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 Inorganic and organic aerosols, including MSA, were measured in the North Paciﬁc marine boundary layer.
 Sulfate and organic matter were the dominant chemical species near continents.
 Biomass burning-derived oxidized organic aerosol were larger contributors near Japan.
 MSA peaked near the Sea of Okhotsk due to biological activity and utilization of nutrients during summer.
 The MSA/sulfate ratio showed a sharp gradient approach to clean marine conditions.

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 16 May 2017
Received in revised form
4 September 2017
Accepted 25 September 2017
Available online 27 September 2017

Ship-borne measurements of inorganic and organic aerosols, including methanesulfonic acid (MSA),
were conducted over the Northern Paciﬁc using a High Resolution Time of Flight Aerosol Mass Spectrometer (AMS). This study, conducted aboard the Korean ice breaker R/V Araon, was part of the SHIPborne Pole-to-Pole Observations (SHIPPO) project. Based on air mass source region, the cruise track
could be divided into ﬁve sections. Overall, the South Asia and Northern Japan ship transects showed
higher aerosol concentrations due to continental pollution and biomass burning sources, respectively. In
all ﬁve regions, the average mass concentrations of sulfate and organic aerosols (OA) were much higher
than concentrations of nitrate and ammonium. Positive matrix factorization (PMF) analysis distinguished
two organic aerosol factors as hydrocarbon-like and oxidized OA (HOA and OOA). HOA peaked in South
Asia under the inﬂuence of anthropogenic pollution source areas, such as China and Korea, and generally
decreased with increasing latitude across the full study region. OOA concentrations peaked in Northern
Japan near the Tsugaru Strait and appear to reﬂect ﬁne particle contributions from biomass burning. The
mean HOA concentration in the clean marine area (Aleutian Island to Siberia) was 0.06 mg/m3 and
comprised approximately 8% of the OA mass fraction. The highest MSA concentrations peaked in the
Aleutian Islands at nearly 15 mg/m3, suggesting inﬂuence from higher dimethyl sulﬁde (DMS) emissions
resulting from biological nutrient uptake during summer. The MSA/sulfate ratio, an indicator of the
relative ﬁne particle contributions of DMS and anthropogenic sources, revealed a sharp gradient as the
ship approached the clean marine areas where the dominance of DMS increased. The patterns in OOA,
HOA, and MSA concentrations found in this study provide a better understanding of the characteristics of
inorganic and organic aerosols in the Northern Paciﬁc Ocean.
© 2017 Elsevier Ltd. All rights reserved.
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Marine aerosols are an important part of naturally occurring
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aerosols and exert a signiﬁcant inﬂuence on the global climate
(Arnold et al., 2009; Ovadnevaite et al., 2014). However, many details of the exact physical and chemical characteristics of marine
aerosols are still unknown. Marine aerosols consist of both primary
aerosols (e.g., sea spray) resulting from wave-breaking processes
and ocean whitecap generation and secondary aerosols resulting
from emission and subsequent oxidation of dimethyl sulﬁde (DMS)
from phytoplankton, which forms sulfur-containing aerosols
including non-sea-salt sulfate (nss-SO24 ) and methanesulfonic acid
(MSA), or marine volatile organic compounds (VOCs) including
isoprene and monoterpenes (Arnold et al., 2009; Carlton et al.,
2009; Gantt and Meskhidze, 2013; Ovadnevaite et al., 2014;
Russell et al., 2010; Quinn and Bates, 2011; Yassaa et al., 2008).
The principal emission source of non-sea salt sulfate (nss-SO2
4 )
in the marine boundary layer has been suggested to account for 25%
of the global burden of nss-SO2
4 (Boreddy and Kawamura, 2015).
The remote marine atmosphere is inﬂuenced by transported
anthropogenic nss-SO2
4 and nitrate from continental sources,
resulting in variation of marine background conditions (Boreddy
and Kawamura, 2015). Therefore, the MSA/sulfate ratio has been a
useful indicator for relative contributions of DMS and anthropogenic SO2 sources to total sulfate levels in the marine boundary
layer (Jung et al., 2014; Savoie and Prospero, 1989; Savoie et al.,
2002), because MSA is produced solely from DMS (Gondwe et al.,
2003).
Other inorganic and organic aerosols (OA) are often present in
signiﬁcant concentrations in continentally-inﬂuenced and/or clean
marine conditions (Carlton et al., 2009; Middlebrook et al., 1998;
Putaud et al., 2000; Shank et al., 2012). Because large amounts of
OA have been observed at sites representing clean marine conditions (Middlebrook et al., 1998; Putaud et al., 2000), the possibility
of an oceanic OA source of the ﬁne mode aerosol has been investigated. Recent studies have shown that a large fraction of OA (up to
72% of mass concentration) is connected to increased biological
production in the North Atlantic (O'Dowd et al., 2004; Ovadnevaite
et al., 2014; Spracklen et al., 2008). Biogenic emissions, consequently, appear to be an important source of both water-soluble
and insoluble OA to the marine boundary layer (Shank et al.,
2012), although much remains to be learned.
Because previous studies were mainly conducted using ﬁlter
sampling, it is hard to grasp the highly time-variable characteristics
of aerosol in the marine boundary layer. Studies using a High Resolution Time of Flight Aerosol Mass Spectrometer (hereafter AMS)
have identiﬁed new details about size-resolved temporal variations
in the non-refractory marine aerosol chemical composition
(Canagaratna et al., 2007; DeCarlo et al., 2006), including concentrations of nitrate, sulfate, ammonium, chloride, and organics with
5-min time resolution. In this study, an AMS was deployed from
July 14e29, 2012 on board the Korean ice breaker R/V Araon travelling from Incheon, Korea to Nome, Alaska as a part of the Shipborne Pole-to-Pole Observations (SHIPPO) project to understand
aerosol formation and characteristics over the Paciﬁc Ocean (Park
and Rhee, 2015). The objectives of this study were to investigate
(1) the composition of aerosol in both anthropogenically impacted
and remote and mostly pristine marine boundary layers, (2) the
oxidation states of OA in polluted and clean marine areas, and (3)
the relationships between MSA and sulfate concentrations in the
marine boundary layer.
2. Methods
2.1. Ship track and identiﬁcation of ship exhaust
Continuous AMS ﬁne particle measurements were conducted on
board the R/V Araon ice breaker ship, operated by the Korea Polar

Research Institute (KOPRI), sailing from Incheon (Korea) on July 13,
2012, and reaching Nome, Alaska (U.S.) on July 29, 2012 (Fig. 1 and
Table 1). The data were divided into ﬁve periods (numbered from
P1 to P5) depending on geographical characteristics (Table 1),
which is the same sampling periods as in Park and Rhee (2015).
During the campaign, the ship's own exhaust may periodically
contaminate the atmospheric measurements depending on the
locations of emissions and sampling and the orientation and speed
of the ship and ambient wind. A variety of criteria (e.g., wind direction, gaseous CO and CO2 concentrations, and AMS organic
fragments and/or size distributions) were used to identify and
exclude contaminated data before further analysis, as discussed in
detail by Park and Rhee (2015); locations of instruments in Park and
Rhee (2015) and the AMS were similar except the elevation. The
basic assumption of the screening procedure is that dramatic
changes of CO concentrations could be an indicator of ship exhaust.
Therefore, we used the following AMS data acceptance criteria to
ensure stack emissions were excluded; (1) the relative wind speed
must be higher than 2 knots because of effects of stack emission
due to local turbulence, and (2) standard deviation of CO during
1 min should be less than 1 ppbv. Additionally, when the relative
wind direction against the ship's heading was between 180 and
270 , where the ship stack was located from the air inlet, the AMS
data were excluded.
2.2. Aerosol sampling
The sampling inlet was installed in the atmospheric science
laboratory at the 3rd deck below the bridge, which was located on
the front deck of the ship, far away from the ship exhaust (Fig. S1).
Operation of the AMS has been described in detail elsewhere (e.g.,
Jimenez et al., 2003; Lee et al., 2015). In brief, ambient air was
passed through a URG PM2.5 cyclone at 3 LPM (URG-2000-30ED) to
avoid AMS inlet clogging due to large aerosol and Perma Pure
dryers (MD-110-24) maintained the relative humidity of sample air
under 40%. Then, the air sample is passed through a critical oriﬁce
(100 mm pin hole) into an aerodynamic lens to cut off the aerosol
size near ~1 mm (DeCarlo et al., 2006). The AMS was operated in Vmode only and 5-min time resolution was used to determine the
particle composition, including the concentrations of submicron
nitrate, sulfate, ammonium, and organic matter. The AMS data
quality is constrained by a series of calibrations and system function checks once a week, including a Micro Channel Plate (MCP)
detector calibration, ﬂow rate calibration, aerodynamic lens alignment, ionization efﬁciency (IE) determination, particle sizing calibration, chopper position determination, single ion determination,
and voltage tuning for the mass spectrometer.
2.3. Positive matrix factorization analysis of AMS data set
The timeline of aerosol mass spectra from the AMS was analyzed
using Positive Matrix Factorization (PMF) (Paatero and Tapper,
1994; Paatero, 1997). PMF analysis has been widely applied to
various measurement data including speciated PM2.5 and VOC
(Baudic et al., 2016; Heo et al., 2009), and extended to apply to AMS
data using the Igor Pro-based PMF evaluation tool (PET) which is
also used in this study. PET deconvolves unique spectral patterns
(factors) including hydrocarbon-like or oxidized aerosol from the
mass spectra produced in each AMS run (Docherty et al., 2008; Lanz
et al., 2007; Ulbrich et al., 2009). PMF was performed upon the Vmode AMS data after applying the error preparations outlined in
SQUIRREL and PET. The method is described in greater detail
elsewhere (Paatero and Tapper, 1994; Paatero, 1997; Ulbrich et al.,
2009).
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Fig. 1. Ship-track from Incheon, Korea to Nome, Alaska (13 July to 29 2012). The colored thick lines indicate ship-track sections; P1 (red); P2 (green); P3 (cyan); P4 (blue); and P5
(gray). Three-day backward trajectories of air masses computed with the HYSPLIT model for each measurement periods (P1-P5). Each line represents backward trajectories of 6-h
time intervals arriving along the cruise track at 300 m above sea level. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

Table 1
SHIPPO cruise ship track divided based on Park and Rhee (2015) which used the origin of the air masses identiﬁed by the HYSPLIT 5-day backward trajectories. Ship track
sections P1 to P5 as described in Fig. 1.
Periods

Start time

P1
P2
P3
P4
P5

2012-07-13
2012-07-16
2012-07-19
2012-07-21
2012-07-25

End Time
18:00
12:00
6:00
18:00
14:00

2012-07-16
2012-07-19
2012-07-21
2012-07-25
2012-07-29

12:00
6:00
18:00
14:00
20:20

3. Results and discussion
3.1. Temporal variations of aerosol concentrations
Fig. 2(a) shows the spatial variations in the concentration of
major inorganic ions (ammonium, nitrate and sulfate) and organics
with a variation for the latitude of the ship track during study periods P1-P5. Concentrations of non-refractory submicron particles
(NR-PM1) were highest during P1 and P2, with their mean values of
8.4 and 9.0 mg/m3, respectively. The average concentrations during
other periods (P3-P5) were decreased, ranging from 1.7 to 3.4 mg/
m3 (Table 2).
The highest NR-PM1 concentrations were measured near the
start of the ship track (P1), with a value of 46 mg/m3 and a decrease
in NR-PM1 concentration with distance from China. Moreover, the
highest sulfate concentrations were also observed during this
period, up to 25 mg/m3. These sulfate concentrations are in
reasonable agreement with previously published results (up to
22 mg/m3 for bulk aerosols) measured near Shanghai, China as reported by Chen et al. (2012). The most likely explanation for the
pattern shown here is the inﬂuence of sulfur emissions from China
on both PM1 and sulfate levels in coastal areas (Chen et al., 2012;

Region

Description

South Asia
Northern Japan
Aleutian Islands
North Paciﬁc
Siberia

Polluted - China and Korea
Polluted - Korea and Japan
Clean ocean with high Chlorophyll a
Clean ocean
Clean ocean

Lee et al., 2004, 2015; Park and Rhee, 2015), consistent with
transport patterns illustrated by three-day backward trajectories
during P1 (see Fig. 1).
NR-PM1 concentrations increased slightly to 22 mg/m3 on 18 July
during P2, when the ship was passing through the Tsugaru Strait
(Japan). In this region, the sample was affected by biomass burning
in the vicinity (Fig. 1 and S2), resulting in the highest organic
aerosol concentration and fraction observed during the cruise.
However, the average concentrations and fractions of inorganic
aerosols, including sulfate, nitrate and ammonium, during P2 were
lower than those observed in P1 (Fig. 2b and c).
When approaching the Paciﬁc Ocean, NR-PM1 concentrations
signiﬁcantly decreased below approximately 10 mg/m3 due to inﬂuence by air masses from the clean ocean region (Fig. 1). Sulfate
and OA are the dominant species in the clean ocean area and their
concentrations are lower than those observed in P1 and P2
(Table 2). These concentrations are comparable to previous observations from the northwestern North Paciﬁc and subarctic western
North Paciﬁc (Jung et al., 2014; Sasakawa and Uematsu, 2002) and
from ship-borne measurements in clean marine areas (Fu et al.,
2011; Gantt and Meskhidze, 2013; Quinn et al., 2004). The mean
ammonium and nitrate concentrations were similarly low across
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Fig. 2. (a) Temporal variation in concentrations of organic and inorganic PM1 and latitude of the ship track during SHIPPO in 2012. (b) Mean concentrations and (c) mass fractions of
the chemical measured at the ship-track section of P1 to P5.

Table 2
Mean concentrations (mg/m3) of inorganic and organic aerosols, and the mean mass
fraction of each component during each ship track. Ship tracks P1 to P5 as described
in Fig. 1 (Parenthesis indicated mass fraction of each species).
Periods

Nitrate

Sulfate

Ammonium

Organics

PM1

P1

0.25 ± 0.61
(3.00%)
0.16 ± 0.11
(1.82%)
0.06 ± 0.03
(1.85%)
0.05 ± 0.02
(1.78%)
0.03 ± 0.01
(2.03%)

5.12 ± 4.58
(61.2%)
3.52 ± 1.82
(39.3%)
2.26 ± 0.98
(66.9%)
1.39 ± 0.95
(48.4%)
0.77 ± 0.64
(45.9%)

0.7 ± 0.79
(8.36%)
0.41 ± 0.22
(4.56%)
0.13 ± 0.04
(3.71%)
0.09 ± 0.06
(3.26%)
0.06 ± 0.05
(3.64%)

2.3 ± 2.25
(27.5%)
4.87 ± 4.22
(54.3%)
0.93 ± 0.38
(27.6%)
1.33 ± 0.91
(46.6%)
0.82 ± 0.5
(48.4%)

8.36
e
8.97
e
3.38
e
2.87
e
1.68
e

0.14 ± 0.51
(2.72%)

2.68 ± 3.10
(51.0%)

0.32 ± 0.54
(6.01%)

2.12 ± 2.67
(40.3%)

5.26 ± 5.59
e

P2
P3
P4
P5
Total

± 7.34
± 4.66
± 1.39
± 1.88
± 1.06

periods P3-P5, indicating that the NR-PM1 consisted mainly of
sulfate and OA in clean ocean areas (Quinn and Bates, 2003; Shank
et al., 2012).

3.2. The evolution and oxidation degree of ambient organic aerosol
Ng et al. (2010) pointed out that m/z 44 and m/z 43 in oxidized
OA (OOA) spectra consist mainly of acidic groups and non-acid
oxygenates, respectively. Further, the ratio of m/z 44 to m/z 43
(f44:f43) is an indicator of the degree of oxidation of OA and a
triangular region outlines the values of f44:f43 that typically indicate
the range of oxidation observed in ambient OA. The relative
þ
abundances of key OA ions at m/z 44 (COþ
2 ) and m/z 43 (C2H3O )
distinguish HOA (hydrocarbon-like OA), SV-OOA (semi-volatile
oxygenated OA) and LV-OOA (low volatility oxygenated OA). The
HOA components show f44 < 0.05, toward the bottom of the
triangular region (Fig. 3). The SV-OOA and LV-OOA components fall
in the middle of the triangle and the narrow region toward the top,
respectively.
In the f44:f43 diagram, the bulk of the observed OA is located in
three major domains (HOA, SV-OOA and LV-OOA), indicating the
various oxidation states during the ship track periods. The data for
P1 (red circles) extend from HOA to LV-OOA, whereas the data for
P2 are mainly located within the LV-OOA region. During period P2,
the OA was slightly aged/oxidized to SV-OOA and/or LV-OOA and
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(2011), showing that  8% of the AMS-determined organic mass
is accounted for by HOA (similar to POA) in the North Atlantic
boundary layer.
3.3. Temporal variation of MSA (CH3SO3H)
MSA, considered a characteristic component of marine secondary OA, is formed by the atmospheric reaction of DMS produced
by marine biota (Wolf et al., 2015). MSA concentrations were
calculated from the sulfur-containing AMS fragments of m/z 78
þ
þ
(CH2SOþ
2 ), m/z 79 (CH3SO2 ) and m/z 96 (CH4SO3 ), and were scaled
by a factor of 0.147 (Ge et al., 2012):

MSA ¼

þ
þ
½CH2 SOþ
2  þ ½CH3 SO2  þ ½CH4 SO3

i

0:147

CH2SOþ
2,

Fig. 3. Relationship between f44 (fraction of m/z 44 to total organic concentration) and
f43 (same as f44 except for m/z 43). The triangular region is deﬁned by two different
slopes of f44 and f43 as described by Ng et al. (2010). The colors of the boundaries as
ellipses are green for HOA, grey for SV-OOA and red for LV-OOA regions. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

showed a similar pattern to previously reported results (Ng et al.,
2010, 2011b; Zhang et al., 2011). The f44:f43 ratios for periods P3
to P5 shifted toward the SV-OOA domain, especially P4 and P5,
indicating that SV-OOA was dominant and small amounts of HOA
also existed in the clean marine area. Although P5 was classiﬁed as
a clean ocean area with low PM concentrations, it is difﬁcult to
exclude the possibility that HOA is affected by air masses passing
over Northeast Russia (see Fig. 1), suggesting the inﬂuence of
continental anthropogenic emissions because HOA is mainly
emitted from fossil fuel combustion. The van Krevelen diagram,
which can help highlight bulk changes in aerosol oxygenation
depending on the DH:C/DO:C slope (Ng et al., 2011a), also indicated
that OA components occupy both HOA and OOA domains during
periods P1-P5 (ﬁgure not shown).
The OA can be divided into two factors, including HOA (12% of
organic matter) and OOA (88% of organic matter) from the PMF
analysis. The factor mass spectra for those PMF factors are shown in
Fig. 4(a) and (b). The HOA component is identiﬁed by the clear
hydrocarbon signature in its spectrum at m/z 41, 43, and 55
(Hildebrandt et al., 2010; Ng et al., 2010, 2011b). The OOA factor has
þ
f44 (CO2) of 14% and f43 (C3Hþ
7 and CH3CO3 ) of 6%, similar to typical
LV-OOA factors based on aerosol volatility (f44 ¼ 12e15%,
f43 ¼ 5e7%) (e.g., Hildebrandt et al., 2010; Ng et al., 2010, 2011b;
Ulbrich et al., 2009; Zhang et al., 2011). Higher HOA concentrations were measured in P1 than in other periods, likely due to inﬂuence from emissions in China and Korea (Fig. 4c and Table 3).
Then HOA decreased with increasing latitude (approaching
increasingly remote ocean areas), and the fraction of HOA
decreased from 40% to 8%. Signiﬁcant increases in OOA concentrations were observed in P2 in the area near the Tsugaru Strait,
resulting from OA from biomass burning, as discussed in section 3.1
above. The mean HOA concentration in the clean ocean area (P3 to
P5) was 0.06 mg/m3, with an approximately 8% mass contribution to
OA. This value agrees well with observations by Decesari et al.

þ
where
CH3SOþ
2 , and CH4SO3 are the signal intensities of
these three aerosol ions measured in the marine boundary layer.
Previous studies have observed that the comparisons of MSA mass
concentrations between AMS and PM1 ﬁlter measurements were
varied depending on the MSA estimation methods of AMS measurement (R2  0.78) (Ge et al., 2012; Huang et al., 2015, 2017;
Phinney et al., 2006). This discrepancy of MSA mass concentrations between AMS and PM1 ﬁlter measurements can be caused
from scale factors for pure MSA (e.g., 0.147 in Ge et al., 2012);
however, it is hard to deduce the proper scale factor for speciﬁc
measurement periods without simultaneous ﬁlter measurement.
In Fig. 5, observed MSA concentrations remained low (up to
0.19 mg/m3) from 35 N to 40 N (P1 and P2) with similar mean MSA
concentrations (0.04 mg/m3 for P1 and 0.06 mg/m3 for P2). Those
values are similar to the range in MSA concentrations reported by
Chen et al. (2012) and Lee et al. (2004). The MSA concentrations
during P3 (clean ocean area) showed the highest concentration,
reaching 0.68 mg/m3 from 45 N to 47 N, and the highest mean
concentration of 0.38 mg/m3 (Fig. 5). Similarly high concentrations
have also been observed in several previous studies (Chen et al.,
2012; Jung et al., 2014; Savoie and Prospero, 1989). High MSA
concentrations observed during P3, likely resulting from active
DMS emissions from biological marine sources (e.g., phytoplankton
blooms), consistent with high chlorophyll-a concentrations
observed from satellite (Fig. S3), could be a major contribution in
this region (Jung et al., 2014; Kim, 2015). The mean MSA concentrations during other periods (P4 to P5) decreased from 0.14 to
0.10 mg/m3 as the ship track moved to higher latitudes from 48 N to
65 N (P4 and P5).

3.4. Relationship between MSA and sulfate
The spatial and seasonal (summer maxima and winter minima)
variation in the MSA/sulfate ratio over the Paciﬁc Ocean has been
characterized in previous studies, with higher ratios occurring at
high latitudes (e.g., Arimoto et al., 1996; Chen et al., 2012; Saltzman
et al., 1986; Savoie and Prospero, 1989).
The MSA/sulfate concentration ratio in this study varied from
0 to 0.37, with lower ratios occurring near continental regions (P1
and P2) and higher values over clean open ocean regions (P3-P5)
(Fig. 5), consistent with previous studies (Chen et al., 2012; Jung
et al., 2014). There were strong correlations (R > 0.69) between
MSA concentrations and sulfate, depending on the period of the
overall ship track (Fig. 6). The mean MSA/sulfate ratios for the ﬁve
measurement periods were as follows: 0.011 ± 0.022 for P1,
0.016 ± 0.006 for P2, 0.161 ± 0.045 for P3, 0.091 ± 0.047 for P4 and
0.141 ± 0.075 for P5. The lowest ratio (P1) reﬂects the inﬂuence of
air masses containing anthropogenic sulfate from nearby
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Fig. 4. Mass spectra of two OA factors consisting of (a) HOA and (b) OOA determined on the basis of PMF analysis of the HR-ToF-AMS data during SHIPPO in 2012. (c) Time series of
two OA factors with ship track latitude.

Table 3
Mean concentrations (mg/m3) of HOA and OOA in aerosols, and the mass fraction for
each ship track.
Ship track

HOA

OOA

Mean ± SDa
P1
P2
P3
P4
P5
a

1.01
0.40
0.01
0.09
0.09

±
±
±
±
±

2.05
0.60
0.02
0.16
0.16

than 0.043 at Shemya (Arimoto et al., 1996) and 0.063 in the subarctic western north Paciﬁc (Jung et al., 2014).
4. Summary and conclusions

Mass fraction

Mean ± SDa

40%
6.4%
0.8%
5.4%
7.9%

1.53
5.80
0.89
1.53
1.01

±
±
±
±
±

2.03
5.38
0.37
1.07
0.64

Mass fraction
60%
94%
99%
95%
92%

Standard deviation.

continents (Chen et al., 2012), as described in 3.1. The maximum
MSA/sulfate ratio was observed during P3, resulting from the
elevated MSA concentrations due to enhancement of biological
productivity and associated DMS production as described in 3.3.
This segment also exhibited the highest correlation coefﬁcient
(R ¼ 0.90), suggesting that the sulfate concentration was mainly
inﬂuenced by DMS oxidation. Previous observations found MSA/
sulfate ratios in the clean ocean area (P4 and P5) slightly greater

We investigated spatial patterns in PM1 inorganic, organic
aerosol (OA) and MSA concentrations using a High Resolution Time
of Flight Aerosol Mass Spectrometer (AMS) over the Northeastern
Paciﬁc, including the East Sea and the Bering Sea. Ship tracks near
South Asia (P1) and Northern Japan (P2) showed higher aerosol
concentrations than other regions near clean ocean areas (P3 to P5).
Continental anthropogenic pollutants dominated P1 while biomass
burning-derived pollutants were larger contributors in P2. Concentrations of nitrate and ammonium were lower than concentrations of both sulfate and OA when the ship track approached open
ocean areas (P3-P5). The f44:f43 ratio varied in the domains of HOA,
SV-OOA, and LV-OOA, indicating the existence of various aerosol
oxidation states. As the ship moved away from continental areas
from P1 to P3, the portion of HOA signiﬁcantly decreased, resulting
in dominance by aged (oxidized) organic aerosols (SV-OOA and LVOOA). The HOA is still present at low concentration in the clean
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Fig. 5. Temporal changes in concentrations of MSA, sulfate and MSA/sulfate ratio with latitude of the ship track during SHIPPO in 2012.

Appendix A. Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.atmosenv.2017.09.047.
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Fig. 6. Relationships between sulfate and MSA during the entire measurement period.
The dashed-lines indicate the best ﬁt lines through the origin. R and slope represent
correlation coefﬁcients and slope of best ﬁt lines through the origin in each measurement periods.

marine areas (P3-P5). MSA concentrations remained low during P1
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oxidation of higher DMS concentrations from intense biological
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Ocean.
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