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Abstract. The VAMOS Ocean-Cloud-Atmosphere-Land
Regional Experiment (VOCALS-REx) was conducted from
15 October to 15 November 2008 in the South East Pacific
(SEP) region to investigate interactions between land, sea
and atmosphere in this unique tropical eastern ocean environment and to improve the skill of global and regional models
in representing the region. This study synthesises selected
aircraft, ship and surface site observations from VOCALSREx to statistically summarise and characterise the atmospheric composition and variability of the Marine Boundary
Layer (MBL) and Free Troposphere (FT) along the 20◦ S
parallel between 70◦ W and 85◦ W. Significant zonal gradients in mean MBL sub-micron aerosol particle size and
composition, carbon monoxide, sulphur dioxide and ozone
were seen over the campaign, with a generally more variable and polluted coastal environment and a less variable,
more pristine remote maritime regime. Gradients in aerosol
and trace gas concentrations were observed to be associated
with strong gradients in cloud droplet number. The FT was
Correspondence to: G. Allen
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often more polluted in terms of trace gases than the MBL
in the mean; however increased variability in the FT composition suggests an episodic nature to elevated concentrations. This is consistent with a complex vertical interleaving of airmasses with diverse sources and hence pollutant
concentrations as seen by generalised back trajectory analysis, which suggests contributions from both local and longrange sources. Furthermore, back trajectory analysis demonstrates that the observed zonal gradients both in the boundary
layer and the free troposphere are characteristic of marked
changes in airmass history with distance offshore – coastal
boundary layer airmasses having been in recent contact with
the local land surface and remote maritime airmasses having resided over ocean for in excess of ten days. Boundary layer composition to the east of 75◦ W was observed to
be dominated by coastal emissions from sources to the west
of the Andes, with evidence for diurnal pumping of the Andean boundary layer above the height of the marine capping
inversion. Analysis of intra-campaign variability in atmospheric composition was not found to be significantly correlated with observed low-frequency variability in the large
scale flow pattern; campaign-average interquartile ranges of
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CO, SO2 and O3 concentrations at all longitudes were observed to dominate over much smaller differences in median
concentrations calculated between periods of different flow
regimes. The campaign climatology presented here aims to
provide a valuable dataset to inform model simulation and
future process studies, particularly in the context of aerosolcloud interaction and further evaluation of dynamical processes in the SEP region for conditions analogous to those
during VOCALS-REx. To this end, our results are discussed
in terms of coastal, transitional and remote spatial regimes
in the MBL and FT and a gridded dataset are provided as a
resource.

1

Introduction

Low-level marine stratocumulus clouds are a persistent feature of the coastal and maritime regions adjacent to continents where cold upwelling water reaches the surface. They
play a large role in the climate of these regions (and more
widely), yet they are not currently represented well in regional and climate models. Furthermore, many important
microphysical processes that control the bulk properties of
stratocumulus clouds remain poorly understood.
In 2007, the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (see Randall et al., 2007;
Meehl et al., 2007) identified feedbacks associated with the
radiative properties of cloud as one of the major sources
of uncertainty in determining how sensitive the global climate system is likely to be to increasing levels of greenhouse gases. Furthermore, the IPCC report also notes that
the single largest uncertainty in anthropogenic radiative forcing in the current climate is due to cloud radiative responses
to aerosols. Recent studies (e.g., Bony and Dufresne, 2005)
have identified tropical boundary layer clouds as the largest
contributor to this uncertainty, both in terms of their radiative response (determined by cloud microphysical properties)
and in terms of the prevalence of these clouds in particular areas of the world (determined by regional and synoptic
meteorology).
Many marine stratocumulus cloud fields are to be found in
the subtropics at the eastern edge of the sub-tropical anticyclones, where moisture-rich marine air is cooled by coastal
upwelling of cold water from the deep ocean forming semipermanent cloud decks. The SEP region is one the largest
regions of stratocumulus clouds in the world and is characterized by poorly understood interactions between clouds,
aerosols, marine boundary layer (MBL) processes, upper
ocean dynamics and thermodynamics, coastal currents and
upwelling, large-scale atmospheric subsidence, and regional
diurnal convective circulations. In addition, the great height,
steep gradient and extent of the Andes Cordillera acts as
a barrier to zonal flow in the South Pacific, resulting in strong
winds parallel to the coasts of Chile and Peru (Garreaud et
Atmos. Chem. Phys., 11, 5237–5262, 2011

al., 2005). These winds help to drive intense coastal upwelling; and as a result, sea surface temperatures (SSTs) are
colder along the Chilean and Peruvian coasts than at similar latitudes elsewhere on the planet. These cold SSTs, in
combination with warm and dry air aloft heated by the Andean Altiplano region (plateau) of the Andes (Richter and
Mechoso, 2006), combine to support the largest and most
persistent subtropical stratocumulus deck in the world. Understanding how these cloud decks are maintained through
a balance between radiative cooling, aerosol direct and indirect effects, boundary layer fluxes and entrainment across the
strong boundary layer temperature inversion remains an elusive problem. In general, SEP marine stratocumulus cloud
occurrence, cloud top height, cloud depth and coverage remain poorly represented in climate models (Ma et al., 1996;
Hannay et al., 2009; Wyant et al., 2010), which contribute to
serious regional SST biases.
As well as the challenging meteorological and dynamical
conditions that establish these cloud decks, it is also evident that cloud optical properties over the SEP are strongly
linked to atmospheric aerosols (Huneeus et al., 2006; Painemal and Zuidema, 2010), leading to changes in the clouds’
radiative properties, influencing their lifetime and behaviour
and thereby having a profound effect on the climate system
and surface energy budget. Retrievals of cloud droplet effective radii in the SEP derived from satellite observations
such as the Moderate Resolution Imaging Spectroradiometer (MODIS) indicate that clouds near to the coast of Chile
and Peru are comprised of smaller and thus more numerous)
cloud droplets when compared to the pristine marine environment. An excellent example of this aerosol regime can
be seen in Fig. 1 of Hawkins et al. (2010a). This scenario of
high aerosol concentrations near the coast, declining to pristine conditions to the west (Huneeus et al., 2006; Tomlinson
et al., 2007), provides a unique opportunity to observe the effect of aerosol particles on cloud droplet size and reflectance,
a problem that is central to the first aerosol indirect effect.
Marine aerosol composition continues to represent a large
source of uncertainty in the study of climate and atmospheric chemistry. In addition to their physical size and
chemical composition, hygroscopicity plays a significant
role, increasing the particle surface area and radiation scattering potential. The SEP provides an ideal laboratory in
which to explore the effects of aerosols on cloud microphysics with contributions from both natural and anthropogenic sources. Extensive mining activities take place along
the Andes throughout Peru and Chile, with the emission of
considerable amounts of sulphate aerosol. These pollutants
perturb the properties of the marine cloud layer and provide
a unique, natural laboratory for investigating aerosol-cloud
interactions along a strong pollution gradient from east to
west, away from the coast.
It is clear therefore that low clouds and the dynamical and
microphysical processes controlling the thickness and coverage of marine stratocumulus clouds are a cornerstone of the
www.atmos-chem-phys.net/11/5237/2011/
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Fig. 1. Flight tracks as longitude-altitude cross-sections of
VOCALS-REx flights used in this study and within 1-degree latitude of the 20◦ South parallel. Individual flight tracks are colourcoded to individual flights to illustrate sampling throughout the
course of the VOCALS campaign. Each panel illustrates flight
tracks from each of the aircraft platforms as labelled.

climate of the SEP; and that the effects of these clouds are
not confined to local changes in radiation, heat and moisture
budgets. They have profound influences on the regional meteorology and on the ocean currents that feed the equatorial
Pacific Ocean and set the environment in which El Niño operates (e.g., Mechoso et al., 1995).
Recent advances in model representation of clouds in the
SEP (e.g., Abel et al., 2010; Sun et al., 2010), which strive
to include the modulating role of atmospheric aerosol are
demonstrating improved understanding and skill in this key
region and further improvements will benefit from a better
characterisation of aerosol and chemical composition in the
SEP offered by this study.
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All data used in this study were obtained during
the VAMOS (Variability of the American Monsoon Systems) Ocean-Climate-Atmosphere-Land Study (VOCALSREx; see Wood et al. (2010) for a full overview of the campaign). This campaign, which consisted of a range of aircraft, land and ship platforms, with support from remote
sensing instrumentation, intensively sampled the coastal and
remote maritime environment between the North Coast of
Chile (70.33◦ W) and 85◦ W between 19◦ S and 30◦ S. Until
VOCALS-REx, measurement of cloud properties in the SEP
were limited to surface measurements such as those made
during scientific cruises transecting the region (Bretherton et
al., 2004; Kollias et al., 2004; Serpetzoglou et al., 2008; de
Szoeke et al., 2009) and spaceborne remote sensing. Measurement of aerosol and trace gases in the region were hitherto likewise limited to the coastal areas and population centres. The wealth of novel, simultaneous and synergistic measurements of cloud, gas phase and aerosol properties, as
well as oceanographic, MBL and free tropospheric thermodynamics, obtained during VOCALS-REx from a range of
platforms, will allow the first detailed quantitative investigations of the modulation of marine stratocumulus cloud properties by aerosol, MBL and surface processes. Furthermore,
these data will serve to test and inform regional, climate and
cloud-scale modeling parameterizations of this unique environment.
This paper aims to statistically summarise and characterise
the mean state and variability of atmospheric composition of
the SEP region, above and below the stratocumulus cloud
deck – with particular focus on the expected longitudinal gradient in MBL composition from the more polluted coastal
zone to the pristine remote SEP. To achieve this, we will
use selected data collected onboard three aircraft platforms,
a research vessel and two surface sites below and above the
altitude of the synoptic capping inversion (as described in
Sect. 2). We will discuss measurements of carbon monoxide, ozone and sulphur dioxide as qualitative tracers of airmass origin, as well as measurements of the abundance, size
and chemistry of atmospheric aerosol in the sub-micron diameter size range in the context of their ability to act as
cloud condensation nuclei (CCN). These results will be interpreted in conjunction with airmass back trajectories to characterise airmass history. The purpose of such a summary
is to provide a set of composition statistics which are relevant to the prevailing meteorological conditions observed
during VOCALS-REx and which are also typical of the synoptic conditions of the SEP during Austral Spring more generally. In conjunction with Bretherton et al. (2010), which
outlines the thermodynamic and cloud bulk and microphysical variability along 20◦ S from the same dataset as that used
here, these statistics provide a new suite of coordinated measurements of the SEP to serve future chemical and aerosol
process studies and modeling activities; and to help relate
in situ measurements recorded during VOCALS-REx to remote sensing measurements of cloud and aerosol from space.
Atmos. Chem. Phys., 11, 5237–5262, 2011
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Data sources

Aircraft used in this study were based at Arica Airport, flying offshore and to the west over the South East Pacific and
included the United Kingdom (UK) British Aerospace-146
(BAe-146), the United States National Science Foundation
C-130 (NSF C-130) and the United States Department of
Energy Gulfstream-1 (DoE-G1). A list of science flight missions used in this study is included in Table 1. In addition, we
use selected data from the research vessel, Ronald H. Brown
(hereafter referred to as RHB), which cruised from the port
of Arica and out to 85◦ W during the period of aircraft operations, as well as spending significant time anchored alongside
meteorological buoys at 75◦ W and 85◦ W. Further details
about the VOCALS project and all VOCALS-REx platforms
and flight patterns, their configuration and full instrumentation suites can be found in Wood et al. (2010). Aerosol, trace
gas and thermodynamic instrumentation for each VOCALSREx platform appropriate to this study only are listed in Table 2 and will now be described in further detail in this section.
2.1

BAe-146 instrumentation

Instrumentation sampling ambient air inside a converted
passenger cabin was fed by a purpose-built stainless steel
counter-flow virtual impactor (CVI) or Rosemount cockpitmounted inlet – the heated CVI was selected for in-cloud
sampling with the Rosemount selected in clear air. The transmission of super-micron aerosol particles is reduced to 50 %
at 2.5 µm diameter due to losses in the flow stream of the inlet with an assumed transmission of 100 % for sub-micron
particles. Transmission and diffusive losses after the inlet
were calculated using aerodynamic theory outlined by Baron
et al. (1993), and were found to be negligible across the size
range of particles discussed in this work up to the 50 % transmission cut-off diameter of the main inlet (2.5 µm). The gas
phase instruments were fed from a forward-facing inlet on
the main manifold. Typical air speed and aircraft pitch angle
on science runs were around 115 m s−1 and +4.5◦ , respectively.
Thermodynamic, trace gas, aerosol sizing and composition instruments on the BAe-146 and used for this study are
listed in Table 2. A GPS-aided Inertial Navigation (GIN)
system, consisting of an Applanix POS AV 510 system provided attitude, position and aircraft velocity data. A 5hole turbulence probe mounted on the aircraft nose was
used in conjunction with the GIN system to provide 3-D
wind fields and high frequency (32 Hz) turbulence measurements. GPS position and aircraft orientation were sampled
at 50 Hz and recorded at 32 Hz by an Applanix POS AV 510
GPS-aided Inertial Navigation (GIN) unit. Thermodynamic
instruments include a General Eastern GE 1011B Chilled
Mirror Hygrometer measuring dew-point temperature and
a Rosemount/Goodrich type-102 True Air Temperature senAtmos. Chem. Phys., 11, 5237–5262, 2011

sor, which recorded data at 32 Hz using a non de-iced Rosemount 102AL platinum resistance immersion thermometer
mounted outside of the boundary layer of the aircraft near
the nose. The turbulence probe also used measurements from
the GIN and measurements of the ambient air temperature to
correct for kinetic effects.
Carbon Monoxide (CO) was measured by an AL5002 Fast
CO Monitor, described further by Gerbig et al. (1999); and
ozone was recorded by a TECO 49C UV photometer. Concentrations of peroxyacetyl nitrate (PAN) were measured using a two channel gas chromatograph with fused silica capillary columns coupled with electron capture detection. The
use of two channels doubled the frequency of the PAN measurement and provided data every 90 s.
Aerosol particle number size distributions were recorded
in the nominal range from 10 nm to 3 µm particle diameter.
An internally mounted Passive Cavity Aerosol Sizing Probe
(PCASP) Type 100 measured ambient particle number concentrations between 100 nm and 10 µm; however only those
data between 100 nm and 3 µm are included here due to inlet
transmission losses and the focus in this work in the context of CCN which are dominated in terms of number by the
sub-micron component. A purpose-built Scanning Mobility
Particle Sampler (SMPS), described by Wang et al. (1990),
which consisted of a TSI Inc Model 3081 long differential
mobility analyser and a TSI Inc Model 3786 low pressure
water condensation particle counter measured particle diameters between 10 nm to 600 nm. Together, the SMPS and
PCASP measure aerosol in a nominal size range of 10 nm to
3 µm diameter.
An optical particle counter (OPC) aerosol instrumentation
suite was calibrated at regular intervals prior to and throughout the campaign using calibration latex spheres (refractive
index of 1.55+0.00i) of known diameter. Measured aerosol
size spectra were then corrected post-measurement to account for the refractive index of the sampled aerosol. A universal refractive index of 1.4+0.00i was assumed for the
VOCALS-REx dataset, consistent with an average modeled
refractive index derived from the method advised by Tang
and Munkelwitz (1996), for an ammonium sulphate and sulphuric acid mix across the range of sizes and humidities
measured during VOCALS-REx by the AMS and thermodynamic instrumentation. No correction from optical particle
diameter to mobility diameter was applied to the VOCALSREx dataset due to the assumed spherical shape of aerosol
particles.
Cloud Condensation Nucleus (CCN) number was measured by a thermal gradient CCN counter manufactured by
Droplet Measurement Technologies (DMT, Boulder, Co.).
This instrument is a dual column counter with a continuousflow streamwise thermal gradient. The counter on the BAe146 is operated downstream of a constant pressure inlet designed to allow a single stable supersaturation to persist for
the duration of a sortie irrespective of variations in pressure
altitude (see Roberts and Nenes, 2005 for further details).
www.atmos-chem-phys.net/11/5237/2011/
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Table 1. Flight designators for data used in this study. Flights with the prefix “B” define those by the BAe-146, “RF” corresponds to the
NSF C-130 and “G” to the DoE-G1 aircraft.
Platform

Flights

BAe-146
DoE-G1

B408, B409,B410,B411,B412,B414,B417,B419,B420
G081014,G081017,G081018,G081022,G081023,G081025,G081026,G081027,
G081028,G081029,G081101,G081103,G081104,G081106,G081108,
G081109,G081110,G081112,G081113
RF01,RF02,RF03,RF04,RF05,RF06,RF07,RF08,RF09,RF10,RF11,RF12,RF13,RF14

NSF C-130

Table 2. Selected aerosol and trace gas instruments onboard the various platforms considered in this study. Measured particle size ranges (as
sampled particle diameter) are stated where appropriate.
Platform

Instrument

Aerosol size/gas

Technique

Ref/Company

BAe-146

PCASP
SMPS
VACC
AMS
CO
O3
PAN
CCN
CPC

0.1–3.0 µm
15–600 nm
0.1–0.5µm
0.04–0.7 µm
Carbon monoxide
Ozone
Peroxyacetyl nitrate
Cloud Condensation Nuclei
Total (0.01–3.0 µm)

Optical scattering
Differential mobility
Volatility
ToF mass spectrometry
UV Fluorescence
UV absorption
GC-ECD
Thermal super-saturation
Condensation

PMS Inc
Wang et al. (1990)
Brooks et al. (2002)
Jayne et al. (2000)
Aerolaser Inc AL5002
TECO 49C
Whalley et al. (2004)
Roberts and Nenes (2005)
TSI Inc Model 3786

DoE-G1

PCASP
SMPS
CO
O3
SO2
AMS

0.1–3.0 µm
15–600 nm
Carbon monoxide
Ozone
Sulphur dioxide
0.04–0.7 µm

Optical scattering
Differential mobility
UV fluorescence
UV absorption
Pulsed fluorescence
C-TOF mass spectrometry

PMS Inc
Wang et al. (1990)
Resonance Ltd
Thermo Electron Model 49–100
Thermo Electron Model 43S
Jayne et al. (2000)

NSF C-130

O3
SO2
O3
CO
SMPS
LAS-X
AMS
CPC3010
CPC3025

Sulphur dioxide
Ozone
Carbon monoxide
10–150 nm
0.15–10.0 µm
0.04–0.7 µm
Total (0.01–3.0 µm)
Total (0.025–3.0 µm)

UV absorption
APIMS
UV Absorption
UV Fluorescence
Differential mobility
Optical scattering
ToF mass spectrometry
Condensation
Condensation

Thermo Electron Model 49–100
Drexel Univ.
TECO 49 UV
NCAR
Zhang et al. (1995)
PMS Inc
De Carlo et al. (2006)
TSI Inc Model 3010
TSI Inc Model 3025

RHB

AMS
FTIR

0.04–0.7 µm
Chemical functionality

Quadrupole mass spectrometry
FTIR

Bates et al. (2008)
Hawkins et al. (2010a)

Paranal/Paposo

DMPS
Grimm

10–400 nm
0.26–2.2 µm

Differential mobility
Optical scattering

Stockholm Univ.
Grimm Inc Model 3.709

Aerosol composition measurements were recorded by
a Volatile and Aerosol Concentration and Composition
(VACC) system, a Compact Time-Of-Flight Aerodyne
Aerosol Mass Spectrometer (AMS) system and a wet nephelometer. The VACC system allows determination of aerosol
chemical composition by virtue of functional volatility at
characteristic temperatures (see Brooks et al., 2002, for fur-

www.atmos-chem-phys.net/11/5237/2011/

ther details). The VACC system comprises a hybrid PMS
Optical Particle Counter (OPC), derived from a PCASP, preceded by a 500 W, 20 cm long, 6 mm diameter, tube heater.
The aerosol-laden air is continuously sampled through an aspirated Rosemount inlet and a 1 litre plenum chamber and
heated to 800 ◦ C in 90 s. The heater temperature is linearly reduced to cabin temperature under computer control.

Atmos. Chem. Phys., 11, 5237–5262, 2011
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During this thermal cycle (10 min), the hybrid OPC counts
and sizes aerosol particles in the diameter range 0.10–
3.00 µm. In this study, the maximum particle diameter sized
was 0.5 µm due to configuration of the tubing to the OPC in
addition to transmission limitations of the Rosemount inlet,
which has a 3 µm particle diameter upper limit. The volatility
analysis assumes the physico-chemical characteristics of the
sampled particles are constant over the scan period (Brooks
et al., 2007).
Aerosol Mass Spectrometer (AMS) instruments (described by Jayne et al., 2000 and Drewnick et al., 2005) use
mass spectrometry to determine the chemical functionality of
ionized fragments and retrieves the mass loading of the nonrefractory, non sea-salt chemical component of sub-micron
diameter aerosol, with a 30 s integration time in the case of
the BAe-146. The AMS instrument employs thermal desorption, a 70 eV electron ionisation, and an orthogonal extraction reflection time-of-flight mass spectrometer (Tofwerk
model C-TOF, Thun, Switzerland). Data were processed and
quality assured using the procedures described by Jimenez
et al. (2003) and Allan et al. (2003, 2004a), and employed
in conjunction with the pressure-dependent calibrations and
corrections described by Crosier et al. (2007), needed for
aircraft operation. Mass concentrations are reported for the
AMS in the following section for the total organic, sulphate
and ammonium components in the aerosol. Nitrate composition is not reported here as concentrations were not recorded
above the limit of detection of the instrument (0.05 µg m−3 ).
Component mass size distributions from the AMS could not
be derived here with sufficient confidence (signal to noise
greater than 1.5) due to the relatively clean environment
sampled throughout the majority of VOCALS-REx flights.
A collection efficiency of 1 was used for all AMS measurements in this study due to both the acidic nature of the aerosol
sampled and the overall low loadings of ammonium aerosol,
in-line with recommendations by Matthew et al. (2008), and
Crosier et al. (2007). This collection efficiency is also consistent with measurements and analysis recorded onboard the
RHB, which compared data from ion chromatography with
AMS sulphate concentrations (Hawkins et al., 2010a).
A dry and wet nephelometer system onboard the BAe-146
comprises two separate instruments operating in series – the
first measures sample aerosol in a dry condition. The system
does not use an active drying method, rather it relies on inlet
ram heating and the increase in temperature in the cabin to
reduce the humidity in the sample. This is usually sufficient
to obtain “dry” Relative Humidity (RH) values in the range
of 20 to 40 %. The aerosol sample is then passed through
a controlled humidifier, which cycles between a 40 to 90 %
RH range prior to being sampled by the second instrument
in order to measure the scattering coefficient as a function
of RH. This allows derivation of the hygroscopic scattering
enhancement, f (RH), to be determined.

Atmos. Chem. Phys., 11, 5237–5262, 2011

2.2

NSF C-130 instrumentation

This section discusses selected instrumentation on the NSF
C-130 used for subsequent analysis in this study. The aerosol
inlet used on the NSF C-130 was modeled after the UH inlet described in McNaughton et al. (2007) and the solid diffuser inlet in Huebert et al. (2004). Passing efficiency exceeds 50 % for dust particles up to at least 5 µm. Efficiencies
for ambient seasalt (i.e., liquid) particles are not well known,
but the passing efficiency is sufficient to capture much of the
super-µm scattering, so the 50 % size cut is > 2 µm.
The NSF C-130 aircraft aerosol data discussed here includes measurements of number, size, composition, and optical properties. Total aerosol number concentrations down
to 3 nm diameter were measured at 1 Hz with an ultrafine
CPC (TSI 3025) and sizes down to 10 nm with two other
CPCs (TSI 3010) operated at 40 ◦ C and 350 ◦ C. The CPC at
350 ◦ C reveals the non-volatile number concentration to provide a rapid indication of air mass character also linked to the
larger and less volatile sizes commonly effective as CCN in
stratus clouds (Clarke and Kapustin, 2010).
Submicron aerosol size distributions between 0.01 and
0.15 µm were measured with an SMPS, described by Zhang
et al. (1995) that combined custom electronics with a TSI
Model 3081 long differential mobility analyzer and a TSI
Model 3010 CPC. Excess air was recycled as sheath air in
a closed loop that included a Drierite™ (CaSO4 ) desiccant
that kept relative humidity below 20 % so mobility size is regarded here as dry diameter. Both the CPC on the SMPS
and another used for monitoring total particle concentrations
were operated with the temperature difference increased to
22 ◦ C to achieve a detection limit near 10 nm. Aerosol size
distributions were further obtained using a custom laser optical particle counter (OPC, a modified LAS-X, Particle Measurement Systems, Boulder, Colorado). Optically effective
size (OES) distributions were obtained between diameters of
0.1 and 10 µm based on spherical calibration particles with
a refractive index of 1.588 up to 2 µm and 1.54 above that.
Submicron non-refractory aerosol composition was measured with an Aerodyne Inc. High-Resolution Time-of-flight
Aerosol Mass Spectrometer (HR-ToF-AMS, De Carlo et al.,
2006) with a nominal 600 ◦ C vaporizer and 70 eV ionizer. To
keep flow into the AMS constant, a chamber was mounted
immediately upstream of the inlet and maintained at 700 hPa
with a pressure controller (Alicat Inc., Tucson AZ) except
at altitudes above that pressure, when the chamber was lowered to 300 hPa. The data reported here used V-mode (high
sensitivity) and were processed with the procedures of Allan et al. (2003, 2004a) and Aiken et al. (2008). Data with
a collection efficiency of unity were used for this analysis
for consistency with AMS measurements on other platforms
(see Sect. 2.1). We note that AMS collection efficiencies less
than unity were considered by Hawkins et al. (2010a) onboard the RHB for organic aerosols, whilst also noting that
organic aerosol sources in the FT and elsewhere may have
www.atmos-chem-phys.net/11/5237/2011/
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alternative sources to those sampled at the sea surface. For
that reason, we maintain a collection efficiency of unity for
all aircraft AMS measurements.
2.3

DoE-G1 instrumentation

The CO concentration was determined by VUV resonance
fluorescence using an instrument manufactured by Resonance Ltd., Barrie, ON, Canada. Ozone was measured by
a modified UV absorption detector (Model 49–100, Thermo
Electron Corporation, Franklin, MA). Measurements of SO2
from a modified pulsed fluorescence detector (Model 43S,
Thermo Electron Corporation, Franklin, MA), were typically
below a 200 pptv limit of detection. Further information on
gas phase instruments used in VOCALS can be found in
Springston et al. (2005) and Kleinman et al. (2007). Two
PCASPs, one on a nose pylon and one inside the cabin, measured particles between a nominal size range of 0.1 and 3 µm.
Particle size bins were adjusted for a refractive index of 1.41.
Deicing heaters were used for both. Size distributions of
aerosol particles in the Aitken and accumulation mode were
quantified with one-minute time resolution using an SMPS
(scanning mobility particle sizer) consisting of a cylindrical differential mobility analyzer (DMA) and a condensation
particle counter. It is assumed that particles are spherical so
that mobility and geometric diameters are equal. Data were
analyzed using the inversion algorithms described by Collins
et al. (2002). A Nafion dryer upwind of the DMA reduced
relative humidity to 14 % (1σ = 2 %). A global normalization procedure to match SMPS and PCASP number concentration, especially at the low end of the overlap region where
the PCASP efficiency decreases is described by Kleinman
(2010).
2.4

Surface site instrumentation

Surface aerosol measurements were carried out at the
European Southern Observatory at Paranal (2635 m a.s.l.,
24.75◦ S, 70.4◦ W), 150 km south of Antofogasta in Northern Chile; and at Paposo (690 m a.s.l.), located to the south
of the 20◦ S study region at 25.04◦ S, 70.45◦ W. Instrumentation at Paranal was installed on the windward edge of the
top of the mountain telescope platform, free from local pollution and perturbations. Sample air was brought to the instrumentation via 1/400 stainless-steel inlet. Total aerosol number
concentration greater than 10 nm diameter was measured using a condensation particle counter (CPC) model TSI 3010.
The aerosol size distribution between 10 and 400 nm was
measured with a closed-loop sheath air Differential Mobility Particle Sizer (DMPS) operated in stepwise mode utilising 15 bins, with a 20 s integration time for each bin, thus
recording a size distribution every 300 s. Counting-statistics
uncertainties are smaller than 5 %. The aerosol size distribution between 260 and 2200 nm was observed with an optical
particle counter (OPC) GRIMM, model 3.709, which sized
www.atmos-chem-phys.net/11/5237/2011/
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the particles in 12 bins at 1 Hz, recording 1-min averages.
For a composite aerosol size distribution covering size range
from 10 to 2200 nm, OPC data were averaged and merged
with the DMPS-derived size distribution. The first bin of the
OPC data was removed due to problems with instrumental
electronic noise. Further details of the instrumentation at Paposo is describe in Wood et al. (2010).
2.5

Ronald H Brown instrumentation

On the RHB, submicron particles were sampled through an
isokinetic inlet located above the laboratory containers on the
forward deck of the ship and approximately 18 m a.s.l. and
delivered to the containers and instruments therein (Bates et
al., 2008). An Aerodyne Quadrupole Aerosol Mass Spectrometer (Q-AMS) measured bulk, non-refractory submicron aerosol chemical composition and component-specific
size distributions in real time. Quantified chemical components included sulphate, nitrate, ammonium and organic
mass. Concurrently, particulate samples were collected by
multistage impactors; these were analyzed for sulphate and
ammonium by ion chromatography and for organic mass by
Fourier transform infrared spectroscopy and were used to establish the collection efficiency of the Q-AMS. For details
of other aerosol instrumentation on the RHB, which were
not used for data analysis in the study, see Hawkins et al.
(2010a).
2.6

Data quality

Extensive pre-campaign and pre-flight calibrations and tests
were carried out on all platforms to ensure optimal instrument performance, including, a dedicated test flights to examine and rectify potential problems before scientific measurement. The quality of the dataset used here has also been
tested rigorously in the post-campaign period by comparing
data between similar instruments operated both on the same
platform and across platforms to ensure consistency. The
nature of such tests was three-fold: firstly, where available,
common instrumentation was compared for each platform to
ensure internal consistency; secondly, instruments on different aircraft were compared for six 10-min trailing intercomparison straight and level runs made by each aircraft below,
in and above cloud level on two occasions during the campaign; and thirdly, the data were compared statistically over
the whole campaign in common locations to examine any
potential systematic biases between the instruments. Further
details of the dedicated aircraft intercomparison exercise can
be found in Table 11 of Wood et al. (2010).
2.6.1

Thermodynamic data quality

Thermodynamic and wind measurements from equivalent instruments (see Table 2) were compared between the NSF C130, DoE-G1 and BAe-146 aircraft for 10-min trailing intercomparison runs. Mean quantities were found to agree
Atmos. Chem. Phys., 11, 5237–5262, 2011
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within 0.1 K, 0.3 hPa and 0.2 m s−1 on average in the case of
temperature, pressure and horizontal wind velocity, respectively; and in all cases, agree well within the sampling variability (sampled means for each instrument are all within 1standard-deviation of sampled atmospheric variability).
2.6.2

Trace gas data quality

Mean concentrations of carbon monoxide and ozone were
calculated for trailing intercomparison 10-min runs and were
found to differ by less than 1.5 ppbv between the three aircraft, which is well within the quoted precision of the instruments and also within one standard deviation (5 ppbv) of the
total sample mean for each intercomparison run. Therefore
we quote an upper limit of 1.5 ppbv as the uncertainty on the
CO data used in this study. An equivalent comparison for
ozone showed maximum differences to be less than 4 ppbv.
2.6.3

Aerosol data quality and interpretation

The multiplicity of aerosol sizing spectrometer instruments
both on each platform and between platforms in VOCALSREx allows good confidence in the accuracy of quantitative
data and the statistical significance of the sampling.
Aerosol sizing instruments were validated by comparing
the integrated aerosol volume in mutually overlapping size
measurement channels as measured by different instruments.
A similar analysis for equivalent instruments listed in Table 2
was performed for all platforms.
Aerosol spectra from each instrument were corrected to
dry size using the derived sample relative humidity recorded
near the sample point of each instrument together with modeled aerosol growth factors calculated for ammonium bisulphate with organics in proportions indicated by AMS measurements using the Aerosol Diameter Dependent Equilibrium Model (ADDEM) described by Topping et al. (2005).
This model uses a thermodynamic modeling framework
to predict the equilibrium behaviour of multi-component
aerosols, coupled with a technique for finding a solution to
the Kohler equation in order to create a diameter dependent
hygroscopic aerosol growth factor. Correcting all size spectra to their equivalent dry size in this manner allows direct intercomparison of measurements and also facilitates the subsequent calculation of cloud droplet activation and growth
under varying ambient conditions.
Following the above correction, aerosol size spectra were
intercompared to check for consistency. The integrated volume of aerosol measured between 10 nm and 700 nm is comparable to the measured AMS particulate, assuming a density
of 1.65 g cm−3 . Average ratios of this aerosol size spectrum
integrated volume to the AMS-derived volume were in the
range 1.1 to 1.5, lending confidence to the data. The reason
for the positive bias is most likely due to the insensitivity of
the AMS to refractory aerosol such as sea salt which is expected in this marine environment.
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Data from all aerosol spectrometer instruments were also
compared between platforms during dedicated intercomparison trailing runs as described earlier, to look for systematic
bias and to understand sampling variability. No significant
systematic biases between the four aircraft were observed
and independent mean quantities over each intercomparison
run were all within one standard deviation of the total sample
and therefore indistinguishable from the sampled variability.

3

Data sampling

A 20◦ S flight pattern, discussed further in Wood et al. (2010)
was designed to create a vertical cross-section of the boundary layer, cloud and lower free-tropospheric structure. It included a sequence of above-cloud legs at 100–300 m above
the capping inversion, in-cloud legs flown near the middle of
the stratocumulus layer (or slightly under the inversion in the
absence of stratocumulus), and sub-cloud legs flown at various levels between 40 and 60 km long, typically interspersed
with a deep profile to 3 km altitude after every other repetition of the leg. Each mission began with a take-off from
Arica Airport and a transit at low altitude to a point at 72◦ W,
20◦ S (designated Point Alpha) before beginning the above
sequence whilst flying due west along 20◦ S for as far as aircraft endurance allows. In the case of the NSF C-130, such
endurance was typically around 9 h allowing sampling to
86◦ W, reducing to 80◦ W for the 5-h endurance of the BAe146, and 78◦ W for the 4-h endurance of the DoE-G1.
VOCALS-REx flights used in this analysis are listed in
Table 1 with flight tracks from the corresponding flights
for each platform plotted in Fig. 1, showing a verticallongitudinal cross-section curtain of flight tracks for each
platform along the 20◦ S parallel. Four NSF C-130 flights
(RF03, 04, 05, 10) and six BAe-146 flights (B408, 410, 412,
414, 417, 420) were fully dedicated to the 20◦ S pattern. In
addition, the 20◦ S pattern was flown on portions of other
flights on transits to or back from different mission types, e.g.
intercomparison over-flights of the RHB. The four dedicated
NSF C-130 20◦ S flights sampled from 06:00–15:00 UTC; in
the sampling region, sunrise was around 11:00 UTC so the
outbound legs were entirely nocturnal, while the return legs
sampled the initial morning evolution of the boundary layer.
The NSF C-130 flights RF02,13 and 14 sampled along 20◦ S
from 13:00 to 16:00 UTC. The BAe-146 and DoE-G1 flights
typically spanned the range 08:30–12:30 UTC. In total, over
140 h of flight sampling time are considered in this study.
Due to the nature of the flights, the near-coast MBL environment (east of 75◦ W) at 20◦ S was extensively sampled
as shown in Fig. 1, during both the pre-dawn and late morning. Further offshore the sampling was weighted to around
12:00 UTC (post-dawn), with three flights providing midday
coverage. Sampling of the free troposphere was less prescriptive than that of the MBL and consisted of several sawtooth profiles during the 20◦ S pattern in addition to climbs
www.atmos-chem-phys.net/11/5237/2011/
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and descents made between the MBL and high level transit
altitudes. Whilst noting that the sampling along the 20◦ S
flight pattern is biased to the local early- and -mid-morning
hours, we also note that significant systematic diurnal variation in the composition of the aerosol and trace gases studied in this work is not expected. We conclude this based on
rapid vertical mixing times throughout the diurnal cycle in
the MBL (1 h) and the slow loss/production rates of aerosol,
CO and ozone in both the MBL and the FT, when compared
to the diurnal cycle. Carbon monoxide can be considered to
be effectively inert over a 24-hour period with lifetimes of
the order of several weeks, whilst typical ozone FT photochemical production and MBL surface deposition rates are
expected to be between 1–2 ppbv day−1 for both processes
(Monks et al., 2000; Thompson and Lenschow, 1984), which
is well within the interquartile range of the sampled variability at all longitudes along 20◦ S (see Sect. 4.2). Differences
in aerosol growth rates and uptake as CCN are also expected
to be largely unaffected by the diurnal cycle in the stratocumulus regime of the SEP and are neglected here. As a test of
this assumption, a comparison between data from an evening
flight (B409; conducted between 16:00 and 22:30 on 27 October 2008) and B408 (conducted between 07:00 and 13:00
on the previous day) was performed to examine the potential
for systematic bias between morning and evening sampling.
The differences observed in terms of composition of aerosol
and trace gases were less than the interquartile range of sampling seen across all flights allowing us to conclude that diurnal variability in composition of the trace gases and aerosol
considered here are expected to be less than the background
variability due to other processes.
In summary, the range of 20◦ S flights conducted during
the campaign are weighted toward greater sampling of the
MBL with a generally reducing sample time with distance
offshore due to the differing endurance of the three aircraft.
Furthermore, diurnal variability is expected to be less than
the interquartile range of sampling variability across the campaign as a whole.
3.1

Data statistics

To provide a statistical summary that is concomitant with
thermodynamic properties discussed by Bretherton et al.
(2010), we extract only those data recorded within 1-degree
of latitude north and south of the 20◦ S parallel for a period between 16 October 2008 and 15 November 2008. The
statistical dataset of atmospheric composition presented in
the following section was carefully merged to provide consistently sampled data from all platforms. To represent
the MBL to this end, only those data obtained at less than
1200 m altitude or below cloud (whichever was lower) were
used, to ensure data were not subject to potential artefacts
of cloud-contamination such as droplet shattering and that
all data were below the altitude of the capping inversion,
which was observed not to exceed this altitude. Data were
www.atmos-chem-phys.net/11/5237/2011/
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screened for the presence of cloud, using a threshold in
measured liquid water content (LWC) of 0.05 g kg−1 and
were further screened for drizzle using a cut-off threshold of
5 droplets cm−3 as measured at sizes greater than 30 µm. For
the BAe-146 and NSF C-130, LWC was calculated from data
recorded by a Droplet Measurement Technologies (DMT)
Cloud Droplet Probe (CDP) and from a DMT Cloud Aerosol
Particle Spectrometer (CAPS) in the case of the DoE-G1.
Similarly, to represent a free tropospheric layer close to
cloud-top (hereafter referred to as the FT), only those data
between 1700 m and 3200 m were extracted and the same
cloud-screening test applied, though no clouds were flagged
in this vertical layer.
All data were then gridded into seven bins of 2.5-degree
longitude width between 68.75◦ W and 86.25◦ W. For each
of these bins, a set of mean, median, upper and lower quartile
and decile values were calculated for each variable. Gridded
data were then weighted according to their total sampling
time and merged with data from other platforms to provide
a dataset representative of the mean state and natural variability sampled by all platforms along the 20◦ S parallel. Furthermore, for the purposes of providing representative statistical aerosol size spectra in contrasting compositional regimes,
size distributions are provided in three longitudinal zones for
both the MBL and FT: a coastal zone (to the east of 75◦ W),
a transitional zone (between 75◦ W and 80◦ W) and a remote
zone (to the west of 80◦ W).

4

Results

In this section we investigate the airmass history of air sampled along 20◦ S both in the FT and in the MBL before interpreting the measured composition in this context.
4.1

Atmospheric transport

The SEP region is dynamically complex, particularly in the
near-coastal area where turbulent processes such as diurnal
pumping of the High Andes surface layer are coupled to
synoptic-scale coastal dynamics (e.g., Rahn and Garreaud,
2010b). The MBL of the SEP region is dynamically linked
to the FT though entrainment of subsiding air in the subtropical anticyclone. In the near-coastal area, the dynamics is coupled with non-balanced diurnal circulations of the
mountain-breeze systems on the slopes of the Andes (Rahn
and Garreaud, 2010b; Toniazzo et al., 2011). These result in
frequent outflows of continental PBL air into the FT above
the MBL.
The variable character of the synoptic meteorology during
the VOCALS-REx campaign as described by Rahn and Garreaud (2010a,b); Toniazzo et al. (2011) imply different mean
geographical distributions of the origins of the air-masses
in the area of observation before and after the beginning of
November. Between 15 October 2008 and 31 October 2008
Atmos. Chem. Phys., 11, 5237–5262, 2011
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Fig. 2. Ten-day free tropospheric backward airmass trajectories ending at 850 hPa along 20◦ S initiated at 0.5 degree intervals between
70.5◦ W and 90◦ W at 00:00 UTC on 18 October 2008 (top) and 6 November 2008 (bottom). Left panels are colour-coded for longitudinal
whilst
righttropospheric
panels are colour-coded
for pressure
along each
trajectory.
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of the domain between 90◦ W to 70◦ W, 40◦ S to
sented here were driven using 3-D thermodynamic fields pro10◦ S (Toniazzo et al., 2011). In the boundary layer, the flow
was south-easterly near the coast, veering easterly offshore,
as is typical of the regional climatology. In contrast, between
2 November 2008 and 17 November 2008 (defined here as
Period 2), a more quiescent STJ was observed aloft, with
boundary layer circulation remaining typical of the regional
climatology near the coast. Offshore, however, the winds
were more southerly than in late October 2008, indicating
a longer marine residence time and reduced transport of pol55
luted coastal air offshore at 20◦ S. Air-mass subsidence in
the FT over the region is fairly steady, with a larger contribution from tropical (and possibly South American) origins
compared to late October 2008 (Toniazzo et al., 2011).
To better understand this potential difference in airmass
origin and hence pollution sources, 10-day back trajectories
were calculated daily in both the FT and the MBL. For back
trajectory analysis, the MBL and FT must be treated separately and with different methods. In the FT, subsiding
air and the absence of convective activity imply low rates
of turbulent dispersion and a good accuracy of back trajectories calculated from resolved-scale motions in reanalysis
wind-fields, thus allowing the investigation of long-range and
long-term airmass history. By contrast, in the MBL, turbulent dispersion is large and the laminar wind-fields do not
represent the displacements of Lagrangean air-parcels, especially in the vertical. For these reasons, we model 10-day
Atmos. Chem. Phys., 11, 5237–5262, 2011

duced by the European Centre for Medium Range Weather
Forecasting (ECMWF) operational analysis Integrated Forecasting System (IFS Cycle 29r2) on a 1.125 × 1.125 geospatial grid on 91 hybrid model levels. We choose these time
constraints to limit the uncertainty in airmass origin beyond
these times as assessed by ensemble analyses – trajectories
typically diverge by more than two degrees of latitude or longitude beyond these times with model level perturbations in
trajectory endpoint thermodynamic properties. Furthermore,
the choice of isobaric transport in the MBL allows qualitative determination of mean airmass advection in the mean
MBL flow. Comparison of ECMWF and NCEP reanalysis
wind fields with horizontal winds measured by the NSF C130 and BAe-146 and presented in Bretherton et al. (2010),
show excellent agreement and confidence in the use of such
trajectories in the MBL.
However, in choosing these different trajectory methods
for each atmospheric layer we must note that entrainment
and diabatic processes can be discussed only qualitatively.
A process study of such entrainment processes and their impacts on the climate of the SEP are discussed in work by
Clarke and Kapustin (2010).
Figure 2 shows a sample of free tropospheric 10-day
back trajectories initiated at half-degree intervals of longitude along 20◦ S between 70.5◦ W and 90◦ W for two sample
days. This sample illustrates the typical and general synoptic
www.atmos-chem-phys.net/11/5237/2011/
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flow regime observed in all trajectories within each of the
two meteorological periods identified above. In general, we
observe that FT air sampled along 20◦ S always originates
in the Southern Hemisphere, with coastal airmasses, seen as
redder shades to the east of 74◦ W in the left panels of Fig. 2,
having been advected long-range and eastward across the Pacific in the southern STJ within the previous few days before
rapidly descending near the coast of South America and advecting northward near and parallel to the Chilean coastline.
Such descent is further illustrated in the right panels of Fig. 2
which show yellow and red colouring at atmospheric presa)
b)
sures consistent with residence below cloud-base. On 18 October 2008 (top panels of the figure), we see that air arriving
at 20◦ S is always subject to recent rapid descent and and
generally from the east with the exception of coastal trajectories to the east of 74◦ W, which show advection along the
Chilean coast at low level (below 900 hPa) over the previous 3 days. Further offshore, between 74◦ W and 80◦ W, we
see trajectories that also reflect long-range eastward transport in the STJ followed by descent and advection parallel to
the coastline. However, these trajectories remain more than
200 km offshore. In contrast, airmasses in the remote SEP
c)
d)
(west of 80◦ W) do not show any contact with the coast and
instead descend along an eastward trajectory. On 6 NovemFig. 3. MODIS-derived
firedefine
mapsdetected
(red pixels
define for:
detected
fire
Fig. 3. MODIS-derived
fire maps (red pixels
fire locations)
a) South
America over
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56
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in contrast to 18 October 2008, coastal trajectories (east
of2008. 5 November 2008; (c) South America over the period 6 Novem74◦ W) display advection near to the surface but along the
ber 2008–15 November 2008; (d) South America over the period
Peruvian coast to the north. In summary, this sample of FT
6 November 2008–15 November 2008.
trajectories demonstrates a complex vertical interleaving of
airmasses from potentially diverse sources, with long-range
and northern Australia. From this, we may expect to observe
upper tropospheric transport from the east dominating to the
◦
influences of biomass burning in those trajectories that pass
west of 74 W, yet with both long-range transport and lower
over western Australia prior to being sampled in the SEP belevel advection from South American coastal regions to the
◦
tween 15 October 2008 and 1 November 2008.
north and south of 20 S nearer to the coast. This suggests
In contrast to the FT, Fig. 4 shows isobaric trajectories inilocal coastally dominated pollutant sources for FT airmasses
tiated daily at 950 hPa, representing mean MBL flow within
to the east of 74◦ W and more diverse pollutant mixes from
a variety of long-range sources to the west of 74◦ W. In both
each period. Daily trajectories are initiated at 72◦ W, 76◦ W
and 85◦ W to illustrate the divergence of airmass origins in
cases, polluted airmasses can be expected to be constrained
the MBL with distance offshore. The MBL trajectory clusto a number of different isolated layers stacked in the vertiters originating at each longitude display no significant dical. This is consistent with stable descending airmasses over
vergence across the period of VOCALS-REx and display the
the SEP expected in the descending branch of the Walker cirsame overall pattern throughout. Coastal zone trajectories
culation, which acts to limit mixing between layers.
(those initiated at 72◦ W) are seen to consistently pass over
To investigate the nature of sources corresponding to these
the continental and coastal landmass, terminating on contact
trajectories, fire locations over South America and Australawith the high Andes terrain. Those initiated further offshore
sia derived from the Moderate Resolution Imaging Spec(at 76◦ W) demonstrate that land contact is made only in
trometer (MODIS) over the period of VOCALS-REx are
some trajectories, whilst those in the remote zone (85◦ W)
shown in Fig. 3. Figur 3a, b show the period 27 October 2008
to 5 November 2008 and Fig. 3c, d show the period 6 Novemhave not passed over land in at least the past five days. The
ber 2008 to 15 November 2008 for each location, respecconsistency in MBL flow across the campaign in the coastal
tively. From Fig. 3 we can see that there were very few
region seen in Fig. 4 suggests that sampled variability in
active fire sources along the South American western coastMBL composition is due to a lesser extent to variability in
line for the period of VOCALS-REx, whilst biomass burnthe direction of MBL flow and rather more by variability in
ing was prevalent throughout the Amazon basin. Furtherthe emission strength of point sources (e.g., cities and inmore, biomass burning is consistently evident over western
dustrial plants) common to all periods in addition to variable
www.atmos-chem-phys.net/11/5237/2011/
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zone (70◦ W to 75◦ W); a transition zone (75◦ W to 80◦ W);
and a remote zone (80◦ W to 85◦ W). We shall use these
zones to distinguish contrasting composition properties in the
following discussion.
To investigate the potential modulation of atmospheric
composition due to subtle changes in the large-scale flow
regime as a result of synoptic meteorological variability during VOCALS-REx, composition statistics for CO, SO2 and
O3 were prepared in the manner described in Sect. 3 within
the two contrasting meteorological periods described above.
This analysis (not shown here) did not yield significant systematic differences in composition statistics at all longitudes
along 20◦ S between the two meteorological periods, with
differences in median concentrations being well within the
minimum interquartile range of the sample calculated within
either period. Furthermore, no evidence of a consistent and
systematic bias as a function of longitude was observed.
This suggests that variability in atmospheric composition for
the gases and aerosol discussed in this study is not significantly correlated with observed low-frequency variability in
the large-scale flow pattern (as seen during VOCALS-REx).
For this reason, campaign statistics are compiled over the entire VOCALS-REx period. This is to say that the campaignaveraged statistics of the type presented in this work are
broadly self-consistent for the longitudinal zones defined
here and are relevant to regional studies. However, we note
that localised variability in composition due to localised but
significant changes in local-scale meteorology may indeed be
relevant to future focussed case studies which are localised in
space and time.
4.2

Fig. 4. Five-day isobaric (950 hPa) boundary layer airmass backward trajectories initiated at 72◦ W, 76◦ W and 85◦ W as greyscaled, initiated daily at 00:00 UTC throughout 15–31 October and
1–15 November, respectively. Trajectories terminate on surface
contact.

influences associated with higher variability of FT airmasses
and the potential entrainment of episodically polluted air into
the MBL from above; a topic discussed further by Clarke and
Kapustin (2010). The transition region, by its very location,
straddles the coastally dominated MBL and the remote region dominated by long-range transport and pristine marine
sources and as such represents a natural mixing zone between
these two contrasting regimes. This conclusion for the transition region between 75◦ W 80◦ W is consistent with variability in measurements of radon (a land tracer) reported by
Hawkins et al. (2010a).
As discussed in Sect. 3, to distinguish between the broad
airmass history regimes with distance offshore in the following analysis, we define three longitudinal zones: a coastal
Atmos. Chem. Phys., 11, 5237–5262, 2011

CO, O3 and SO2

In conjunction with other pollutants, CO can also be used
to differentiate airmass origin and as an indicator of typical
background states for the SEP environment. Ozone, unlike
CO, is a relatively short-lived (1 week) species, with production and loss rates being highly dependent on the local chemical environment. Carbon monoxide is a relatively long-lived
(2 months in the troposphere) tracer of many land-based
combustion sources (e.g., Staudt et al., 2001). It is a predominant combustion marker of both fresh and aged biomass
burning and urban plumes and is typically well-correlated
with aerosol number concentration due to their often mutual
combustion sources (e.g., Allen et al., 2007). In conjunction with ozone concentration and aerosol composition such
as that afforded here, CO can also be used to differentiate
source-type and relative age of polluted airmasses. Sulphur
dioxide is a product of oxidation of many forms of atmospheric sulphur, both biogenic and anthropogenic. Sources
of sulphur in the SEP region are many, with volcanic activity in the Andes leading to a direct injection of SO2 into
the free troposphere (Loyola et al., 2008), as well as strong
emissions from extensive smelting industry throughout Chile
and Peru (Carn et al., 2007). Biogenic sources include the
www.atmos-chem-phys.net/11/5237/2011/
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ozone-mediated oxidation of dimethyl sulphide emitted from
the sea-surface layer (e.g., Norman and Wadleigh, 2007).
Longitudinally-gridded concentration statistics derived as
described in Sect. 3 for carbon monoxide, ozone and sulphur dioxide in the MBL and FT along 20◦ S are plotted in
Fig. 5, with sampling times and diagnostics given above each
longitude grid. Figure 5 shows a clear longitudinal gradient
in mean CO concentration in the MBL, decreasing with distance from the South American Coast. The highest mean
concentrations of CO in the MBL were seen to be 74 ppbv at
70◦ W with upper and lower deciles extending to 80 ppbv and
68 ppbv, respectively and an inter-quartile range of 6.4 ppbv.
The inter-quartile range is similar to the difference between
the quartiles and deciles, with near equal median and mean
concentrations, reflecting a near Gaussian distribution of CO
concentration in the MBL. To the west of 76◦ W, CO falls to
a near constant mean background of 63 ppbv and associated
variability in this more remote marine environment is also
reduced with an inter-decile range of 4 ppbv and and interquartile range of 2 ppbv at 84◦ W, although we must note the
reduced sampling time (1 h) of the remotest zone compared
with the near-coast (up to 19 h). In the transition zone between 75◦ W and 80◦ W we observe a shallower gradient in
the mean CO concentration and variability between the more
variable coast and more constrained remote SEP, with interdecile range of between 6 ppbv and 10 ppbv.
In contrast to the MBL, the story in the FT is very different: mean CO concentrations are significantly higher at
between 70 and 80 ppbv at all longitudes. Also, variability is much higher, with inter-decile ranges of up to 28 ppbv
and inter-quartile ranges in excess of 10 ppbv. There is evidence for a decreasing gradient from the coast out to the
edge of the transition zone, followed by a slight elevation to
the west of 80◦ W, though we must again note the poor sampling in the remote FT zone (1.3 h over 2 flights). The higher
mean concentration and variability in the FT compared to
the MBL supports the general back trajectory analysis that
the FT is highly variable in terms of airmass origin and may
frequently carry CO from long-range sources in Australasia.
Furthermore, FT ozone was often observed to be correlated
with peroxyacetyl nitrate concentrations measured onboard
the BAe-146 (not shown here), consistent with long-range,
high altitude transport of pollutants from long-range emission sources
From the MBL gradient in CO concentration, it is possible
to conclude that the coastal zone is characterised by dynamical contact with the continent and its combustion sources
as suggested from trajectory analysis. Similarly, the greater
variability in CO in the MBL near the coast is expected to reflect the variability in the emission strength of such sources.
The more constant remote concentrations indicate the absence of sources and defines a consistent marine background
concentration for the VOCALS-REx campaign.
Ozone (see Fig. 5) concentrations were consistently low
in the MBL at around 27 ± 5 ppbv in comparison to northern
www.atmos-chem-phys.net/11/5237/2011/
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Fig. 5. Sulphur dioxide (top panels), ozone (centre panels) and carbon monoxide (lower panels) concentration statistics in the MBL
(left panels) and the FT (right panels) gridded into 2.5 degree longitudinal zones along the 20◦ South parallel averaged from aircraft
measurements during VOCALS-REx. For each zone, thick centre
lines indicate the median, dashed lines indicate the mean, boxes
indicate upper and lower quartiles with upper and lower decile
whiskers. Plotted above each longitude zone and for each panel,
numbers before the comma indicate number of flights contributing
to each statistic, followed by the number of straight and level runs,
with the total sampling time in decimal hours in parentheses.
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gitudes, but there are clear extremes in the deciles near
the coast, extending up to 140 pptv. Medians are negatively skewed with respect to mean concentrations suggesting a non-gaussian concentration distribution with occasional
episodes of high concentrations. In the free troposphere, sulphur dioxide concentrations in the remote zone are similar
to those in the MBL, however the coastal FT environment is
observed to be more frequently polluted.
To further characterise the relevance of these pollution
episodes, we present probability density functions of gas
concentrations in Fig. 6. Gas concentrations are gridded for
frequency analysis into 2 ppbv, 4 ppbv and 5 pptv bins for
CO, O3 and SO2 , respectively and divided into 5-degree longitude zones representing the coast, transition and remote regions as described earlier and further sub-divided into MBL
and FT components. Total sampling times are included in
each panel of Fig. 6. In the case of CO in the MBL (Fig. 6a),
we see a long tail feature in the distribution extending up to
100 ppbv, which is absent in the transition and remote zones.
In the FT (Fig. 6b), a long tail in the CO distribution is noted
in all zones, however we note an apparent bi-modality in the
coastal zone with peaks at 58 ppbv and 80 ppbv. The long
tail feature seen in CO in the MBL near the coast is conFig. 6. carbon
All-aircraft
carbon
monoxide
panels),
ozone
(centre
Fig. 6. All-aircraft
monoxide
(top panels),
ozone (top
(centre
panels) and
sulphur
dioxide (lower
panels) concentration
probability
functions
gridded
into concentration
longitudinal zonesprobabil(colour-coded assistent
inwith dynamical contact with continental combustion
panels) and
sulphurdensity
dioxide
(lower
panels)
dicated) along
20◦ S, in the
MBL (left
panels) and
the
FT (right panels).
Total
sampling time in hours is
ity density
functions
gridded
into59
longitudinal
zones
(colour-coded
sources.
Ozone PDFs in the MBL show little longitudinal
plotted in each panel for each zone. See
text for further details.
as indicated) along 20◦ S, in the MBL (left panels) and the FT (right
structure, as noted in Fig. 5, with a peak MBL background of
panels). Total sampling time in hours is plotted in each panel for
between 25–30 ppbv. However, there is evidence for struceach zone. Note that sampling time for sulphur dioxide is equal to
ture in FT ozone, with modal peaks at 24 and 34 ppbv near
that stated for ozone. See text for further details.
the coast and peaks only at 34 ppbv in the transition and
remote regions. This could suggest that we are observing
uplift of MBL ozone-poor air (which is typically lower in
hemispheric background concentrations (e.g., 20–45 ppbv in
concentration) into the FT near the coast, which is consisthe Central US, Fiore et al., 2002) and of similar concentent with the hypothesis of up-slope pumping and outflow
tration to other southern hemispheric MBL environments
above cloud top. This is further supported by examining the
(e.g., 20 to 25 ppbv in the Tropical Western Pacific reported
correlation between ozone and specific humidity – high speby Allen et al., 2007). There is evidence for a trend tocific humidity being a very reliable tracer of MBL airmass
ward marginally lower background ozone concentration in
in this region of synoptically descending dry air. Figure 7
the near-coast (around 20 ± 5 ppbv at 70◦ W). In the FT,
shows a scatter plot of aircraft leg-averaged ozone concenozone is significantly higher and more variable on average,
tration versus specific humidity, colour-coded for longitude
with concentrations in excess of 60 ppbv in the remote zone.
and symbolized for above or below-cloud sampling. From
Also, the trend toward lower ozone concentrations in the
the figure it is clear to see that elevated ozone concentrations
near-shore is much more pronounced than in the MBL, with
are typically associated with low specific humidity and vice
mean concentrations falling to 35 ppbv. However, ozone is
versa. This would suggest that ozone-rich air is indeed samat all times observed to be elevated above cloud top compled in the background dry descending air in the FT, with
pared with below, which may be explained to some extent
high ozone being transported down from the ozone-rich upby the predominating descent of airmasses from the ozoneper tropical tropopause layer. And conversely, ozone-poor
rich upper troposphere. There is some evidence to suggest
air appears to be relatively moisture-rich and therefore likely
an anti-correlation between ozone and CO, especially in the
uplifted MBL air onshore. Measurements in the transition recoastal zone which may indicate relatively fresh combustion
gion (blue symbols) also appear to represent a mixing line besources and a net destruction of tropospheric ozone, yet such
tween these two extremes. Further quantitative examination
a relationship must be examined with the above potential dyof such mixing is hindered by the non-conservative nature of
namical explanation in mind.
ozone chemistry, especially in the boundary layer where deSulphur dioxide has its own unique story, with evidence
position to the surface dominates. The sulphur dioxide PDF
for much more frequent pollution episodes. Mean boundin the MBL displays a long tailed distribution to high conary layer concentrations are between 20–30 pptv at all loncentrations with a mode at 15 pptv. This long tail is absent
Atmos. Chem. Phys., 11, 5237–5262, 2011
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We consider only the sub-micron aerosol component here,
which dominates the number concentration of particles and
the activated fraction in terms of CCN activity; with num70−75°W
50
ber, as well as chemistry, being important in terms of CCN
75−80°W
activity. Whilst super-micron particles have large individual
80−86°W
mass, such particles are less in number and therefore do not
40
contribute significantly to CCN activity, although we note the
potential role of Giant CCN (>5 µm diameter) in stratocu30
mulus radiative and precipitative properties (Feingold et al.,
1999). The implications of GCCN for marine stratocumulus
20
in VOCALS-REx is beyond the scope of this study.
Longitudinally-gridded aerosol mass concentration statis0
2
4
6
8
10
−1
tics
along 20◦ S of non-refractory sub-micron diameter sulqv [g kg ]
phate, organic and ammonium components measured by
AMS instruments on aircraft and RHB platforms are plotted separately for the MBL and FT in Fig. 8. Mean data from
Fig. 7. Scatter plot of ozone concentration versus specific humidity from aircraft measurement, colourFig. 7. Scatter plot of ozone concentration versus specific humidity
coded for longitudinal zones and symbolized for aircraft platform and location below or above cloud, the
as RHB are plotted in each longitude bin as purple circles
aircraft
measurement, colour-coded for longitudinal zones and
detailed infrom
the figure
legend.
in the MBL (left panels), along with quartiles and deciles (as
symbolized for aircraft platform and location below or above cloud,
purple bars) for periods when anchored on station at 75◦ W
as detailed in the figure legend.
and 85◦ W over several days in late October (RHB data cor60
respond to the aircraft data by longitude but not by date). The
RHB sea-surface results are consistent with the variability in
in the corresponding FT PDF which has similar mode at
mass concentrations sampled by the aircraft demonstrating
15 pptv, yet little continuity between this mode and the very
that the surface sub-micron aerosol composition is represenhigh concentrations represented by the right-hand axis of the
tative of the mean MBL state as expected due to turbulent
PDF which shows an increased frequency (15 % to 20 %) of
mixing of sub-micron aerosol.
very highly elevated SO2 episodes in the FT compared to the
MBL (5 % to 8 %). This long-tail in the SO2 distribution in
Comparing zonal structure in aerosol composition in Fig. 8
the MBL is suggestive of dynamical mixing with the FT. The
with that of CO in Fig. 5, we see a clear correlation with
elevated SO2 events in the FT, observed as discrete layers
distance offshore, with decreasing loadings of all aerosol
may be linked to smelting activity in the area; very high outcomponents as well as the same increased variability near
flow of sulphur dioxide and heavy metals from smelters in
to shore. The gradient in ammonium and sulphate is more
both Chile and Peru has been well-documented (e.g., Romoevident than for organics with mean sulphate loadings of
Krögera et al., 1994). The outflow of anthropogenic sulphur
2 µg m−3 at 71◦ W reducing to <0.5 µg m−3 at 84◦ W and
from northern Chile has also been linked to impacts on the
ammonium reducing from 0.25 µg m−3 to <0.1 µg m−3 over
offshore stratocumulus cloud deck (Huneeus et al., 2006).
the same range. Again, the FT displays a different character,
In summary, there is a gradient in the MBL with distance
with much reduced concentrations of sulphate and ammooffshore; and variability in all MBL tracers is enhanced in
nium but near equal levels of organics, with a peak in FT
the coastal region. The FT is much more complex and variorganics at 80◦ W, characterised by episodic events seen as
able and displays a vertical interleaving of airmasses of very
a wide 90th percentile whisker. This increase in organics in
different origins, CO, ozone and SO2 are all elevated in the
the remote zone is simultaneous with increased CO in the
mean in the FT relative to the MBL, yet the nature of such elFT and therefore suggests that the elevated organics sampled
evations is noted to be highly episodic, with the frequency of
there have been carried with CO in long-range transported
these pollution episodes increasing in the coastal region. As
plumes from Australasia, perhaps in aged biomass burning
well as the potential influence of long-range transport, there
plumes such as those documented in Heyes et al. (2009).
is evidence, in terms of ozone and water vapour, for pumping
The dominance of the sulphate mass fraction over other
of coastal MBL air into the FT up the slopes of the Andes and
aerosol components measured by the AMS is typical of
also for the reverse exchange with long tails in CO and SO2
southern hemispheric marine locations (e.g., Allen et al.,
seen in the MBL near to shore. Such processes are discussed
2007). Mean loadings observed during VOCALS-REx in
further by Clarke and Kapustin (2010).
the remote zone are typically less than 0.3 µg m−3 , which
is similar to measurements recorded in other southern hemispheric marine studies, such as those recorded in the South
Atlantic by Zorn et al. (2008), reporting a marine sulphate
background of around 0.3 µg m−3 . Such loadings are very
Above−cld
Subcloud

O3 [ppbv]

60
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Fig. 8. Longitudinally-gridded aerosol mass concentrations for: organics (green, top panels); ammonium (yellow, middle panels); and
sulphate (red, bottom panels) for the marine boundary layer between 10–1200 m (left panels) and the free troposphere between 1700–3200 m
Fig.
8. Longitudinally-gridded aerosol mass concentrations for: organics (green, top panels); ammonium
(right panels). For each zone, thick centre lines indicates the sample median, dashed lines indicates the mean, boxes indicate upper and
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This low mean sulphate and ammonium concentration in
the remote MBL suggests a predominantly marine source for
the residual loadings, with sulphate aerosol in the remote
zone expected to be produced as a result of the oxidation
products of dimethyl sulphide (DMS), and methyl sulphonic
acid (MSA, Ayers et al., 1991; Mari et al., 1998) as well as
the direct oxidation of SO2 in cloud droplets. As well as sulphate, we also see that around 20 % of the mass measured
by the AMS is of an organic nature. MBL aerosol particles
have often been found to contain significant amounts of organic matter (Novakov et al., 1993). This fraction has been
linked to biological activity in the ocean (Novakov, 1997;
O’Dowd et al., 2004), although the ubiquity, precise formation mechanism, chemical nature and importance of this
fraction currently remain the subject of debate (Allan et al.,
2008; Facchini et al., 2008). As well as the natural particAtmos. Chem. Phys., 11, 5237–5262, 2011

variability in the remote zone. Correlation between sulphate
and CO near to shore (east of 73◦ W) suggests a predominantly continental origin.
Aerosol mass spectra (not shown here) show typical peaks

61 associated with sulphate aerosol at m/z 18, 32, 48, 64, and 80

with peaks from ammonium at 15, 16 and 17. There is no evidence of significantly different organic functionality between
the two zones, however a prominent organic peak at m/z 44
represents CO+
2 , which arises from carbon dioxide due to the
thermal decomposition of dicarboxylic acids, and is a marker
of highly oxygenated and processed organic material (Zhang
et al., 2007; Ng et al., 2010; Morgan et al., 2010). This mass
fragment comprises 27 % of the total organic mass fraction
in the coastal zone and 25 % in the remote zone suggesting that a significant proportion of the aerosol are predominantly oxidized. Measurements by a Fourier Transform Infrared (FTIR) spectrometer onboard the RHB reported by
www.atmos-chem-phys.net/11/5237/2011/
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Table 3. VACC zonal mean particle number concentration for the
identified chemical compounds. Concentrations are expressed as
percentage of the integrated number concentration in the diameter
range 0.1–0.5 µm.

Fig. 9. Ammonium to sulphate molar mass ratio plotted as a function of longitude below 1200 m altitude (left panel) and between
1700 m and 3200 m (right panel). A dashed green line defines a molar ratio of unity and red a ratio of 2.

Hawkins et al. (2010b) are able to further retrieve organic
functionality in the MBL and show that marine-like organics (e.g. polysacharides) were prevalent in the remote zone,
whilst more oxidized organic material was predominant in
the coastal zone. This is consistent with the earlier trajectory
analysis.
An indication of the neutrality of aerosol can be drawn
from the molar mass ratio between ammonium and sulphate
measured by the AMS. This is plotted for the FT and MBL
from all aircraft in Fig. 9 as a function of longitude along
20◦ S and colour-scaled for sulphate mass concentration.
A value less than two indicates that there are insufficient ammonium ions to fully balance sulphate ions indicating potentially acidic aerosol unless aerosol are otherwise buffered.
A value between one and two may indicate partially neutralised aerosol, whilst a value greater than two likely indicates full neutrality. The limits of these thresholds are plotted
as a dashed green line in Fig. 9. To avoid potential systematic biases associated with AMS retrievals near to the limit of
detection, only data where mass loadings exceed 0.2 µg m−3
in the case of sulphate and 0.0375 µg m−3 in the case of ammonium, are considered. In Fig. 9 we see that the majority
of aerosol at all longitudes is often highly acidic or only parwww.atmos-chem-phys.net/11/5237/2011/
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VOC

AHS

MSA

AN
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Coast
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5.9
5.3
9.3

4.3
3.0
7.7

0.0
2.9
0.0

17.5
17.4
20.1

5.9
9.4
10.2

58.5
47.9
41.4

6.3
8.3
7.9

tially buffered by ammonium. A linear fit (though with poor
confidence) to the data indicates a very weak increasing gradient in molar ratio with longitude, and the change from red
to blue colouring with longitude illustrates the reduction in
sulphate loading with distance offshore observed in Fig. 8.
A similar pattern is seen in the FT. However, R 2 correlation
coefficients for fits to data in the MBL and FT in Fig. 9 are
noted to be poor at 0.2 and 0.17, respectively. Sources of
ammonium aerosol near to shore are not well known. It may
be possible that there is a hitherto unidentified ammonium
source very near to the shoreline. Elevated ammonium loading appears limited to the near-shore and therefore may not
pose a significant factor in the context of cloud chemistry
along the wider 20◦ S parallel.
Another source for balance between ammonium and sulphate could be the presence of MSA, which was detected
by the VACC system on the BAe-146 and has a significant
marine source as discussed earlier. The VACC system is capable of resolving sea-salt and other material to which the
AMS is not sensitive. In total, 33 VACC scans were selected
from flights B408, B410, B412, B414, B415, and B417 and
zonal averages were calculated after dividing measurements
into coastal, transition and remote zones as discussed earlier. In this study, the following species were identified by
volatility analysis and are summarised in Table 3: organic
species with volatilization temperatures below 105 ◦ C (denoted as Org), organic compounds with volatilization temperatures between 140 and 150 ◦ C (denoted as VOC), ammonium bisulphate (AHS), methane sulphonic acid (MSA),
ammonium nitrate (AN), ammonium sulphate (AS), and core
particles (such as sea-salt and mineral dust) with volatilization temperatures are above 750 ◦ C.
A particle number concentration gradient was observed for
ambient VACC measurements (i.e., volatilization temperatures below 80 ◦ C) in the size range 110–500 nm over the
20◦ S parallel with concentrations of 138, 97, and 70 cm−3
for the coast, transition and remote zones, respectively. Table 3 displays the zonal mean particle number concentration integrated over the diameter range 110–500 nm and expressed as percentage of the VACC total particle number concentration for the identified chemical species. For all zones,
the dominant compound in terms of number concentration
Atmos. Chem. Phys., 11, 5237–5262, 2011
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for ammonium sulphate is plotted as a solid black line for
reference and a dashed line illustrates a growth curve more
typical of that observed in European pollution over the UK,
which tends to be a mixture of ammonium sulphate, ammonium nitrate and organics (see Haywood et al., 2008). From
this, we see that the increase in scattering with RH (f (RH))
of MBL sub-micron aerosol is consistent with an ammonium
sulphate composition in agreement with AMS and VACC
measurements.
In summary, we believe that correlated sources of CO and
aerosol composition in the coastal zone represent an aged
continental combustion origin with contributions from local
and regional agriculture and biology. The transition region
exhibits reduced concentrations and variability. The remote
zone is relatively clean in terms of non-refractory aerosol
throughout and exhibits a background state – we conclude
that the remote region sulfate and ammonium aerosol mass
is comprised of marine biogenic sources, with organic mass
perhaps elevated due to entrainment. Aerosol composition is
broadly consistent with a mix of acidic sulphate aerosol with
some ammonium sulphate and MSA.

Fig. 10. Composite humidogram of wet nephelometer data recorded
in the MBL. Filled circles are the median and the error bars the upper and lower quartiles of 1 Hz data gridded in 2 % RH bins. A theoretical curve for ammonium sulphate is plotted as a solid black
line for reference and a dashed line illustrates a growth curve more
typical of that observed in European pollution over the UK.

is AS, which is consistent with conclusions drawn from
AMS measurements. Core (6.3–8.3 %) and MSA (17.4–
20.1 %) particles contribute in similar fashion to the particle number concentration. The percentage of particle number concentration containing AS gradually decreases from
the coast (58.5 %) towards the remote region (41.4 %), consistent with the decreasing ammonium-to-sulphate molar ratio observed by the AMS. Proportionally, the contribution
from AN slightly increases towards the remote region (5.9–
10.2 %), although the overall concentration of particles decreases with distance from shore. The core component gives
an indication of the sea-salt and mineral dust fraction, suggesting that less than 10 % of measured particles were thus
composed.
Figure 10 shows a campaign-average humidogram calculated from data recorded in the MBL across all longitude
zones (no systematic change with longitude was identified)
by a wet Nephelometer on the BAe-146 as the ratio of the
scattering of the aerosol at a given RH to the scattering of
the dry aerosol. Only those aerosol of size less than the
transmission cut-off of the Rosemount inlet (<2 µm) were
sampled, thus representing the bulk of CCN active particles.
Black points represent the mean of all data sampled at 1Hz
and gridded into bins of 2 % relative humidity (RH) along
with upper and lower quartile whiskers. A theoretical curve
Atmos. Chem. Phys., 11, 5237–5262, 2011

4.4

Bulk aerosol and cloud properties

The relationship between aerosol size and composition, atmospheric thermodynamics and cloud properties are nonlinear and beyond the scope of this paper. Future modeling
studies will aim to address such sensitivities, with the analysis here aiming to inform such activity. However, for relation to composition statistics presented in Fig. 5, we present
aerosol number statistics and cloud droplet number as a function of longitude in Fig. 11 for the MBL and FT in the
left and right panels, respectively, with the exception that
cloud droplet number is not reported for the FT (since this is
above cloud top). In the figure, ACN refers to aerosol number concentration between 40 nm and 3 µm particle diameter;
CCN refers to activated condensation nuclei colour-coded
for super-saturation; CDN refers to cloud droplet number
measured by the CDP on the BAe-146 and NSF C-130; and
CAPS on the DoE-G1; and CN refers to total condensation
nuclei measured by CPC instruments. Sampling statistics are
given above each longitude bin in each panel. In the MBL,
correlated gradients in CCN, CND, CN and ACN are all observed, with a near-equivalent quantitative relationship between ACN and CDN near the coast, suggesting that the majority of sub-micron aerosol (with number modes noted to be
around 150 nm, see next section) may be activated in cloud.
Furthermore, analysis of CCN number suggests that aerosol
are activated at low super-saturations (0.11 %), though this
conclusion does not take account of potential influences due
to updraught speed.
Comparing the FT (right panel of Fig. 11) with the MBL
(left panel of Fig. 11), we see that CN are enhanced near the
coast, with no significant increase in ACN. This suggests that
the CN near the coast are dominated by very small particles
www.atmos-chem-phys.net/11/5237/2011/
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Fig. 11. Aerosol concentration and cloud physics measurement statistics averaged into 2.5-degree longitude zones below 1200 m altitude (left
panels) and between 1700–3200 m altitude (right panels). For each vertical domain, cloud condensation nucleus concentration (CCN), cloud
droplet number (CDN), accumulation mode aerosol concentration (ACN) and total condensation nuclei greater than 10 nm particle diameter
(CN) are plotted as titled. With the exception of CCN data, for each longitude zone, thick centre lines indicates the sample median, dashed
lines indicate the mean, boxes indicate upper and lower quartiles with upper and lower decile whiskers. Only median data are presented for
CCN, colour-coded to supersaturation as labeled in the figure. Plotted above each longitude zone and for each panel, numbers before the
comma indicate number of flights contributing to each statistic, followed by the number of straight and level runs, with the total sampling
time in decimal hours in parentheses.

(<40 nm). This increase in CN near the coast displays a similar character to the SO2 statistics seen in Fig. 5, suggesting
that outflow of SO2 into the FT leads to new nucleation in
the coastal FT.
We also note an evident increase in ACN variability in the
FT to the west of 80◦ W, which is co-located with an increase
in CO and organic aerosol mass concentration discussed earlier and seen in Figs. 5 and 8. This is consistent with biomass
burning plumes which carry elevated CO and organic combustion aerosol. A slight increase in ACN in the MBL is also
noted at this location.

www.atmos-chem-phys.net/11/5237/2011/

4.5

Aerosol number size distributions

Mean aerosol number concentration spectra, normalized for
bin width recorded by aerosol spectrometers on all aircraft
platforms in the MBL and FT are plotted in Fig. 12 and represent averaged spectra normalized for bin width in the coastal,
transition and remote zones as labeled in the figure. One
standard deviation are also plotted for each longitude zone
and the total sampling time is given in each panel.
In order for this aerosol size climatology to be easily used
by the reader we have also fitted up to four log-normal modes
to each spectrum (continuous smooth black lines in each
panel) according to the following relationship described further by Pruppacher and Klett (1997):

Atmos. Chem. Phys., 11, 5237–5262, 2011

5256

G. Allen et al.: South East Pacific composition during VOCALS-REx

a)

b)

c)

d)

e)

f)

g)

h)

12. number
Particle size
number
size distributions
(normalised
to logarithm
natural logarithm
of bin width)
and log-normal
fitted functions
between
Fig. 12.Fig.
Particle
distributions
(normalised
to natural
of bin width)
and log-normal
fitted functions
between
10 nm and
nmMBL
and 5and
µm in
andwith
FT astotal
labeled,
with total
in hours in parentheses:
(a) Log-normal
fittedtofunctions
to
5 µm in10the
FTthe
as MBL
labeled,
sampling
time sampling
in hours time
in parentheses:
(a) Log-normal
fitted functions
median aerosol
median
aerosol
number
spectra
for
each
longitude
zone
labeled
as
coloured
for
the
MBL;
(b)
Log-normal
fitted
functions
for
each
number spectra for each longitude zone labeled as coloured for the MBL; (b) Log-normal fitted functions for each longitude zone labeled
longitude zone labeled as coloured for the FT; (c) Median MBL coastal zone spectrum (stepped grey line) with corresponding logas coloured for the FT; (c) Median MBL coastal zone spectrum (stepped grey line) with corresponding log-normal fit (solid black line);
normal fit (solid black line);(d) Coastal zone FT spectrum; (e) Transition zone MBL spectrum; (f) Transition zone FT spectrum.; (g)
(d) Coastal zone FT spectrum; (e) Transition zone MBL spectrum; (f) Transition zone FT spectrum.; (g) Remote zone MBL spectrum; (h)
Remote zone MBL spectrum; (h) Remote zone FT spectrum. For each sizing channel, grey bars illustrate one-standard-deviation of
Remote zone FT spectrum. For each sizing channel, grey bars illustrate one-standard-deviation of the measurement around the median in
the measurement around the median in each channel. Stepped black lines define the median concentration in each sizing channel,
each channel.
Stepped black lines define the median concentration in each sizing channel, whilst the smooth solid black line illustrates the
whilst the smooth solid black line illustrates the corresponding log-normal fit.
corresponding log-normal fit.
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Ntot
dN
= p
exp  2 
dD D 2π lnσg
2ln σg

(1)

where Ntot is the particle number concentration (in particles cm−3 ), D is the particle diameter (µm), and Dg and
σg are the number median diameter and the geometric standard deviation of the modal distribution, respectively. For
each aerosol size spectrum, three modes were fitted to the
sub-micron component and one to the coarse (super-micron)
component in the range 10 nm and 5 µm. An interactive routine was written to fit the log-normal modes to the size distribution data. These approximate fits were used as an initial
guess in a Gauss-Newton non-linear fitting technique to yield
the best fit to the data by minimising the chi-square error on
successive iterations. The convergent log-normal parameters
and confidences for each spectrum in Fig. 12 are given in
Table 4.
Figure 12 shows aerosol particle number concentrations
normalised to the natural logarithm of bin width. Note that
Atmos. Chem. Phys., 11, 5237–5262, 2011

65 this is in-line with the equation above for consistency though
some readers may be more familiar with such spectra normalised to a base 10 logarithm. A variation in modal size was
observed between the coast and remote zones in the MBL
with a consistently dominant accumulation mode between
150 nm to 190 nm in all zones, peaking at 170 nm, except
for the remote MBL zone, which has a stronger Aitken mode
(in terms of number, not mass) at 35 nm. The 150 nm mode
in the all MBL zones peaks at between 325 and 375 cm−3 ,
with the lowest peak concentration in the remote zone. The
reduction in the 150 nm number mode with distance offshore
appears to favour the growth of new aerosol in the region,
with the appearance of an Aitken mode at 35 nm in both the
transition and remote MBL zones. A further weak mode at
15 nm in the coastal MBL zone may indicate more recent
nucleation. Turning our attention to the FT (right panels of
Fig. 12), we see a much sharper difference with longitude
(though data are not available for the remote zone FT). In the
coastal FT, we see an accumulation mode shifted to 100 nm
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Table 4. Lognormal fit parameters to campaign-mean aerosol size spectra in each longitude zone below 1200 m (MBL) and between 1700 m
and 3200 m (FT). Ntot is the particle number concentration (particles cm−3 ), D is the particle diameter (µm), and Dg and σg are the
number median diameter and the geometric standard deviation of the modal distribution, respectively. Errors quoted represent a one standard
deviation uncertainty on the fitted parameter. All quantities are accurate to 3 d.p.
Mode

Param

0 m<altitude<1200 m (MBL)

1700 m<altitude<3200 m (FT)

Coast

Trans

Remote

Coast

Trans

Remote

1

Ntot
lnσg
Dg

20.065 ± 0.009
0.435 ± 0.000
0.014 ± 4.740

13.278 ± 0.803
0.260 ± 0.019
0.013 ± 0.000

46.642 ± 1.730
0.348 ± 0.015
0.018 ± 0.000

32.804 ± 3.871
0.188 ± 0.026
0.014 ± 0.000

113.554 ± 4.878
0.217 ± 0.011
0.013 ± 0.000

15.971 ± 1.950
0.248 ± 0.036
0.016 ± 0.000

2

Ntot
lnσg
Dg

114.996 ± 0.007
0.353 ± 2.790
0.050 ± 1.710

155.108 ± 1.085
0.497 ± 0.004
0.042 ± 0.000

153.421 ± 1.737
0.354 ± 0.004
0.039 ± 0.000

0.381 ± 5.264
0.344 ± 5.390
0.036 ± 0.246

87.790 ± 6.294
0.369 ± 0.030
0.036 ± 0.001

71.662 ± 2.546
0.424 ± 0.017
0.034 ± 0.000

3

Ntot
lnσg
Dg

268.099 ± 0.008
0.444 ± 1.704
0.157 ± 3.272

175.766 ± 1.017
0.429 ± 0.002
0.158 ± 0.000

166.774 ± 1.992
0.465 ± 0.006
0.154 ± 0.001

368.097 ± 6.643
0.556 ± 0.011
0.076 ± 0.001

53.875 ± 8.202
0.621 ± 0.113
0.147 ± 0.020

200.731 ± 3.893
0.981 ± 0.023
0.093 ± 0.002

4

Ntot
lnσg
Dg

15.347 ± 0.012
0.310 ± 0.000
0.619 ± 0.000

0.813 ± 1.724
0.350 ± 0.860
1.839 ± 1.808

n/a
n/a
n/a

5.851 ± 4.324
0.069 ± 0.052
0.631 ± 0.060

n/a
n/a
n/a

n/a
n/a
n/a

and a much more prevalent mode (in terms of number) at
15 nm. The presence of the same 15 nm mode in the coastal
MBL, seen in the standard deviation curve superimposed on
the mean spectra, may again signify entrainment of this mode
through cloud top. Similarly, in the transition FT region, we
see a mode at 25 nm, simultaneous with the elevation of this
mode in the MBL beneath.
The standard deviation of the peak number concentration
is seen to vary typically by a factor of two around the mean
(grey bars in Fig. 12). Furthermore, the coarse mode, measured by PCASP instruments on all aircraft appears to be
highly variable in the coast and transition MBL zones, seen
as the wide grey bars on Fig. 12 for example. This is due
to the high natural variability in the coarse mode, perhaps
due to sea-salt sampled on near surface aircraft runs. Coarse
mode variability is seen to be much reduced in the remote
MBL zone and absent in the FT, consistent with the expectation that the FT is essentially void of such aerosol in the
background state (volcanic emissions notwithstanding).
Figures 13 and 14, shows similarly averaged aerosol spectra from the Paposo and Paranal surface sites, respectively.
In Fig. 13, the data have been divided into early morning
(03:00–05:00 a.m. local time) and mid-afternoon (03:00–
05:00 p.m.) periods between 15 October and 31 October (defined here as period 1) and 1 November to 15 November (defined as period 2), 2008, to examine diurnal differences in upand-down-slope advection and differences between the synoptic meteorological regimes discussed in Sect. 4.1. There is
little difference in the aerosol spectra at Paposo in the morning or afternoon in late October, with peaks in accumulation
mode aerosol observed at 50 nm and 150 nm, consistent with
www.atmos-chem-phys.net/11/5237/2011/

aircraft measurements in the coastal FT at this time. The afternoon spectra in period 2 are much like those in period 1,
however there is a significant difference between the morning and afternoon spectra in early November, with the clear
observation of a highly variable mode at 20 nm in the morning which is absent in the afternoon. The early morning period is characterised by down-slope advection and sampling
of air which has subsided over the Andes PBL overnight.
We are reminded of the 20 nm mode observed in Fig. 12
in the coastal FT. This would suggest that air sampled in
down-slope advection at Paposo is indeed similar in terms
of aerosol chemistry to that sampled in the coastal FT. Interestingly, this 20 nm mode is entirely absent from similar data
recorded at lower altitude at Paranal (see Fig. 14), which sees
a relatively invariant peak mode at 100 nm. Paranal is located 15 km inland at 2635 m a.s.l. on the steep slopes of the
Andes. A potential reason for the observation of the 20 nm
mode at Paposo, yet not at Paranal, could be related to the reduction in accumulation mode aerosol at the top of the PBL
by cloud formation and subsequent nucleation of new Aitken
mode aerosol which is then advected down slope. The reason for the observation of a 25 nm mode at Paposo in early
November and not in late October is not clear but may be
related to the contrasting strength of the synoptic subtropical anticyclone as diagnosed in Sect. 4.1, which may act to
modulate cloud formation over the slopes of the Andes in the
region of Paranal.
In summary, a dominant (in terms of number) but variable
accumulation mode is observed between 150 nm and 190 nm
in all locations in the MBL, with the exception of the remote zone, which has peaks at 35 and 150 nm. The strength
Atmos. Chem. Phys., 11, 5237–5262, 2011
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exception of the remote zone, which exhibited a strong additional Aitken mode at 35 nm. In the FT, an accumulation
mode at 100 nm was observed in the coastal zone, as well as
a stronger Aitken mode (in terms of number) at 15 nm, which
may suggest recent nucleation following the removal of the
accumulation mode perhaps by cloud processing.
Cloud droplet number is well correlated with accumulation mode aerosol number and is consistent with complete
activation of the 150 nm accumulation mode aerosol at low
super-saturations.
Together, these conclusions support the hypothesis posed
in Table 1 of Wood et al. (2010) that small effective radii
measured from space in the coastal region over the SEP are
primarily controlled by anthropogenic, rather than natural,
aerosol production, and entrainment of polluted air from the
lower free-troposphere is an important source of cloud condensation nuclei (CCN).
The climatology presented here aims to provide a valuable
dataset to inform model simulation, particularly in the context of aerosol-cloud interaction and evaluation of dynamical
processes in the SEP region for conditions analogous to those
during VOCALS-REx.
Appendix A
List of acronyms
ACN
AHS
AMS
AMSL
AN
AS
CAPS
CCN
CDN
CDP
CN
CPC
CVI
DMA
DMPS
DMS
FT
GPS
LWC
MBL
MSA
OPC
PBL
PDF
PCASP
SEP
SMPS
SST
VACC
VAMOS
VOC
VOCALS-REx

Accumulation mode aerosol
(sub-micron diameter particles)
Ammonium bisulphate
Aerosol mass spectrometer
above mean sea level
Ammonium nitrate
Ammonium sulphate
Cloud aerosol spectrometer probe
Cloud condensation nuclei
Cloud droplet number
Cloud droplet probe
Condensation nuclei
Condensation particle counter
Counterflow virtual impactor
Differential mobility analyser
Differential mobility particle sampler
Dimethyl sulphide
Free troposphere
Global positioning system
Liquid water content
Marine boundary layer
Methyl sulphonic acid
Optical particle counter
Planetary boundary layer
Probability density function
Passive cavity aerosol spectrometer probe
South East Pacific
Scanning mobility particle sampler
Sea surface temperature
Volatility Analyser
Variability in the American monsoon system
Volatile organic compound
VAMOS Ocean-cloud-atmosphere
land study – regional experiment
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T., Docherty, K., Worsnop, D. R., and Jiménez, J. L.: Fielddeployable, high-resolution, time-of-flight aerosol mass spectrometer, Anal. Chem., 78(24), 8281–8289, 2006.
de Szoeke, S. P., Fairall, C. W., and Pezoa, S.: Ship Observations of
the Tropical Pacific Ocean along the Coast of South America, J.
Climate, 22, 45864, doi:10.1175/2008JCLI2555.1, 2009.
Drewnick, F., Hings, S., and Decarlo, P.: A new Time-of-Flight
Aerosol Mass Spectrometer (TOF-AMS)-instrument description
and first field deployment, Aerosol Sci. Tech., 39, 637–658,
2005.
Facchini, M. C., Decesari, S., Rinaldit, M., Carbone, C., Finessi, E.,
Mircea, M., Fuzzi, S., Moretti, F., Tagliavini, E., Ceburnis, D.,
and O’Dowd, C. D.: Important source of marine secondary organic aerosol from biogenic amines, Environ. Sci. Technol., 42,
9116–9121, doi:10.1021/es8018385, 2008.
Feingold, G., Cotton, W. R., Kreidenweis, S. M., and Davis, J. T.:
Impact of giant cloud condensation nuclei on drizzle formation
in stratocumulus: implications for cloud radiative properties, J.
Atmos. Sci., 56, 4000–4117, 1999.
Fiore, A. M., Jacob, D. J.,Bey, I., Yantosca, R. M., Field, B. D.,
and Fusco, A. C.: Background ozone over the United States in
summer: Origin, trend, and contribution to pollution episodes, J.
Geophys. Res., 107, D15, doi:10.1029/2001JD000982, 2002.
Garreaud, D. and Munoz, R. C.: The low-level jet off the west coast
of subtropical South America: structure and variability, Mon.
Weather Rev., 133, 2246–2261, 2005.
Gerbig, C., Schmitgen, S., Kley, D., Volz-Thomas, A., Dewey,
K., and Haaks, D.: An improved fast-resposse VUV resonance
flourescence CO instrument, J. Geophys. Res., 104, 1699–1704,
1999.
Hannay, C., Williamson, D. L., Hack, J. J., Kiehl, J. T., Olson, J. G., Klein, S. A., Bretherton, C. S., and Köhler, M.:
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