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Abstract

We investigate how a recently suggested pathway for production of secondary organic aerosol (SOA) affects the

consistency of simulated organic aerosol (OA) mass in a global three-dimensional model of oxidant-aerosol chemistry

(GEOS-Chem) versus surface measurements from the interagency monitoring of protected visual environments

(IMPROVE) network. Simulations in which isoprene oxidation products contribute to SOA formation, with a yield of

2.0% by mass reduce a model bias versus measured OA surface mass concentrations. The resultant increase in simulated

OA mass concentrations during summer of 0.6–1.0 mgm�3 in the southeastern United States reduces the regional RMSE to

0.88mgm�3 from 1.26mgm�3. Spring and fall biases are also reduced, with little change in winter when isoprene emissions

are negligible.

r 2006 Elsevier Ltd. All rights reserved.

Keywords: Isoprene; Secondary organic aerosol; Organic carbon
1. Introduction

Aerosols influence climate through both direct
and indirect means. Direct effects refer to the
absorption, scattering, and emission of radiation.
Indirect effects such as increased cloud lifetime and
smaller cloud droplets are more uncertain, but
nonetheless are thought to contribute significantly
to the global radiation budget (Lohmann and
e front matter r 2006 Elsevier Ltd. All rights reserved
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Feichter, 2005). Accurate simulation of the earth’s
climate requires a complete representation of
processes affecting aerosol abundance.

Organic aerosol (OA) is a major constituent of
aerosol mass even outside of biomass burning
regions. Airborne measurements off the eastern
coast of North America during summer reveal that
OA can be the dominant contributor to aerosol
optical depth (Hegg et al., 1997). Analysis of
springtime airborne measurements over the North-
west Pacific provide evidence that OA is the
dominant component of aerosol mass in the free
.
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troposphere, a feature that current models fail to
capture (Heald et al., 2005).

Atmospheric OA can be divided into two main
categories, primary and secondary. Primary OA
(POA) refers to OA that has been directly emitted
into the atmosphere, often from sources of combus-
tion. Secondary OA (SOA) production occurs
within the atmosphere, by condensation of gaseous
species. Kanakidou et al. (2005) thoroughly review
current understanding of OA sources and sinks.

Global isoprene emissions are approximately
500TgC yr�1, accounting for the majority of non-
methane volatile organic emissions (Guenther et al.,
2006), implying that even a low-yield pathway could
produce a significant amount of SOA. Initial studies
attempting to quantify an isoprene-initiated SOA
source suggested that isoprene was not a significant
precursor of SOA (Pandis et al., 1991). Claeys et al.
(2004a, b) recently analyzed aerosols from the
Amazonian forest and proposed that isoprene
oxidation could provide an additional source of
SOA via multiphase acid-catalyzed reactions with
hydrogen peroxide. Recent laboratory chamber
studies found a yield of 1–2% at high NOx level
(Kroll et al., 2005) and �3% at low NOx levels
(Kroll et al., 2006). Edney et al. (2005) found little
evidence of isoprene-derived SOA formation in high
atmospheric NOx conditions, but found a 2.8%
yield in the presence of SO2. An in-cloud process for
SOA formation from isoprene has also been
identified (Lim et al., 2005). Field experiments by
Matsunaga et al. (2005) provide evidence that the
isoprene oxidation products hydroxyacetone,
methylglyoxal, and glycoaldehyde annually contri-
bute 10–120Tg of OA to the atmosphere.

Henze and Seinfeld (2006) recently examined the
global implications of SOA formation from iso-
prene oxidation products and found that the
simulated SOA burden doubled. Here we compare
surface measurements of OA with simulated OA
over the continental United States to quantify how
this process affects the comparison.

2. Analysis of IMPROVE measurements of OA

The Interagency Monitoring of Protected Visual
Environments (IMPROVE) network was initiated
in 1988 to monitor visibility-reducing aerosol
species including OA. Daily IMPROVE OA mea-
surements are obtained using two separate methods
at each station. The first measurement uses thermal
optical reflectance, in which collected samples are
heated, causing the emission of CO2 which is then
converted to CH4 and measured (Chow et al., 1993).
The OA mass is determined by multiplying the
measured carbon mass by a constant organic carbon
factor, which represents the average molecular
weight per carbon weight for the OA. A second
measurement uses particle-induced X-ray emission
and proton elastic scattering analysis to determine
the quantities of sulphur and hydrogen; the
abundance of OA is inferred by assuming that the
measured hydrogen is solely associated with sulphur
and OA. OA measurements from the two methods
are highly consistent (r2 ¼ 0.86) with a regression
line of 0.98 (Malm et al, 1994).

Fig. 1 shows seasonal averages of IMPROVE-
measured OA. Maximum concentrations are found
in the southeast United States during summer and
fall, associated with enhanced biogenic emissions of
SOA precursors (Malm et al., 2004). However,
considerable uncertainty remains in the processes
affecting SOA production (Kavouras et al., 1998).
Several large-scale fire events that occurred during
September and October in eastern and southern
regions contribute to the heightened OA concentra-
tions during fall of this year. Abnormally high OA
concentrations in excess of 40 mg m�3 are found in
the Great Smoky Mountains National Park, NC
from November 12–18, 2001 due to an arson event.

Here we interpret the IMPROVE measurements
using the GEOS-Chem chemical transport model
(Bey et al., 2001; Park et al., 2003, 2004). Park et al.
(2003) previously compared the GEOS-Chem OA
simulation with IMPROVE measurements during
1998, when North American biomass burning
emissions of OA were a factor of two higher than
the long-term mean. We extend the work of Park et
al. (2003) by focusing on SOA production during
2001 when biomass burning emissions are within
10% of the long-term mean. We exclude measured
values during the Great Smoky Mountains arson
event from subsequent comparisons to reduce
uncertainty in our analysis of OA as this occurred
near to the IMPROVE instrument.

The GEOS-Chem model (http://www.as.harvard.
edu/chemistry/trop/geos/index.html) is driven by
assimilated meteorological data from the goddard
earth observing system (GEOS-3) at the NASA
global modeling assimilation office (GMAO). Me-
teorological fields include surface properties, hu-
midity, temperature, winds, cloud properties, heat
flux, and precipitation. The first five levels in the
model are centered at approximately 10, 50, 100,

http://www.as.harvard.edu/chemistry/trop/geos/index.html
http://www.as.harvard.edu/chemistry/trop/geos/index.html
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Fig. 1. Seasonal average of surface OA measurements as part of the IMPROVE network for March–May 2001 (MAM), June–August

2001 (JJA), September–November 2001 (SON), and December 2001, January 2002 and February 2001 (DJF) at 21� 2.51 resolution. White

spaces show locations without measurements.
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200, and 300m. We use 21� 2.51 resolution with 50
tracers based upon GEOS-Chem v7-02-04 with
additional updates as described below.

The GEOS-Chem aerosol simulation includes the
sulphate–nitrate–ammonium system, carbonaceous
aerosols, mineral dust, and sea-salt. The aerosol and
oxidant simulations are coupled through formation
of sulphate and nitrate (Park et al., 2004), hetero-
geneous chemistry (Jacob, 2000), aerosol effects on
photolysis rates (Martin et al., 2003), and SOA
formation as discussed below. GEOS-Chem POA
industrial emission inventories are from Cooke et al.
(1999). Seasonally varying biomass burning inven-
tories are from Duncan et al. (2003). In the standard
GEOS-Chem algorithm, all POA emissions are
scaled based on an inversion with IMPROVE
observations using GEOS-Chem v4.23, as described
in Park et al. (2003); we remove the results of their
inversion to identify biases in the OA simulation
versus bottom-up inventories.

Isoprene emissions in our simulation are taken
from the MEGAN inventory (Guenther et al.,
2006), which exhibits strong coherence with GOME
HCHO-derived isoprene emissions (Palmer et al.,
2006). Most other biogenic emissions, including
monoterpenes, are based upon Guenther et al.
(2000) and extended to global scales using the
driving variables described by Guenther et al.
(2006), with the exception of sesquiterpenes, which
are treated as 5% of the other biogenic reactive
volatile organic carbon emissions from the GEIA
inventory (Griffin et al., 1999a; Guenther et al.,
1995). POA emissions are assumed to be 50%
hydrophilic, while SOA are assumed to be 80%
hydrophilic. The simulation includes wet and dry
deposition based upon Liu et al. (2001), including
both washout and rainout of hydrophilic carbonac-
eous species. Extension to moderately soluble gases
with low retention efficiencies is as described by
Park et al. (2004).

SOA chemistry is based upon Chung and Seinfeld
(2002). Hydrocarbons oxidize with O3, OH, and
NO3 to produce semi-volatile products, which are
partitioned between the gas and aerosol phase based
upon equilibrium partition coefficients. Chung and
Seinfeld (2002) divide reactive biogenic hydrocar-
bons into five classes, as shown in Table 1.
Emissions of each class are determined from total
monoterpene emissions based upon their relative
global abundance as presented in Griffin et al.
(1999a). Rate constants and aerosol yield para-
meters are calculated by arithmetic average of
species values contained within each class obtained
from smog chamber data by Griffin et al. (1999a, b).

The domination of a small subset of biogenic
hydrocarbon species is a potential source of error in
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the SOA algorithm since an arithmetic mean would
no longer be representative of overall species class
properties. Speciation of monoterpenes varies
greatly according to plant type and conditions
(Guenther et al., 1996), suggesting that a more
regional approach to biogenic hydrocarbon emis-
sions may be necessary. We implement a mono-
terpene speciation and apply weighted-mean rate
constants representative of mean continental United
States values using national monoterpene speciation
data presented in Geron et al. (2000). This correc-
tion produces a typical decrease of only 5%
(0.1–0.2 mgm�3 OA) relative to the standard simu-
lation in the southeast United States during
summer.

SOA yield is typically treated as a function of
existing aerosol mass concentration (Yamasaki
Table 1

Reactive terpene groups included in Chung and Seinfeld (2002)

and used by GEOS-Chem

Hydrocarbon

class

Constituents

I a-pinene, b-pinene, sabinene, careen terpenoid

ketones

II Limonene

III a-terpinene, g-terpinene, terpinolene
IV Myrcene, terpenoid alcohols,ocimene

V Sesquiterpenes

Fig. 2. Seasonal average of IMPROVE OA minus simulated
et al., 1982; Pankow, 1994), which includes both
POA and SOAmass. GEOS-Chem POA is simulated
by the multiplication of carbon mass with an organic
carbon factor of 1.4, which is below the range of
recommended values (Turpin and Lim, 2001), but is
used here for consistency with IMPROVE.

Fig. 2 compares seasonally averaged IMPROVE
measurements of dry OA mass with GEOS-Chem
model calculations. Annual average concentrations
for 2001 are generally consistent (r2 ¼ 0.62, N ¼ 79,
slope ¼ 1.42). However, simulated OA concentra-
tions are underestimated during non-winter months
in the southeast United States by 1.5–2.5 mgm�3

and along the western United States-Canadian
border during summer and fall by 2.0–3.0 mgm�3.
The bias in the northwestern United States is readily
explained by biomass burning not captured in the
model, as concluded from a similar bias in black
carbon. The discrepancy with IMPROVE in the
Florida region results from excessive model pre-
cipitation (Park et al., 2006), which produces
enhanced wet scavenging and is consistent with an
observed under-prediction of black carbon concen-
trations. We focus our attention on the remaining
region of the southeast United States, north of
Florida, which is not explained by the previously
mentioned mechanisms. Radiocarbon measure-
ments from summer 1999 suggest that 51–73% of
total carbonaceous aerosol is of biogenic origin in
Nashville, TN (Lewis et al., 2004), well above the
value of 43% in our standard simulation for
GEOS-Chem OA over February 2001–January 2002.
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Fig. 3. Seasonal average of the simulated contribution of isoprene oxidation products to OA for a 2.0% yield by mass over February

2001–January 2002.
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summer 2001. Radiocarbon measurements by Le-
mire et al. (2002) found a large biogenic SOA
component of OA in southeast Texas, again not
captures within the standard simulation.

Given the large uncertainty in the chemical
mechanism for SOA production from isoprene
oxidation products, we conduct a simple sensitivity
study in which isoprene is allowed to directly
contribute to SOA production. We adopt a 2.0%
yield by mass, within the range of previous studies.

Fig. 3 shows the seasonal change in simulated OA
concentrations. Simulated OA mass concentrations
increase by 0.6–1.0 mgm�3 over the southeast
United States during summer with a spatial pattern
equivalent to isoprene emissions. SOA from iso-
prene contributes 10–50% of total OA in summer in
the United States, with the higher percentages in the
Midwest where total OA concentrations are lower.
Biogenic SOA in this simulation is within the range
of radiocarbon measurements in Nashville (Lewis
et al., 2004) and southeast Texas (Lewis et al., 2004).
The regional model bias in the standard simulation
during summer in the eastern United States
(RMSE ¼ 1.26 mgm�3) is reduced to a RMSE of
0.88 mgm�3. Other seasons also show improvement,
with the RMSE in spring reduced from 1.11 to
1.04 mgm�3 and in fall from 1.24 to 1.11 mgm�3.
Negligible SOA is produced from isoprene during
winter. A SOA yield of up to 5.0% by mass reduces
the average of seasonal RMSE relative to the
standard simulation. This is not meant to suggest
that SOA formation from isoprene occurs at such
high rates, but does show that this process can be
readily accommodated within the current bias in
modeled OA concentrations.

OA formation is an active area of ongoing
research. Other processes not represented in our
simulation likely contribute to the remaining bias
between observed and modeled OA. POA derived
from cellulose and plant debris could represent a
significant source of OA, especially in spring and
fall (Puxbaum and Tenze-Kunit, 2003; Womiloju et
al., 2003). In-situ airborne measurements in plumes
and chamber studies provide evidence that inor-
ganic aerosol may promote SOA formation (Jang
and Kamens, 2001; Jang et al., 2002; Brock et al.,
2003; Czoschke et al., 2003; Gao et al., 2004) or
decrease SOA yields in the case of a-pinene
(Crocker et al., 2001). In-cloud oxidation of
isoprene through cloud processing could also
contribute a SOA yield of up to 0.3% by mass
(Lim et al., 2005).
3. Conclusions

We have compared surface measurements of OA
mass from the IMPROVE network with simulations
in a global three-dimensional model of oxidant-
aerosol chemistry (GEOS-Chem) to assess the
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implications of SOA formation from isoprene
oxidation products.

We found a seasonally varying negative bias of
1.5–3 mgm�3 in simulated versus measured OA in
the southeastern United States during spring
through fall, and in the western United States
during summer and fall. The underestimate in the
western United States was readily explained by
POA from biomass burning. A regional bias in the
southeastern United States, not explained by other
recognized model limitations, occurs in an area of
intense isoprene production and was the focus of
this work.

Recent field and laboratory measurements pro-
vided evidence that SOA is formed from isoprene
oxidation products. Given the large uncertainty in
this particular chemical mechanism, we conducted a
simple sensitivity study in which isoprene is allowed
to directly contribute to SOA production. We
adopted a yield of 2% by mass, within the range
of previous studies. This sensitivity study increased
simulated SOA mass by 0.6–1 mgm�3 over the
southeast United States during summer, reducing
the regional RMSE from 1.26 to 0.88 mgm�3. In
summary, SOA production from isoprene oxidation
products was not only accommodated by current
OA simulations, but improved the model simulation
versus OA measurements.

Limitations of this work include the simple
treatment of SOA production from isoprene oxida-
tion products as well as uncertainty in the model
simulation of both POA and SOA. Additional
guidance from laboratory and field measurements
on the chemical mechanism for SOA formation, and
its dependence upon ambient trace gases, would
improve the analysis here. Future work should
continue developing OA mechanisms to account for
other processes, such as cellulose and plant debris,
that could explain the remaining underestimate in
simulated OA over the southeastern United States.
Acknowledgments

We are grateful to Rob Griffin for providing
comments that improved this manuscript. This
work was supported by the Natural Sciences and
Engineering Research Council of Canada. Work at
Harvard was funded by the EPA-STAR program.
Hong Liao is supported by the 100-Talent Project of
the Chinese Academy of Sicences.
References

Bey, I., Jacob, D.J., Yantosca, R.M., Logan, J.A., Field, B.D.,

Fiore, A.M., Li, Q., Liu, H.Y., Mickley, A.M., Schultz, A.M.,

2001. Global modeling of tropospheric chemistry

with assimilated meteorology: model description and evalua-

tion. Journal of Geophysical Research 106 (D19), 23,

073–23,095.

Brock, C.A., Trainer, M., Ryerson, T.B., Neuman, J.A., Parrish,

D.D., Holloway, J.S., Nicks Jr, D.K., Frost, G.J., Hubler, G.,

Fehsenfeld, F.C., 2003. Particle growth in urban and

industrial plumes in Texas. Journal of Geophysical Research

108 (D3), 4111.

Claeys, M., Wang, W., Ion, A.C., Kourtchev, I., Gelencser, A.,

Maenhaut, W., 2004a. Formation of secondary organic

aerosols from isoprene and its gas-phase oxidation products

through reaction with hydrogen peroxide. Atmospheric

Environment 38, 4093–4098.

Claeys, M., Graham, B., Vas, G., Wang, W., Vermeylen, R.,

Pashynska, V., Cafmeyer, J., Guyon, P., Andreae, M.O.,

Artaxo, P., Maenhaut, W., 2004b. Formation of secondary

organic aerosols through photooxidation of isoprene. Science

308, 1173–1176.

Chow, J.C., Watson, J.G., Pritchett, L.C., Pierson, W.R.,

Frazier, C.A., Purcell, R.G., 1993. The DRI thermal/optical

reflectance carbon analysis system: description, evaluation

and applications in U.S. air quality studies. Atmospheric

Environment 27A, 1185–1201.

Chung, S.H., Seinfeld, J.H., 2002. Global distribution and

climate forcing of carbonaceous aerosols. Journal of Geo-

physical Research 107 (D19), 4407.

Cooke, W., Liousse, F.C., Cachier, H., 1999. Construction of a

11� 11 fossil fuel emission data set for carbonaceous aerosol

and implementation and radiative impact in the ECHAM4

model. Journal of Geophysical Research 104 (D18),

22137–22162.

Crocker III, D.R., Clegg, S.L., Flagan, R.C., Seinfeld, J.H., 2001.

The effect of water on has-particle partitioning of secondary

organic aerosol. Part I: a-pinene/ozone system. Atmospheric

Environment 35, 6049–6072.

Czoschke, N.M., Jang, M., Kamens, R.M., 2003. Effect of acidic

seed on biogenic secondary organic aerosol growth. Atmo-

spheric Environment 37, 4287–4299.

Duncan, B.N., Martin, R.V., Staudt, A.C., Yevich, R., Logan,

J.A., 2003. Interannual and seasonal variability of biomass

burning emissions constrained by satellite observations.

Journal of Geophysical Research 108 (D2), 4100.

Edney, E.O., Kleindienst, T.E., Jaoui, M., Lewandowski, M.,

Offenberg, J.H., Wang, W., Claeys, M., 2005. Formation of

2-methyl tetrols and 2-methylglyceric acid in secondary

organic aerosol from laboratory irradiated isoprene/NOx/

SO2/air mixtures and their detection in ambient PM2.5

samples collected in the eastern United States. Atmospheric

Environment 39, 5281–5289.

Gao, S., Ng, N.L., Keywood, M., Varutbangkul, V., Bahreini,

R., Nenes, A., 2004. Particle phase acidity and oligomer

formation in secondary organic aerosol. Environmental

Science and Technology 38, 6582–6589.

Geron, C., Rasmussen, R., Arnts, R.R., Guenther, A., 2000. A

review and synthesis of monoterpene speciation of forests

in the United States. Atmospheric Environment 34,

1761–1781.



ARTICLE IN PRESS
A. van Donkelaar et al. / Atmospheric Environment 41 (2007) 1267–1274 1273
Griffin, R.J., Crocker III, D.R., Seinfeld, J.H., 1999a. Estimate of

atmospheric organic aerosol from oxidation of biogenic

hydrocarbons. Geophysical Research Letters 26 (17),

2721–2724.

Griffin, R.J., Cocker III, D.R., Flagan, R.C., Seinfeld, J.H.,

1999b. Organic aerosol formation from the oxidation of

biogenic hydrocarbons. Journal of Geophysical Research 104

(D3), 3555–3567.

Guenther, A., Hewitt, C.N., Erickson, D., Fall, R., Geron, C.,

Graedel, T., Harley, P., Klinger, L., Lerdau, M., McKay,

W.A., Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju,

R., Taylor, J., Zimmerman, P., 1995. A global model of

natural volatile organic compound emissions. Journal of

Geophysical Research 100 (D5), 8873–8892.

Guenther, A., Otter, L., Zimmerman, P., Greenberg, J., Scholes,

R., Scholes, M., 1996. Biogenic hydrocarbon emissions from

southern African savannas. Journal of Geophysical Research

101 (D20), 25859–25865.

Guenther, A., Geron, C., Pierce, T., Lamb, B., Harley, P., Fall,

R., 2000. Natural emissions of non-methane volatile organic

compounds, carbon monoxide, and oxides of nitrogen from

NA. Atmospheric Environment 34, 2205–2230.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.I.,

Geron, C., 2006. Estimates of global terrestrial isoprene

emissions using MEGAN (model of emissions of gases and

aerosols from nature). Atmospheric Chemistry and Physics

Discussions 6, 107–173.

Heald, C.L., Jacob, D.J., Park, R.J., Russell, L.M., Huebert,

B.J., Seinfeld, J.H., 2005. A large organic aerosol source in the

free troposphere missing from current models. Geophysical

Research Letters 32 (L18809).

Hegg, D.A., Livingston, J., Hobbs, P.V., Novakov, T., Russell,

P., 1997. Chemical apportionment of aerosol column optical

depth off the mid-Atlantic coast of the United States. Journal

of Geophysical Research 102 (D21), 25293–25303.

Henze, D.K., Seinfeld, J.H., 2006. Global secondary organic

aerosol from isoprene oxidation. Geophysical Research

Letters 33 (L09812).

Jacob, D.J., 2000. Heterogeneous chemistry and tropospheric

ozone. Atmospheric Environment 34, 2131–2159.

Jang, M., Kamens, R.M., 2001. Characterization of secondary

aerosol from the photoxidation of toluene in the presence of

NOx and 1-propene. Environmental Science and Technology

35, 3626–3639.

Jang, M., Czoschke, N.M., Lee, S., Kamens, R.M., 2002.

Heterogeneous atmospheric aerosol production by acid-

catalyzed particle-phase reactions. Science 298, 814–817.

Kanakidou, M., Seinfeld, J.H., Pandis, S.N., Barnes, I.,

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., Wilson, J., 2005. Organic aerosol and global

climate modeling: a review. Atmospheric Chemistry and

Physics 5, 1053–1123.

Kavouras, I.G., Mihalopoulos, N., Stephanou, E.G., 1998.

Formation of atmospheric particles from organic acids

produced by forests. Nature 395, 683–686.

Kroll, J.H., Ng, N.L., Murphy, S.M., Flagan, R.C., Seinfeld,

J.H., 2005. Secondary aerosol from isoprene photooxidation

under high-NOx conditions. Geophysical Research Letters 32

(L18808).
Kroll, J.H., Ng, N.L., Murphy, S.M., Flagan, R.C., Seinfeld,

J.H., 2006. Secondary organic aerosol formation from

isoprene photooxidation. Environmental Science and Tech-

nology 40, 1869–1877.

Lemire, K.R., Allen, D.T., Klouda, G.A., Lewis, C.W., 2002.

Fine particulate matter source attribution for Southeast Texas

using 14CX13C ratios. Journal of Geophysical Research 107

(D22).

Lewis, C.W., Klouda, G.A., Ellenson, W.D., 2004. Radiocarbon

measurement of the biogenic contribution to summertime

PM-2.5 ambient aerosol in Nashville, TN. Atmospheric

Environment 38, 6053–6061.

Lim, H.-J., Carlton, A.G., Turpin, B.J., 2005. Isoprene forms

secondary organic aerosol through cloud processing: model

simulations. Environmental Science and Technology 39,

4441–4446.

Liu, H., Jacob, D.J., Bey, I., Yantosca, R.M., 2001. Constraints

from 210Pb and 7Be on wet deposition and transport in a

global three-dimensional chemical tracer model driven by

assimilated meteorological fields. Journal of Geophysical

Research 106 (D11), 12109–12128.

Lohmann, U., Feichter, J., 2005. Global indirect aerosol effects: a

review. Atmospheric Chemistry and Physics 5, 715–737.

Malm, W.C., Sisler, J.F., Huffman, D., Eldred, R.A., Cahill,

T.A., 1994. Spatial and seasonal trends in particle concentra-

tion and optical extinction in the United States. Journal of

Geophysical Research 99 (D1), 1347–1370.

Malm, W.C., Schichtel, B.A., Pitchford, M.L., Ashbaugh, L.L.,

Eldred, R.A., 2004. Spatial and monthly trends in speciated

fine particle concentration in the United States. Journal of

Geophysical Research 109 (D03306).

Matsunaga, S., Wiedinmyer, C., Guenther, A., Orlando, J., Karl,

T., Toohey, D.W., Greenberg, J.P., Kajii, Y., 2005. Isoprene

oxidation products are a significant atmospheric aerosol

component. Atmospheric Chemistry and Physics Discussions

5, 11143–11156.

Martin, R.V., Jacob, D.J., Yantosca, R.M., Chin, M., Ginoux,

P., 2003. Global and regional decreases in tropospheric

oxidants from photochemical effects of aerosols. Journal of

Geophysical Research 108 (D3).

Palmer, P.I., Abbot, D.S., Fu, T.-M., Jacob, D.J., Chance, K.,

Kuruso, T.P., 2006. Quantifying the seasonal and interannual

variability of North American isoprene emissions using

satellite observations of formaldehyde column. Journal of

Geophysical Research (D12315).

Pandis, S.N., Paulson, S.E., Seinfeld, J.H., Flagan, R.C., 1991.

Aerosol formation in the photooxidation of isoprene and b-
pinene. Atmospheric Environment 25A (5/6), 997–1008.

Pankow, J.F., 1994. An absorption model of the gasXaerosol

partitioning involved in the formation of secondary organic

aerosol. Atmospheric Environment 28 (2), 189–193.

Park, R.J., Jacob, D.J., Chin, M., Martin, R.V., 2003. Sources of

carbonaceous aerosols over the United States and implica-

tions for natural visibility. Journal of Geophysical Research

108 (D12), 4355.

Park, R.J., Jacob, D.J., Field, B.D., Yantosca, R.M., 2004.

Natural and transboundary pollution in fluences on

sulphate-nitrate-ammonium aerosols in the United States:

Implications for policy. Journal of Geophysical Research 109

(D15204).

Park, R.J., Jacob, D.J., Kumar, N., Yantosca, R.M., 2006.

Regional visibility statistics in the United States: Natural and



ARTICLE IN PRESS
A. van Donkelaar et al. / Atmospheric Environment 41 (2007) 1267–12741274
transboundary pollution influences, and implications for the

Regional Haze Rule, Atmospheric Environment, in press.

Puxbaum, H., Tenze-Kunit, M., 2003. Size distribution and

seasonal variation of atmospheric cellulose. Atmospheric

Environment 37, 3693–3699.

Turpin, B.J., Lim, H.J., 2001. Species contributions to PM2.5 mass

concentrations: revisiting common assumptions for estimating

organic mass. Aerosol Science and Technology 35, 602–610.
Womiloju, T.O., Miller, J.D., Mayer, P.M., Brook, J.R., 2003.

Methods to determine the biological composition of particu-

late matter collected from outdoor air. Atmospheric Environ-

ment 37, 4335–4344.

Yamasaki, H., Kuwata, K., Mlyamoto, H., 1982. Effects of

ambient temperature on aspects of airborne polycyclic

aromatic hydrocarbons. Environmental Science and Technol-

ogy 16 (4).


	Model evidence for a significant source of secondary organic aerosol from isoprene
	Introduction
	Analysis of IMPROVE measurements of OA
	Conclusions
	Acknowledgments
	References


