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ABSTRACT: Multiphase reactions involving sea spray aerosol
(SSA) impact trace gas budgets in coastal regions by acting as a
reservoir for oxidized nitrogen and sulfur species, as well as being a
source of halogen gases (HCl, ClNO2, etc.). Whereas most studies
of multiphase reactions on SSA have focused on marine
environments, far less is known about SSA transported inland.
Herein, single-particle measurements of SSA are reported at a site
>320 km from the Gulf of Mexico, with transport times of 7−68 h.
Samples were collected during the Southern Oxidant and Aerosol
Study (SOAS) in June−July 2013 near Centreville, Alabama. SSA
was observed in 93% of 42 time periods analyzed. During two
marine air mass periods, SSA represented significant number fractions of particles in the accumulation (0.2−1.0 μm, 11%) and
coarse (1.0−10.0 μm, 35%) modes. Chloride content of SSA particles ranged from full to partial depletion, with 24% of SSA
particles containing chloride (mole fraction of Cl/Na ≥ 0.1, 90% chloride depletion). Both the frequent observation of SSA at an
inland site and the range of chloride depletion observed suggest that SSA may represent an underappreciated inland sink for
NOx/SO2 oxidation products and a source of halogen gases.

■ INTRODUCTION
Reactions of sea spray aerosol (SSA) with inorganic acids
(HNO3 and H2SO4) have long been observed in the polluted
marine atmosphere and through controlled laboratory experi-
ments.1−26 Through multiphase reactions with key pollutants
(NOx and SO2) and their oxidation products, SSA can impact
nitrogen, sulfur, and oxidant budgets.4,7,9,23,25,27,28 In addition to
acting as a sink, particle-phase SSA reactions are also a source of
halogen gases (HCl, Cl2, ClNO2, etc.).

13,26,29−33 A generalized
acid reaction leading to the release of HCl(g) is shown in Reaction
1 where HA denotes atmospheric acids such as HNO3, H2SO4, or
CH3SO2OH.

+ → +HA NaCl NaA HCl(g,aq) (aq,s) (aq,s) (g) (1)

Chloride displacement by liberation of HCl(g) in individual
SSA has been observed from heterogeneous reactions of SSA
with nitric acid.2,13,30,32 This prominent SSA multiphase reaction
has been widely studied and modeled.2,13,17,19,21−23,30,34−38 Aged
SSA may also contain sulfur species (in excess of seawater

concentrations) due to reactions with H2SO4 or CH3SO2OH,
formed from the oxidation of SO2 or dimethyl sulfide (DMS),
respectively.3,19,39 Although not thermodynamically favored for
bulk aqueous chemistry, SO2 can be oxidized to H2SO4 in SSA
because the oxidation of SO2 occurs considerably faster than in
pure water due to other oxidants (H2O2) or chloride ion
catalysis.15 More recently, laboratory and field studies have
shown that NaCl can react with weak organic acids, such as
malonic and citric acid, in addition to inorganic acids, releasing
HCl(g).

40−42 Furthermore, SSA can undergo reactions with other
reactive nitrogen gases such as N2O5 to form NO3

−
(aq) and

ClNO2(g).
29,31,43−48 As SSA can react with a variety of species

during transport, understanding the extent of processing by
identifying the particle-phase reaction products formed when
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HCl is liberated is necessary for a thorough understanding of the
multiphase chemistry experienced by SSA during transport to
sites far from coastal environments.
Although SSA has been shown to act as an important sink for

oxidized forms of NOx and SO2 in coastal regions, relatively few
measurements have focused on SSA transported inland. Thus,
the potential for inland SSA to have regional impacts after
multiphase reactions, such as acting as a sink for HNO3 and
H2SO4 impacting nitrate deposition patterns,49 is poorly
understood.50 To date, inland SSA has been detected with
concentrations ranging from 1 to 20 μg/m3 at locations 100 to
>1000 km from their source in Israel,51 Buenos Aires,52

Ecuador,53 Arkansas,54 California,41,55,56 Alaska,57 Antarcti-
ca,58,59 Spain,60 Sweden,61 and across the European continent62

(Figure S1, Table S1). However, most sites are still somewhat
close to the ocean (100−250 km) or in areas that are typically
downwind of the ocean. Studies have relied primarily on bulk
analysis methods, which use Cl− or Na+ concentrations, the ratio
of Cl−/Na+, or the ratio of Cl−/ Mg2+ to identify
SSA.51−54,57−60,62 Whereas some studies detected only fresh
SSA (since Cl− was used as a marker),51 aged SSA were detected
in the majority of the studies using the Cl−/Na+ mass ratio which
ranged from 0 to 1.852−54,57,58,60,61,63 (Cl−/Na+ = 1.81 in
seawater).64 Because HCl(g) can be released from SSA by the
reactions discussed above, ratios involving Cl− can lead to an
underestimation of inland SSA concentrations.23 Additionally,
Na+, Mg2+, and Cl− can also be present from other sources, such
as mineral dust65 and incineration,66 further complicating the use
of these ion ratios in bulk samples to accurately identify SSA.
Single-particle analysis overcomes challenges related to bulk

average concentrations and ion ratios and allows for particle-by-
particle comparison of SSA to seawater ion ratios, such as Na+/
Mg2+.1−3,11,39−41,67−73 By not using chloride to identify SSA,
more detailed analysis of the extent of multiphase reactions that
individual particles have undergone can be conducted. Scanning
electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX) has been used extensively to identify fresh and aged
SSA (SSA depleted in chloride), measure particle size and
morphology, and analyze distributions of elements within
individual particles.1,3,37,40,41,71−78 SEM-EDX also has potential
to provide a wealth of information regarding concentrations of
SSA and the extent of aging at inland locations where few single-
particle studies have been conducted.41,55,56,79

In this study, individual SSA particles were analyzed to
determine the degree of aging as a function of particle size during
the Southern Oxidant and Aerosol Study (SOAS) in 2013 near
Centreville, Alabama. Computer-controlled SEM-EDX
(CCSEM-EDX) was used to identify and analyze particles to
determine elemental composition, size, and morphology.
Computer-controlled Raman microspectroscopy (CC-
Raman)80 was used to identify secondary species (nitrate and
sulfate) and trace organics. A previous SOAS publication
investigated the impact of mineral dust aerosol on nitrate, but
only briefly mentioned SSA influence.79 Herein, two chemically
distinct time periods with high SSA concentrations and different
extents of aging were identified. Backward air mass trajectory
analysis, in conjunction with weighted potential source
contribution function analysis (WPSCF), and local meteoro-
logical data were used to investigate differences in atmospheric
processing between these two SSA events. The presence of
partially aged SSA transported inland may serve as sinks for
HNO3 and SO2/H2SO4, as well as a source of oxidants in inland
locations.

■ EXPERIMENTAL SECTION

Field Site Description and Sample Collection. Aerosol
samples were collected as part of SOAS near Centreville, AL
(32.9030 N, 87.2500 W, 242 m above mean sea level).81

Centreville is located in a rural, forested region near Talladega
National Forest approximately 320 km north of the Gulf of
Mexico. Samples for single-particle analysis were collected
between June 5 and July 11, 2013 near ground level (1 m)
using a micro-orifice uniform deposit impactor (MOUDI, MSP
Corp., model 110) sampling at 30 lpm with a PM10 cyclone
(URG model 786). The 50% aerodynamic diameter size cut-
points for the MOUDI sampling stages used in this analysis were
1.8, 1.0, 0.56, and 0.32 μm.82 Particles were impacted onto 200-
mesh carbon-type-B Formvar grids and quartz substrates (Ted
Pella Inc.) for analysis with SEM-EDX and Raman spectroscopy,
respectively. Samples were collected from 8:00−19:00 Central
Standard Time (CST) and 20:00−7:00 CST, except during
intensive periods when the schedule was 8:00−11:00, 12:00−
15:00, 16:00−19:00, and 20:00−7:00 CST. Intensive time
periods were scheduled based on predicted meteorological
parameters and gas-phase concentrations.83 After collection, all
substrates were sealed and stored at −22 °C prior to analysis.

Computer-Controlled Scanning Electron Microscopy
with Energy Dispersive X-ray Spectroscopy Analysis.
Particles were analyzed using a FEI Quanta environmental SEM
equipped with a field emission gun operating at 20 kV and a high-
angle annular dark field (HAADF) detector.72,84 The SEM was
equipped with an EDX spectrometer (EDAX, Inc.). The
CCSEM automated analysis captured single-particle physical
parameters including projected area diameter and perimeter.
EDX spectra from individual particles were analyzed to
determine the relative abundance of 15 elements: C, N, O, Na,
Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe, and Zn. For SOAS, a total of 34
266 particles were analyzed, including 4047 SSA particles. Single-
particle data from the CCSEM-EDX analysis was examined in
MATLAB R2013b (MathWorks, Inc.) using k-means clustering
of individual particle EDX spectra following a previously
described method.85,86 Clusters were grouped by elemental
composition into source-based classes, including SSA.3,41,73 The
particles identified as SSA in this study are unlikely to be
influenced by other species such as dust, since the SSA particles
were negligible in common soil elements, such as Si and Al. SSA
data from two samples (July 4 20:00−July 5 7:00 and July 5
8:00−19:00) were excluded from analysis due to possible
influence from fireworks.87−89

Computer-Controlled Raman Microspectroscopy.
Raman microspectroscopy was performed using a Horiba
LabRAM HR Evolution Raman spectrometer coupled with a
confocal optical microscope (100× long working distance
objective, Olympus). The instrument was equipped with a
Nd:YAG laser source (50mW, 532 nm), a charge-coupled device
(CCD), and a 600 groove/mm diffraction grating (1.8 cm−1

spectral resolution). The instrument was calibrated daily using
the Stokes Raman signal of pure Si at 521 cm−1. The laser power
was adjusted with a neutral density filter, and four accumulations
(each with 15-s acquisition time) were used to collect spectra for
the range of 500 to 4000 cm−1. Approximately 200 particles
(0.8−6.4 μm projected area diameter) from each SSA event
(June 12, 2013 12:00−15:00 and July 4, 2013 8:00−19:00) were
analyzed using CC-Raman to investigate secondary species,
including nitrate, sulfate, and organics, using the method
described by Craig et al.80
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Hybrid Single-Particle Lagrangian Integrated Trajec-
tory Model and Weighted Potential Source Contribution
Function Analysis. The NOAA HYSPLIT model90 was run at
100, 200, 500, 1000, and 3000 m (120 h backward) in
conjunction with WPSCF receptor modeling91 to examine the
air mass histories of SSA during two SSA events: June 10−13,
2013 and July 3−8, 2013. Details about HYSPLIT and WPSCF
analysis are provided in the Supporting Information.

■ RESULTS AND DISCUSSION
Individual SSA particles were identified during SOAS by the
presence of sodium and magnesium in a ∼10:1 ratio (by atomic
percent), which is equivalent to their molar ratio in seawater.64

This fingerprint has been used to identify SSA in both laboratory
and field studies using SEM-EDX, including both fresh and aged
(depleted in chloride) SSA.11,72,73,92 For EDX analysis it is typical
to report atomic percentages of specific elements, which are
equivalent to the mole percent of a specific element within the
total particle. To facilitate comparison to bulk analyses, we report
mole percentages and mole ratios in the analysis below. Details
on identification of SSA through molar ratios are given in the
Supporting Information and Table S2. Though primary
biological and other organic particles have been observed to be
emitted from marine environments,70,93 due to their relatively
smaller contributions and challenges differentiating these types
of particles from organic or biological particles emitted from
terrestrial sources at SOAS, only salt-containing SSA are
discussed hereafter. Using CCSEM-EDX to identify SSA helps
avoid misclassifying particles where Cl− has been fully depleted
via multiphase reactions. SSA particles identified during SOAS
were classified into two categories: (1) partially aged (Cl/Na
mole ratio ≥0.1) and (2) aged or fully processed (Cl/Na mole
ratio <0.1). There is no “fresh” category of SSA, as no SSA
particles were observed without some chloride depletion.
Chloride enrichment factors, calculated by dividing the Cl−/
Na+ mass ratio of the aerosol sample by the Cl−/Na+ ratio of
seawater, are commonly used in ion chromatography to
differentiate aged and fresh SSA.94 However, the complete Cl
loss in many particles made this approach impractical, and the
simpler ratio of Cl/Na frequently used in EDX analysis,41 is used
herein. A molar threshold of 0.1 Cl/Na (1.16 in seawater) is used
where particles with this ratio contain ≥10% of the chloride
content (molar) of fresh SSA, and are therefore ≤90% depleted
in chloride.
Within the fully aged category, particles were subclassified into

sulfate-dominated (aged-sulfate, mole % S ≥ 1, mole % N < 1%)
and mixed (aged-nitrate/sulfate, mole % S ≥ 1, mole % N ≥ 1).
These thresholds were selected to minimize false positives due to
background interferences. Figure 1 shows example images and
EDX spectra of SSA particles from each of these three categories
(partially aged, fully aged (aged-sulfate), and fully aged (aged-
nitrate/sulfate)), with all three particles showing varying degrees
of chloride depletion and the presence of nitrate and/or sulfate.
For the elements Cl, N, and S associated with key anionic species
(Cl−, NO3

−, SO4
2−), in the representative particle from the

partially aged class more Cl (9%) was present than N (2%) and S
(2%) by mole %. In comparison, the two aged classes contain
substantially less Cl, with the particle from the aged-sulfate class
containing 0% Cl, 13% S, and 1% N, and the particle from the
aged-nitrate/sulfate class containing 0% Cl, 3% S, and 2% N by
mole %. Although EDX only measures elemental composition,
whenever nitrogen and sulfur were present in the EDX spectra,
elemental maps always showed collocation with oxygen,

suggesting that these elements were present in the form of
nitrate and sulfate (Figure 1a). Raman microspectroscopy of
particles from the same time period also showed frequent nitrate
and sulfate vibrational modes, supporting this assignment
(Figure S2). A future publication will focus on Raman mode
analysis of particles from all sources at SOAS.
Elemental maps of particles representative of the three SSA

classes in Figure 1a show the distribution of elements within each
individual particle after impaction. In agreement with prior
results,1,95,96 the partially aged and aged SSA particles did not
have elements homogeneously distributed spatially or a cubic
efflorescence pattern typical of NaCl(s), suggesting the structures
were not due to analysis under vacuum. Rather, spherical
structures, some of which were core−shell, were observed. The
distribution of elements with sodium, chloride (represented by
Cl), and sulfate (represented by S) on the interior and
magnesium and nitrate (represented by N) on the exterior is
particularly apparent for the partially aged particle. In this
particle, nitrate may have been enhanced at the surface, with
chloride present within the core, due to reactions on an
effloresced particle with a solid core. The enhancement of
sodium rather than magnesium within the core suggests, unlike
aged-nitrate/sulfate particles with the opposite cation organ-
ization, that the reaction was incomplete since cation rearrange-
ment had not occurred.1 Although three main classes of SSA
were identified, a large variety of compositions and spatial
distributions, even within a single particle category, were
observed, necessitating an investigation of compositional
variability.
The average EDX elemental percentages for all three types of

SSA were observed to be depleted in chloride, although the
extent of depletion varied, as shown in Figure 2. The partially
aged class (24% of SSA by number) contained chloride in all the
particles, with mole percentages of Cl ranging from 1 to 44%,
with averages of 5% Cl, 2% S, and 5% N. Aged-sulfate particles
(15% of SSA by number) were completely depleted in chloride

Figure 1. (a) SEM images and elemental maps of particles representing
the three SSA classes observed during SOAS: partially aged, aged-sulfate,
and aged-nitrate/sulfate, (b) corresponding EDX spectra, and (c) bar
graph depicting the abundance of each SSA class by number fraction.
Asterisk (*) indicates elements not quantitative due to interference from
the substrate or detector. Standard error for the abundance of each class
is below 0.01. A table with error values is located in SI Table S2.
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and did not contain nitrate, but contained up to 15% S with an
average of 6% S (mole %). Aged-nitrate/sulfate particles, which
accounted for the majority (61% by number) of SSA analyzed,
had minimal chloride (Cl/Na mole fraction <0.1) with nitrate
and sulfate present in all particles (up to 15% N and S with an
average of 5% N and 4% S by mole %). Less than 1% by number
of SSA particles contained more than 10% Cl (with fresh SSA
particles containing 49% Cl by mole percentage), indicating a
substantial degree of processing during transport from the Gulf
of Mexico.
During SOAS two events (Event 1: June 10−13 and Event 2:

July 3−8) were identified that had high number percentages of
SSA in the accumulation and coarse modes (11% and 35%,
respectively), compared to the 6%median number percentage of
SSA for all of the SOAS samples analyzed (Figure S3). During
these events SSA are a substantial fraction of total PM2.5 mass.
The highly aged character from Figure 2 is supported by the
mean pH of 0.9 ± 0.6 reported for PM2.5 at the site.

97,98 When
compared to the pH range of 7.0 to 9.0 which is typical for freshly
emitted SSA,26 HCl volatilization is predicted under these highly
acidic conditions at Centreville,26 though limited methods for
direct pH determination are available.99,100 To compare SSA
aging during these events, the number fraction of SSA in each
particle class was analyzed as a function of projected area
diameter (Figure 3a). For comparison, the composition of SSA
during the rest of the campaign, which accounted for

approximately 20% of SSA by number, is also shown. For all
SSA detected during SOAS, size plays an important role in
chemical composition: sulfate-containing particles were present
from 0.5 to 5 μm (stats were poor <0.5 μm), particles containing
nitrate weremostly >1 μm, and partially aged particles containing
chloride were generally >2 μm. Figure 3b shows the number
fraction of particles containing any Cl, N, or S (mole percent
>1%) in the particle. These data further support that within
partially aged and aged SSA categories sulfate is concentrated in
submicron particles, while chloride and nitrate are primarily in
the supermicron size range. In addition to quantifying the
number fraction of particles that contain nitrate, sulfate, and
chloride, the average mole percent relative to sodium of each
element was analyzed to determine their per particle
concentrations as a function of size. Figure 3b shows that for
all SSA, the number fraction of particles containing Cl increased
with diameter with similar mole fractions of Cl (∼0.2) within the
largest particles analyzed. On the other hand, the mole fractions
of N and S in SSA are inversely related. Whereas submicron
particles are very S-rich, as diameter increases, the mole fraction
of S within particles decreases and the mole fraction of N
increases.
The size dependence of nitrate and sulfate within SSA particles

provides insight into the mechanism for the uptake of HNO3 and
SO2. In general, the accumulation of sulfate in SSA by reaction
with SO2 is diffusion limited. Therefore, it occurs most readily in

Figure 2. Average mole percent per particle and digital color histograms of three different particle classes of SSA: (a) partially aged, (b) aged-sulfate, and
(c) aged-nitrate/sulfate. Average histograms are shown on the left as the elemental mole fraction across the elements analyzed by CCSEM-EDX. On the
right, the digital color histogram heights represent the number fraction of particles containing a specific element, and the colors represent the mole
percent of that element. Because analysis was conducted under vacuum, these mole percentages do not include moles of water. Asterisk (*) indicates
elements (C, O) not quantitative due to interference from the substrate or detector, and (†) may have interfering signal from the carbon and oxygen
EDX peaks.

Figure 3. (a) Aged-sulfate, aged-nitrate/sulfate, and partially aged SSA depicted as a function of size during two SSA-rich periods: June 10−13 (Event 1),
July 3−8 (Event 2), and throughout the rest of SOAS (other). During these two events, SSA is present at both submicron and supermicron sizes. (b)
Size-resolved SSA composition indicates the number fraction of SSA containing Cl, N, and/or S. The solid line corresponds to the number fraction
containing the element, while the dashed line corresponds to the mole fraction per particle relative to sodium.
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PM2.5, particularly accumulation mode particles (diameters 0.1−
1.0 μm).35,36,63,101 Additionally, sulfate may accumulate in small
particles because H2SO4, formed from the aqueous-phase or gas-
phase oxidation of SO2 in deliquesced particles and droplets,
dissociates instantly to HSO4

−, H+, and SO4
2− and stays in the

particle phase after uptake or formation, as opposed to the higher
vapor pressure HNO3.

102 Over time, the accumulation of sulfate
will acidify the particles, and more HNO3 volatilization will lead
to a “distillation effect” where more sulfate accumulates within
the smaller particles and any pre-existing nitrate is displaced.
Thus, NO3

− will be present primarily in supermicron SSA,23,35,36

preferentially particles ∼1 μm since the net uptake for nitric acid
onto NaCl is highest for micron-sized particles with large surface
areas.37 However, the reaction may not go to completion for
large SSA since the uptake of HNO3 is diffusion-limited above 1
μm,37 leading to partially aged SSA particles. In short, the
irreversible uptake of SO2 on SSA is kinetically limited while the
uptake of HNO3 is kinetically limited for large particles and
thermodynamically controlled for small particles, resulting in
sulfate accumulation in submicron particles, and nitrate
accumulation in supermicron particles.
In addition to composition varying as a function of size, SSA

composition was different for the two events. During Event 1 in
June, aged-nitrate/sulfate SSA accounted for the majority of SSA
particles by number, consistent with work by Allen et al.,79 who
showed coarse particle nitrate was high from June 9−13 during
SOAS. In contrast, during Event 2 the partially aged SSA particles
account for the majority of SSA by number. For particles >4 μm,
chloride is present in ≥70% of particles during both events.
However, during Event 1, only 6% of submicron SSA, by number,
contain chloride, while 33% of submicron SSA contain chloride
during Event 2, showing different extents of chloride depletion.
This high fraction of particles that are not fully depleted in
chloride may have important implications for the nitrogen
budget, with partially aged SSA acting as an inland sink for NOx
oxidation products.
Ternary diagrams (Figure 4) show percentages of Cl, N, and S

with respect to the sum of Cl + N + S in individual particles by
mole percent, as in eqs 2−4 shown below.

=
+ +

×Cl%
Cl

Cl N S
100%

(2)

=
+ +

×N%
N

Cl N S
100%

(3)

=
+ +

×S%
S

Cl N S
100%

(4)

These plots highlight differences in aging processes between
the SSA events. During Event 1 two populations are observed:
(1) particles containing varying amounts of N and S with
complete Cl depletion, and (2) particles containing varying
amounts of N and Cl with minimal S. As also shown in Figure 3b,
Cl is in the largest particles and the largest S enrichments are in
the smallest particles, with lower relative mole fractions of S (1−
2%) observed in particles >2.5 μm (although all particles 0.5−5
μm contained some amount of S). High relative percentages of N
(≥60%) are found in all SSA ≥1 μm, suggesting particles were
within a favorable size range for maximal uptake of HNO3. In
comparison, during Event 2, particles were smaller than the first
event with average diameters <2.5 μm, and contained less N
relative to S and Cl. To highlight the variation of N, the average
relative percentages of N, S, and Cl were calculated for each

event, represented by the asterisks in Figure 4. The average N% is
much higher during Event 1 (65%) than during Event 2 (36%),
indicating that SSA during this event were aged to a greater
extent by HNO3. Conversely, the average mole percentage of S
increased (21% during Event 1 to 56% during Event 2), and Cl
remained approximately constant (13% during Event 1, 8%
during Event 2), even though the particles were much smaller
during Event 2. The presence of chloride in a higher number
fraction during Event 2, particularly in SSA <2.5 μm, may suggest
an inhibition of multiphase reactions due to the particles not
behaving as ideal aqueous droplets (e.g., effloresced particles or
particles coated with organic material inhibiting uptake)103 or
transport at higher altitudes with lower HNO3 and SO2
concentrations.
To examine the air mass history during the two high-SSA

events, HYSPLIT analysis with WPSCF was used. Shown in
Figure 5, the SSA collected at rural, forested Centreville
originated from the Gulf of Mexico and were transported inland.
However, throughout these two SSA events, the particles arrived
at Centreville via different transport routes, speeds, and altitudes.
During Event 1, the air mass arrived from the southwest after
passing over Louisiana andMississippi; while during Event 2, the
air mass approached Centreville directly from the south after
traveling over Alabama and the Florida panhandle. Figure 5c
shows example HYSPLIT backward air mass trajectories from
Event 1, where the air mass spends ∼24 h over land, while the
backward air mass trajectories for Event 2 only spent ∼10 h over
land. The air masses from Event 1 traveled within the boundary
layer over land, but due to differences in chemical composition
from aerosol emitted from freshwater,104,105 we are confident
these particles are of marine origin and not from lakes or rivers
the air mass passed over en route to Centreville. In contrast to
Event 1, the air mass influencing Event 2 was primarily in the free

Figure 4. Ternary plots showing the relative percent of sulfate (S),
chloride (Cl), and nitrate (N) in individual SSA particles collected from
SOAS as a function of particle diameter for (a) Event 1 and (b) Event 2.
Only every 5th (Event 1) or 3rd (Event 2) particle, respectively, is
shown on the plots to better show trends. The asterisk (*) shows the
average SSA composition during each event, with SSA from Event 1
containing substantially more nitrogen than SSA from Event 2.
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troposphere until the last few hours prior to arrival at Centreville.
Although the transport time from the Gulf of Mexico was 2−3
times longer for themore aged SSA Event 1, exposure to different
pollutant levels on the two trajectories, rather than diffusion-
limited reactions over the transport time scale, likely led to the
differences in SSA composition. To support this, the theoretical
uptake of HNO3 onto SSA completely aging particles was
calculated to take ∼4 h (Table S3), which is much shorter than
the transport times of particles during SOAS, particularly during
Event 1. Meteorological data indicated that immediately
preceding Event 2, Centreville experienced heavy rainfall106,107

leading to a reduction of gaseous HNO3,
79 while Event 1 SSA

experienced no precipitation. Specifically, Event 2 gas-phase
measurements of NOy (0.51 ppb) and HNO3 (0.03 ppb) were
much lower compared to concentrations of NOy (1.28 ppb) and
HNO3 (0.23 ppb) during Event 1 (Figure S4), which may be
indicative of changes in regional NOy and HNO3 concentrations
along the transport paths though values likely vary along the
trajectory to the site. The high concentrations of HNO3 andNOy
during Event 1 may account for the highly nitrate-aged SSA
analyzed during that period, compared to the high concen-
trations of partially aged SSA detected during Event 2.
The importance of transport time for predicting whether

chloride has been fully depleted from a particle is shown in Figure
6 by the average chloride depletion in SSA (mole %) as a function
of air mass transport time from the Gulf (% Cl depletion
calculations in Supporting Information). During Event 1, SSA
experienced much longer transport times, with 30 h median
transport times from the ocean based on backward air mass
trajectories 500 m above ground level (Figure 5a). Air masses
that were transported for 20−29 h contained slightly more
chloride (98% Cl depleted, by mole %) compared to air masses

that had transport times of 30−68 h (99% Cl depleted), although
the difference is not statistically significant (Table S4), suggesting
the reactions were not diffusion-limited on these time scales. By
comparison, SSA during Event 2 had a median transport time of
10 h over land and contained substantially more chloride. Air
masses with transport times of 7−8 h were on average 87%
chloride depleted (mole %), which is statistically different at the
90% confidence interval from the 95% chloride depletion of SSA
that traveled over land for more than 10 h. Thus, the combination
of transport time and heavy precipitation leading to wet
deposition of NOy species likely caused differing chloride levels
during the two SSA events.
To estimate the maximum contribution of SSA chloride

depletion on the atmospheric oxidant budget, the mass of
chlorine released during transport during Event 1 was calculated.
First, the SSA mass concentration was calculated based on the
Na+ concentration (μmol/m3) measured using a monitor for
aerosols and gases (MARGA) at the Centreville site,79 shown by
CCSEM-EDX to be SSA. The seawater Cl−/Na+ ratio (1.81)64

was applied to calculate the original Cl− concentration, and an
average of 98% (mole) chloride depletion, as determined by
CCSEM-EDX (Figure 6), was applied to calculate moles of
chlorine that partitioned to the gas phase during transport.
During Event 1, whenmost chloride was depleted, a maximum of
∼620 ppt of HCl (17 μmol/m3 Cl; from 15 μmol/m3 of Na+) is
released into the atmosphere. Considering much lower
concentrations of HCl (∼180 ppt during this same time period)
were measured at the Centreville site,79 most HCl (or Cl2,
ClNO2) was likely released during transport from the ocean.
These results indicate that under specific conditions, SSAmay act
as a source of Cl inland modifying the oxidant budget, and, if
complete depletion does not occur during transport, SSA may
exist as a source of HCl and a sink for oxidized NOx species at
inland locations.

Atmospheric Implications. SSA impact atmospheric
chemistry and climate as they undergo multiphase reactions in
the atmosphere, thereby acting as sinks for NOx oxidation
products and SO2 as well as a source of gaseous halogen species
(e.g., HCl and ClNO2).

4−9,108 During the summer 2013 SOAS
field campaign in Centreville, Alabama, SSA particles comprised
up to 81% of supermicron (1−10 μm) and 48% of submicron
(0.2−1.0 μm) particles, by number, during two multiday events.
Because Centreville, AL is an inland site located approximately
320 km from the coast, most of the SSA was depleted in chloride
and enriched in nitrate and sulfate due to transport and reactions
with acidic species. Still, 24% of all SSA particles sampled, by
number, contained detectable chloride (Cl/Na mole ratio≥0.1),

Figure 5. WPSCF trajectory analysis of SSA for (a) Event 1 and (b)
Event 2 ending at Centreville, AL. WPSCF data are shown for SSA >6%
(median % SSA during SOAS) by number according to CCSEM-EDX
analysis and clustering. Example HYSPLIT 120-h backward air mass
trajectories during Event 1 ending at Centreville on (c) June 11, 2013 at
8:00 and Event 2, (d) July 3, 2013 at 20:00. The red trajectory
corresponds with trajectories ending at 100 m AGL, blue with 500 m
AGL, and green with 1000 m AGL. *Circles on trajectory are spaced 12
h apart. Map data for c and d copyright Google, Image Landsat/
Copernicus; data from SIO, NOAA, U.S. Navy, NGA, GEBCO.

Figure 6. Average mole % of chloride depleted from SSA particles after
transport from the ocean during Event 1 and Event 2. Five sampling
times were averaged for each category during Event 1, and two and three
sampling times were averaged for the Event 2 categories, respectively.
Error bars represent one standard deviation from the mean. The time
from the coast is calculated in hours using HYSPLIT.
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suggesting that complete chloride depletion frequently did not
occur. During Event 2, shorter transport times and subsidence
from aloft during periods of low HNO3(g) led to particles where
less than 90% of chloride had been depleted, although additional
factors, such as the presence of an organic coating, could have
impacted SSA reactivity during transport.
The findings suggest chloride-containing SSA existing at

inland sites may have important implications for the nitrogen and
oxidant budgets in the southeast U.S. or other inland sites, as
these SSA will likely undergo further reactions during continued
transport inland. Thus, SSA may act as an underappreciated
inland sink for NOx and SO2 oxidation products, and source of
reactive halogen-containing gases. Additionally, SSA could act as
an inland cloud condensation nuclei source, indirectly impacting
climate through cloud formation. The outcomes of this study
provide insight regarding secondary chemistry involving aerosols
in the southeast U.S. Additional studies at inland sites,
particularly less-polluted ones, are needed to examine effects
on oxidation products of NOx, SO2, and the oxidant budget from
halogen production.
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