β-hydroxy FAs in aerosols collected during 1990–1993 and 
2001–2003 over Chichijima is presented in Figure  5. This comparison reveals the common source and 
transport pattern of these microbial hydroxy FAs (Gram negative bacteria), which are responsible for the 
observed even-C predominance in the molecular distributions of β-isomers. In a previous study, Wilkin-
son (1988) suggested that the outer membrane of GNB composed of lipopolysaccharides, which contrib-
ute primarily to the atmospheric abundances of even-C numbered β-hydroxy C10-C18 FAs. Moreover, their 
molecular distributions in spring and winter aerosols are characterized by the predominance of β-hydroxy 
C12 FA (fatty acid) in both the periods (1990–1993 and 2001–2003). This feature is also consistent with our 
earlier observations of β-hydroxy FA in springtime aerosols collected over Gosan in 2001–2002 (Jeju Island, 
South Korea, Tyagi et  al.,  2017 and 1,660  km northwest of Chichijima Island; Figure  1). Moreover, the 
backward trajectories for the sampling days over Chichijima during winter and spring clearly support the 
potential impact of the East Asian outflow to the North Pacific. Therefore, observed molecular distribution 
of β-hydroxy FAs over Chichijima indicate the source-specific contribution of soil microbes in East Asia 
(e.g., Mongolian Desert dust and Chinese loess deposits).

Molecular distributions of β-hydroxy FAs in winter/spring aerosols from Chichijima showed the pre-
dominance of C16 (β-hydroxyhexadecanoic acid), followed by C18 (β-hydroxyoctadecanoic acid), C10 

Figure 4.  Seasonal variability of molecular distributions of α-hydroxy (C13-C34) fatty acids in marine aerosols over 
Chichijima during 2001–2003.
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(β-hydroxydecanoic acid), >C14 (β-hydroxymyristic acid), and/or C20 (β-hydroxydodecanoic acid). The 
backward trajectories reveal the influence of oceanic sources during summer and autumn. The observed 
variations in the molecular distributions of β-hydroxy FAs between winter/spring and summer/autumn 
might be due to the differences in their contributing source types (i.e., soil bacteria and/or marine dissolved 
organic matter). Dissolved or particulate organic matter from the productive open ocean waters of the North 
Pacific could be a source of atmospheric hydroxy FAs over Chichijima. Wakeham et al. (2003) reported the 
predominance of C16/C14 β-hydroxy FAs in the marine cyanobacteria (e.g., Trichodesmium; a blue-green 
alga). The surface waters of the North Pacific in summer/autumn are characterized by the widespread oc-
currence of Trichodesmium blooms (Wilson, 2003). Based on the analyses of stable carbon isotopes of aer-
osols from the productive ocean waters of the North Pacific in summer, Miyazaki et al. (2011) documented 
the contribution of marine-in summer and autumn, the marine atmospheric boundary layer has weak/no 
influence from the East Asian outflow during these seasons. Therefore, observed molecular distributions of 
β-hydroxy FAs with C16 predominance over Chichijima (Figure 5) are attributed to the contribution from 
oceanic organic matter emitted from the ocean surface.

3.3.3.  Molecular Distributions of ω-Hydroxy FAs

Unlike β-hydroxy FAs, molecular distributions of ω-hydroxy FAs over Chichijima during two sampling 
periods (1990–1993 and 2001–2003) showed a predominance of C16, C22, C24, and C14 ω-hydroxy FAs for all 
seasons (Figure 6). However, their concentrations are higher in spring/winter than summer/autumn (ex-
cept for summer months during 1990–1993). Despite the change in air mass trajectories, similar molecular 
distribution pattern of ω-hydroxy FAs indicates the contribution of higher plant waxes in East Asia during 
winter/spring. In contrast, air mass trajectories originated mostly from the WNP in summer/autumn, sug-
gesting that local-island based vegetation/ocean-derived organic matter could be another source of ω-hy-
droxy FAs over Chichijima. Even-to-odd carbon preference in the molecular distributions of ω-hydroxy 
FAs (Figure 6) is an indication of biogenic sources from lipid residues of microflora (bacteria, algae, fungi, 
etc.) and epicuticular waxes of vascular plants (Rogge et al., 1993; Simoneit, 1989). The even-C predomi-
nance of ω-hydroxy FAs is implicit during both the sampling periods at Chichijima (Figure 6). Furthermore, 

Figure 5.  Seasonal variability of molecular distributions of β-hydroxy (C8-C32) fatty acids in marine aerosols collected 
over Chichijima during (a) 1990–1993 and (b) 2001–2003.
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ω-hydroxy FAs with odd C numbers are insignificant and were not detectable in most of the samples except 
for C13 (ω-hydroxytridecanoic acid), whose relative abundance is on average ∼1%.

Similar to our study from Chichijima, Kawamura (1995) documented the even-C number predominance 
of ω-hydroxy C12-C30 FAs with a peak at C16 or C22 in marine aerosols from the North Pacific. Relatively 
high concentrations of ω-hydroxy C16-C28 FAs in marine aerosols are due to their omnipresence in cutin 
and suberin of terrestrial plants (Graca & Santos, 2006; Molina et al., 2006; Pollard et al., 2008). In contrast, 
LMW ω-hydroxy C11-C14 FAs are probably produced by ω-oxidation of corresponding monocarboxylic acids 
present in soil particles. These ω-hydroxy FAs are likely associated with soil dust particles and have been 
reported in terrestrial higher plants (Eglinton et al., 1968), and lacustrine/marine sediments (Cardoso & 
Eglinton, 1983; Kawamura & Ishiwatari, 1984a, 1984b). Overall, we found higher abundances of ω-hydroxy 
FAs than β-isomers in marine aerosol samples during the study period. This could be explained by the mi-
crobial process in soils, that is, ω-oxidation of fatty acids and other lipids (Kawamura, 1995). These hydroxy 
FAs are likely transported to the open ocean via long-range atmospheric transport along with soil particles.

We compared molecular distributions of α-, β-, and ω-hydroxy FAs in TSP collected from Chichijima with 
those obtained from reference dust samples (Figure 7), that is, Chinese loess (CJ-1) and simulated Asian 
mineral dust (CJ-2). We observed a remarkable similarity in the molecular distributions of α-hydroxy FAs 
in CJ-1 and CJ-2 with our Chichijima data in terms of the predominance of C24 followed by C22 or C16, 
confirming the probable dust source from East Asia. Likewise, similar distributions of β-hydroxy FAs from 
Chichijima with CJ-1 (i.e., high concentration of C12 or C10 or C8) further emphasizes a likely contribution 
from Chinese loess deposit with the East Asian outflow. This source-specific feature characterized by the 
predominance of short-chain homologs of β-hydroxy FAs has been observed for the dust outbreak samples 
from Gosan super-site in Jeju Island in South Korea (Tyagi et al., 2017).

Figure 6.  Seasonal variability of molecular distributions of ω-hydroxy fatty acids in marine aerosols collected over 
Chichijima during (a) 1990–1993 and (b) 2001–2003.



Journal of Geophysical Research: Atmospheres

BIKKINA ET AL.

10.1029/2020JD033347

12 of 21

The distributions of ω-hydroxy FAs in CJ-1 and CJ-2 showed the predominance of C22 followed by C24 and 
then C16, which are in sharp contrast to those of spring and winter aerosols from Chichijima (i.e., seasons 
with the pronounced impact of the East Asian outflow). Such predominance of C16 followed by HMW 
even-C numbered ω-hydroxy FAs over Chichijima can be explained by the overwhelming contribution of 
short-chain homologs from the marine-derived organic matter and their mixing with continental lipids. 
If the Chichijima aerosols were strongly influenced by the anthropogenic sources in the East Asian out-
flow, then their contribution would mask the even-C predominance of hydroxy FAs associated with latter 
source-emissions (i.e., soil microbes and plant waxes). However, the molecular distribution data of hydroxy 
FAs from both sampling periods (1990–93 and 2001–2003) showed high concentrations for the even-carbon 
numbered homologs. This means hydroxy FAs over Chichijima during 1990–1993 and 2001–2003 originate 
mostly from soil microbes and plant waxes in East Asia.

3.4.  Decadal Comparison of Soil GNB-Derived β-Hydroxy FAs

The classification of β-hydroxy FAs based on their carbon number provides crucial information regarding 
the GNB species. Saraf et al. (1997) documented that the contributions of individual β-hydroxy FAs vary 
among different species and, thus, these fatty acids can be used to identify the GNB community. The sub-
sequent studies have employed β-hydroxy C10-C18 fatty acids (hereafter referred as GNB-specific β-hydroxy 
FAs) as bacterial biomarkers in aerosols (Hines et al., 2003; Lee et al., 2004; Wilkinson, 1988). We found 
higher relative abundances of GNB-specific β-hydroxy FAs in total β-hydroxy FAs (ΣC8-C31) in 2001–2003 
(85 ± 10%; p < 0.01) than 1990–1993: (76 ± 14%; p < 0.01) over Chichijima. This observation clearly empha-
sizes the applicability of β-hydroxy FAs as a biomarker for assessing the atmospheric abundances of GNB 
in marine aerosols.

Figure 7.  Molecular distributions of α-, β- and ω-hydroxy fatty acids in the reference materials (CJ-1: Chinese loess deposit; CJ-2: Simulated Asian mineral 
dust).
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We found that the relative abundances of α-, β- and ω-hydroxy FAs are comparable for both periods (1990–
1993 and 2001–2003). This observation over Chichijima emphasizes the long-range atmospheric transport 
of lipids associated with soil microbes and plant waxes from similar sources in East Asia on a decadal scale. 
In particular, the relative abundances of β-hydroxy FAs in total hydroxy FAs (∼50%) over Chichijima are 
higher compared to those of ω-hydroxy FA (∼40%) along with a minor contribution from α-hydroxy FAs 
(Figure 8). In contrast, relative abundances of hydroxy FAs from the continental outflow intercepted at 
Gosan (Jeju Island), which is much closer to the pollution and dust sources in East Asia than Chichijima, 
showed the predominance of ω-hydroxy FAs (>70%) followed by β-hydroxy FAs. This result could be ex-
plained by two reasons, (a) emission from local vegetation-based plant waxes at Chichijima site, (b) long-
range dust transport from East Asia to the WNP during the continental outflow has a smaller impact over 
Chichijima than Gosan site.

Another notable feature obtained from Chichijima data (1990–1993 to 2001–2003) is a significant increase 
(∼13%; t-score = 4.5, df = 143; p < 0.01) in the relative abundance of GNB-specific β-hydroxy FAs in total 
β-hydroxy FAs (C8-C32), referred here as fGNB-hydroxyFAs (Figure 9). This observation shows an increased con-
tribution of soil microbes or marine phytoplankton-derived organic matter over Chichijima on a decadal 
scale. Interestingly, backward trajectories in both sampling periods (1990–1993 and 2001–2003) showed the 
transport of air masses from similar dust source regions in East Asia during winter and spring and, hence, 
the contribution of soil microbes in the East Asian outflow from similar regions. Surprisingly, increase in 
relative abundances of GNB-specific β-hydroxy FAs (i.e., C10 -C18 β-hydroxy FAs) is observed not only in 
winter and spring but also in summer and autumn. At this moment, we cannot specify the actual cause 
of the observed relative increase in GNB-specific β-hydroxy FAs over Chichijima in summer and autumn. 
Further studies are needed to interpret increased mobilization of soil microbes in East Asia on a decadal 
scale and to understand the land microbial biodiversity (e.g., increase in grazing pressure) and marine 
community structure.

Trichodesmium blooms usually occur in the surface waters of the WNP during early summer following the 
Asian dust episodes during late spring (Wilson, 2003). For instance, Bishop et al. (2002) documented that 
marine particulate organic carbon fluxes in the surface ocean are almost doubled over two weeks after the 
impact of Asian dust outbreaks (e.g., from Gobi Desert) in spring 2001. Likewise, Shiozaki et al.  (2015) 
observed the widespread occurrence of Trichodesmium blooms from summer to autumn in the temperate 
oceanic waters of the northwestern North Pacific (i.e., spanning between 38–40°N and 141–143°E). Yuan 
and Zhang (2006) observed a strong correlation between Asian dust events and high primary productivity 

Figure 8.  Relative abundances of α-, β- and ω-hydroxy fatty acids in their total mass concentration in TSP collected 
over Chichijima during (a) 1990–1993 and (b) 2001–2003.
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in the WNP. Likewise, Tan et al. (2013) showed a strong coupling between chlorophyll-a concentration in 
the surface waters of the WNP and the overhead dust load based on the long-term analysis of the impact 
of Asian dust storms. All these observations highlight a potential role of mineral dust transport in the East 
Asian outflow to the North Pacific in spring followed by a significant increase in phytoplankton biomass 
from early summer to autumn. Wakeham et al. (2003) suggested that β-hydroxy C10-C18 FAs are the struc-
tural parts of the lipopolysaccharides of marine GNB (viz., Trichodesmium spp.). Therefore, the observed 
increase in the fGNB-hydroxyFAs during spring in 2001–2003 can explain an enhanced sea-to-air emission of 
marine organic matter.

3.5.  Decadal Comparison of Plant Wax Derived ω-Hydroxy FAs

A comparison of two data sets (i.e., 1990–1993 and 2001–2003) over Chichijima revealed that LMW ω-hy-
droxy FAs (≤C20) dominate total (ΣC11-C31) ω-hydroxy FAs. This observation shows the perennial influ-
ence of marine-derived organic matter over Chichijima. ω-Hydroxy C16 FA is the most abundant species 
among the homologs in terrestrial vegetation (Eglinton et  al.,  1968) and marine-derived organic matter 
(Wakeham,  1999). However, the impact of continental outflow (e.g., from higher plant waxes) is larger 
over Chichijima in spring/winter than summer/autumn, as inferred by the declined relative abundances of 
ω-hydroxy C16 FA during the latter season.

Similar to GNB-specific β-isomers, HMW ω-hydroxy FAs from C20 to C30 (i.e., a tracer for higher plant 
waxes) in the East Asian outflow also showed a significant increase in their relative abundances in total 
ω-hydroxy FAs from 1990s to 2001–2003 (Figure 10). This observation indicates an increase in the contri-
bution of terrestrial higher plant waxes in the East Asian outflow to the North Pacific from 1990–1993 to 
2001–2003. Such an increase in the contribution of HMW ω-hydroxy FAs is noteworthy not only in winter/
spring but also in summer. In contrast, no change was observed in the relative abundances of HMW ω-hy-
droxy FAs in autumn. Air masses during summer and autumn over Chichijima originated mostly from 
the remote North Pacific. Therefore, contribution of continental sources to HMW ω-hydroxy FAs cannot 
explain the observed increase in their relative abundances over Chichijima during summer. If the local 
island-based vegetation contributes to such an increase in the relative abundances of HMW ω-hydroxy 
FAs during summer over Chichijima, a similar pattern could also be obtained in autumn. However, there 
is no such increase in autumn (Figure 10). Hence, additional factors must be considered for explaining the 
increase in relative abundances over Chichijima during summer.

Figure 9.  Fractional abundances of GNB-specific β-hydroxy fatty acids (FAs) (fGNB) in their total mass concentrations 
(ΣChichijimaC8-C31 β-hydroxy FAs) in TSP collected from Chichijima during (a) 1990–1993 and (b) 2001–2003.
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3.6.  Cluster Analysis and Source Apportionment

Based on the analyses of anhydrosugars in ambient aerosols collected over Okinawa Island in the WNP, 
Zhu et al.  (2015) found that the impact of biomass burning emissions (BBEs) in the East Asian outflow 
is maximized in winter. Likewise, the transport of biomass burning derived saccharides from Siberia and 
Mongolia were detected in remote marine aerosols from Chichijima in the WNP (Chen et al., 2013). Be-
cause BBEs are also a source of hydroxy FAs (Otto & Simpson, 2006; Tyagi, Kawamura, Fu, et al., 2016), 
the present molecular distributions of hydroxy FAs over Chichijima during winter are likely caused by the 
BBEs in the North China Plain along with the contribution from the lipids associated with soil dust from 
China, Mongolia, and Siberia. The cluster analysis during spring (Figure 11a) and autumn (Figure 11c) 
showed mixed source contribution of continental and oceanic air masses with an increased impact of the 
East Asian outflow. In both the sampling periods (1990–1993 and 2001–2003), the cluster analysis revealed 
transport from similar source regions (i.e., Siberia, Mongolia, and the North China Plain). However, a slight 
variation in the contribution of aerosols over Chichijima from these source regions is noteworthy between 
1990–1993 and 2001–2003.

Tan et al.  (2012) documented the impact of Mongolian desert dust and Chinese loess deposits over the 
Yellow Sea, South China Sea, and remote North Pacific. Likewise, several studies observed the influence of 
Siberian BBEs on the marine atmosphere of the North Pacific (Ding et al., 2013; Verma et al., 2015). Based 
on the fire count data from East Asia together with cluster analysis, we found that organic aerosols from 
the BBEs in Siberia are mixed with dust particles from Mongolia and China in spring before arriving at Chi-
chijima (Figure 11a). Therefore, β- and ω-hydroxy FAs over Chichijima during spring and autumn seasons 
can have the contribution of lipids associated with Mongolian desert dust and higher plant waxes from 
Siberia. In contrast, oceanic air masses dominate over Chichijima during summer (Figures 11a and 11c). 
Accordingly, hydroxy FAs in Chichijima aerosols in summer are derived from either oceanic source or local 
vegetation (Figure 11b). Interestingly, atmospheric transport of hydroxy FAs over Chichijima during the 
autumn season is similar to that observed in spring but with a major contribution from oceanic air masses 
in the North Pacific (Figure 11). Tsuda et al. (2015) documented the occurrence of phytoplankton blooms 
in the seas around Japan, which supports our inference that marine-derived organic matter emitted along 
with sea spray could contribute to atmospheric hydroxy FAs over Chichijima in autumn.

We also superimposed the dust extinction values retrieved at 550 nm from the moderate resolution imaging 
spectroradiometer (MODIS) satellite from each season on the backward trajectory cluster maps (Figure 11). 
The dust extinction values were typically higher in spring followed by summer and autumn (Figures 11a 
and 11c). In contrast, the lowest values of dust extinction were observed in winter (Figure 11d). This is 

Figure 10.  Relative abundances of low and high molecular weight (LMW and HMW) ω- hydroxy fatty acids in their 
total mass concentration in TSP from Chichijima during (a) 1990–1993 and (b) 2001–2003.
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perhaps due to more stagnant weather and the shallow atmospheric boundary layer (<1 km) in winter, both 
of which impede the long-range transport of mineral dust from East Asia to the WNP. In contrast, the con-
vective uplift of dust particles due to the increase in insolation over arid/semiarid regions in East Asia dur-
ing spring and summer seasons often results in high altitude (3–5 km) transport to the WNP (Figures 11a 
and 11b). Overall, higher loadings of β-hydroxy FAs over Chichijima in spring are in accordance with the 
MODIS-dust extinction values. This observation suggests the importance of Kosa events in the long-range 
atmospheric transport of bacterial lipid biomarkers to the WNP.

3.7.  Source Apportionment-Principal Component Analysis (PCA)

The principal component analysis (PCA) is a well-known source apportionment technique of airborne par-
ticulate matter over a receptor site (Almeida et al., 2006; Paraskevopoulou et al., 2015; Wozniak et al., 2014). 
We have carried out the PCA with Varimax rotation technique separately for both datasets (2001–2003: 
this study, 1991–1993: Tyagi, Ishimura, & Kawamura, 2015). The major chemical parameters included are 
hydroxy FAs, levoglucosan (a biomass burning tracer), arabitol and mannitol (fungal spore and bioaerosol 
tracers), trehalose (soil organic carbon/microbial and fungal spore tracer), non-sea-salt or nss-SO4

2- (mostly 
anthropogenic origin), nss-Ca2+ (a proxy for mineral dust) and sea-salt components (Na+, Cl−, and Mg2+). 
Overall, the PCA revealed four sources for the 2001–2003 data set (Table 2, loadings >0.5 were stated in bold 
font), and four sources for the 1991–1993 datasets (Table 3, loadings >0.5 were stated in bold font). One can 
ascribe these factors to a particular source-emission and/or to an ongoing common process affecting their 
compositional abundances between sources (Wu et al., 2013).

Of the four principal components (PC), PC1 was highly loaded with hydroxy FAs and levoglucosan besides 
that of moderately loaded nss-SO4

2- and nss-Ca2+. Several studies documented that nss-SO4
2- over the WNP 

is largely contributed by the anthropogenic source-emissions in the East Asian outflow during winter sea-
son. Furthermore, the biogenic particles containing hydroxy FAs can be emitted from biomass burning 
activities apart from those associated with resuspended agricultural dusts from the crop-fields. Therefore, 
we ascribe PC1 to biogenic particles. In contrast, PC2 was highly loaded with Cl−, Na+ and Mg2+, showing 

Figure 11.  Mean trajectory paths of air mass back-trajectories for the three clusters during 2001–2003 over Chichijima in the North Pacific.
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Principal component analysis- Chichijima 2001–2003

Parameter

PC1 PC2 PC3 PC4

Biogenic particles Seasalt
Fungal spores/soil organic 

carbon
Pollen/dust 

particles

α-hydroxy FAs 0.86 −0.02 −0.01 0.22

β-hydroxy FAs 0.88 0.06 −0.01 0.21

ω-hydroxy FAs 0.93 0.08 −0.05 −0.02

Levoglucosan 0.81 0.24 −0.14 0.05

Cl− 0.01 0.97 −0.15 −0.04

Na+ 0.19 0.93 −0.27 0.06

Mg2+ 0.16 0.92 −0.27 0.18

Mannitol −0.01 −0.25 0.91 −0.12

Arabitol −0.05 −0.23 0.87 −0.18

Trehalose −0.11 −0.22 0.85 0.18

nss-Ca2+ 0.33 0.08 −0.18 0.75

Sucrose −0.09 0.00 0.48 0.66

nss-SO4
2- 0.47 0.16 −0.37 0.61

Eigen value 5.2 2.9 1.6 1.2

Explained variance (%) 40.0 22.2 11.9 9.2

Cumulative % of explained variance 40.0 62.2 74.2 83.4

Table 2 
Principal Component Analysis (PCA)-Varimax Derived Rotated Factor Solutions for the 2001–2003 Data Set of Aerosol 
Composition Including Hydroxy Fatty Acids (FAs) Over Chichijima

Principal component analysis - Chichijima: 1991–1993

Parameter

PC1 PC2 PC3 PC4

Seasalt Biomass burning/fungal spores Biogenic/Soil organic carbon Pollen/dust particles

β-hydroxy FAs −0.162 0.075 0.230 0.581

ω-hydroxy FAs 0.045 0.037 0.709 −0.197

Levoglucosan 0.071 0.381 0.226 0.467

Na 0.970 −0.158 0.138 −0.025

Cl 0.952 −0.063 −0.153 −0.163

Mg 0.941 −0.199 0.214 0.031

Mannitol −0.153 0.923 −0.192 0.031

Arabitol −0.093 0.895 −0.235 −0.056

Trehalose −0.323 0.686 0.193 0.301

Sucrose −0.018 −0.034 −0.185 0.862

nss-Ca2+ 0.257 −0.073 0.760 0.372

nss-SO4 −0.067 −0.270 0.734 0.199

Eigen value 3.8 2.3 1.9 1.1

Explained variance (%) 31.3 19.0 15.4 9.3

Cumulative % of explained variance 31.3 50.3 65.7 75.1

Table 3 
Principal Component Analysis (PCA)-Varimax Derived Rotated Factor Solutions for the 1991–1993 Data Set of Aerosol Composition Including Hydroxy Fatty 
Acids (FAs) Over Chichijima
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their origin from sea-salt. No significant loading of hydroxy FAs in PC2 emphasizes the minimal influence 
of marine sources on the atmospheric abundances of these lipids. Likewise, PC3 has loadings from arabitol, 
mannitol and trehalose, along with moderate loadings from sucrose. Arabitol and mannitol are more abun-
dant in fungal spores and trehalose is abundant in surface soils (to some extent, sucrose also originates from 
soils). Therefore, PC3 is attributed to airborne fungal spores. Lack of loadings of hydroxy FAs on PC3 sug-
gest the overall heterogeneity of transport patterns from the source emissions relative to those of biological 
particles (i.e., associated with fungal spores). PC4 has high loadings of nss-Ca2+, sucrose, and nss-SO4

2- but 
with low loadings for α/β-hydroxy FAs. Sucrose is more abundant in airborne pollen particles mostly emit-
ted during spring-inter monsoon season over East Asia. Dust storms occur more frequently over East Asia in 
spring and are transported to the WNP. Therefore, moderate loadings of α/β-hydroxy FAs over Chichijima 
in PC4 could be explained by the association with mineral dust particles.

PCA-Varimax method revealed four components (PC1-4) for the chemical composition data of aerosols 
collected over Chichijima during 1991–1993. PC1 has high loadings of Cl−, Na+ and Mg2+, indicating their 
origin mostly from sea-salt particles. However, no significant loadings were observed for hydroxy FAs and 
other chemical proxies in PC1, suggesting the minimal contribution from oceanic sources. Unlike 2001–
2003 data set, PC2 has high loadings of levoglucosan, arabitol, mannitol and trehalose, explaining 19% of 
the variance in 1991–1993 data set. But PC2 has no significant loadings from hydroxy FAs, likely due to the 
disproportionate or distinct transport pathway to Chichijima between two periods (1991–1993 and 2001–
2003). PC3 has high loadings for ω-hydroxy FAs, nss-SO4

2− and nss-Ca2+ along with moderate loadings 
of β-hydroxy FAs. This observation indicates that dust particles transported to Chichijima could scavenge 
epicuticular waxes emitted in East Asia during spring and early summer. PC4 has high loading on sucrose 
along with moderate loadings on β-hydroxy FAs, nss-Ca2+, trehalose and levoglucosan. This could be due to 
the atmospheric transport of resuspended dust particles containing microbial lipids (β-hydroxy FAs) from 
the crop fields in East Asia. Both soil organic carbon tracer (trehalose) and proxy of mineral dust (nss-Ca2+) 
have moderate loadings accompanied with biomass burning tracer (i.e., levoglucosan).

4.  Conclusions
Using the present datasets of organic aerosols in the WNP, we applied a biomarker approach, for the first 
time, to determine the long-range transport of hydroxy FAs specific to GNB and terrestrial higher plants 
to the remote marine atmosphere. Although this study is in continuation of that documented for marine 
aerosols by Kawamura (1995), we re-emphasize the significance of hydroxy FAs as biomarkers for bacte-
rial transport through the aeolian pathway. We used the TSP samples collected over Chichijima during 
1990–1993 and 2001–2003 to determine β- and ω-hydroxy FAs. Substantial seasonal differences are observed 
in the carbon number predominance of β- and ω-hydroxy FAs. Although these biomarkers primarily associ-
ated with the terrestrial higher plants and soil microorganisms, but our study revealed that continents and 
oceans equally contribute to the microbial biomarkers in marine aerosols collected from remote locations 
of the WNP.

A remarkable similarity in the relative abundances of β-hydroxy FAs in marine aerosols collected in 2001–
2003 and 1991–1993 indicates that GNB in both air masses are transported from East Asia and originated 
within the WNP. Thus, our study characterizes the geographically spanned source regions of β- and ω-hy-
droxy FAs over East Asia during the continental outflow in winter and spring. The present results show that 
ω-hydroxy FAs are mainly originated from terrestrial plants and soil microbes in East Asia. However, β-hy-
droxy FAs are ubiquitous in the environment owing to their bacterial sources in both polluted continental 
and pristine oceanic air masses. In Chichijima aerosols, the abundant even carbon numbered homologs of 
β-hydroxy FAs showed significant seasonal variability, enabling this feature to be potentially used as a tracer 
for the specific bacterial species. Thus, our study demonstrates a plausible usage of β- and ω-hydroxy FAs in 
marine aerosol samples as a potential proxy to trace the GNB species and terrestrial plant metabolites and 
their source (continental vs. marine) regions.

Finally, it is important to note that we found a decadal increase in the relative abundances of short-chain 
β-hydroxy C10-C18 FAs (chemical markers for soil and airborne GNB) and long-chain ω-hydroxy C20-C32 FAs 
(a proxy for higher plant metabolites) in Chichijima aerosols between previous (1990–1993) and present 
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(2001–2003) studies by 20% and 30%, respectively, suggesting an enhanced oceanic biological activity and 
long-range atmospheric transport of terrestrial organic matter, respectively. Further studies are needed to 
better understand such increment processes in biogeochemistry and atmospheric science.

Data Availability Statement
The data file archiving from this study is published in the Mendeley Data center (Hydroxy fatty acids in 
marine aerosols over the Western North Pacific - Mendeley Data; Reserved https://doi.org/10.17632/vn-
hwrmj2vm.2) and made public on 24 September 2021.
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