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Abstract. In remote marine aerosol samples collected from the North Pacific ocean, Enewetak Atoll, 
American Samoa, and New Zealand, series of mid-chain ketocarboxylic acids in the range of C 6-C1s 
were detected. All the positional isomers, except for the 2-oxo and 3-oxo species, were detected for 
major ketoaeid families (e.g. C 9 , C H and C13 ). Higher ketoacid concentrations (up to 19 ng/m 3 ) were 
obtained in the northern North Pacific aerosol samples, which generally showed an odd carbon-numbered 
predominance with 5-oxoundecanoic acid being the major species. By contrast, lower concentrations were 
obtained in the lower-latitude or subtropical aerosol samples, where even carbon-numbered ketoacids 
were relatively abundant. 

The distribution patterns of the odd carbon-numbered ketoacids could not be explained by the 
primary emissions from source materials including terrestrial higher plants, soil particles, and ocean 
surfaces. We consider that the isomeric ketoearboxylic acids are produced in the atmosphere 
by the photochemical oxidation of semi-volatile monocarboxylic acids, which are counterparts of the 
oxidative degradation of unsaturated fatty acids emitted from seawater surfaces. Atmospheric pro- 
duction of the ketoacids is seemingly enhanced in the northern North Pacific, probably due to an 
enhanced primary productivity. 

Key words. Mid-chain ketoacids, carboxylic acids, positional isomers, organic matter, lipids, remote 
marine aerosols, North Pacific, primary productivity. 

1. Introduction 

Isomeric mid-chain ketocarboxylic acids in the air were first identified in remote 
marine aerosol samples collected from the North Pacific atmosphere (Kawa- 
mura and Gagosian, 1988). Their molecular distributions were characterized by 
the presence of all the positional isomers, except for 2-oxo and 3-oxo species, 
and by the predominance of odd carbon-numbered homologs in the range of 
C6-C15, with a maximum at Cll isomers. Although mid-chain ketoacids (C16 
and C is) are present in plants (Kolattukudy, 1980), their distributions are differ- 
ent from the ketoacids detected in marine aerosols. Preliminary analyses of soils 
and seawaters also indicated that they are not the source of isomeric mid-chain 
ketocarboxylic acids (Kawamura and Gagosian, unpublished results). 

* Present address: Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, 
Fukasawa, Setagaya, Tokyo 158, Japan. 
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It is suggested that these ketoacids are produced in the marine atmosphere by 
the photochemical oxidation of certain precursors. Since mid-chain ketoacids in 
the North Pacific aerosols are sometimes more abundant than fatty acids (Kawa- 
mura and Gagosian, unpublished results), which have been reported as 
dominant solvent extractable organic compounds in the marine atmosphere 
(Simoneit, 1977; Gagosian, 1986), it is expected that studies of mid-chain keto- 
acids will contribute to a better understanding of the transport and reaction 
mechanisms of organic matter in the marine atmosphere. 

Here, we present the detailed distributions of mid-chain ketocarboxylic acids 
in the remote marine aerosol samples collected from the North Pacific Ocean, 
Enewetak Atoll, American Samoa and New Zealand. We discuss the source of 
these compounds and formation mechanisms. 

2. Samples and Methods 

North Pacific aerosol samples (air volume: 2030-5500 m 3) w e r e  collected 
during a cruise of the R/V M o a n a  Wave in May-Ju ly  1986 (see Table I). 
Marine aerosols were collected on a pre-combusted (550 °C) Pallflex quartz fiber 
filter, using a Hi-Vol air sampler, from a 8 m tower erected on the ship's bow. 
The ship was always steaming into the wind during sample collection within a 
sampling sector of _+45 ° of the ship's direction. Blank filters were exposed to the 
air in the sampling shelter. Aerosol filters were stored in a pre-cleaned glass jar 
with a Teflon-lined cap. A detailed account of the sample collection and hand- 
ling is given elsewhere (Peltzer et al., 1984). 

Marine aerosol samples were also collected from the remote islands of the 
Pacific: Enewetak Atoll, Marshall Islands (Gagosian et al., 1982), American 
Samoa and New Zealand (Gagosian et al., 1987). Aerosols were collected on a 
pre-extracted Gelman type A/E glass fiber filter from a tower (20 m) erected on 
the beach or cliff of each island (Peltzer et al., 1984). The air sampler was auto- 
matically operated only when the wind came from the ocean to prevent contam- 

Table  I. Cruise records of JR/VMoana Wave for Nor th  Pacific aerosol samples  (NPAS), 1986 

Sample  I.D. Date  Lat i tude Longi tude 

Leg I 
NAPS-4 4 - 7  May  32°47 ' N-32°58 ' N 152°26 ' W-154°33  ' W 
NAPS- 16 13-17 May  45°59' N-59°09" N 152°04 " W-152°43  ' W 
NAPS-27 2 5 - 2 9  May  33°52 ' N-37°54  ' N 167°08 ' W-168°14  ' W 

Leg. H 
NPAS-38 13-17  June 34°46 ' N-38°50  ' N 164°53 ̀  W-167°16  ' W 
NPAS-45 2 1 - 2 5  June 38°33 " N-40°41 ' N 164°36 ' W-167°37  ' W 

NPAS-52 29 J u n e - 3  July 36°09 ' N-37°12 ' N 167°59 ' W-170°58  ' W 
NPAS-59 3-11 July 27°31' N-37°20 ' N 167°04 ' W-169°52  ' W 
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Table II. Remote marine aerosol samples collected from Enewetak Atoll, American Samoa and 
New Zealand 

Sampling sites Sample I.D. Date Air volume (m 3 ) 

Enewetak Atoll 

American Samoa 

New Zealand (North Island) 

ENAS-8 8-9 May 1979 2596 
ENAS-14 15-17 May 1979 4452 

SMAS-2 16-25 Jan. 1981 5300 
SMAS-20 2-10 July 1981 4200 
SMAS-33 8-13 Aug. 1981 3648 

NZAS-17 29 July-13 Aug. 1983 4160 
NZAS-24 16-25 Aug. 1983 6190 

ination from local sources. Table II gives information of marine aerosol 
samples collected from the remote islands. 

The organic compounds were isolated from the aerosol filters by extraction 
with 0.1 M KOH in methanol under reflux. After the neutral components were 
removed, the extracts were acidified ( p H - -  1) with 6 M HC1 and the carboxylic 
acids separated with methylene chloride. The acids were derived to methyl 
esters with BF3 in methanol and the esters were further divided into three sub- 
fractions by silica gel column chromatography. The ketocarboxylic acid methyl 
esters were eluted with methylene chloride/ethyl acetate (98:2). The ketoacid 
esters were determined by a Carlo Erba 4160 gas chromatograph (GC) equipped 
with an on-column injector, a fused silica DB-5 capillary column (0.32 mm × 30 
m), and an FID detector. The GC data were processed with a Varian Vista 402. 
The esters were also determined by a GC-mass spectrometer (GC-MS): Carlo 
Erba GC interfaced to Finnigan 4500 MS with an INCOS 2300 data system. 

3. Results 

Figure 1 shows a capillary gas chromatogram of ketoacid methyl esters isolated 
from the North Pacific aerosol sample NPAS-45. Although some isomers of the 
ketoacids with carbon numbers greater than Cll coeluted each other, major 
species were clearly separated on the capillary gas chromatogram. The dominant 
ketoacid in this sample was 5-oxoundecanoic acid, followed by 5-oxononanoic 
and 10-oxoundecanoic acids. The distribution of ketoacids in the North Pacific 
samples generally showed a predominance of odd carbon-numbered species and 
of the C11 family. It is also characteristic that all the positional isomers of 
C7-C15 mid-chain ketoacids, except for 2- and 3-oxo species, were present in 
the marine aerosol samples studied. Analyses of blank filters showed no signifi- 
cant contamination of the ketoacids. 

The ketoacid methyl esters were identified by a mass spectrometer. Figure 2 
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Fig. 1. Capillary gas chromatogram of mid-chain ketocarboxylic acid methyl esters separated from 
the North Pacific aerosol sample NPAS-45. 
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Fig. 2. Electron impact mass spectrum of 5-oxoundecanoic acid methyl ester separated from the 
North Pacific aerosol sample NPAS-16. 
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shows an example of the electron impact mass spectrum for ketoacid methyl 
ester (5-oxoundecanoic acid) separated from the marine aerosols. The mass frag- 
mentation patterns of mid-chain ketoacid methyl esters are characterized by the 
presence of McLafferty rearrangement ions (e.g. m/z 130 for 4-oxo and m/z 144 
for 5-oxo species) and the secondary methanol-elimination ions (e.g. m/z 98 and 
112, respectively). Alpha-cleavage ions (e.g. m/z 115 for 4-oxo and m/z 129 for 
5-oxo species) are also characteristic. More details of the structural elucidation 
for mid-chain ketoacid methyl esters are given elsewhere (Kawamura and 
Gagosian, 1988). 

Mass chromatograms employing the McLafferty rearrangement ions followed 
by methanol elimination and o~-cleavage ions, show the presence of positional 
isomers of C]I ketoacids with the keto group at C4 to C]0 positions (see Figure 
3). The reconstructed ion chromatogram (RIC) indicates that 5-oxoacid is the 
dominant species (Figure 3). Figure 4 illustrates mass chromatograms (m/z 130, 
144 and 158: McLafferty rearrangement ions) for the NPAS-45 aerosol sample, 
indicating that 4-oxo 5-oxo, and 6-oxo acids with odd number carbon are domi- 
nant. Although these distribution patterns were more general in the samples 
from the North Pacific and New Zealand, different patterns (even numbered 
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Fig. 3. Mass chromatograms at m/z 98, 112, 126, 140, 171, 185, and 199 and reconstructed ion 
chromatogram (RIC) of  mid-chain C]] ketocarboxylic acid methyl esters separated from the North 
Pacific aerosol sample (NPAS-16). Mass chromatograms at m/z  98, 112, 126, 140, 171,185 and 199 
show the presence of 4-, 5-, 6-, 8-, 9-, and 10-oxoundeeanoic acid, respectively. For more details, see 
Figure 2 and the text. 
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Fig. 4. Mass chromatograms of 4-oxo (m/z 130), 5-oxo (m/z 144) and 6-oxo (m/z 158) carboxylic 
acid methyl esters separated from the North Pacific aerosol sample NPAS-16. 

carbon predominance) were obtained for the aerosol samples collected from sub- 
tropical and tropical areas (Enewetak Atoll and American Samoa). 

The concentrations of ketoacids in the marine aerosol samples are given in 
Tables III and IV. The North Pacific aerosol samples studied showed a large 
fluctuation of ketoacid concentrations, ranging from 0.04 to 18.6 ng/m 3. In 
some samples (NPAS-16, 27 and 45), the concentrations of ketoacids are higher 
than those of fatty acids (C7-C32:1-4.7 ng/m 3), whose distributions showed an 
even carbon-numbered predominance and two maxima at C16 and C24 
(Kawamura and Gagosian, unpublished data). The fluctuations of the ketoacid 
concentrations are extremely large (a factor of c a .  500), in contrast to the 
fluctuations (a factor of 5) of C12-C18 fatty acids which originate mainly from 
marine biological sources. By contrast, the ketoacid concentrations in the 
Enewetak Atoll, American Samoa, and New Zealand samples showed weaker 
fluctuation with a range of 0.02-0.84 ng/m 3. 

4. Discussion 

When ketocarboxylic acids were identified in the North Pacific aerosol samples, 
we could not explain the origin and source of their unique distributions. So far, 
odd numbered carbon predominance and isomeric distributions of these keto- 
acids suggest that they are not derived by direct emissions from plants, soil 
particles, or sea-air interfaces. However, there is a POssibility that these keto- 
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Table III. Concentrations (pg/m 3) of mid-chain ketocarboxylic acids in the marine aerosol samples 
(NPAS) collected from the North Pacific, 1986 

Carbon Position 
number of oxo 

group 

NPAS sample I.D. number 

4 16 27 38 45 52 59 
4-7 13-17 25-29 15-17 21-25 29 June-  7-11 
May May May June June 3 July July 

C 6 4-oxo ND ND ND 4 36 ND ND 
C 7 4- ND 63 ND 11 250 ND ND 

5- ND 107 ND 16 236 ND ND 
C 8 4 - ND 57 ND ND 190 ND ND 

5- ND 111 ND ND 279 ND ND 
6- ND ND ND ND 33 ND ND 
7- ND 60 ND ND ND ND ND 

C 9 4- 40 403 44 135 1400 27 15 
5- 28 843 130 83 1710 19 11 
6- 15 138 ND 52 300 10 5 
7- 19 114 50 14 173 4 ND 
8- 20 138 58 3 31 ND ND 

C1o 4- 8 95 22 8 297 ND ND 
5- 18 111 47 13 261 ND ND 
6 - ND ND 6 ND ND ND ND 
7- ND ND 5 ND 164 ND ND 
8- 13 85 11 ND 114 ND ND 
9- 15 60  P 64 ND ND ND ND 

Cll 4- 16 880 170 28 1400 6 7 
5- 44 3000 751 44 3980 16 ND 
6- }27 529 135 } 18 675 5 ND 
7- 443 106 525 5 ND 
8- 21 875 222 18 1070 9 ND 
9- 20 898 237 11 1000 6 ND 

10- 32 1660 568 15 1520 12 ND 
C12 4- ND ND ND ND 70 ND ND 

5- ND ND ND ND 169 ND ND 
6- ND ND ND ND 104 ND ND 

Ci3 4&5- ND 275 163 12 826 ND ND 
6&7&8- ND 239 139 10 312 ND ND 
9&I0- ND 225 I43 6 592 ND ND 

11- ND 137 86 2 324 ND ND 
12- ND 142 70 4 346 ND ND 

Total 336 11700 3230 507 18600 119 38 

ND: Not detected by a GC-FID. However, most of the ketoacids reported as ND here were detected 
by mass spectrometry. Concentrations of ketoacids are presented relative to palmitic acid methyl 
ester. 
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Table IV. Concentrations (pg/m 3) of mid-chain ketocarboxylic acids in remote marine aerosol 
samples collected from Enewetak Atoll (ENAS), American Samoa (SMAS) and New Zealand 
(NZAS) 

Carbon Position of 
number oxo group 

Aerosol sample I.D. number  

ENAS ENAS SMAS SMAS SMAS NZAS NZAS 
-8  -14  -2  -20  -33 -17 -24  

C 7 4-oxo 4 ND 2 ND ND 4 7 
5 - 7 ND 3 ND ND 3 6 

C s 4- 13 ND 11 4 8 5 9 
5- 14 ND 4 3 5 8 12 
6 - 26 ND 10 ND 12 ND ND 

C 9 4- 40 18 37 8 17 25 30 
5- 15 9 24 4 11 23 47 
6- 65 ND 27 3 19 8 11 
7 - ND ND ND ND ND ND 6 

C10 4- 26 12 11 ND 5 ND 5 
5- 16 9 8 ND 11 ND 12 

Cll 4- 13 ND ND ND 5 4 5 
5 - ND 8 8 ND 2 4 8 
6 - 14 ND 5 ND ND ND ND 
7- 19 ND 4 ND ND ND 4 
8- ND ND 4 ND ND ND 4 
9- 7 ND ND ND ND ND 4 

10- ND ND ND ND ND ND 6 
C12 4- 11 ) 13 30 ND 7 ND ND 

5- 9 47 ND I0 ND ND 
6&7- ND ND 34 ND 11 ND ND 
8 &9 - ND ND 37 ND 5 ND ND 

C13 4 &5- 40 18 ND ND 6 ND ND 
C14 4&5- 190 51 29 ND 15 ND ND 
C15 4&5- 59 ND 6 ND ND ND ND 
Cl6 4&5- 152 40 56 ND 28 ND ND 
C17 4&5- 21 ND ND ND ND ND ND 
Ci8 4&5- 75 ND ND ND 9 ND ND 

Total 836 178 397 22 186 84 176 

ND: Not detected by a GC-FID. Other ketoacid isomers were identified by a GC-MS, however, 
their concentrations were not measured due to overlapping peaks on GC chromatograms. Concentra- 
tions of ketoacids are presented relative to palmitic acid methyl ester. 

a c i d s  a r e  p r o d u c e d  i n  t h e  m a r i n e  a t m o s p h e r e  b y  c e r t a i n  p h o t o c h e m i c a l  

p r o c e s s e s .  

4 .1 .  Correlations of  Mid-Chain Ketocarboxylic Acids with Other Organic Com- 
pound Classes in the North Pacific Aerosols 

L o w  m o l e c u l a r  w e i g h t  s a t u r a t e d  f a t t y  a c i d s  ( L F A s :  C 1 2 - C 1 9 )  a r e  t h e  m a j o r  l i p i d  

c o m p o n e n t s  i n  m a r i n e  o r g a n i s m s  s u c h  as  p l a n k t o n i c  a l g a e  a n d  b a c t e r i a ,  

a l t h o u g h  t e r r e s t r i a l  h i g h e r  p l a n t s  a l s o  c o n t a i n  t h e s e  s p e c i e s .  T h u s ,  L F A s  h a v e  
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Fig. 5. Correlations of the concentrations of ketocarboxylic acids and those of lower molecular 
weight fatty acids (LFA: C12-CI9 ), higher molecular weight fatty acids (HFA: C20-C32 ), and non- 
anedloic acid (D.I.-C9) in the North Pacific atmosphere. The data of fatty acids are from Kawamura 
and Gagosian (unpublished results) and dala ofdiacids are from Kawamura and Gagosian (1989). 

been used as tracers for the input of marine organic matter into the atmosphere 
(Barger and Garrett, 1976; Simoneit, 1977; Marty et a l . ,  1979; Gagosian, 1987). 
By contrast, higher molecular weight saturated fatty acids (HFA: C20-C32 ) 

originate from terrestrial higher plants and soil particles, but do not derive 
from marine organisms. Hence, they have been used as tracers of terrestrial con- 
tributions to the marine atmosphere (Simoneit et al., 1977; Gagosian et al., 
1981, 1987; Schneider and Gagosian, 1985). 

Figure 5 (A and B) shows the relationships for the concentrations of ketoacids 
and those of fatty acids in the marine aerosol samples from the North Pacific. A 
good correlation (r = 0.87) between LFAs and ketoacids suggests that the keto- 
acids in the marine aerosols are associated with marine sources. By contrast, the 
correlation coefficient factor for HFAs and ketoacids is low (r = 0.49), suggesting 
an insignificant contribution from the continents. These results are consistent 
with the idea that ketoacids in the remote marine aerosols are primarily of 
marine origin. 

On the other hand, dicarboxylic acids have been used as other kinds of 
tracers: higher molecular weight diacids (HDi: C20-C32 ) as indicators of atmo- 
spheric transport of soil particles (Kawamura and Gagosian, 1989) and non- 
anedioic acid (C9) as an indicator of photochemical oxidation of biogenic 
unsaturated fatty acids (Kawamura and Kaplan, 1983; Kawamura and Gago- 
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sian, 1987, 1989). No correlation between HDi and ketoacids ( r=0 .13 ,  see 
Figure 5C) suggests that soil particles are not an important source of the keto- 
acids found in the marine atmosphere. This is consistent with the conclusion 
derived from the study of fatty acid distributions. By contrast, a good correlation 
of ketoacids with C9 diacid (r -- 0.89) (Figure 5D) suggests that these ketoacids 
are produced in the atmosphere by photochemical reactions. 

4.2. Possible Precursors and Formation Mechanisms of  Mid-Chain Keto- 
carboxylic Acids 

As stated above, ketoacids in the North Pacific aerosols showed a predominance 
of odd carbon-numbered species. Interestingly, low molecular weight mono- 
carboxylic acids also gave a predominance of C9, Cll and C13 species, with CII 
being dominant (see Figure 6) in the NPAS-16 sample, where concentrations of 
mid-chain ketoacids are high. The parallel distribution between monoacids and 
ketoacids suggests that the former acids are precursors of the latter. Because 
lower molecular weight monoacids such as C9 are partly present in the gas phase 
(Kawamura and Kaplan, 1985), actual concentrations of C9-C13 monoacids in 
the marine atmosphere should be much higher than the measured concentra- 
tions. Although photooxidation of unsaturated fatty acids is known to produce 
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Fig. 6. Capillary gas chromatogram of fatty acid methyl esters separated from the North Pacific aero- 
sol sample NPAS- 16. 
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~-oxocarboxylic acids and monoacids (Kawamura and Gagosian, 1987), the 
oxidative production of mid-chain ketoacids from saturated monoacids has not 
been studied. 

In order to check the possibility that monocarboxylic acids can produce cor- 
responding ketoacids under oxic conditions, we conducted preliminary labora- 
tory experiments. Authentic nonanoic acid (C9) and undecanoic acid (Cj~) were 
individually reacted with hydrogen peroxide in the presence of seawater under a 
fluorescent lamp for one day. The reaction mixture was analyzed by the method 
described above. Figure 7 shows the gas chromatogram (RIC) of the methyl 
esters of Cll mid-chain ketoacids isolated from the reaction mixture. The un- 
decanoic acid produced corresponding mid-chain Cll ketoacids, whose isomeric 
distribution is similar to the aerosol sample (see Figure 3). The C9 monoacid 
also produced corresponding mid-chain ketoacid isomers. These results suggest 
that ketoacids are produced by the oxidation of monocarboxylic acids with OH 
radicals, derived from the dissociation of H202. Hydrogen peroxide has been 
reported in the marine atmosphere (Zika et al., 1982; Mopper and Zika, 1987). 

Because biogenic monocarboxylic acids generally show a strong even 
carbon-numbered predominance, it is unlikely that C9, Cll and C13 mono- 
carboxylic acids are emitted directly from organisms. One possible source is 
marine-derived unsaturated fatty acids such as C18:l, C20:l, and C22:1, which 
contain a double bond predominantly at the C9 position (e.g. Sicre et al., 1988). 
Cleavage of the double bond by the reactions with atmospheric oxidants such as 
ozone, OH radical, and H202 probably produce C9, CI1 and CL3 monocar- 
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Fig. 7. Reconstructed ion chromatogram (RIC) of methyl ester derivatives of mid-chain C 11 keto- 
carboxylic acids produced by the laboratory oxidation of undecanoic acid with hydrogen peroxide. 
See Figure 1 for the position ofketo group. 
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boxylic acids as well as their counterparts (C9 diacid and o)-oxoacid) 
(Kawamura and Gagosian, 1987). Hence, we consider that unsaturated fatty 
acids in the atmosphere emitted from ocean surfaces are oxidized through 
photochemically induced reactions to result in monocarboxylic acids and then 
isomeric ketocarboxylic acids, as illustrated in Figure 8. 

CH 3 (CH 2 ) 7CH=CH (CH2) 7COOH 

C 1 8 : 1 o 9  

CH 3 (CH 2) 7COH 
÷ 

[ CH3 (CH2 ' 7COOH ] 

~ Ott" 

H20 2 , OH" 

CH3(CH2)4CO(CH2)2COOH 
÷ 

CH3(CH2)3CO(CH2)3COOH 
+ 

CH3(CH2)2CO(CH2)4COOH 

+ 

CH3CH2CO(CH2)5COOH 

+ 

CH3CO(CH2)6COOH 
Fig. 8. Proposed reaction scheme Hr the production of isomeric mid-chain ketocarboxy]ic acids in 
the atmosphere. 

+ HOC ( CH 2 ) 7COOH 
+ 

+ HOOC ( CH 2 ) 7COOH 
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If monocarboxylic acids are oxidized to mid-chain ketoacids in the marine 
atmosphere, then the C16 ketoacid family should be abundant in the aerosol 
samples because palmitic acid (C16) is generally the most abundant monocar- 
boxylic acid in marine environments (Gagosian, 1987). However, C16 ketoacids 
were detected as only minor species in the marine aerosol samples. This is 
probably due to the difference in the chemical states of the carboxylic acids. 
Peltzer et al. (1984) stated that most fatty acids (e.g. C12 , C14 and C16) are 
present as salts (particulate form) in the marine atmosphere. By contrast, rela- 
tively short chain monocarboxylic acids derived from the oxidation of unsatur- 
ated fatty acids should be present in a free form. These different chemical states 
may cause a difference in the production rate of ketoacids from monocarboxylic 
acids. 

4.3. Factors Controlling Distributions of Ketoacids in the Marine Atmosphere 

Total concentrations of ketoacids in the North Pacific atmosphere exhibited 
large fluctuations of at least two orders of magnitude over a period of three 
months. Relative distributions of the ketoacids were also different among the 
samples: the aerosol samples (NPAS-16, 27 and 45) with higher ketoacid con- 
centrations showed the predominance of the C~1 family, whereas other samples 
(NPAS-4, 38, 52 and 59) with lower concentrations showed the C 9 family to be 
more abundant than the Cll family (see Table III). A limited number of aerosol 
samples from New Zealand showed that ketoacids are of a minor compound 
class and the C9 family is most abundant (see Table IV). These results suggest 
that the distribution of mid-chain ketoacids in the marine atmosphere depends 
on the sampling location. 

Interestingly, concentrations of ketoacids are higher in the higher latitude of 
the North Pacific. During the Leg I cruise, the NPAS-16 aerosol sample, col- 
lected from the highest latitude (45-57°N) area studied, exhibited the highest 
concentration, whereas the NPAS-4 from the lowest latitude (32°N) gave the 
lowest concentration (see Tables I and III). A similar trend was also seen for Leg 
II samples (Table I): the ketoacid concentrations increased from the lowest lati- 
tude sample (NPAS-59, 27°N) to the highest latitude sample (NPAS-45, 
38-40 ° N). These results suggest that more ketoacids are produced in the higher 
latitude. This may be associated with a primary productivity of the ocean, which 
is generally higher in the northern North Pacific than in the subtropical North 
Pacific (Romankevich, 1984). We consider that the increased concentrations in 
the marine atmosphere are mainly controlled by the emission of unsaturated 
fatty acids from sea-air interfaces and by the subsequent photochemical oxida- 
tion (production of the precursor compounds). 

On the other hand, even carbon-numbered ketoacids (C 10, C 12, C 14 and Ca6), 
which are minor species in the aerosols from temperate zones (e.g. North 
Pacific), were detected as major components in the American Samoa and 
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Fig. 9. Mass chromatograms for 4-oxo (m/z 130) and 5-oxo (m/z 144) ketocarboxylic acid methyl 
esters separated from the American Samoa (SMAS-33) aerosol sample. 

Enewetak Atoll samples (see Table IV and Figure 9), although they are generally 
less abundant than the odd carbon-numbered ketoacids in the northern North 
Pacific samples. The different distribution patterns between the temperature, 
tropical, or subtropical zones suggest a different pathway for the production of 
ketoacids in the tropical atmosphere. Even carbon-numbered saturated fatty 
acids are major lipid components in the marine atmosphere, which are emitted 
from seawater surfaces. Although these fatty acids are mostly present as salt 
form, they could be oxidized to corresponding ketoacids in the subtropical and 
tropical environments, which are characterized by higher ambient temperatures 
and higher levels of solar radiation. A minor amount of the C9 and C11 families 
in the Samoa and Enewetak Atoll samples (Table IV) suggests that the seawaters 
of this area contain less unsaturated fatty acids than the northern North Pacific 
seawaters do. 

5. Conclusions 

Mid-chain ketocarboxylic acids have been detected in marine aerosol samples 
collected from the North Pacific, Enewetak Atoll, American Samoa, and New 
Zealand. Although their distribution patterns were variable, North Pacific aero- 
sol samples, in which highest ketoacid concentration (19 ng/m 3) were observed, 
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showed characteristic molecular distributions with a predominance of odd 
carbon-numbered species (maximum at C ll or C9) and a presence of positional 
isomers. The mid-chain ketoacids are not derived directly from marine organ- 
isms or terrestrial plants and soil particles. The isomeric mid-chain ketoacids are 
most likely produced in the marine atmosphere by the photo-oxidation of semi- 
volatile monocarboxylic acids, which are counterparts of the photochemical 
degradation of unsaturated fatty acids emitted from the ocean. 

The concentrations of ketoacids extensively fluctuated in the marine atmo- 
sphere, showing a maximum in the northern North Pacific atmosphere. The 
photochemical production of ketoacids in the marine air is probably controlled 
by the primary productivity of the ocean, subsequent emission of the unsatur- 
ated fatty acids to the marine atmosphere, accumulation of precursor com- 
pounds (semi-volatile acids) produced by the photochemical degradation of the 
unsaturated fatty acids, and amounts of oxidants or solar radiation in the marine 
environments. This study suggests that a production of ketoacids in the marine 
atmosphere of the higher latitude is primarily enhanced by the higher sea-to-air 
flux of unsaturated fatty acids, which is associated with enhanced primary 
productivity. 

An oxidation of longer-chain saturated fatty acids (such as C 14, C 16 and C Is) 
to mid-chain ketoacids was also suggested to occur in the marine atmosphere. 
However, this process seemed to be limited to the tropical or subtropical 
atmosphere, where the ambient temperature is higher and solar radiation is 
stronger. 
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