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Abstract

The chemical composition of aerosol particles (Dp ≤ 1.5 µm) was measured over the
southeast Pacific ocean during the VOCALS-REx experiment between 16 October and
15 November 2008 using the US DOE G-1 aircraft. The objective of these flights was
to gain an understanding of the sources and evolution of these aerosols, and how they5

interacted with the marine stratus cloud layer that prevails in this region of the globe.
Our measurements showed that the marine boundary layer (MBL) aerosol mass was
dominated by non-sea-salt SO2−

4 , followed by Na+, Cl−, Org, NH+
4 , and NO−

3 , in de-

creasing order of importance; CH3SO−
3 (MSA), Ca2+, and K+ rarely exceeded their

limits of detection of ∼ 0.05 and ∼ 0.15 µgm−3 for anions and cations, respectively. The10

aerosols were strongly acidic as the NH+
4 to SO2−

4 equivalence ratio was typically < 0.3;
this inferred acidity is corroborated by the conductivity of aqueous samples collected by
the PILS. Sea-salt aerosol (SSA) particles, represented by NaCl, showed Cl− deficits
caused by both HNO3 and H2SO4, and were externally mixed with SO2−

4 particles as
the AMS detected no NO−

3 whilst uptake of HNO3 occurred only on SSA particles. The15

SSA loading as a function of wind speed agreed with that calculated from published
relationships, and contributed only a small fraction of the total accumulation mode par-
ticle number. Vertical distribution of MBL SSA particles (Dp ≤∼ 1.5 µm) was uniform,
suggesting a very limited dilution from entrainment of free tropospheric (FT) air. It was
inferred that because all of the aerosol species (except SSA) exhibited a strong land-to-20

sea gradient, they were of continental origin. Comparison of relative changes in median
values using LOWESS fits as proxies suggests that (1) an oceanic source of NH3 is
present between 72◦ W and 76◦ W, and (2) additional organic aerosols from biomass
burns or biogenic precursors were emitted from coastal regions south of 31◦ S, with
possible cloud processing, and (3) FT contributions to MBL gas and aerosols were25

negligible. Positive Matrix Factorization analysis of organic aerosol mass spectra ob-
tained with the AMS showed an HOA on 28 October 2008 but not on 6 November 2008
that we attribute to a more extensive cloud processing on the later date. A highly oxi-
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dized OOA factor resembling fulvic acid was found associated with anthropogenic and
biogenic sources as well as long range transported biomass burn plumes in the FT air.
A sulfur-containing OOA factor identified as MSA was strongly correlated with SO2−

4 ,
hence anthropogenic. The very low levels of CH3SO−

3 observed suggest a limited con-

tribution of DMS to SO2−
4 aerosols production during VOCALS.5

1 Introduction

To improve understanding of sources and processes governing atmospheric aerosol
distributions and aerosol radiative effects through clouds, the southeast Pacific (SEP)
region was selected as a study domain by a major international field campaign,
the VAMOS1 Ocean-Cloud-Atmosphere-Land Study-Regional Experiment (VOCALS-10

REx), organized by National Science Foundation (NSF). The SEP off the coast of
Chile and Peru is home to the largest marine stratocumulus cloud deck among
those typically found in eastern edges of world oceans, which play an important role
in the climate system exerting cooling effects (Wood, Scientific Program Overview,
http://www.eol.ucar.edu/projects/vocals/, Wood et al., 2011; Bretherton et al., 2010).15

This campaign, referred to as VOCALS in this work, was designed to collect obser-
vational 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 serve as cloud droplet precursors and impact cloud micro-20

physical properties, a major effort in VOCALS was focused on characterizing aerosol
particles in terms of size distribution, mass concentrations, and chemical composition
so that their sources, evolution, and effects on aersol-cloud interactions, could be in-
vestigated. In the VOCALS region, the atmospheric system that governs the marine
stratocumulus in the SEP is strongly coupled to the ocean and the land whereby the25

1VAMOS stands for Variability of the American Moonsoon Systems.
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Andes mountain range forces the zonal air flow northward along the shore. This highly
uniform wind field advects continental emissions from the narrow Chilean coastal re-
gions into the MBL, and intensifies upwelling enhancing productivity with possible in-
creased emission of organic compounds including dimethylsulfide (DMS) (cf., O’Dowd,
2004). Since satellite data showed a strong gradient in effective cloud droplet radius of5

the marine stratocumulus, smallest near the shore (Wood et al., 2011), implying an in-
creased aerosol number concentration, the sources, most likely anthropogenic, of this
increased areosol loading must be identified for an improved understanding of aerosol-
cloud interactions and impact of human activities on cloud radiative properties in the
SEP region.10

Aerosol sources that could impact the MBL of the SEP region include those of con-
tinental, marine, and the free troposphere (FT). 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 organic aerosols (OA) were of
terrestrial origin, with only small contributions from the ocean and the FT. Tomlinson15

et al. (2007) identified anthropogenic acidic SO2−
4 aerosols during shipboard measure-

ments in the SEP off the coast of Chile and Peru. Chand et al. (2010) identified 4
different types of aerosol sources at Paposo, Chile, several kilometers inland; they in-
clude urban/biofuels, soil/smelters, biomass burn, and marine based on Positive Matrix
Factorization (PMF) analysis of aerosol components determined from filter samples.20

Urban/biofuel sources dominated aerosol mass (≥ 50 %), with marine being the least
important at ≤ 15 %. Hawkins et al. (2010) reported shipboard measurements during
VOCALS that both SO2−

4 and OA were mainly derived from continental outflows. Ex-
cept for a small marine derived hydroxy-organic class, other aliphatic, carboxyl-organic
and organosulfate classes were all of land origin. Yang et al. (2011) showed, based on25

both shipboard and airborne measurements, that MBL sulfur species (primarily SO2−
4 )

near the coast were dominated by anthropogenic sources. However, west of 78◦ W
continental influence was minimal and the MBL sulfur is dominated by DMS with minor
contributions from entrainment of FT air. Shank et al. (2012), focusing on the identifi-
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cation of oceanic OA sources in clean MBL air, found that marine contributions to OA
in the SEP was nearly absent because even the very low OA loadings in clean ma-
rine air (CO< 61 ppb) were associated with the combustion tracer black carbon. Allen
et al. (2011) showed the strong influence of continental emissions to aerosols in the
MBL of the SEP east of 80◦ W, and long range transport of biomass burn plumes rich5

in OA to the FT in the SEP region. A SO2−
4 concentration of 0.3 µgm−3 observed in

the MBL was considered a background value of 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 DOE G-1 in the coastal marine atmospheres off northern Chile
using both an Aerosol Mass Spectrometer and a Particle-into-liquid Sampler – Ion10

Chromatography technique, up to ∼ 780 km off shore (77.8◦ W) between 18.4◦ S and
20◦ S. Complementing earlier reports, we examine the sources and evolution of aerosol
particles to provide additional characterization of the relative importance of land, ocean,
and FT contributions to aerosols that serve as cloud precursors in the coastal MBL of
the SEP.15

2 Experimental section

The instrumented DOE G-1 aircraft deployed in the VOCALS was supported by the
DOE Atmospheric Sciences Program and was among three other aircraft stationed
at Arica International Airport, Chile (18◦27.44′ S, 70◦22.37′ W): NSF C130, UK BAAM
Bae-146, and UK NERC Dornier 228 (Wood et al., 2011). The G-1 was equipped20

with a suite of aerosol and cloud instrumentation for characterizing aerosol chemical
composition as well as aerosol and cloud microphysics (Allen, 2011). The study took
place over the coastal waters off Northern Chile in the SEP between 15 October and
15 November 2008. The G-1 conducted 17 research flights mainly between 18◦ S and
20◦ S, extending west up to ∼ 78◦ W (Fig. 1), typically between 11 a.m. and 3 p.m. local25

time (LT), each lasting 3–4 h. The date and time of the flights are listed in Table 1.
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2.1 Instrumentation

The G-1 was equipped with instruments for characterizing aerosol particles, cloud
droplets, trace gas species, atmospheric state parameters and winds (Kleinman et al.,
2012). The instruments for determining aerosol chemical composition and size dis-
tributions are briefly described below; CO, O3, and SO2 instruments are described5

elsewhere (Springston et al., 2005).

2.1.1 Aerosol mass spectrometer

An Aerodyne Compact Time-of-Flight Aerosol Mass Spectrometer (AMS) was de-
ployed to determine the chemical composition of non-refractory particles in the size
range Dp ∼ 70 nm to 440 nm. In order to maintain a constant transmission efficiency10

of the particle focusing lens on the AMS within the altitude range of the G-1 dur-
ing 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 measurement alternated
between the mass spectrometer and the particle time-of-flight (pToF) mode of opera-15

tion, each complete 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 chemical species quantified included NH+

4 , SO2−
4 , NO−

3 , Cl−, and Org

(total organics), limits of detection (LOD) being ∼ 0.1 µgm−3 for NO−
3 , Cl−, and SO2−

4 ,

and ∼ 0.2 µgm−3 for NH+
4 and Org. A description of the AMS instrument is given by20

Drewnick et al. (2005).

2.1.2 Particle-into-Liquid Sampler – Ion Chromatography (PILS-IC)

A PILS system (Orsini et al., 2003) was used to determine the bulk chemical com-
position of particles in the size range Dp ∼ 70 nm–∼ 1.5 µm, the upper size cut being
limited by the isokinetic inlet outfitted on the G-1 (see below). The species quantified by25
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the PILS included Na+, K+, Ca2+, Cl−, NO−
3 , CH3SO−

3 (MSA), and SO2−
4 , with LOD of

∼ 0.3 µgm−3 and ∼ 0.1 µgm−3 for cations and anions, respectively. Time resolution was
180 s, each sample intergrated 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, all5

being potentially important in the MBL. In addition to IC analysis, electrical 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 inlet10

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,
temperature, and pressure as input (Brechtel, 2002). Upon entering the inlet nozzle,
the air speed was slowed by a 2-stage diffusion cone wherein the flow was turbulent,
resulting in loss of large particles to the wall. At the G-1 cruising speed of ∼ 100 ms−1,15

it was estimated that this isokinetic aerosol inlet has an upper size cut of Dp ∼ 1.5 µm.
During in-cloud passages cloud droplets shatter in the diffusion cones resulting in large
number of particles (mode Dp ∼ 50 nm) that are too small for the AMS and PILS to
sample.

2.1.4 Passive Cavity Aerosol Spectrometer Probes (PCASP)20

Two PCASP (model 100X, DMT) were used to determine the size distribution of accu-
mulation mode particles (Dp = 0.1 to 3.0 µm) at a 1 s time resolution. One was mounted
on a pylon near the aircraft nose; the other inside the cabin, drawing air from the isoki-
netic inlet sample manifold. The probes were operated with the de-icer heaters on,
increasing the sample air temperature by ∼ 20 ◦C over ambient (Haller et al., 2006),25

resulting in a reduced relative humidity (RH) of ≤ 40 %. During cloud penetrations, par-
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tially dried droplets were detected by the outboard PCASP, skewing the size distribution
toward larger size particles. Shattered and dried small particles from cloud droplets
were detected by the inboard PCASP, skewing the size distribution toward smaller size
end. Description of in-cloud measurement artifacts in connection to quantifying cloud
interstitial aerosol particles is provided by Kleinman et al. (2012). In-cloud data (liquid5

water content, LWC> 0.01 gmm−3) are excluded in the present analysis.

2.1.5 Differential mobility analyzer (DMA)

A DMA (Wang, 2003) which draws air from the isokinetic inlet sample manifold was
used to determine size distributions of aerosol particles between Dp ∼ 15 nm and
440 nm. The RH of the sample air was reduced to ∼ 15 % using a Nafion dryer up-10

stream of the DMA. A complete size distribution was determined every 60 s represent-
ing an average of two 30 s scans. During cloud penetrations, the DMA also detected
small particles resulting from shattered cloud droplets (Kleinman et al., 2012).

2.2 Sampling strategy

The primary objective of the G-1 mission was to characterize the chemical and micro-15

physical properties of aerosol particles and their effects on cloud microphysics. The
strategy was to sample below-, in-, and above-cloud so that relations and interactions
between aerosol and cloud could be investigated. Because of its limited range (4 h,
∼ 1400 km), the G-1 typically took a straight east-west transect attempting to reach
the furthest possible distance from the coast so that a contrast in cloud aerosol rela-20

tionships could be characterized in both the pristine marine environment off-shore and
polluted MBL near the shore. A limitation arising from this strategy was that the below-,
in-, and above-cloud segments were not over the same geographical location, but cov-
ered adjacent sections in series along the flight track. Because the clouds tended to dis-
sipate westward from land starting around mid-day, the G-1 typically conducted cloud25

studies during outbound legs when cloud coverage was still extensive, and BL sampling
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during the inbound legs when the near-shore clouds had all but dissipated. With this
sampling strategy, the G-1 flew west out of Arica into the marine atmosphere and sam-
pled in succession of just below-cloud, in-cloud, and just above-cloud on the outbound
leg; on the inbound leg, it typically flew at a constant low altitude of 100 m.

3 Results5

3.1 Data coverage

A composite fligth track of all 17 G-1 research flights durng VOCALS is shown in Fig. 1.
Except for the 29 October 2008 along-the-shore flight reaching as far south as 23.5◦ S,
the entire G-1 mission was confined between 18.4◦ S and 20◦ S. Flight tracks were
predominantly east-west to characterize land-sea gradients in aerosol and cloud prop-10

erties. Regarding altitude, the G-1 spent ∼ 75 %, ∼ 20 %, and ∼ 5 % of its flight below
cloud (BC), in cloud, and above cloud (AC), respectively. Cloud base heights during
the G-1 study varied between ∼ 750 m and ∼ 1350 m, increasing with distance from
the shore.

3.2 Merging AMS and PILS data15

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 relationship between all of the species on a common basis, the AMS data are
normalized to 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 methods,20

one for each flight (Table 3), assuming that nss-SO2−
4 was present only in particles of

Dp < 440 nm. Sea-salt SO2−
4 (ss-SO2−

4 ) was calculated using the observed [Na+] and

the sea-water [SO2−
4 ]/[Na+] ratio. An example of such a correlation plot is shown for the

28 October 2008 flight (Fig. 2). This normalization adjusts the concentrations of all the

26051

D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

species measured by the AMS by a constant factor, but not their trends and relative
concentrations. We note that the comparibility of the AMS and the PILS reflected in the
nss-SO2−

4 ratios is affected by a number of factors. They include the difference in upper
size cuts, the collection efficiency (CE) of the AMS (taken as unity based on the NH+

4

to SO2−
4 ratios, Kleinman et al., 2007; Mathew et al., 2008), the ionization efficiency5

(IE) of the AMS (Canagaratna, 2007), which showed a sizable variability (Table 3), due
likely to an insufficient warm-up time of the AMS (total operation time for each flight was
∼ 7 h), and the AMS detects only non-refractory components, excluding SSA particles
and the NO−

3 and SO2−
4 sequestered therein.

3.3 Aerosol chemical composition10

3.3.1 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 µgm−3 throughout the

study. NaCl in SSA particles which are refractory is not detected by the AMS under our
operating conditions. NO−

3 was not detected by the AMS because it was present as the15

refractory NaNO3 in SSA (see below). The PILS detected Na+, Cl−, NO−
3 , as well as

NH+
4 and SO2−

4 ; MSA was found in only a few samples, and K+ and Ca2+ were near

their LOD’s of ∼ 0.15 µgm−3 throughout. Chemical composition of MBL aerosol parti-
cles 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 a contribu-20

tion 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. These aerosol com-
position characteristics 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.25
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3.3.2 28 October 2008 flight

The G-1 flew west along 18.5◦ S after taking off at 9.58 a.m. 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 headed to Arica, the G-1 sampled MBL air at 100 m until making an ap-5

proach for landing. 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 h
flight period, the values at 600 m (outbound) and at 100 m (inbound) being identical to
within 10 % (Fig. 3b and c). In contrast, concentrations of Na+ and Cl−, representing
SSA particles, were rather constant longitudinally; the Cl− deficit, caused by uptake10

of gas phase HNO3 and in-cloud H2SO4 production, was more pronounced near the
shore (Fig. 3d). Concentrations of all aerosol species dropped significantly during in-
cloud segments (colored sections of the altitude trace in Fig. 3a) because aerosol
particles turned cloud droplets were not detected by the AMS and the PILS. The AC
air also showed much lower concentrations of most of the species than observed in15

BC, reflecting a generally cleaner conditions of the FT whose air masses are typically
derived from long range transport, thereby more aged and had undergone cloud pro-
cessing by which soluble substances had been removed (Kleinman et al., 2012).

3.4 Ensemble aerosol chemical composition

The clear air aerosol chemical composition determined for the entire mission is exam-20

ined in this section to allow composite horizontal and vertical distribution patterns to be
characterized. The data are segregated into the BC (RH> 50 % and LWC< 0.01 gm−3)
and AC (RH< 45 % and LWC< 0.01 gm−3) regions. We point out that some of the sam-
ples identified as AC, in particular those near the shore, had no clouds below them, but
are assigned as FT based on potential temperature data. Some AC data were below25

the inversion, devoid of clouds but remained moist. In this work, AC is interchangeably
used with FT.
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3.4.1 Composite longitudinal distributions

Concentrations of BC 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 longitude for SO2−
4 , NH+

4 ,
and Org, and two-degree binned data (separated by −72, −74, and −76◦ W) for Na+

5

and NO−
3 . AC concentrations of these 5 species are plotted analogously, but with RH

shown to identify recent surface contacts (Fig. 5). All 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 wiskers.

Although box plots are commonly used to summarize data patterns with centers and10

spreads, they are stepwise because of binning. In order to present data patterns in
a continuous fashion to facilitate comparisons, we utilize the Locally Weighted Scatter
Smoothing lines, LOWESS (Cleveland, 1979), to supplement the box plot approach.
Being insensitive to outliers, LOWESS fits closely approximate median values, and
deviate only when data density significantly drops. The suitability of this approach is15

demonstrated in Figs. 4 and 5 where the LOWESS fits agree well with the median
values defined by the boxplots except for the westernmost bins where they diverge
slightly.

The LOWESS fits, as proxy for medians, exhibit pronounced land-to-sea gradients in
the BC concentrations of SO2−

4 , NH+
4 , Org, and NO−

3 (Fig. 4). In contrast, the median of20

Na+, representing SSA, exhibited 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 concentrations 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 ,25

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

4 , the median AC Org
concentration exhibited almost no longitudinal dependence, with only a slight dip at the
westernmost reach of the G-1, indicating 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),5

the AC Org was still appreciable in the driest air derived from long range transport ap-
pearing 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+ were much smaller than that of BC (Fig. 5), but nonethe-10

less showed a small gradient higher near the coast associated with moist air pumped to
the FT. Only a few AC samples contained measurable NO−

3 . Due to the limited number
of AC data points, no box plots were made for these two species, and no LOWESS for
AC NO−

3 . The number of PILS samples in the FT was small because not only the G-1
had spent a very limited amount of time above cloud (∼ 5 %), but also because only15

a small fraction of AC PILS samples were free of cloud contamination due to their long
3 min sampling time period.

Aerosol MSA, a product of DMS from OH addition reaction favored at lower tem-
peratures (e.g., Yin et al., 1990), was all but absent; only 50 out of the 1150 PILS
samples had concentrations greater than its LOD of 0.05 µgm−3; only 15 were greater20

than 0.1 µgm−3 (Fig. 6). All 50 samples were close to the shore, i.e., east of 72.5◦ W.

3.4.2 Composite vertical distributions

The altitude dependence of BC and AC concentrations of SO2−
4 , NH+

4 , and Org deter-
mined by the AMS are shown in Fig. 7. We note BC and AC data overlapped between
∼ 800 m and ∼ 1500 m, reflecting the variability in local BL height and cloud thickness,25

as well as a systematic increase of MBL height off shore (Rahn and Garreaud, 2010).
The LOWESS fits show BC [SO2−

4 ] was significantly higher than that of AC, and a clear
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discontinuity exists between BL and FT. This BC-AC difference is less distinct for NH+
4

and nearly absent for Org (Fig. 7). The LOWESS fit of BC SO2−
4 determined by the PILS

showed a vertical pattern in good agreement with that for the AMS data (Fig. 7). The
median BC concentration profiles also show apparent maxima at altitudes of ∼ 450 m,
∼ 250 m, and ∼ 500 m for SO2−

4 , NH+
4 , and Org, respectively (Fig. 7). Finally, we note5

that while the BC [Na+] exhibited a small vertical gradient, decreasing 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 (Fig. 8). We point out that these

composite distribution patterns are influenced by sampling biases with respect to time
and location, and do not represent true vertical variability of a quantity at a given lo-10

cation and time like a sounding. Kleinman et al. (2012, Fig. 5) showed that the G-1
sampled closer to the shore (where concentrations were higher) at ∼ 500 m (median
longitudes at ∼ 71.5◦ W) than other altitudes (median longitude ∼ 73◦ W, where con-
centrations were lower). Even with this idiosyncrasy, we nonetheless expect to gain
useful insights, in a statistical sense, into sources, chemistry, and transport of the si-15

multaneously measured chemical species by comparing their relative changes in the
distributions.

4 Discussion

4.1 Comparison of concentrations of aerosol mass with aerosol volume

To examine the quantitativeness of the aerosol mass concentration measurements, we20

compare the total aerosol mass concentrations to the total aerosol volume concen-
trations calculated from size distributions determined by the DMA. Because the AMS
and the DMA cover the same particle size range, these ratios should approximate the
particle density if the DMA measured dry particles and if all aerosol components were
determined. For the 28 October 2008 flight, the total mass concentration (the sum of25

all of the ionic species identified by the PILS and the Org identified by the AMS) shows
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a good linear relationship with the total DMA volume (Fig. 9a). However, because the
PILS also detected particles between Dp ∼ 0.44 µm and ∼ 1.5 µm which are presum-
ably due mainly to SSA, we also compare the nss fraction of the PILS mass concentra-
tions (by excluding Na+, Cl−, Mg2+, ss-SO2−

4 , and NO−
3 ) to the DMA volume (Fig. 9a).

Because the correlation between nss aerosol concentrations with the DMA volumes5

further improved, the supposition SSA particles were mainly of size Dp ≥ 440 nm ap-
pears justified. We point out that the pToF measurements show that the average Dva

of SO2−
4 particles in the MBL on 28 October 2008 was 455 nm, corresponding to a Dg

of ∼ 280 nm using a density of ∼ 1.7 gcm−3. The sizes of the NH+
4 and Org particles

could not be determined because of their low concentrations.10

The near unity slope (Fig. 9a) is smaller than the density of SO2−
4 aerosols of

∼ 1.7 gcm−3. Two possible reasons are: first, there might be undetected components
by the PILS, including non-activated particles and unquantified ionic species. Regard-
ing the latter, we note that the observed conductivity of the aqueous PILS samples
were at times greater than that calculated from the identified species, supporting this15

possibility (see below). However, we recognize that any organic ionic species may not
contribute to the mass differences as they were accounted for by the AMS. Second, the
DMA volume may be overestimated as it could include the water asscociated with the
un-nuetralized H2SO4 at the DMA’s operating RH of 15±2 %. Kleinman et al. (2012)
showed that a solution containing NH4HSO4 and H2SO4 mixed with 10 % insoluble20

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 factor taken into
account, there is a ∼ 25 % underestimation of aerosol mass compared to the DMA vol-
ume, part of it could be casued by unidentified constituents. The total AMS mass con-
centration also strongly correlated with the total DMA volume concentration (e.g., 2825

October 2008, Fig, 9b). Again, taking into consideration of the H2O in the DMA volume,
the AMS mass concentrations were underestimated by ∼ 30 %, suggesting a possible
over correction (cf. normalization factor= 1.54) provided there were no other aerosol
species contributing to the DMA volume.
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4.2 Aerosol acidity

The aerosol composition determined on the G-1 was dominated 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 equivalence ratios as a function of longitude varied from 0.25 to

0.3 (Fig. 10), indicating the SO2−
4 aerosols were only partially neutralized and strongly5

acidic. As shown by the whiskers, > 90 % of the samples were acidic as their NH+
4 to

SO2−
4 equivalence ratios were ≤ 0.8. This ratio is examined in terms of charge balance

of the ionic species using data of 28 October 2008 as an example to identify the reason
why it is so low. A plot of the total positive charges against the total negative charges
shows an overwhelming cation deficit as all the data points lie below the 1 : 1 line of10

charge neutrality (Fig. 11). By assuming that the missing cations are associated with
nss-SO2−

4 , we recalculated the total positive charges by adding that associated with

nss-SO2−
4 and subtracting NH+

4 ; the new plot shows a nearly perfect charge balance

(Fig. 12), confirming that the missing cations are associated with nss-SO2−
4 . However,

since charge neutality in itself does not identify the missing cation(s), we use conduc-15

tivity of the PILS samples to provide evidence that H3O+ was the plausible missing
cation.

The time series of the conductivity of PILS samples on 28 October 2008 is shown
along with that calculated from the ions measured by the PILS (in red and green traces,
respectively, Fig. 13). The calculated conductivity includes H+ and HCO−

3 in equilibrium20

with atmospheric CO2 (380 ppm, Henry’s low solubility HCO2
= 0.04 Matm−1, dissocia-

tion constant Ka = 4.25×10−7 M, both at 25 ◦C) assuming the pH of the liquid sample
was governed by CO2. Although the trends are identical, the calculated conductivity
is significantly smaller than the observed, except during the in-cloud and above-cloud
segments where the aerosol loading was greatly reduced. We point out that a pos-25

itive offset of 0.15 µScm−1 was added to the calculated so that the lowest conduc-
tance matches that of the observed in the FT (15:00–15:10, Fig. 13) where a minimum
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aerosol loading is expected. With the assumption that H3O+ is the missing cation, the
recalculated conductivity (blue trace, Fig. 13) shows a much improved agreement with
the observed with > 80 % of the differences accounted for. Because no other cations
can make up this difference due to their much smaller equivalent conductances com-
pared to that of the H3O+, we conclude that H3O+ was indeed the missing cation.5

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 con-
ductance was lower than the observed in the BL between ∼ 73◦ W and ∼ 77◦ W with
a magnitude upward of 0.1 µScm−1. This discrepancy suggests the presence of other
ionic species that were collected but not identified by the IC. Similarly, the calculated10

conductivity was lower than the observed during the first three AC transects near the
shore but not during the last three off shore, suggesting the presence of appreciable
aerosol loading in the AC layer whose ionic components were not identified (e.g., dust
and OA). This elevated AC serosol loading is corroborated by the much higher RH in
the first three AC transects (∼ 20 %) than the last three (< 5 %).15

4.3 Sea-salt aerosol characterization

While the main production mechanism of SSA particles is bubble bursting followed by
wave breaking which is strongly WS dependent, the SSA loadings in 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).20

The observed SSA concentrations during VOCALS represent an ideal data set to be
compared with the established relationship between loading and WS because of the
expansive and uniform wind field characterizing the SEP (Rahn and Garreaud, 2010).

4.3.1 Wind speed dependence of SSA loading

The WD in the MBL measured on the G-1 showed a bimodal distribution with peaks at25

∼ 160◦ and ∼ 190◦ (directions the wind was from), with only a single mode at ∼ 160◦
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west of 71.5◦ W (Fig. 14a). This wind pattern, i.e., southerly near the shore and south-
southeasterly off-shore, supports the pattern calculated by Rahn and Garreaud (2010).
The MBL WS measured on the G-1 is plotted as a function of longitude in Fig. 14b;
the LOWESS fit of WS increased with distance off-shore from ∼ 3.5 ms−1 to 8 ms−1.
but showed no altitude stratification (Fig. 14b). Because the wind-stress induced SSA5

production is thought to take effect at WS>∼ 5 ms−1, we calculated the SSA concen-
tration increase to be a factor of 1.8 from 6 ms−1 to 8 ms−1 based on the canonical size
distribution given by Lewis and Schwartz (2004). The observed increase of the median
[Na+] from ∼ 75◦ W to ∼ 78◦ W (Fig. 4), corresponding to the same WS increase, is only
∼ 1.3, but is adjusted to ∼ 1.5 with the deepening of the MBL from ∼ 1.2 km to ∼ 1.4 km10

taken into account, still smaller than the factor of 1.8 predicted. We note that because
the SSA concentrations discussed here are based on particles of Dp ≤ 1–2 µm, whose
atmospheric life times are sufficiently long that their concentrations in the uniform wind
field of SEP have approached a steady state, they are less sensitive to local WS than
SSA particles of Dp > 2 µm which were not sampled.15

The LOWESS fit of the WS dependence of BC [NaCl] (Fig. 15) shows a positive
correlation between the two quantities for WS≥ 6 ms−1 consistent with the notion of
a threshold WS for wind stress induced SSA production. This observed WS depen-
dence of [NaCl] is nearly parallel to that recommended by Lewis and Schwartz (2004,
Fig. 17 therein), scaled to reflect NaCl (blue line, Fig. 15). Since the isokinetic inlet20

on the G-1 is thought to effect an upper size cut of Dp ∼ 1 to 2 µm, we evaluate the
NaCl loadings according to these two size limits based on the canonical size distribu-
tion at WS’s of 7 and 9 ms−1 (Lewis and Schwartz, 2004, Table 14) for comparison
(Fig. 15). The observed median values are flanked by these calculated values, but are
closer to that for a 1 µm size cut than a 2 µm. In view of the large uncertainty of x ÷3 of25

the canonical values of WS dependent SSA loading (Lewis and Schwartz, 2004), this
agreement supports, albeit loosely, the upper size cut of the isokinetic inlet on the G-1.
We point out that the particle size used in the calculations were for SSA in equilibrium
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at RH=80 %, and the observed median BC RH values increased from ∼ 70 % near the
sea surface to ∼ 90 % just below the cloud.

The total SSA number concentration, NSSA, estimated from the canonical size distri-
bution are 3.5 cm−3 and 6.0 cm−3 at WS=7 ms−1 and 9 ms−1, respectively, which ex-
ceeded the total NSSA under Dp = 2 µm by only ∼ 5 %. Consequently, in terms of num-5

ber concentration, the SSA represented only a tiny fraction of the total accumulation
mode particles even over the cleanest region the G-1 surveyed which was ∼ 150 cm−3.

For WS≤ 6 ms−1, there was a small negative WS dependence of [NaCl] (Fig. 15).
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 from10

upwind or produced from different mechanisms. Recognizing that the near-shore WS
was the lowest (Fig. 14b), we surmise that wave breaking in coastal surf zone was an
important source of SSA which diminishes with distance from the shore and manifested
in the observed negative WS dependence. Futher, because of the southerly along the
north-south oriented shoreline, substantial levels of SSA can result due to accumulation15

effect. From our observations, surf zone production can have a signicant impact on SSA
loading up to ∼ 74◦ W, some ∼ 400 km away from the coast.

The composite WS dependence of SSA concentrations discussed above is well rep-
resented by the data of 28 October 2008 flight which clearly demonstrated the impor-
tance of surf generated SSA in near-shore/low-WS conditions. First, we note that the20

BC WS increased from ∼ 3 ms−1 to ∼ 10 ms−1 with distance from the shore, which re-
mained unchanged over the course of the flight as the outbound and inbound data es-
sentially coincided (Fig. 16). However, [Na+] remained nearly constant at ∼ 0.30 µgm−3

(inbound, ∼ 100 m) and ∼ 0.20 µgm−3 (outbound, ∼ 600 m) (Fig. 16), the difference be-
ing discussed later. The observed [NaCl] at the lower altitude, ∼ 0.8 µgm−3, agreed well25

with literature values evaluated for an upper size cut of 1 µm, i.e., ∼ 0.7 (x/÷3) µgm−3

at WS=7 ms−1 (Fig. 15). Although at a first glance the SSA concentrations seemed
rather constant across 70.5◦ W to 77.5◦ W where WS increased from 3 ms−1 to 10 ms−1

(Fig. 16), a closer inspection revealed a clear correspondence between [Na+] and WS
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above ∼ 7 ms−1 (west of ∼ 74◦ W). We attribute the elevated SSA loading near the
coast (east of ∼ 74◦ W) to surf zone SSA production which masked the trend of wind
induced SSA concentrations. To a lesser extent, the WS dependent SSA increase to-
ward the open ocean was attenuated by a deepening of MBL height. The observed
MBL height on 28 October 2008 increased from ∼ 1250 m to ∼ 1450 m across shore,5

resulting in a ∼ 10 % attenuation.

4.3.2 Size dependence of SSA on RH

The different BC SSA concentrations at two different heights, i.e., [Na+] ∼ 0.30 µgm−3

at ∼ 100 m and ∼ 0.2 µgm−3 at ∼ 600 m, seem to suggest a vertical graident in SSA
(Fig. 16), although no such a vertical gradient was observed in [SO2−

4 ]. While SSA par-10

ticles may manifest an overall vertical gradient due to their larger sizes and sea surface
origin, a vertical gradient for particles with Dp < 1.5 µm is unlikely due to their relatively
long atmospheric times. This is true if an air mass is continuously exposed to SSA input
for a duration significantly longer than the characteristic vertical mixing time (tm) as the
life times against loss mechanisms, including gravitational settling, dry deposition, and15

coagulation, are all fairly long (Slinn, 1983). For an estimated tm ≤ 1 h, an 8 h travel time
(∼ 250 km at a WS of ∼ 8 ms−1) is sufficient to result in a uniform vertical distribution for
particles with Dp ≤ 2 µm. Without a vertical gradient, the observed difference in [Na+] at
the two different heights is believed to be caused by a size dependence of SSA on RH
(Tang et al., 1997) discriminated by the upper size cut of the isokinetic inlet. Particles20

grow larger at 600 m (RH ∼ 82–92 %) compared to 100 m (RH ∼ 68–78 %), which re-
duces the upper size cut at the higher altitude by a ratio of r87/r73 of ∼ 1.3, e.g., 1.2 µm
vs 1.5 µm which correspond to dry sizes of ∼ 0.6 µm and ∼ 0.8 µm, respectively.

To seek additional evidence for this RH effect on SSA size, we compare the accu-
mulation mode particle number concentrations between Dp = 0.5 µm and 3 µm (N0.5–3)25

determined at the two different altitudes by the inboard PCASP, expecting a smaller
concentration at the higher altitude. These sizes are associated with SSA particles as

26062



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

it has been shown that SO2−
4 particles are much smaller. The validity of this comparison

however requires (1) the PCASP measurement be unaffected by ambient RH, which
we assume to be the case for clear air aerosols, and (2) the aerosol loadings at a given
location where the two altitudes were sampled remained unchanged over the G-1 flight.
Regarding the latter, we note that neither the total DMA volume nor [SO2−

4 ] changed5

between the two altitudes for all locations. LOWESS fits of N0.5–3 (60 s-smoothed 1 s
data) for the 28 October 2008 flight were ∼ 25 % lower at 600 m than that at 100 m for
the three off shore locations consistent with the observed [Na+] differentials (Fig. 17).
However, despite a similar [Na+] differences at the two near-shore locations, N0.5–3
were comparable at the two altitudes. It is conceivable that unidentified large aerosol10

particles such as dust may contribute in this size range near the shore, which could
also be responsible for the increased conductivity discussed earlier. In fact, we note
[Na+] tracked well with the LOWESS fit of N0.5–3 throughout the low altitude transect
(Fig. 17), lending support to the presumed size range of the SSA particles.

To further test the effect of RH on the upper size cut of SSA, we examine the N0.5–315

measured with the outboard PCASP which sampled aerosols directly from ambient
air without a formal inlet. For the 100 m altitude transect, the LOWESS fit of N0.5–3
(Fig. 17, 1 s data points not shown) is seen to follow a nearly identical trend as that of
N0.5–3 determined by the inboard PCASP but showed a greater magnitude by ∼ 60 %.
The 600 m altidude transect showed LOWESS fit values (broken blue thin line) either20

comparable or higher than the low altitude values, suggesting that particles grown to
larger sizes at higher RH were also detected. For the westernmost points, we note that
there was a change in longitude in the two altitudes, which may be responsible for the
observed difference in N0.5–3.

4.4 Uptake of HNO3, H2SO4 and CH3SO3H by SSA particles25

SSA particles often exhibit Cl− deficit caused by strong acids, H2SO4 and/or HNO3,
which drive off the volatile HCl, leaving behind the respective Na salts (e.g., Kawakami
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et al., 2008). The Cl− deficit observed during VOCALS was substantial, showing
a mission-averaged Cl− to Na+ molar ratio of 0.77, representing a loss of ∼ 1/3 of
Cl− (Fig. 18). With NO−

3 detected by the PILS, HNO3 is identified as an acidifying
reagent contributing to the observed Cl− deficit. In contrast, the AMS detected no NO−

3

(LOD of ∼ 0.1 µgm−3) throughout the entire mission. This divergent observation is con-5

sistent with not only that the AMS is oblivious of the refractory NaNO3 on SSA, but
also that no HNO3 uptake occurred on the acidic SO2−

4 aerosols. These observations

in combination with their variant production mechanisms, show that SSA and SO2−
4

aerosols remained externally mixed in the MBL. 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 in10

the acidic SO2−
4 aerosols and therefore not detected by the AMS. HNO3 is presum-

ably derived from NOx emitted from combustion sources that are also responsible for
SO2−

4 and precursors, with a time constant of oxidation of NOx to HNO3 being ∼ 1 day

at [OH] ∼ 4×106 cm−3. We note that gas phase SO2 oxidation to H2SO4 by OH has
a similar rate, being ∼ 1–2 %h−1. The uptake of highly soluble gases such as HNO315

by SSA is governed by gas phase diffusion, with a time constant proportional to SSA
radius and concentration (Lewis and Schwartz, 2004). For the SSA size distrbution at
WS= 6 ms−1, we estimate an R ∼ 1.1 µmcm−3 (for Rp ≤ 2 µm) and a characteristic up-
take time of ∼ 2 h (and shorter, with the presence of SSA having Rp > 2 µm). On the
other hand, dry deposition to ocean surface is a potentially important loss mechanism20

for the highly soluble HNO3 and is estimated to exhibit a characteristic time of ∼ 7 h
using a dry deposition velocity of 4 cms−1 and a reference height of 1 km. The removal
by washout process during precipitation events is episodic and is expected to be less
important than the first two mechanisms described above. The slow NOx oxidation pro-
cess allows a characteristic transport distance of NOx of ∼ 500 km at WS= 6 ms−1.25

With these rates, HNO3 is essentially removed by SSA without delay after formation.
Despite a relatively long NOx lifetime, it is interesting to note that ∼ 37 % of PILS sam-
ples showed levels of NO−

3 below its LOD (i.e., ∼ 0.05 µgm−3), but none for SO2−
4 . While
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we can attribute the loss of SSA-bound NO−
3 to preferential removal of SSA particles

through drizzle because of their larger sizes (Twohey et al., 2012), we note that the
SSA loadings in samples where [NO−

3 ]=0 were only a factor of ∼ 2 lower than those
with [NO−

3 ]>0. This suggests SSA particles, at least those with Dp ≤∼ 2 µm, are rapidly
replenished after precipitation events.5

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

with NO−
3 taken into account, a ∼ 25 % Cl− deficit remains, presumably due to H2SO4.

Incorporating H2SO4 into SSA can in principle be achieved by uptaking of gaseous
H2SO4, coagulation with sulfate aerosols, and in-cloud oxidation of SO2. The rate of
collision coalescence of SSA with sulfate aerosols is too slow to be important for acidi-10

fying SSA. The characteristic time constant for removing SO2−
4 particles at SSA particle

concentration of ∼ 4 cm−3 and a coalescence coefficient of K ≤ 5×10−9 cm3 s−1 is esti-
mated to be ≥ 500 days. Although in-cloud aqueous oxidation process can in principle
be important considering its fast reaction kinetics and the prevalence of cloud in the
study region, a quantitative evaluation is unfortunately untenable because the key ox-15

idant H2O2 was not determined and the concentration of SO2 was always below the
LOD of our instrument of 0.2 ppb.

4.5 Composite longitudinal distributions of aerosol and gas constituents

The composite longitudinal distributions of SO2−
4 , NH+

4 , and Org taken as their
LOWESS fits normalized to their maximum concentrations at the easternmost loca-20

tion (see, e.g., Fig. 5) are shown in Fig. 19a. These median concentrations decreased
steeply with distance from land indicating their continental origins. The longitudinal
gradients observed in a narrow latitude band (∼ 19◦ S) reflects medians of the remain-
ing concentrations of continental emissions advected into the MBL. According to back
trajectory calculations by Allen et al. (2011, Fig. 4), continental emissions received25

along the 20◦ S parallel from the coast to the open ocean originated from the Chilean
coast moving progressively southward. The 5 day back trajectories originating from
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20◦ S show that for 72◦ W and 76◦ W, land contact occurred at around 26◦ S–30◦ S and
30◦ S–40◦ S, respetively. However, since the back trajectories also show that because of
the wind speed gradient, higher off shore, the ages of the air masses sampled along the
19◦ S parallel since land contact were roughly comparable (∼ 3–4 days). Consequently
we surmise that the emissions had been aged and processed when sampled, and the5

longitudinal concentration gradients were due mainly to a higher degree of dilution with
higher wind speed off shore. This dilution characteristics is roughly approximated by
the normalized longitudinal distribution of the conservative tracer CO (Fig. 19a) pro-
vided the CO emission factor remained relatively invariant, and that an appropriate
background value can be assigned. Regarding the latter, we chose 62 ppb, the aver-10

age of the lowest 5 % [CO], which is similar to the 61 ppb used by Shank et al. (2012).
Since background 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 fairly low total [CO]. Finally, the fact that the highest [CO]ex near the shore
was only ∼ 14 ppb indicates that a significant dilution had occurred to the emissions15

from the sources considering a typical urban [CO]ex of ∼ 200 ppb and greater.
Atmospheric concentration of a trace species decreases with dilution and removal,

and increases with additional emissions and/or production. In the VOCALS study do-
main, the factors governing aerosol/trace gas evolution in the MBL may be simplified
because of a uniform wind field, somewhat homogenized (by the southerlies along the20

coast) regional urban and industrial emission characteristics, and the lack of apprecia-
ble oceanic sources. Large point sources such as smelters located typically at higher
altitudes along the Chilean caldera were found to contribute minimally to MBL aerosol
loadings during VOCALS (Twohy et al., 2012). However, in principle, one emission that
may manisfest a varied longitudinal impact along 19◦ S parallel is continental biogenic25

emissions which are potentially important only from south of ∼ 31◦ S, as the arid At-
acama desert lying north is devoid of any significant biological activity. Consequently,
the near shore segments of the G-1 flights along ∼ 19◦ S received nearby continen-
tal emissions (e.g., urban, industry, and dust) with little biogenic contributions, but the
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offshore segments may receive biogenic aerosols and their precursors from coastal
regions further south. Removal of accumulation mode size particles is dominated by
wet deposition of rain out and wash out, and dry deposition is playing only a small role
(Slinn, 1983). Production of SO2−

4 is expected to result from in-cloud oxidation of SO2
by O3 and H2O2. Production rate by O3 between 74◦ W and 78◦ W can be estimated5

from the observed medians [O3] ∼ 30 ppb, [SO2] ∼ 25 ppt (Yang et al., 2011a; Saide
et al., 2012), LWC ∼ 0.2 gm−3, and pH∼ 5: ∼ 0.02 µgm−3 day−1 assuming clouds oc-
cupy ∼ 20 % of a 1 km deep MBL. This median SO2−

4 production rate due to O3 (at
30 ppb) is slower than that due to H2O2 (at 1 ppb) by ∼ 20 fold, and slower still for re-
gions east of 74◦ W because of a higher cloud water acidity for which the O3 pathway10

slows down further. Although gas phase concentration of H2O2 was not measured,
Benedict et al. (2012) reported a mean cloud water [H2O2] ∼ 130 µM, corresponding to
a gas phase H2O2 of ∼ 1 ppb. Consequently within the G-1 domain, in-cloud SO2 oxi-
dation is dominated by the H2O2 pathway if [H2O2] ∼ 1 ppb attains, which would result
an SO2 oxiation rate of ∼ 150 % h−1 at a LWC ∼ 0.2 gm−3 (Schwartz, 1984). In contrast,15

gas phase oxidation of SO2 by the OH radicals is much slower, i.e., ∼ 1 % h−1 at a [OH]
∼ 4×106 cm−3 evaluated for the VOCALS domain by Yang et al. (2011). Entrainment
of FT air leads to dilution unless a given species is enriched in the FT compared to the
MBL.

The normalized longitudinal distributions of aerosol SO2−
4 , NH+

4 , NO−
3 , and Org me-20

dian concentrations (Fig. 19a) that are adjusted for dilution based on CO distribution
(Fig. 19b) all decreased with distance from the shore, but at different rates. Because
the air masses were considered well aged, the concentrations observed represented
that of the end products that had undergone removal and dilution. Regarding sulfur
compounds, we note that the median [SO2−

4 ] nearest the land was 2.5 µgm−3 (Fig. 4),25

corresponding to a [SO2]=0.63 ppb. The mean gase 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. An emission factor [ST]/[CO] is
estimated to be ∼ 0.705/14 = 0.05 (ST = SO2 +SO2−

4 ), which is conisdered a minimum
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value as possible SO2−
4 loss had already occurred when the air masses were sam-

pled at ∼ 70.4◦ W. At the westernmost point, we assume ST = SO2−
4 as the processing

time was sufficiently long (> 4 days according to back trajectory calculations) that all
sulfur from land emissions was oxidized. With a [CO]ex ∼ 5.8 ppb, ST at the source
was ∼ 0.29 ppb, or a [SO2−

4 ] ∼ 1.2 µgm−3. Since the observed was only ∼ 0.35 µgm−3,5

∼ 70 % of sulfur had been removed when the air mass reached 77.8◦ W.
For NH3, whose continental sources included combustion and biological processes

(from south of Atacama desert), we expect it was quantitatively sequestered on the
acidic SO2−

4 aerosols as NH+
4 . Consequently, the fractional decrease of [NH+

4 ] across

the longitude should be identical to that of [SO2−
4 ], which was found to be the case10

east of 71.5◦ W as these internally mixed aerosol components were diluted/removed
together. If we consider the emissions impacting this eastern region were dominated
by combustion sources and had little biological input, a minimum emission factor of
[NH3]/[CO] ∼ 0.02 (ppbppb−1) is estimated because of removal that has already taken
place. However, west of 71.5◦ W increased amount of NH+

4 relative to SO2−
4 was ob-15

served peaking at ∼ 73.7◦ W, suggesting additional sources in air masses from further
to the south, either of oceanic or continental, or both. We suggest that an oceanic
source is plausible based on composite vertical distributions (see below). This in-
creased NH+

4 over SO2−
4 (Fig. 19a) gave rise to an additional neutralization of the SO2−

4
aerosols between 72◦ W and 77◦ W (Fig. 10).20

Org also showed a fractional decay rate nearly identical to that of SO2−
4 east of 72◦ W.

However, unlike NH+
4 , [Org] is known to increase with photochemical age of emissions

due to the formation of secondary organic aerosols (SOA). Based on CO emission
factor, Kleinman et al. (2008) found a proportionality of ∼ 60 µgm−3 Org per ppm of CO
in photochemically aged air applicable to urban emissions. The maximum estimated is25

[Org]max ∼ 0.84 µgm−3 corresponding to a [CO]ex ∼ 14 ppb. Since the observed [Org]
∼ 0.25 µgm−3 was only ∼ 1/3 of the estimated maximum at the easternmost longitude,
it appears that a large portion of the Org had already been removed from the aged air.
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The fact that Org decreased at a fractional rate identical to that of SO2−
4 east of 72◦ W

is consistent with the scenario that Org and SO2−
4 aerosols were internally mixed and

formation was negligible because the air masses were well aged. (For the westermost
point where [CO]ex ∼ 6 ppb, the expected [Org] ∼ 0.36 µgm−3, but the observed was
∼ 0.09 µgm−3, suggesting ∼ 75 % of the maximum Org that could be formed had been5

lost assuming, a magnitude similar to that for SO2−
4 .)

Regarding NO−
3 , which is a stable product of oxides of nitrogen with a characteristic

time against oxidizing by the OH radicals of ∼ 1 day at [OH] ∼ 5×10−7 cm−3, and is
the predominant nitrogen species in aged air. At the easternmost longitude, we es-
timate a [NOy] of ∼ 1.4 ppb for [CO]ex = 14 ppb based on an urban emission ratio of10

[CO]/[NOy] ∼ 10 dominated by vehicles (Parrish, 2006), noting that this ratio can be
higher for an older vehicle fleet. The observed median NO−

3 concentration found in
SSA particles was only ∼ 0.08 ppb, again indicating that nearly half of the nitrogen
species had already been lost. It is reasonable to suggest from this observation that
SO2−

4 , NH+
4 , and Org aerosols were internally mixed and therefore removed/diluted at15

the same rate. However, the fact that NO−
3 aerosol also showed the same decay rate

as SO2−
4 indicates the SSA on which NO−

3 was absorbed were removed/diluted at the

same rate as SO2−
4 aerosols for particles 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 indicating possible source vari-20

ations in which SO2−
4 emission had increased over NO−

3 . CO also revealed a slight
increase between 72◦ W and 74◦ W due possibly to variations in source attributes. We
note that while SO2−

4 and NO−
3 continue to decrease at approximately the same rates

west of ∼ 72◦ W, decays of NH+
4 and Org significantly slowed down, reflecting addi-

tional sources of these species relative to SO2−
4 . In contrast, the increase in OA started25

at ∼ 72◦ W and remained unabated to ∼ 78◦ W, where it provided more than twice as
much Org than associated with SO2−

4 from combustion. This increase in Org is un-
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likely to result from entrainment of FT air since the median Org concentrations in the
FT and the MBL were comparable, and the MBL SO2−

4 to NO−
3 ratio in this region

did not vary (noting that NO−
3 is all but absent in the FT air). Because the transects

west of ∼ 72◦ W received emissions from coastal regions south of 31◦ S (Allen et al.,
2011) where biogenic emissions are expected, this increased OA (normalized to CO)5

over that observed on transect east of ∼ 72◦ W can be reasonably attributed to these
land sources. Although oceanic organic sources cannot be completely ruled out, we
consider they play only a minor role at best unless a clear bifurcation in productivity,
higher west of ∼ 72◦ W, can be supported. In fact, the lower ocean surface temper-
atures associated high productivity upwelling zone were found near the coast (Rahn10

and Garreaud, 2010) is inconsistent with this possibility. Ratios of Org to SO2−
4 ≤ 0.08

used to infer a marine origin by Shank et al. (2011) is shown in Fig. 19b as a func-
tion 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. 19b) we note most of the Org/SO2−

4 ratios exceeded that15

suggested of clean marine atmosphere for the SEP region. We consider a continen-
tal source that had a minimal CO input, i.e., biogenic emissions from vegetation are
plausible.

4.6 Composite vertical distributions of aerosol and gas constituents

The LOWESS fits of the vertical distributions of SO2−
4 , NH+

4 , and Org in Fig. 7, and20

Na+ in Fig. 8 are normalized to their respective values at the lowest altitude, exhibit-
ing apparent profiles (Fig. 20) that also reflect the G-1 sampling bias (e.g., greater
near the shore at ∼ 500 m than other altitudes). Even though these composite pat-
terns do not represent vertical distributions like soundings, we nonetheless can gain
insights into sources and tranport of the chemical constituents by comparing their rel-25

ative trends. In Fig. 20, SO2−
4 and Org display very similar vertical patterns in the lower

MBL, but diverged in the upper MBL with SO2−
4 decreasing faster with altitude than Org.
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We attribute their similar trends in the lower MBL to similar source attributes in which
SO2−

4 and Org aerosols/precursors were either co-emitted or co-located. The slower

decrease of Org than SO2−
4 with altitude in the upper MBL (Fig. 20b) could in principle

be due to mixing of FT air which was more enriched in Org than SO2−
4 (Fig. 7). How-

ever, the importance of this process can be ruled out based on the vertical distribution5

of SSA which showed minimal influence of the FT air. Two other possibilites include
(1) in-cloud production (Blando and Turpin, 2000) that favored Org compared to SO2−

4 ,
especially if SO2 had been depleted in the air that was sampled, and (2) a preferen-
tial removal of SO2−

4 over Org by precipitation if SO2−
4 and Org aerosols were externally

mixed. Although organic and SO2−
4 aerosols from urban and industry are believed to be10

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 the two latter possi-
bilites are conceivable and it is not possible to assess their relative importance. On the
other hand, CO and O3 were nearly uniformly distributed (Fig. 20b), consistent with15

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

with a steeper increase with altitude than that of SO2−
4 in the lower MBL. This observa-

tion can potentially result from 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 aerosol20

to the mildly basic sea water can be ruled out, and this sharp gradient 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 pro-
ductivity. 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 of25

both SO2−
4 aerosol and gaseous NH3. Above ∼ 260 m, NH+

4 started to decrease as

NH3 became the limiting reagent despite the continous increase of SO2−
4 aerosol till

∼ 500 m. The decrease in NH+
4 with altitude in the upper MBL is more gradual than that
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of SO2−
4 . This small increasing trend of [NH+

4 ]/[SO2−
4 ] ratio indicates that in-cloud SO2−

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

4 was conserved.
Distinct from SO2−

4 and Org, Na+ (representing SSA with Dp ≤ 2 µm) showed a much
more uniform vertical distribution with a small decreasing trend with altitude. Unlike
continentally derived aerosols which displayed a strong land to sea gradient, SSA load-5

ing in the MBL remained relatively constant across the longitude and therefore exhibits
a composite vertical distribution that is less prone to sampling biases. Since SSA par-
ticles with Dp ≤ 2 µm are expected to be uniformly mixed vertically, this small gradient
may in principle reflect dilution due to entrainment of FT air, loss due to precipitation
removal, or the RH effect on SSA particle sizes discussed earlier. Since the observed10

difference of a factor of 2 between the top and the bottom of the MBL can be readily
accounted for by the RH effect on SSA particle size, we rule out the importance of
entrainment of FT air and precipitation scavenging. In view of this, one could consider
using a sounding of MBL sub-micron SSA as a tracer under non-precipitating condi-
tions to estimate the extent of entrainment mixing from the FT. Submicron SO2−

4 and15

Org aerosols are less suitable as tracers because of confounding factors such as pos-
sible in-cloud formation and input from FT air. Finally, we note that 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 sampling20

pattern, and does not reflect a true physical layering.

4.7 Sources of organic aerosols

PMF analysis (Ulbrich et al., 2009) is performed on organic mass spectra obtained with
the AMS to gain understanding of the sources of OA. We use the data of 28 October
2008 and 6 November 2008 as they covered the widest longitudinal range, maximizing25

the chance to reveal the contrast between polluted and cleaner MBL. By minimizing
the scaled residual (Q/Qexp) as a function of P (factor) and Fpeak (matrix rotation), we
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identified mass spectral profiles that are physically realistic, and time series that can be
rationalized in terms of location and other concomitant observations. We first examine
the results from a minimum number of factors. Data of 28 October 2008 with P = 3 and
Fpeak = 0.2 (Fig. 21) show factors 1 and 2 as oxygenated OA (OOA) and hydrocarbon-
like OA (HOA), respectively. Factor 3 is due to contaminants from silicone conductive5

tubing (Schneider et al., 2006; Timko et al., 2009). The suggestion that these con-
taminant signals arise from deposition of dimethylsiloxane vapor onto soot particles
(Schneider et al., 2006) cannot be tested here as the loadings of soot particles dur-
ing VOCALS were too small to be quantified by a particle soot absorption photometer
deployed on the G1 (LOD∼ 1.5 M m−1).10

To corroborate the HOA and OOA factors, we compare their time series to those
for CO and SO2−

4 (Fig. 21a) whose concentrations are related to primary emissions
and secondary products, respectively (Zhang et al., 2011). CO and HOA were well
correlated during the inbound leg in the MBL (Fig. 21a), lending support to the HOA
factor. This correlation was absent during in-cloud and AC segments in the out-bound15

leg: in the former aerosol-turned cloud droplets were not sampled, and in the latter FT
air masses had different origins. In this connection, we note a significant gradient in
FT CO, with high concentrations near the shore that decreased sharply with offshore
distance. This suggests that close-by sources from the South America continent can be
transported to higher altitudes near the shore. However, FT CO was much lower west of20

∼ 74◦ W on 28 October 2008, indicating cleaner air and a diminishing impact of closeby
sources. OOA was correlated with SO2−

4 albeit at two different OOA/SO2−
4 ratios, lower

near the shore (∼ 0.09) and higher off shore (∼ 0.2), reflecting possibly different source
attributes. Being correlated with SO2−

4 , this OOA is thought to represent low volatility

OA (e.g. Jimenez et al., 2009). The “extra” OOA based on a higher OOA/SO2−
4 ratio25

observed offshore suggests that the additional OA from the south was likely of biogenic
origin without concomitant sulfur emissions. Since there was no indication of “extra” CO
in the MBL based on the correlation between CO and the HOA, downward mixing of
FT air as a source of OOA is unlikely. The PMF results of the 6 November 2008 data

26073

D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

with P = 4 and Fpeak = 0.6 show factor 1, OOA, has a profile nearly identical to that of

28 October 2008, and the OOA/SO2−
4 ratio also increases with distance from the shore

(Fig. 22a). Factor 2 however indicates an oxidized OA rather than the HOA found as
factor 2 in 28 October 2008 data, with a mass spectrum resembling semi-volatile OOA
typically found in urban areas (e.g., Zhang et al., 2005; Ng et al., 2010), which showed5

no correlation with CO (Fig. 22a). Factor 3 resembles fresh emissions encountered
during take off and landing; factor 4 represents silicone tubing contaminants, but with
additional mass fragments near m/z 280 of unknown origin (Fig. 22a).

The absence of HOA factor on 6 November 2008 is intriguing in view of the pres-
ence of a fairly substantial CO concentration of 70 ppb or greater, comparable to that10

of 28 October 2008. According to Allen et al. (2011, Fig. 4 therein), MBL air trajectories
ending at 20 S parallel were remarkably consistent during VOCALS, the southerly to
southeasterly winds bringing significant coastal emissions to the marine atmosphere
up to 80◦ W. The lack of HOA on 6 November 2008 may therefore reflect an enhanced
processing of the emissions due to either increased reaction rates or reaction time,15

or both, significantly reducing HOA. In this regard, Allen et al. (2011) suggested that
variations in emissions may be responsible for the observed divergence in concen-
trations. Regarding reaction time, the wind speeds on 6 November 2008 (3–7 ms−1)
were slower than on 28 October 2008 (2–11 ms−1), possibly leading to a longer pro-
cessing time of the air masses sampled on 6 November 2008. We recognize the local20

wind data can only be used as inference for the recent past history. However, the fact
that wind fields in SEP had been highly uniform during VOCALS (Rahn and Garreaud,
2010) may lend credence to this possibility. Regarding increased reaction rates, we
recognize that cloud processing is a plausible contributing factor in SEP and may have
played a more important role on the air mass observed on 6 November 2008 than25

that on 28 October 2008. Although the extent of cloud processing prior to sampling
is difficult to assess, cloud processing is inferred from a bi-modal particle size distri-
bution marked by a so-called Hoppel minimum (Hoppel et al., 1986). We discuss this
possibility in a later section.
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4.8 Identification of organosulfur compounds

The OOA mass spectra identified for both 28 October 2008 and 6 November 2008
flights, which resembles that for fulvic acid, also contain mass fragments m/z 79
(CH3SO+

2 ) and m/z 96 (CH3SO3H+), indicative of MSA (Phinney et al., 2006; Zorn
et al., 2008). Since MSA is a product of DMS which serves as the most important pre-5

cursor of marine SO2−
4 aerosol, its characterization is crucial for understanding DMS’s

contribution to the marine environment. In terms of detection, we keep in mind that any
MSA produced in the gas phase is expected to be squestered in SSA particles (e.g.,
Hopkins et al., 2008) as refractory sodium salt, exhibiting low CE. Attempting to isolate
a MSA factor, we repeated the PMF analyses on 28 October 2008 and 6 November10

2008 data using P = 5 (Fig. 23) and P = 6 (Fig. 24), respectively, that were found nec-
essary to separate the MSA factor, although the highest factor in each analysis was
of unknown chemical nature in minute amounts. Comparison of the MSA factor with
a MSA mass spectrum obtained on an AMS (Phinney et al., 2006) showed a high de-
gree of correspondence, recognizing that the m/z 48 and m/z 64 signals are missing15

because they have been removed by the AMS algorithm for SO2−
4 quantification. The

m/z 81 (SO3H+) was the only major fragment missing from both MSA mass spectrum
profiles, suggesting the absence of acidic MSA. The MSA mass spectrum factors ob-
tained from the two different flights showed a strong correlation (Fig. 25), even though
fragments m/z 12 and m/z 45 appeared only on 28 October 2008 but not on 6 Novem-20

ber 2008 perhaps due to a lessed cloud processing of the former. Based on these
considerations, we conclude that there is a strong likelyhood that the MSA factor rep-
resents the MSA species. However, while we are unsure of the CE of MSA which was
presumably SSA particle bound, we assert that it was not derived from oceanic DMS.
We note the longitudinal distributions of MSA (the time series profile) observed on both25

28 October 2008 and 6 November 2008 were strongly correlated with SO2−
4 (Fig. 23

and Fig. 24) west of 73◦ W, suggesting co-emitted or co-located sources of these two
species and/or their precursors. Although this correlation appeared to be missing east
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of 73◦ W on both days, a similar trend in MSA and SO2−
4 could be discerned albeit

with a gradually increasing MSA to SO2−
4 ratio with distance from the shore. Although

MSA has been extensively investigated as a marine atmosperhic constituent from DMS
oxidation, its presence in continental air has not been characterized in detail. Hueber
et al. (1996) reported a higher level of MSA in polluted air advected from the conti-5

nent than in air of marine origin, but did not examine continental sources as one of the
possible explanations.

Another plausible organosulfur compound that could explain this MSA factor, is hy-
droxymethanesulfonic acid (HMSA). Produced in the liquid phase (e.g., in-cloud) from
S(VI) and formaldehyde, HMSA is found near source regions in aerosol particles (Dixon10

and Aasen, 1999) as well as in cloud and fog waters (Munger et al., 1984; Rao and
Collett Jr., 1995; Dall’Osto et al., 2009). HMSA is stable under acidic conditions and
decomposes to HSO−

3 and H2CO at a rate constant of 4.8 (−7) s−1 and 3.5 (−6) s−1

at pH= 4 and pH= 5, respectively (Kok et al., 1986), corresponding to a characteristic
time of ∼ 80 h at pH= 5, and longer at lower pH. Although HMSA seems not consistent15

with the m/z 15 methyl fragment found in the MSA mass spectrum, we cannot com-
pletely rule out this candidate until its mass spectrum is firmly established on the AMS.
We note that Hawkins et al. (2010) have identified organosulfates during VOCALS
that were correlated with acidic aerosol sulfate originating from the continent. Since
organosulfate formation involves acid catalysis (Surratt et al., 2008), we expect this20

product to be present in the non-refractroy acidic sulfate particles and therefore de-
tected by the AMS. The identification of organosulfate is based on C-O-S stretching
at 876 cm−1 representing esters of either sulfate or sulfite (Maria et al., 2003). The
MSA factor mass spectrum may be explained by a methyl ester of sulfonic acid as an
organosulfate, whose mass spectrum on the AMS should aid the interpretation of the25

data observed here.
The mass spectrum of factor 1 resembles fulvic acid, oxalic acid (Alfarra, 2004),

aerosols from smoldering fir and beech fires (Weimer et al., 2008), as well as that of
a factor identified as continental in origin, all being extensively oxidized (Chang et.,
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2011). We note that this factor was responsible for the increased OOA/SO2−
4 ratio with

distance from the shore, reflecting the increased OA contribution relative to SO2−
4 in air

masses from coastal regions further to the south. This extra OOA over that of urban and
industry sources may be attributed to either a direct input from biomass burning (Chand
et al., 2010) or to secondary production from biogenic VOC emissions (Tsapakis et al.,5

2002). However, it is interesting to point out that while the MSA factor was detected
exclusively in the MBL, the fulvic acid factor was also found in FT on 28 October 2008
(Fig. 23b). The presence of aged OOA in FT is consistent with long range transport of
biomass burn plumes to the VOCALS domain described by Allen et al. (2011).

4.9 Cloud processing10

In this section we examine possible evidence for more extensive cloud processing on 8
November 2008 compared to that on 28 October 2008 to help explain the absence of
HOA in the former. We compare the particle size distributions measured by the DMA
during the return legs in the MBL on these two flights as a function of longitude with
data binned into 1-degree intervals (Fig. 26). The data from both flights exhibited the15

bi-modal distribution expected of cloud processing consistent with the composite dis-
tribution of the entire G-1 mission (Kleinman et al., 2012), with the exception of those
sampled closest to the shore on both flights. We consider the size distribution observed
between 71◦ W and 72◦ W to be representative of the emissions impacting the MBL ob-
served on this flight westward of this longitude based on the similarity in mode sizes20

and concentration levels. The much higher Aitken mode particle concentrations com-
pared to the droplet mode reflects the emission characteristics as well as the limited
cloud processing due to both a shorter processing time and a lack of clouds in the
mid-afternoon near the shore when they were sampled. The particle size distributions
from east to west on 28 October 2008 were highly uniform evidenced by a near con-25

stant droplet mode size at 0.18 µm and a progressively smaller Aitken mode size from
∼ 0.06 to ∼ 0.04 µm, reflecting emissions similar in characteristics that were more ex-
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tensive processed and diluted going west along the ∼ 19◦ S parallel. The spectrum for
the westernmost section, 77◦ W–77.3◦ W, showed some cloud contamination 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 Aitkin mode parti-5

cle concentrations compared to that of the droplet mode with only a slight hint of the
Hoppel minimum. The Aitkin 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 less10

pronounced on 6 November 2008 (Fig. 26). We surmise this rather steady droplet mode
particle concentrations observed 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 trans-15

port and reaction time. Finally, the droplet mode particle size is seen to decrease with
distance from the shore 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 size20

shift observed on 6 November 2008 to the loss of larger sized particles to precipitation
which may also be consistent with a more extensive cloud processing.

5 Conclusions

Chemical composition of accumulation mode particles in coastal marine atmospheres
off northern Chile was determined on board the DOE G-1 using an AMS and the PILS-25

IC during 2008 VOCALS-REx. Strongly acidic sulfate aerosols, which were on average
only 25 % neutralized by NH3, dominated all other aerosol constituents, accounting for
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≥ 50 % of the total aerosol mass concentration; total organic aerosol (Org) and NH+
4

each contribued only < 15 %. Aerosol NO−
3 was found to reside on SSA particles, exter-

nally mixed with SO2−
4 particles, resulting from uptake of gaseous HNO3 by SSA giving

rise to a portion of the observed chloride deficit. Concentrations of MBL aerosol SO2−
4 ,

NH+
4 , Org, and NO−

3 all exhibited a strong longitudinal gradient decreasing with dis-5

tance from the shore, consistent with their continental origins. In contrast, SSA loading
represented by Na+ was fairly uniform in the MBL with a slight increase off shore where
wind speeds were higher. The observed SSA mass loading agreed with the cannonical
wind speed dependence reported in the literature; the coastal surf zone SSA produc-
tion was found to contribute to SSA loading at distances as far as to ∼ 400 km offshore.10

Number concentration of SSA was much smaller than that for SO2−
4 aerosols even at

∼ 78◦ W, ∼ 800 km from the shore. Accumulation mode SSA loading showed a uniform
vertical distribution and can in principle be used as a tracer to assess the extent of di-
lution of MBL due to entrainment of FT air. MSA, an oxidation product of DMS, was all
but absent, indicating a minimal role played by DMS from the ocean in sulfur chemistry15

within the G-1 study domain. Relative changes in distribution patterns in simultane-
ously 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 conti-
nental biogenic sources south of Acatama desert. In contrast, concentrations of MBL
aerosol NO−

3 and SO2−
4 tracked each other and appeared to be entirely attributable to20

continental anthropogenic emissions that were co-emitted or co-located. PMF analysis
of OA mass spectra obtained using the AMS showed an HOA on 28 October 2008
that was well correlated with CO, which was however absent on 6 November 2008.
We attributed this contrast to a greater extent of cloud processing of the air masses
observed on 6 November 2008. A highly oxidized OOA factor correlated with SO2−

425

was indentified for both flights. The ratio of OOA to SO2−
4 was lower near the coast and

higher away from the shore because of an increased OOA derived from coatal biogenic
emissions south of 31◦ S. Another OOA factor identified as an organosulfur, possibly
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MSA, was also strongly correlated with SO2−
4 therefore believed to be of anthopogenic

origin. Identity of this MSA factor, possibly including hydroxymethanesulfonic acid and
methyl sulfonate, need to be investigated to better understand the transport of S(IV)-
aldehydes adducts as sources for remote regions and the formation of organosulfur
compounds as SOA.5
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Table 1. Date and time of DOE G-1 research flights during VOCALS-RExa.

Flight number Date Take-off Land Westernmost Flight
Point (Lon 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 01 Nov 2008 12:57 16:57 77.2 4:00
11 03 Nov 2008 12:58 16:51 74.1 3:53
12 04 Nov 2008 11:57 16:02 72.1 4:05
13 06 Nov 2008 11:57 16:21 77.9 4:23
14 08 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

a 18 October 2008 flight was aborted due to research power failure, missing most aerosol data.
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Table 2. AMS Ionization Efficiency, normalization factor, and ratio of total mass to DMA volume.

Date Ionization Efficiency (× 10−7) Normalization Factor Nss_tot/VDMA

14 October
17 October 2.9 1.70 1.94
18 October 1.9
22 October 3.6 1.45 1.1
23 October 3.4 0.97 1.17
25 October 2.8 1.41 1.32
26 October 1.9 1.28 1.29
28 October 2.1 1.54 0.96
29 October 1.92 1.06
1 November 1.6 0.87 0.93
3 November 1.20 1.54
4 November 2.8 1.68 1.08
6 November 2.21 0.98
8 November 1.23 0.89
9 Novembera 3.82
10 November 1.14 0.87
12 November 3.85 1.16 1.2
13 November 1.40

a Ground study.
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Fig. 1. Composite flight tracks of the DOE G-1 during 2008 VOCALS-REx overlaid on a Terra
image taken at 16:50 UT 12 November 2008.
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Fig. 2. Correlation of nss-SO2−
4 concentrations determined by the AMS and the PILS on 28

October 2008.
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!
Fig. 3. Time plots of altitude and aerosol chemical concentrations measured on the 28 October
2008 flight. The aircraft altitude plot is color-coded to the liquid water content of clouds encoun-
tered during the out-bound leg (panel a); the blue dotted vertical line marks the time when the
G-1 turned around and headed back to Arica.
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Fig. 4. Composite longitudinal dependence of below cloud (BC) aerosol concentrations deter-
mined on the G-1 for the entire VOCALS mission. Box plots (black) and LOWESS fits (red) are
overlaid on individual data points (grey).
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Fig. 5. Composite longitudinal distributions of aerosol concentrations of above cloud (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.
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Fig. 6. Longitudinal dependence of aerosol MSA determined using the PILS-IC technique.
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Fig. 7. Composite vertical distributions of the concentrations of SO2−
4 , NH+

4 , and Org for the
entire G-1 mission. Continuous lines (dash as well as solid) represent LOWESS fits.
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Fig. 8. Composite vertical distributions of below cloud (BC) aerosol Na+ and NO−
3 concentra-

tions. Red lines represent LOWESS fits.
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Fig. 9. Comparison of aerosol mass concentrations determined using the PILS and the AMS
with the aerosol volume concentrations calculated from DMA size distributions. Solid lines are
least squares best fits.
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Fig. 10. Longitudinal dependence of the below cloud (BC) aerosol NH+
4 to SO2−

4 equivalence
concentration ratio. The red solid trace represents the LOWESS fit, and the box plots summa-
rize the data in four longitude bins, i.e., −70◦ to −72◦, −72◦ to −74◦, −74◦ to −76◦, and −76◦ to
−78◦.

26099

D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

Fig. 11. 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 equivalence. Positive ions
were dominated by Na+ and NH+

4 ; negative by Cl−, NO−
3 , and SO2−

4 .
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Fig. 12. Same as Fig. 11 except that the total positive charges now include H+ as the missing
cation associated with nss-SO2−

4 . The straight line represents the least square fit of the data
with the values of the intercept, (a), and slope, (b).
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Fig. 13. Comparison of the observed and calculated conductivities of the liquefied aerosol
samples collected by the PILS on the 28 October 2008 flight.
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Fig. 14. (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◦) off shore. (b)
Wind speed dependence on longitude where the black line represents the LOWESS fits, and
the data points in red correspond to altitude less than 150 m.
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Fig. 15. Wind speed dependence of MBL SSA mass concentration (as NaCl) determined on
the G-1 during VOCALS. The solid red line represents the LOWESS fit of the observed NaCl
concentrations. The solid blue line represents empirical relationship between the total dry 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 calculated
concentrations with a 1 µm and 2 µm upper size cut, respectively.
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Fig. 16. Longitudinal variations of wind speed and SSA concentrations represented by Na+

measured on 28 October 2008.
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Fig. 17. Altitude dependence of below cloud (BC) [Na+] and particle number concentrations
between Dp = 0.5 µm and 3.0 µm measured using PCASP’s on 28 October 2008. Total number
concentration: dots (1 s data: inboard PCASP only; outboard PCASP data not shown); Na+

concentration: solid circles; LOWESS fits to N0.5–3: thin solid lines (outboard PCASP, A), thick
solid lines (inboard PCASP, B). All color-coded to altitude: blue ∼ 600 m and red ∼ 100 m.
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Fig. 18. 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.
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Fig. 19. (a) Normalized composite longitudinal distributions of below-cloud SO2−
4 , NH+

4 , Org,
NO−

3 , and CO. (b) Dependence of [Org]/[SO2−
4 ] ratio on longitude, where the solid red line

represents the LOWESS fit of the data.
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Fig. 20. 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.
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Fig. 21. PMF analysis results of 28 October 2008 data with p = 3 and Fpeak = 0.4. (a) Time
series of factors 1, 2, and 3 representing mass concentrations (left ordinates) shown from
bottom to top in black, blue, and green, respectively. Overlaid on time series of factors 1, 2, and
3 are [SO2−

4 ], [CO], and altitude (right ordinates), respectively. (b) Mass spectrum profiles of
factors 1, 2, and 3 with the same color designation.
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Fig. 22. PMF analysis results of 6 November 2008 data with p = 4 and Fpeak = 0.4. (a) Time
series of factors 1, 2, 3, and 4 representing mass concentrations shown in black, red, and green,
respectively. Overlaid on time series of factors 1, 2, and 3 are [SO2−

4 ], [CO], and flight altitude,
respectively. (b) Mass spectrum profiles of the 4 factors with the same color designations.

26111

D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

	
  
	
  

	
  

Fig. 23. PMF analysis results of 28 October 2008 data with p = 5 and Fpeak = 0: with only factors
1 and 2 displayed.
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Fig. 24. PMF analysis results of 6 November 2008 data with p = 6 and Fpeak = 0.6: with only
factors 1 and 2 displayed.
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Fig. 25. Correlation of MSA mass spectrum fragments obtained on the 28 October 2008 and 6
November 2008 flights.
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Fig. 26. 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-degree intervals.
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