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Carboxylic acids, sulfates, and organosulfates in processed
continental organic aerosol over the southeast Pacific Ocean
during VOCALS‐REx 2008
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[1] Submicron particles were collected on board the NOAA R/V Ronald H. Brown
during the VAMOS Ocean‐Cloud‐Atmosphere‐Land Study Regional Experiment
(VOCALS‐REx) in the southeast Pacific marine boundary layer in October and
November 2008. The aerosol in this region was characterized by low numbers of
particles (150–700 cm−3) that were dominated by sulfate ions at concentrations of 0.9 ±
0.7 mg m−3 and organic mass at 0.6 ± 0.4 mg m−3, with no measurable nitrate and low
ammonium ion concentrations. Measurements of submicron organic aerosol functional
groups and trace elements show that continental outflow of anthropogenic emissions is
the dominant source of organic mass (OM) to the southeast Pacific with an additional,
smaller contribution of organic mass from primary marine sources. This continental
source is supported by a correlation between OM and radon. Saturated aliphatic C‐CH
(alkane) composed 41 ± 27% of OM. Carboxylic acid COOH (32 ± 23% of OM) was
observed in single particles internally mixed with ketonic carbonyl, carbonate, and
potassium. Organosulfate COSO3 (4 ± 8% of OM) was observed only during the periods of
highest organic and sulfate concentrations and lowest ammonium concentrations, consistent
with a sulfuric acid epoxide hydrolysis for proposed surrogate compounds (e.g., isoprene
oxidation products) or reactive glyoxal uptake mechanisms from laboratory studies. This
correlation suggests that in high‐sulfate, low‐ammonium conditions, the formation of
organosulfate compounds in the atmosphere contributes a significant fraction of aerosol
OM (up to 13% in continental air masses). Organic hydroxyl C‐OH composed 20 ± 12% of
OM and up to 50% of remote marine OM and was inversely correlated with radon
indicating a marine source. A two‐factor solution of positive matrix factorization (PMF)
analysis resulted in one factor dominated by organic hydroxyl (>70% by mass) and one
factor dominated by saturated aliphatic C‐CH (alkane) and carboxylic acid (together, 90%
by mass), identified as the marine and combustion factors, respectively. Measurements of
particle concentrations in the study region compared with concentrations estimated from
MODIS aerosol optical depth indicate that continental outflow results in MBL particle
concentrations elevated up to 2 times the background level (less than 300 cm−3) away from
shore and up to 10 times the background level at the coast. The presence of both coastal
fossil fuel combustion and marine sources of oxygenated organic aerosol results in little
change in the oxygenated fraction and oxygen to carbon ratio (O/C) along the outflow of the
region’s dominant organic particle source.

Citation: Hawkins, L. N., L. M. Russell, D. S. Covert, P. K. Quinn, and T. S. Bates (2010), Carboxylic acids, sulfates, and
organosulfates in processed continental organic aerosol over the southeast Pacific Ocean during VOCALS‐REx 2008, J. Geophys.
Res., 115, D13201, doi:10.1029/2009JD013276.

1. Background

[2] Aerosol particles in the marine boundary layer (MBL)
are often mixtures of local primary (e.g., sea salt and organic
compounds from sea spray), local secondary (e.g., sulfate
from DMS oxidation), and transported primary and sec-
ondary emissions (e.g., organic carbon, elemental carbon,
sulfate, nitrate, and ammonium) [Quinn et al., 1996; Maria
et al., 2003; Allan et al., 2004; Quinn et al., 2006; Hawkins
et al., 2008; Bates et al., 2008]. Relative contributions of the
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particle sources will determine the specific particle compo-
sition but organic compounds are almost always present and
often compose a significant fraction of the total submicron
mass [Zhang et al., 2007]; the large number of organic
compounds present in ambient aerosol, in combination with
their wide variety of hygroscopic properties, makes solu-
bility of multicomponent aerosols difficult to constrain using
the available chemical information [Ervens et al., 2005;
Prenni et al., 2007]. This constraint has resulted in the
implementation of several methods to measure water uptake
and solubility proxies including water soluble organic car-
bon (WSOC), optical hygroscopicity (f(RH)), and cloud
condensation nuclei (CCN) concentration.
[3] Chemically based approaches to characterizing the

properties of organic particle mixtures (in the absence of
detailed compound quantification) have included identifying
organic mass by the presence of heteroatoms (OM/OC)
[Russell, 2003; Russell et al., 2009a], the presence of
functional groups [Maria et al., 2002, 2003, 2004;
Gilardoni et al., 2007], or the atomic ratio of oxygen to
carbon (O/C) [DeCarlo et al., 2007; Russell et al., 2009a].
These approaches rely on assumed relationships between
these quantities and the mechanisms of their formation or
the properties of the resulting organic mixtures.
[4] For example, O/C has been used to infer the degree of

atmospheric processing or photochemical “age” of organic
aerosols under the assumption that emitted organic aerosol
becomes increasingly oxidized (increase in O/C) with age
[Maria et al., 2004; Zhang et al., 2005a; Johnson et al.,
2005]. This trend is consistent with laboratory measure-
ments of secondary organic aerosol (SOA) formation path-
ways [Seinfeld et al., 2001; Donahue et al., 2005; Robinson
et al., 2007] and field measurements of organic aerosol
composition near organic particle sources [Zhang et al.,
2005a; Russell et al., 2009a; Liu et al., 2009]. However,
in these cases, the majority of the aerosol was formed either
from gas or particle phase hydrocarbon compounds in the
absence of a primary source of oxygenated aerosol. This
assumption is an oversimplification, for example, in the
anthropogenically influenced marine atmosphere where
primary emissions of oxygenated marine organic aerosol
can mix with transported oxidized organic aerosol from
continental sources [Mochida et al., 2002; Russell et al.,
2010].
[5] Quantitative measurements of organic functional

groups (measured either in bulk submicron or in single
particles) provide additional, detailed information on
organic composition beyond O/C or WSOC fraction.
Fourier transform infrared (FTIR) measurements of car-
boxylic acid and organosulfate groups also provide esti-
mates of the contribution of SOA to total OM, which is
currently poorly understood [Donahue et al., 2005;
Robinson et al., 2007]. Organosulfate groups in particular
are a potentially large, yet currently rarely quantified, source
of SOA owing to their ability to increase partitioning of
semivolatile organic compounds from the gas phase to the
particle phase [Iinuma et al., 2007a, 2007b; Surratt et al.,
2007a, 2007b; Iinuma et al., 2009; Claeys et al., 2009].
[6] In this study we use measurements of particle con-

centrations, organic functional groups, elemental con-
centrations, and single particle composition to explore the
composition, sources, and processes influencing submicron

aerosol chemical composition in the MBL. We investigate
organic composition from FTIR spectroscopy and from
Quadrupole Aerosol Mass Spectrometry (Q‐AMS) in order
to improve our understanding of (1) the relative contribu-
tions of anthropogenic and marine sources to organic aero-
sol, (2) the oxidation of organic aerosols emitted from
combustion sources, and (3) the significance and formation
of organosulfate compounds in submicron aerosol. We also
explore the significance and geographic distribution of
continental outflow on the background MBL aerosol load-
ing. The measurements used in this study were collected
over a 42 day period aboard the NOAA R/V Ronald H.
Brown (RHB) traveling near the western coasts of Peru and
Chile using fixed temperature, relative humidity, and size‐
cut sampling protocols [Bates et al., 2008].

2. Introduction

[7] The southeast Pacific MBL was the location of the
VAMOS Ocean‐Cloud‐Atmosphere‐Land Study Regional
Experiment (VOCALS‐REx) conducted in October and
November 2008. Strong southeasterly surface winds north of
23°S in this region follow the coast lines of Chile and Peru
and drive intense coastal upwelling, making the coastal
surface waters significantly colder than those found at similar
latitudes in other regions [Garreaud and Muñoz, 2005]. This
cold surface water helps to sustain a large, uniform marine
stratocumulus cloud deck present nearly year round [Richter
and Mechoso, 2006]. The strong southeasterly surface winds
also transport aerosol and aerosol precursor components
(e.g., sulfate, SO2, dust, and organic components) from cities
such as Santiago, Chile, to the marine boundary layer
increasing the background concentration of particles and
potentially impacting cloud drop number, concentration,
albedo and precipitation [Artaxo et al., 1999; Bretherton et
al., 2004; Huneeus et al., 2006]. A goal of the aerosol
chemistry portion of the VOCALS‐REx campaign was to
characterize the composition, size, and variability of the
submicron aerosol to improve understanding of the particle
sources to the region and to better constrain the hygroscopic
properties of the ambient aerosol. Radon (a decay product of
rocks) has a 3.8 day half‐life and was used to quantify the
relative amount of continental influences on the sampled air
masses. We have designated three air mass types based on
radon concentrations and HYSPLIT back trajectories. Con-
sistent with radon measurements, HYSPLIT back trajectories
show air masses traveling from the south along the coast to
the ship; air masses with back trajectories that had passed
closer to land within 3 days of reaching the ship had higher
radon concentrations.

3. Method

[8] Submicron particles were collected through an iso-
kinetic sampling inlet located on the forward deck of the
RHB approximately 18 meters above sea level (masl)
[Quinn et al., 2008; Bates et al., 2008; Russell et al., 2009a].
37 mm Teflon filters (Pall Inc., 1 mm pore) for FTIR
spectroscopic and X‐Ray Fluorescence (XRF) analyses
were located downstream of a 1 mm sharp‐cut cyclone (SCC
2.229 PM1, BGI Inc.) in a humidity‐controlled enclosure
(60%) and were collected over 12 to 24 h (short samples)
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with simultaneous 24 to 48 h duplicate samples. Sampling
times were adjusted based on the organic mass concentra-
tion measured by the Aerodyne Quadrupole Aerosol Mass
Spectrometer (Q‐AMS). Long sampling times allowed
improved signal‐to‐noise ratios for the low concentrations
of the organic functional groups (<0.8 mg m−3) in the rela-
tively clean marine boundary layer (MBL).
[9] FTIR samples were kept at 0°C from the end of

sample collection until FTIR spectroscopic analysis to
reduce evaporative losses of organic compounds. For the
earliest samples, this period was approximately 60 days.
Duplicate back filters accompanied each sample filter for the
entirety of the sampling process and were analyzed to
quantify the adsorption of volatile compounds and other
sources of contamination. These back filters showed negli-
gible infrared absorption. FTIR absorbance spectra of each
sample and back filter were measured nondestructively
using a Bruker Tensor 27 spectrometer with RT‐DLATGS
detector [Gilardoni et al., 2007] and were interpreted using
a revised algorithm and calibration standards [Russell et al.,
2009a]. Quantified functional groups include saturated ali-
phatic C‐CH (alkane), unsaturated aliphatic C=CH (alkene),
aromatic C=CH, nonacidic organic hydroxyl C‐OH (alcohol,
including phenol), primary amine C‐NH2, nonacidic car-
bonyl C=O, carboxylic acid COOH, and organosulfate
COSO3 groups. Nonacidic carbonyl C=O, aromatic C=C‐H,
and unsaturated aliphatic C=C‐H (alkene) groups were
below detection limit in all samples and were omitted from
the discussion presented here. Organosulfate groups absorb
at 876 cm−1 and have interference from HSO4

− and CO3
2−

absorption. To quantify this interference, filters with
detectable absorption at 876 cm−1 were rinsed with 2 mL of
hexane solvent, which removes the organosulfate‐containing
compounds but not bisulfate or carbonate [Maria et al.,
2003; Gilardoni et al., 2007]. Concentrations of organo-
sulfate were determined from the peak area removed by the
hexane rinse (which resulted in complete removal of the
absorbance at 876 cm−1) and an ethylsulfate calibration
standard. The sum of all measured organic functional
groups is used to determine organic mass (OM) concentra-
tion for each filter period. X‐ray fluorescence on the Teflon
filters was completed by Chester Labnet (Tigard, Oregon)
and provided concentrations of Na and heavier elements
[Maria et al., 2003; Gilardoni et al., 2007; Russell et al.,
2009a].
[10] The Aerodyne Quadrupole Aerosol Mass Spectrom-

eter (Q‐AMS) measures bulk nonrefractory submicron
aerosol chemical composition and component‐specific size
distributions in real time. Only a brief description is pro-
vided here; more detailed information on the Q‐AMS is
given by Jayne et al. [2000] and Jimenez et al. [2003]. The
instrument consists of an aerodynamic lens followed by a
rotating chopper. This time‐of‐flight (ToF) region is fol-
lowed by a 600°C vaporizer and electron impact ionizer.
From there the sample is analyzed using a quadrupole mass
spectrometer with 1 amu resolution. Quantified components
include SO4

2−, NO3
−, NH4

+, and organic mass. Collocated
multistage impactors were used to collect inorganic samples
for extraction and ionic analysis (761 Compact IC, Me-
trohm) [Quinn et al., 2006, 2008; Bates et al., 2008]. SO4

2−

and NH4
+ from ion chromatography (IC) analysis of the

impactor samples were used to derive the collection effi-

ciency of the AMS for the inorganic ions [Quinn et al.,
2006]. The project average shows good correlation for sul-
fate (AMS versus IC slope = 1.09, r = 0.94) and ammonium
(AMS versus IC slope = 0.85, r = 0.9) between the two
methods and a collection efficiency (CE) of 1 is applied to
the inorganic AMS measurements. The CE of organic mass
was lower than 1 based on the FTIR/AMS comparison of
OM as described in section 4.3. Collocated measurements of
condensation nuclei (CN) concentration for particle dia-
meters greater than 13 nm were collected using a TSI 3010
condensation particle counter (CPC) on the shared inlet at
1 min resolution. Particle number–size distribution was
measured on a 5 min time basis by a combination of mobility
and aerodynamic particle sizing from 20 nm to 10 mm
diameter [Bates et al., 2008].
[11] From the same isokinetic inlet, single particles were

collected by impaction onto silicon nitride windows (Si3N4,
Silson Ltd, Northampton, England) for 30 min periods
(Streaker, PIXE International Corp., Tallahassee, Florida).
The windows were kept at 0°C prior to analysis by Scanning
Transmission X‐ray Microscopy‐Near Edge X‐ray Fine
Structure (STXM‐NEXAFS) at the Advanced Light Source
at Lawrence Berkeley National Laboratory in Berkeley,
California [Takahama et al., 2007, 2010]. Particle mor-
phology (e.g., spherical, irregular, or cubic) and mixture type
(e.g., sea salt–organic, dust‐organic, or combustion) can be
determined from single particle images and optical density
spectra of the carbon K edge (between 278 and 305 eV).
Mixture type is determined from STXM‐NEXAFS spectra
based on relative amounts of components (i.e., alkane,
alkene, carboxylic carbonyl, ketonic carbonyl, carbonate,
and potassium).

4. Results

4.1. Regional Extent of Continental Outflow to the
MBL

[12] Remote sensing measurements of cloud drop radius
analyzed by Bretherton et al. [2004] and Huneeus et al.
[2006] have indicated that the large pollution sources,
especially copper smelters, along the Peruvian and Chilean
coasts could impact particle concentrations, cloud proper-
ties, and cloud albedo in the southeast Pacific MBL by
significantly increasing particle concentrations above back-
ground levels, resulting in longitudinal gradients in particle
concentration and cloud drop radii. One of the goals of the
VOCALS‐REx study was to quantify the extent of this
continental outflow on the stratocumulus‐topped boundary
layer near 20°S. Defining a particle concentration for the
“clean” marine atmosphere is not straightforward, as back-
ground concentrations are regionally and temporally vari-
able. However, a survey of previous studies (Figure 1a)
suggests that particle concentrations (CN) between 300 and
500 cm−3 are a reasonable upper limit for the clean MBL
[Pirjola et al., 2000; Bates et al., 2000; O’Dowd et al.,
2001; Twohy et al., 2005; Andreae, 2009]. Particle con-
centrations in the MBL defined as “polluted” in the same
studies range from greater than 400 cm−3 to greater than
1500 cm−3. VOCALS‐REx average CN concentration was
350 ± 135 cm−3, corresponding to a clean to moderately
polluted MBL. Shipboard observations are limited to the
cruise track and sampling times, so obtaining a regional
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