We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 13

Production of Secondary Organic Aerosol
from Multiphase Monoterpenes

Shexia Ma

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/48135

1. Introduction

Nonmethane volatile organic compounds (NMOCs) represent a key class of chemical
species governing global tropospheric chemistry and the global carbon cycle (Fehsenfeld et
al. 1992; Singh and Zimmerman 1992). The most important anthropogenic sources of
hydrocarbons include fossil fuel combustion, direct release from industry, industrial
processing of chemicals, and waste. The global estimated anthropogenic hydrocarbon flux is
1.0 x 10 gC per year (Singh and Zimmerman 1992). Biological processes in both marine and
terrestrial environments contribute to biogenic hydrocarbon sources. For the terrestrial
biosphere, the principal hydrocarbon sources come from vegetation. In regions such as
eastern North America, biogenic hydrocarbon emission rate estimates exceed anthropogenic
emissions (Guenther et al. 1994). At the global scale it is estimated that vegetation emits 1.2 x
10® gC per year, an amount equivalent to global methane emissions (Guenther et al. 1995).

Much of the recent work on emissions of biogenic volatile organic compounds (BVOCs) has
focused on isoprene. However, in regions dominated by coniferous or non-isoprene
emitting deciduous tree species, monoterpenes may dominate BVOC emissions.
Monoterpenes comprise a significant portion of BVOC emissions (Guenther et al., 1995; Pio
and Valente, 1998), and it is important to understand the atmospheric fates of monoterpenes
and their oxidation products. The emission patterns of the various monoterpenes strongly
depend on the type of vegetation and on the environmental conditions, however d-limonene
makes up the majority of monoterpene emissions over orange groves, while a-pinene and [3-
pinene dominate over most other kinds of forests, especially those composed of oaks and
conifers (Pio and Valente, 1998; Christensen et al., 2000). In recent years, the number of
relevant studies has increased substantially, necessitating the review of this topic, including
emission fluxes of monoterpenes, the effects of species and nutrient limitation on emissions,
secondary organic aerosol yields via condensation and nucleation.
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2. Emission fluxes of monoterpenes

2.1. Chemical structure of terpenes

Monoterpenes are organic compounds of biogenic origin whose structure may be divided
into isoprene units. The more volatile mono- (Ci) and sesquiterpenes (Ci5) are emitted in
large quantities from the vegetation. The chemists always regard terpenes as alkenes (e.g. 3-
pinene, camphene), cycloalkenes (e.g. a-pinene, A3-carene), and dienes (e.g. B-phellandrene,
a-terpinene) or as a combination of these classes (e.g. limonene, ocimene). Figure 1 shows
the chemical structure of monoterpenes. Of the 14 most commonly occurring monoterpenes
(a-pinene, [(-pinene, A(3)-carene, d-limonene, camphene, myrcene, a-terpinene, (-
phellandrene, sabinene, p-cymene, ocimene, a-thujene, terpinolene, and y-terpinene), the
first six are usually found to be most abundant.
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a-pinene B-pinene A3-carene d-limonene camphene myrcene a-terpinene
p-phellandrene  sabinene p-cymene ocimene a-thujene terpinclene y-terpinene

Figure 1. The chemical structures and names of monoterpenes

2.2. Biogenic sources

The biogenic volatile organic compounds (BVOCs) emitted from plants are a myriad of
hydrocarbons and oxygenated and other organic compounds. These emissions occur during
various stages of plant growth, plant injury and plant decay, and they are a significant
source of volatile organic compounds (VOCs) in the atmosphere. Globally, emissions from
BVOCs account for approximately 86% of the total of VOCs emitted while anthropogenic
VOCs make up the rest (Guenther et al., 1995). BVOC emissions from trees and woody
shrubs have been extensively studied (Scholes et al., 2003). The dominant compounds
emitted under unperturbed conditions are isoprene, monoterpenes, sesquiterpenes and
methanol. There are episodic emissions of C6 aldehydes, esters and alcohols associated with
plant injuries, and episodic emissions of ethanol and acetaldehyde associated with
waterlogging (Scholes et al., 2003).
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Natural sources of VOC emissions to the atmosphere also include marine and fresh water,
soil and sediments, microbial decomposition of organic material, geological hydrocarbon
reservoirs, plant foliage and woody material. In addition, there are human influenced
natural sources from harvesting or burning plant material. We have estimated emissions o £
VOC only from oceans and plant foliage. VOC emissions from other sources are very
uncertain but probably represent less than a few percent of total global emissions
(Zimmerman, 1979; Lamb et al, 1987; Janson, 1992; Eichstaedter et al., 1992).

2.3. Emission fluxes

Estimated monoterpene emissions are dominated by a-pinene (35~70% of total) and (-
pinene (15~40%). Secondary compounds of significance are d-limonene (5~20%) and [3-
myrcene (2~20%). Monoterpene emissions in this region are largely controlled by
Liquidambar styraciyua, the southern pine group which includes Pinus taeda, echinata, elliotti,
palustris, virginiana, and to a lesser extent species in the Acer (maple), Magnolia, and Carya
(hickory) genera. The Pacific Coast forests and sparse coniferous forests of the Nevada Great
Basin also emit primarily a-pinene. However, in eastern Montana, the western Dakotas, the
Rocky Mountain Front Range of Colorado and Wyoming, the Columbia Plateau of Eastern
Oregon and Washington, the Sierra Nevada Range of California, and parts of the western
Great Basin, B-pinene and A3-carene emissions equal or exceed those of a-pinene, due to the
abundance of Pinus contorta, monticola, ponderosa, and their subspecies. These regions and
hourly summer total monoterpene flux from forests at 30°C are illustrated in Figure 2. The
regions dominated by coniferous forests have the highest monoterpene flux estimates. The
northern coniferous and Alaskan forests are interesting in that less than 25% of estimated
monoterpene emissions are accounted for by a-pinene. The west coast, interior west, and the
southern pine regions of the Piedmont and coastal southeast also have estimated fluxes
which exceed 200 pug carbon m?2 h'l. a- pinene composes over half of the emissions from
these regions except for parts of the western US. Northern mixed, midwestern, Appalachian,
and Ozarks forests have a higher hardwood component and have emission rates of
approximately 150 pg carbon m? h'. The great plains and agricultural midwest have
sparsely scattered woodlands and low emission rates (100pg carbon m2 h'). These rates are
rather low in comparison to those of isoprene which can exceed 10,000ug carbon m-2 h
from oak forests under these conditions (Geron et al., 1994; Guenther et al., 1994).
Uncertainties for fluxes of these individual terpenes are difficult to estimate given analytical
difficulties and gaps in knowledge of basal emission factors (EFs) and
environmental/physiological controls. Current models (Guenther et al., 1994) assume +50%
uncertainty in basal EFs and roughly +40% uncertainty in biomass and landuse accuracy
(Lamb et al., 1987). An assessment of the uncertainty in monoterpene composition (MC)
indicates that +30-50% is a reasonable estimate for the six major compounds, and likely more
for the eight minor compounds. This results in estimates of roughly +150-200% for
uncertainty in fluxes of individual compounds at 30°C. Canopy environment models and
temperature correction algorithms can add 50-100% uncertainty to model estimates. The
estimates shown here can be adjusted to ambient temperature using the exponential
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equations previously published (Guenther et al, 1993). However, the trees species
composition and resulting flux estimates can vary significantly within these regions.

Figure 2. Regions and regional average total monoterpene flux (ug carbon m2 h?). The numbers
indicate region number follow by the average regional flux at 30°C.

2.4. Emission factors

The best-known environmental control on biogenic hydrocarbon emissions is temperature.
For compounds such as monoterpenes that are released from resin ducts or glands,
temperature is the dominant control factor (Figure 3). The increasing vapor pressure of these
compounds with temperature explains the temperature response of emissions. In contrast,
isoprene and some plant monoterpene emissions do not come from preexisting pools. In
these cases the temperature response of emission is caused by the impact of temperature on
the underlying metabolism (Monson et al. 1994). This effect can be described by calculating
an activation energy.

Some monoterpene emissions are also dependent upon light. The light dependence is often
similar to that of photosynthesis. Water and nitrogen content affect hydrocarbon emission
primarily through their influences on enzyme activity of leaves. Another critical factor
controlling hydrocarbon fluxes from leaves is the leaf developmental state. Monoterpene-
emitting foliage shows its highest emission rates when the leaves are youngest (Lerdau
1993). This high emission rate from young leaves results from the role monoterpenes serve



Production of Secondary Organic Aerosol from Multiphase Monoterpenes

as defensive compounds; young leaves are most at risk from pests and pathogens so they
have the highest concentrations of defensive compounds (Lerdau et al. 1994). The manner in
which monoterpenes and several of the oxygenated hydrocarbons (e.g., methyl chavicol) are
stored within leaves and wood leads to a large effect of tissue damage upon flux rate. These
compounds are stored in specialized ducts, canals, or cavities. When herbivores partially
consume tissue and expose these cavities to the atmosphere, flux rates increase by several
orders of magnitude. This increase stems from the change in the resistance term in Fick’s
law of diffusion describing the gas flux (Lerdau 1991).
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Figure 3. Variation of monoterpene emissions as function of temperature. The line represents the best
fit to the data points. The emission rates are expressed per unit dry biomass weight.

2.5. Temporal and spatial distribution

Due to natural variability and analytical difficulties, monoterpene emission rates and
composition are subject to considerable uncertainty. For instance, in one study 20
monoterpenes were identified using vegetation enclosures, but only eight were found in
ambient air in the proximity of similar vegetation (Khalil and Rasmussen, 1992). Rough
handling of vegetation during enclosure sampling has been suspected to result in artificially
high emission rates (Juuti et al.,, 1990; Guenther et al.,, 1994). Summertime Pinus taeda
monoterpene emissions were found to be 5~20 times higher following “grabbing” of foliage
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compared to normal experiments when rough handling was minimized (Kim et al., 1995).
However, there was no effect of rough handling in the late fall. It was concluded that a film
of monoterpene compounds was present on the outer surface of the foliage during summer
months, but not at other times of the year. Sampling of monoterpenes from Picea marianna
seed cones in situ versus ex situ was found to drastically affect both the emission rate as well
as the monoterpene composition (Turgeon et al., 1998). Temporal and spatial factors can
affect MC of a given tree species. Emissions and needle oil concentrations of A3-carene were
lower relative to other monoterpenes in the summer but were substantially higher in the
spring and fall (Janson, 1993; Lerdau et al., 1995). It was concluded that the high springtime
emissions ofA3-carene from Pinus ponderosa were due to the MC of the oleoresin in that
species (Flyckt, 1979). Picea sitchensis (Bong.) basal emission rate (in pg carbon g' h' at leaf
temperature =30°C, referred to as emission factor or EF) and MC were found to change
somewhat with the season (Street et al., 1996). Conversely, the oil composition of Picea glauca
leaves and twigs remained nearly constant from summer through winter, while the oil
composition of buds changed significantly during fall and winter (von Rudloff, 1972).
However, it seems more typical that foliage MC remains fairly stable during most of the
growing season (Hall and Langenheim, 1986; Winer et al., 1992; Street et al., 1997b; Bertin et
al., 1997). This is confirmed by measurements in ambient air (Roberts et al., 1985). Diurnal
variation has not been examined extensively, but was found to be negligible in Juniperus
scopulorum (Adams and Hagerman, 1976). Likewise, little diurnal variation was found in the
monoterpene composition of ambient (near canopy) air near forests in Colorado (Roberts et
al., 1985), where nighttime versus daytime relative abundance of (3-pinene, a-pinene, A3-
carene, camphene, and d-limonene changed by 0~4%, although nighttime total monoterpene
concentration was over a factor of 2 greater due to lower dispersion. Greater seasonal and
diurnal variability in light-dependent emissions of ocimene, linalool, and 1,8-cineole was
found relative to the more temperature-dependent emissions of a-pinene and d-limonene,
which varied little temporally from Pinus pinea (Staudt et al., 1997). Tree age effects have
also been found for MC within this species (Adams and Hagerman, 1976) as well as for
Eucalyptus (Street et al., 1997a) and Picea sitchensis (Street et al., 1996). Basal EFs were also
found to decrease with tree age in these latter three studies and in Pinus elliotti (Kim et al.,
1995). An increase in basal EFs and changes in MC of emissions following wetting of foliage
have been noted (Janson, 1993; Lamb et al., 1984). Humidity has also been found to increase
monoterpene emission rates at the leaf (Guenther et al., 1991) and canopy (Schade et al.,
1999) levels.

3. Secondary organic aerosol formation

Most of monoterpenes are photochemically reactive in the atmosphere because of their
alkenyl bonds and other properties of their structure (Seinfeld and Pandis, 1998). Two key
products of the photochemical reactions of these compounds in the atmosphere are gas-
phase oxidants (including ozone) and secondary organic aerosols. These gas-phase
oxidants and secondary organic aerosol can have significant effects on human health when
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present in high concentrations in near surface air and are climatically active in the global
atmosphere.

Gas-phase monoterpenes readily react with the major atmospheric oxidants such as ozone
(Os), hydroxyl radical (OH), and nitrate radical (NOs). During the day, their concentrations
are controlled by OH and Os, and at night they are controlled by NOs, with monoterpene
lifetimes on the order of a few hours in both cased. Regardless of the initial oxidant, gas-
phase oxidation of monoterpenes results in a wide variety of polyfunctional carboxylic
acids, ketones, aldehydes, peroxides, and alcohols (Kavouras et al.,, 1998; Yu et al., 1999;
Claeys et al., 2007; Presto et al., 2005; Gao et al., 2004; Dalton et al., 2005; Glasius et al., 1999;
Hakola et al., 1994; Jaoui et al., 2005; Leungsakul et al., 2005 ). Many of these species have
sufficiently low vapor pressure to partition into pre-existing particulate matter. In addition,
monoterpenes can partition into aqueous particles or cloud droplets by wet deposition and
undergo oxidation via aqueous chemistry, with droplets subsequently drying out into
organic particles.

SOAs are formed by chemical reactions from the condensation and gas/particle partitioning
of semivolatile products of hydrocarbon oxidation by OH, Os and NOs. It is currently
believed that approximately 85-90% of SOAs are produced by oxidation of biogenic
emissions, which corresponds to 12.2 Tg SOA/yr and 1150 TgC/yr (Kanakidou et al., 2005;
Stavrakou et al.,2009; Tsigaridis et al., 2007). Some authors suggest that 91% of SOAs are
considered to be caused by Os and OH oxidation (Chung et al., 2002), while others consider
that ozonolysis dominates in SOA production compared to OH and NOx oxidation
(Kanakidou et al., 2005). 78% of SOAs are specifically products of monoterpene oxidation
(Chung et al., 2002). Monoterpenes a-pinene and b-pinene are expected to be the major
sources of SOAs (Kleindienst et al., 2007; Yu et al., 1999).

3.1. Chamber experiments

A number of laboratory experiments have been carried out to study SOA formation by
oxidation of monoterpenes (e.g. a-pinene, B-pinene, d-limonene, A3-carene, sabinene) with
NOx, O3 and OH (Lee et al., 2004; Jonsson et al., 2008; Northcross and Jang, 2007; Czoschke
et al., 2003; Spittler et al., 2003; Colville et al., 2004; Seinfeld et al., 2001). The formation of
SOA in the presence of NOx has been studied for several monoterpenes: a-pinene, (3-pinene,
limonene, A3-carene, myrcene, 3-ocimene, sabinene, a-terpinene, a-terpinolene (Pandis et
al., 1991; Hoffmann et al., 1997; Griffin et al., 1999; Klinedinst and Currie, 1999; Presto et al.,
2005; Lee et al., 2006; Zhang et al., 2006). The complexity of the dependence of NOx
concentration on monoterpene SOA yields was first noted by Pandis et al. (1991) who found
that the SOA yield from the photooxidation of a-pinene increased with increasing
VOC/NOx ratio and maximized at 8% for 10-20 ppbC:ppb NOx. The SOA yield was found
to decrease for VOC/NOx ratios greater than 20. More recently, Presto et al. (2005) showed
that SOA yields from ozonolysis of a-pinene are lower under high- NOx (<15 ppbC:ppb
NOx) than low-NOx conditions. The reduction of the SOA yields was attributed to the
formation of higher volatility products under high NOx, including evidence of nitrate-
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containing organic species. The NOx dependence becomes increasingly complex when the
monoterpene consists of two double bonds with differing reactivity, as is the case for
limonene. Zhang et al. (2006) indicated that two competing effects contribute to the NOx
dependence of the SOA yield: reactive uptake by the aerosol and gas-phase oxidation. In the
presence of ozone and at low NOx, heterogeneous ozonolysis of the exo double bond
generates condensed-phase secondary generation oxidation products. However, at high
NOx, gas-phase oxidation of the double bond becomes the dominant process for aerosol
product generation.The yield dependence on NOx is complicated when oxidation by ozone
or hydroxyl radicals takes place in the presence of NOx. The primary reason is thought to be
that under high NOx conditions, organo-peroxy radicals (RO2) react with NO and NO:
instead of with peroxy radicals (RO2 or HO2). A number of different critical values
(VOC/NOKx) have been suggested (e.g. 10-15:1, Pandis et al., 1991, 8:1, Presto et al., 2005, 3—
10:1, Lane et al., 2008) for the point of 50:50 branching between the two reaction paths. As
the OH/Os ratio also depends on the VOC/NOx ratio, it is difficult to separate changes in
yield due to changes in concentrations of OH and Os from changes in product distribution
due to the presence of NOx (Presto et al., 2005). However, the approach adopted by Lane et
al. (2008) is to identify product yields for each fundamental pathway (i.e., high-NOx
dominated by ROz + NO, low-NOx by RO2 +HO2) and then to assume that SOA yields can
be calculated by a linear combination of the “pure” mass yields scaled by the strength of
each reaction pathway. Clearly, anthropogenic processes that perturb these branching ratios
from their background values will influence overall SOA formation.

3.2. Field studies

The high abundant vegetation in Amazonia make this region a global hotspot for the
emission of various biogenic volatile organic compounds (e.g. Keller et al., 2009).
Previously it was thought that the vast emissions of VOC in the Amazon area would
deplete the oxidative potential of the atmosphere (Lelieveld et al., 2002) and thus constrain
the BSOA production. However, there have been strong indications that HOx chemistry
remains substantially more vigorous under low-NOx conditions than standard
mechanisms predict (Thornton et al., 2002). This was confirmed by a more recent study by
Lelieveld et al. (2008) showing that the oxidative potential in the pristine rainforest is
maintained through the recycling of OH via organic peroxy radical reactions under low
NOx conditions. Most attempts to estimate Amazonian BSOA production (e.g. Penner et
al., 2001; Kanakidou et al., 2005) with global models have considered only monoterpenes as
precursors. More recent efforts (e.g. Heald et al., 2008) have included isoprene, which has
been shown to be a significant SOA precursor (Claeys et al.,, 2004), but still omit some
potentially significant precursors such as the highly reactive sesquiterpenes which have
very high BSOA yields. Both observational and modelling studies have concluded that 80%
of the aerosol mass in the Amazon forest is of biogenic origin (Artaxo et al., 1990; Artaxo
and Hansson, 1995; Heald et al., 2008; Chen et al., 2009) either due to primary or secondary
sources (Kanakidou et al., 2005), however there is a large uncertainty in this number. One
has to keep in mind that unless we have an accurate knowledge of the emissions of
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primary aerosols, it will be difficult to assess the relative importance of the SOA.
Measurements made during the Amazonian Aerosol Characterization Experiment 2008
(AMAZE-08), under near pristine conditions, show that the submicrometer aerosol is
mostly composed of BSOA, while supermicron particles consist mainly of primary organic
matter (Poschl et al., 2010). While the submicrometer fraction was found to account for
more than 99% of the ca. 200 cm3 particles observed, approximately 70% of the ca. 2ug m3
total particle mass was made up by the supermicron particles. The ongoing development of
the Amazon is resulting in an enhanced anthropogenic influence on regional atmospheric
composition. Changes in anthropogenic pollutants (particularly NOx and SOz) can alter the
SOA formation potential (Kroll et al.,, 2005, Ng et al., 2007) and the relative roles of
different oxidation pathways. It is typically assumed that more SOA is formed from
monoterpenes under low-NOx conditions, such as prevail in the Amazon. Therefore a
change in the amount of NOx due to anthropogenic emissions would lead to a change in
the amount of SOA. The magnitude and the sign of this change depend on the
predominant VOC species.

3.3. Modeling

Current BVOC emission and air quality models aggregate all monoterpene (CioHue)
compounds, assuming that their fate in the atmosphere is similar. However, studies have
shown that individual monoterpene compounds may react quite differently (Hoffmann et
al., 1997; Atkinson et al., 1992; Atkinson, 1990; Yokouchi and Ambe, 1985). Reaction rates
with Os, OH, and NOs radicals can vary by an order of magnitude between these
compounds. Aerosol yields can likewise vary significantly. Monoterpenes with exocyclic
double bonds, such as b-pinene and sabinene, tend to form more aerosols following
ozonolysis compared to those with endocyclic double bonds, such as a-pinene and A3-
carene (Hatakeyama et al., 1989). Those with two double bonds can react to produce even
higher aerosol yields, depending on the vapor pressure of the reaction products. Open-chain
monoterpenes, such as myrcene, linalool, and ocimene (Hoffmann et al., 1997), tend to
produce lower aerosol yields under most circumstances. It was recently concluded that it is
not possible to use generalized descriptions of terpene chemistry in models (Hallquist et al.,
1999). Aerosol forming potentials of terpenes discussed here could be partially explained by
their structural characteristics (Griffin et al., 1999). It was concluded that most biogenic
hydrocarbons would have to be accounted for individually when modeling atmospheric
aerosol formation.

Author details

Shexia Ma

Center for Research on Urban Environment,

South China Institute of Environmental Sciences (SCIES),
Ministry of Environmental Protection (MEP), Guangzhou, China

371



372 Atmospheric Aerosols — Regional Characteristics — Chemistry and Physics

4. References

Artaxo, P. and Hansson, H. C.: Size Distribution of Biogenic Aerosol-Particles from the
Amazon Basin, Atmos. Environ., 29, 393-402, 1995.

Artaxo, P.,, Maenhaut, W., Storms, H., and Vangrieken, R.: Aerosol Characteristics and
Sources for the Amazon Basin during theWet Season, ]. Geophys. Res.-Atmos., 95,
16971-16985, 1990.

Atkinson, R., 1990. Gas-phase tropospheric chemistry of organic compounds: a review.
Atmospheric Environment 24A (1), 1-41.

Atkinson, R., Aschmann, S.M., Arey, ]., Shorees, B., 1992. Formation of OH radicals in the
gas phase reactions of O3 with a series of terpenes. Journal of Geophysical Research 97
(D5), 6065-6073.

Adams, R.P., Hagerman, A., 1976. A comparison of the volatile oils of mature versus young
leaves of Juniperus scopulorum: chemosystematic signi"cance. Biochemical Systematics
and Ecology 4, 75-79.

Bertin, N., Staudt, M., Hansen, U., Seufert, G., Ciccioli, P., Foster, P., Fugit, J.L., Torres, L.,
1997. Diurnal and seasonal course of monoterpene emissions from Quercus ilex (L.)
under natural conditions application of light and temperature algorithms. Atmospheric
Environment 31 (51), 135-144.

Christensen, C.S.,, Hummelshoj, P., Jensen, N.O., Larsen, B., et al., Determination of the
terpene flux from orange species and Norway spruce by relaxed eddy accumulation.
Atm. Environ. 2000, 34, 3057-3067.

Chen, Q., Farmer, D. K., Schneider, J., Zorn, S. R., Heald, C. L., Karl, T. G., Guenther, A.,
Allan, J. D., Robinson, N., Coe, H., Kimmel, J. R., Pauliquevis, T., Borrmann, S., Poschl,
U., Andreae, M. O., Artaxo, P., Jimenez, J. L, and Martin, S. T.: Mass spectral
characterization of submicron biogenic organic particles in the Amazon Basin, Geophys.
Res. Lett., 36, L20806, d0i:10.1029/2009g1039880, 2009.

Chung, S.H. & Seinfeld, ]J.H., Global distribution and climate naceo forcing of carbous
aerosols. J. Geophys. Res. 107 (2002).

Claeys, M., Graham, B., Vas, G, Wang,W., Vermeylen, R., Pashynska, V., Cafmeyer, ]J.,
Guyon, P., Andreae, M. O., Artaxo, P.,, and Maenhaut, W.: Formation of secondary
organic aerosols through photooxidation of isoprene, Science, 303, 1173-1176, 2004

Claeys, M., Szmigielski, R., Kourtchev, 1., Van der Veken, P. et al., Hydroxydicarboxylic
acids: Markers for secondary organic aerosol from the photooxidation of a-pinene,
Environ. Sci. Technol, 2007, 41, 1628-1634

Czoschke, N.M,, Jang, M., and Kamens, R.M., Effect of acidic seed on secondary biogenic
organic aerosol growth. Atmospheric Environment 37 (30), 4287-4299 (2003).

Colville, C.J. and Griffin, R.J.R.J., The roles of individual oxidants in secondary organic
aerosol formation from A3- carene: 1. gas-phase hemical mechanism. Atmospheric
Environment 38 (24), 4001-4012 (2004).

Dalton, C.N., Jaoui, M., Kamens, RM., Glish, G.L.,, Continuous real-time analysis of
products from the reaction of some monoterpenes with ozone using atmospheric



Production of Secondary Organic Aerosol from Multiphase Monoterpenes 373

sampling glow discharge ionization coupled to a quadrupole ion trap mass
spectrometer. Anal. Chem. 2005, 77, 3156-3163.

Eichstaedter, G., W. Schuermann, R. Steinbrecher and H. Ziegler, Diurnal cycles of soil and
needle monoterpene emission rates and simultaneous gradient measurements of
monoterpene concentrations in the stem region and above a Norway spruce canopy,
EUROTRAC symposium '92, The Hague, Netherlands, 1992.

Fehsenfeld, F. C., and Coauthors, 1992: Emissions of volatile organic compounds from
vegetation and the implications for atmospheric chemistry. Global Biogeochem. Cycles, 6,
389-430.

Flyckt, D.L., 1979. Seasonal variation in the volatile hydrocarbon emissions from ponderosa
pine and red oak. Master's Thesis, Washington State University, pp. 1-52.

Guenther, A., Monson, RK., Fall, R., 1991. Isoprene and monoterpene emission rate
variability: Observations with eucalyptus and emission rate algorithm development.
Journal of Geophysical Research 96(D6), 10,799-10,808.

Geron, C., Guenther, A., Pierce, T., 1994. An improved model for estimating emissions of
volatile organic compounds from forests in the eastern United States. Journal of
Geophysical Research 99(D6), 12,773-12,791.

Griffin, R.J., Cocker III, D.R., Flagan, R.C., Seinfeld, J.H., 1999. Biogenic aerosol formation
from the oxidation of biogenic hydrocarbons. Journal of Geophysical Research 104 (D3),
3555-3567.

Guenther, A., Zimmerman, P., Harley, P., 1993. Isoprene and monoterpene emission rate
variability: models evaluations and sensitivity analyses. Journal of Geophysical
Research 98(D7), 12,609-12,617.

Guenther, A., Zimmerman, P. and M. Wildermuth, 1994: Natural volatile organic compound
emission rate emissions for U.S. woodland landscapes. Atmos. Environ., 28, 1197-1210.

Guenther, A. and Coauthors, 1995: A global model of natural volatile organic compound
emissions. J. Geophys. Res., 100, 8873-8892.

Gao, S., Keywood, M., Ng, N.L,, et al., Low-molecular-weight and oligomeric components in
secondary organic aerosol from the ozonolysis of cycloalkenes and a-pinenes.
J.Phys.Chem. A 2004,108,10147-10164

Glasius, M., Duane, M., Larsen, B.R., Determination of polar terpene oxidation products in
aerosol by liquid chromatography-ion trap mass spectrometry, J.Chromatogr. A 1999,
833,121-135

Griffin, R. J., Cocker, D. R,, Flagan, R. C., and Seinfeld, J. H.: Organic aerosol formation from
the oxidation of biogenic hydrocarbons, J. Geophys. Res.-Atmos., 104, 3555-3567, 1999.

Heald, C. L., Henze, D. K., Horowitz, L. W., Feddema, J., Lamarque, J. F., Guenther, A.,
Hess, P. G., Vitt, F., Seinfeld, ]J. H., Goldstein, A. H., and Fung, I.: Predicted change in
global secondary organic aerosol concentrations in response to future climate,
emissions, and land wuse change, J. Geophys. Res.-Atmos., 113, DO05211,
doi:10.1029/2007jd009092, 2008.

Hoffmann, T., Odum, J. R., Bowman, F., Collins, D., Klockow, D., Flagan, R. C., and Seinfeld,
J. H.: Formation of organic aerosols from the oxidation of biogenic hydrocarbons, J.
Atmos. Chem., 26, 189222, 1997.



374  Atmospheric Aerosols — Regional Characteristics — Chemistry and Physics

Hall, G.D., Langenheim, J.H., 1986. Temporal changes in the leaf monoterpenes of Sequoia
sempervirens. Biochemical Systematics and Ecology 14 (1), 61-69.

Hakola, H., Arey, J., Aschmann, S.M., Atkinson, R., Product formation from the gas-phase
reactions of OH Radicals and O3 with a series of monoterpenes, J.Atm. Chem, 1994, 18,
75-102

Hallquist, M., Wangberg, 1., Ljungstrom, E., Barnes, 1., Becker, K., 1999. Aerosol and product
yields from NO3 radical initiated oxidation of selected monoterpenes. Environmental
Science and Technology 33 (4), 553-559.

Hatakeyama, S., Izumi, K., Fukuyama, T., Akimoto, H., 1989. Reactions of ozone with a-
pinene and b-pinene in air: yields of gaseous and particulate products. Journal of
Geophysical Research 94(D10), 13,013-13,024.

Hoffmann, T., Odum, J. R., Bowman, F., Collins, D., Klockow, D., Flagan, R. C., and Seinfeld,
J. H.: Formation of organic aerosols from the oxidation of biogenic hydrocarbons, J.
Atmos. Chem., 26, 189-222, 1997.

Jaoui, M., Kleindienst, T.E., Lewandowski, M., et al., Identification and quantification of
aerosol polar oxygenated compounds bearing carboxylic or hydroxyl groups. 2. organic
tracer compounds from monoterpenes. Environ. Sci. Technol, 2005, 39, 5661-5673

Janson, R., Monoterpenes from the boreal coniferous forest, PhD thesis, University of
Stockholm, 1992.

Janson, R.W., 1993. Monoterpene emissions from Scots pine and Norwegian spruce. Journal
of Geophysical Research 98, 2839-2850.

Juuti, S., Arey, J., Atkinson, R., 1990. Monoterpene emission rate measurements from a
Monterey pine. Journal of Geophysical Research 95 (D6), 7515-7519.

Jonsson, AM,, Hallquist, M., & Ljungstrom, E., The effect of temperature and water on
secondary organic aerosol formation from ozonolysis of limonene, A3-carene and a-
pinene. Atmos. Chem. Phys. 8 (21), 6541-6549 (2008).

Janson, R.W., 1993. Monoterpene emissions from Scots pine and Norwegian spruce. Journal
of Geophysical Research 98, 2839-2850.

Kanakidou, M. et al., Organic aerosol and global climate review modelling: a .Atmos. Chem.
Phys.5 (4), 1053-1123 (2005).

Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, 1., Dentener, F. J., Facchini, M. C., Van
Dingenen, R., Ervens, B., Nenes, A., Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski,
Y., Fuzzi, S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre, C. E. L., Tsigaridis, K.,
Vignati, E., Stephanou, E. G., and Wilson, J.: Organic aerosol and global climate
modelling: a review, Atmos.Chem. Phys., 5, 1053-1123, doi:10.5194/acp-5-1053-2005,
2005.

Keller, M., Bustamante, M., Gash, J., and Silva Dias, P. (Eds.): Geophysical Monograph
Series, Volume 186, 576 pp., hardbound, ISBN 978-0-87590-476-4, AGU Code
GM1864764, 2009.

Klinedinst, D. B. and Currie, L. A.: Direct quantification of PM2.5 fossil and biomass carbon
within the Northern Front Range Air Quality Study’s domain, Environ. Sci. Technol.,
33, 4146-4154,1999.



Production of Secondary Organic Aerosol from Multiphase Monoterpenes 375

Kleindienst, T.E. et al., Estimates of the contributions of biogenic and anthropogenic
hydrocarbons to secondary aerosol organic at a southeastern US location. Atmospheric
Environment 41 (37), 8288-8300 (2007).

Kavouras, I1.G., Mihalopoulos, N., Stephanou, E.G. Formation of atmospheric particles from
organic acids produced by forests. Nature 1998, 395,683-686

Kroll, J. H., Ng, N. L., Murphy, S. M,, Flagan, R. C., and Seinfeld, J. H.: Secondary organic
aerosol formation from isoprene photooxidation under high-NOx conditions, Geophys.
Res. Lett., 32, L18808, d0i:10.1029/2005g1023637, 2005.

Khalil, M.A., Rasmussen, R.A., 1992. Forest hydrocarbon emissions: relationships between
fluxes and ambient concentrations. Journal of Air and Waste Management Association
42 (6), 810-813.

Kim, J.-C,, Allen, E.R,, Johnson, J.D., 1995. Terpene emissions in a southeastern pine forest.
Air and Waste Management Association 88th Annual Mtg and Ex, No. 95-WA74A.03,
pp- 2-16.

Lane, T. E., Donahue, N. M., and Pandis, S. N.: Effect of NOx on secondary organic aerosol
concentrations, Environ. Sci. Technol., 42, 6022—-6027, 2008.

Lee, A. Goldstein, A. H., Kroll, J. H,, Ng, N. L., Varutbangkul, V., Flagan, R. C., and
Seinfeld, ]J. H.: Gas-phase products and secondary aerosol yields from the
photooxidation of 16 different terpenes, J. Geophys. Res.-Atmos., 111, D17305,
d0i:10.1029/2006jd 007050, 2006.

Lee, S., Jang, M., Kamens, R.M., SOA formation from the photooxidation of a-pinene in the
presence of freshly emitted diesel soot exhaust. Atmospheric Environment 38 (16), 2597-
2605 (2004).

Leungsakul, S., Jeffries, H.E., Karmens, R.M., A kinetic mechanism for predicting secondary
organic aerosol formation from the reactions of D-Limonene in the presence of oxides of
nitrogen and natural sunlight. Atm. Environ. 2005, 39, 7063-7082

Lelieveld, J., Peters, W., Dentener, F. J., and Krol, M. C.: Stability of tropospheric hydroxyl
chemistry, J. Geophys. Res.-Atmos., 107, 4715, doi:10.1029/2002jd002272, 2002.

Lelieveld, J., Butler, T. M., Crowley, J. N., Dillon, T. J., Fischer, H., Ganzeveld, L., Harder, H.,
Lawrence, M. G., Martinez, M., Taraborrelli, D., and Williams, J.: Atmospheric
oxidation capacity sustained by a tropical forest, Nature, 452, 737-740, 2008.

Lerdau, M., 1991: Plant function and biogenic terpene emissions. Trace Gas Emissions from
Plants, T. Sharkey, E. Holland, and H. Mooney, Eds., Academic Press, 121-134.

Lerdau, M., 1993: Ecological controls over monoterpene emissions from conifers. Ph.D.
thesis, Stanford University, 108 pp. [Available from University Microfilms Dissertation
Services, http://www.umi.com/hp/Support/DServices/.]

Lerdau, M., S. Dilts, H. Westberg, B. Lamb, and G. Allwine, 1994: Monoterpene emission
from ponderosa pine. |. Geophys. Res., 99, 16 609-16 615.

Lamb, B., Westberg, H., Quarles, T., Flyckt, D.L., 1984. Natural hydrocarbon emission rate
measurements from selected forest sites. US Environmental Protection Agency. EPA-
600/3-84-001, NTIS No. PB84-124981.

Lamb, B., Guenther, A., Gay, D., Westberg, H., 1987. A national inventory of biogenic
hydrocarbon emissions. Atmospheric Environment 21 (8), 1695-1705.



376 Atmospheric Aerosols — Regional Characteristics — Chemistry and Physics

Lerdau, M., Matson, P., Fall, R., Monson, R.K., 1995. Ecological controls over monoterpene
emissions from Douglas fir (Pseudotsuga menziesii). Ecology 76 (8), 2640-2647.

Monson, R. K., P. C. Harley, M. E. Litvak, M. Wildermuth, A. B. Guenther, P. R.
Zimmerman, and R. Fall, 1994: Environmental and developmental controls over the
seasonal pattern of isoprene emission from aspen leaves. Oecologia, 99, 260-270

Northcross, A.L. and Jang, M., Heterogeneous SOA yield from ozonolysis of monoterpenes
in the presence of inorganic acid. Atmospheric Environment 41 (7), 1483-1493 (2007).

Ng, N. L., Kroll, J. H., Chan, A. W. H., Chhabra, P. S., Flagan, R. C., and Seinfeld, J. H.:
Secondary organic aerosol formation from m-xylene, toluene, and benzene, Atmos.
Chem. Phys., 7, 3909-3922, doi:10.5194/acp-7-3909-2007, 2007.

Pandis, S. N., Paulson, S. E., Seinfeld, J. H., and Flagan, R. C.: Aerosol Formation in the
Photooxidation of Isoprene and Beta- Pinene, Atmos. Environ. Part a, 25, 997-1008,
1991.

Poschl, U., Martin, S. T., Sinha, B., Chen, Q., Gunthe, S. S., Huffman, J. A., Borrmann, S.,
Farmer, D. K., Garland, R. M., Helas, G., Jimenez, J. L., King, S. M., Manzi, A,
Mikhailov,

E., Pauliquevis, T., Petters, M. D., Prenni, A. J., Roldin, P., Rose, D., Schneider, J., Su, H.,
Zorn, S. R., Artaxo, P., and Andreae, M. O.: Rainforest Aerosols as Biogenic Nuclei of
Clouds and Precipitation in the Amazon, Science, 329, 1513-1516,
doi:10.1126/science.1191056, 2010.

Presto, A. A., Hartz, K. E. H.,, and Donahue, N. M.: Secondary organic aerosol production
from terpene ozonolysis. 2. Effect of NOx concentration, Environ. Sci. Technol., 39,
7046-7054, 2005.

Penner, J. E., Hegg, D., and Leaitch, R.: Unraveling the role of aerosols in climate change,
Environ. Sci. Technol., 35, 332A-340A, 2001.

Presto, A.A., Huff Hartz, K.E., Donahue, N.M., Secondary organic aerosol production from
terpene ozonolysis. 1. Effect of UV Radiation. Environ. Sci. Technol, 2005, 39, 7036-7045

Pio, C., Valente, A. A. Atmospheric fluxes and concentrations of monoterpenes in resin-
tapped pine forests. Atm. Environ. 1998, 32, 683-691.

Roberts, ].M., Hahn, C.]., Fehsenfeld, F.C., Warnock, J.M., Albritton, D.L., Sievers, R.E., 1985.
Monoterpene hydrocarbons in the nighttime troposphere. Environmental Science and
Technology 19 (4), 364-369

Seinfeld, J.H., Erdakos, G.B., Asher, W.E., and Pankow, J.F., Modeling the Formation of
Secondary Organic Aerosol (SOA). 2. The Predicted Effects of Relative Humidity on
Aerosol Formation in the a-Pinene, 3-Pinene, Sabinene, A3-Carene, and Cyclohexene
Ozone Systems. Environmental Science & Technology 35 (15), 3272-3272 (2001)

Spittler, M. et al., Reactions of NO3 radicals with limonene and [alpha]-pinene: Product and
SOA formation. Atmospheric Environment 40 (Supplement 1), 116-127 (2006).

Stavrakou, T. et al., Evaluating the performance of pyrogenic and biogenic emission
inventories against one decade of space-based formaldehyde columns. Atmos. Chem.
Phys. 9 (3), 1037-1060 (2009).



Production of Secondary Organic Aerosol from Multiphase Monoterpenes 377

Staudt, M., Bertin, N., Hansen, U., Seufert, G., Ciccioli, P., Foster, P., Frenzel, B., Fugit, J.L.,
1997. Seasonal and diurnal patterns of monoterpene emissions from Pinus pinea (L.)
under field conditions. Atmospheric Environment 31 (S1),145-156.

Schade, G.W., Goldstein, A.H. Lamanna, M.S., 1999. Are monoterpene emissions influenced
by humidity? Geophysical Research Letters 26(14), 2187-2190.

Street, R.A., Duckham, S.C., Hewitt, C.N., 1996. Laboratory and field studies of biogenic
volatile organic compound emissions from Sitka spruce (Picea sitchensis Bong.) in the
United Kingdom. Journal of Geophysical Research 101(D17), 22,799-22,806.

Street, R.A., Hewitt, C.N., Mennicken, S., 1997a. Isoprene and monoterpene emissions from
a Eucalyptus plantation in Portugal. Journal of Geophysical Research 102(D13), 15,875-
15,887.

Street, R.A., Owen, S., Duckham, S.C., Boissard, C., Hewitt, C.N., 1997b. E'ect of habitat and
age on variations in volatile organic compound (VOC) emissions from Quercus ilex and
Pinus pinea. Atmospheric Environment 31 (S1), 89-100.

Singh, H. B, and P. Zimmerman, 1992: Atmospheric distribution and sources of
nonmethane hydrocarbons. Gasesous Pollutants: Characterization and Cycling, J. O.
Nriagu, Ed., John Wiley and Sons, 235 pp.

Scholes, M.C., Matrai, P.A., Andreae, M.O., Smith, K.A., Manning, M.R., Artaxo, P., Barrie,
L.A., Bates, S.S., Butler, J.H., Ciccioli, P., Cieslik, S.A., Delmas, R.]., Dentener, F.J.,
Ducce, R.A., Erickson, D.J.,, Galbally, LE., Guenter, A.B., Jaenicke, R. Ja~ jne, A],,
Kienee, R.P., Lacaux, J.P., Liss, P.S., Malin, G., Matsonm, P.A., Mosier, A.R., Neue, H.U.,
Paerl, HW., Platt, U.F., Quinn, P.K,, Seiler, W., Weiss, R.F., 2003. Biosphere—atmosphere
interactions. In: Brasseur, G.P., Prinn, R.G., Pszenny, A.A.P. (Eds.), Atmospheric
Chemistry in a Changing World: An Integration and Synthesis of a Decade of
Tropospheric Chemistry Research: The International Global Atmospheric Chemistry
Project of the International Geosphere-Biosphere Programme. Springer, New York, pp.
19-71.

Turgeon, ].J., Brockerhoff, E.G., Lombardo, D.A., MacDonald, L. Grant, G.G., 1998.
Differences in composition and release rate of volatiles emitted by black spruce seed
cones sampled in situ versus ex situ. Canadian Journal of Forest Research 28, 311-316.

Tsigaridis, K. & Kanakidou, M., Secondary organic aerosol importance in the future
atmosphere. Atmospheric Environment 41 (22), 4682-4692 (2007).

Thornton, J. A., Wooldridge, P. J., Cohen, R. C., Martinez, M., Harder, H., Brune,W.
H. Williams, E. J., Roberts, J. M., Fehsenfeld, F. C., Hall, S. ., Shetter, R. E., Wert, B. P.,
and Fried, A.: Ozone production rates as a function of NOx abundances and HOx
production rates in the Nashville urban plume, J. Geophys. Res.-Atmos., 107, 4146,
doi:10.1029/2001jd000932, 2002.

von Rudloff, E., 1972. Seasonal variation in the composition of the volatile oil of the leaves,
buds, and twigs of white spruce (Picea glauca). Canadian Journal of Botany 50, 1595-
1603.

Winer, A.M., Arey, ]., Atkinson, R., Aschmann, S.M., Long, W.D., Morrison, C.L., Olszyk,
D.M., 1992. Emission rates of organics from vegetation in California's central valley.
Atmospheric Environment 26A (14), 2647-2659.



378 Atmospheric Aerosols — Regional Characteristics — Chemistry and Physics

Yu, J., Cocker, D.R,, III, Griffin, R.J., Flagan, R.C., Seifeld, ].H. Gas-phase ozone oxidation of
Monoterpenes: gaseous and particulate products. ].Atm.Chem., 1999, 34,207-258.

Yu, J. et al., Observation of Gaseous and Particulate of MOxidati Productsonoterpene on in
Forest Atmospheres. Geophys. Res. Lett. 26 (1999).

Yokouchi, Y., Ambe, Y., 1985. Aerosols formed from the chemical reaction of monoterpenes
and ozone. Atmospheric Environment 19 (8), 1271-1276

Zhang, J. Y., Hartz, K. E. H., Pandis, S. N., and Donahue, N. M.: Secondary organic aerosol
formation from limonene ozonolysis: Homogeneous and heterogeneous influences as a
function of NOXx, J. Phys. Chem. A, 110, 11053-11063, 2006.

Zimmerman, P., 1979. Testing of hydrocarbon emissions from vegetation, leaf litter and
aquatic surfaces, development of a methodology for compiling biogenic emission
inventories. U.S. Environmental Protection Agency, NTIS No.PB296070, EPA-450/4-79-
004, pp. 1-71.



