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ABSTRACT

Organic aerosols scatter solar radiation. They may also either enhance or decrease

concentrations of cloud condensation nuclei. This paper summarizes observed concentrations of

aerosols in remote continental and marine locations and provides estimates for the sources of

organic aerosol matter. The anthropogenic sources of organic aerosols may be as large as the

anthropogenic sources of sulfate aerosols, implying a similar magnitude of direct forcing of

climate. The source estimates are highly uncertain and subject to revision in the future. A slow

secondary source of organic aerosols of unknown origin may contribute to the observed oceanic

concentrations. The role of organic aerosols acting as cloud condensation nuclei (CCN) is

described and it is concluded that they may either enhance or decrease the ability of

anthropogenic sulfate aerosols to act as CCN.

INTRODUCTION

The natural sources of sub-micron sized organic aerosols ate associated With: (1) smoke

from natural fires, (2) primary emissions of plant materials, and (3) emissions of organic

vapors, primarily terpenes, which form condensable organics after partial oxidation in the

atmosphere. Anthropogenic sources are associated with (1) biomass burning, (2) primary

emissions from the burning of fossil fuels, industrial processes and fugitive sources, and (3)

secondary organics formed from gas to particle conversion of volatile organics emitted as a

• result of fossil fuel burning, biomass burning and other combustion processes, and industrial

, emissions. Organic components are also found in the particle emissions associated with dusti

storms and the sea-salt aerosol, but since &ese ate mainly super-micron in size, they will not be

considered further here. Similarly, the concentrations of organic carbon associated with larger

microorganisms can be substantial, but they are not of concern here. Sub-micron sized

microorganisms such as viruses and mycoplasma are also present in the atmosphere, but little is

known about their concentration (Duce et al., 1983), and they are also not treated here.
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We have a great deal to learn and understand about the sources, cloud prooessing, and

removal rates of organic aerosols, before a quantitative estimate of the anthropogenic and

natural forcing by these aerosols is possible. In what follows, I first summarize methods for

measuring organic aerosol concentrations and techniques for identifying the sources of the

organic aerosol. Then, measured concentrations in rural and ocean environments are

summarized. In the fourth section of the paper, I provide estimates for the magnitude of the

sources of organic aerosols. Organic aerosol removal processes through dry and wet deposition

depend on the size distribution and chemical nature of the organic substance in the aerosol (e.g.

soluble or insoluble). For the estimates and analysis of sources given below, I assume that the

organic aerosol is internally mixed so that the lifetime of the accumulation-mode aerosol (D =

0.1-1.0 I.tm) is similar to that of other aerosol types (3-7 days). Finally, issues regarding the

role of organics acting as cloud condensation nuclei are discussed.

MEASUREMENT METHODS AND SOURCE IDENTIFICATION

TECHNIQUES

Most of the published measurements of organic aerosol concentrations have been

determined through filter collection and analyzed by thermal volatilization and combustion

methods. These methods of analysis give the concentration of total carbon, black carbon, and

organic and carbonate carbon (Novakov, 1981). These methods yield important information,

but without further analysis, little can be determined regarding the sources of the carbon. Since

the latter is our prime concern (in order to attribute forcings to anthropogenic and natural

sources), other techniques and means for source identification will be reviewed here.

Source identification has been attempted through (1) measurement of the 14C/12C ratio in

the sample, which allows one to identify the fraction of the carbon associated with fossil fuels

relative to those from contemporary sources (Currie et al., 1983), (2) measurement of the

13C/12C ratio, which has been used to identify whether the aerosol is of marine (sea water)

origin or whether it is combustion-derived (Cachier, 1989), (3) extraction by a range of organic

solvents of different polarities such as cyclohexane followed by ether, methanol, and water.

The extracted organics may then be analyzed by high resolution gas chromatography (GC) and

mass spectrometry. The extraction and GC analysis technique may be used to separate organics

which are non-extractable and non-elutable from the elutable organics. The latter are

characterized by identification of the resolved and unresolved fractions of the elutable organics.

The unresolved fraction may be identified as a petroleum-derived component made up of

branched and cyclic hydrocarbons, whereas the resolved fraction may be used to identify single

compound peaks that may be classified further into diterpenoid acids, aromatic polycarboxylic

acids, aliphatic dicarboxylic acids, nalkenoic acids, n-alkanoic acids, and n-alkanes (Rogge et

al. 1993). The identification and auantification of the abundance of single compound peaks
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within the n-alkanol and n-alkanoic acid groups has been used to define the carbon preference

index (CPI) of the sample. The CPI is a measure of the ratio of odd to even carbon number of

' the resolved groups and, together with identification of the carbon number of the maximum

component, may quantify which fraction of the identified organics is derived from plants and

" which from anthropogenic sources (Simoneit, 1989). This technique also allows the

determination of so-called "molecular" marker species such as extended tricyclic terpanes,

pristane and phytane, polynuclear aromatic hydrocarbons and various terpenes, which are

identified with particular sources and which, together with an understanding of the ratio of total

organic carbon to molecular marker ratios of the source category, can be used to identify the

contribution of a particular source to a particular sample. Because only the extractable, elutable

organics can be fully characterized, the molecular marker method cannot be applied to the

remainder of the organic matter which is not extractable. If the extractable fraction is large (and

it is frequently as large as 50% in urban areas, Rogge et al., 1993), major uncertainties may

remain concerning the magnitude of the anthropogenic and natural components of the total

organic aerosol. High resolution mass spectrometry can also be used to identify the full suite of

components in an aerosol sample (Schuetzle, et al., 1975), but this method is difficult and

costly and therefore has not been widely applied.

Hildemann et al. (1993) and Gray (1986) developed emissions inventories for particular

source categories in Los Angeles and used models and measurements to identify the fraction of

the organic aerosol that results from different source categories and from the oxidation of non-

methane hydrocarbons in that area. Such studies emphasize the power of a combined

measurement and modeling analysis, when source inventories can be independently developed.

Unfortunately, no similar inventory analysis exists on a global scale and the measurements

needed to verify the inventories are very sparsely available. Therefore, we follow the methods

used in the past (Duce, 1978; Jaenacke, 1978) which, unfortunately, derive at least one source

category by differencing estimates for the total emissions from budget considerations with

estimates of emissions from individual source categories. Below, we first present data on

observed concentrations in order to estimate total source strengths.

CONCENTRATIONS IN TI-IE ATMOSPHERE

Table l a presents a set of observed concentrations of organic carbon taken at remote

continental sites in the United States. The total organic matter concentrations range from

perhaps 1.2 to 1.5 times the concentration of carbon (e.g. Duce, 1978; Countess et al., 1980).

In several different studies, the concentrations of organics in remote continental areas have been

identified primarily with anthropogenic sources (Trijonis et a!., 1988; Mazurek et al., 1991; and

studies quoted in Trijonis, 1990). Trijonis (1990) estimates that perhaps 70% of the organic
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carbon present at remote locations is anthropogenic in origin. Table la also shows the

measured mean concentration of sulfate.._erosol at these locales. Clearly, organic aerosols

do_ninate or are equal to the sulfate component in the western United States, while sulfate

dominates over organic carbon in the eastern United States. If the forcing by anthropogenic

su!fate aerosols in the eastern United States is ~-2Wm -2 (Taylor and Penner, 1994) and if 70%

of the organic carbon in the is assumed to derive from anthropogenic sources while 100% of the

sulfate is anthropogenic, then the local forcing from anthropogenic organic aerosols in this

region might be as large as -0.5 Wm -2 (Penner et al., 1994). Scaling this estimate by the ratio of

organic aerosol concentrations in the western and eastern United States noted in the table, gives

an average anthropogenic organic aerosol forcing for the westem United States of perhaps -0.3

Wm -2. Notably, the mean concentration of organic carbon in rural areas is significantly larger

than the concentrations listed in Table la, ranging from 1 to 5 ggCm "3(White, 1990).
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Table la. Concentration of particulate carbon and sulfate (as SO4-) on aerosols from remote
. sites in the continental U.S. a

Location Mean Organic Mean Sulfate Ratio

Carbon (I.tgCm-3) (ggSO4=rn"3) (_tgC/I.tgSO4=)
V'

Mount Rainier 1.6 0.83 1.9
Crater lake 0.71 0.25 2.8
Redwood 0.99 0.60 1.7
Lassen 0.85 0.36 2.4
Point Reyes 0.64 0.95 0.67
Yosemite 1.4 0.55 2.6
Pinnacles 1.1 1.0 1.1
San Gorgonio 1.8 0.8 2.3
Glacier 1.5 0.60 2.5
Jarbidge 0.64 0.33 1.9
Canyonlands 0.71 0.87 0.82
Bryce Canyon 0.64 0.68 0.94
Grand Canyon 0.57 0.69 0.83
Petrified Forest 0.85 0.80 1.1
Tonto 0.92 1.1 0.84
Saguaro 0.92
Chiricahua 0.85 1.2 0.71
Yellowstone 1.6 0.44 3.6
Bridger 0.71 0.47 1.5
Rocky Mountain 0.78 0.64 1.2
Werninuche 0.57 0.57 1.0
Mesa Verde 0.64 0, 64 1.0
Great Sand Dunes 0.64 0.64 1.0
Bandelier 0.85 0.73 1.2
Guadalupe Mountains 0.85 1.3 0.65
Big Bend 0.92 1.7 0.54
Badlands 0.85 0.95 0.90
Voyageurs 1.1 1.2 0.92
Acadia 0.92 2.3 0.4
Shenandoah 2.5 4.3 0.58

Mountains 2.6 3.6 0.7 2
aCahill et al. (1990) report annual average concentrations measured over the time period from
March 1988 to February 1989. The concentrations reported here were converted from the

organic carbon mass concentration reported in Cahill et al. (1990) to t.tgCm -3 using the

recommended conversion factor from that report (71% of organic matter is assumed to be C).
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Table l b presents a set of observed organic carbon concentrations, updated from the list

provided by Cachier et al. (1986), taken at remote marine locations. In the few situations where ,

both sulfate and organic carbon were simultaneously measured these are also listed. This

compilation shows generally higher concentrations of organic aerosols in the Northern

Hemisphere as compared to the Southern Hemisphere. Consideration of this fact, together with

measurements of the isotopic composition of particulate carbon (513C), leads one to suspect that

much of the organic carbon in the remote marine Northern Hemisphere is certainly of

continental origin and most likely of anthropogenic origin (Cachier, 1989). This consideration

fits with the notion that much of the organic aerosol in remote continental regions derives from

anthropogenic sources.
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Table lb. Concentration of particulate carbon on aerosols from remote marine areas.
Location Mean Organic Mean Sulfate Ratio Refer

Carbon (l.tgCm'3) (ggSO4=m.3) (ggC/ggS04 =) -ence
Northern Hemisphere .........

• Enewetak atoll 0.82 +/- 0.17 a
Northern Atlantic 0.76 +/- 0.42 b
West coast of Ireland 0.57 +/- 0.29 c
California 0.49 +/- 0.26 d
Sargasso Sea 0.44 +/- 0.04 a
Atlantic 0.40 +/- 0.39 e
Hawaii 0.39 +/- 0.03 f
Tropical Pacific 0.38 +/- 0.19 g
Bermuda 0.37 +/- 0.23 f
Bermuda 0.29 +/- 0.09 h

. Bermuda 0.98 0.98 1.0 g
Eastern Atlantic 0.35 +/- 0.15 i
Equatorial Pacific 0.21 +/- 0.11 j
Puerto Rico 0.66 1.06 0.62 k

Southern Hemisphere
Tasmania 0.53 I
Tasmania 0.23 +/- 0.07 m
Tropical Atlantic 0.23 +/-0.08 e
Eastem Tropical Pacific 0.22 +/- 0.14 g
Samoa 0.22 +/- 0.09 f
Samoa 0.11 +/-0.03 i
Peru 0.16+/- 0.07 i
Equatorial Pacific 0.15 +/- 0.05 j
Amsterdam Island 0.15 i
New Zealand 0.13 +/- 0.02 i

a Chesselet et al. (1981),b Ketseridis et al. (1976), CEichmann et al. (1979), dHidy et al. (1974),I

eAndreae (1983), fHoffman and Duce (1977), gBarger and Garrett (1976), laHoffman and Duce
(1974), gWolff et al. (1986), iCachier et al. (1986), JAndreae et al. (1984), kNovakov and
Penner (1993), IEichmann et al. (1980), mAndreae (1982).
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!

SOURCES OF ORGANIC AEROSOLS

In the past, the total source strength of the organic aerosol has been estimated mainly

through the quantification of ambient concentrations of total organic carbon divided by an
ii

estimate of the organic carbon lifetime (which is taken to be similar to the lifetimes of other,

sub-micron aerosols, e.g. 3-7 days). Where possible, different source strengths from the

different emissions categories have been estimated separately, from known fuel usages and

emissions factors and from known volatile nonmethane hydrocarbon emissions together with

estimates of gas to particle conversion efficiencies. The emissions of biogenic particles, which

have been particularly difficult to characterize, are assigned source strengths by differencing the

total source strength with that from the "known" individual components. This technique is less

than satisfactory, since no independent means of quantification is available. In the future, it

seems important to try to quantify this fraction directly by resolving the known concentrations

with estimates of emissions from each source type, and verifying the strength of the biogenic

component at different locales either through molecular marker techniques or by CPI methods.

Unfortunately, only a few such measurements are presently available and measurements that

would allow such quantification on a global basis do not presently exist.

Table 2 provides estimates of the source strengths for organic aerosols from the major

categories. These are estimated as total organic matter, which may range from 1.2 to 1.5 times

the organic carbon content of the aerosols. These estimates were derived as follows. Smoke

aerosols from biomass burning associated with savanna fires and agricultural waste burning

were estimated using an emission factor of 5 g of smoke per kg of fuel burned together with the

inventories for these fuels from Andreae (1991). This emission factor is consistent with that

measured for low moisture content rice straw (Goss and Miller, 1973) and for emissions from

Cerrado f'tres (Ward et al., 1991). Emissions in regions affected by forest clearing used an

emission factor of 16 g per kg of fuel (Penner et al., 1991). The sources identified with urban

activities (fossil and wood fuel burning, industrial processes, and fugitive emissions) were

estimated by scaling estimates for the total black carbon source (which range from 5 TgCyr "1to

24TgCyr -1) by the ratio of total fine particle emissions to black carbon emissions (Ghan and

Penner, 1991). The estimated range of emissions for total fine particle aerosols is 24 to 120

Tgyr -1. These estimates would decrease by about a factor of 2 if the ratio of organic matter to

black carbon concentration in Los Angeles (Gray, 1986) is used to scale the global black carbon

emissions inventories. However, such a scaling would be very inaccurate considering the

different fuel use patterns in different regions of the world (Penner et al, 1993). In the absence

of a better approach, secondary organics from anthropogenic sources were tentatively estimated

from the ratio of secondary organics to total organic mass defined in studies of the Los Angeles
organic aerosol (Hildemann et al., 1993: Ro_e et al., 1993_. Smoke from wild fires was
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estimated from estimates of the amount of fuel burned in forest wild fires (Logan et al., 1981)

using an emission factor of 16 g per kg fuel (Penner et al., 1994). Secondary organics formed

from the oxidation of terpenes used a factor of 10% (Pandis et al., 1991) to convert total terpene

emissions (which were assumed to be ~ 200 Tg C yr'l; Singh and Zimmerman, 1991) to

' organic aerosol emissions. An additional factor of 1.4 converted these carbon yields to total

organic matter. This estimate is not known to better than a factor of two and may have an even

larger uncertainty range. The marine organic source is assumed to be negligible, based on the

measured fraction of n-alkanes in marine aerosols (Eichmann et al., 1980) and size-fractionated

isotopic studies of marine aerosol sources (Cachier, 1989). The primary emissions of plant

materials injected through abrasion and by direct means is estimated as the difference between

the above sources and the total source of organic matter in aerosols. Following Duce (1978),

the latter is estimated assuming a land-average concentration of 1.5 l.tgCm -3 in both

hemispheres and Northern and Southern Hemisphere ocean concentrations of 0.5 lagCm-3 and

0.2 ggCm -3, respectively (see Table 1), together with an assumed scale height of 6 km, a

lifetime ranging from 3 to 7 days, and conversion of carbon mass to organic matter using a

factor of 1.4. This, together with the particle emissions estimated for all of the above categories

yields an estimate for the primary emissions of biogenic material of 50 Tg organic matter yr-1.

These estimates are clearly very uncertain and subject to considerable error. In fact, Cachier et

al. (1986) imply that the sources listed in Table 2 are incomplete. They argue that much of the

marine organic aerosol must be secondary in origin, based on the observed decreases in 210pb

(which is derived from 222Rn emitted over land areas) relative to those for organic carbon. This

inference is also consistent with measured size distributions of marine organic matter (Novakov

and Penner, 1993; Cachier, 1986). The inference requires an additional source of organic

material that represents a slow conversion from land-based sources. Further measurements are

needed to clarify the magnitude and nature of this source.

Noting that the size of the anthropogenic source estimate in Table 2 is similar to estimates

of the anthropogenic sulfate source, we may conclude that the direct forcing of climate by

organic aerosols is comparable to that by anthropogenic sulfate aerosols. The magnitude of the

forcing by anthropogenic organic aerosols, however, is more uncertain than the estimate of

forcing by sulfate aerosols, because the sources are not fully characterized nor reconciled with
' observed concentrations.
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Table 2. Sources of fine particle organic mattera

Sourcetype Sourcestrength (Tg/yr) .....

Anthropogenic

Biomass burning (savannas, forests, and 50
agricultural wastes) (10--110)

Fossil and wood fuel burning, industrial 70
processes, and fugitive sources (24-120)

Secondary organics from anthropogenic 8
emissions of NMHCs (3-14)

Total of anthropogenic sources 128
(37-244) ,,

Natura/

Forest fires 4
(2-8)

Secondary organics from the oxidation of 28
terpenes to condensable vapors (14-56)

Marine sources of organic matter small

Emissions of plants and sub-micron micro- 50
organisms (by difference) (42-87)

Total of natural sources 82
(58-151) III I I

Total source strength (from budget considerations) 210
i (140--350) ,
i

aTotal organi_trength is estimated as 1.4 times the source strength estimated
from the budget for C.
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THE ROLE OF ORGANIC AEROSOLS IN CCN PRODUCTION

The indirect forcing of climate by organic aerosols is even more difficult to estimate than

the direct forcing. Indirectforcing results from an increase in the number of particles which may

act as cloud condensation nuclei (CCN). If organic aerosols were clearly hydrophilic, then

increases in the organic aerosol concentration due to anthropogenic emissions would clearly

increase CCN concentrations. But some organic components may actually act to render aerosols

less hydrophilic. The issue is clearly important. For example, Novakov and Penner (1983)

noted that the contribution of organic aerosols to cloud condensation nuclei or CCN

concentrations may be larger than the ratio of the respective masses of organic carbon to sulfate

aerosol because much of the organic carbon is associated with sizes which determine the CCN

number concentration, while the sulfate mass is usually concentrated at larger particle sizes.

Organic aerosols in remote locations are presumably present as intemaUy mixed aerosols. Thus,

they are present together with salts such as ammonium sulfate in the same aerosol particle. In

some cases the organic component would be present as a coating which formed on a pre-

existing aerosol particle. The physical properties of an organic which acts as a surfactant and

coats the aerosol andthe amount of surfactantcoverage are majorfactors in determining the rate

of evaporation and condensation of water vapor to an aerosol particle. Usually, these properties

act to slow evaporation and condensation, but, since surfactantorganic molecules have both a

hydrophilic and a hydrophobic part, when deposited onto previously hydrophobic particles they

may actually increase the hygroscopicity of the particle. Andrews and Larson (1993)

demonstrated in a laboratory study with hydrophobic commercial carbon black particles that

surfactant molecules would preferentiaUyorient their hydrophilic part outward, thus increasing

the hygroscopicity of the carbon black particles. If organic aerosol is present as the pre-existing

particle, the condensation of sulfuric acid vapor to its surface may render a previously

hydrophobic particle hydrophilic (Novakov and Penner, 1993). Conversely, condensation of

hydrophobic organics onto pre-existing sulfate particles may render these inactive as CCN.

Thus, in some cases the organics may increase the number of particles which act as cloud

condensation nuclei while in other cases they may decrease the number of CCN. Which process

dominates, depends in parton the relative role of secondary versus primary organics. If most

organic particles are primary, as deduced from studies in urban areas (Hildemann, et al. 1993),

one might safely conclude that most particles in remote non-source areas are not covered by an

, organic surfactant. On the other hand, as noted above, some evidence suggests that

concentrations of organics in marine locales are mainly secondary. If true, and if this secondary

material is hydrophobic, this may imply that organics could decrease the production of CCN by

anthropogenic sulfate aerosols.
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CONCLUSIONS AND OUTSTANDING ISSUES
t.

The anthropogenic sources of organic aerosols appear to be similar in magnitude to the

anthropogenic sources of sulfate aerosols. This, together with the assumption that the scattering

efficiency of organic matter is similar to that of sulfate leads to the conclusion that the direct

forcing by anthropogenic organic aerosols is similar in magnitude to the direct forcing by

anthropogenic sulfate aerosols. This conclusion is subject to considerable uncertainty, however,

because the emissions of these aerosols are not well quantified. Also, anthropogenic emissions

of organic aerosols may either enhance or decrease the number of aerosol particles from

anthropogenic sulfur emissions which would otherwise act as cloud condensation nuclei,

.... making estimates for the magnitude ofthe indirect forcing by anthropogenic aerosols highly

uncertain. Measurements of aerosol characteristics at a variety of remote continental and oceanic

locations together with models developed to simulate multi-component aerosol dynamics are

needed to quantify the role of these aerosols in climate change.
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