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Abstract

About 60 rainwater samples were collected at west Los Angeles, California in 1981–1984 and were analyzed for C1–

C9 monocarboxylic acids (0.33–79 mM, average (av.) 13715 mM), C2–C10 dicarboxylic acids (2.9–51 mM, av.
7.5714mM) and C1–C4 aldehydes (0.85–28mM, av. 9.2711mM). Distributions of monocarboxylic acids show a
predominance of formic (average concentration: 6.5 mM) and acetic (av. 5.6 mM) acids followed by propionic acid (av.
0.44mM). Oxalic acid is the dominant diacid (av. 3.9 mM) followed by succinic acid (av. 1.0 mM). Formaldehyde (av.

6.9mM) is the dominant aldehyde, with the next most abundant, acetaldehyde, being minor (av. 0.65 mM). For select
rain samples described in this paper, were found to comprise monocarboxylic acids 0.9–12.3% (av. 4.473.4%), diacids
comprise 1.2–9.5% (av. 4.273.3%) and aldehydes comprise 0.2–6.2% (av. 2.172.2%) of total organic carbon (TOC,

2.0–18.6mg C l@1; av. 9.875.4mg C l@1). Annual rain fluxes of monocarboxylic acids and aldehydes during 1982–
1983 were calculated to be 0.24 and 0.11 gm@2 yr@1, respectively, with an annual estimated wet deposition in the Los
Angeles Basin of 3120 and 1430 tons, respectively. These fluxes are equivalent to 2500 times of the acids and 2.5 times of

the aldehydes emitted from automobile exhausts in the Los Angeles air basin. This comparison suggests that major
portions of the carboxylic acids detected in the rain are not directly emitted from auto-exhausts, but are most likely
produced in the atmosphere by gaseous and/or aqueous phase photo-induced reactions. r 2001 Published by Elsevier

Science Ltd.

1. Introduction

Measurable quantities of low molecular weight
(LMW) aldehydes and monocarboxylic acids are present

in Los Angeles urban atmospheres (Grosjean, 1982;

Grosjean and Wright, 1983; Kawamura et al., 1985a,

2000) and rural/remote atmosphere (Keene et al., 1983;
Talbot et al., 1988; 1990; Khwaja, 1995; Helas et al.,
1992). The compounds primarily originate from incom-

plete combustion of fossil fuels mainly by automobiles
and secondarily from photochemical reactions of
anthropogenic hydrocarbons and other precursors in

the atmosphere (Kawamura et al., 1985b; Chebbi and
Carlier, 1996; Kawamura et al., 2000). Wet precipitation
removes these polar compounds from the atmosphere.
Studies of rainwater composition showed that C1–C10

monocarboxylic acids, C2–C10 dicarboxylic acids and
C1–C2 aldehydes are present in wet precipitation as
major organic species (Kawamura et al., 1996b). They

are one or two orders of magnitude more abundant than
solvent extractable carboxylic acids with high molecular
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weights (Kawamura and Kaplan, 1984). However, wet
scavenging processes of homologous series of LMW

organic acids and aldehydes by rain are not well
understood.
This study was initiated to better understand the wet

deposition processes of polar organic compounds in
urban atmospheres. Bulk rain samples were collected in
urban west Los Angeles during 1981–1984 for 60
precipitation events and were analyzed for C1–C10

monocarboxylic acids, C2–C10 dicarboxylic acids and
C1–C4 aldehydes. In this paper, we estimate the annual
flux and total wet deposition of monocarboxylic acids

and aldehydes and calculate the percentages of these
compounds in total organic carbon (TOC). By compar-
ing the rainwater results in this work to the air

compositions reported previously (Kawamura et al.,
2000), we discuss preferential scavenging of carboxylic
acids over aldehydes during wet precipitation events. In

order to discuss annual rain flux and deposition of
organic acids and aldehydes, we used here some
additional data of time-series rain samples in Los
Angeles, which have been published in Kawamura

et al. (1996b). Rain fluxes of the acids and aldehydes
are also compared with the automobile emissions of
these compounds in Los Angeles air basin (Kawamura

et al., 2000).

2. Experimental

Bulk rainwater samples were collected for most rain

events during 1981 winter to 1984 spring on the roof of
the Geology Building at UCLA campus, by using
several metallic collectors with a surface area of
0.22m2 (Kawamura and Kaplan, 1983). The samples

were preserved with HgCl2 during sample collection and
storage, and were stored in 4 l brown glass bottles with a
Teflon-lined cap at 41C prior to analysis.

Monocarboxylic acids were determined as p-bromo-
phenacyl esters by capillary gas chromatography (GC)
and GC-mass spectrometry methods (Kawamura and

Kaplan, 1984). Aldehydes were determined by HPLC as
2,4-dinitrophenylhydrazone derivatives (Steinberg and
Kaplan, 1984).

Selected rainwater samples were analyzed for
TOC. 10ml of unfiltered samples were oxidized with
K2Cr2O4 at 1401C in sealed pyrex tubes overnight and
the resultant CO2 was determined by a coulometric

detector.
For the purpose of inorganic analysis, rainwater

samples were collected using a polyethylene collector

with a surface area of 0.0071m2 (Ellis et al., 1984) and
stored at 41C prior to analysis. Inorganic species (NO3

@,
SO4

2@, etc.) and pH were measured by Global Geo-

chemistry Corporation (Brewer et al., 1983).
All the measurements were completed prior to 1986.

3. Results

Monocarboxylic acids and aldehydes detected in Los
Angeles rain samples analyzed are listed in Table 1 as
well as their concentration ranges and average concen-

trations. For comparison, concentrations of dicar-
boxylic acids are also given in Table 1 for a more
limited number of the rain samples (Kawamura et al.,
1985b, 1996b). The dominant monocarboxylic acids

were formic and acetic acids followed by propionic acid;
the higher carbon-numbered acids being less abundant.
This distribution pattern is similar to that measured for

the Los Angeles atmosphere (Kawamura et al., 1985a,
2000). Total concentrations of C1–C9 monocarboxylic
acids ranged from 0.33 to 79 mM with a mean value

of 13715 mM (Table 1). Formaldehyde, whose concen-
tration is similar to formic acid, was the most abun-
dant aldehyde in all of the samples analyzed, followed

by significantly lower concentrations of acetaldehyde,
glyoxal or methylglyoxal. Total concentrations of
the aldehydes ranged from 0.87 to 28 mM (av.
9.2711 mM). The concentrations of diacids (0.43–

51 mM, see Table 1) is in a similar range of monoacids
and aldehydes.
Seasonal changes in the relative molecular distribu-

tions of these compounds were not apparent, although
higher total concentrations and strong predominance of
formic and oxalic acids were found in summer rain

(most rain events occur during the winter season in
southern California). The average molecular distribu-
tion for acids and aldehydes is presented in Fig. 1, for 60
rain events in Los Angeles. Generally, the concentra-

tions of acids and aldehydes decreased with an increase
in carbon-chain length. Although the concentrations of
C1 acid and C1 aldehyde are equivalent, C2 aldehyde was

about 10 times less abundant than the corresponding
acid (acetic acid). However, gas-phase acetaldehyde is
the major aldehyde in the Los Angeles atmosphere

(Grosjean, 1982; Kawamura et al., 2000). It is also of
interest to note that a-dicarbonyls (glyoxal and methyl-
glyoxal) are frequently more abundant in Los Angeles

rain than monocarbonyls, except for formaldehyde.
Inorganic analytical results (pH, conductivity, NH4

+,
Cl@, NO3

@, SO4
2@, Na+, K+, Ca2+, Mg2+, Pb and Ni)

are presented in Table 2. The pH ranged from 3.5 to 6.1

(av. 4.7). Concentrations of NO3
@ and SO4

2@ are 0.02–
23.6 (av. 3.3) and 0.2–9.3 (av. 2.2)mg l@1, respectively.
On a molar basis, NO3

@ (54mM) was more abundant

than SO4
2@ (22mM). Nitrate, which originates from

photochemical conversion of NOx emitted from auto-
mobiles, is well known to dominate over sulfate in the

Los Angeles atmosphere (Liljestrand and Morgan, 1981;
Ellis et al., 1984). Other anions, cations and metals show
a wide range of concentrations (Table 2), suggesting that

their concentrations in rainwater are controlled by
numerous factors, including rate and amount of
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precipitation, wind direction (source), etc. (Ellis et al.,
1984).
TOC ranged from 2.0 to 18.6mg l@1 (av.

9.875.4mg l@1, volume-weighted mean: 6.7mg l@1)
and is comparable with reported values (volume-
weighted mean: 3.1–6.1mg l@1) for several locations in
southern California (Liljestrand and Morgan, 1981) but

higher than those reported (Likens et al., 1983) at

Ithaca, New York (0.45–4.87mg l@1, annual volume-
weighted mean: 2.37mg l@1) and at Hubbard Brook,
New Hampshire (0.10–3.23mg l@1, annual volume-

weighted mean: 1.28mg l@1). The TOC concentrations
in Los Angeles rainwaters are equivalent to those from
Tokyo (1.2–15.4mg l@1, Semp!er!e and Kawamura,
1994), but are higher than those (1.2–2.5mg l@1)

reported in the precipitation from the Pacific Ocean

Table 1

Concentrations of low molecular weight organic acids and aldehydes in Los Angeles rain, 1981–1984

Compounds Concentration (mM) Frequency of occurrence (%)

Range Average

Monoacids (n ¼ 56)

Formic C1 0.11–51 6.578.7 100

Acetic C2 0.20–29 5.675.9 100

Propionic C3 0.02–2.6 0.4470.47 100

Isobutyric C4 o0.01–0.49 0.04670.071 95

Butyric C4 0.01–0.67 0.1070.13 96

Valeric C5 0.01–0.28 0.03570.046 95

Caproic C6 0.01–0.40 0.05970.071 96

Heptanoic C7 0.01–0.15 0.02270.026 88

Octanoic C8 0.01–0.14 0.02570.032 93

Nonanoic C9 0.01–0.13 0.02770.026 91

Benzoic C7 0.01–0.31 0.05170.066 95

Total 0.33–79 13715

Aldehydes (n ¼ 45)

Formaldehyde C1 0.85–45 6.977.2 100

Acetaldehyde C2 0.08–4.8 0.6570.72 100

Propionaldehyde C3 o0.01–0.9 0.1070.20 36

Butylaldehyde C4 0.01–0.5 0.0870.14 31

Glyoxal C2 0.01–12 1.072.1 80

Methylglyoxal C3 0.01–11 0.871.8 73

Total 0.87–28 9.2711

Diacids (n ¼ 26)a

Oxalic C2 0.18–28 3.977.5 100

Malonic C3 0.01–5.5 0.7471.6 100

Methylmalonic C4 o0.005–0.85 0.1070.26 15

Maleic C5 o0.005–1.8 0.2570.47 96

Succinic C4 0.06–7.3 1.071.8 100

Fumaric C5 o0.005–2.1 0.2370.51 96

Methylsuccinic C5 o0.005–1.8 0.2870.49 96

Methylmaleic C5 o0.005–0.88 0.1670.23 96

Glutaric C5 0.02–2.4 0.3170.59 100

Dimethylmaleic C6 o0.005–0.28 0.03570.031 81

2-Methylglutaric C6 o0.005–0.17 0.02570.035 69

3-Methylglutaric C6 o0.005–0.24 0.03470.050 73

Adipic C6 o0.005–1.2 0.1270.26 96

Pimelic C7 o0.005–0.24 0.02270.056 38

Azelaic C9 o0.005–0.19 0.04170.049 88

Sebacic C10 o0.005–0.01 0.00370.008 31

Phthalic C8 0.04–1.9 0.3170.43 100

3- or 4-Methylphthalic C9 o0.005–0.35 0.0870.11 96

Total 0.43–51 7.5714

aData from Kawamura et al., 1985b, 2000.
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(Semp!er!e and Kawamura, 1996) and those (0.7–5.7mg/
kg-ice, av. 1.7mg/kg-ice) in the ice samples from

Greenland (Kawamura et al., 2001).

4. Discussion

In order to better understand the wet scavenging
processes of organic acids and aldehydes from the
atmosphere, we here compare their molecular composi-

tions and concentrations in the rainwaters to those of
the Los Angeles air and automobiles, which have been
reported in our earlier works (Kawamura et al., 1996b,

2000). Annual rain fluxes of the acids and aldehydes are
also compared with the annual emissions of these
compounds from automobiles in Los Angeles air basin

(Kawamura et al., 2000) to discuss an importance of
photochemical production of these components.

Table 2

Results of inorganic analyses for Los Angeles rainwaters (28 samples)

Range Average Average concentration (mM)

pH 3.54–6.11 4.6770.54 F
Conductivity (m

O

cm@1) 5.9–190 33742 F

Inorganic ions (mg l@1)

NH4 0.01–2.35 0.3970.52 22

Cl 0.14720 1.873.8 51

NO3 0.02–24 3.375.2 54

SO4 0.2–9.3 2.172.1 22

Metals (mg l@1)

Na 0.20–13 1.272.4 50

K 0.002–1.2 0.1570.28 38

Ca 0.01–2.9 0.4470.74 11

Mg 0.001–1.6 0.1570.30 6.3

Pb 0.001–1.63 0.002070.0033 0.1

Ni 0.0001–0.16 0.00470.011 0.07

Fig. 1. Distributions of monocarboxylic (organic) acids and

aldehydes in Los Angeles rain (1981–1984). iC4: iso C4 acid;

Benz: Benzoic acid; Gly: Glyoxal; m-Gly: Methylglyoxal.

Table 3

Carbon concentrations for organic compound classes and their contribution to TOC (%) in Los Angeles rain

Rain sample TOC (mg C l@1) Compound class (mg C l@1)

Monoacids (C1–C9) Aldehydes (C1–C4) Diacids (C2–C10)
a

11/19/82 3.2 92 (2.9%)b NA NA

4/28-29/82 10.0 334 (3.3%) 224 (2.2%) 123 (1.2%)

8/18/83 18.6 649 (3.5%) 437 (2.3%) 1760 (9.5%)

8/18-19/83 2.0 247 (12.3%) 124 (6.2%) 121 (6.1%)

4/6/84 13.5 128 (0.9%) 30 (0.2%) 156 (1.2%)

4/18-19/84 7.8 274 (3.5%) 30 (0.4%) 191 (2.4%)

4/27/84 12.2 532 (4.4%) 411 (3.4%) NA

6/6/84 11.0 446 (4.1%) 27 (0.2%) 545 (5.0%)

aData of diacids are cited from Kawamura et al., 1985b, 1996b.
bThe numbers in the parentheses indicate the contribution of organic compound class to TOC.

NA: Not analyzed.
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4.1. Contribution of organic acids and aldehydes to TOC

Table 3 gives concentrations of organic acids (includ-
ing diacids) and aldehydes as well as their contribution
to TOC (as %) in selected Los Angeles rain samples. C1–

C9 monocarboxylic acids comprise 0.9–12.3% (av.
4.472.4 %), C1–C4 aldehydes comprise 0.2–6.2% (av.
2.172.2%) and C2–C10 dicarboxylic acids comprise 1.2–
9.5% (av. 4.273.3%) of TOC (in unfiltered rain

samples). Together, these compounds comprise 2.3–
24.6% (av. 10.478.3%) of TOC. These values are lower
than those reported in New York and New Hampshire

rain (Likens et al., 1983): 11–14% for mono- and di-
carboxylic acids, 7–11% for aldehydes. Semp!er!e and
Kawamura (1994) reported that the LMW diacids

account for 0.04–2.2% (av. 1%) of the dissolved organic
carbon (DOC) in Tokyo. In contrast, the diacids
accounted for greater percentages (1–5%, av. 3%) of

DOC in the remote marine rains from the Pacific
(Semp!er!e and Kawamura, 1996).
Other forms of organic carbon include fatty acids,

hydrocarbons and phenols, etc., which have been

reported in the organic solvent extractable fraction of
Los Angeles rain (Kawamura and Kaplan, 1983, 1986).
However, these solvent extractable species are generally

far less abundant than short-chain carboxylic acids
(Kawamura and Kaplan, 1984). A major components of
rainwater TOC may, therefore, be insoluble organic

particles, including black carbon, protein, cellulose and
humic acids, which are emitted from automobiles, road
debris, higher plants, and/or soils, respectively.

4.2. Early stage scavenging of inorganic and organic
species by rain

Although all the rainwater samples, except for the
4/19/84 rain, are acidic (pHo5.6), the pH values were

significantly different for the various samples. The major
inorganic acids causing acidity in southern California
precipitation are nitric and sulfuric acids (Liljestrand

and Morgan, 1981) and to a lesser degree, organic acids
such as oxalic, formic and acetic acids (Kawamura et al.,
1996b). Therefore, it is reasonable to consider that the

highest concentrations of NO3
@, SO4

2@ and monocar-
boxylic acids in rainwater should be associated with the
lowest pH. The data plotted in Fig. 2 generally support
this idea. The pH values of rain samples on 1/19/83, 2/

23/83, 12/1/83 and 4/19/84 are higher than those
expected from the concentrations of the acids (Fig. 2).
In these samples, a significant quantity of alkaline

metals (Na+, K+, Ca2+, Mg2+) and/or NH4
+ was

observed. Thus, inorganic and organic acids were partly
neutralized by gaseous NH3 and calcareous or alkaline

dust in the atmosphere, which originate from soils and
building materials (Liljestrand and Morgan, 1981).

In addition to the ratio of anions to cations, the
hydrogen ion concentrations are related to the total
amounts of precipitation (Fig. 3). A good correlation is

present between pH and precipitation amounts, except

Fig. 3. Relationship between pH and precipitation (mm) for

Los Angeles rainwaters.

Fig. 2. Relationship between pH and concentrations of NO3
@,

SO4
2@ and C1–C9 monocarboxylic acids in Los Angeles

rainwaters.
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for the samples (2/23/83, 12/1/83, 4/19/84) which, as
stated before, contained excess cations as ammonium

and alkaline metals. The results suggest that acidic gases
and particles in the atmosphere are scavenged by rain
droplets during early stages of precipitation events and

that the subsequent rainfall then dilutes these pH
determining compounds. This is consistent with a fact
that concentrations of sulfate and nitrate are higher at
lower precipitation levels as shown in Fig. 4. A similar

trend was found between the concentrations of solvent-
extractable organic materials (hydrocarbons, fatty acids,
etc) and the amount of precipitation in Los Angeles rain

(Kawamura and Kaplan, 1986).
Concentrations of C1–C4 aldehydes, C1–C9 mono-

carboxylic acids and TOC are plotted in Figs. 5 and 6, as

a function of precipitation amounts. The concentrations
of monocarboxylic acids decreased as precipitation
increased (Fig. 5b), again suggesting that these organic

species in the atmosphere are scavenged by rain droplets
during early stages of precipitation events. However, the
points display significant scatter, indicating that the
concentrations of these species in rainwater also depend

on other meteorological conditions, including their
content in the atmosphere prior to rain events. Limited
numbers of rain samples also show a negative correla-

tion between TOC and precipitation amounts (Fig. 6),
which is consistent with the organic acid results.
Table 4 compares the correlation coefficients (r)

between the concentrations of TOC and organic species
(monoacids, diacids and aldehydes). All three compo-
nents positively correlate to TOC, suggesting that these
organic species are contributors to rainwater TOC.

Interestingly, the diacids especially correlated with TOC

Fig. 4. Relationship between concentrations of (a) NO3
@ and

precipitation and (b) SO4
2@ and precipitation for Los Angeles

rainwaters.

Fig. 5. Relationship between concentrations of (a) aldehydes

and precipitation, and (b) monocarboxylic acids and precipitin

for Los Angeles rainwaters.

Table 4

Correlation coefficients of TOC, monocarboxylic acids, alde-

hydes and dicarboxylic acids in Los Angeles rain waters. The

data are from Table 3

TOC Monoacids Aldehydes Diacids

TOC 1.00

Monoacids 0.68 1.00

Aldehydes 0.51 0.79 1.00

Diacids 0.75 0.90 0.79 1.00

Fig. 6. Relationship between concentrations of total organic

carbon (TOC) and precipitation for Los Angeles rainwaters.
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(r ¼ 0:75). Because diacids are mostly present in
particulate phase in the atmosphere (Kawamura and

Kaplan, 1987), they should contribute to aerosol organic
carbon. Thus, it is reasonable that TOC and diacids
correlate well in the rainwater. The particles containing

diacids and other aerosol organic carbon are likely
scavenged from the atmosphere during an early stage of
precipitation. In contrast, aldehydes that showed lower
value (r ¼ 0:51) may be less efficiently scavenged by rain

droplets from the atmosphere because they are present
in gaseous phase. It is also important to note that three
components (monoacids, diacids and aldehydes) corre-

late well (r ¼ 0:7920:90), suggesting that that they
originate from similar sources.

4.3. Fractionation of organic acids and aldehydes during

wet scavenging

Unlike organic acids, aldehyde concentrations do not

correlate with total precipitation volume (Fig. 5a).
Evidently, due to their higher water solubility, organic
acids such as formic and acetic acids are more effectively
scavenged from the atmosphere into raindrops than

aldehydes (Kawamura et al., 1996b). If, as proposed
above, solution fractionation occurs between organic
acids and aldehydes, the latter should be depleted in the

rainwater relative to their concentrations in the gas
phase. The averaged acid/aldehyde concentration ratio
in the Los Angeles atmospheric gas phase is 0.8

(Kawamura et al., 2000), whereas in rainwater it is 1.4
(see Table 1). These ratios support a preferential
scavenging of organic acids over aldehydes, although
enrichment of organic acids during precipitation, by

formation of acids through the oxidation of aldehydes in
the aqueous phase, cannot be excluded (Chameides and
Davis, 1983).

The molecular distributions of monocarboxylic acids
in the west Los Angeles wet precipitation, show a
predominance of both C1 and C2 followed by C3 with

longer carbon chain length acids being markedly
reduced (see Fig. 1). In the gaseous phase, C2/C1 ratio
is ca. 1.5, whereas C2/C3 ratio is 12.6. In contrast, the

same compound ratios in rainwaters are 0.86 and 12.7,
respectively. These data indicate that during precipita-

tion, formic acid is selectively scavenged (Kawamura
et al., 1996b) but there is little selective solution among
C3–C9 monocarboxylic acid species. However, a sig-

nificant difference was found in the molecular distribu-
tions of aldehydes between gas phase (see Fig. 7) and
rainwater samples (see Fig. 1) in the west Los Angeles
atmosphere. In the air, both C1 and C2 aldehydes are

dominant carbonyls, followed by C3–C5 monocarbonyls
(C2/C3=2.4), glyoxal and methylglyoxal. C1 and C2

aldehydes and carboxylic acids have a similar abun-

dance (C2/C1 ratio is 1.5; Kawamura et al., 2000). By
contrast, the aldehyde distribution in rainwater is
characterized by an enrichment of C1 (C2/C1=0.09,

and C2/C3=12.7; see Fig. 1) with the concentration of
other linear aldehydes being minor.
Table 5 summarizes the relative abundance of

aldehydes in the Los Angeles air (gas phase) and rain.
The air/rain molar ratios increase with an increase in

Table 5

Relative abundance of aldehydes (normalized to formaldehyde) in the air (1984, October; 7 samples) and rain (1981–1984, 56 samples)

of Los Angeles and Henry’s Law constants (H)

Aira Rain Air/rain ratio H (mmHg)b

Formaldehyde C1 1 1 1 7.14

Adetaldehyde C2 1.04 0.094 11.1 2.3� 1000

Propionaldehyde C3 0.44 0.014 31.4 5.6� 1000

Glyoxal C2 0.33 0.14 2.4 F
Methylglyoxal C3 0.17 0.12 1.5 F

aThe air data are from Kawamura et al., 2000.
bFrom Brander et al., 1984.

Fig. 7. Averaged molecular distribution of aldehydes in the

west Los Angeles atmosphere (October 1984, from Kawamura

et al., 2000). Gly: Glyoxal; m-Gly: Methylglyoxal.
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carbon numbers of aldehydes (C1 : 1oC2 : 11.1o
C3 : 31.4). This is consistent with an increase of the

Henry’s Law constant with increasing carbon numbers
for the aldehydes (Table 5). On the other hand, a-
dicarbonyls show lower air/rain ratios than acetaldehyde
and propionaldehyde, but higher than formaldehydes,

suggesting that they are more effectively scavenged than
acetaldehyde and propionaldehyde, but less than for-
maldehyde. It would be interesting to compare the

Henry’s law constants available for those carbonyls;
however, as far as we know, there are no Henry’s law
constant data available for a-dicarbonyls.
According to the Henry’s law constants (Table 5), the

partitioning of formaldehyde from the gas to water
should be 320 times more favorable than acetaldehyde.

However, the enrichment of formaldehyde over acet-
aldehyde in rainwater is only 11 times. This discrepancy
may signify that, in rain droplets, formaldehyde is
oxidized more rapidly than acetaldehyde is to acetic

acid, although formaldehyde is known to be stabilized
by forming a hydroxymethanesulfonate adduct (Munger
et al., 1986). This implication is consistent with the

observation that the C1/C2 acid ratio in rain (C1/
C2=1.2; Table 1) is higher than that in the air (C1/
C2=0.66) for the west Los Angeles area (Kawamura

et al., 1985a, 2000).

4.4. Annual flux and total wet deposition of organic
acids and aldehydes

Using our data sets for C1–C9 monocarboxylic acids
(100 samples) and C1–C4 aldehydes (84 samples) in Los

Angeles rain collected during 1981–1984 (Kawamura
et al., 1996b), the volume-weighted mean concentrations
were calculated to be 363 (organic acids) and 172 mg l@1

(aldehydes). These values were used to calculate annual

rain flux of these compounds in Los Angeles for 1982–
1983, as shown in Table 6. The rain flux is
0.24 gm@2 yr@1 for volatile organic acids and

0.11 gm@2 yr@1 for volatile aldehydes. Because pre-
cipitation for these years was very high (twice to three
times higher than the mean: ca. 30 cmyr@1), the above

annual fluxes may be higher than those in more typical
years.

Assuming the Los Angeles basin areas to be
13 000 km2, wet deposition of monoacids and aldehydes

are calculated to be 3120 and 1430 tons yr@1, respec-
tively. These amounts are much higher than the
automobile emissions of the acids and aldehydes
in Los Angeles air basin. Total motor exhaust emissions

of volatile acids (C1+C2) were estimated to be
125 tons yr@1 in Los Angeles air basin whereas those
of aldehydes (C1+C2) were estimated to be 576 ton-

s yr@1 (Kawamura et al., 2000). These calculations
indicate that wet deposition of organic acids (3120 ton-
s yr@1) and aldehydes (1430 tons yr@1) are equal to 25

times (organic acids) and 2.5 times (aldehydes) con-
tributed from exhaust emissions in the Los Angeles
atmosphere. These results provide evidence that the

major portions of organic acids in Los Angeles rain are
not directly emitted from auto-exhausts, but are
secondarily produced by in situ photochemical reaction
in the atmosphere. This is consistent with our previous

studies on aerosol phase diacids from the Arctic
(Kawamura et al., 1996a) and on gas phase monoacids
in Los Angeles (Kawamura et al., 2000).

Wet scavenging is generally an important process to
remove LMW organic acids and formaldehyde from
the atmosphere. However, the majority of organic

components in the Los Angeles air basin should be
removed by dry deposition, photolysis and long range
transport out of the basin because rain events are
generally limited to the winter season (equivalent to

about 30 days a year).

5. Conclusions

Three years study of Los Angeles rainwater (totally
100 samples) for C1–C9 monocarboxylic acids and

C1–C4 aldehydes showed that formic and acetic acids
are the dominant monocarboxylic acid and that
formaldehyde is the most abundant aldehyde in wet

precipitation. The concentrations of C1–C9 monocar-
boxylic acids ranged from 0.33 to 28mM (av.
9.2711 mM). Selected samples showed that the mono-

carboxylic acids comprise 0.2–6.2% (av. 2.172.2%) of
TOC in Los Angeles rain waters.

Table 6

Volume-weighted mean concentrations of C1–C9 monocarboxylic acids and C1–C4 aldehydes and their annual flux and total deposition

in Los Angeles basinsa

Monocaraboxylic acids (C1–C9) Aldehydes (C1–C4)

Volume-weighted mean concentration, 1981–1984 (mg l@1) 363 172

Annual flux averaged for 1982–1983 (gm@2 yr@1) 0.24 0.11

Annual total deposition in Los Angeles basin averaged 1982–1983 (tons) 3120 1430

aTotal preciption amounts for 1982 and 1983 were recorded at Engineering Building on UCLA Campus to be 49.0 and 80.9 cm,

respectively. The area of Los Angeles basin used for the flux deposition is 13,000 km2.
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pH and concentrations of NO3
@, SO4

2@, organic acids
and TOC correlate with the amount of precipitation,

suggesting that inorganic and organic acids are rapidly
scavenged from the atmosphere into rain droplets
during early stages of a rain event and that subsequent

rain is a diluent. However, aldehyde concentrations do
not correlate directly with the amount of precipitation.
During wet scavenging, selective fractionation occurs

between monocarboxylic acids and aldehydes. Mono-

carboxylic acids are more efficiently scavenged from the
atmosphere by raindrops than aldehydes. Formaldehyde
is more efficiently scavenged than acetaldehyde and

propionaldehyde by 10 and 30 times, respectively.
Volume-weighted mean concentrations for the years

of 1981–1984 were 360 mg l@1 for monocarboxylic acids

and 170 mg l@1 for aldehydes in Los Angeles rain.
Annual flux (1982–1983) was calculated to be 0.24
(monocarboxylic acids) and 0.11 gm@2 yr@1 (alde-

hydes). Annual depositions of these compounds in the
Los Angeles air basin are estimated to be 3120 tons yr@1

for monocarboxylic acids and 1430 tons yr@1 for
aldehydes. These values are equivalent to 2500% of

the acids and 250% of the aldehydes directly emitted
from automobiles to the atmosphere in the Los Angeles
air basin, suggesting that organic acids are largely

produced by photochemical reactions either in gas and/
or liquid phase.
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