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a b s t r a c t

To better understand the long-range atmospheric transport of microbial aerosols from Asia to the
western North Pacific, marine aerosols were collected from Chichijima Island (27�040N; 142�130E) on a
biweekly basis during 1990e1993. These samples were investigated for be and uehydroxy fatty acids
(FAs) as terrestrial biomarkers of Gram-negative bacteria (GNB) and higher plants, respectively. The
average concentrations of behydroxy (C8eC31) and uehydroxy (C11eC28) FAs show pronounced seasonal
variability with maxima in spring (300 ± 70 pg m�3) and winter (650 ± 330 pg m�3), respectively.
Airmass back trajectories clearly indicate the continental outflow from Asia during winter to spring,
whereas maritime airmasses dominate in summer to autumn over Chichijima. It is noteworthy that
atmospheric abundances of behydroxy FAs and, thus, the estimated mass concentration of GNB have not
been significantly varied between polluted (continental) and pristine (oceanic) airmasses during the
study period. However, the relative source strength observed from cluster analysis of behydroxy FAs in
the polluted continental airmassess vary significantly among seasons (winter: 98%, spring: 63%, summer;
11%, autumn: 26%). In addition, there were distinguishable differences between polluted continental and
pristine maritime airmasses with regard to C-number predominance. The even C-number predominance
of be and uehydroxy FAs (~80 and 98% of total mass concentration, respectively) in marine aerosols
could be due to their significant contribution from GNB, terrestrial plants and soil microorganisms. These
results have implications towards assessing the atmospheric transport of bacterial and plant lipids in the
continental outflow over the open ocean.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A wide range of hydroxy fatty acids (FAs) are found in lipid
fractions isolated from a variety of organisms (Downing, 1961)
including bacteria (Wilkinson,1988), algae (Blokker et al., 1998) and
(K. Kawamura).
higher plants (Pollard et al., 2008; Molina et al., 2006). Several
studies have been carried out to assess the abundances of hydroxy
FAs in environmental samples such as lacustrine and marine sedi-
ments (Eglinton et al., 1968; Cardoso and Eglinton,1983; Kawamura
and Ishiwatari, 1984 a,b; Kawamura and Ishiwatari, 1982) and lake
waters (Kawamura et al., 1987) as well as marine aerosols
(Kawamura, 1995). Despite having their wide spread occurrence,
unfortunately these compounds have received little attention from
atmospheric chemists. In general, hydroxy FAs can be categorized
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Fig. 1. Map with the sampling site (Chichijima Island) used for the collection of
aerosols from the western North Pacific.
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into different classes on the basis of the number and position of the
hydroxyl (OH) group. In the literature, the position of OH group in
hydroxy FAs reported so far, are mainly limited to ae, be, Ce9,
(uel)e, and uepositions. Among these, aliphatic a�, be and ue
monohydroxy FAs have been used as tracers of soil microorganisms
(Kawamura, 1995), bacteria (Lee et al., 2004) and terrestrial plants
(Kawamura et al., 2003) in ambient aerosols, respectively. Likewise,
hydroxy FAs have been used as geochemical tracers to evaluate
microalgal (Gelin et al., 1997), bacterial and terrestrial plant con-
tributions to sediments (Cardoso and Eglinton, 1983).

Long chain behydroxy FAs (C10eC18) are important structural
constituents of lipopolysaccharides (LPS) and lipid A, especially in
the cell wall of Gram-negative bacteria (GNB). These behydroxy FAs
are essentially associated with bacterial endotoxin activity
(Wilkinson, 1988). Studies have been performed for the quantifi-
cation and characterization of endotoxins and GNB in ambient
aerosols by using behydroxy FAs as biomarkers (Lee et al., 2004;
Hines et al., 2003; Laitinen et al., 2001). Similarly, long chain
aliphatic behydroxy FAs have also been reported as intermediates
in the b�oxidation of monocarboxylic acids by microorganisms in
the old lacustrine sediments from the English Lake district
(Eglinton et al., 1968).

It has been suggested that uehydroxy FAs (C11eC28) are the
pivotal structural components of cell wall of plants (Pollard et al.,
2008; Molina et al., 2006) and green algae (Blokker et al., 1998).
A possible bacterial source was also identified by Skerratt et al.
(1992) who found C26, C28 and C30 (ue1)�hydroxy FAs in
methane utilizing bacteria. Recent scientific work has suggested
that some microalgae can be a potential source of mid-chain
hydorxy FAs (C30eC34) in marine environments (Gelin et al.,
1997). Thus, these compounds can also be used as biomarkers for
soil microorganisms and higher plant metabolites in ambient
aerosols. Rather few studies exist in the literature that focuses on
tracing the pathways of atmospheric hydroxy FAs in remote marine
aerosols (e.g., Kawamura, 1995). Such studies are useful in under-
standing the changes in atmospheric circulation over the geological
past and to assess the long-range atmospheric transport of micro-
organisms along with the continentally derived particulate matter.

Several studies have documented the impact of Asian outflow to
the western North Pacific during winter and spring in delivering
the airborne particulates and trace gases. However, to the best of
our knowledge, no single study exists in the literature for assessing
the long-range atmospheric transport of soil microbes in the con-
tinental outflow from Asia to the open ocean waters of the North
Pacific. In this regard, we aim to trace the presence of soil microbes
in aerosols collected from the Asian outflow in the western North
Pacific using certain biomarkers. The present study was carried out
over remote marine island, Chichijima, located in the western
North Pacific to observe the changes in the long-range atmospheric
transport of bacterial tracers to the ocean.

In this study, we made an attempt to use hydroxy FAs as a proxy
to understand the linkage between the terrestrial components and
those in the oceans and pelagic sediments. In a previous study,
Kawamura et al. (2003) have documented the chemical composi-
tions of marine aerosols collected from a remote island, Chichijima
during 1990e1993. We have investigated these aerosol samples for
the atmospheric abundances of hydroxy FAs in order to assess the
long-range transport of terrestrial microbes.

2. Material and methods

2.1. Aerosol collection and prevailing meteorology

Aerosol samples were collected on a biweekly basis from April
1990 to November 1993 at the Ogasawara downrange station of the
Japan Aerospace Exploration Agency (JAXA, elevation: 254 m a.s.l.)
in Chichijima (27�040N; 142�130E) in the western North Pacific
(Fig. 1). For this study, bulk aerosol (TSP) samples (N ¼ 69) were
collected using a high volume air sampler and quatz filter with a
nominal flow rate of 1.0 m3 min�1 (Kawamura et al., 2003). In
general, the collection period for each aerosol sample varied in
between 4 and 6 days. The air sampler was setup on the top (5 m
above the ground) of the base of the parabola antenna for the
satellite tracking. During the study period, the relative humidity
changed from 60 to 90% (av. ~78%). In general, the sampling site is
characterized by prevailing westerlies in winter and spring,
whereas trade winds dominate in summer and autumn seasons.

All samples used in this study were collected on a pre-
combusted (500 �C, 3 h) quartz fiber filter (PALLFLEX 2500QAT-
UP, 20 � 25 cm2). After collection, quartz filters were placed into a
precleaned glass jar equipped with Teflon liner and screw cap,
transported to the laboratory and stored at�20 �C until the analysis
of chemical constituents. Prior to the chemical analyses, samples
were kept in the desiccator for near about overnight to remove the
moisture content. Owing to technical difficulties arose in the high
volume air sampler, aerosol samples were not collected in winter
and autumn seasons of year 1990e91 and 1993e94. Overall, we
have categorized the each year samples into respective seasons,
winter (DecembereFebruary), spring (MarcheMay), summer
(JuneeAugust) and autumn (SeptembereNovember).

2.2. Sample preparation for the quantification of hydroxy FAs

The analytical protocol used for assessing the atmospheric
abundances of hydroxy FAs is adapted fromKawamura et al. (2003).
Briefly, an aliquot of filter was extracted with methanolic KOH
under reflux (~2 h) and the neutral fraction was seperated by
extractionwith n-hexane/methylene chloride (10:1) mixture. Then,
the acid fractionwas isolated with methylene chloride (i.e., CH2Cl2)
after the acidification of the remaining solution with 6 M HCl. The
isolated acids were converted to methyl esters using 14% BF3 in
methanol (SUPELCOAnalytical). Soon after, methyl ester derivatives
of FAs (FAMEs) were further separated into three subfractions using
silica gel column chromatography. The third fraction (A-3) con-
taining hydroxy FAs was then derivatized with N,O-bis-(trime-
thylsilyl) trifluoroacetamide (BSTFA) (SUPELCOAnalytical) to derive
the OH groups to trimethyl silyl (TMS) ethers. After reaction, 50 mL



P. Tyagi et al. / Atmospheric Environment 115 (2015) 89e100 91
of hexane containing 1.43 ng mL�1 of internal standard (C13
nealkane) was added to dilute the derivatives prior to GC/MS in-
jection. The extraction of the samples and subsequent separation
into ester fractions were completed in 1998 and the A-3 fractions
were stored at �20 �C in a glass vial with a Teflon-lined screw cap.

For the quantification of hydroxy FAs, GC/MS system (Hewlett-
Packard, Model 6890; GC coupled to Hewlett-Packard Model 5973
mass-selective detector, MSD) was used. The GCwas equipped with
a split/splitless injector and a DB-5MS fused silica capillary column.
The GC oven temperature was programmed from 50 �C (2 min) to
305 �C (15 min) at a rate of 5 �C min�1. The mass spectrometer was
operated in an electron impact mode at 70 eV and scanned from 50
to 650 Da. After the analysis, the data were acquired and processed
with the Chemstation software. Structural identification of hydroxy
FAs was performed using the TMS derivatives of authentic nC12,
nC14, nC15 and nC16 behydroxy FAs and nC16, nC20 and nC22
uehydroxy FAs, which were also used as external standards for the
comparison of retention times. The recoveries of authentic hydroxy
FAs standards were confirmed to be better than 80%. Field blanks
were analyzed as the real samples for quality assurance. Target
compounds were not found in the blanks.

3. Results and discussion

3.1. Air mass back trajectory analysis

In order to assess the sources that contribute to aerosol
composition over Chichijima, 7eday isentropic air mass backward
trajectories (AMBTs) were computed for the sampling days using
HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory
Model, version 4; Draxler and Rolph, 2014; Rolpf, 2014) and NCEP-
reanalysis data from NOAA air resources laboratory for meteoro-
logical parameters. Fig. 2 depicts the AMBT clusters for the sam-
pling days over Chichijima during 1990e1993. From this figure, it is
implicit that the generalized pattern of back trajectories show a
seasonal shift in the wind regimes with the impact of continental
outflow over the sampling site during winter and spring in com-
parison with the dominance of maritime airmasses that prevail in
summer and autumn. However, occasional shift in wind regimes is
noteworthy for the airmasses that are also coming from continents
due to reverse shifting in air circulation during summer and
autumn (see Supplementary information).

Previous studies suggested that Chichijima Island can be a
suitable site to investigate the mineral dust transport from East-
Asia along with the polluted air masses from China (Chen et al.,
2013; Yamamoto et al., 2011; Mochida et al., 2003). It is well
known that East asian dust is very common during late winter and
spring (Wang et al., 2000; Lin et al., 2001; Chun et al., 2001;
Murayama et al., 2001) and originate in arid and semi-arid re-
gions in northern China, Mongolia, and Central Asia under high
surface wind conditions (Duce et al., 1980).

In addition to dust transport, previous studies reported on
terrestrial lipid compounds (Kawamura et al., 2003), dicarboxylic
acids (Mochida et al., 2003), levoglucosan and saccharides (Chen
et al., 2013) in marine aerosols collected from Chichijima. Howev-
er, these studies have focussed mainly on changes in the atmo-
spheric abundances and molecular compositions with respect to
the seasons (Gagosian and Peltzer, 1986). No studies have been
performed to understand the seasonal patterns of bacterial trans-
port by continental outflows to the North Pacific region. Bacteria in
marine ecosystem are significantly and positively correlated with
phytoplankton biomass (Linley et al., 1983; Bird and Kalff, 1984; Cho
and Azam, 1990; Li et al., 2004). It has been suggested that bacteria
mainly contribute to insoluble organic fraction of ambient aerosols
and their concentrations found to be lower in marine atmospheric
boundary layer (MABL) than those over continents (Prospero et al.,
2005; Harrison et al., 2005; Griffin et al., 2006). Subsequent studies
have shown that concentrations of culturable bacteria in marine air
are closely related to dust concentrations, suggesting their sources
to be dust plumes in non-biologically active regions (Prospero et al.,
2005; Griffin et al., 2006). So far, there is no study reporting the
total bacterial concentration in remote marine air. In the present
study, we attempted to assess the bacterial mass over the remote
island (Chichijima) on the basis of their hydroxy FAs distribution.

3.2. Concentrations of hydroxy fatty acids

In this study, the measured behydroxy FAs (C8eC31) were
classified into three groups (i.e., C8eC9, C10eC18 and C19eC31) and
uehydroxy FAs (C11eC28) into two groups (i.e., C11eC14 and
C16eC28) based on the chain length of the components. In addition,
we also present a comprehensive discussion on the contributing
source regions of these species in the long-range atmospheric
transport from East-Asia. A brief statistical summary regarding
range, mean and standard error of the concentrations of behydroxy
(C8eC31) and uehydroxy (C11eC28) FAs are presented in Table 1.
From this table, it is noteworthy that all the even carbon numbered
behydroxy FAs show high concentrations than odd carbon ones
and follow the hierarchy (C12 > C10 > C8 > C16 > C18 > C14). Among
the odd carbon numbered behydroxy FAs, high concentrations
(29 ± 2 pg m�3) were found only for C9. However, the concentra-
tions of measured behydroxy FAs vary over a wide range
(0e557 pg m�3). To the best of our knowledge, rather poor studies
exist in the literature on the quantification of behydroxy FAs in
remotemarine aerosols. Although previous studies have focused on
atmospheric mass concentrations of hydroxy FAs, no single study is
carried out over the open ocean in order to assess the long-range
transport of soil derived bacterial species.

Table 1 also reports the statistical summary for uehydroxy FAs
(C11eC28). The dominance of even carbon numbered uehydroxy
FAs (C16 > C24 > C22 > C14 > C12) is also clearly apparent from the
concentration data during the study period. Among the odd
carbon numbered uehydroxy FAs, C13 was predominant
(10.4 ± 5.6 pgm�3). In this study, the sum of mass concentrations of
measured uehydroxy FAs varied from 0.03 to 2500 pg m�3. As
mentioned earlier, not many studies exist in the literature that
documents the atmospheric mass concentration of uehydroxy FAs
over the open oceans. However, Kawamura (1995) reported the
presence ofuehydroxy FAs (C12eC30) in onemarine aerosol sample
(collected during August 1e3, 1989) whose concentration was
~900 pg m�3. It is interesting to note that atmospheric concentra-
tions of uehydroxy FAs (C11eC28) in summer from this study (av.
450 ± 250 pg m�3) are somewhat consistent with that reported in
Kawamura (1995). In our remote marine aerosol samples from
the western North Pacific, uehydroxy FAs (av. C11eC28;
480 ± 120 pg m�3) are more abundant than behydroxy FAs
(C8eC31) (230 ± 200 pg m�3), being consistent with the previous
study by Kawamura (1995).

3.3. Relative abundances of hydroxy fatty acids

Fig. 3 shows the relative abundances of be and uehydroxy FAs
with respect to C chain number in the marine aerosols collected
over the Chichijima during 1990e1993. Themolecular distributions
of behydroxy FAs are characterized by even C predominance (80%)
with a maxima at C12 (19%) followed by C10 (17%), C16 (14%) and
both C18, C14 (9%) (Fig. 3). Among the odd carbon numbered
behydroxy FAs, C9 (9.7%) is the only dominant species. Saraf et al.
(1997) suggested that the classification of behydroxy FAs on the
basis of C number could provide crucial information regarding the



Fig. 2. Typical 7�days isentropic air mass back trajectories (AMBTs) during the four seasons (winter, spring, summer, autumn) of (a) 1990, (b) 1991e92, (c) 1992e93 and (d) 1993
starting from 9th April 1990.

Table 1
Statistical summary (MineMax, average and standard deviation, andmedian) of mass concentrations of b� and u�hydroxy fatty acids (pg m�3) in marine aerosols collected in
Chichijima Island during 1990e1993.

Carbon number b─Hydroxy FAs u─Hydroxy FAs

MineMax Av. ± S.D. Median MineMax Av. ± S.D. Median

C8 7.41e81.4 36.6 ± 4.1 31.4
C9 5.8e63.7 29.1 ± 2.3 26
C10 6.2e308 44.2 ± 5.8 30
C11 3.0e29.6 12.1 ± 0.8 11.7 0.00e30.4 7 ± 1.4 4.2
C12 2.95e557 46 ± 12 16.3 0.00e575 62 ± 18 1.1
C13 0.8e22.1 6.6 ± 0.7 5.8 0.00e331 10.4 ± 5.85 0.71
C14 3.0e98.5 21 ± 2 17 0.72e1168 74 ± 25 6.7
C15 0.07e19.4 6.1 ± 0.8 5.3
C16 4.4e140 32.1 ± 4 18 0.34e2418 174 ± 45 23.8
C17 0.5e50.9 5.6 ± 1.7 3.4
C18 2.4e94.5 22 ± 3 11.5 0.00e93 11.4 ± 3 1.76
C19 0.3e16.6 5.4 ± 1.3 4.1
C20 1.03e56.6 11.3 ± 1.6 56.6 0.00e139 14 ± 3 3
C21 1.23e18.5 5.2 ± 1.6 3.3
C22 0.3e40.3 7.4 ± 1.6 4.7 0.00e843 82 ± 27 9
C23 0.9e15.4 4.7 ± 1.7 2.7
C24 0.53e23.8 6.3 ± 1.6 3.9 0.00e2497 89 ± 40.8 8
C25 1.55e5.7 4.2 ± 1.3 5.3
C26 2.6e8.1 5.1 ± 1.0 5.5 0.00e199 22.8 ± 9.5 1.6
C27 1.62e4.6 3.1 ± 1.5 3.1
C28 3.3e6.3 5.1 ± 0.9 5.5 0.00e62.6 6.7 ± 1.8 0
C30 0.00e2.9 2.9 2.9
C31 0.00e1.5 1.5 1.5
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Gram-negative bacterial species, owing to the fact that the contri-
butions of individual behydroxy FAs of their LPS vary among
different species. Thereafter, subsequent studies have documented
that C10eC18 behydroxy FAs can be used as bacterial biomarkers in
aerosols (Lee et al., 2004; Hines et al., 2003; Wilkinson, 1988).
Based on the preliminary analyses, the relative abundances of
Sbehydroxy FAs (C10 to C18) in their total mass concentration
(SC8eC31 behydroxy FAs) are found to be high (~69%) in marine
aerosols sampled over the western North Pacific. This observation
clearly emphasizes the applicability of behydroxy FAs as a
biomarker for assessing their atmospheric abundances of GNB in
marine aerosols.



Fig. 3. The relative abundances of b� and u�hydroxy (OH) fatty acids with respect to carbon numbers in marine aerosol samples collected over Chichijima Island in the western
North Pacific.
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We found that the relative abundance of behydroxy C8eC9 FAs
to be ~16.7%, which can be explained due to their contribution from
photochemical and bacterial oxidation of higher molecular weight
FAs during long-range atmospheric transport (Kawamura, 1995).
However, the relative abundance of behydroxy C19eC31 FAs in their
total mass concentration found to be minimum (~7%) in marine
aerosols during the study period (1990e1993). The relatively low
atmospheric abundances over the sampling site may be due to the
fact that these higher molecular weight behydroxy FAs might have
undergone intense photochemical oxidation during the long-range
transport of terrestrial plant metabolites.

Analogous to b�hydroxy FAs, molecular distributions of
u�hydroxy FAs are characterized by the even carbon predomi-
nancewith their relative abundance of sum concentrations is found
to be as ~98% of total u�hydroxy FAs. However, the relative
abundance of measuredu�hydroxy FAs (C11eC28) follows the order
with characteristic dominance of C16 (56%) and to a lesser extent
followed by C14 (14.5%), C24 (10.5%), C22 (7%) and C12 (6%). In a
previous study, Kawamura (1995) has also documented the even
carbon number predominance of uehydroxy FAs (C12eC30) with a
peak of C16 or C22 in marine aerosols. It has been suggested by
several studies that a strong even-to-odd carbon preference is
indicative of biogenic sources from lipid residues of microflora
(bacteria, algae, fungi, etc.) and epicuticular waxes of vascular
plants (Simoneit, 1989; Rogge et al., 1993). It is implicit from Fig. 3
that uehydroxy FAs with odd C numbers are insignificant and were
not detectable in most of the samples except for C13, whose relative
abundance is on average ~1%. However, relative abundances of
uehydroxy C11eC14 and C16eC28 FAs in their total mass concen-
tration are around 22 and 78%, respectively.

Relatively high concentrations of uehydroxy C16eC28 FAs in
marine aerosols is due to their omnipresence in cutin and suberin
of terrestrial plants (Pollard et al., 2008; Molina et al., 2006; Graça
and Santos, 2006). In contrast, the low-molecular weight
uehydroxy FAs (C11eC14) are probably produced byueoxidation of
correspondingmonocarboxylic acids present in soil particles. These
uehydroxy FAs are probably associated with soil dust particles and
have also been reported to be present in terrestrial higher plants
(Eglinton et al., 1968) and in lacustrine and marine sediments
(Cardoso and Eglinton, 1983; Kawamura and Ishiwatari, 1984a,b).
Overall, we found higher abundances of uehydroxy FAs than
behydroxy FAs in marine aerosol samples during the study period.
This could be due to the reasonwhymicrobes prefer the pathway of
ueoxidation of fatty acids and other lipids present in soils
(Kawamura, 1995). It is very likely that these hydroxy FAs are
transported to the open ocean during long-range atmospheric
transport along with soil particles during the study period.

3.4. Seasonal variability of hydroxy fatty acids

The seasonal variability of average atmospheric relative abun-
dances among the three groups of behydroxy FAs (C8eC9, C10eC18
and C19eC31) for all the four years (1990e1993) is shown in Fig. 4.
The relative abundance of sum of concentrations of lower molec-
ular weight (LMW) behydroxy (C10eC18) FAs dominate (~63e82%)
the total mass (SC8eC31 behydroxy FAs) in all seasons, followed by
the sum of atmospheric abundances of C8 and C9 (7e36%). How-
ever, rather insignificant differences were observed for SC10eC18
during all seasons. It has been suggested that LMW behydroxy FAs
(C10eC18) could be used as a proxy for assessing the atmospheric
abundances of endotoxin and the GNB (Lee et al., 2004; Hines et al.,
2003). However, Wilkinson (1988) suggested that the outer mem-
brane of GNB comprised of LPS which contributes primarily for the
atmospheric abundances of even carbon numbered behydroxy FAs
(C10eC18). Therefore, we have estimated the relative abundances of
even carbon numbered behydroxy FAs from C10 to C18 and their
temporal trend during the sampling days, as shown in Fig. 5.

It is noteworthy that relatively high atmospheric concentrations
of even carbon numbered behydroxy FAs (C10eC18) were observed
in winter and spring during the study period. This observation
perhaps indicates their contribution from soil-derived bacteria in
the continental outflow from East Asia. Although differences persist
for S(C8eC9) behydroxy FAs during sampling days, the seasonal
variability is not clear and therefore could not be interpreted to
assess their sources. It has been hypothesized that C8 and C9
behydroxy FAs could originate from the photochemical oxidation
of unsaturated fatty acids such as oleic acid. Analogous to SC10eC18,
the relative abundances of SC19eC31 (range:1e12 %) exhibit little
variability among all the seasons during the study period. To
further check the seasonal variability in behydroxy FAs (C8eC31)
over the four years, we combined the average concentrations of all
the seasons over the study period. We observed maximum average
concentrations in spring (297 ± 66.4 pg m�3) followed by summer
(222 ± 49.6 pg m�3), winter (220 ± 40 pg m�3) and autumn
(160 ± 27.8 pg m�3). We found the similarity in atmospheric
abundances of behydroxy FAs among four seasons which could be
explained by AMBTs (see Supplementary information). During
winter and spring, airmasses were transported from continents



Fig. 4. Bar graphs showing the seasonally averaged (mean ± S.E.) relative abundances of b-hydroxy fatty acids (C8eC9, C10eC18, C19eC31) during the years of (a) 1990, (b) 1991e92,
(c) 1992e93, and (d) 1993 in the marine aerosols collected in Chichijima Island, the western North Pacific.

Fig. 5. Temporal variability of relative abundances of even carbon numbered b�hydroxy FAs (C10eC18) in marine aerosols collected over Chichijima Island in the western North
Pacific.

P. Tyagi et al. / Atmospheric Environment 115 (2015) 89e10094
whereas during summer and autumn, most airmasses were origi-
nated in ocean but sometimes they came from continents due to
the reverse shifting in atmospheric circulation. Both continental
and oceanic airmasses contribute equally to the relative abun-
dances of behydroxy FAs, which clearly indicate that both polluted
(continents) and pristine (ocean) ecosystems are having microor-
ganisms. It has been suggested that Gram-negative bacteria are
abundant in seawater and their cell membrane is comprised of
long-chain fatty acids with OH groups positioned at b� and u�
(Giovannoni and Rappe, 2000). Likewise, the analysis of lipid bio-
markers in the ultra-filtered seawater samples from the equatorial
Pacific Ocean and North Sea revealed the presence of C12eC20 fatty
acids and C10eC18 b�hydroxy fatty acids (FAs), which are the con-
stituents of marine bacterial membrane (Wakeham et al., 2003).
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Another study by Mochida et al. (2002) had documented an in-
crease in atmospheric abundances of saturated fatty acids
(C14eC20) during a summer cruise conducted in the North Pacific,
for which the surface waters are characterized by high primary
productivity. Since bacterial cells contain b� and u�hydroxy FAs,
they can be co-emitted with sea spray from the productive ocean
surfaces to the air like fatty acids. Taken together, we argue that
apparent equal concentrations of b� and u�hydroxy FAs (i.e.,
comparison with winter) in the pristine oceanic air masses during
summer can be ascribed to their marine source (e.g., marine bac-
teria) via sea-to-air emissions.

Fig. 6 depicts the bar graph, representing the seasonally aver-
aged (mean ± S.E.) relative abundances of uehydroxy FAs (C11eC14
and C16eC28) in marine aerosols collected over the western North
Pacific. As mentioned earlier, the measured uehydroxy FAs (C11 to
C28) have been further divided into two categories, C11eC14 and
C16eC28. It has been suggested that latter group is primarily origi-
nated from terrestrial plant waxes (Molina et al., 2006; Graça and
Santos, 2006). The relative abundances of uehydroxy C16eC28 FAs
are somewhat higher in spring than summer during 1990e1993.
The observed high relative abundance of SC16eC28 uehydroxy FAs
in spring season can be explained based on their AMBTs (see Fig. 2),
which exhibit long-range atmospheric transport from East Asia.
We, therefore, attribute high relative abundances of SC16eC28
uehydroxy FAs in spring to enhanced contribution from terrestrial
higher plant or soil organic matter. In contrast, the relative abun-
dances of SC11eC14 uehydroxy FAs show similar distribution in
summer and spring, perhaps indicating the contribution of these
species from biogenic fatty acids from the ocean as well as from the
continental surface.

From Table S3, it is obvious that no significant differences in the
Fig. 6. Bar graphs, showing the seasonally averaged (mean ± S.E.) relative abundances of u-h
(d) 1993 in marine aerosols collected from Chichijima Island in the western North Pacific.
relative abundances were observed for the three classes of
b�hydroxy FAs (C8eC9, C10eC18, and C19eC31) among all seasons. In
contrast, the one-way ANOVA analysis has revealed significant
differences with regard to the relative abundances of the two
classes of u�hydroxy FAs (C11eC14 and C16eC28). Therefore, we
have conducted post-hoc tests to further ascertain which seasons
show similarity for the observed relative abundances ofu�hydroxy
FAs and which are not (Table S4). In case of C11eC14u�hydroxy FAs,
relative abundances in winter are not significantly different than
those in spring and summer, whereas higher than those docu-
mented in autumn. Likewise, relative abundances of C11eC14
u�hydroxy FAs in spring season are consistent with those reported
for autumn as both are transition periods. As mentioned earlier, the
strength of the East-Asian outflow decreases from winter to sum-
mer over the sampling site. However, in both spring and autumn,
we found a weak continental influence from the East-Asian
outflow, explaining the similar relative abundances of C11eC14
u�hydroxy FAs observed between both seasons. On the other hand,
relative abundances of C11eC14 u�hydroxy FAs in summer are
consistent with those reported in winter, but significantly different
than those documented for spring and autumn. In spite of different
origin of AMBTs for winter (i.e., continental origin) and summer
(i.e., marine origin), almost near equal relative abundances of
C11eC14 u�hydroxy FAs suggest their ubiquitous occurrence in
terrestrial vegetation, soil microbes as well as marine algae and
bacteria (Wakeham et al., 2003).

In case of C16eC28u�hydroxy FAs, relative abundances inwinter
are significantly lower than those in spring and autumn, whereas
they are consistent with those reported for summer. Likewise,
relative abundances in spring are significantly higher than those
obtained in winter and summer, while they overlap with those
ydroxy fatty acids (C11eC14 and C16eC28) during (a) 1990, (b) 199e92, (c) 1992e93 and
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occurred in autumn. From these observations, it is implicit that the
transition periods (spring and autumn) have higher atmospheric
abundances of C16eC28 u�hydroxy FAs than winter and summer.
The East-Asian outflow is associated with the convective dust
storm events during spring season (MarcheMay) (Matsumoto et al.,
2003). It has been suggested that soil microbes can be a source of
u�hydroxy FAs (Zelles, 1999 and references therein). Therefore, we
believe that observed higher relative abundances of C16eC28
u�hydroxy FAs in spring are due to enhanced contribution of soil
microbes associated with dust events. However, it is not easy at this
moment to explain the observed higher abundances in autumn.

Simoneit (1989) noted that fatty acids <C20 are derived pri-
marily from microbial sources whereas >C20 are associated largely
with plant wax. As there is not much variability in atmospheric
relative abundances of uehydroxy FAs among seasons with respect
to years, we computed the combined seasonal average concentra-
tions of C11eC28 uehydroxy FAs over the four years (1990e1993).
We observed clear seasonal trend with winter maxima
(648 ± 332 pgm�3) followed by spring (513± 252 pgm�3), summer
(449 ± 236 pgm�3) and autumn (298 ± 123 pgm�3) for the years of
1990e1993. This observation can be strengthen by AMBTs which
show that the continental outflow was dominant in winter and
spring whereas maritime airmasses were in summer and autumn.
This point clearly signifies that these uehydroxy FAs can be used as
biomarkers of terrestrial plants or soil organic matter transported
to the open ocean.

3.5. Relative contribution of continental vs. marine sources to
b�hydroxy FAs

Although having similar atmospheric abundances of measured
b�hydroxy FAs between polluted continental airmasses (in winter/
spring) and pristine maritime airmasses (in summer/autumn),
considerable differences are noteworthy among them with regard
to carbon number predominance. It is noteworthy that the polluted
air masses sampled in winter show a temporal distribution char-
acterized by the predominance of lowmolecular weight b�hydroxy
FAs with the following order: C10 > C12 > C14 > C16 (Fig. 7). However,
a slight change in the molecular distribution is observed for spring
samples (C16 > C14 > C18 > C12 > C10; Fig. 7), which is significantly
different during winter and summer (C10 > C16 > C18 > C20 > C14;
Fig. 7). Since autumn season is a transition period between the two
wind regimes (as discussed in AMBTs section), the temporal
abundance distribution of b�hydroxy FAs is as follows,
C10 z C16 > C18 z C14 > C8 (Fig. 7).

Several studies have documented the Asian dust transport to the
western North Pacific during spring season (Duce et al., 1980;
Uematsu et al., 1983). Therefore, we attribute the observed tem-
poral distribution of b�hydroxy FAs during spring season over
Chichijima to their contribution from soil bacteria and higher plant
metabolites. In contrast, the change in temporal variability of mass
concentration of b�hydroxy FAs in summer is also associated with
a shift in AMBTs from polluted continental airmasses in spring to
pristine oceanic airmasses. Therefore, the photochemical oxidation
of biogenic unsaturated fatty acids in the marine atmospheric
boundary layer (MABL) during summer can explain the predomi-
nance of C10 followed by C16, C14 and C18 and C20 b�hydroxy FAs. A
supportive evidence for this argument can be obtained in Mochida
et al. (2003), whose study demonstrated that the oceanic airmasses
in summer over the North Pacific are characterized by increased
atmospheric concentrations of C14eC19 fatty acids. Their study also
reported that the atmospheric abundances of C14eC19 fatty acids
show strong seasonal dependence with maximum concentration
observed in spring and summer.

Overall, the assessed atmospheric abundances of b�hydroxy FAs
exhibit no significant differences between winter and summer,
which are influenced by continental and marine airmasses,
respectively. As mentioned earlier, previous studies have suggested
that these b�hydroxy FAs are the constituents of LPS of GNB
(Wilkinson, 1988). Despite having similar atmospheric concentra-
tions of b�hydroxy FAs, the differences in wind regimes can pro-
vide the relative importance of continental and marine GNB over
the sampling site during all seasons. Here we applied empirical
formula and cluster analysis approach (see Section 3.1) to evaluate
the percentage contribution from continental and marine air-
masses to the observed concentrations of hydroxy FAs.

Since our sampling site is a remote island in the western North
Pacific, it is likely that oceanic airmasses can also contribute to the
chemical composition during winter and spring. Therefore, we
define a factor to distinguish continental versus marine contribu-
tion of atmospheric abundances of b�hydroxy FAs and thereby
GNB in various seasons, based on the computed AMBTs. The factor f
is defined as the number of trajectories passing over the continent
to the total trajectories computed for the sampling days, which will
provide continental contribution.

fcontinental ð%Þ ¼ ½ AMBTsð Þcontinental=½ AMBTsð Þcontinental
þ AMBTsð Þmarine� � 100

fmarineð%Þ ¼ ½1� fcontinental� � 100

where (AMBTs)continental and (AMBTs)marine refer to air mass back-
ward trajectories passing over the continent and ocean, respec-
tively. The estimated fraction of continental sources in contributing
to the atmospheric b�hydroxy FAs over the Chichijima during
winter and spring corresponds to 92% and 70%, respectively.
However, due to the shift in wind regimes from westerlies, influ-
ence of maritime airmasses is expected to maximize during sum-
mer and become somewhat higher in autumn season. Therefore,
the fractional contribution of continental sources to atmospheric
b�hydroxy FAs correspond to be 9% for summer and 18% for
autumn. Although these empirical relation provided us the infor-
mation regarding relative source contribution (i.e., continental vs.
oceanic) in various seasons, it is important to assess their
geographical variability within the source region. Therefore, we
have performed cluster analysis during sampling days to decipher
the potential source regions that contribute to atmospheric abun-
dances of b�hydroxy FAs in airmasses originating from the conti-
nent and ocean.
3.6. Potential source regions of bacterial and plant biomarkers

In this study, a HYSPLIT model (Version 4.0) was installed on a
PC and run using its Graphical User Interface (GUI). The application
of HYSPLIT requires gridded meteorological data at regular time
intervals. The operational system (NCEP/NCAR) was used to pro-
duce these data. Based on the results of HYSPLIT model, the AMBTs
were assigned to distinct clusters according to their moving speed
and direction using k that means clustering algorithm (Hartigan
and Wong, 1979). In this study, various pre-selected number of
clusters (e.g., 3, 4, 5, and 6) were tested, and we found that 4
clusters can best represent the meteorological characteristics of the
transport pathways over Chichijima Island. As a result, this number
was selected to expect number of AMBT clusters.

Since the AMBTs show a similarity with respect to seasons, we
have combined the average mass concentrations of b� and
u�hydroxy FAs for the seasonal data from all years and compared
them with the output contribution of source regions from the
cluster analysis. The results of cluster analysis for the combined



Fig. 7. Temporal variability of atmospheric abundances of b�hydroxy fatty acids with regard to chain length (C�number) among different seasons.
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seasonal data during sampling days are shown in Fig. 8. In winter,
the trajectory clusters show a long-range atmospheric transport
from Europe and Russia through westerly winds before arriving to
Chichijima Island. These airmasses would, thus, be responsible for
the significant contribution of hydroxy FAs (this study) along with
other lipid-class compounds from the Asian continent to the sam-
pling site.

Among the mean trajectory path of four clusters shown in Fig. 8,
maximum concentrations of hydroxy FAs (i.e., both b� and
u�hydroxy FAs) were observed inwinter during which most of the
airmasses originated from Europe and Russia and passed over
Mongolia and Korea. In contrast, the airmasses in summer are
mainly transported from the oceans by easterly trade winds.
However, few trajectories show transport from Indonesian Islands
to the sampling site during summer. Despite having differences in
the AMBT cluster, the measured atmospheric abundances of
b�hydroxy FAs (C10eC18) (i.e., proxy for GNB) do not vary between
winter and summer.

The concentrations of b�hydroxy FAs (C8eC31) and b�hydroxy
FAs (C10eC18), GNB tracers, do not vary in winter (sum of average
concentrations in each cluster (1, 2, 3 and 4); C8eC31: 210 pg m�3,
C10eC18: 190 pg m�3) and summer (C8eC31: 210 pg m�3 and
C10eC18: 180 pg m�3) (Table 2). This observation supports the fact
that these GNB are ubiquitous in the environment whether the
airmasses are transported from continents or originated within the
MABL of open oceans. Surprisingly, atmospheric abundances of
u�hydroxy FAs (C11eC28) in winter (sum of average concentrations
in each cluster (1, 2, 3 and 4), 640 pg m�3) are higher than those in
summer (440 pg m�3). This could be due to the reason why these
compounds are primarily originated from terrestrial plants and soil
microorganisms (Kawamura, 1995; Eglinton et al., 1968) and were
transported from the Asian continent to Chichijima Island via



Fig. 8. Mean horizontal plots of AMBTs trajectories for 7 days at 500 m above ground level were drawnwith the NOAA HYSPLIT model. The trajectories in each seasonwere grouped
into four clusters as suggested by the model. The numbers 1 to 4 indicate the name of mean clusters. The numbers in parenthesis indicate the percentage of total air mass transport
from the origins. The star indicates the location of the sampling site.

Table 2
Concentrations (average and range, pg m�3) of (a) b�hydroxy FAs (C8eC31), (b)
Gram-negative bacterial (GNB) tracers: b�hydroxy FAs (C10eC18), and (c)
u�hydroxy FAs (C10eC18) in different seasons according to the cluster mean
trajectories.

No. of clusters Winter Spring Summer Autumn

Av. Range Av. Range Av. Range Av. Range

(a) b¡Hydroxy FAs (C8eC31)
Cluster 1 100 30e230 60 0e160 70 0e270 50 10e120
Cluster 2 90 30e210 130 10e360 70 0e290 70 20e150
Cluster 3 20 0e40 60 0e160 20 0e90 30 10e70
Cluster 4 0 0e10 60 0e160 50 0e200 10 0e30
(b) GNB tracers: b¡Hydroxy FAs (C10eC18)
Cluster 1 90 20e210 40 0e140 60 0e220 40 10e100
Cluster 2 80 90e190 100 10e330 60 0e230 50 10e120
Cluster 3 20 0e40 40 0e140 20 0e70 20 10e50
Cluster 4 0 0e10 40 0e140 40 0e160 10 10e20
(c) u¡Hydroxy FAs (C11eC28)
Cluster 1 310 0e1810 100 0e960 140 0e1540 100 0e460
Cluster 2 270 0e1610 220 0e2210 150 0e1630 120 0e570
Cluster 3 50 0e310 100 0e960 50 0e530 50 0e250
Cluster 4 10 0e80 100 0e960 100 0e1100 20 0e110
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westerlies. As mentioned earlier, spring and autumn seasons are
the transition periods from winter to summer and summer to
winter, respectively. In this regard, we observe high contribution of
hydroxy FAs from continents (61e64%) in spring and from oceans
(~75%) in autumn. During spring and autumn, high atmospheric
abundances of hydroxy FAs are noteworthy for the trajectory
clusters that are passing over Korea and Japan. However, lower
concentrations of hydroxy FAs were observed for clusters showing
transport from Russia. Another interesting feature of the data is
that the trajectory clusters obtained from HYSPLIT model have
similar pattern in both spring and autumn, suggesting the similar
source regions of hydroxy FAs in both seasons.
4. Conclusions

To the best of our knowledge, the results obtained in this study
is the first of its kind in applying a biomarker approach to deter-
mine the long-term contributions and transport of hydroxy FAs of
Gram-negative bacteria and terrestrial plant origin to remote ma-
rine aerosols. However, our study is in continuation to that docu-
mented for marine aerosols (in only one sample) by Kawamura
(1995), who reemphasizes the significance of these compounds as
biomarkers for bacterial transport through aeolian pathway. In the
present study, we have used sixty nine marine aerosol samples to
determine be and uehydroxy FAs collected in Chichijima over the
period of four years (1990e1993). We observed substantial sea-
sonal differences in the carbon number predominance of be and
uehydroxy FAs. These biomarkers are primarily associated with
terrestrial plants and soil microorganisms; but our study shows
that continents and oceans equally contribute to the microbial
biomarkers in marine aerosols. The observed similarity in relative
abundances of b�hydroxy FAs in marine aerosols indicates the
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presence of GNB in both airmasses transported from continents and
originated in the western North Pacific. Thus, our study charac-
terize the source regions of be and uehydroxy FAs. We also show
that uehydroxy FAs are mainly contributed by terrestrial plants
and soil microbes whereas b�hydroxy FAs are ubiquitous in envi-
ronment owing to their bacterial sources in both polluted conti-
nental and pristine oceanic airmasses. We also show that carbon
chain length of b�hydroxy FAs is also variable among different
seasons, which can be potentially used as specific tracer for the
particular bacterial species. Thus, our study demonstrates the usage
of be and uehydroxy FAs in marine aerosol samples as a potential
proxy to trace the Gram-negative bacterial species and terrestrial
plant metabolites and thus their source (continental vs. marine)
regions.
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hydroxy long-chain fatty acids in microalgae from the genus Nannochloropsis.
Phytochemistry 45, 641e646.

Giovannoni, S., Rappe, M., 2000. Evolution, diversity and molecular ecology of
marine prokaryotes. In: Kirchman, D.L. (Ed.), Microbial Ecology of the Oceans.
Wiley-Liss, New York, pp. 47e84.

Graça, J., Santos, S., 2006. Glycerol-derived ester oligomers from cork suberin.
Chem. Phys. Lipids 144 (1), 96e107.

Griffin, D., Westphal, D., Gray, M., 2006. Airborne microorganisms in the African
desert dust corridor over the mid-Atlantic ridge, Ocean Drilling Program, Leg
209. Aerobiologia 22, 211e226.

Harrison, R., Jones, A., Biggins, P., Pomeroy, N., Cox, C., Kidd, S., Hobman, J.,
Brown, N., Beswick, A., 2005. Climate factors influencing bacterial count in
background air samples. Int. J. Biometeorol. 49, 167e178.
Hartigan, J.A., Wong, M.A., 1979. A k-means clustering algorithm. J. Appl. Stat. 28,

100e108.
Hines, C.J., Waters, M.A., Larsson, L., Petersen, M.R., Saraf, A., Milton, D.K., 2003.

Characterization of endotoxin and 3-hydroxy fatty acid levels in air and settled
dust from commercial aircraft cabins. Indoor Air 13 (2), 166e173.

Kawamura, K., Ishiwatari, R., 1984a. Fatty acid geochemistry of a 200 m sediment
core from Lake Biwa, Japan. Early disgenesis and paleoenvironmental infor-
mation. Geochim. Cosmochim. Acta 48, 251e266.

Kawamura, K., 1995. Land-derived lipid class compounds in the deep-sea sediments
and marine aerosols from North Pacific. In: Sakai, H., Nozaki, Y. (Eds.),
Biogeochemical Processes and Ocean Flux in the Western Pacific. Terra Scien-
tific Publishing Co., Tokyo, pp. 31e51.

Kawamura, K., Ishimura, Y., Yamazaki, K., 2003. Four year's observations of terres-
trial lipid class compounds in marine aerosols from the western North Pacific.
Glob. Biogeochem. Cycles 17 (1), 1003e1019.

Kawamura, K., Ishiwatari, R., 1982. Tightly bound b�hydroxy acids in a recent
sediment. Nature. 297, 144e145.

Kawamura, K., Ishiwatari, R., 1984b. Tightly bound aliphatic acids in Lake Biwa
sediments: their origin and stability. Org. Geochem. 7, 121e126.

Kawamura, K., Ishiwatari, R., Ogura, K., 1987. Early diagenesis of organic matter in
the water column and sediments: microbial degradation and resynthesis of
lipids in Lake Haruna. Org. Geochem. 11, 251e264.

Laitinen, S., Kangas, J., Husman, K., Susitaival, P., 2001. Evaluation of exposure to
airborne bacterial endotoxins and peptidoglycans in selected work environ-
ments. Ann. Agric. Environ. Med. 8, 213e219.

Lee, A.K.Y., Chan, C.K., Fang, M., Lau, A.P.S., 2004. The 3-hydroxy fatty acids as
biomarkers for quantification and characterization of endotoxins and Gram-
negative bacteria in atmospheric aerosols in Hong Kong. Atmos. Environ. 56,
124e135.

Li, W., Head, E., Glen Harrison, W., 2004. Macro ecological limits of heterotrophic
bacterial abundance in the ocean. Deep-Sea Res. Part I 51, 1529e1540.

Lin, T.H., 2001. Long-range transport of yellow sand to Taiwan in spring 2000:
observed evidence and simulation. Atmos. Environ. 35, 5873e5882.

Linley, E., Newell, R., Lucas, M., 1983. Quantitative relationships between phyto-
plankton, bacteria and heterotrophic microflagellates in shelf waters. Mar. Ecol.
Program Ser. 12, 77e89.

Matsumoto, K., Uematsu, M., Hayano, T., Yoshioka, K., Tanimoto, H., Iida, T., 2003.
Simultaneous measurements of particulate elemental carbon on the ground
observation network over the western North Pacific during the ACE-Asia
campaign. J. Geophys. Res. Atmos. 108, 8635.

Mochida, M., Kawamura, K., Umemoto, N., Kobayashi, M., Matsunaga, S., Lim, Ho-Jin,
Turpin, B.J., Bates, T.S., Simoneit, B.R.T., 2003. Spatial distributions of oxygenated
organic compounds (dicarboxylic acids, fatty acids, and levoglucosan) in marine
aerosols over the western pacific and off the coast of east asia: continental
outflow of organic aerosols during the ace-asia campaign. J. Geophys. Res. 108
(D23), 8638.

Mochida, M., Kitamori, Y., Kawamura, K., Nojiri, Y., Suzuki, K., 2002. Fatty acids in
the marine atmosphere: factors governing their concentrations and evaluation
of organic films on sea-salt particles. J. Geophys. Res. Atmos. 107, 1e10.

Molina, I., Bonaventure, G., Ohlrogge, J., Pollard, M., 2006. The lipid polyester
composition of Arabidopsis thaliana and Brassica napus seeds. Phytochemistry
67 (23), 2597e2610.

Murayama, T., 2001. Ground-based network observation of Asian dust eveint of
April 1998 in east Asia. J. Geophys. Res. 106, 18345e18359.

Pollard, M., Beisson, F., Li, Y.H., Ohlrogge, J.B., 2008. Building lipid barriers:
biosynthesis of cutin and suberin. Trends Plant Sci. 13, 236e246.

Prospero, J., Blades, E., Mathison, G., Naidu, R., 2005. Inter hemispheric transport of
viable fungi and bacteria from Africa to the Caribbean with soil dust. Aero-
biologia 21, 1e19.

Rogge, W.F., Mazurek, M.A., Hildemann, L.M., Cass, G.R., Simoneit, B.R.T., 1993.
Quantification of urban organic aerosols at a molecular level: identification,
abundance and seasonal variation. Atmos. Environ. 27, 1309e1330.

Rolph, G.D., 2014. Real-Time Environmental Applications and Display sYstem
(READY). NOAA Air Resources Laboratory, Silver Spring, MD. Website. http://
ready.arl.noaa.gov.

Saraf, A., Larsson, L., Burge, H., Milton, D., 1997. Quantification of ergosterol and 3-
hydroxy fatty acids in settled house dust by gas chromatographyemass spec-
trometry: comparison with fungal culture and determination of endotoxin by a
limulus amebocyte lysate assay. Appl. Environ. Microbiol. 63, 2554e2559.

Simoneit, B.R.T., 1989. Organic matter of the troposphere-V: application of molec-
ular marker analysis to biogenic emissions into the troposphere for source
reconciliations. J. Atmos. Chem. 8, 251e275.

Skerratt, J.H., Nichols, P.D., Bowman, J.P., Sly, L.I., 1992. Occurrence and significance
of long-chain (u�1)� hydroxy fatty acids in methane-utilizing bacteria. Org.
Geochem. 18, 189e194.

Uematsu, M., Duce, R.A., Prospero, J.M., Chen, L., Merrill, J.T., McDonald, R.L., 1983.
Transport of mineral aerosol from asia over the North Pacific ocean. J. Geophys.
Res. Oceans 88, 5343e5352.

Wakeham, S.G., Pease, T.K., Benner, R., 2003. Hydroxy fatty acids in marine dis-
solved organic matter as indicators of bacterial membrane material. Org. Geo-
chem. 34, 857e868.

Wang, Z., Ueda, H., Huang, M., 2000. A deflation module for use in modeling long-
range transport of yellow sand over East Asia. J. Geophys. Res. 105,
26947e26960.

http://dx.doi.org/10.1016/j.atmosenv.2015.05.038
http://dx.doi.org/10.1016/j.atmosenv.2015.05.038
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref1
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref1
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref1
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref1
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref2
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref2
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref2
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref2
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref3
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref3
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref3
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref4
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref4
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref4
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref4
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref4
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref4
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref4
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref5
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref5
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref5
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref6
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref6
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref6
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref7
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref7
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref7
http://ready.arl.noaa.gov/HYSPLIT.php
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref9
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref9
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref9
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref9
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref10
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref10
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref10
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref10
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref11
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref11
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref11
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref12
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref12
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref12
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref12
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref12
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref13
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref13
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref13
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref13
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref14
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref14
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref14
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref15
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref15
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref15
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref15
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref16
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref16
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref16
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref16
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref17
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref17
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref17
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref18
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref18
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref18
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref18
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref19
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref19
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref19
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref19
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref20
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref20
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref20
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref20
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref20
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref21
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref21
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref21
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref21
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref22
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref22
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref22
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref22
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref23
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref23
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref23
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref24
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref24
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref24
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref24
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref25
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref25
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref25
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref25
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref26
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref26
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref26
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref26
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref26
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref27
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref27
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref27
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref28
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref28
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref28
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref29
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref29
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref29
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref29
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref30
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref30
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref30
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref30
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref31
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref31
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref31
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref31
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref31
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref31
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref32
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref32
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref32
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref32
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref33
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref33
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref33
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref33
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref34
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref34
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref34
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref35
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref35
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref35
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref36
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref36
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref36
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref36
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref37
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref37
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref37
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref37
http://ready.arl.noaa.gov
http://ready.arl.noaa.gov
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref39
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref39
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref39
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref39
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref39
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref39
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref40
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref40
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref40
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref40
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref41
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref41
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref41
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref41
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref41
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref41
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref42
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref42
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref42
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref42
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref43
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref43
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref43
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref43
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref44
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref44
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref44
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref44


P. Tyagi et al. / Atmospheric Environment 115 (2015) 89e100100
Wilkinson, S.G., 1988. Gram-negative bacteria. In: Ratledge, C., Wilkinson, S.G.
(Eds.), Microbial Lipids, vol. 1. Academic Press, New York, pp. 199e488.

Yamamoto, S., Kawamura, K., Seki, O., 2011. Long-range atmospheric transport of
terrestrial biomarkers by the Asian winter monsoon: evidence from fresh snow
from Sapporo, northern Japan. Atmos. Environ. 45, 3553e3560.
Zelles, L., 1999. Fatty acid patterns of phospholipids and lipopolysaccharides in the

characterisation of microbial communities in soil: a review. Biol. Fertil. Soils 29,
111e129.

http://refhub.elsevier.com/S1352-2310(15)30110-2/sref45
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref45
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref45
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref46
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref46
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref46
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref46
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref47
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref47
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref47
http://refhub.elsevier.com/S1352-2310(15)30110-2/sref47

	Hydroxy fatty acids in marine aerosols as microbial tracers: 4-year study on β- and ω-hydroxy fatty acids from remote Chich ...
	1. Introduction
	2. Material and methods
	2.1. Aerosol collection and prevailing meteorology
	2.2. Sample preparation for the quantification of hydroxy FAs

	3. Results and discussion
	3.1. Air mass back trajectory analysis
	3.2. Concentrations of hydroxy fatty acids
	3.3. Relative abundances of hydroxy fatty acids
	3.4. Seasonal variability of hydroxy fatty acids
	3.5. Relative contribution of continental vs. marine sources to β−hydroxy FAs
	3.6. Potential source regions of bacterial and plant biomarkers

	4. Conclusions
	Acknowledgement
	Appendix A. Supplementary data
	References


