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ABSTRACT: In June 2010, the NOAA WP-3D aircraft
conducted two survey ﬂights around the Deepwater Horizon
(DWH) oil spill. The Gulf oil spill resulted in an isolated
source of secondary organic aerosol (SOA) precursors in a
relatively clean environment. Measurements of aerosol
composition and volatile organic species (VOCs) indicated
formation of SOA from intermediate-volatility organic
compounds (IVOCs) downwind of the oil spill (Science
2011, 331, doi 10.1126/science.1200320). In an eﬀort to
better understand formation of SOA in this environment, we
present mass spectral characteristics of SOA in the Gulf and of
SOA formed in the laboratory from evaporated light crude oil. Compared to urban primary organic aerosol, high-mass-resolution
analysis of the background-subtracted SOA spectra in the Gulf (for short, “Gulf SOA”) showed higher contribution of CxHyO+
relative to CxHy+ fragments at the same nominal mass. In each transect downwind of the DWH spill site, a gradient in the degree
of oxidation of the Gulf SOA was observed: more oxidized SOA (oxygen/carbon = O/C ∼0.4) was observed in the area
impacted by fresher oil; less oxidized SOA (O/C ∼0.3), with contribution from fragments with a hydrocarbon backbone, was
found in a broader region of more-aged surface oil. Furthermore, in the plumes originating from the more-aged oil, contribution
of oxygenated fragments to SOA decreased with downwind distance. Despite diﬀerences between experimental conditions in the
laboratory and the ambient environment, mass spectra of SOA formed from gas-phase oxidation of crude oil by OH radicals in a
smog chamber and a ﬂow tube reactor strongly resembled the mass spectra of Gulf SOA (r2 > 0.94). Processes that led to the
observed Gulf SOA characteristics are also likely to occur in polluted regions where VOCs and IVOCs are coemitted.

1. INTRODUCTION

the site. These measurements allowed for evaluation of the
contribution of diﬀerent classes of hydrocarbons with diﬀerent
volatilities to secondary organic aerosol (SOA) formation under
ambient conditions.1 Recently, the importance of the
intermediate-volatility and semivolatile organic compounds
(IVOCs and SVOCs) for SOA formation has been demon-

On 20 April, 2010, an explosion at the Deepwater Horizon
(DWH) drill rig marked the start of a major oil spill from the
Macondo reservoir into the Gulf of Mexico. On June 8 and 10,
2010, the NOAA WP-3D aircraft, equipped with a large suite of
gas- and aerosol-phase measurements, performed two ﬂights
upwind of, around, and downwind of the spill site in order to
characterize the atmospheric pollutants emitted from the oil
spill and the recovery activities around the site.1−8 Plumes of
organic aerosol particles and volatile organic compounds
(VOCs), with diﬀerent widths, were measured downwind of
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strated in several modeling and laboratory studies.9−12 The
framework of such studies is based on the “volatility basis set”,
which considers the eﬀective saturation concentration (C*) of
diﬀerent compounds for equilibrium absorptive partitioning
between gas and aerosol phase.11,13
The data collected during the research ﬂights indicated that,
once the oil reached the surface, highly volatile species (C* >
107 μg m−3, hydrocarbons with carbon-number < C11)
evaporated on time scales of <10 h in a narrow plume.
Intermediate-volatility species (104 < C* < 107 μg m−3, C12−
C18) are believed to have evaporated between 10 and 1000 h
after surfacing, thus spreading to a larger area due to surface
currents and contributing to a spectrum of diﬀerent-volatility
IVOC vapors around the DWH site.1 Oxidation of some of
these IVOCs (C* ∼105 μg m−3, C14−C16) is thought to be
the source of signiﬁcant SOA production observed downwind
of the site.1 IVOCs originating from the oil spill resulted in new
particle formation as well as signiﬁcant particle growth (10−20
nm h−1 depending on the size) downwind of the site.3 The
impact of OA and other pollutants on the local and regional air
quality was assessed in a separate paper.2 It was estimated that
the yield of SOA formation from the mixture of hydrocarbons
reaching the surface was 8 ± 4%.2
In this paper, we focus our analysis on improving scientiﬁc
understanding of SOA formation from precursors of varying
volatilities. The DWH spill provided a unique opportunity to
examine this phenomenon in an isolated environment. Similar
processes are thought to occur in many urban areas although
they are diﬃcult to observe unambiguously. We present
detailed mass spectral analysis of SOA formed from the oil
spill along with trace gas measurements of VOCs, oxidized
nitrogen species, and ozone (O3) to gain greater insight into
the processes that led to SOA formation. We further investigate
characteristics of SOA formed from light crude oil in the
controlled laboratory setting, using samples of south Louisianalight crude (SL) oil (Onta Inc., Ontario, Canada). Mass spectral
characteristics of the laboratory-generated SOA are compared
with those of the SOA observed downwind of the DWH site.

distributions were measured by a nucleation mode aerosol size
spectrometer (NMASS) and an ultra-high-sensitivity aerosol
size spectrometer (UHSAS).3 Gas-phase measurements of
selected VOCs were made online by a proton-transfer-reaction
mass spectrometer (PTR-MS).19 Mixing ratios of nitrogen
oxide species were measured by ozone-induced chemiluminescence for NO, UV-LED photolysis followed by NO
chemiluminescence for NO2, and by catalytic reduction and
subsequent NO chemiluminescence for NOy.20−22 Peroxyacetyl
nitrate (PAN) measurements were made by chemical ionization
mass spectrometry, using I− as the reagent ion.23 Ozone mixing
ratios were measured by NO-induced chemiluminescence.24
Carbon monoxide (CO) was measured by vacuum UV
resonance ﬂuorescence.25
Sampling frequency of the instruments varied from 1 Hz for
most of the gas-phase measurements to 0.1 Hz for AMS
measurements. The PTR-MS sampled a range of VOCs
sequentially for 1 s each, repeating every 21 s.
2.2. Laboratory-Based Measurements. To study SOA
formation from light crude oil, we obtained samples of SL light
crude oil that has an alkane content (C10−C35) very similar to
the Macondo oil from the spill while its polycyclic aromatic
hydrocarbon content is on average 23% lower than that of the
Macondo oil (which is at ∼1.4%).26 Laboratory “oil weathering” experiments have shown that SL oil is less volatile than
the Macondo oil (1, and references therein.) We also note that
due to dissolution of the soluble components of the Macondo
oil in the Gulf (mainly small alkanes and light aromatics)6 and
the diﬀerent extent of weathering of the surfaced oil, our choice
of SL oil for performing the laboratory experiments does not
fully reproduce the gas-phase hydrocarbon mixture found over
the DWH spill site.
In the laboratory experiments, vapors from SL oil were
oxidized via OH radicals in a smog chamber at the
Massachusetts Institute of Technology (a 7.5 m3 FEP ﬁxedvolume bag operated in semibatch mode) as well as in a
potential aerosol mass (PAM) ﬂow tube reactor at Boston
College, in both cases under low relative humidity (RH <
40%).27−30
For the smog chamber experiments, the SL oil was
introduced into the chamber by ﬂowing clean air through a
two-neck round-bottom ﬂask containing 5 μL of SL oil, heated
to 100 °C for 30 min. Gas chromatography (GC) analysis of
the SL oil injected to the chamber and GC alkane
chromatogram standards (SI Figure S2) indicates that the
organic vapors oxidized in the chamber correspond predominantly to alkanes with 8−16 carbon atoms. These compounds
are similar in volatility to some of the VOCs measured in the
Gulf as well as the IVOCs believed to be precursors of the Gulf
SOA.1 Ultraviolet photolysis of HONO, produced by dropwise
addition of NaNO2 into H2SO4 outside the chamber (e.g., 31),
was used as the source of OH radicals. With continuous
addition of HONO to the chamber, measured NOx (sum of
NO and NO2) mixing ratios increased from <10 ppbv at the
start of the experiments to ∼900 ppbv at the end of the
experiments (∼17 h after the start). Concentrations of OH
were calculated using a model that accounts for the amount of
HONO introduced in the chamber as well as its photolysis rate.
Calculated instantaneous OH concentrations were variable
throughout the experiment, decreasing from 3.8 × 10 7
molecules cm−3 in the beginning to 4.7 × 106 after 17 h. The
estimated range of OH exposure for the data presented here is
1.4 × 107 to 1.6 × 108 molecules cm−3 h. There was no SOA

2. MEASUREMENTS AND METHODS
2.1. Ambient Measurements. The NOAA WP-3D
research aircraft made two ﬂights over the DWH oil spill. On
June 8, local wind speed was low (∼2.5 m/s) and variable, but
predominantly easterly-northeasterly while on June 10, wind
speed was higher (∼ 5 m/s) and consistently from the
southeast. With lower wind speed and less atmospheric dilution
on June 8, concentrations of most species were almost twice the
concentrations observed on June 10; however, for ease of
plume tracking, analysis presented here focuses on data (at
altitude <300 m) from June 10. Figure S1 of the Supporting
Information (SI) shows the ﬂight track of the aircraft around
the DWH site on June 10, 2010.
Chemical composition and mass distribution of the nonrefractory submicron particulate matter (physical diameter 50−
650 nm, i.e., vacuum aerodynamic diameter of 70−900 nm,
assuming aerosol density of 1.4 g cm−3) probed over the DWH
site were measured by a compact time-of-ﬂight aerosol mass
spectrometer (C-ToF-AMS, hereafter referred to as AMS,
Aerodyne Inc., Billerica, MA).14−16 The AMS was installed in
the WP-3D cabin, downstream of a low-turbulence inlet17 and a
2.5-μm (aerodynamic diameter) impactor. AMS mass concentrations were corrected for particle bounce, using a
composition-dependent correction factor.18 Submicron size
8026
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Figure 1. Traces of primary (a) and secondary (b−c) species plotted against crosswind distance from the site at diﬀerent transects downwind of the
site (Age indicates transport time from the DWH site). In panel (c), C3H7+ and C2H3O+ are common ions at m/z 43 as measured in the ambient.
Calculated O/C values are based on Gulf SOA data. “Center plume” and “western plume” are highlighted in green and gray, respectively. For
reference, northeast (NE) and southwest (SW) directions of the transects are indicated in panel (a).

tration was determined indirectly based on UV light intensity
calibrations during SO2−OH oxidation experiments.28,29 The
corresponding range of time-integrated OH exposures for the
100 s residence time in the ﬂow reactor was 6.1 × 107 to 2.2 ×
108 molecules cm−3 h. Experiments in the ﬂow reactor were
conducted under NOx-free conditions. Furthermore, no SOA
was observed in the ﬂow reactor before the addition of oil
vapors or the production of OH radicals. Additional analysis of
the observations in the ﬂow reactor is presented in Lambe et
al.33
A high-resolution time-of-ﬂight aerosol mass spectrometer
(HR-ToF-AMS) measured the SOA produced in both the
smog chamber and the ﬂow reactor. As indicated above,
diﬀerent ranges (0−900 ppbv) of NOx mixing ratios were
explored in the smog chamber and the PAM ﬂow reactor
experiments. However, SOA composition as detected by the
AMS has been shown not to be sensitive to NOx levels.34
In addition to the analysis of SOA formed from the oxidation
of the SL oil vapors, primary oil droplets were generated in a
nebulizer and were directly sampled by the C-ToF and HRToF AMS. We refer to these primary oil droplets as
“unoxidized SL oil”.
2.3. Mass Spectrometry Analysis. Due to the high degree
of fragmentation by electron-impact ionization in the AMS,
information speciﬁc to molecular structure of a compound
usually cannot be deduced from the OA spectra. In previous
work with spectra of OA standards, it was shown that the signal

formed in the chamber during background experiments in the
absence of UV lights, indicating that background OH was
insigniﬁcant. Furthermore, no SOA was formed when UV
lamps were turned on in the absence of HONO and SL oil
vapors. Turning UV lamps on in the presence of HONO, but
before addition of SL oil vapors, resulted in minor amounts of
SOA formation (<3% of ﬁnal SOA mass); these particles were
treated as background and subtracted from the parameters
reported here.
For the PAM ﬂow reactor experiments, SL crude oil vapors
were introduced into the reactor by continuously heating an oil
sample to 35 or 65 °C in a permeation tube oven. Based on
earlier studies of Macondo oil sample composition and
volatility,1 we estimate that species with C*(35 or 65 °C) >
106 μg m−3 (<C13 for 35 °C and <C18 for 65 °C) were
oxidized in the PAM reactor.32 Although a GC chromatogram
of the vapors introduced into the PAM ﬂow reactor is not
available, GC analysis of the SL oil itself indicates that C7−C15
compounds dominate its composition.33 This mixture of oil
vapors is also similar to VOCs and IVOCs of the Gulf.1
Ultraviolet photolysis of ozone inside the reactor (λ = 254 nm)
produced O(1D) radicals, followed by reaction of O(1D) with
water vapor to form OH radicals. Ozone was generated outside
the reactor by irradiating oxygen with a mercury lamp (λ = 185
nm), and was introduced into the reactor using nitrogen as a
carrier gas. Water vapor was introduced to the reactor using a
Naﬁon membrane humidiﬁer. The instantaneous OH concen8027
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Figure 2. (a) High-mass-resolution mass spectra of Gulf SOA during a 5-min plume transect at 48-km downwind of the site. (b−d) Comparison of
UMR mass spectra of Gulf SOA with unoxidized SL oil, and PAM- or chamber-derived SOA from SL oil.

at m/z 44 is predominantly from CO2+ fragments arising from
decarboxylation of organic acids, peroxides, and esters35,36
while the signal at m/z 43 is due to C3H7+ and/or C2H3O+
from saturated alkanes and carbonyls, respectively.37 With
oxidation of OA, the fraction of the signal at m/z 44 (f44)
increases while the fraction of signal at m/z 43 (f43) decreases
due to conversion of carbonyl into carboxylic acid groups.38 In
this framework, higher f44 indicates a more oxygenated organic
aerosol. We use scatter plots of f44 vs f43 for the Gulf and
laboratory-generated SOA to investigate the degree of oxidation
of the SOA since the AMS spectral features are not signiﬁcantly
diﬀerent under diﬀerent NOx levels.34 Also, we calculate

oxygen/carbon (O/C) and hydrogen/carbon (H/C) elemental
ratios of the OA using the parametrizations available in the
literature35,39 and f44 and f43 values.
There can be contributions from both oxygenated hydrocarbons (CxHyOz+, where x, y, and z are positive integers) and/
or nonoxygenated hydrocarbons (CxHy+) at a nominal m/z,
e.g., C2H3O+ and C3H7+ at m/z 43. To investigate the degree of
oxygenation of the measured OA, we us high-mass-resolution
(HR) analysis on the ambient spectra obtained by the AMS
(resolution of ∼500 and accuracy of better than 250 ppm at m/
z = 40 and 320 ppm at m/z = 91) by multipeak-ﬁtting routines
written for the AMS (SQUIRREL v.1.51H and PIKA v.1.10H,
8028
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available at http://cires.colorado.edu/jimenez-group/
ToFAMSResources/). This analysis allows us to separate the
contribution of each type of fragment to the total signal at a
given m/z. Figure S3 shows example ﬁts at m/z 43 and 44 and
HR mass spectra of the “upwind background” region (a 2-min
interval transect upwind of the site, Figure S1) and a transect of
the OA plume, 48-km downwind of the site.

3. ANALYSIS AND DISCUSSION
3.1. Chemical Overview of the Observed Plumes.
Submicron aerosol mass in the marine boundary layer

Figure 3. Comparison of fractional contribution of signal at m/z 44
(f44) and m/z 43 (f43) for Gulf SOA and laboratory data. Gulf data are
sized by total OA mass. The black and green dashed lines represent
the boundaries of oxygenated-OA (OOA, determined by positivematrix-factorization) and the semivolatile OOA (SV-OOA) data
presented in Ng et al.38.

Figure 4. (a) Zoomed-in map of the ﬂight track overlaid on the oil
evaporation contours.1 Contours show outlines of areas where
concentrations of compounds with mean evaporation lifetimes of 1,
10, and 100 h, respectively, are >10% of the maximum value. Flighttrack markers are sized by OA mass and color coded by f44 of Gulf
SOA. Transect southwest of the DWH site, parallel with wind
direction is circled in black; Locations of the center plume and the
western plume are also highlighted. (b) Evolution of the fraction of
CxHy+ fragments in the Gulf SOA with distance along the black
transect highlighted in panel (a).

downwind of the DWH site was dominated by OA with its
contribution being up to 80% of the total AMS mass in the
plumes. With background OA concentrations of ∼2 μg m−3,
enhancements of up to 18 μg m−3 were observed in the plume
at 48 km downwind of the site. Sulfate mass was relatively
constant at 2−4 μg m−3, indicating a regional source for sulfate,
independent of the oil spill. In the absence of surface oil
burning, CO mixing ratios were consistently lower than 150
ppbv.
Figure 1 shows mixing ratios and concentrations of several
primary and secondary species measured during transects at
diﬀerent distances downwind of the DWH site. These
crosswind transects indicate that the measured VOCs (shown
here for C9-aromatics only) were emitted in a very narrow
plume, originating from a small area around the DWH site that
can be approximated as a point source.1,4,6 NOx emissions from
ships engaged in cleaning activities around the site were also
present in a narrow plume directly downwind of the site, with
some additional, lower-concentrations NOx enhancements
observed at about 6−18 km west and 7 km east of the site.
The decreasing ratio of NOx to NOy (total reactive nitrogen
oxides), with distance downwind of DWH site (Figure 1a),
indicates the occurrence of photochemical processing as the

plumes were transported downwind of the site. As seen in
Figure 1b, there were enhancements in secondary species such
as O3, PAN, and OA in the plumes directly downwind of the
DWH site, at 6−18 km west of the site, and on some transects,
at 5−12 km east of the site. Organic aerosol was present in
broader plumes that were lacking VOC enhancements,
indicating that unmeasured, gas-phase organic species evaporating from a wider area over the Gulf surface contributed to the
formation of OA.1
In each crosswind transect, the OA mass was broadly
distributed, peaking ∼10 km west of the centerline of the VOC
plume (Figure 1b), indicating a dominant area source for the
OA as opposed to an approximate point source for the VOCs.
The concentration of the oxygenated ion C2H3O+ was higher
than that of the purely hydrocarbon-like ion C3H7+ in all
transects (Figure 1c). Furthermore, in each transect, higher
values of f44 (and calculated O/C values, Figure 1c) were
8029
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Figure 5. Average aerosol volume and AMS mass distributions of sulfate, OA, typical hydrocarbon-like (m/z 41, 43, 55, 57, etc.) and oxygenated (m/
z 44) fragments of OA at 7.5 km (6-min average, (a)) and 48 km (3.5-min average, (b)) downwind of the DWH site. Distributions are plotted as a
function of vacuum aerodynamic diameter. The dashed line in panel (a) represents the average aerosol volume distribution upwind of the site.

CxHyO+-type species to fragments that are usually attributed to
HOA in urban areas (Figure 2a), indicating potential
contributions of oxygenated ions from alcohols, ethers, and
carbonyl in the Gulf SOA. Furthermore, UMR spectra of Gulf
SOA and laboratory-oxidized SL oil contain signals at
additional fragments typical of oxidized species (e.g., m/z
58−61 and 72−75), which are not present in the unoxidized SL
oil spectra (Figure 2b−d). On the other hand, the highresolution spectrum of the primary, unoxidized SL oil nebulized
in the laboratory was highly similar to a reference HOA
spectrum (r2 = 0.98)41 and contained only CxHy+-type species.
Thus, despite the spectral similarities at UMR, the Gulf SOA
was more oxidized than unoxidized SL oil droplets as well as
the HOA observed in urban environments. Presence of
oxygenated hydrocarbons in the Gulf SOA is consistent with
the recent results from photochemical aging of diesel exhaust
particles in the laboratory.42
The UMR mass spectral features of the Gulf SOA downwind
of the oil spill and SOA from SL oil oxidation are highly similar
(r2 = 0.97 and 0.94 for PAM ﬂow tube- and chamber-derived
SOA, respectively, Figure 2b−d) whereas urban OA spectra
(e.g., LA Basin and Houston) are less similar to SL oil oxidation
SOA or Gulf SOA (r2 = 0.5−0.7 and 0.78, respectively, Figure
S4b). The signiﬁcant diﬀerence between the spectra of Gulf
SOA and urban OA is the higher contribution of m/z 44 and
lower contribution of hydrocarbon fragments in the urban OA
spectrum. The Gulf SOA spectra (as well as the unoxidized SL
oil and SOA formed by oxidation of SL oil, neither shown in
Figure S4c) have a long tail of fragments, with odd m/z values
dominating over the even ones, at the m/z 100−200 values,
indicating that larger fragments remained after electron impact
ionization. This feature is present in urban OA spectra
measured by a time-of-ﬂight mass spectrometer (Figure S4d)
whereas it is not as prominent in previously measured spectra
by quadrupole mass spectrometers in urban areas (e.g., 41) or
in measurements of diesel fuel, diesel exhaust, and gasoline
exhaust POA;10,43,44 however, this may predominantly be due
to diﬀerences in transmission eﬃciency of the ions at the larger

measured in plumes that were wider than the measured VOC
plume. A decreasing trend in the oxidation level (i.e., calculated
O/C) of Gulf SOA was observed when moving away from the
plume directly downwind of the site (for short, “center plume”)
toward the plume centered at 6−18 km west of the site (for
short, “western plume”). Based on the analysis of de Gouw et
al.,1 fresher surface-oil is believed to have been present closer to
the DWH site while more-aged oil is believed to have spread
farther away (Figure S1). We will further examine the
crosswind variability of diﬀerent species in each transect in
Section 3.4.
3.2. Mass Spectral Signatures of OA: Contribution of
Oxygenated Hydrocarbons. Previous analysis of urban OA
spectra has resulted in identifying a fraction of OA, namely
hydrocarbon-like OA or HOA, which is related to primary
combustion emissions and has a mass spectrum similar to that
of directly measured vehicle exhaust and lubricating oil.40,41 In
this section we compare characteristics of OA spectra in the
Gulf, SL oil oxidation experiments, and those found in urban
environments.
The upwind, background OA in the Gulf was low in mass
(<2 μg m−3) and was highly oxidized (O/C = 0.93), as
indicated by the dominance of the CO2+ signal (Figure S2e).
The OA signal at m/z 43 measured 48 km downwind of the site
(Figure S3f) was about a factor of 10 higher than in the upwind
area (Figure S3e). The OA signal at m/z 43 in this downwind
transect was still dominated by the oxidized species C2H3O+,
although the relative contribution of the hydrocarbon-like ion
C3H7+ was higher than in the upwind region. Since the
background OA was highly oxidized, to isolate our analysis to
characteristics of SOA formed downwind of the DWH site we
subtract the upwind background spectrum from the downwind
OA measurements. The resulting background-subtracted mass
spectra, referred to as “Gulf SOA”, are discussed in the
subsequent sections.
In the OA-rich plume 48-km downwind of the DWH site,
the average unit-mass-resolution (UMR) spectra of Gulf SOA
are somewhat similar to a reference HOA spectrum (r2 = 0.65,
Figure S4a);41 however, there are substantial contributions of
8030
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istics of alkyl groups and saturated carbonyls and alcohols
rather than heavily oxidized acids and esters or unsaturated
carbonyls and alcohols.37 This is also consistent with
condensation of oxidation products of IVOCs, which need
fewer oxidation steps to lower their C* compared to that of
more volatile VOCs.
A decrease in the fractional contribution of highly oxygenated fragments to SOA with downwind distance is also
apparent in the chemically resolved mass distribution measurements obtained with the AMS. When compared to aerosol
volume distributions, AMS mass distributions indicated that the
newly formed and grown particles were made of OA (Figure 5).
Furthermore, based on HR analysis of OA spectra, growth of
the Aitken mode (10−100 nm) particles with downwind
distance from the DWH site did not appear to be due to
addition of heavily oxygenated species (represented by CO2+
fragment at m/z 44), rather it was dominated by fragments at
m/z 41, 43, 55, 57, 69, 71, etc. (Figure 5b), which were
dominated by CxHyO+ fragments.
As pointed out in Section 3.1, a feature that stands out in
Figure 4a is the observed gradient in oxidation level of the Gulf
SOA along the crosswind transects: Gulf SOA was more
oxidized in the center plume (impacted by fresher surface oil)
compared to the SOA in the western plume (impacted by
more-aged surface oil). We therefore conclude that diﬀerences
in volatilities of the hydrocarbons evaporating from diﬀerentage surface oil resulted in diﬀerent levels of oxidation in the
Gulf SOA. We compared the contributions of diﬀerent
fragments to the mass spectra obtained in the center plume
(speciﬁcally, the plume bounded in crosswind distance from −1
to 5 km) with that obtained in the western plume (the plume
bounded in crosswind distance from −6 to −18 km) at a
distance 48 km downwind. The SOA in the center plume has a
higher fraction of CxHyO+ and CxHyOz>1+ signal compared to
the SOA found in the western plume, which has a higher
fraction of CxHy+ signal (Figure S5). Data from PAM ﬂow tube
experiments also support the hypothesis of SOA with higher
oxidation state being formed from the more-volatile vapors: at a
given OH-exposure level, f44 values of SOA from oxidation of
SL oil heated to 35 °C were higher (by 12−75%) than the
values when SL oil was heated to 65 °C.
The greater contribution of more oxygenated species to SOA
closer to the DWH site, and less oxidized SOA species further
downwind, is the opposite of what is usually observed with
transport downwind of a source. These characteristics can be
explained either by condensation of mildly oxidized products of
IVOCs or by partitioning of less oxidized, higher volatility,
hydrocarbon-rich species originating from the more-aged oil,
which according to absorptive partitioning theory should
increase with increasing OA mass.46,52 Within the area
impacted by emissions from fresher surface-oil, condensation
of heavily oxidized products was observed.
Our measurements of Gulf SOA composition suggest that
diﬀerent volatility hydrocarbons emitted from the oil slick were
responsible for Gulf SOA formation and the observed gradients
in its oxidation levels. Our laboratory measurements of SOA
formed from the gas-phase OH oxidation of SL crude oil had
mass spectra characteristics similar to the Gulf SOA, but
showed less oxidation. Diﬀerences in OH exposure levels
between laboratory and ﬁeld data suggest that higher mass
loadings, higher temperature of oil evaporation, and drier
conditions of the laboratory experiments might have resulted in
a less oxidized SOA at a given OH exposure compared to the

fragments between instruments with quadrupole and time-ofﬂight detectors.
3.3. Degree of Oxidation: Estimating Ambient OHExposure Levels. We use scatter plots of f44 vs f43 for Gulf and
laboratory-generated SOA to investigate the degree of oxidation
of the SOA (Figure 3). Gulf SOA data points with low mass
loadings of OA (smaller markers) are scattered in the diagram
while the points corresponding to higher OA mass cluster in
the region of f44−f43 space that has been previously attributed to
the semivolatile fraction of oxygenated OA (SV-OOA).38 For
the range of f44 and f43 values observed in the OA plumes, we
estimate O/C and H/C values of SOA formed in the DWH
plume to be ∼0.27−0.43 and ∼1.47−1.54, respectively.35,39
Considering the extent of the oil slick as observed from
multiple satellites and shown in de Gouw et al.1 and the average
wind speed, we estimate that the production time scale for SOA
observed in the plumes transected at 48 km downwind of the
DWH site was less than 5 h. Average OH concentrations during
the day (8 a.m.−4 p.m. local time) outside the VOC-rich plume
was 8.0 × 106 ± 3.5 × 106 molecules cm−3 as determined by the
Weather Research and Forecasting model, coupled with
chemistry (WRF-Chem2,45). We estimate that OH exposure
level between ∼8 a.m. and 1 p.m. local time (or ∼10 a.m.−3
p.m. local time) was 3.4 × 107 (or 4.5 × 107) molecules cm−3 h.
Results from the smog and PAM chambers indicate that an
OH exposure level of 1.0 × 108 to 2.4 × 108 molecules cm−3 h
is required to reach oxidation levels similar to the Gulf. The
range of laboratory OH exposure levels indicate that OH
concentrations in the Gulf needed to be sustained at ∼4 × 107
to 1 × 108 molecules cm−3 for ∼2.5 h or 2 × 107 to 5 × 107
molecules cm−3 for 5 h to reach the observed level of oxidation.
These estimates are up to a factor of 5 higher than the peak of
the OH concentrations predicted by WRF-Chem. The
following might explain this apparent discrepancy. First, it is
possible that higher OA mass concentrations in the laboratory
experiments (up to 50 μg m−3) or the presence of lower
volatility compounds evaporated from heating the SL oil, which
itself is less volatile than the Macondo oil (1 and references
therein), to 65−100 °C might have resulted in greater
partitioning of less-oxidized species onto the condensed
phase.46 This would decrease the f44 value (and O/C ratio)
relative to that of Gulf SOA at the same OH exposure. Second,
gas-phase oxidation products of the hydrocarbons might have
been more oxidized under humid conditions (RH = 75−95%)
of the Gulf compared to the nearly dry experiments in the
laboratory;47 however, we note that several studies have found
that the yields and oxidation state of SOA from photooxidation
reactions exhibits negligible dependence on RH.48−50 Because
of the low hygroscopicity of the Gulf aerosol, contribution of
aqueous-phase reactions of condensed SOA components or
uptake and processing of small aldehydes (e.g., formaldehyde,
glyoxal, and methyl glyoxal) to form a more oxidized SOA were
likely to be minor in the Gulf.7,51
3.4. Organic Aerosol Evolution in the Gulf: Implications for Urban Environments. Brock et al.3 estimated
particle growth rates downwind of the DWH site along a
transect parallel to the wind direction (highlighted in Figure
4a), starting at a location southwest of the site. SOA oxidation
levels decreased with distance along this transect. HR analysis
of the Gulf SOA mass spectra also indicates that the fraction of
CxHy+ fragments increased with downwind distance (Figure
4b). These combined trends indicate that the species
responsible for the observed OA growth had more character8031
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Deepwater Horizon oil spill. Geophys. Res. Lett. 2011, 38, doi
10.1029/2011GL048541.
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A.; , Fahey, D. W. Characteristics of black carbon aerosol from a
surface oil burn during the Deepwater Horizon oil spill. Geophys. Res.
Lett. 2011, 38, doi 10.1029/2011GL048356.
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Hygroscopicity, and Droplet Activation Kinetics of Secondary Organic
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alkyl nitrate formation from the Deepwater Horizon oil spill
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2011JD017150.
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Robinson, A. L.; Donahue, N. M. Intermediate-Volatility Organic
Compounds: A Potential Source of Ambient Oxidized Organic
Aerosol. Environ. Sci. Technol. 2009, 43 (13), 4744−4749,
DOI: 10.1021/es803219q.
(10) Sage, A. M.; Weitkamp, E. A.; Robinson, A. L.; Donahue, N. M.
Evolving mass spectra of the oxidized component of organic aerosol:
results from aerosol mass spectrometer anlaysis of aged diesel
emissions. Atmos. Chem. Phys. 2008, 8, 1139−1152.
(11) Robinson, A. L.; Donahue, N. M.; Shrivastava, M. K.; Weitkamp,
E. A.; Sage, A. M.; Grieshop, A. P.; Lane, T. E.; Pierce, J. R.; Pandis, S.
N. Rethinking Organic Aerosols: Semivolatile Emissions and Photochemical Aging. Science 2007, 315, 1259−1262, DOI: 10.1126/
science.1133061.
(12) Hodzic, A.; Jimenez, J. L.; Madronich, S.; Canagaratna, M. R.;
DeCarlo, P. F.; Kleinman, L.; Fast, J. Modeling organic aerosols in a
megacity: potential contribution of semi-volatile and intermediate
volatility primary organic compounds to secondary aerosol formation.
Atmos. Chem. Phys. 2010, 10 (12), 5491−5514.
(13) Donahue, N. M.; Robinson, A. L.; Pandis, S. N. Atmospheric
organic particulate matter: from smoke to secondary organic aerosol.
Atmos. Environ. 2009, 43, 94−106, DOI: 10.1016/j.atmosenv.2008.09.055.
(14) Drewnick, F.; Hings, S. S.; DeCarlo, P.; Jayne, J. T.; Gonin, M.;
Fuhrer, K.; Weimer, S.; Jimenez, J. L.; Borrmann, K. L. D. S.;
Worsnop, D. R. A new time-of-flight aerosol mass spectrometer (TOFAMS)- Instrument description and first field deployment. Aerosol Sci.
Technol. 2005, 39 (7), 637−658, DOI: 10.1080/02786820500182040.
(15) Bahreini, R.; Dunlea, E. J.; Matthew, B. M.; Simons, C.;
Docherty, K. S.; DeCarlo, P. F.; Jimenez, J. L.; Brock, C. A.;
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Inlet for Airborne Sampling with an Aerodynamic Aerosol Lens.
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02786820802178514.

Gulf observations. Future experiments with lower SOA mass
concentrations (<15 μg m−3), lower evaporation temperatures
(<40 °C), and higher relative humidities (RH > 75%) could
potentially improve the comparison of laboratory and ﬁeld
measurements of SOA chemical characteristics.
The conditions encountered in the Gulf were unique since
the oil spill resulted in an isolated source of SOA precursors in
a relatively clean environment. Because of this, characteristics of
the SOA formed could be attributed to processing of the
diﬀerent classes of organic species emitted from the spill.
Although such conditions are not met in most urban areas, our
results are valuable in understanding characteristics of the
products formed via oxidation of more volatile vs less volatile
hydrocarbons, which are likely coemitted in urban environments. Furthermore, the isolated oxidation of these species
under ambient conditions provided a unique test case for
comparing characteristics of laboratory-generated SOA with
those formed from oxidation of similar species under ambient
conditions.
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