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[1] Fatty acids (C14–C32) in the marine boundary layer were measured in aerosols
that were collected over the northern North Pacific from October 1996 to June 1997.
Concentrations of lower molecular weight (C14–C19) saturated fatty acids (LFAs,
0.8–24 ng m�3) showed a positive correlation with sea-salt concentrations, suggesting
that LFAs are released from the ocean surface to the atmosphere with sea-salt particles.
The averaged ratios of [LFAs]air/[sea salt] in autumn, winter, spring and summer
seasons were 1.8 (±1.3) � 10�4, 2.1 (±1.3) � 10�4, 3.7 (±2.9) � 10�4, and 4.6 (±1.8)
� 10�4, respectively. The results indicate the seasonal variation of the sea-to-air flux of
LFAs relative to that of sea salt with a maximum in spring to summer. The enhanced
LFA flux was consistent with the satellite images of chlorophyll a over the northern
North Pacific, which showed high biological productivity from spring to summer. On
the basis of the ratios of [LFAs]air/[sea salt], relative humidity, and modeled size
distribution of sea-salt particles, the coverage of LFAs on sea-salt particles was
estimated to range from 0.3 to 14%. This study suggests that the coverage of fatty acids,
together with other film-forming materials, may have a significant effect on the
physicochemical properties of aerosols, which may be affected by the high biological
productivity in the high latitudinal ocean. INDEX TERMS: 0305 Atmospheric Composition and

Structure: Aerosols and particles (0345, 4801); 0312 Atmospheric Composition and Structure: Air/sea
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1. Introduction

[2] In the marine atmosphere, lower molecular weight
C14–C19 fatty acids (LFAs), dominated by C14 (myristic
acid), C16 (palmitic acid) and C18 (stearic acid), are known
to be present as particles. These LFAs originate from marine
biota [Barger and Garrett, 1970, 1976; Gagosian et al.,
1981, 1982]. The release of LFAs to the atmosphere would
occur with the bubble bursting process at the ocean surface.
Blanchard [1963, 1964] has shown that organic surface-
active materials could be ejected into the atmosphere with
sea salts and be abundant in the marine air. Along with other
surface-active materials, LFAs are emitted to the atmos-

phere through the microlayer at the sea-air interface [Mac-
Intyre, 1974], where organic compounds of biological
origin are accumulated. Blanchard and Syzdek [1974] also
suggested that fatty acids in bulk surface water can be
scavenged by the bubbles through the enrichment of fatty
acids in the bubble surfaces as bubbles rise through the
water and that when they burst the material is attached to the
salt particles.
[3] The organic materials attached to the atmospheric

aerosols could play an important role in several ways.
Ellison et al. [1999] introduced the idea of the ‘‘inverted
micelle,’’ where sea-salt particles that are coated with
organic substances such as fatty acids have strongly altered
their chemical properties. Andrews and Larson [1993]
studied the effect of organic surfactant layers on the size
changes of aerosol particles. Seidl [2000] recently reported
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the model for a surface film of fatty acids on raindroplets
and aerosol particles. The surface tensions of aerosol and
cloud/fog samples have recently measured and the impor-
tance of organic acids to surface tension was inferred
[Facchini et al., 2000]. Numbers of laboratory studies have
also been conducted regarding the influence of organic
surfactants on the interaction between gas species with
particles [Rubel and Gentry, 1985; Däumer et al., 1992;
Moise and Rudich, 2000; Xiong et al., 1998; Jefferson et al.,
1997]. So far, organic films on aerosols are suggested to
have following effects [Gill et al., 1983; Finlayson-Pitts
and Pitts, 2000]. First, they inhibit the transport of stable
molecules and of reactive free radicals such as OH and HO2

from the gas phase into the particles. Second, they could
depress the evaporation of water from the aerosol surfaces.
Third, they could reduce the scavenging efficiency of
particles by larger cloud and raindroplets [e.g., McDonald,
1963]. In the last case, the organic films would increase the
atmospheric lifetime of aerosol particles compared to those
expected if the films were not present [Toossi and Novakov,
1985].
[4] Although the importance of organic films that cover

aerosols has been suggested, little is known about the
distributions and abundances of film-forming organic mate-
rials in the marine atmosphere, which are key to control the
physical and chemical properties of aerosols. In this study,
we collected marine aerosol samples over the northern
North Pacific for the analysis of fatty acids that are known
as film-forming materials. Here, we focus on lower molec-
ular weight fatty acids of marine biological origin, and
present their concentrations in the marine boundary layer.
The northern North Pacific is characterized by high bio-
logical productivity, compared to other areas of the Pacific,
which may strongly influence the concentrations of LFAs in
the air above the ocean. We also discuss the seasonal
changes in the LFA concentrations in terms of biological
productivity in the ocean, and the possible coverage of
LFAs on sea-salt aerosols.

2. Experimental Method

[5] The aerosol samples were collected using a high-
volume air sampler (Kimoto, Model-120F) on quartz fiber

filters (20 � 25 cm, Pallflex 2500QAT-UP) on board the
ship M/S Skaugran, which cruises regularly between Japan
and Vancouver, Canada. The high-volume air sampler was
placed on the upper deck of the M/S Skaugran at an
elevation of ca. 20 m above sea level. The inlet of the
sampler was 1.2 m above the deck’s floor. To prevent any
possible contamination from ship exhausts, the sampler was
controlled by a wind sector/wind speed system that can
automatically shut off the sampling pumps at low wind
speed (<2.0 m s�1) or when air came from aft. Figure 1
shows the cruise tracks of four sampling periods, 18–30
October 1996 (SK-14w), 27 December 1996 to 7 January
1997 (SK-15w), 7–15 April 1997 (SK-17w), and 27 May
1997 to 7 June 1997 (SK-18w). Because the westerlies
dominate in the areas of the cruise tracks, air sampling with
wind sector control is more efficient when the ship is
heading to the west. Therefore the four cruises studied here
have westward ship tracks from Vancouver to Japan. As
seen in Figure 1, the tracks for the four cruises nearly
overlap except from 140�E to 160�E, where they were
different depending on the destinations in Japan. The air
was sampled at a flow rate of ca. 1000 L min�1 which
corresponds to a filter surface velocity of �40 cm s�1. The
filters were changed once a day and a total of 39 samples
was used in this study. The quartz fiber filters were pre-
combusted at 450�C for 3 hours to eliminate organic
contaminants. The quartz filter before and after sampling
was stored in a pre-combusted glass jar with a Teflon-lined
cap. The samples were stored at �20�C prior to the
analysis.
[6] Lipid analysis was conducted by the procedure

described elsewhere [Kawamura, 1995]. Briefly, lipids in
cut pieces of filters (29–155 cm3) were saponified with
0.1 M KOH-methanol, and fatty acids were isolated from
the mixture after acidification with HCl. The fatty acids
were methylated with 14% BF3/methanol and their methyl
esters were separated into three fractions using a silica-gel
column chromatography (methyl alkanoates, methyl alka-
nedioates and methyl w-hydroxyalkanoates). The fraction
of fatty acid methyl esters was dissolved in n-hexane and
injected into a Carlo Erba 5160 capillary gas chromato-
graph (GC). The fatty acid esters were also determined
with a GC/MS. A recovery of 76 ± 6% was obtained by

Figure 1. Cruise tracks of M/S Skaugran during 18–30 October 1996 (SK-14w), 27 December 1996 to
7 January 1997 (SK-15w), 7–15 April 1997 (SK-17w), and 27 May 1997 to 7 June 1997 (SK-18w).
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analyzing an authentic standard (C16, C18, and C24 fatty
acids) spiked on the quartz filter. This recovery was taken
into account to calculate the concentrations of fatty acids
in the filter samples. The precision of the procedure was
tested by analyzing different sections of the same filter
sample repeatedly, and the coefficient of deviation was
obtained to be 6–10%. The concentrations of fatty acids
were corrected for the filter blanks. The precision of total
LFA measurements including the blank subtraction was
estimated to be 30%.
[7] Artifacts of saturated fatty acid concentrations asso-

ciated with chemical formation/decomposition by O3 on the
filter should be minimal. Adsorption and re-evaporation of
gaseous fatty acids are not large due to their low vapor
pressure [Jacobson et al., 2000] and low gas to particle
ratios. Schauer et al. [1999] measured gas to particle ratios
of fatty acids over the ground near the emission sources of
meat charbroiling by denuder/filter/PUF and filter/PUF
trains, and reported that fatty acids (>C14) were mostly
present as particles. Therefore collection of gaseous species
on undenuded filter sampling, which they claimed to have
a positive artifact, should be limited for fatty acids.
Unsaturated fatty acids were also detected but their
amounts in the samples were less than saturated fatty acids.
The data of only saturated fatty acids are used in the
discussion.
[8] Using our method with saponification followed by

methylation, both the fatty acid salts and fatty acid esters in
the aerosol samples are measured as total fatty acids.
Gagosian et al. [1981, 1982] reported that C13–C32 fatty
acids are present in marine aerosol particles in the form of
salts and esters, and that the proportion of fatty acid esters to
their salts was <10%. Therefore we consider that the
concentrations presented here are almost equal to those of
fatty acid salts.
[9] Major inorganic ions were measured using ion chro-

matography [Suzuki et al., 1995]. The sea-salt mass was

calculated using the concentration of Na+, assuming that the
relative abundance of inorganic species in sea salts is same
as that in seawater.

3. Results and Discussion

3.1. Characteristics of LFA Concentrations in the
Northern North Pacific

[10] Table 1 presents the analytical results for the C14–
C32 fatty acids, with concentration ranges, averages, and
medians for four sampling periods. The average and median
concentrations of C14, C16, and C18 acids were among the
highest throughout the seasons. For most of the samples,
LFAs (C14–C19) were more abundant than higher molecular
weight fatty acids (HFAs; C20–C32), but their relative
abundance varied with samples. Pelzer et al. [1984]
reported a positive correlation between LFAs and Na+

concentrations in marine aerosols collected at Samoa where
the terrestrial dust input is much weaker. They considered
that the major proportion of the LFAs was attributed to
marine sources. Therefore remote marine air masses contain
LFAs that are derived mainly from the oceans. On the other
hand, continental air masses contain fatty acids derived
from plant wax and soils, in which HFAs are abundant as
well as LFAs [Simoneit and Mazurek, 1982]. Figure 2
shows the chain-length distributions of fatty acids with a
relatively high LFA/HFA ratio (5.6, Figure 2a) and the
lowest LFA/HFA ratio (0.48, Figure 2b). The aerosol
samples with lower LFA/HFA ratios (Figure 2b) are more
influenced by terrestrial sources than those with higher
ratios (Figure 2a). The fatty acids in both Figures 2a (remote
marine) and 2b (terrestrial) show a strong even-carbon
numbered preference, confirming that they were derived
from marine and terrestrial biological sources.
[11] For evaluating spatial distributions of fatty acids, the

cruise track was divided into four regions, the western
North Pacific (140�E–160�E), the western and eastern

Table 1. Concentrations of Fatty Acids Detected in the Marine Aerosols From the Northern North Pacifica

Cruise SK-14w
18–30 Oct. 1996

12 Samples

Cruise SK-15w
29 Dec. 1996 to 7 Jan. 1997

8 Samples

Cruise SK-17w
6–15 April 1997

9 Samples

Cruise SK-18w
27 May to 7 June 1997

10 Samples

Range Average Median Range Average Median Range Average Median Range Average Median

C14 150–560 300 310 230–5200 1200 330 200–2200 1100 890 290–2900 1000 840
C15 76–180 100 91 69–2400 460 98 73–820 370 290 110–880 360 330
C16 320–3800 950 630 520–11,000 2300 880 460–5800 2400 1200 400–3600 1500 1200
C17 29–110 49 45 32–660 140 47 28–350 140 79 42–230 110 110
C18 110–2400 450 290 230–360 820 380 190–7600 1400 380 340–1300 650 510
C19 �85 31 25 16–540 110 36 �230 69 34 25–75 40 35
C20 24–260 87 42 46–610 160 110 36–1500 360 130 63–230 140 120
C21 8–89 32 28 26–310 89 46 18–760 180 95 �65 32 28
C22 26–400 110 54 59–730 200 140 54–3100 710 160 49–370 170 160
C23 10–170 46 19 24–210 69 52 12–1200 210 71 20–98 46 40
C24 36–460 120 58 48–930 210 120 39–3100 650 160 34–690 180 130
C25 7–130 39 21 9–200 52 30 7–920 160 74 12–86 39 34
C26 20–440 95 33 19–500 120 81 19–2700 420 120 9–170 79 65
C27 �93 22 9 �34 17 19 �670 93 19 �40 14 11
C28 11–470 89 27 �240 63 47 �2200 460 39 �120 47 37
C29 0–88 19 7 �11 4 2 �390 48 – �18 2 –
C30 �430 71 10 �68 22 21 �1200 160 – �73 17 3
C31 �56 10 – – – – �170 21 – – – –
C32 �140 35 – �15 4 – �520 67 – – – –

LFAs (sum C14 to C19) 780–6800 1900 1400 1200–24,000 5000 1800 1100–17,000 5500 3000 1600–8000 3700 3100
HFAs (sum C20 to C32) 150–3300 780 270 240–3800 1000 730 190–18000 3500 810 290–1700 770 670

aConcentrations are in pg m�3.

MOCHIDA ET AL.: FATTY ACIDS IN THE MARINE ATMOSPHERE AAC 1 - 3



Bering Sea (160�E–180�E and 180�W–160�W), and the
eastern North Pacific (160�W–130�W). Figure 3 shows box
plots of LFA and HFA concentrations in each region. The
averaged concentrations of LFAs were 3.0, 5.0, 3.2, and 4.2
ng m�3, whereas those of HFAs were 2.7, 1.6, 0.65, and
0.87 ng m�3, respectively. The averaged HFA concentra-
tions for the western North Pacific were higher than others,
suggesting that long-range atmospheric transport of terres-
trial lipids by the westerlies occasionally builds up the
concentrations of HFAs over the North Pacific. This result
also suggests that the terrestrial fatty acids are removed
from the atmosphere by dry/wet deposition as well as
oxidation during long-range transport, thus their concen-
trations should be lower in the eastern North Pacific even if
the air mass comes from the Eurasian continent. On the
other hand, both average and median concentrations of LFA
did not show such a longitudinal trend. This suggests that
the contribution of terrestrial LFAs to the concentration
level over the North Pacific was generally minor. Therefore

the LFAs detected in the aerosols over the northern North
Pacific are not derived from terrestrial, but marine sources.

3.2. Relationship Between LFAs and Sea-Salt
Concentrations

[12] Concentrations of LFAs in the marine aerosols
should depend on the flux from the sea surface because
the LFAs are mainly of a marine origin. The sea-to-air flux
of LFAs associated with sea-salt aerosols should be con-
trolled mainly by two factors, sea-salt flux from the ocean
and fatty acid concentrations at the sea surface microlayer,

Figure 2. Examples of fatty acid concentrations measured
in this study. Typical chain length distributions of fatty acids
collected (a) in the remote marine air mass (sample
collected on 13 April 1997 (UTC) from 52�270N,
169�360E to 50�170N, 161�000E) and (b) in the air mass
strongly influenced by terrestrial sources (sample collected
on 15 April 1997 (UTC) from 46�480N, 153�300E to
43�070N, 146�300E).

Figure 3. Box plots of the concentrations of (a) LFAs and
(b) HFAs in the western North Pacific (140�E–160�E), the
western and eastern Bering Sea (160�E–180�E and
180�W–160�W), and the eastern North Pacific (160�W–
130�W). The cross shows the averaged concentration in the
region. The box stretches between upper quartile (UQ) and
lower quartile (LQ), and the median is shown as a line
across the box. The H spread shows the range of values less
than UQ + 1.5 � IQD and more than LQ � 1.5 � IQD,
where IQD = UQ � LQ.
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as well as in the bulk seawater, from which fatty acids are
scavenged by air bubbles. The sea-salt flux can be deter-
mined by the wind speed, and the fatty acid concentrations
over the ocean should be governed by the marine biological
productivity. Here we extract information on these two
factors from the observed LFA concentrations and then
discuss their seasonality in the northern North Pacific.

[13] In order to understand the relationship between
marine-derived LFAs and sea-salt concentrations, the aero-
sol samples that are not strongly influenced by terrestrial
sources can be chosen and used in the following discussion.
The relative contributions of terrestrial and marine sources
to the fatty acid concentrations were estimated for all
samples by using the LFA/HFA ratios, the concentration

Figure 4. The relationship between LFA concentrations and sea-salt concentrations (estimated wind
speed) in (a) spring (7–15 April 1997), (b) early summer (27 May to 7 June 1997), (c) autumn (18–30
October 1996), and (d) in winter (29 December 1996 to 7 January 1997). The x axis on the upper parts of
the figures indicates wind speed U10 estimated from a log linear relationship between sea-salt
concentration and wind speed above the sea surface. This relationship is expressed by the equation ln
[sea salt] = ln(bss) + aU10 [Woodcock, 1953], where [sea salt] (mg m�3) is the sea-salt concentration, U10

(m s�1) is the wind speed at 10 m level, and a (s m�1) and bss (mg m�3) are constants. By using a = 0.26
and bss = 1.4 [Gong et al., 1997] and assuming that sea salts are NaCl, the wind speed U10 was estimated
from the measured Na+ concentration.
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ratio of saturated LFAs (C14–C19) to HFAs (C20–C32).
Since this study focuses on the fatty acids derived from
marine sources, two samples with exceptionally low LFA/
HFA values (both 0.48) observed at coastal sites were
considered to be strongly influenced by continental air
masses and then excluded in the following discussion.
The rest of the samples (n = 37) have LFA/HFA ratios
ranging from 1.2 to 16 and the average value with one
standard deviation is 4.7 ± 2.8. Assuming that the lowest
LFA/HFA ratio (0.48) observed is an end-member of
terrestrial fatty acids, the average LFA/HFA ratio (4.7)
was 10 times higher than that value, leading to the con-
clusion that terrestrial LFAs were a minor fraction. Two
samples with low Na+ concentrations were not used because
they may have a large uncertainty due to analytical errors of
Na+ measurements. Therefore 35 samples, in which the
contribution of terrestrial fatty acids to the total LFAs is
small, are used here.
[14] Figures 4a–4d plot the LFA concentrations for the

35 samples during the four sampling periods against the
concentrations of Na+, a major constituent in sea salt. Some
positive correlations can be seen between the concentra-
tions of LFAs and Na+. This correlation is consistent with
the idea that LFAs are emitted from the ocean surface
together with sea-salt particles. Since the atmospheric
concentrations of sea salt are in general related to the wind
speed [Woodcock, 1953; Blanchard, 1963; Lovett, 1978;
Gras and Ayers, 1983; Marks, 1990], this result also
suggests that the sea-to-air flux of LFAs increases with an
increase in wind speed above the ocean. The least squares
fitting line of these log-log plots are also shown in Figures
4a–4d. The y intercept varied with season, suggesting that
the LFA flux relative to sea-salt loading was different
depending on season.
[15] In order to access the seasonal variations of the sea-

to-air flux of LFAs, the ratios of [LFAs]air/[sea salt] were
calculated. Table 2 shows the averaged [LFAs]air/[sea salt]
ratios and their standard deviation. The [LFAs]air/[sea salt]
ratios have larger values when the LFA loading per unit sea-
salt loading becomes larger. The resulting [LFAs]air/[sea
salt] ratios were 1.8 (±1.3) � 10�4, 2.1 (±1.3) � 10�4, 3.7
(±2.9) � 10�4, and 4.6 (±1.8) � 10�4, in autumn, winter,
spring and early summer, respectively, to which one stand-
ard deviation of the observed distribution was applied.
[16] In order to evaluate the statistical significance of

the difference in the average [LFAs]air/[sea salt] ratios

among the different seasons, the Welch test, which is a
type of t-test, was applied to the ratios of [LFAs]air/[sea
salt]. Table 2 gives f and t values and P(T < t) obtained
by these calculations. From these values the ratio of
[LFAs]air/[sea salt] for spring and early summer were
confirmed to be significantly larger than those for autumn
and winter at the 15% one-sided Welch test. Therefore
LFA emission rates relative to sea-salt emission rates in
spring and early summer are clearly higher than those in
autumn and winter.
[17] Such a seasonal variation is most likely explained by

the difference in the concentrations of LFAs in the micro-
layer and bulk surface layer in the ocean. On the basis of our
study the LFA concentrations in the bulk surface layer and
microlayer should be high during the spring and summer
seasons, and low during the autumn and winter seasons. The
organic compounds in the surface layer and microlayer
likely originate from marine biota, such as production from
phytoplankton and bacterial degradation of dead marine
biota and their re-synthesis. The satellite observations of
chlorophyll a by SeaWiFS and ADEOS show maximum
concentrations in the late spring to the early summer.
Figures 5a and 5b present ADEOS images for December
1996 and July 1997. These results show that concentrations
of fatty acids at the sea surface also vary similarly to those
for chlorophyll a. Although seasonal variations of fatty acid
concentrations in the ocean surface layer are not well
known, they should covary with chlorophyll a concentra-
tions. For example, Shin et al. [2000] observed an increase
in both particulate fatty acid and chlorophyll a concentra-
tions in surface water during a spring bloom off the west
coast of Hokkaido Island, Japan, which is evidence that the
fatty acid concentrations vary similarly as the chlorophyll a
concentrations.
[18] Regarding the ratio of [LFAs]air/[sea salt], Gagosian

et al. [1982] reported fatty acid concentrations measured at
Enewetak Atoll (11�200N, 162�200E) and cited the Na+

concentration measured at the same sampling location
[Duce et al., 1980]. The concentrations of the LFA salts
they presented ranged from 0.3 to 3.9 ng m�3, whereas the
Na+ concentrations ranged from 4 to 7 mg m�3. When the
Na+ concentration was fixed at 5 mg m�3, the averaged
[LFAs]air/[sea salt] ratios were calculated to be 1.0 (±0.8) �
10�4. Although this is a rough estimate, the ratio at
Enewetak Atoll is lower than those obtained in the northern
North Pacific, which is consistent with the higher biological

Table 2. Evaluation of the Relationship Between Sea Salt and LFAs

[LFAs]air/[sea salt] Welch Test Versus Autumna Welch Test Versus Wintera nb

Northern North Pacific
Autumn (18–30 Oct. 1996) 1.8 (±1.3) � 10�4 – – 11
Winter (29 Dec. 1996 to 7 Jan. 1997) 2.1 (±1.3) � 10�4 – – 8
Spring (7–15 April 1997) 3.7 (±2.9) � 10�4 t = 1.55, f = 6.1,

P(T < t) = 8.6%
t = 1.26, f = 6.6,

P(T < t) = 12%
6

Early Summer (27 May to 7 June 1997) 4.6 (±1.8) � 10�4 t = 3.95, f = 15.6,
P(T < t) = 0.06%

t = 3.26, f = 15.9,
P(T < t) = 0.2%

10

Enewetak Atollc (11�20N, 162�20E)
Assuming [Na] = 5 mg m�3 1.0 ( ± 0.8) � 10�4

aValues of t and f for the Welch test were calculated by t ¼ x� x0ð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vx=nþ Vx0=n0

p
, 1/f = [c2/(n � 1)] + (1 � c)2/(n0 � 1), where c = (Vx/n)/[(Vx/n) +

(Vx/n
0)]. P(T < t) is the limit of the probability that one sided Welch test was rejected.

bThe number of samples.
cGagosian et al. [1982].
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productivity in the northern North Pacific compared to the
tropical Western Pacific.

3.3. Estimation of the Surface Coverage by Fatty Acids

[19] The theory of fatty acids covering sea-salt aerosol
particles is supported by some indirect evidence cited in
section 1. Here we estimate the surface coverage of fatty
acids on sea-salt aerosols based on this theory. We assume
that all the fatty acids are present on the sea-salt aerosols,
not in the gas phase and on other aerosols such as sulfates
in the sub-micron size range. This assumption is reasonable
because the previous measurements of gas to particle ratios
of fatty acids showed that they are mostly present in
particles [Schauer et al., 1999]. Our results with a five-
stage Andersen-type impactor in other areas in the western
North Pacific showed that >80% of LFAs were in a range
of Dp > 0.8 mm for most of the samples (M. Mochida and
K. Kawamura, unpublished data, 2001). Furthermore, Sicre
et al. [1990] reported a size distribution of fatty acid salts

over the Mediterranean Sea that is similar to the distribu-
tion of the sea-salt aerosols. Therefore the fatty acid
concentrations obtained here should represent the amounts
of fatty acid salts present at the air-water interface on sea-
salt aerosols.
[20] The size distribution of sea-salt aerosols, to which

LFAs are attached, was estimated using the size distribution
of dry sea salt taken from the model of Porter and Clarke
[1997] in which the size distribution was given as a function
of total dry sea-salt mass in the air. The hygroscopic growth
of sea-salt particles was calculated from the averaged
relative humidity during air sampling, based on the exper-
imental data of Tang et al. [1997]. This calculation gives a
surface area of sea-salt particles per cubic centimeter of air
ranging from 15 to 350 mm2 cm�3 in this study, depending
on the relative humidity and size distributions. The number
of molecules of LFAs per cm3 was also calculated to range
from 1.8 � 106 to 5.6 � 107 molecules cm�3. Then the areal
size of saturated C14–C19 fatty acids in a monolayer on a

(a) Nov. 1996

(b) May 1997

Figure 5. ADEOS images of the chlorophyll a concentrations at the sea surface (a) in December 1996
and (b) in July 1997 (courtesy of NASDA).
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water surface of 0.20 nm2, values reported for condensed
monolayers, was applied for calculating the LFA film area,
and then resulting in the coverage of LFAs. Figure 6
represents a frequency distribution of surface coverage of
LFAs on sea-salt particles that was calculated by the
procedure above. The surface coverage ranged from 0.3 to
14% and 80% of the samples were in the size bins from 1 to
5.6%. It should be noted that the coverage shown in Figure
6 is an averaged surface coverage for all size ranges of sea-
salt particles. Under the ambient condition, the LFA cover-
age on sea-salt particles would be size-dependent because a
fractionation of organic surfactants as a function of size of
sea-salt particles was reported [MacIntyre, 1974]. The
seasonally averaged coverage was 2.2%, 4.2%, 4.5%, and
2.9% for autumn, winter, spring, and early summer, respec-
tively (see Table 3).

[21] The same calculation was conducted using the data
of fatty acid concentrations reported in the tropical western
Pacific by Gagosian et al. [1982]. Applying the Na+

concentrations of 5 mg m�3 as discussed earlier and relative
humidity of 80%, a coverage of 0.3–3.9% (average 1.6%)
was obtained. Although this estimate depends on the
relative humidity applied, the coverage of fatty acids on
the sea-salt aerosols in the northern North Pacific would be
larger than those at Enewetak Atoll, equatorial Pacific,
reflecting the difference in [LFAs]air/[sea salt] ratios pre-
sented in Table 2.

[22] Even in the case of the northern North Pacific
studied here, possible changes in physicochemical proper-
ties of aerosols by the coverage of less than 14% do not
seem significantly important. Although biological activity is
high in the northern North Pacific, the importance of
marine-derived LFAs as surfactants that alter the physico-
chemical properties of aerosols is probably limited on a
global scale. However, a substantial part of the saturated and
unsaturated fatty acids emitted into the atmosphere may be
oxidized to form carboxylic acids with additional carbonyl
and hydroxyl groups which could not be accounted for in
this study [Kawamura and Gagosian, 1987, 1990]. Fur-
thermore, other organic surfactants, for instance, humic
substances, would also be released from the ocean with
sea-salt aerosols [Oppo et al., 1999]. Moreover, significant
amounts of C11–C13 fatty acids were also detected by our
filter sampling method, though their gas-to-particle parti-
tioning ratio is unknown. Carboxylic acids such as C12 fatty
acid are suggested to be released to the air by evaporation
from the ocean surface as well as by bubble bursting
processes [Marty et al., 1979].
[23] The detection of surface-active compounds in sea-

salt aerosol samples indicates a presence of dense films on
sea-salt aerosols as was suggested by Blanchard. [1964].
Furthermore, there is some evidence for the presence of
film-forming organic compounds other than fatty acids
associated with sea-salt aerosols. Barger and Garrett
[1970] showed that the abundance of CHCl3-extracted
organic compounds in marine aerosols increased with
increasing wind speed (i.e., most of them are probably of
marine origin), and their concentrations were as much as 5–
15% of the sea-salt concentration. Barger and Garrett
[1976] also reported the film pressure measurement of
airborne particulate matter in the tropical Pacific and
showed that the amount of film-forming materials was
roughly the same as that of the CHCl3-extracted organics,
whereas saturated and unsaturated C12–C20 fatty acids were
only a small fraction (about 4%) of the CHCl3-extracted
organics. We can assume, based on those results, that LFAs
compose roughly 4% of the film-forming organic materials,
which suggests that the total coverage by organic com-
pounds would be 55–113% using the averaged values for
four seasons.
[24] Therefore organic surfactants on sea-salt aerosols

should be more abundant than the LFAs presented here
and possibly cover substantial parts of the aerosol surfaces.
Quantification of other surfactants is required to further
clarify the importance of organic materials on sea-salt
aerosols. If there are dense films as estimated above, then

Figure 6. Normalized frequency distribution of calculated
surface coverages of LFAs on sea-salt aerosols.

Table 3. Estimated Surface Coverage by LFAs on Sea-Salt Aerosols

Range, % Average,a %

Northern North Pacific
Autumn (18–30 Oct. 1996) 0.7–4.7 2.2 ± 1.2 this work
Winter (29 Dec. 1996 to 7 Jan. 1997) 1.6–11 4.2 ± 3.3 this work
Spring (7–15 April 1997) 0.6–14 4.5 ± 5.1 this work
Early Summer (27 May to 7 June 1997) 0.3–7.6 2.9 ± 2.0 this work

Enewetak Atoll (11�200N, 162�200E)
Assuming [Na] = 5 mg m�3, RH 80% 0.3–3.9 1.6 ± 1.3 Gagosian et al. [1982]
aAveraged values with one standard deviation.
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they should have barrier effects for the transport of chemical
species between gas phase and particles [Keene et al.,
1998]. For example, tropospheric halogen chemistry has
recently been emphasized, and photoactive inorganic halo-
gen compounds are suggested to be released from sea-salt
aerosols by several heterogeneous reactions [Finlayson-
Pitts and Pitts, 2000]. The presence of organic films could
suppress such heterogeneous reactions. Further studies are
required to evaluate quantitatively the impact of organic
films on the physicochemical properties of sea-salt aerosols
in the marine boundary layer.

4. Conclusions

[25] The positive correlation between sodium ion con-
centrations and LFA concentrations indicate that LFAs are
released to the atmosphere along with sea-salt aerosols from
the ocean surface. By calculating the [LFAs]air/[sea salt]
ratios for four seasons, the seasonal variation of the sea-to-
air flux of LFAs relative to those of sea salts was obtained.
The variation is in accordance with the satellite images of
biological activity in the northern North Pacific. As far as
we know, this is the first observation providing evidence for
the direct linkage of airborne fatty acid concentrations to the
sea-salt loading and the biological productivity of the ocean
surface. Estimated surface coverage by LFA molecules on
sea-salt aerosols was calculated to be 0.3–14% (seasonal
average: 2.2–4.5%). This coverage was found to be higher
than that estimated in the tropical Pacific. The LFAs,
however, may not be the major surfactants that cover the
marine aerosol particles in the western North Pacific. This
study also suggests that there are other film forming
materials that can alter the physicochemical properties of
atmospheric aerosols in the marine environment.
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