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Marine aerosol samples collected from the North Pacific atmosphere were studied 
for molecular distributions of dicarboxylic acids by using a capillary gas chro- 
matography and mass speetrometery. A homologous series of dicarboxylic acids 
(C2-Ci0) was detected in the marine aerosol samples as dibutyl esters. All the 
samples showed that the smallest diacid (oxalic acid: C2) was the most abundant 
and comprised 41-67% of the total diacids. The second most abundant species was 
malonic acid (C3) or succinic acid (C4). The diacids with more carbon numbers 
were generally less abundant. Total diacid concentration range was 17-1040 
ng m -3, which accounted for up to 1.6% of total aerosol mass. This indicates that 
low molecular weight dicarboxylic acids are important class of organic compounds 
in the marine atmosphere. The concentrations were generally higher in the 
western North Pacific and lower in the central North Pacific. The major portion 
of diacids is probably derived from the Asian Continent and East Asian countries 
by long-range atmospheric transport and partly from in situ photochemical 
production in the marine atmosphere. 

1. Introduction 
A homologous series of a, co-dicarboxylic acids have been reported in the remote marine 

atmosphere in a range ofC5-C32 by using the methyl ester derivatization-GC technique (Kawamura 
and Gagosian, 1990). The diacids generally showed bimodal distributions with two maxima at 
C9 and C22. The higher molecular weight species such as C2o-C32 diacids have been interpreted 
as long-range transport of soil organic matter to the remote marine environments. By contrast, 
lower diacids such as azelaic acid (C9) have been considered as photo-induced oxidation products 
of biogenic unsaturated fatty acids containing a double bond predominantly at C-9 position 
(Kawamura and Kaplan, 1983; Yokouchi and Ambe, 1986; Kawamura and Gagosian, 1987). 

However, the small dicarboxylic acids (C2-C4) have not been reported in the marine at- 
mosphere, probably because they are not effectively isolated from the samples and/or signifi- 
cantly lost during the previously used procedures: solvent extraction and methyl ester derivatization 
steps. By contrast, these small diacids have been detected in terrestrial aerosols as dominant 
diacid species using dibutyl ester derivatization-GC technique (Kawamura and Kaplan, 1987; 
Kawamura and Ikushima, 1993). Because the diacids in the continental aerosols are subjected to 
atmospheric transport, the lower molecular weight dicarboxylic acids should exist in the marine 
atmosphere. 

In this study, we collected marine aerosol samples over the North Pacific for better 
understanding the distributions of lower molecular weight dicarboxylic acids in the marine 
atmosphere. The dicarboxylic acids were extracted from the aerosol filter samples with pure 
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water and derivatized to dibutyl esters prior to a capillary GC and GC-MS measurements. The 
present study reports the molecular distributions of C2-C10 dicarboxylic acids in the North 
Pacific marine atmosphere and discuss their geochemical and atmospheric implications. 

2. Experimental 
Marine aerosol samples were collected on a pre-combusted (500~ Pallflex quartz fiber 

filter (20 x 25 cm) using a high volume air sampler (Shibata HVC 1000) during a cruise of R/V 
Hakuho Maru (KH89-T3 and 4: Adgust 2-13, 1989 and KH89-2: October 30 to November 15, 
1989) and Ogasawara Maru (April 1 .6-17, 1990). The air sampler was operated on the upper deck 
of the ship (ca. 14 m above the sea surface) under a control of the wind sector (+45 ~ and wind 
speed (>5 m/see) system to avoid a contamination from the ship exhausts. The cruise track is 
shown in Fig. I. The aerosol samples ~vere stored in a pre-cleaned glass jar with a Teflon-lined 
cap at -20~ prior to analysis. Twelve samples were used in this study as follow. A part of the 
filter was cut into pieces and extracted with pure water (organic free) to isolate dicarboxylic acids 
and other polar organic compounds: pure water was prepared by boiling Milli Q water with 
KMnO4 to oxidize organic impurities followed by subsequent distillation. The extracts were 
concentrated by a rotary evaporator under a vacuum and then by a nitrogen blow-down system 
nearly to dryness. The earboxylic acids were reacted with 14% BF3 in n-butanol at 100~ for 30 
min. During this procedure, carboxyl group was converted to butyl ester and aldehyde group to 
dibutoxy acetal. The derivatives were extracted with n-hexane, washed with pure water and ~ 
concentrated to 50 or 100 ~tl. 

Dicarboxylic acids were analyzed by a Hewlett Packard (HP5890) capillary gas chromatograph 
(GC) equipped with an FID detector and Finnigan-MAT ion trap mass spectrometer (ITS-40). 
A Hewlett Packard HP-5 (0.31 mm i.d. x 25 m long) or J&W DB-5 (0.32 mm i.d. x 30 m long) 
fused silica capillary column was used for the GC and GC-MS analysis at oven temperatures 
programmed from 50~ (2 min.) to 120~ at 30~ and then to 300~ at 8~ ( 10 min.). 
Identification of the diacids were performed by comparison of GC retention times and mass 
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Fig. I. Cruise track ofR/V Hakuho Maru (solid line: KH89-T3 and 4, dotted line: KH89-2) and Ogasawara 
Maru (dashed line) for collecting marine aerosol samples in the North Pacific. The numbers indicate 
quartz fiber filter (QFF) identification No. 
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spectra with those of  authentic standards. Recovery of oxalic acid was 70% and those of other 
major diacids were better than 90% throughout the analytical procedure. Blank tests showed no 
serious contamination of diacids. Small peaks of oxalic and phthalic acid esters appeared on the 
gas chromatogram, but they were negligible. The data presented here were corrected for blanks. 
Detection limits were ca. 0.2 ng m -3 for oxalic and phthalic acids and ca. 0.04 ng m 3 for other 
species. 

Total aerosol mass was obtained by weighing quartz fiber filters before and after sample 
collection. 

3. Results and Discussion 

3.1 Identification of dicarboxylic acMs and other polar organic compounds 
Figure 2 shows a reconstructed ion chromatogram ofdicarboxylic acid dibutyl ester fraction 

isolated from the North Pacific aerosol sample. A homologous series of straight chain saturated 
a, o.~-dicarboxylic acids (C2-C~0) were detected in the marine aerosol samples together with 
ketocarboxylic acids and dicarbonyls. The small diacids with carbon numbers 0fC2-C4 were, for 
the first time, reported in the marine atmosphere: they include oxalic (C2), malonic (C3), succinic 
(Ca), methylsuccinic (branched C,), fumaric (unsaturated trans C4), maleic (unsaturated cis Ca), 
and malic (hydroxy C4)acids. Identification of these diacids was confirmed by mass spectral 
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Fig. 2. A reconstructed total ion chromatogram ofdibutyl ester fraction isolated from the marine aerosol 
sample collected from the North Pacific (QFF 94, 8/9-13/1989). C, means dicarboxylic acid with n 
carbon numbers, iC, indicates branched chain (iso) diacid. M and F are abbreviates of unsaturated 
diacids: maleic and fumaric acids, respectively. C, *~ indicates o>oxocarboxylic acid with n carbon 
numbers. Me-GIy, Pyr, Malic, Gly, and Ph mean methylglyoxal, pyruvic, malic, glyoxylic and phthalic 
acids, respectively. 
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comparison with authentic standards. Figure 3 gives electron impact mass spectra of butyl esters 
for major C2-Ca diacids. In addition to normal saturated C5-C=o diacids, which have been re- 
ported in marine aerosols (Kawamura and Gagosian, 1987, 1990), we also'detected methylsuccinic 
(branched Cs) and phthalic (aromatic Cs) acids. 

Other multi-functional compounds were also detected in the dicarboxylic acid butyl ester 
fraction of marine aerosol samples: they include a homologous series of co-oxocarboxylic acids 
(C2--C9), dicarbonyls (glyoxal and methylglyoxal), a-ketoacid (pyruvic acid), and tricarboxylic 
acid (citric acid). The derivatives of:these ketoacids and dicarbonyls were identified by GC-MS 
using authentic standards. Details on the identification of these compounds and their mass 
spectral information will be given elsewhere (Kawamura, in preparation). 

Table I gives concentrations of the diacids, ketoacids, dicarbonyls and total aerosol mass in 
the North Pacific aerosol samples. 

3.2 Distribution of dicarboxylic acids and long-range transport over the marine atmosphere 
The molecular distributions of ct, a~dicarboxylic acids showed a predominance of oxalic 

acid (C2) followed by malonic (Ca) and/or succinic (C4) acid: the longer-chain dicarboxylic acids 
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Fig. 3. Mass spectra ofdibutyl esters of(a) oxalic acid, (b) malonic acid, (c) succinic acid, and (d) malic 
acid isolated from the marine aerosols. The mass spectral data were obtained with an ion trap mass 
spectrometer (ITS-40). For the gas chromatographic separation of esters, see Fig. 2. 
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are less abundant (see Fig. 2 and Table 1). All the samples indicated that oxalic acid was the most 
abundant diacid species with a concentration range of 9-660 ng m -3, which accounted for 41- 
67% of total diacids (17-1040 ng m-3). Malonic acid was the second most abundant with a 
concentrations range of 2-190 ng m -3, which accounted for 9-18% of total diacids. Concen- 
trations of succinic acid (1.5-93 ng m -3) were also high: they corresponded to 6-19% of total 
diacids. These three major diacids (Cz--C4) accounted for ca. 80% of total diacids. In some 
samples, hydroxy diacid (malic) was detected as a major species: a point to be discussed later. 
It is interesting to note that the diearboxylic acids were significantly abundant compared to other 
organic compound classes such as lipids (e.g., n-alkanes: 4 ng m -3 for QFF 94; Kawamura, 
unpublished result) and that they comprised of up to 1.6% of total aerosol mass. 

Although the longer diacids were less abundant than C2-C4 species, they showed a char- 
acteristic distribution, that is, a predominance of azelaic (C9) acid in a range of C7-Ct0. The C9 
acid has been considered as a claaracteristic photochemical oxidation product of biogenic 
unsaturated fatty acids containing a double bond predominantly at C-9 position (Kawamura and 
Kaplan, 1983; Yokouchi and Ambe, 1986; Kawamura and Gagosian, 1987). Its concentration 
level (0.1-2.0 ng m -3, see Table I) is comparative with those (0.05-0.46 ng m -3) reported for North 
Pacific marine aerosol samples (27-57~ 152-170~ employing a solvent extraction and 
methyl ester derivatization-GC technique (Kawamura and Gagosian, 1990). By contrast, adipic 
acid (C6) is generally more abundant than C5 and C7 diacids; this acid is known as ozone oxidation 
product ofcyclohexene (Grosjean et al., 1978; Hatakeyama et al., 1985). Cyclohexene is present 
in urban atmosphere (Grosjean and Fung, 1984), suggesting that adipic acid is a potential tracer 
of continental aerosol from urban areas. 

The chain-length distributions of a, ~dicarboxylic acids in the marine aerosol samples are 
similar to those detected in urban atmosphere (Kawamura and Kaplan, 1987; Kawamura and 
Ikushima, 1993). Although their concentration level is generally lower in the marine atmosphere 
(160 + 270 ng m -3) than in the urban atmosphere (485 + 325 ng m -3, Kawamura and Ikushima, 
1993), a very high concentration was obtained in some aerosol samples collected in the western 
North Pacific (e.g., QFF 93:1040 ng m-a). Higher concentrations were obtained for the aerosols 
collected in coastal ocean under fine weather conditions (QFF 93 and 94). Although the QFF 90 
and 91 samples were collected in the coastal areas, they showed lower diacid concentrations. This 
is probably because these samples were collected under cloudy weather conditions with an 
influence of a Typhoon, which existed far south of the ship. By contrast, the lowest concentration 
( 17 ng m -3) was obtained for the samples collected in the central Pacific (QFF 102). These results 
suggest that the dicarboxylic acids in the North Pacific aerosols are, for the most part, of 
terrestrial origin. 

The LMW dicarboxylic acids in continental aerosols are originated from photochemical 
oxidation of organic compounds emitted from anthropogenic and biogenic sources and are 
directly emitted to the atmosphere from incomplete combustion processes (Kawamura and 
Kaplan, 1987). The terrestrially-derived dicarboxylic acids are probably transported to the 
remote marine atmosphere. Further; in situ production of diacids is likely in the marine atmo- 
sphere by photochemical oxidation of anthropogenic and biogenic precursors of terrestrial 
origin. By contrast, biogenic organic matter emitted from seawater surfaces to the atmosphere 
may also be subjected to photochemical oxidation to produce the diacids. However, such a source 
is probably less significant compared to terrestrially-derived compounds in the North Pacific, 
because the concentrations of azelaic acid (C9), which is a photo-induced oxidation product of 
unsaturated fatty acids, were much less abundant than C2-C4 diacids (Table I). 
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Table 1. Concentrations ofdicarboxylic acids and related polar compounds detected in the North Pacific 
aerosol samples (ng m-3). 

Sample I.D. QFF 89 QFF 90 QFF 91 QFF 92 QFF 93 QFF 94 
Sampling date 8/2/89 8/2/89 8 / 3 / 8 9  8/4/89 8/7/89 8/8/89 

Diacids 
Oxalic, C 2 44.7 8.73 10.6 28.6 667 190 
Malonie, C3 23.2 2.18 1.98 12.8 189 38.6 
Methylmalonic, iC4 1.04 0.11 0.11 0.57 2.61 0.66 
Maleie, uC4 1.63- 0.42 0.33 2.13 2.96 0.30 
Succinic, Ca 19.5 2.16 2.22 13.0 93.1 16.7 
Methylsuccinic, iC5 3.86 0.39 1.26 0.49 2.28 0.40 
Fumaric, uC 4 1.63 0.32 0.55 1.31 3.35 0.70 
Malic, hC4 1.18 1.35 0.44 1.16 46.3 25.4 
Glutaric, C5 2.57 0.61 0.23 1.84 20.1 10.2 
Adipic, C6 3.08 1.26 2.12 1.34 4.90 2.76 
Pimelic,C 7 0.45 ND 0.12 0.47 2.61 0.60 
Suberic, Cs ND 1.43 ND 0.55 1.33 1.34 
Phthalic, C 8 5.04 0.63 1.00 0.98 3.22 0.80 
Azelaic, C9 0.70 0.12 0.56 2.05 1.58 1.42 
Sebacic, Cl0 ND ND 0.06 0.19 ~ 0.46 0.24 
Sub total 109 19.7 21.6 67.5 1040 291 

Ketoacids 
Pyruvic, C3 13.3 1.58 2.70 1.95 98.8 20.1 
Glyoxylie, C2 0.56 0.06 0.12 0.21 8.52 3.90 
3-Oxopropanoic, C3 1.49 0.03 0.13 0. I 0 6.71 2.25 
4-Oxobutanoic, Ca 2.83 0.24 0.32 1.22 8.85 3.30 
9-Oxononanoic, C9 1.63 0.30 0.70 0.10 I. 18 0.59 
Sub total 19.8 2.22 3.97 3.58 124 30.1 

Dicarbonyls 
Glyoxal, C 2 2.59 0.48 0.82 0.62 6.17 1.8 
Methylglyoxal, C 3 0.97 0.25 0.22 0.46 10.3 0.90 
Sub total 3.55 0.73 1.04 1.08 16.4 2.7 

TOTAL (ng m -3) 132 22.6 26.6 72.1 1180 323 

Aerosol (~tg m -a) 78 46 160 1890 66 52- 

Cn means carbon atom numbers in the molecule. 
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Table I. (continued). 

Sample I.D. QFF 100 QFF 101 QFF 102 QFF 103 QFF 104 QFF224 
Sampling date 10/30/89 11/4/89 11/6/89 11/9/89 11/14/89 3/16/90 

Diacids 
Oxalic, C2 88.5 
Malonic, C 3 34.5 
Methylmalonic, iC 4 1.32 
Maleic, uC 4 1.3-7 
Succinic, C 4 21.6 
Methylsuceinic, iC 5 2.32 
Fumaric, uC 4 0.91 
Malic, hC 4 1.60 
Glutaric, C 5 4.72 
Adipic, C6 6.04 
Pimelic,C 7 1.15 
Suberic, C ~ 0.66 
Phthalic, C s 0.72 
Azelaic, C9 1.34 
Sebaeic, C l0 0.15 
Sub total 167 

24.9 10.0 18.3 25.5 40.0 
5.66 2.12 3.45 5.93 10.8 
0.52 0.12 0.20 0.31 1.93 
1.26 0.07 0.29 0.31 0.67 

10.1 1.52 4.02 2.99 7.15 
0.87 1.56 1.09 0.62 0.70 
0.83 0.16 0.39 0.37 0.67 
0.50 0.11 0.15 0.19 2.71 
1.87 0.32 0.62 0.65 2.69 
1.67 0.43 0.46 0.40 2.17 
0.60 0.05 0.14 0.10 0.60 
0.64 0.10 0.22 0.15 ND 
1.97 0.65 0.72 0.36 2.51 
1.71 0.27 0.54 0.22 0.77 
ND 0.04 0.08 0.05 0.52 

53.0 16.5 30.6 38.2 73.9 

Ketoacids 
Pyruvic, C3 0.55 BB BB BB 0.19 10.6 
Glyoxylic, C 2 6.02 0.38 0.20 0.63 1.32 0.24 
3-Oxopropanoic, C3 0.53 0.32 0.03 0.16 0.08 0.59 
4-Oxobutanoic, C4 0.69 1.85 0.11 0.30 0. ! 3 1.54 
9-Oxononanoic, C9 0.14 0.08 0.02 0.04 0.05 0.69 
Subtotal 7.92 2.63 0.36 1.12 1.76 13.7 

Dicarbonyls 
Glyoxal, C 2 0.91 0.49 0.16 0.24 0.59 !.82 
Methylglyoxal, C 3 3.98 0.15 0.06 0.68 0.77 0.91 
Sub total 4.88 0.64 0.22 0.92 1.36 2.73 

TOTAL (ng m -3) 180 56.3 17.1 32.7 41.3 90.2 

Aerosol (~g m -3) 817 5010 39 694 16 93 

i: iso, u: unsaturated, h: hydroxy, BB: Below blank, ND: Not detected, Detection limits were 0.2 ng 
m -3 for oxalic and phthalic acids and ca. 0.04 ng m -3 for other species. 
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3.3 Distributions of  ketoacids and aldehydes in the marine aerosols 
The ketoacid concentrations ranged from 0.4 ng m -3 to 120 ng m -3 in the North Pacific aerosol 

samples (Table 1). These compounds are less abundant than dicarboxylic acids (see Fig. 2): less 
than 18% of the total diacid concentrations. Although these compounds showed a wide range of 
concentrations, higher values (2-124 ng m -3) were obtained in the aerosol samples (QFF 89-94 
and 224) collected near Japanese Islands and Asian Continent whereas the lowest concentration 
(0.4 ng m -3) was observed in the central Pacific sample (QFF 102), suggesting that the ketoacids 
are also of terrestrial origin. It is of interest that pyruvic acid (a-ketoacid) is more abundant than 
og-oxoacids in the samples collected in the western North Pacific and vice versa in the central 
North Pacific samples. 

The most abundant o~-oxoacid species was C2, C4 or C9 in the marine aerosol samples (Table 
1). This is in contrast to the distributions of o~-oxoacids in Urban aerosol samples in which 
glyoxylic acid (C2) is always the most abundant o.~-oxoacid (Kawamura, unpublished results). 9- 
Oxononanoic acid (C9), a unique photo-oxidation product of biogenic unsaturated fatty acids 
whose double bond exists predominantly at C-9 position (Kawamura and Gagosian, 1987), was 
also detected in the present aerosol samples (Table 1). Its concentration range was found as 0.02- 
1.6 ng m -J, which is equivalent and/or higher than previously reported concentrations (0.03-0.17 
ng m -3) in remote North Pacific (Kawamura and Gagosian, 1987). The 9-oxononanoic acid has 
been reported in the sediment trap samples and bottom sediments from the North Pacific 
(Kawamura et al., 1990). 

Although dicarbonyls (glyoxal and methylglyoxal) were detected in all the marine aerosol 
samples studied, their concentrations (0.22-16 ng m -3) were less abundant than diacids and 
ketoacids in the North Pacific aerosols. These carbonyl compounds showed the highest 
concentration (16 ng m -3) in the western North Pacific sample (QFF 93) and the lowest 
concentration (0.22 ng m -3) in the central North Pacific sample (QFF 102). However, these 
concentrations in the North Pacific aerosol samples are much lower than the values (glyoxal: 0.04 
ppb, 100 ng m -3, methylglyoxal: 0.01 ppb, 30 ng m -3) reported in the marine atmosphere of 
Caribbean Sea by using a different technique: DNPH cartridge-HPLC method (Zhou and 
Mopper, 1990). This suggests that these aldehydes may be present, in most part, as gases and are 
not effectively collected as aerosols. 

Although the origin of ketoacids and aldehydes in the marine aerosols is not clearly 
understood, they may originate from continental air because these carbonyl compounds were 
detected in the continental atmosphere (Kawamura, unpublished results). They are likely to be 
derived from the photochemical oxidation of anthropogenic hydrocarbons such as toluene and 
xylenes (Hoshino et al., 1978; Bandow and Washida, 1985). Because concentrations of the 
ketoacids and dicarbonyls were significantly low in the central North Pacific, they may have 
further been oxidized in the atmosphere to produce small diacids; e.g. formation of oxalic acid 
from glyoxylic acid. 

3.4 Photochemical transJbrmations of  diacids during long range transport 
Although distributions of dicarboxylic acids in all the marine aerosol samples were 

characterized by a predominance of C2 followed by C3 and/or C4, other species such as unsat- 
urated diacids and malic acid indicated variable molecular distributions in different seasons and 
sampling sites. For example, cis configuration (maleic acid: M) overwhelmed the trans 
configuration (fumaric acid: F) in urban atmosphere because of photochemical oxidation of 
aromatic hydrocarbons such as benzene: M/F ratios are generally larger than 1, with average ratio 
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of ca. 2 in the urban aerosols from Tokyo (Kawamura and Ikushima, 1993). However, all the 
marine aerosol samples showed that M/F ratios were lower than 2 (range: 0.43-1.6, av.: 0.99). 
Depletion ofcis  configuration in the marine aerosols suggests that maleic acid was transformed 
to fumaric acid (chemically mor e stable), and/or that maleic acid was preferentially decomposed 
in marine atmosphere. The former is more likely because cis to trans isomerization is known to 
occur under a visible and UV irradiation. 

Table 2 gives relative abundance ofmalic acid (hydroxy C4 diacid) in the total diacids and 
ratios ofmalic to corresponding diacid (succinic acid, Ca) in North Pacific aerosols. Malic acid 
comprised only 0.6% of total diacids in the autumn-winter samples. However, the average 
relative abundance of the hydroxy diacid increased to 4.1% in the spring-summer samples. The 
highest value (8.7%) was observed i.n the aerosol sample (QFF 94) collected in August 9-13, 
1989 under the condition of strong solar radiation. These results suggest that malic acid is 
produced in situ in the marine atmosphere by photochemical reactions under a condition of 
enhanced solar radiation; probably hydroxylation of succinic acid occurred to result in malic 
acid. In fact, the ratios ofmalic to succinic acid increased from the autumn-winter samples (ca. 
0.05) to spring-summer samples (ca. 0.5) by an order of magnitude (Table 2). Malic acid may 
further be oxidized in the atmosphere to produce oxalic (C2) or malonic (C3) acid. 

Figure 4 shows longitudinal distributions of the relative abundance of individual diacid in 
the total diacids over the North Pacific. The relative abundance of oxalic acid seemed to increase 
from the western to eastern Pacific whereas those of the C3 and C4 diacids seemed to stay almost 
constant and did not show a clear trend with longitude. On the contrary, the relative abundance 
of Cs, C6 and CT.diacids decreased from western to eastern Pacific. Especially, adipic acid (C6), 
an ozone-oxidation product of cyclohexene, showed a linear decrease with longitude. These 
changes suggest (1) production of oxalic acid due to photochemical oxidation of longer chain 
diacids, and/or (2) preferential removal of Cs-C7 diacids from the marine atmosphere. 

The relative abundance of C9 diacid showed a peak around 160~ (see Fig. 4), suggesting 
that azelaic acid was more abundantly produced in the marine atmosphere over the sampling area. 
This is probably due to an enhanced emission of unsaturated fatty acids from the sea surface 
microlayers and subsequent photo-induced oxidation in the atmosphere to produce C9 diacid. The 
enhanced emission is consistent with a very high concentration of aerosol mass in the QFF 101 
sample, which is mostly of sea spray origin. Although the concentration of the C9 diacid is higher 
than other samples (QFF 100, 102, 103 and 104), it is not so high as expected from the enhanced 

Table 2. Relative abundance (%) ofmalic acid in total dicarboxylic acids and ratios ofmalic to succinic 
acid concentrations in the North Pacific aerosols collected in autumn-winter and spring-summer 
samples. 

Season Autumn-Winter Spring-Summer 
Sample I.D. QFF 100-104 QFF 89-94, 224 

Range Av. Range Av. 

Relative abundance 0.5-0.9 0.6 1.1-8.7 4.1 
of malic acid (%) 

Ratios ofmalic acid 0.037-0.071 0.054 0.06-1.52 0.48 
to succinic acid 
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Fig. 4. Longitudinal changes in the relative abundance of aliphatic a, (a-dicarboxylic acids (C2-CI0) in 
the North Pacific marine aerosol samples. The data are based on QFF 100-104 (see Fig. 1 and 
Table 1). 

sea spray injection to the atmosphere. This suggests that unsaturated fatty acid emission from the 
seawater microlayers was not strong enough and/or their photochemical oxidation was not 
completed. These suggestions could be confirmed by the determination of'unsaturated fatty acids 
in the marine aerosol samples, although we have not yet analyzed the samples for fatty acids. 
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3.5 Geochemical significance o f  L M W  dicarboxylic acids 
Because of their structures, LMW diacids are very polar and thus are water-soluble. These 

properties may make the diacids as a unique organic compound class in the atmosphere; that is, 
they may interact with water vapor and act as cloud condensation nuclei (CCN) in the marine 
atmosphere. These features have been proposed for methanesulphonic acid (MSA) and non sea 
salt sulphate (nss SO4), which are produced by photochemical oxidation of  phytoplankton 
derived dimethyl sulphide (DMS) in the marine atmosphere (Charlson et al., 1987; Ayers and 
Gras, 1991). It is of  interest to note that the diacid concentrations in the North Pacific (e.g., oxalic 
acid: 10-670 ng m -3) are comparative with or even higher than those of  MSA reported in the 
marine air from North Pacific (21-97 ng m-3; Saltzman et al., 1986), Cape Grim (2-140 
ng m-3; Ayers and Gras, 1991), Pacific (10-29 ng m-3; Tanaka et al., 1991, and 4-24 ng m 3; 
Yokouchi et al., 1991) and northern. North Pacific (not detected to 28 ng m-3; Koga et al., 1991 ). 
However, the diacids are less abundant than nss SO4 in the North Pacific atmosphere, whose 
concentrations were reported as 420-2000 ng m -3 in the coastal marine atmosphere (Tanaka et 
al., 1991) and 100-400 ng m -3 in the northern North Pacific (Koga et al., 1991). Ayers and Gras 
(1991) confirmed that DMS emissions strongly influence CCN concentrations at Cape Grim, 
however, they noted that at low concentrations of  MSA there may be another important source 
of CCN, which remains unidentified. More studies are required for the LMW dicarboxylic acids 
in marine atmosphere because they may act as a potential source of  CCN and participate in 
controlling cloud albedo in addition to MSA and nss SO4. 

Based on limited numbers ofdiacid analyses in the marine aerosols, we can have some ideas 
on the standing mass'and flux ofdiacids in the western North Pacific atmosphere. Assuming that, 
in the western North Pacific such as 130-160~ 20-50~ average diacid concentration is 200 
ng m -3, air column is a halfkm and areas is 1 • 107 km 2, we can estimate the diacid standing mass 
of 1 • 109 g (1 • 103 tons) over the western North Pacific. The value is probably far less than the 
mass of soil-derived dusts (e.g., annual mean dust concentration was reported as 840 ng m 3 in 
Midway, North Pacific; Uematsu et al., 1985). However, these diacid species are important: they 
can act as an agent to dissolve some minerals such as Ca carbonate and to make organo-metal 
complexes in the presence of moisture, because diacids are very acidic (e.g., pKI of  oxalic acid 
is 1.2) and capable of forming complexes with metals. Thus, they potentially play an important 
role in the geochemical processes in the atmosphere during a long-range transport of continentally 
derived inorganic aerosols. 

If we postulate a diacid residence time of a week (Slinn and Slinn, 1980), air-to-sea flux of  
the diacids is calculated to be 3 • 10 I~ g/year (3 • l04 tons/year) over the western North Pacific. 
Inputs of the diacids to seawaters may be potentially important to seawater chemistry because 
they may act as chelating agents and control the behaviors of  trace metals in the marine 
environments. Steinberg and Bada (1984) determined oxalic and glyoxylic acids in eastern 
Pacific Ocean waters (75-1750 m in depth). They found that oxalate concentration decreased 
from 75 m (ca. 100 nmol/L) to ca. 300 m (ca. 10 nmol/L), but increased below 300 m toward the 
bottom sediments. They proposed that the oxalic acid is produced by photorespiration of 
glycolate in phytoplankton and bacterial metabolism for surficial waters and by upward-release 
of oxalate from bottom sediments to overlying deep waters. However, there is no report on the 
oxalic and glyoxylic acids in surface seawaters. We feel that atmospheric input of  dicarboxylic 
acids to the ocean controls the vertical distribution of  oxalic and other organic acids in the surface 
waters. 
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4, C o n c l u s i o n  

An application of the butyl ester derivatization-GC methods to the marine aerosols indicated 
that the distributions of dicarboxylic acids were dominated by oxalic acid followed by malonic 
and/or succinic acid in theNorth Pacific atmosphere. These C2-C4 diacids comprised ca. 80% 
of total diearboxylic acids (Cz-C~0), and their concentrations ranged from 17 to 1040 ng m 3 in 
the North Pacific aerosols. Their concentrations are significantly higher than other organic 
compound class such as lipids; the diacids comprised of up to 1.6% of total aerosol mass. 
Longitudinal distributions seemed to suggest that the diacids in the western North Pacific 
aerosols are mostly derived from Asian continents through the atmospheric transport. The 
standing mass calculation has estimate d that 1,000 tons ofdicarboxylic acids are present over the 
western North Pacific and suggested that they may potentially act as CCN in the marine 
atmosphere and interact with metals in aerosols and seawaters. 
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