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Abstract. The chemical composition of aerosol particles
(Dp ≤ 1.5 µm) was measured over the southeast Pacific
Ocean during the VAMOS (Variability of the American Mon-
soon Systems) Ocean-Cloud-Atmosphere-Land Study Re-
gional Experiment (VOCALS-Rex) between 16 October and
15 November 2008 using the US Department of Energy
(DOE) G-1 aircraft. The objective of these flights was to
gain an understanding of the sources and evolution of these
aerosols, and of how they interact with the marine stratus
cloud layer that prevails in this region of the globe. Our mea-
surements showed that the marine boundary layer (MBL)
aerosol mass was dominated by non-sea-salt SO2−

4 , followed
by Na+, Cl−, Org (total organics), NH+4 , and NO−

3 , in de-
creasing order of importance; CH3SO−

3 (MSA), Ca2+, and
K+ rarely exceeded their limits of detection. Aerosols were
strongly acidic with a NH+4 to SO2−

4 equivalents ratio typ-
ically < 0.3. Sea-salt aerosol (SSA) particles, represented
by NaCl, exhibited Cl− deficits caused by both HNO3 and
H2SO4, but for the most part were externally mixed with par-
ticles, mainly SO2−

4 . SSA contributed only a small fraction of
the total accumulation mode particle number concentration.
It was inferred that all aerosol species (except SSA) were
of predominantly continental origin because of their strong
land-to-sea concentration gradient. Comparison of relative
changes in median values suggests that (1) an oceanic source
of NH3 is present between 72◦ W and 76◦ W, (2) additional
organic aerosols from biomass burns or biogenic precursors
were emitted from coastal regions south of 31◦ S, with possi-
ble cloud processing, and (3) free tropospheric (FT) contribu-
tions to MBL gas and aerosol concentrations were negligible.
The very low levels of CH3SO−

3 observed as well as the cor-

relation between SO2−

4 and NO−

3 (which is thought primar-
ily anthropogenic) suggest a limited contribution of DMS to
SO2−

4 aerosol production during VOCALS.

1 Introduction

The southeast Pacific (SEP) region off the coast of Chile and
Peru is home to the largest marine stratocumulus cloud deck
on the globe. Such decks are typically found on the eastern
edges of oceans, and play an important role in the climate
system (Wood, Scientific Program Overview,http://www.
eol.ucar.edu/projects/vocals/; Wood, et al., 2011; Bretherton
et al., 2010). The VAMOS1 Ocean-Cloud-Atmosphere-Land
Study-Regional Experiment (VOCALS-Rex) campaign, re-
ferred to as VOCALS in this work, was designed to collect
observational data to help understand the structure of marine
stratocumulus clouds, their radiative properties, and sources
of marine aerosol particles that maintain and interact with
clouds in the SEP (Wood et al., 2011).

Because aerosol particles impact cloud microphysical
properties, a major effort of VOCALS was focused on char-
acterizing aerosol particles in terms of size distribution,
mass concentrations, and chemical composition so that their
sources, evolution, and interactions with clouds could be
investigated. In the VOCALS region, the atmospheric sys-
tem that governs the marine stratocumulus in the SEP is
strongly coupled to the ocean and the land whereby the

1VAMOS stands for Variability of the American Monsoon Sys-
tems.
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Andes mountain range forces the predominantly zonal air
flow northward along the coast. This highly uniform wind
field advects continental emissions from the narrow Chilean
coastal regions into the MBL, and intensifies upwelling en-
hancing productivity with possible increased emission of
organic compounds including dimethylsulfide (DMS) (cf.,
O’Dowd, 2004). Satellite data show a strong increase in the
cloud droplet effective radius with distance from the coast
(Wood, et al., 2011). This implies a higher aerosol number
concentration near the coast and is important in understand-
ing whether the source of this aerosol is anthropogenic or
biogenic.

Several studies of aerosol chemical composition on land
and in the MBL during and before VOCALS showed that
both SO2−

4 aerosol, which dominated aerosol mass, and or-
ganic aerosols (OA) were of terrestrial origin, with only
small contributions from the ocean and the FT. Tomlinson
et al. (2007) identified anthropogenic, acidic SO2−

4 aerosols
during shipboard measurements in the SEP off the coast of
Chile and Peru. Chand et al. (2010) identified 4 different
types of aerosol sources in Paposo, Chile, several kilometers
inland; they included urban/biofuels, soil/smelters, biomass
burn, and marine sources. Urban/biofuel sources dominated
aerosol mass (≥ 50 %), with marine being the least impor-
tant at ≤ 15 %. Hawkins et al. (2010) reported shipboard
measurements during VOCALS that both SO2−

4 and OA
were mainly derived from continental outflows. Except for a
small marine derived hydroxy-organic class, other aliphatic,
carboxyl-organic, and organosulfate classes were all of ter-
restrial origin. Yang et al. (2011) showed, based on both ship-
board and airborne measurements, that MBL sulfur species
(primarily SO2−

4 ) near the coast were dominated by anthro-
pogenic sources. However, west of 78◦ W continental influ-
ence was diminished and the MBL sulfur was dominated by
DMS with minor contributions from entrainment of FT air.
Shank et al. (2012), focusing on the identification of oceanic
OA sources in clean MBL air, found that marine contribu-
tions to OA in the SEP were nearly absent because even the
very low OA loadings in clean marine air (CO < 61 ppb) were
associated with the combustion tracer black carbon. Allen et
al. (2011) showed the strong influence of continental emis-
sions on aerosols in the MBL of the SEP east of 80◦ W,
and long range transport of biomass burn plumes rich in OA
(compared to SO2−

4 ) to the FT in the SEP region. A SO2−

4
concentration of 0.3 µg m−3 observed in the MBL was con-
sidered a background value for the VOCALS region. In this
work we report the loadings and chemical composition of
fine aerosol particles (Dp < 1.5 µm), measured on board the
Department of Energy (DOE) G-1 in the coastal marine at-
mosphere off northern Chile using both an Aerosol Mass
Spectrometer and a Particle-into-Liquid Sampler – Ion Chro-
matography (PILS-IC) technique, up to∼ 780 km offshore
(77.8◦ W) between 18.4◦ S and 20◦ S. Complementing ear-
lier reports, we examine the sources and evolution of aerosol

Figure 1. Composite flight tracks of the DOE G-1 during 2008
VOCALS-REx overlaid on a Terra image taken at 16:50, 12 Novem-
ber 2008.

particles to provide additional characterization of the relative
importance of land, ocean, and FT contributions to aerosols
in the coastal MBL of the SEP.

2 Experimental section

The instrumented DOE G-1 aircraft deployed in the VO-
CALS was supported by the DOE Atmospheric Sciences
Program and was among three other aircraft stationed at Ar-
ica International Airport, Chile (18◦27.44′ S, 70◦22.37′◦ W):
NSF C130, UK FAAM Bae-146, and UK NERC Dornier 228
(Wood et al., 2011). The G-1 was equipped with a suite of
aerosol and cloud instrumentation for characterizing aerosol
chemical composition as well as aerosol and cloud micro-
physics (Allen et al., 2011). The study took place over the
coastal waters off northern Chile in the SEP between 16 Oc-
tober and 15 November 2008. The G-1 conducted 17 re-
search flights mainly between 18◦ S and 20◦ S, extending
west up to∼ 78◦ W (Fig. 1), typically between 11:00 and
15:00 local time (LT), each lasting∼ 4 h. The date and time
of the flights are listed in Table 1.

2.1 Instrumentation

The G-1 was equipped with instruments for characteriz-
ing aerosol particles, cloud droplets, trace gas species, at-
mospheric state parameters, and winds (Kleinman et al.,
2012). The instruments for determining aerosol chemical
composition and size distributions are briefly described be-
low; CO, O3, and SO2 instruments are described elsewhere
(Springston et al., 2005).
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Table 1.Date and time of DOE G-1 research flights during VOCALS-REx∗.

Flight Date Take-off (UTC) Landing Westernmost Flight
number point (Long◦ W) duration

1 14 Oct 2008 15:52 18:53 72.4 3:01
2 17 Oct 2008 13:00 16:50 74.1 3:50
3 18 Oct 2008 13:07 15:16 72.6 2:09
4 22 Oct 2008 16:32 19:57 76.1 3:25
5 23 Oct 2008 12:49 16:35 73.1 3:45
6 25 Oct 2008 13:03 17:07 76.1 4:04
7 26 Oct 2008 13:01 16:36 75.1 3:35
8 28 Oct 2008 12:58 17:16 77.8 4:17
9 29 Oct 2008 15:58 19:33 72.0 3:35
10 1 Nov 2008 12:57 16:57 77.2 4:00
11 3 Nov 2008 12:58 16:51 74.1 3:53
12 4 Nov 2008 11:57 16:02 72.1 4:05
13 6 Nov 2008 11:57 16:21 77.9 4:23
14 8 Nov 2008 12:55 16:31 74.1 3:36
15 10 Nov 2008 13:02 16:50 75.2 3:47
16 12 Nov 2008 13:20 16:55 75.3 3:34
17 13 Nov 2008 12:54 16:42 76.8 3:47

∗ 18 Oct 2008 flight was aborted due to research power failure, missing most aerosol data.

2.1.1 Aerosol Mass Spectrometer

An Aerodyne Compact Time-of-Flight Aerosol Mass Spec-
trometer (AMS) was deployed to determine the chemical
composition of non-refractory particles in the size range
Dp ∼ 70 nm to 440 nm (Canagaratna, 2007). In order to
maintain a constant transmission efficiency of the particle-
focusing lens on the AMS within the altitude range of the
G-1 during VOCALS (up to∼ 3 km), a constant pressure
chamber maintained at 650 mbar was outfitted upstream of
the AMS inlet so that the pressure drop across a pinhole into
the AMS was independent of flight altitude. The AMS mea-
surement alternated between the mass spectrometer and the
particle time-of-flight (pToF) mode of operation, each com-
plete cycle taking∼ 22 s which is the time resolution of the
AMS data. The pToF measurements determined the vacuum
aerodynamic diameter (DVA ) of the particles. The chem-
ical species quantified included NH+

4 , SO2−

4 , NO−

3 , Cl−,
and Org (total organics), limits of detection (LOD) being
∼ 0.1 µg m−3 for NO−

3 , Cl−, and SO2−

4 , and∼ 0.2 µg m−3 for
NH+

4 and Org. The ionization efficiency (IE) was calibrated
using NH4NO3 particles at the end of most flights (Table 2),
∼ 7 h after the AMS was powered on. A description of the
AMS instrument is given by Drewnick et al. (2005).

2.1.2 Particle-into-Liquid Sampler – Ion
Chromatography

A PILS system (Orsini et al., 2003) was used to determine
the bulk chemical composition of particles in the size range
Dp ∼ 70 nm–∼ 1.5 µm, the upper size cut limited by the
isokinetic inlet outfitted on the G-1 (see below). The species

quantified by the PILS included Na+, K+, Ca2+, Cl−, NO−

3 ,
CH3SO−

3 (MSA), and SO2−

4 , with LOD of ∼ 0.3 µg m−3 and
∼ 0.1 µg m−3 for cations and anions, respectively. Time reso-
lution was 180 s, each sample integrated over a 170 s period.
Although lower in time resolution, the PILS complemented
the AMS with detection of MSA, a marker product of DMS
oxidation (Yin et al., 1990), and refractory materials such as
NaCl in SSA particles, all potentially important in the MBL.
Two glass honeycomb denuders (ChemComb model 3500,
Thermo Scientific), one coated with Na2CO3 and the other
with citric acid, were used to remove acidic and basic gases,
respectively. The IC’s were calibrated for all of the reported
ionic species after each flight. In addition to IC analysis, elec-
trical conductivity of the aqueous aerosol samples collected
by the PILS was determined at a 10 s time resolution using a
conductivity meter (Consort, model C931, Belgium), with an
in-line flow-through conductivity cell inserted between the
PILS sampler and the IC’s.

2.1.3 Isokinetic inlet

The total air flow entering the inlet (sum of that sampled by
instruments and the dump flow) was actively controlled using
a mass flow controller with real time true air speed, temper-
ature, and pressure as input (Brechtel, 2002). Upon entering
the inlet nozzle, the air speed was slowed by a 2-stage dif-
fusion cone wherein the flow was turbulent, resulting in loss
of large particles to the wall. At the G-1 cruising speed of
∼ 100 m s−1, it was estimated that this isokinetic aerosol inlet
has an upper size cut ofDp ∼ 1.5 µm. During in-cloud pas-
sages, cloud droplets shatter in the diffusion cones resulting
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Table 2.AMS ionization efficiency (IE), Air beam counts (AB), IE / AB, normalization factor, and ratio of total mass to DMA volume.

Date Ionization AB IE / AB Normalization Nss_tot/
efficiency (×10−7) (×105) (×10−13) factor VDMA

16 Oct 2.88 3.25 8.86
17 Oct 1.90 2.70 7.04 1.70 1.94
22 Oct 3.60 6.90 5.22 1.45 1.10
23 Oct 3.43 6.73 5.10 0.97 1.17
25 Oct 2.83 4.60 6.15 1.41 1.32
26 Oct 1.93 3.10 6.23 1.28 1.29
28 Oct 2.10 3.70 5.76 1.54 0.96
29 Oct 1.92 1.06
1 Nov 1.63 2.15 7.60 0.87 0.93
3 Nov 1.20 1.54
4 Nov 2.82 5.56 5.07 1.68 1.08
6 Nov 2.21 0.98
8 Nov 1.23 0.89
9 Nov* 3.82 6.35 6.02
10 Nov 1.14 0.87
12 Nov 3.85 6.21 6.21 1.16 1.2
13 Nov 1.40

∗ Ground study.

in large number of particles (modeDp ∼ 50 nm) that are too
small for the AMS and PILS to sample.

2.1.4 Differential mobility analyzer (DMA)

A DMA (Wang et al., 2003) which draws air from the isoki-
netic inlet sample manifold was used to determine size distri-
butions of aerosol particles betweenDp ∼ 15 nm and 440 nm.
The RH of the sample air was reduced to∼ 15 % using a
Nafion dryer upstream of the DMA. A complete size distri-
bution was determined every 60 s representing an average of
two 30 s scans.

2.2 Sampling strategy

The primary objective of the G-1 mission was to charac-
terize the chemical and microphysical properties of aerosol
particles and their effects on cloud microphysics. The strat-
egy was to sample below-, in-, and above-cloud so that rela-
tions and interactions between aerosols and clouds could be
investigated. Because of its limited range (4 h,∼ 1400 km),
the G-1 typically took a straight east-west transect attempt-
ing to reach the furthest possible distance from the coast so
that a contrast in cloud aerosol relationships could be char-
acterized between the pristine marine environment offshore
and polluted MBL near the coast. Because the clouds tended
to dissipate westward from land starting around midday, the
G-1 typically conducted cloud studies during outbound legs
when cloud coverage was still extensive, and MBL sampling
during the inbound legs when the near-shore clouds had of-
ten dissipated. On the inbound leg, the G-1 typically flew at
a constant low altitude of 100 m.

3 Results

3.1 Data coverage

A composite flight track of all 17 G-1 research flights
during VOCALS is shown in Fig. 1. Except for the
flight of 29 October 2008, all of the G-1 flights took
place between 18.4◦ S and 20◦ S and were predominantly
east-west in order to characterize land-sea gradients in
aerosol and cloud properties in below-cloud (BC, RH > 50 %
and LWC < 0.01 g m−3), in-cloud, and above-cloud (AC,
RH < 45 % and LWC < 0.01 g m−3) segments.

3.2 Merging AMS and PILS data

The PILS and the AMS both measured aerosol SO2−

4 , NH+

4 ,
and NO−

3 , but only the PILS measured Na+, Cl−, and MSA,
and only the AMS measured Org. To examine the relation-
ship between all of the species on a common basis, the AMS
data are normalized to the PILS data using the slope of the
least-squares fit of the correlation plot of non-sea-salt SO2−

4
(nss-SO2−

4 ) concentrations determined by these two meth-
ods, one for each flight (Table 2), assuming that nss-SO2−

4
was present only in particles ofDp < 440 nm. Sea-salt SO2−

4
(ss-SO2−

4 ) was calculated using the observed [Na+] and the
sea-water [SO2−

4 ] / [Na+] ratio. This normalization adjusts
the concentrations of all the species measured by the AMS by
a constant factor, but not their trends and relative concentra-
tions. Merging the AMS and PILS data in this way provides
a uniform data set which can be used for comparison to other
aerosol measurements (see below). This merging procedure
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does not imply that the PILS data are more accurate than the
AMS data. With that we note that the AMS IE calibration
exhibited a fairly large variability over the course of the mis-
sion (Table 2). Although the core AMS instrument response
(or sensitivity) characterized by the ratio of IE to air beam
signal strength (IE / AB) was comparatively more stable, the
IE / AB ratio did not show a correlation with the normaliza-
tion factor (Table 2). We suspect that the variability in the
AMS calibration was due mainly to an insufficient warm-up
time of the AMS (the total time from power on and pump
down until calibration was only∼ 7 h).

3.3 Comparison of concentrations of aerosol mass with
aerosol volume

To examine the quantitativeness of the aerosol mass con-
centration measurements, we examine the ratio of the total
aerosol mass concentrations computed from a combination
of the AMS and PILS concentration measurements, to the
total aerosol volume concentrations calculated from the size
distributions determined by the DMA. This ratio should ap-
proximate the particle density if all of the aerosol species are
accounted for by the combination of the PILS and AMS mea-
surements. Because the PILS detected particles larger than
the AMS (i.e, betweenDp ∼ 0.4 µm and∼ 1.5 µm), which
are presumably due mainly to SSA, we also examine the nss
fraction of the PILS mass concentrations (by excluding Na+,
Cl−, Mg2+, ss-SO2−

4 , and NO−

3 ) to the DMA volume.
The slope of the plot of the aerosol mass concentration

vs. aerosol volume for the flight of 28 October 2008 (Fig. 2)
is near unity implying a particle density that is significantly
lower than the∼ 1.7 g cm−3 expected for aerosol particles
predominately composed of sulfate. Two possible reasons
for this are: (1) the presence of components undetected by
the PILS, including non-activated particles and unquantified
ionic species that contribute to the aerosol volume; (2) water
associated with un-neutralized H2SO4 at the DMA’s operat-
ing RH of 15± 2 % which increases the aerosol volume over
that calculated considering only dry components. There is no
good way to evaluate the first reason with the available data.
As for the second reason, Kleinman et al. (2012) showed
that a solution containing NH4HSO4 and H2SO4 mixed with
10 % insoluble organics similar to the aerosol composition
observed during VOCALS is calculated to exhibit a volume
growth factor of 1.3 at RH= 15 %. With this growth fac-
tor taken into account (bringing the slope to∼ 1.4), there is
a ∼ 25 % underestimation of aerosol mass compared to the
DMA volume, part of which could be caused by unidentified
constituents.

Figure 2. Comparison of aerosol mass concentrations determined
using the PILS and the AMS with the aerosol volume concentra-
tions calculated from DMA size distributions:(a) mass concen-
trations of ionic species from PILS and Org from the AMS with
(crosses) and without (solid circles) SSA components:(b) mass
concentrations determined using the AMS, normalized to the PILS
using nss-SO2−

4 . Solid lines are least squares best fits.

3.4 Aerosol chemical composition

3.4.1 Synopsis

The AMS measured detectable amounts of SO2−

4 , NH+

4 , and
Org at nearly all locations, but not Cl− and NO−

3 which were
below their LOD’s of∼ 0.05 µg m−3 throughout the study.
Neither NaCl or NaNO3 in SSA particles were detected by
the AMS because they are refractory under our operating
conditions. The PILS measured Na+, Cl−, NO−

3 , as well
as NH+

4 and SO2−

4 , MSA, K+ and Ca2+. MSA was found
in only a few samples and K+ and Ca2+ were always be-
low their LOD’s of∼ 0.15 µg m−3. Chemical composition of
MBL aerosol particles was dominated by SO2−

4 , which on
average accounted for∼ 50 % of the measured total aerosol
mass, followed by Na+, Cl−, Org, NO−

3 , and NH+

4 , each with
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Figure 3. Time plots of altitude and aerosol chemical concentra-
tions measured on the 28 Oct 2008 flight. The aircraft altitude plot is
color-coded to the liquid water content of clouds encountered dur-
ing the out-bound leg(a); the blue dotted vertical line marks the
time when the G-1 turned around and headed back to Arica.

a contribution of < 15 %. A strong land-to-sea gradient was
seen in NH+4 , SO2−

4 , Org, and NO−3 , while Na+ and Cl− were
fairly uniformly distributed longitudinally. Aerosol compo-
sition and the longitudinal gradient in aerosol loading were
fairly consistent during the month long study, and are well
represented by the data collected on the 28 October 2008
flight which is described below.

3.4.2 28 October 2008 Flight

The G-1 flew west along 18.5◦ S after taking off at 09:58 LT
and repeated a below-, in-, and above-cloud staircase pattern
until reaching the westernmost point (77.8◦ W, Fig. 3a). The
BC transects during the outbound segment were at∼ 600 m.
After turning around and returning to Arica, the G-1 sampled
MBL air at an altitude of 100 m all of the way to the coast.
The BC NH+

4 , SO2−

4 , Org, and NO−3 concentrations which
showed a clear land-to-sea gradient were nearly invariant at
a given location during the 4-hour flight period: the values
at 600 m (outbound) and at 100 m (inbound) were identical
to within 10 % (Fig. 3b and c). In contrast, concentrations of
Na+ and Cl−, representing SSA particles, were rather con-
stant longitudinally; the Cl− deficit was more pronounced
near the coast (Fig. 3d). Concentrations of all aerosol species
dropped significantly during in-cloud segments (colored sec-
tions of the altitude trace in Fig. 3a) because aerosol particles
incorporated into cloud droplets are not detected by either the
AMS or the PILS. Much lower concentrations of most of the
species were observed in AC than in BC, reflecting gener-
ally cleaner conditions of the FT and because fewer aerosol
surface sources directly supply this layer.

3.5 Ensemble aerosol chemical composition

All of the clear air aerosol composition data is examined in
this section to allow characterization of horizontal and ver-
tical distribution patterns. The data are segregated into the
BC and AC regions. Some of the samples identified as AC,
in particular those near the coast, had no clouds below them,
but are assigned as AC based on potential temperature data.
Some AC data were within the inversion, devoid of clouds
but remained moist.

3.5.1 Composite longitudinal distributions

BC concentrations of SO2−

4 , NH+

4 , and Org determined using
the AMS, and Na+ and NO−

3 determined using the PILS are
plotted as a function of longitude in Fig. 4. Overlaid on the
data points are box plots of one-degree binned data in longi-
tude for SO2−

4 , NH+

4 , and Org, and two-degree binned data
(separated by−72, −74, and−76◦ W) for Na+ and NO−

3 .
AC concentrations of these five species are plotted analo-
gously, but with RH shown to identify recent contact with
the surface (Fig. 5). All of the box plots in this work show
the median and the inner quartiles by the center, bottom, and
top cross bars of the rectangular boxes, and the 5 % and 95 %
ranges by the whiskers. To present data patterns in a continu-
ous fashion, to facilitate comparisons, we also include Lo-
cally Weighted Scatter Smoothing (LOWESS) (Cleveland,
1979) lines as proxies for median values. The good agree-
ment between these two approaches can be seen in Figs. 5
and 6 where the LOWESS lines are overlaid on the box plots.

The LOWESS fits for BC concentrations of SO2−

4 , NH+

4 ,
Org, and NO−3 (Fig. 4) exhibit pronounced longitudinal gra-
dients with concentrations lower offshore than near the coast.
In contrast, the median of SSA represented by Na+, exhibits
a rather uniform longitudinal distribution, increasing slightly
offshore. These gradients are consistent with a continental
source for SO2−

4 , NH+

4 , Org, and NO−3 . The median AC con-
centrations of SO2−

4 and NH+

4 (Fig. 5) also exhibited a land-
to-sea gradient, showing the influence of nearby terrestrial
sources, likely in Chile and Peru (Allen et al., 2011). Higher
AC concentrations of SO2−

4 , NH+

4 , as well as Org, near the
coast (east of∼ 73◦ W) were associated with moist air (RH
up to ∼ 50 %, Fig. 5) that was likely transported vertically
from the surface by diurnal pumping in the steep coastal ter-
rain followed by advection to the Pacific (Bretherton et al.,
2010; Allen et al., 2011; Kleinman et al., 2012). Unlike SO2−

4
and NH+

4 , the median AC Org concentration exhibited al-
most no longitudinal dependence, with only a slight dip at
the westernmost reach of the G-1, indicating that long-range
transport of air masses enriched in Org but depleted in SO2−

4
and NH+

4 had impacted the FT west of 73◦ W. We note that
while the driest AC air typically contained the lowest SO2−

4
and NH+

4 (in red, Fig. 5), the AC Org was still appreciable
in the driest air derived from long-range transport appearing
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Figure 4. Composite longitudinal dependence of below-cloud (BC)
aerosol concentrations determined on the G-1 for the entire VO-
CALS mission. Box plots (black) and LOWESS smooth (red) are
overlaid on individual data points (grey).

between∼ 74◦ W and ∼ 76◦ W. This observation suggests
that OA, presumably associated with biomass burns (Allen
et al., 2011), was not completely removed by wet processes
which were inferred from low [Org] / [CO] ratios (Kleinman
et al., 2012). AC concentrations of Na+ (not shown) were
much smaller than BC concentrations (Fig. 5), and exhib-

Figure 5. Composite longitudinal distributions of aerosol concen-
trations of AC SO2−

4 , NH+

4 , Org, Na+, and NO−

3 measured on the
G-1 for the entire mission. Data are color coded to RH; solid black
line represents LOWESS smooth. Box plots are for two-degree
binned data.

ited a small gradient near the coast. Only a few AC sam-
ples contained measurable NO−

3 . Aerosol MSA, a product of
DMS from OH-addition reaction favored at lower tempera-
tures (e.g., Yin et al., 1990), rarely exceeded its LOD; only
50 out of the 1150 PILS samples had concentrations greater
than its LOD of 0.05 µg m−3; of which only 15 were greater
than 0.1 µg m−3. All 50 samples were close to the coast, i.e.,
east of 72.5◦ W.

www.atmos-chem-phys.net/14/5057/2014/ Atmos. Chem. Phys., 14, 5057–5072, 2014
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3.5.2 Composite vertical distributions

The altitude dependence of SO2−

4 , NH+

4 , and Org determined
by the AMS are shown in Fig. 6. We note that the BC and AC
data overlapped between∼ 800 m and∼ 1500 m, reflecting
the variability in local MBL height and cloud thickness, as
well as a systematic increase of MBL height offshore (Rahn
and Garreaud, 2010). The plots show that median BC SO2−

4
was significantly higher than that of AC, and that a clear dis-
continuity exists between the MBL and FT. This BC-AC dif-
ference is less distinct for NH+4 and nearly absent for Org
(Fig. 6). The BC SO2−

4 determined by the PILS exhibited a
vertical pattern that agreed well with the AMS SO2−

4 (Fig. 6).
The median BC concentration profiles for SO2−

4 , NH+

4 , and
Org also show apparent maxima at altitudes of∼ 450 m,
∼ 250 m, and∼ 500 m, respectively (Fig. 6). Finally, we note
that while the BC Na+ exhibited a small vertical gradient, de-
creasing with altitude, BC NO−3 which was found to reside
on SSA particles showed a vertical profile similar to those
of SO2−

4 and Org, and a maximum at∼ 350 m (not shown).
These composite distribution patterns are influenced by sam-
pling biases with respect to time and location, and do not
represent true vertical variability of a quantity at a given lo-
cation and time like a sounding, but nonetheless have some
value for illustrating the differences between the vertical dis-
tributions of the simultaneously measured species.

4 Discussion

4.1 Aerosol acidity

The aerosol composition determined on the G-1 was domi-
nated by SO2−

4 , with NH+

4 and Org each accounting for no
more than 15 % of the total mass. The median values of BC
NH+

4 to SO2−

4 equivalents ratios as a function of longitude
varied between 0.25 and 0.3, indicating the SO2−

4 aerosols
were strongly acidic. More than 90 % of the samples were
acidic exhibiting NH+4 to SO2−

4 equivalents ratios≤ 0.8. To
confirm this inferred acidity, we examine the charge balance
of the ionic species, using data of 28 October 2008 as an ex-
ample. A plot of the total positive ion equivalents against the
total negative equivalents (ionic equivalents= 6zici , where
zi is the charge andci is the concentration) for each of the
PILS samples shows an overwhelming cation deficit as all
the data points lie below the 1: 1 line of charge neutral-
ity (Fig. 7). However, when the electrical charges associated
with the un-neutralized H2SO4 were taken into account, the
slope of the plot was very close to unity. Below, we further
use the conductivity of the PILS samples to provide evidence
that H3O+ was the plausible missing cation.

The time series of the measured conductivity of PILS
samples on 28 October 2008 is shown along with the
conductivity calculated from the ions measured by the
PILS (in red and green traces, respectively, Fig. 8).

	  

	  

	  

Figure 6. Composite vertical distributions of the concentrations of
SO2−

4 , NH+

4 , and Org for the entire G-1 mission. Continuous lines
(dashed as well as solid) represent LOWESS smooth.

The calculated conductivity includes H+ and HCO−

3 in
equilibrium with atmospheric CO2 (380 ppm, Henry’s
Law solubility HCO2 = 0.04 M atm−1, dissociation constant
Ka = 4.25× 10−7 M, both at 25◦C) assuming the pH of the
liquid sample was governed by CO2. The calculated conduc-
tivity is significantly smaller than the conductivity observed,
except during the in-cloud and above-cloud segments where
the aerosol loading was greatly reduced. We point out that a
positive offset of 0.15 µS cm−1 was added to the calculated
conductivity so that the lowest conductivity matches the con-
ductivity observed in the FT (15:00–15:10, Fig. 8) where a
minimum aerosol loading is expected. With the assumption
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Figure 7. Charge balance of aerosol components determined using
the PILS-IC on 28 October 2008. The units are in parts-per-billion
(ppb) multiplied by charge equivalents. Positive ions were domi-
nated by Na+ and NH+

4 ; negative by Cl−, NO−

3 , and SO2−

4 .

that H3O+ is the missing cation, the recalculated conductiv-
ity (blue trace, Fig. 8) shows a much-improved agreement
with the conductivity observed, with > 80 % of the differ-
ences accounted for. Because no other cations can make up
this difference due to their much smaller equivalent con-
ductances compared to that of the H3O+, we conclude that
H3O+ was indeed the missing cation. The conclusion that the
SO2−

4 aerosols were strongly acidic agrees with Tomlinson et
al. (2007) based on aerosol volatility properties. We note that
the calculated conductance was lower than that observed in
the MBL between∼ 73◦ W and∼ 77◦ W with a magnitude
upward of 0.1 µS cm−1. This discrepancy suggests the pres-
ence of other ionic species that were collected but not iden-
tified by the IC. Similarly, the calculated conductivity was
lower than that observed during the first three AC transects
near the coast but not during the last three offshore, suggest-
ing the presence of appreciable aerosol loading in the near-
shore AC layer whose ionic components were not measured
by the PILS (e.g., dust and OA).

4.2 Sea-salt aerosol characterization

While the main production mechanism of SSA particles is
bubble bursting followed by wave breaking which is strongly
wind speed (WS) dependent, the SSA loadings in the MBL
are governed by a number of factors, including production,
entrainment, transport, mixing height, as well as removal by
precipitation and dry deposition (Lewis and Schwartz, 2004).
The observed SSA concentrations during VOCALS repre-
sent an ideal data set for comparison to parameterizations
of the relationship between SSA loading and WS because of
the expansive and uniform wind field characterizing the SEP
(Rahn and Garreaud, 2010).

Figure 8.Comparison of the observed and calculated conductivities
of the liquefied aerosol samples collected by the PILS on the 28 Oct
2008 flight.

4.2.1 Wind speed dependence of SSA loading

The MBL wind direction (WD) measured on the G-1 exhib-
ited a bimodal distribution with peaks at∼ 160◦ and∼ 190◦

(directions the wind originated from) east of 71.5◦ W, with
only a single mode at∼ 160◦ west of 71.5◦ W (Fig. 9a). This
wind pattern is similar to that found by Rahn and Garreaud
(2010). The MBL WS measured on the G-1 is plotted as a
function of longitude in Fig. 9b; the median WS increased
with distance offshore from∼ 3.5 m s−1 to 8 m s−1 (Fig. 9b).

The LOWESS fit of the WS dependence of BC [NaCl]
(Fig. 10) exhibits a positive correlation for WS≥ 5 m s−1

consistent with the notion of a threshold WS for wind stress
induced SSA production. This observed WS dependence of
[NaCl] is nearly parallel to that recommended by Lewis and
Schwartz (2004, Fig. 17 therein), scaled to reflect NaCl only
(blue line, Fig. 10). Since the isokinetic inlet on the G-1
is expected to effect an upper size cut ofDp ∼ 1.5 µm, we
evaluate the NaCl loadings according to these two size lim-
its based on the canonical size distributions at WS’s of 7
and 9 m s−1 (Lewis and Schwartz, 2004, Table 14) for com-
parison (Fig. 10). The observed median values are flanked
by these calculated values consistent with the estimated in-
let size cut of∼ 1.5 µm (Brechtel, 2002). The particle size
used in the calculations were for SSA in equilibrium at
RH= 80 %, and the observed median BC RH values in-
creased from∼ 70 % near the sea surface to∼ 90 % just be-
low the cloud.

The total SSA number concentration,NSSA, estimated
from the canonical size distribution are 3.5 cm−3 and
6.0 cm−3 at WS= 7 m s−1 and 9 m s−1, respectively, which
were greater than the totalNSSA underDp = 2 µm by only
∼ 5 %. Consequently, in terms of number concentration, the
SSA represented only a tiny fraction of the total accumu-
lation mode particles even over the cleanest region the G-
1 surveyed which was∼ 150 cm−3. This estimate is much
lower than Blot et al. (2013) who found that SSAs active as
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(a)	  

Wind	  direc,on,	  deg	  

(b)	  

Figure 9. (a) Histogram of MBL wind directions measured on the
G-1 during VOCALS showing a consistent southerly near the coast
that shifted slightly towards the NNW (155◦) offshore.(b) Wind
speed dependence on longitude where the black line represents the
LOWESS smooth, and the data points in red correspond to altitudes
less than 150 m.

cloud condensation nuclei at 0.25 % supersaturation varied
between 17 and 36 cm−3.

There was a small negative WS dependence of [NaCl]
for WS < 5 m s−1 (Fig. 10). Since bubble bursting associated
with wave breaking is no longer the main source of SSA in
this WS range, the elevated SSA levels observed are either
transported from upwind or produced by a different mech-
anism. Recognizing that the near-shore WS was the lowest
(Fig. 9b), we surmise that wave breaking in the coastal surf
zone was an important source of SSA, which diminished with
distance from the coast and manifested in the apparent nega-
tive WS dependence.

4.2.2 Uptake of HNO3, H2SO4 and CH3SO3H by SSA
particles

SSA particles often exhibit Cl− deficit caused by strong
acids, H2SO4 and/or HNO3, which drive off the volatile
HCl, leaving behind the respective refractory Na salts (e.g.,
Kawakami et al., 2008). The Cl− deficit observed during
VOCALS was substantial, with a mission-average Cl− to
Na+ molar ratio of 0.77, representing a loss of∼ 1/3 of Cl−

	  

Figure 10. Wind speed dependence of MBL SSA mass concentra-
tion (as NaCl) determined on the G-1 during VOCALS. The solid
red line represents the LOWESS smooth of the observed NaCl con-
centrations. The solid blue line represents empirical relationship be-
tween the total mass of SSA (scaled to NaCl) and the wind velocity
at 10 m above sea surface (Fig. 17 in Lewis and Schwartz, 2004).
The two sets of symbols in green and magenta represent the calcu-
lated concentrations with a 1 µm and 2 µm upper size limit, respec-
tively.

(Fig. 11). Since NO−3 was detected by the PILS, which de-
tects soluble NO−3 , and the AMS which detects only non-
refractory species reported no NO−

3 (LOD of ∼ 0.1 µg m−3)

throughout the entire mission, HNO3 is identified as the pri-
mary acidifying reagent contributing to the observed Cl−

deficit. These observations suggest that SSA and sulfate
aerosol remain mostly externally mixed in the MBL, con-
sistent with their different production mechanisms (i.e., sea
salt is mechanically produced, whereas sulfate is produced
by a combination of gas and aqueous phase processes;
while aqueous phase production will occur in cloud droplets
formed on SSA aerosol particles, the number of SSA par-
ticles is very small). In this regard, we note that MSA, if
present, would behave similarly to HNO3, i.e., retained as
a Na salt in SSA but not in the acidic SO2−

4 aerosols and
therefore not detected by the AMS.

The observed aerosol NO−3 concentrations only explained
a portion of the Cl− deficit: with NO−

3 taken into ac-
count, a∼ 25 % Cl− deficit remains, presumably due to
H2SO4. Uptake of gaseous H2SO4, coagulation with sul-
fate aerosols, and in-cloud oxidation of SO2 can in princi-
ple achieve incorporation of H2SO4 into SSA. The rate of
collision coalescence of SSA with sulfate aerosols is too
slow to be important for acidifying SSA. The characteris-
tic time constant for removing SO2−

4 particles at an SSA
particle concentration of∼ 4 cm−3 and a coalescence coeffi-
cient of K≤ 5× 10−9 cm3 s−1 is estimated to be≥ 500 days.
Although the in-cloud aqueous oxidation process can be im-
portant considering its fast reaction kinetics and the preva-
lence of cloud in the study region, a quantitative evaluation
is unfortunately untenable because the key oxidant H2O2 was
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Figure 11.Relationship between concentrations of aerosol Cl− and
Na+ with NO−

3 included to account for the displaced Cl− due to
SSA acidification by H2SO4. The dash line represents the sea-water
Cl− to Na+ ratio of 1.16, and the solid line a least square fit of the
data whose intercept and slope are indicated.

not determined and the concentration of SO2 was always be-
low the LOD of our instrument of 0.2 ppb.

4.3 Composite longitudinal distributions of aerosol and
gas constituents

The composite longitudinal distributions of SO2−

4 , NH+

4 , and
Org, as their LOWESS fits normalized to their maximum
concentrations at the easternmost location (see, e.g., Fig. 5)
are shown in Fig. 12a. Concentrations decreased steeply with
distance from land indicating a continental origin. According
to Allen et al. (2011, Fig. 4), 5-day back trajectories origi-
nating from 20◦ S show that for 72◦ W and 76◦ W, land con-
tact occurred at around 26–30◦ S and 30–40◦ S respectively,
implying that substances sampled on the westernmost flight
segments came from further south. However, since the back
trajectories also show that the ages of the air masses sam-
pled along the 19◦ S parallel since land contact were roughly
comparable (∼ 3–4 days) because wind speeds were higher
offshore than near the coast. Consequently we surmise that
the longitudinal concentration gradients were due mainly
to a higher degree of dilution with higher wind speed off-
shore. This dilution characteristic is roughly approximated
by the normalized longitudinal distribution of the conserva-
tive tracer CO (Fig. 12a) provided the CO emission factor
remained relatively invariant, and that an appropriate back-
ground value can be assigned. Regarding the latter, we chose
62 ppb, the average of the lowest 5 % [CO], which is sim-
ilar to the 61 ppb used by Shank et al. (2012). Since back-
ground air can have different levels of CO depending on its
history, choosing a single value to estimate the excess CO
([CO]ex) has a relatively large uncertainty for regions of low
total [CO]. Finally, the fact that the highest [CO]ex near the
coast was only∼ 14 ppb indicates that a significant dilution

Figure 12. (a)Normalized composite longitudinal distributions of
below-cloud SO2−

4 , NH+

4 , Org, NO−

3 , and CO. The highest concen-
trations with which the LOWESS lines are normalized to are shown
in the parentheses, all in µg m−3 except for CO which is in ppb. The
estimated background CO concentration is also indicated.(b) De-
pendence of [Org] / [SO2−

4 ] ratio on longitude, where the solid red
line represents the LOWESS smooth of the data.

had occurred to the emissions from the sources considering
a typical urban [CO]ex of ∼ 200 ppb and greater.

The normalized median concentrations of aerosol SO2−

4 ,
NH+

4 , NO−

3 , and Org all decreased with distance from the
coast, but at different rates (Fig. 12a). Because the sam-
pled air masses were fairly well aged and there was no ap-
preciable production in the absence of additional sources
over the MBL, the observed concentrations represented the
amount remaining after dilution and removal. Regarding sul-
fur compounds, we note that the median [SO2−

4 ] nearest
the land (70.4◦ W) was 2.5 µg m−3 (Fig. 3), corresponding
to a [SO2] = 0.63 ppb. The mean gas phase [SO2] reported
by Yang et al. (2011) for the same longitude (at 20◦ S) is
75 ppt, indicating that SO2−

4 production was near complete,
accounting for∼ 90 % of the sulfur. [ST] / [CO] is estimated
to be∼ 0.705/14= 0.05 (ST = SO2+ SO2−

4 ). At the western-
most point (77.8◦ W), this ratio is decreased to∼ 0.02, using
[CO]ex∼ 6 ppb, [SO2−

4 ] ∼ 0.35 µg m−3, and [SO2] ∼ 30 ppt
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(Yang et al., 2011), indicating that SO2−

4 loss was more ex-
tensive and that there was no apparent oceanic sulfur input.

For NH3, whose continental sources include combus-
tion and biological processes (from south of the Atacama
Desert), we expect it was quantitatively sequestered on the
acidic SO2−

4 aerosols as NH+4 . Consequently, the fractional
decrease of [NH+4 ] with longitude should be identical to
that of [SO2−

4 ], which was found to be the case east of
71.5◦ W as these internally mixed aerosol components were
diluted/removed together. If we consider that the emissions
impacting this eastern region were dominated by combus-
tion sources and had little biological input, a minimum
emission factor of [NH3] / [CO] ∼ 0.02 (ppb ppb−1) is esti-
mated because of removal that has already taken place. How-
ever, west of 71.5◦ W an increased amount of NH+4 rela-
tive to SO2−

4 was observed peaking at∼ 73.7◦ W, suggesting
additional sources in air masses from further to the south, ei-
ther oceanic, continental, or both. We suggest that an oceanic
source is plausible based on composite vertical distribu-
tions (see below). This increased NH+

4 over SO2−

4 (Fig. 12a)
causes an additional neutralization of the SO2−

4 , raising the
median [NH+

4 ] / [ SO2−

4 ] equivalents ratio from 0.25 to 0.3.
Org also showed a fractional decay rate nearly identical to

that of SO2−

4 east of 72◦ W. The fact that Org decreased at
a fractional rate identical to that of SO2−

4 east of 72◦ W is
consistent with a scenario that Org and SO2−

4 aerosols were
internally mixed. However, unlike NH+4 , [Org] will increase
with photochemical age due to the formation of secondary
organic aerosols (SOA) from gas phase precursors. Based on
the CO emission factor, Kleinman et al. (2008) found a pro-
portionality of ∼ 60 µg m−3 Org per ppm of CO in photo-
chemically aged air applicable to urban emissions. The max-
imum estimated is [Org]max∼ 0.84 µg m−3 corresponding to
a [CO]ex∼ 14 ppb at the easternmost location. Since the ob-
served [Org]∼ 0.25 µg m−3 was only∼ 1/3 of the estimated
maximum, it appears that a large portion of the Org had al-
ready been removed from the aged air. But such apparent loss
is associated with much uncertainty as it depends the similar-
ity of CO emissions in Mexico City and those in Chile, and
while we do not expect them to be vastly different, this is an
unproven assumption.

Nitrate is a stable product of the oxidation of oxides of ni-
trogen and is the predominant nitrogen species in aged air.
Aerosol NO−

3 exhibited the same decay rate as SO2−

4 sug-
gesting that the SSA on which NO−3 was absorbed was re-
moved/diluted at the same rate as aerosol SO2−

4 for parti-
cles Dp ≤ 1.5 µm. The fractional decay rates of SO2−

4 and
NO−

3 aerosols continue to track each other to∼ 78◦ W with
SO2−

4 showing a slight elevation over NO−3 between 72◦ W
and 74◦ W; CO also revealed a slight increase between 72◦ W
and 74◦ W. Such variations were possibly due to variations
in source attributes as back trajectory analysis indicates that

source regions move further south as the sampling location
moves westward.

We note that while SO2−

4 and NO−

3 continue to decrease
at approximately the same rates west of∼ 72◦ W, decay of
Org slowed down significantly, reflecting additional sources
of organic species relative to SO2−

4 . This increase in Org is
unlikely to result from entrainment of FT air since the median
Org concentrations in the FT and the MBL were compara-
ble, and the MBL SO2−

4 to NO−

3 ratio in this region did not
vary (noting that NO−3 is essentially absent in the FT air). Be-
cause the transects west of∼ 72◦ W received emissions from
coastal regions south of 31◦ S (Allen et al., 2011) where bio-
genic emissions are expected, this increased OA (relative to
CO) over that observed on transect east of∼ 72◦ W can be
reasonably attributed to these continental sources. Although
oceanic sources cannot be completely ruled out, we believe
they play only a minor role, unless a higher productivity, west
of ∼ 72◦ W, can be supported. In fact, the lower ocean surface
temperature associated with the high productivity upwelling
zone found near the coast (Rahn and Garreaud, 2010) con-
tradicts this possibility. The ratios of [Org] / [SO2−

4 ] ≤ 0.08
used to infer a marine origin by Shank et al. (2011) are
shown in Fig. 12b as a function of longitude; the median
[Org] / [SO2−

4 ] = 0.13 at∼ 78◦ W corresponding to a median
[CO] of 68 ppb, indicating significant land influence. For data
points associated with [CO] < 62 ppb (in color, Fig. 12b) we
note most of the [Org] / [SO2−

4 ] ratios exceeded that sug-
gested for a clean marine atmosphere for in the SEP region.
We consider continental sources that had a minimal CO in-
put, i.e., biogenic emissions from vegetation, are plausible.

4.4 Composite vertical distributions of aerosol and gas
constituents

The LOWESS fits of the vertical distributions of SO2−

4 ,
NH+

4 , and Org in Fig. 5, normalized to their respective val-
ues at the lowest altitude are shown in Fig. 13. Even though
these composites do not represent vertical distributions as
would be obtained by soundings over a fixed location, in-
sights regarding sources and transport of different species
can be gained by comparing their relative trends.

In Fig. 13, SO2−

4 and Org display very similar vertical pat-
terns in the lower MBL, but diverge in the upper MBL with
SO2−

4 decreasing faster with altitude than Org. We attribute
the similarity of their trends in the lower MBL to either co-
emission or co-located sources. The slower decrease of Org
than SO2−

4 with altitude in the upper MBL (Fig. 13) could
be due to the admixture of FT air, which was more enriched
in Org than SO2−

4 (Fig. 5). However, the importance of this
process can be ruled out based on the vertical distribution
of SSA, which showed minimal influence in the FT. Two
other possibilities include (1) in-cloud production (Blando
and Turpin, 2000) favoring Org compared to SO2−

4 , espe-
cially if SO2 had been depleted in the air that was sampled,
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Figure 13. Normalized vertical distribution profiles of(a) BC
aerosol SO2−

4 , NH+

4 , Org, and Na+; (b) BC O3 and CO as well

the [Org] / [SO2−

4 ] ratio.

and (2) a preferential removal of SO2−

4 over Org by precipi-
tation if SO2−

4 and Org aerosols are externally mixed.
Although organic and SO2−

4 aerosols from urban and in-
dustrial sources are believed to be internally mixed, the extra
OA from biogenic sources from coastal land south of 31◦ S
has a potential to be externally mixed with anthropogenic
SO2−

4 aerosols if primary OA, such as that from biomass
burn, dominates. Consequently, both possibilities are con-
ceivable and it is not possible to assess their relative impor-
tance. On the other hand, CO and O3 were nearly uniformly
distributed (Fig. 13b), consistent with their longer life times
that allowed them to be well mixed in the MBL.

The vertical distribution of NH+4 showed an overall trend
similar to SO2−

4 and Org, but the slope of the increase with
altitude in the lower MBL was larger than for SO2−

4 . This ob-
servation is consistent with either a source or a sink of NH3
at the ocean surface. Since the SO2−

4 aerosols were strongly
acidic, losing NH3 from the acidic SO2−

4 aerosol to the
mildly basic seawater can be ruled out, and this sharper gradi-

ent suggests an oceanic NH3 source. Positive sea-to-air NH3
flux has been observed for parts of the oceans (Johnson et
al., 2008), especially in low latitude coastal regions with high
productivity. We note that aerosol NH+4 showed a maximum
at ∼ 260 m, below that of SO2−

4 , reflecting an optimum rate
of sequestering of NH3 due to the maximum availability of
both SO2−

4 aerosol and gaseous NH3. Above∼ 260 m, NH+

4
started to decrease as NH3 became the limiting reagent de-
spite the continuous increase of SO2−

4 aerosol until∼ 500 m.
Because the characteristic vertical mixing time of the MBL
is relatively short, on the order of an hour, this oceanic NH3
source is expected to be close to the sampling location. The
decrease in NH+4 with altitude in the upper MBL is slightly
more gradual than for SO2−

4 . This small increasing trend of
[NH+

4 ] / [SO2−

4 ] ratio indicates that in-cloud SO2−

4 produc-
tion was not evident in the G-1 study region as NH+

4 was
conserved.

Distinct from SO2−

4 and Org, SSA Na+ (with
Dp ≤ 1.5 µm) exhibited a much more uniform vertical
distribution with a small decreasing trend with altitude
consistent with a surface source. Unlike continentally
derived aerosols, which exhibit a strong land to sea gradient,
SSA loading in the MBL remained relatively constant with
longitude and for this reason the composite vertical profile
is less prone to sampling biases. The Na+ vertical profile
exhibited a small minimum at∼ 260 m that corresponded
to a small maximum in the profiles of both water mixing
ratio and potential temperature, but not in that of SO2−

4 and
Org. We believe this apparent “inversion” is an artifact due
to the sampling pattern, and does not reflect a true physical
layering.

4.5 Cloud processing

Here we compare particle size distributions measured by the
DMA during the return legs in the MBL on the flights of
28 October 2008 and 6 November 2008 to provide evidence
that differences in the size distribution and their longitudi-
nal dependency between the two flights are due to differ-
ences in the amount of cloud processing. Particle size dis-
tributions for the two flights binned into 1-degree longitude
are shown in Fig. 14. The data from both flights exhibited the
bi-modal distribution expected for cloud processing consis-
tent with the composite distribution of the entire G-1 mission
(Kleinman et al., 2012), with the exception of those sampled
closest to the coast on both flights. We consider the size dis-
tribution observed between 71◦ W and 72◦ W to be repre-
sentative of the emissions impacting the MBL observed on
this flight westward of this longitude based on the similar-
ity in mode sizes and concentration levels. The much higher
Aitken mode particle concentrations compared to the droplet
mode reflects the emission characteristics as well as the lim-
ited cloud processing due to both a shorter processing time
and a tendency for fewer clouds in the mid-afternoon near
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the coast when they were sampled. The particle size distri-
butions from east to west on 28 October 2008 were highly
uniform evidenced by a near constant droplet mode size at
0.18 µm and a progressively smaller Aitken mode size from
∼ 0.06 to∼ 0.04 µm, reflecting emissions with similar char-
acteristics that were more extensively processed and diluted
going west along the∼ 19◦ S parallel. The spectrum for the
westernmost section, 77–77.3◦ W, showed some cloud con-
tamination reflected in the increased small size particles from
shattering, which however did not affect the mode sizes. In
comparison, the data of 6 November 2008 showed still less
processed emissions between 71◦ W and 72◦ W indicated by
the much higher Aitken mode particle concentrations com-
pared to that of the droplet mode with only a slight hint of
the Hoppel minimum (Hoppel et al., 1986). The Aitken mode
size decreased progressively from∼ 0.07 µm to∼ 0.04 µm
from east to west similar to that observed on 28 October
2008. Regarding droplet mode particle size distributions, we
note the concentrations decreased rapidly and steadily from
east to west on 28 October 2008, but this decrease was much
less pronounced on 6 November 2008 (Fig. 16). We surmise
this rather steady droplet mode particle concentrations ob-
served on 6 November 2008 across a wide longitude range
was due to a more extensive cloud processing, growing more
particles into the larger particle size range. The lower WS
on 6 November 2008 compared to that of 28 October 2008
could allow a more extensive cloud processing because of
an increased transport and reaction time. Finally, the droplet
mode particle size is seen to decrease with distance from the
coast on 6 November 2008, noting that while the left edges
of the peaks were tightly clustered together, the right edges
steadily retracted. In contrast, the droplet mode particle size
observed on 28 October 2008 remained roughly constant as
the number concentrations steadily decreased from east to
west. We attribute this size shift observed on 6 November
2008 to the loss of larger sized particles to precipitation be-
cause, all things equal, larger particles will be activated at
lower supersaturations than smaller ones and lost through
precipitation scavenging, which may also be consistent with
a more extensive cloud processing.

5 Conclusions

The chemical composition of accumulation mode aerosol
particles in coastal marine atmospheres off northern Chile
was determined on board the DOE G-1 using an AMS and
the PILS-IC during 2008 VOCALS-REx. Strongly acidic
sulfate aerosols, which were on average only 25 % neutral-
ized by NH3, dominated all other aerosol constituents, ac-
counting for ≥ 50 % of the total aerosol mass concentra-
tion; total organic aerosol (Org) and NH+

4 each contributed
< 15 %. Aerosol NO−3 was found to reside on SSA particles
externally mixed with SO2−

4 particles, resulting from uptake
of gaseous HNO3 by SSA giving rise to a portion of the

Figure 14. MBL aerosol particle size distributions during return
legs on 28 October 2008 and 6 November 2008 as a function of
longitude with data binned into 1◦ intervals.

observed chloride deficit. Concentrations of MBL aerosol
SO2−

4 , NH+

4 , Org, and NO−3 all exhibited a strong longitu-
dinal gradient decreasing with distance from the coast, con-
sistent with their continental origins. In contrast, SSA load-
ing represented by Na+ was fairly uniform in the MBL with
a slight increase offshore where wind speeds were higher.
The observed SSA mass loading agreed with the canonical
wind speed dependence reported in the literature; the coastal
surf zone SSA production was found to contribute to SSA
loading at distances as far as to∼ 400 km offshore. The esti-
mated number concentration of SSA was much smaller than
that for SO2−

4 aerosols even at∼ 78◦ W, ∼ 800 km from the
coast. Accumulation mode SSA loading showed a uniform
vertical distribution and can in principle be used as a tracer
to assess the extent of dilution of MBL due to entrainment
of FT air. MSA, an oxidation product of DMS, was mostly
below the detection limit of the PILS, indicating a mini-
mal role played by DMS from the ocean in sulfur chemistry
within the G-1 study domain. Relative changes in distribution
patterns in simultaneously measured aerosol species suggest
that sources beyond those from urban and industrial regions
exist for NH3, likely of oceanic origin, and for OA, likely
from continental biogenic sources south of Atacama Desert.
In contrast, concentrations of MBL aerosol NO−

3 and SO2−

4

Atmos. Chem. Phys., 14, 5057–5072, 2014 www.atmos-chem-phys.net/14/5057/2014/



Y.-N. Lee et al.: Chemical composition and sources of coastal marine aerosol particles 5071

tracked each other and appeared to be entirely attributable to
continental anthropogenic emissions that were co-emitted or
co-located. Analysis of aerosol size distributions on 28 Oc-
tober 2008 and 6 November 2008 was consistent with more
extensive cloud processing on the latter flight.
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