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Recent laboratory studies have demonstrated that isoprene oxida-
tion products can partition to atmospheric aerosols by reacting
with condensed phase sulfuric acid, forming low-volatility organo-
sulfate compounds. We have identified organosulfate compounds
in free tropospheric aerosols by single particle mass spectrometry
during several airborne field campaigns. One of these organosul-
fates is identified as the sulfate ester of IEPOX, a second generation
oxidation product of isoprene. The patterns of IEPOX sulfate ester
in ambient data generally followed the aerosol acidity and NOx

dependence established by laboratory studies. Detection of the
IEPOX sulfate ester was most sensitive using reduced ionization
laser power, when it was observed in up to 80% of particles in the
tropical free troposphere. Based on laboratory mass calibrations,
IEPOX added >0.4% to tropospheric aerosol mass in the remote tro-
pics and up to 20% in regions downwind of isoprene sources. In the
southeastern United States, when acidic aerosol was exposed to
fresh isoprene emissions, accumulation of IEPOX increased aerosol
mass by up to 3%. The IEPOX sulfate ester is therefore one of
the most abundant single organic compounds measured in atmo-
spheric aerosol. Our data show that acidity-dependent IEPOX
uptake is a mechanism by which anthropogenic SO2 and marine
dimethyl sulfide emissions generate secondary biogenic aerosol
mass throughout the troposphere.

acid-catalyzed particle phase reactions ∣ epoxides ∣ free troposphere ∣
secondary organic aerosol

Organic compounds constitute a significant fraction of global
aerosol mass in the troposphere (1–5). Much of this organic

material is thought to be of biogenic origin, especially in heavily
vegetated areas such as the southeastern United States (6) and
the Amazon basin (7). Recent analyses have shown that conver-
sion of biogenic volatile organic compounds (VOCs) to aerosol
material can be promoted by anthropogenic pollution (6, 8), and
chamber studies have revealed a number of biogenic aerosol
formation mechanisms in both polluted and clean environments.
Nevertheless, models based on aerosol yields from oxidation of
biogenic compounds in chamber experiments significantly under
predict observed aerosol mass in the troposphere (9, 10).

Oxidation products from isoprene have been shown to be sig-
nificant contributors to organic aerosol mass globally (11–14).
The yield of secondary organic aerosol (SOA) mass from
isoprene oxidation is strongly dependent on the concentration
of NOx during gas-phase reaction and the acidity of the aerosol
phase (15–17). Ambient observations and chamber experiments
give clear evidence that isoprene oxidation products form orga-
nosulfate compounds in the aerosol phase (18–20). Paulot et al.
(21) demonstrated that isoprene photooxidation under low-NOx
conditions can generate large concentrations of gas-phase epox-
ydiols that then react with acidic sulfate aerosols to form orga-
nosulfates (22). The increase in aerosol mass due to epoxydiol
uptake was quantified in a chamber study (22), and detailed
reaction kinetics have recently been reported (23–25).

In this study, we report airborne measurements of aerosol
organosulfates. Using the National Oceanic and Atmospheric
Administration (NOAA) Particle Ablation by Laser Mass Spec-
trometry (PALMS) single particle mass spectrometer, we have
identified an organosulfate compound formed from reactive up-
take of IEPOX (2,3-epoxy-2-methyl-1,4-butanediol, C5H10O3), a
gas-phase epoxydiol generated at high yield from isoprene oxida-
tion (21). The PALMS instrument is sensitive to this compound
and does not suffer from the nearly complete degradation of or-
ganosulfates observed in other online aerosol mass spectrometers
(26). Observations of the IEPOX sulfate ester product are dis-
cussed for a variety of tropospheric environments, ranging from
the Arctic to the tropics and from ground level to the strato-
sphere. By calibrating the PALMS organosulfate signal to aerosol
growth in controlled reactive uptake experiments, the contribu-
tion of this isoprene-SOA pathway to tropospheric aerosol mass
is determined.

Results
Laboratory Calibrations. Laboratory experiments were performed
to identify and calibrate epoxydiol product signatures in particle
mass spectra. We measured the reactive uptake of synthesized
BEPOX (2,3-epoxy-1,4-butanediol, C4H8O2), a compound nearly
identical to the isoprene-derived β-IEPOX but without the
methyl group alpha to the epoxide ring (SI Text and Fig. S1).
BEPOX vapor was mixed with nebulized aerosols containing
either acidic or neutralized sulfate in a glass reaction vessel at
low relative humidity. Aerosol particles exiting the vessel were
monitored by PALMS and a white light optical particle counter
(OPC).

BEPOX reaction with acidic seed aerosols resulted in accumu-
lation of reaction products in the aerosol phase. At the highest
BEPOX concentrations, the particle mode size shifted from
700 to 895 nm, doubling the original aerosol volume (Fig. 1A).
Because seed aerosols were not pure sulfuric acid, this observa-
tion suggests that epoxide uptake is not always sulfuric acid-
limited. Acid is necessary for epoxide ring opening, and aqueous
sulfate is lost through formation of the sulfate ester. However,
further uptake of BEPOX can proceed via oligomer formation,
which only requires an acid catalyst and does not consume sulfate
(22). BEPOX may also condense directly onto aerosols with
an aqueous layer and/or those already rich in BEPOX products
(22, 27). Neutralized seed aerosols showed no detectable evi-
dence of BEPOX reaction for exposure times up to 200 s at the
highest BEPOX concentrations (Fig. 1B).
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A PALMS negative ion mass spectrum of an acidic sulfate
aerosol particle that reacted with gas-phase BEPOX is shown
in Fig. S2. The major reaction product occurs at a mass-to-charge
ratio (m∕z) of 201. Isotopic signatures and a high accuracy mass
analysis (see next section) confirm that this ion is composed of
organic carbon and one sulfur atom and is consistent with the
empirical formula C4H9O3SO4

−. This ion was positively identi-
fied under similar reaction conditions in other mass spectral
studies (22) as the sulfate ester product of BEPOX and sulfuric
acid, H-BEPOX-OSO3

−. Based on this evidence, we identify
the PALMS m∕z 201 signal as BEPOX sulfate ester monomer.
A possible alternative assignment for m∕z 201 is the ion cluster,
HSO4

−
•BEPOX, but formation of this ion is not probable be-

cause the HSO4
− ion and organic species do not cluster efficiently

in the instrument. Accordingly, the 201 ion was not observed in
particles composed of equal amounts ammonium sulfate and
BEPOX. A substantial fraction of the sulfate ester ion fragments
into nonspecific organic carbon (C2

− and C2H−) and sulfate
(HSO4

−) signals. Positive ion spectra were rich in peaks up to
m∕z 150, with additional peaks at higher masses for particles
with BEPOX mass loadings above 30%. This spectral pattern
is commonly observed for aerosols with high polymeric character
such as polystyrene latex spheres. Also observed beginning at
18% mass were the sulfated BEPOX dimer (22) at m∕z 305 and
the H-BEPOX-OSO3

− ion with an additional sulfuric acid at m∕z
299, which is an ion cluster analogous to HSO4

−
•H2SO4. Minor

components in the mass spectrum are further discussed in SI Text.
The PALMS BEPOX sulfate ester signal at negative m∕z 201

was calibrated to the mass of BEPOX that accumulated on acidic
aerosols. Calibrations were performed for both high and low
ionization laser power spectra (Fig. S3). PALMS has a higher
sensitivity to this compound than many organic species because
the sulfate group forms a very stable negative ion. At reduced
laser powers, fragmentation was less severe, giving a lower mass
detection limit on a per particle basis. At any given sulfate ester
mass loading, the greater sensitivity in low power mode will in-
crease the fraction of particles with a detectable BEPOX sulfate
ester signal. For PALMS to detect a signal using high (low) laser
power, the particle must contain approximately >0.1%ð> 0.01%Þ
BEPOX by mass. For the remainder of the article we report the
aerosol mass attributed to the epoxides BEPOX and IEPOX
based on the abundance of the respective epoxide sulfate ester
signals at m∕z ¼ 201 or 215.

Identification of IEPOX Products in Atmospheric Particles. Fig. 2A is a
mass spectrum of a 1.1 μm diameter particle recorded at 3 km
altitude showing an organosulfate signature at m∕z 215. Several
lines of evidence support the identification of this peak as the

molecular ion of the sulfate ester product of isoprene-derived
IEPOX and sulfuric acid, H-IEPOX-OSO3

− (IEPOX ¼ β-
IEPOXþ δ-IEPOX) (21). Ambient particles with m∕z 215
have many of the same spectral patterns and fragments as the
laboratory BEPOX product spectra. The m∕z 215 signal is more
frequently detected in regions of biogenic VOC emissions, high
acidity, and low NOx as discussed further below. This ion has
never been generated in the laboratory by mixtures of sulfate,
nitrate, and dozens of organic species, indicating that it results
from unique chemistry and is not simply a general marker for
large organic molecules. Finally, a high accuracy mass analysis
was performed to identify the atomic components of m∕z 215
and other peaks in PALMS mass spectra (Fig. 2B). Noninteger
mass defects for each ion were determined and then averaged
over many spectra (see Fig. S4 for details). The IEPOX sulfate
ester (C5H11O3SO4

−) would have a mass defect of þ0.025. The
other likely candidate ion at m∕z 215 is KS2O7

−, which has a
much lower mass defect of −0.119 due to the potassium atom.
Observed mass defects of þ0.027 to þ0.041 in ambient spectra
indicate that the 215 ion does not contain potassium and is in-
stead abundant in oxygen and hydrogen atoms. The high accuracy
mass analysis confirms the identification of m∕z 201 as the
BEPOX sulfate ester in laboratory studies and m∕z 215 as the
IEPOX sulfate ester in tropospheric aerosols.

Other Organosulfate Signatures in Ambient Particle Spectra. Several
other peaks observed in ambient mass spectra may indicate iso-
prene-derived organosulfate species. Peaks marked with a star in
Fig. 2A correspond to masses where isoprene-derived organosul-
fate compounds were observed together with the IEPOX sulfate
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Fig. 1. Aerosol size distributions of BEPOX uptake experiments. (A) Reactive
uptake of BEPOX onto 700-nm acidic sulfate aerosols. (B) Negligible (<1%)
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0.001

0.01

0.1

1

In
te

n
si

ty
 (

m
A

)

34032030028026024022020018016014012010080604020
m/z

HSO4
–

CN
–

SO2
–

SO3
–

HSO4
–
•H2SO4

169

HS2O7
–

139

141 155

253
283

Monomer:
H-IEPOX-SO4

–
Dimer:
H-(IEPOX)2-SO4

–

C2Hx
–

111 183

A

* *

*

*153
199*

*135

* *

0.15

0.10

0.05

0.00

-0.05

-0.10

-0.15

M
as

s 
D

ef
ec

t
230220210200190180170160150140130

Integer mass

KSO4•H2SO4

KS2O7

HS2O7C2H3O2SO4 C3H3O3SO4

C4H7O2SO4

IEPOX
sulfate ester
C5H11O3SO4

HSO4•H2SO4

C16H23

C3H7OSO4

C2H3OSO4

Na3Cl2

C3H7SO4

C3H5O2SO4

C4H9OSO4

BEPOX
sulfate ester
C4H9O3SO4

 TC4 2007         Exact
 CR-AVE 2006   Lab
 NEAQS 2004

B

Fig. 2. Organosulfate species in single particle mass spectra. (A) Ambient
particle spectrum from the TC4 campaign recorded at 3 km altitude over
Central America showing prominent IEPOX sulfate ester monomer and dimer
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nosulfates from isoprene (18, 19). (B) Chemical identification of BEPOX and
IEPOX uptake products and other organosulfate ions in negative ion mass
spectra using a high accuracy mass analysis (Fig. S4). Ions are identified by
comparing exact mass defects for candidate species (black bars) with values
derived from laboratory and free tropospheric aerosol spectra.

Froyd et al. PNAS ∣ December 14, 2010 ∣ vol. 107 ∣ no. 50 ∣ 21361

G
EO

PH
YS

IC
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012561107/-/DCSupplemental/pnas.1012561107_SI.pdf?targetid=SF4


ester using offline mass spectrometry techniques in previous
chamber studies and ground level samples (18, 19). Some peaks
are observed by PALMS in both the laboratory BEPOX experi-
ments and ambient aerosols (e.g., m∕z 139 and 169). High accu-
racy mass analysis suggests the empirical formulas C3H7SO4

− and
C3H5O2SO4

− for 139, and C4H9OSO4
− and C3H5O2SO4

− for
169. The former correspond to probable fragmentation products
of BEPOX sulfate ester and organosulfates of similar structure,
and the latter are consistent with the sulfate esters of glycolalde-
hyde and methylglyoxal (18, 19).

The m∕z 155 negative ion is a common but unidentified peak
in ambient aerosol spectra. In the atmosphere 155 is mostly
observed in aerosols containing acidic sulfate, and isotope signa-
tures indicate the presence of sulfur. Its presence correlates with
the molecular ion of IEPOX sulfate ester, but it is not produced
from BEPOX laboratory spectra. Fragmentation of the m∕z 215
IEPOX sulfate ester at the center of the carbon chain could
potentially form the HOCH2CHðCH3ÞOSO3

− ion at m∕z 155
(empirical formula C3H7OSO4

−). The same fragmentation of
the BEPOX sulfate ester would form an ion at m∕z 141, but this
ion is not observed in BEPOX spectra. High accuracy mass
analysis constrains the 155 ion to C2H3O2SO4

− rather than
the IEPOX fragment. Therefore, the 155 peak may be due to
glyoxal sulfate (18, 20) or glycolic acid sulfate (28). These species
have been previously detected during isoprene oxidation under
high NOx conditions in the presence of acidic aerosol (18) and
in neutralized aerosol mixed with glyoxal under UV light (28).
This ion was not observed by PALMS in laboratory aerosol gen-
erated from mixtures of acidic sulfate and glyoxal. We conclude
that the m∕z 155 peak is not directly related to IEPOX sulfate
ester but appears to be the result of parallel chemistry involving
production of organosulfates either from other biogenic VOCs or
from isoprene but by different reaction pathways than those that
produce IEPOX.

Atmospheric Measurements and Implications
Distributions of Isoprene Oxidation Products in Tropospheric Aerosol.
In this section we discuss observations of the isoprene-derived
IEPOX sulfate ester in atmospheric particles during several
aircraft campaigns. Aerosol particles with IEPOX sulfate ester
were identified by spectra where the m∕z 215 peak was detected
above the noise level and was not obscured by interferences and
neighboring peaks. Only particles classified as internal mixtures
of sulfate and organic carbon (typically the predominant aerosol
type) were investigated for the IEPOX sulfate ester signatures
because other particle types such as sea salt and mineral dust
often have many interfering ion peaks at high masses.

We concentrate our analysis on two regions. First, during the
summer 2004 ITCT/NEAQS campaign (http://www.esrl.noaa.
gov/csd/2004/) the NOAA P-3 aircraft probed tropospheric air
over the eastern United States downwind of urban and industrial
pollution sources as well as regions with strong biogenic VOC
emissions. These data include simultaneous measurements of
gas-phase isoprene and other relevant species. Second, tropical
aerosols were measured during three aircraft campaigns based
in Costa Rica (http://www.espo.nasa.gov/missions.php): Pre-AVE
(Northern Hemisphere, winter 2004) and CR-AVE (winter 2006),
sampling up to 19 km aboard the NASAWB-57, and TC4 (sum-
mer 2007), up to 13 km altitude aboard the NASA DC-8.

Southeastern United States. Fig. 3A is a flight track map showing
the frequency of IEPOX sulfate ester occurrence in PALMS
particle mass spectra during the NEAQS campaign. The IEPOX
sulfate ester was detected in 0.6% of particles throughout the
mission and was evenly distributed among urban outflow, remote
continental, and offshore regions. This signature was not en-
hanced during the SOA formation events downwind of urban
areas documented previously (29, 30). By far the highest abun-

dance (4.8% of particles at high laser power) was during the
southern half of a flight from Florida to New Hampshire (July
5, 2004) where the aircraft flew downwind of biogenic VOC
sources and anthropogenic SO2 emissions in the southeastern
United States.

The relationship between isoprene emissions, aerosol acidity,
and IEPOX sulfate ester abundance is generalized in Fig. 3B.
When concentrations of gas-phase methyl vinyl ketone and
methacrolein (two principal oxidation products of isoprene) ex-
ceeded 1.2 ppbv under very low NOx conditions, observations of
IEPOX sulfate ester in acidic sulfate aerosols increased sharply.
Under the highest isoprene influence, more than 70% of acidic
aerosol particles contained detectable amounts of IEPOX sulfate
ester. Higher NOx levels shift isoprene oxidation branching ratios
away from IEPOX (21), and in controlled chamber studies
the IEPOX sulfate ester was not detected in aerosols under high
NOx conditions (16, 22). This NOx dependence is observed here
in the ambient particle data: For NOx > 1 ppbv, the IEPOX
sulfate ester was not observed until MVK þmethacrolein levels
exceeded 2 ppbv. Aerosols with neutralized sulfate did not
contain IEPOX sulfate ester under any precursor loading. Fig. 3B
agrees with previous laboratory and ground level studies, demon-
strating that both aerosol chemical composition and pollution
levels are critical to tropospheric aerosol mass production via
the IEPOX pathway.

Tropics.The vertical distribution of the IEPOX sulfate ester in the
tropical atmosphere is shown in Fig. 4A. Of the three tropical
campaigns presented here, TC4 spanned the broadest geographic
coverage, including the Caribbean and Pacific sides of Central
America and both low and high altitude segments over the Ama-
zon jungle. As a TC4 mission average, the IEPOX sulfate ester
was detected in 0.5% of tropospheric aerosols using full laser
power, similar to the average detection frequency over North
America. IEPOX sulfate esters were most abundant directly over
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and downwind of Central and South American and were least
abundant in the Caribbean upwind of continental regions. During
TC4, mass spectra were also recorded using reduced ionization
laser power, where PALMS is significantly more sensitive to
m∕z 215 (Fig. S3). In low power mode 12.1% of all tropospheric
particle spectra showed an IEPOX sulfate ester signal, and above
5 km the TC4 regional average increased to 30–80%.

The fraction of particles containing acidic sulfate is plotted in
Fig. 4B. For the CR-AVE and TC4 campaigns, the sulfate ester
curves generally track sulfate acidity except in the stratosphere,
suggesting that for these studies partitioning of IEPOX to aero-
sols was limited by acidity rather than isoprene emissions. The
maxima for both the acidity and sulfate ester curves (high power
spectra) occur at several km altitude in the free troposphere.
Highly acidic sulfate aerosols were not typically found in the con-
tinental boundary layer, and consequently, IEPOX did not
strongly partition to aerosols near the isoprene source. During
a boundary layer flight leg over the Colombian jungle, isoprene
concentrations were 3–4 ppbv, and the level of gas-phase iso-
prene oxidation products (ISOPOOHþ IEPOX) was relatively
high (21). Despite intense precursor loadings, the occurrence
of IEPOX sulfate ester in aerosols was below the mission average
−0% of particles at full laser power and 9.3% at low power—due
to a low abundance of acidic aerosols and a relatively short time
since emission. Once isoprene and derivatives are lofted above
the boundary layer, IEPOX can more efficiently partition to
the acidic sulfate aerosols found in the free troposphere.

Free tropospheric air encountered during the Pre-AVE cam-
paign was heavily influenced by convection over the Amazon
jungle from 2–3 d prior (31). Amazonian convection generated
a large volume of organic-rich aerosols throughout the tropo-
sphere from both direct injection of boundary layer particles
as well as accumulation of secondary material aloft. Although
fewer than 20% of aerosols contained acidic sulfate, IEPOX sul-
fate ester was observed more frequently (up to 40%) than for
other tropical campaigns, often in particles with no acidic signa-
ture. Similarly, acidic particles were rare above 7 km during TC4,
where IEPOX sulfate ester was most frequently observed using
low power. In these cases it is not clear whether very high iso-
prene loadings allowed IEPOX to partition to mostly neutralized
particles in the jungle canopy or whether these aerosols became
neutralized after IEPOX uptake. One possibility is that aerosol
sulfuric acid was fully titrated by reaction with IEPOX and
other compounds to form organosulfates, so that initially acidic
aerosols did not produce the sulfate acidity signature in PALMS
spectra. Although this sulfate titration effect was not observed

even upon substantial BEPOX loadings in laboratory experi-
ments, laboratory aerosols were predominantly sulfate in contrast
to Pre-AVE where sulfate was a minor component. It remains
unclear why a predominant fraction of the free tropospheric
aerosols encountered during Pre-AVE that contained IEPOX
sulfate ester appeared fully neutralized. Because convection
played a stronger role in defining the properties of the Pre-AVE
troposphere, aqueous reactions of SO2, ammonia, and isoprene
products may have generated these aerosols through different
isoprene reaction mechanisms (32).

Unlike TC4 and Pre-AVE where continental isoprene sources
were nearby, the CR-AVE troposphere was characterized by long
range transport across the Pacific. During the 5–10 d journey, a
highly acidic sulfate aerosol population was generated from
maritime convective lofting of dimethyl sulfide (DMS) and other
sulfur precursors (31). IEPOX uptake would only occur once
these precursors had oxidized and generated acidic aerosols. Iso-
prene oxidation and subsequent loss of the gas-phase products
ISOPOOH and IEPOX via OH reaction requires more than 1
photolytic day (21). Tens of percent of the original IEPOX could
remain several transport days downstream of continental iso-
prene sources to react with newly formed acidic aerosols. The
CR-AVE case is important in that, unlike the southeastern
United States environment, isoprene-derived aerosol formation
did not require anthropogenic emissions but instead resulted
from the combination of biogenic VOC emissions and biogenic
DMS. This case also demonstrates that isoprene can generate
aerosol material well downwind of emission regions and that
these aerosols can be transported globally.

Other Regions. No IEPOX sulfate ester signals were observed
at full laser power in the tropical lower stratosphere (17–19 km),
a region characterized by upward mass flux across the tropo-
pause. Although during CR-AVE stratospheric sulfate aerosols
were highly acidic, they did not accumulate organic mass as they
ascended and aged, suggesting that gas-phase organic precursors
in general had been removed at lower altitudes. Somewhat sur-
prisingly, although up to 40% of lowermost stratospheric aerosols
originated in the troposphere (31), these particles did not have
detectable IEPOX signatures.

In the Alaskan Arctic during April 2008 most of the aerosol
mass was transported from northern Asia when isoprene emis-
sions were low. The IEPOX sulfate ester was detected in only
0.01% of the particles despite the frequent presence of acidic
sulfate. During the same campaign, 0.8% of aerosols in the free
troposphere near Florida had detectable amounts of sulfate ester,
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similar to the summertime North American average. IEPOX sul-
fate ester was also not observed at full laser power in the Houston
area during wintertime when isoprene emissions were low.Within
tropical volcanic plumes that contained acidic sulfate aerosol,
IEPOX sulfate ester frequency was 1.5–3.0%, up to six times
the TC4 mission average.

Mass Estimates. The fraction of total aerosol mass attributed
to IEPOX can be estimated by applying laboratory calibrations
to atmospheric IEPOX sulfate ester signals. The calibrations
showed that the PALMS instrument is 2–50 times more sensitive
to epoxydiol sulfate esters when operating in low laser power
mode (Fig. S3). For particles smaller than about 0.5 μm diameter,
the IEPOX signal at high laser power usually falls below the de-
tection limit, leading to an underestimate of the IEPOX mass
fraction. In general, most particles did not have organosulfate
signals above detection limits, but many particles contained tens
of % by mass IEPOX (Fig. S6).

Fig. 4C shows vertical profiles of IEPOX mass for the tropical
campaigns and the southeastern United States. Although some
data was collected at both laser powers on several missions, only
TC4 had enough sampling time at low laser power for reliable
mass estimates. During TC4, IEPOX comprised as much as
20% of aerosol mass at altitudes where acidic sulfate was most
abundant and >5% throughout most of the free troposphere.
The mission average, which included low altitude regions of neu-
tralized sulfate aerosol, was about 2%. Comparing these values to
those determined at high laser power during TC4, we find that the
high laser power mass estimates for other missions presented
below should be regarded as lower limits and could be underes-
timated by factors of 10–20 (2–5 for Pre-AVE).

The mass fractions for other campaigns shown in Fig. 4C are
calculated using high laser power spectra only. Results from the
NEAQS July 5 flight, as well as at the Atlanta Supersite ground
site in 1999, show that, in the summertime southeastern United
States, IEPOX comprised 1–3% of the total aerosol mass below
2 km (Fig. 4C). The NEAQS campaign average for eastern
North America was 0.3%. IEPOX mass loadings downwind of
Amazonian convection in Pre-AVE were 1% averaged over the
troposphere with values of 3–14% at the level of maximum
convective outflow. For the CR-AVE remote tropical case, a
dominant population of high-acidity particles compensated for
distant isoprene emissions to yield an IEPOX aerosol mass frac-
tion of 0.4% in the free troposphere and sporadically up to 1–2%.

Total aerosol loadings varied by orders of magnitude over the
cases presented here: from 0.01–0.1 μgm−3 in the tropical upper
troposphere to 1–50 μgm−3 in the midlatitude lower tropo-
sphere. Table 1 gives absolute aerosol mass estimates for IEPOX
by applying the data in Fig. 4C to measurements of submicron
aerosol mass. Free tropospheric mass loadings of IEPOX ranged
from <1 ngm−3 in remote tropical regions to tens of ngm−3

downwind of isoprene sources. In the southeastern United States,
large summertime biogenic VOC fluxes combined with anthropo-

genic sulfur emissions to generate 81 ngm−3 aloft during 2004
and more than 900 ngm−3 at ground level in Atlanta during 1999.
Using electrospray ionization mass spectrometry, Chan et al. (27)
report much lower mass concentrations of 7–64 ngm−3 during a
2008 Atlanta ground study. This apparent disagreement may be
due to differences in aerosol acidity between the 1999 and 2008
studies. In 1999 sulfate aerosol was not fully neutralized on aver-
age (33) and was highly acidic (NH4

þ∶SO4
2− < 1) for about half

of the daytime hours. Data from the United States Environmen-
tal Protection Agency (EPA) Speciation Trends Network reveal a
strongly increasing trend in sulfate aerosol neutralization: From
2001 to 2008, the summertime NH4

þ∶SO4
2− ratio in eastern

Atlanta increased at rate of 0.50 per decade (see the public
database of the EPA Speciation Trends Network for Dekalb,
GA, at http://www.epa.gov/ttn/amtic/amticpm.html).

Atmospheric Implications. There are several observations of
isoprene-derived organosulfates at ground sites in the eastern
United States (18, 27, 36), but quantification is so far restricted
to a few offline techniques. Our airborne mass spectrometry data
demonstrates that acid-catalyzed uptake of IEPOX is effective in
a variety of tropospheric environments and that the IEPOX sul-
fate ester product is one of the most abundant single organic
compounds in atmospheric aerosol. IEPOX mass loadings can
vary by orders of magnitude depending on biogenic VOC emis-
sions and NOx levels and are particularly sensitive to aerosol acid-
ity. The most frequent sulfate ester observations and highest
overall mass fractions were found 1–3 d downwind of isoprene
sources. In the tropics IEPOX reactive uptake contributed
1–20% of the tropospheric aerosol mass where continental
convection was active. Particulate IEPOX levels in wintertime
midlatitudes and springtime Arctic were more than 50 times low-
er than typical midlatitude levels, whereas aerosols in the remote
tropical troposphere far from isoprene sources had consistently
nonzero abundance. In several regions IEPOX uptake appeared
to be acid-limited, suggesting that emissions of biogenic and
anthropogenic sulfur rather than VOCs can dictate secondary
organic aerosol generation in the atmosphere via this pathway.
Global models estimate that low-NOx aerosol production from
isoprene contributes from one to three quarters of SOA mass
(14). Although this acid-catalyzed epoxide mechanism is capable
of producing significant aerosol mass, an acidity parameter is
not currently implemented in global models of isoprene SOA
generation (14).

The production of secondary organic aerosol material via
IEPOX reactive uptake is conceptually similar to tropospheric
ozone production in that it proceeds via a combination of bio-
genic VOCs and anthropogenic pollution, in this case SO2 emis-
sions. Through this pathway, SO2 emission control strategies may
lead to a decrease in biogenic aerosol loadings. Limited data
suggest this may have occurred in Atlanta over the last decade.
On the other hand, the remote CR-AVE case, where acidic, sul-
fate-rich aerosol particles were generated from marine sources,

Table 1. Submicron aerosol mass (ngm−3) attributed to IEPOX at relevant altitude ranges

TC4*
tropics

Pre-AVE*
tropics

CR-AVE*
tropics

NEAQS (July 5)†

southeastern US
Atlanta Supersite‡

southeastern US

Downwind of Central
American isoprene

sources, some convection

Heavily impacted
by Amazonian
convection

Long-range
transport, distant
isoprene sources

Downwind of
strong isoprene

sources

Strong local
isoprene sources

0–3 km 0.03 0.58§ 7–17 km 32 7–17 km 0.42 0–2 km 84 ground site 910
3–12 km 0.05 1.2§ 17–19 km 0 17–19 km 0 2–4 km 0

*An average aerosol density of 1.2 g cm−3 is assumed to convert measured volume to mass.
†Aerosol mass for the July 5 flight is derived from Aerodyne Aerosol Mass Spectrometer data and may be anomalously low by up to 50% due to inlet
transmission inefficiency (34).

‡Total aerosol burden is from PM2.5 measurements (35), where the large majority of aerosol mass was submicron.
§Using reduced laser power for higher sensitivity. All other values using full laser power.
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demonstrates that secondary organic aerosol material is also pro-
duced via the IEPOX pathway without anthropogenic input.

Materials and Methods
PALMS Single Particle Mass Spectrometer. The NOAA PALMS instrument (5)
detects individual aerosol particles (Dp > 200 nm) by light scattering and
then pulses a UV excimer laser (λ ¼ 193 nm) to vaporize and ionize each par-
ticle. Ions are extracted into a time-of-flight mass spectrometer to generate a
complete positive or negative mass spectrum per particle. The percent of
aerosol mass attributed to IEPOX uptake was calculated by applying the la-
boratory calibration to averagemass spectral intensities. Themass calibration
in Fig. S3 is applied to all particle sizes. An underlying assumption is that the
composition of sulfate-organic aerosols is homogeneous over the detected
size range. To estimate absolute IEPOX mass, the IEPOX mass fraction was
applied to submicron aerosol volume (30, 31) (data publicly available at
the NASA ESPO database at http://espoarchive.nasa.gov/archive/arcs/tc4/;
see SI Text) at 10 min intervals and then averaged over each campaign. Sul-
fate acidity signatures in PALMS spectra have been calibrated to NH4

þ∶SO4
2−

ratio using ambient particles (31). Aerosol sulfate is considered acidic here for
NH4

þ∶SO4
2− < 1 and neutralized for NH4

þ∶SO4
2− ≥ 2. Aircraft campaigns:

ITCT/NEAQS (Intercontinental Transport and Chemical Transformation/New
England Air Quality Study), Pre-AVE (Pre-Aura Validation Experiment), CR-
AVE (Costa Rica Aura Validation Experiment), TC4 (Tropical Composition,
Cloud, and Climate Coupling).

BEPOX Uptake Experiments. BEPOX was synthesized according to Surratt et al.
(22). Nebulized aerosols were mixed with BEPOX vapor inside a 7.5 cm i.d.

flowing reaction vessel at 295 K. BEPOX concentrations (not monitored) were
varied by passing dry air over crystals maintained at a constant temperature
from 273–338 K. Neutralized and acidic aerosols generated from dilute
ðNH4Þ2SO4 and NH4HSO4∕H2SO4 (1–2.75∶1) solutions were dried to <10%
RH and size selected using a differential mobility analyzer before entering
the reaction vessel. Generated aerosols also contained 30% organic carbon
mass on average. Residence times in the reaction vessel were 45–300 s.
Aerosol mass was determined from OPC scattering intensities using BEPOX
densities and refractive indices of 1.0 g cm−3 and 1.42 based on epoxides
of similar structure (37), and values for NH4HSO4∕H2SO4 of 1.62 g cm−3

and 1.45 (38).

Gas-Phase Measurements. VOC concentrations during the ITCT/NEAQS
2004 campaign were measured using proton transfer reaction mass spectro-
metry (PTR-MS) (29). Methyl vinyl ketone and methacrolein are isomeric,
and only the sum of their abundances was determined. NOx concentrations
were measured using a NO2 photolysis-NO chemiluminescence techni-
que (39).
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