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Abstract. Submicron aerosol physical and chemical proper-be disregarded. Other methods must be used to exclude non-
ties in remote marine air were measured from aircraft overmarine sources.

the Southeast Pacific during VOCALS-REXx in 2008 and the
North Pacific during IMPEX in 2006, and aboard a ship in
the Equatorial Pacific in 2009. A High Resolution — Par-

ticle Time of Flight Aerosol Mass Spectrometer (HR'TOF'.AerosoIs play an important role in the radiative balance of

AMS) measured non-refractory submicron aerosol composi- \ .
tion during all campaigns. Sulfate ($oand organics (Org), Earth’'s atmosphere, as they affect planetary albedo, thus cli

during VOCALS and the cruise show lower absolute val- mate, through th_e_ scattering of .SOI‘.W radiation _(d|rect ef-
: y - . fect) and their ability to alter the lifetime and optical prop-
ues than those reported for previous “clean air” studies. In

the marine boundary layer, average concentrations foy SOert|es of clouds (indirect effect) (Charlson et al., 1987, 1992;

were 0.52 ug m? for the VOCALS region and 0.85 pgTA Twomey, 1974). In the marine boundary layer (MBL) over

. . : . the remote ocean and far removed from anthropogenic influ-
for the equatorial region while average Org concentrations

: ; ences, the ocean surface is a major source of aerosol mass
were 0.10 and 0.07 pgm, respectively. Campaign average . : o
Org/SQ, ratios were 0.19 (VOCALS) and 0.08 (equatorial and number. This includes the primary emission of sea-salt
gr= ’ ) quato particles from wave breaking and bubble bursting, as well
Pacific). Black carbon (BC) measurements from a single S gas to particle conversion of vapors emitted to the at-
particle soot photometer (SP2) and carbon monoxide (CO 9 P P

concentrations over the Southeast Pacific provided sensitiV((eDol\jg;])er(i:]?rrgagcgig'%ggﬁ%ﬂﬁgttofgg;' g':gi;gﬁlselilfge
indicators of pollution. CO and BC were used to identify ' X ’

: : . }999). Another source of aerosols to the remote MBL is
the least polluted air, which had average concentrations L trainment from the free troposphere (FT) (Clarke et al
SOy and Org of 0.14 and 0.01 ugTh, respectively, with N

1998). Long range transport of pollution, as well as local
an average Org/SQOof 0.08. Data from IMPEX was con- ) 9 9 P b
. - T : sources of aerosols, can increase aerosol and cloud conden-
strained to similar clean air criterion, and resulted in an av

erage Org/S@ratio of 0.19. Under the cleanest MBL con- sation nuclei (CCN) concentrations in these remote areas,

o . ; o thus potentially affecting the local albedo and cloud prop-
ditions dgrmg VOCALS’ '|dent|f|ed by CO below 61 ppby, erties (Clarke et al., 2001; Clarke and Kapustin, 2010; Jaffe
a robust linear relationship between Org and BC concentra-

. . etal., 1999).
tions revealed that even at very low pollution levels, combus- )

tion sources dominated organic aerosol, suggesting little to The roles of sea-salt aerosol and non-sea-salt sulfates in
g » SUgg 9 climate processes (Andreae and Barnard, 1984; Cline and

no marine source of submicrometer Org to the atmospher%ates, 1983) have long motivated investigations of marine

over the eastern South Pacific. This means marine organicgerosol However, as significant concentrations of organic
cannot be identified by merely setting a standard for back- ' ' 9 9

round conditions below which anthropogenic influence Canaerosol (OA) have been observed at sites believed to rep-
9 Pog resent clean marine conditions (Hoffman and Duce, 1976;

1 Introduction
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Kleefeld et al., 2002; Middlebrook et al., 1998; Novakov Bates, 2003), or volatile organic carbon (VOC) tracers (Al-
et al.,, 1997; Putaud et al., 2000), the possibility of anlan et al., 2004). However, unless aerosols from continental
oceanic OA source to the fine aerosol mode has been ursources far upwind have been effectively removed by precip-
der investigation. More recently, at Mace Head, Ireland, anitation, AMBTs and clean sectors cannot effectively exclude
oceanic sampling site in the North Atlantic, relatively large non-marine influence. Coastal sites can also be influenced
amounts of OA (up to 72 % of total aerosol mass) have beerby high productivity near shorelines (Spracklen et al., 2008).
linked to increased biological production (O'Dowd et al., As a result, most of these studies make no claims about what
2004; Spracklen et al., 2008), suggesting that biogenic emisfraction of “clean” aerosol is actually from the ocean.
sions are an important source of both water-soluble and in- As a product of incomplete combustion, black carbon
soluble organic matter to the MBL. Satellite-derived mean (BC) is an unambiguous indicator of non-marine aerosol;
chlorophylla concentrations have been weakly correlatedwhenever BC aerosol is found in a marine air mass it must
(R? ~ 0.25) with OA concentrations in clean marine aerosols be accompanied by other aerosol products of combustion, in-
collected there. In other studies, correlations between traeluding OA. There are three obvious ways to handle the pres-
jectory weighted chlorophyll- and OA were also found ence of continental influence in order to define background
for aerosols collected at Amsterdam Islamf & 0.60) and  marine conditions: (1) try to subtract out the non-marine
Mace Head R? = 0.75), however no relationship between aerosol; (2) develop a tracer that directly indicates the marine
chlorophyll« and OA was found for clean marine aerosols contribution; or (3) develop thresholds which, when met, as-
collected at the Azores (Spracklen et al., 2008). Zorn etsure that contamination is negligible compared with marine
al. (2008) found up to 51% of submicron non-refractory sources (the methodology used in some of the studies de-
mass attributed to OA during a phytoplankton bloom in the scribed above). The first is difficult, as it requires a tracer
South Atlantic but noted trajectories were recently over land.quantitively linked to continental organic matter (OM). BC
Sulfates (ultimately from dimethylsulfoniopropionate itself is an obvious choice, but reported OM:BC ratios near
(DMSP)) and organic matter (primary and secondary) aresource regions range widely: 20:1 and 34:1 for southwest-
of particular interest as they provide mechanisms for marineerly and northwesterly flow from the northeast coast of the
biota to affect aerosol population. Initially most scientific at- US (Bates et al., 2005), 85:1 for fresh and 25:1 for aged
tention was paid to the DMS branch, as S@pically domi- Canadian forest fires (Singh et al., 2010), 1:1 from southwest
nates submicron aerosol under clean marine conditions (e.dndia and 8:1 from northeast Asia (Quinn and Bates, 2005;
Charlson et al., 1987). However, DMSP is only producedINDOEX and ACE-Asia:polluted), and 8:1 from southern
by a subset of phytoplankton, notably including dinoflag- Africa (Haywood et al., 2003). Reid et al. (2005) show
ellates, prymnesiophytes, and perhaps some picoeukaryot€3C:BC ranging from 2 to 17 for a wide range of biomass
(Gabric et al., 2008). Similarly, production of primary ma- burning, though they cluster around 11. Carbon isotopes
rine organics varies dramatically between species, with soméave been used as tracers of marine organics, allowing a
species such as the diatdvielosira arcticaproducing prodi-  few groups to calculate marine and continental contributions
gious quantities of organic material that have been detectetb OM. Turekian et al. (2003), Narukawa et al. (2008), and
in aerosol (Orellana et al., 2011). Thus it is unsurprising thatMiyazaki et al. (2010) use#C and Ceburnis et al. (2011)
the ratio of marine-origin sulfates to organic matter variesused'C as well. In general, evidence for large contribu-
regionally and with season as a function of plankton com-tions of OA to marine aerosol come from studies at high lati-
position and physiological condition. Such differences aretudes or during phytoplankton blooms. Even at high latitude
evident in the studies mentioned above. As sulfates and orsites, air from the subtropics tends to have much lower or-
ganics have disparate hygroscopic properties, regional differganic content. At Mace Head, Dall’'Osto et al. (2010) found
ences in this ratio may influence cloud condensation nuclei.that winds from the south had Org/$6& 0.17. At Amster-
Given the ubiquity of anthropogenic pollution, it is a chal- dam Island, Sciare et al. (2009) found low OM during Aus-
lenge to isolate the physical and chemical properties of thoséral winter, and when back trajectories were from the north.
aerosols that are actually of marine origin. Many studies haveBoth the Dall’Osto et al. and Sciare et al. studies found
attempted to describe background conditions by taking maBC (45 and 7 ngm?, respectively) and neither attempted
rine aerosol measurements from land sites and ships (Allato isolate the purely marine contributions, which must have
et al., 2004; Andreae et al., 1999; Lohmann et al., 2005;been lower. Claeys et al. (2010) found Org mass contributes
Phinney et al., 2006; Quinn and Bates, 2003; Yoon et al.less than 10 % to total submicron mass in aerosols collected
2007). During these campaigns, various criteria for “clean”at Amsterdam Island, even during periods of high biolog-
marine conditions were implemented, and included parameical production. Zorn et al. (2008), reported Org/S@-
ters such as clean sector wind direction (Andreae et al., 199%jos of 0.07 and 0.17 for the Antarctic and South Atlantic
Yoon et al., 2007), particle number concentration below aoceans, but had no BC or CO data. Of the carbon isotope
certain threshold, Air Mass Back Trajectories (AMBTS) used tracer studies mentioned above, only Miyazaki et al. (2010)
to indicate air masses with no continental influence a cerdocumented air masses from subtropical regions during non-
tain number of days before collection took place (Quinn andbloom periods. They found that only 8—36 % of the OM was
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due to marine sources during samples with back trajectorieparticles were also sampled in the MBL on board the NOAA
that originated over the oligotrophic central North Pacific ship R/V Ka’'imimoanaover the central Pacific during Au-
before crossing narrow high-productivity areas to reach thegust/September 2009. The cruise originated in Hawaii and
ship they were sampling from. It's not clear how much of serviced Tropical Atmosphere Ocean (TAO) buoys along the
the aerosol was contributed by the low-productivity region. 140 W and 125 W longitudes, from 8N to 8° S.
Elemental carbon (EC) during the subtropical events in the A third campaign, the Intercontinental and Megacity Pol-
Miyazaki et al. (2010) study averaged 43ngin Less di-  lution Experiment (IMPEX), also took place aboard the C-
rectly, hygroscopic growth experiments in the Southern At-130 in April 2006, with 12 research flights from Seattle,
lantic and Indian Oceans (MaRling, 2003), the Pacific andwA over the Northeast Pacific Ocean. Most of these flights
Southern Oceans (Berg et al., 1998), near Puerto Rico (Alwere designed to intercept transported Asian pollution lay-
lan et al., 2008) and the Eastern Atlantic (Allan et al., 2009)ers as identified by chemical transport models (Dunlea et
all found hygroscopic growth of aerosol particles consistental., 2009) in between continents, namely between Asia and
with particles composed chiefly of sulfate salts rather thanNorth America. Both the aging of aerosols and the structure
OM during clean marine periods. of the pollution layers were investigated. For comparison
Here we present two studies conducted in the central an@gainst pollution aerosol, several instances of clean marine
southeast Pacific Ocean that show significantly lower absoair were measured, even though clean aerosol was not the
lute and relative contributions of Org to the total submicron focus of the campaign.
aerosol mass than previously reported. A rapid, accurate BC
measurement showed a linear relationship between BC and.2 Instrumentation
Org over the southeast Pacific, even at low concentrations
of CO and BC. Another campaign that took place over the2.2.1 Inlets
North Pacific Ocean showed similar low Org/§@tios to
those in the Southeast Pacific (SEP), when constrained to inA Solid Diffuser Inlet (SDI) was used on board the C-130 for
creasingly more stringent CO and BC concentrations. Thesghe majority of sample collection during VOCALS and IM-
results will be discussed and compared with previous investiPEX. The inlet was kept isokinetic during sampling by ad-
gations of clean marine aerosol. The use of the mass fractioftisting flows as flight parameters (i.e. speed, altitude, etc.)
of Org relative to SQ (Org/SQy) will be used to demonstrate changed. Inlet losses from the SDI are most severe for
that under the clean conditions established in this study, litlarge, supermicron particles (Moore et al., 2004). Moore et
tle of the submicron non-refractory aerosol mass can be atal. (2004) performed an inlet comparison study and found the
tributed to Org. Org and SQare typically the two largest SDI to effectively pass submicrometer, as well as optically
components of submicron aerosol mass and are therefore twiglevant coarse mode aerosol. McNaughton et al. (2007)
components that are commonly and consistently measuredested University of Hawai‘'s SDI against ground based
Though Org and S@have different production rates and measurements during the DC-8 Inlet Characterization Ex-
chemical reactivity in the atmosphere, the ratio of Org/SO periment (DICE) and found that submicrometer scattering
is a useful and convenient tool for comparing non-refractoryagreed within 16 %. The inlet efficiently transmits both dust
submicron aerosol chemical composition across different geand sea salt particles smaller than about 4 um (50 % cut-off)
ographical regions. in dry diameter. While most of the instrument inlets are not
relative humidity (RH) controlled, several mechanisms are in
place to ensure aerosol is dry40 %) before it is measured

2 Methods by any instrument used in the discussion of this paper. For
example, ram heating decreases aerosol RH as it enters the
2.1 Field campaigns aircraft. We also use dilution with equal amounts of desic-

cated and filtered air to drop the RH to between 20 and 30 %
Submicron aerosols were collected during two campaignsn some instruments (i.e. Optical Particle Counter, Howell et
over the Southeast and Central Pacific shown in Fig. 1al., 2006). Aerosol sampled by the aerosol mass spectrome-
The VAMOS Ocean-Cloud-Land-Study Regional Experi- ter is not desiccated, but the drop in pressure from the inlet to
ment (VOCALS-REX), took place in October/November the intermediate pressure chamber ensures aerosol is below
2008 out of Arica, Chile. The campaign involved 14 re- a RH of 40 % before it is ionized. Five-minute filter periods
search flights aboard the National Center for Aerosol Re-were conducted a minimum of twice per 9-h flight, usually in
search (NCAR) C-130, with three distinct flight patterns the beginning and at the end of flights. Filter periods during
(Wood et al., 2011b). These included (1) flights alon§ 20 the cruise occurred once a day, and were at least 30 min.
with 10 min legs above-cloud, in-cloud and below cloud, (2) On the R/VKa'imimoana,3/s inch copper tubing{30 m)
flights investigating pockets of open cells (POCs) in the stra-was used to bring air from the bow of the ship (forward of
tocumulus deck (Wood et al., 2011a), and (3) two pollutionthe stack) to the instruments housed inside the ship. The
surveys to 30S parallel to the coast of Chile. Submicron flow rate was approximately 401 per minute (Ipm), and
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gravitational losses and diffusional losses for particles be- Due to the high Org background at the beginning of the
tween 0.1 and 1 um were estimated<dd % (using Baron flight that was made apparent by a combination of operating
and Willeke, 2001). The sampling RH throughout the cam-parameters and low Org signal in the VOCALS region, the
paign was 56.2 4.8 %. Org closed signal was adjusted to help account for the high
background, and change negative Org values to physically
plausible values. A new closed signal was calculated by av-
eraging the closed signals on either side of an open signal.
] ) The difference between the new closed signal and the cor-
During the VOCALS and IMPEX campaigns, as well as the responding open signal equaled the new Org concentration.
TAO cruise, non-refractory chemical composition of submi- The result of the Org background correction was a maximum
cron aerosols was determined using an Aerodyne High Ressf 0,05 jig 3 increase in Org values in the beginning of the
olution Time of Flight Mass Spectrometer (HR-ToF-AMS). fjight (for the first hour of the flight), after which the correc-
The HR-ToF-AMS uses an aerodynamic lens assembly tQjon had negligible impact on Org valueg(.01 pg n3).
focus 35nm-1pum vacuum aerodynamic diameter particles Processing of the AMS data was done using the standard
onto a 600C heated surface (Zhang et al., 2002, 2004). Par-onis data analysis software (SQUIRREL v.1.48C and PIKA
ticle; are evaporated off the heater, ionized by electron imy, 1 7B, Sueper, 2010) within Igor Pro 6 (Wavemetrics, Lake
paction (70 eV), and mass analyzed by ToF-MS. The AMSosyego, OR). The fragmentation table in SQUIRREL was
was typically operated in high-sensitivity mode (V-mode), adjusted to give zero Org mass concentrations during filter
though on the ship and occasionally during VOCALS, the in- yariods.  The adjustment was achieved by altering the air
strument was operated in a high resolution mode (W-mode)mzass fragment coefficient at/z29 (fragair[29]). The de-
which offers more detailed chemical composition of ion frag- ¢4yt coefficient is used to represent an isotopic factor and
ments. A detailed description of the instrument and its oper-jescribes the relative amount of W at m/z 29, which is
ation is given i.n DeCarlo et al. (2006) and Canagargtna etelated to the signal of Nat m/z28. However, depending
al. (2007). During VOCALS the AMS was operated with an on, the threshold setting and possible saturation effects, this
intermediate-pressure chamber that kept the pressure at ﬂ?§ot0pic factor may be slightly different than predicted, and
aerodynamic lens constant (600 mbar) regardless of PressukRay be multiplied by a factor, close to 1. In our case, the
changes due to chqnging_altitude. The pressure drop also r'sotopic factor was adjusted up to give zero Org signat/at
duced RH, as mentioned in the previous section. 29 during a filter period. The constant applied to the default
Typical detection limits for one-minute averaged V-mode coefficient of the air peak ah/z29 did not change during
data have been reported a®.04 ugnt2 for all chemical  a flight, and changed very little over the campaign. The av-
species (S@ Org, nitrate (NQ@), and ammonium (Nk)) erage value was 0.770.08, representing a 10 % variation
(DeCarlo et al., 2006). However, these detection limitswhich corresponds to an uncertainty of 0.02 pfrfor Org
were derived from ground-based experiments. Aircraft-values.
based AMS detection limits are typically 2-5 times higher The overall ability of the AMS to transmit and detect par-
due to higher background because the instrument has to bicles is called the collection efficiency (CE) and takes into
turned off between flights. When the turbo pumps on theaccount the transmission efficiency of the aerodynamic lens,
AMS are off it allows the build up of material inside the vac- the loss of transmission because of non-sphericity, and the ef-
uum chamber. For several hours after the AMS is turned bacKiciency with which a vaporized particle is detected (Huffman
on, this material is driven out of the system by the heater. Foeet al., 2005). The CE of the AMS for the inorganic ions was
some material, e.g. Org, this can take longer than our typicakstimated by comparing the molar ratio of Ntd SO, to de-
2 h preflight warm up. Consequently, early in the flights theretermine the acidity of the aerosol. More acidic aerosols (i.e.
can be a high Org background which contributes to morelower NHy/SO4 molar ratio) are collected more efficiently
noise and a higher detection limit. Detection limits for our than neutralized aerosol (Drewnick et al., 2003). The CE cor-
campaigns were calculated as twice the standard deviation akction factor was determined by finding the NBHO, over
the species signal during a filter period. For example, duringthe desired collection time, and assuming CE varies linearly
VOCALS the detection limit varied depending on the dura- (from 50 to 100 %) as the ratio of N{f5O, decreases from
tion of AMS operation over a flight, and with lower detec- 1to 0 (Matthew et al., 2008). Any time the NFBOy, ratio is
tion limits reached after several hours. The detection limitabove 1, the CE is assumed to be 50 %.
changed from 0.02 ugn? at the beginning of a flight (2 h The ionization efficiency (IE) calibration determines the
after the turbo pumps were turned on), to 0.014 pig rim ionization efficiency of ammonium nitrate (NNO3). The
the middle of a flight (6.5 h into the flight, or 8.5 h after the quantification of all non-refractory AMS components (O
pumps were turned on). Detection limits are for one-minuteNH4, and Org) are based on the linearity of the IE of NO
integrated data, which is the highest time resolution of data(Jimenez, 2010). These are typically done in the field us-
reported in this study. Data which were under the detectioring Brute-Force Single Particle Mode (BFSP). IE calibra-
limit of the instrument were removed from the analysis. tions were run once a week (every three flights) throughout

2.2.2 Aerosol mass spectrometer

Atmos. Chem. Phys., 12, 55576, 2012 www.atmos-chem-phys.net/12/557/2012/



L. M. Shank et al.: Organic matter and non-refractory aerosol

561

Nerth Pacific, : NEAQS,
North Pacific, Phinney £8) Allen et al. North Pacific, Q uim?an d Ngrth_
et al., 2006 ’ 2004 ’ IMPEX, 2006 Bates. 2003 Atlantic,
' . i O’Dowd and
@ @ de Leeuw,
U 2007

ACE-Asia, Quinn _—
and Bates, 2003

180" W _ 120" B0 W

. ‘TAO 3009

3

Clean Marine

®
¢

Polluted Marine EEALSET
; . VOCALS ..... .
= Org B 504 : VOCALS-MEL
o NH4 = NO3 }' @

Bloom Antarctic Clean Atlantic

®@ o 9

Fig. 1. Study region for VOCALS (blue) and TAO 2009 cruise (green). Pie charts indicate relative contributions of submicron non-refractory
species. All studies are of marine boundary layer aerosols, with the exception of the VOCALS Free Troposphere data (FT). Studies in
bold boxes indicate those which focus on “clean” marine aerosol, (i.e. based upon various approaches to minimize continental influence).
NEAQS =New England Air Quality Study, HBA = High Biological Activity, LBA = Low Biological Activity.

South Atlantic,
Zom et al |, 2008

VOCALS using generated NN O3 aerosol. An IE calibra- ing VOCALS, events were triggered from broad incandes-
tion was run at the beginning of the TAO 2009 cruise. How- cence channels. The incandescence channel response was
ever, the chopper wheel stopped working half way throughconverted to refractory BC mass using a calibration curve
the campaign, and therefore no additional IE calibrationsgenerated with laboratory black carbon (Aquadag), sized us-
were run. ing a long differential mobility analyzer (LDMA, described
Total uncertainty for the AMS, including errors due to in Sect. 2.2.4). The effective density of Aquadag was gen-
fluctuations of voltages, filament current, particle losses,erated according to (Moteki and Kondo, 2010). Detection
counting statistics, and IE calibrations (Drewnick, 2006) limits of 0.087-400 nm were calculated assuming a BC den-
as well as collection efficiency and fragmentation table ity of 29 cnt 3. For a sampling interval of 1 min, the total
corrections, is+28%+0.06 ugm? for Org values and uncertainty of the SP2 423 % including calibration errors,
427 %+ 0.01 for SQ values. fluctuations in laser power, pressure dependencies (Schwarz
For the purposes of this study the term Org, which is usecet al., 2006) and counting statistics. While it is common
in the AMS community to represent the amount of particu- that a significant number of BC particles may exist below
late organic matter (POM) resolved by the AMS, is used in-the limit of SP2 detection, in the case of remote aged atmo-

terchangeably with POM from e.g. Quinn and Bates (2003). Spheric soot we generally find the SP2 misses less than 10 %
of the ambient BC mass (Schwarz et al., 2010). If particle

losses were significant we would expect a positive intercept
for regression of absorption against SP2 BC mass but this
A single particle soot photometer (SP2) was also used tdS not what we find (e.g. McNaughton et al.,, 2011). We note
measure BC particle number and mass during IMPEX andhat recently it has been argued by Gysel et al. (2011) that the
VOCALS. The detector configuration and triggering method €ffective density of Aquadag is about 35 % lower than found
were set up according to the manufacturer (Droplet Mea-by Moteki and Kondo (2010). If so, the BC measurements
surement Technologies (DMT)) as described in Stephens giéported here are correspondingly too high. However, this
al. (2003) and Schwarz et al. (2006). The detector configudoes not change the nature of the dependencies identified in
ration was set to use photomultiplier tubes (PMTs) for two this study and our BC measurements have not been altered to
incandescence channels (broad/narrow) and avalanche phegflect the Gysel et al. findings.

todiodes (APDs) employed for two scattering channels. Dur-

2.2.3 Single particle soot photometer
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2.2.4 Other aerosol instrumentation contribution of Org &£10 %) in the VOCALS and TAO re-
gions, the assumption of 1.7 g crhis justified for the pur-
This study utilizes data from several other aerosol instru-poses of this analysis. This comparison between LDMA and
ments used on board the C-130. Particle concentration&\MS mass provided an independent assessment of potential
were continuously monitored with condensation nuclei (CN) particle losses by the AMS. Figure 2 shows a plot of AMS
counters (TSI 3010). Two CN counters were operated in parmass and LDMA mass for the VOCALS marine boundary
allel; one with an inlet heated to 36Q. Non-volatile CN  layer (MBL) that yields a linear regression equation with
(CNhot) refers to those particles which do not volatilize at a slope of 0.65,R2 = 0.68, suggesting that the AMS was
360°C, i.e. BC, sea-salt, non-volatile organic species andunder sampling submicron aerosol compared to the LDMA
some larger sizes that are incompletely volatilized. In the(LDMA pefored. Consequently, LDMA volumes were cor-
absence of sea-salt (e.g. in the FT) these characteristics atected for non-volatile mass determined independently by
low CNhot to serve as a proxy for pollution (Clarke and the OPC. The volatile mass from the OPC was calculated
Kapustin, 2002, 2010). An Optical Particle Counter (OPC), as the difference between the non-heated mass (M1) and the
LAS-X with modified electronics, was also operated using amass that volatilized at 40@ (M4) over the same size bins
heated inlet which cycled between non-heated, 150, 300, ands the LDMA (~10-500 nm). The fraction of volatile OPC
400°C. The OPC sampling time varied between 1-2 min de-mass (Vol) was then calculated using Vol = (M1-M4)/M1.
pending on temperatures selected for each cycle (typically 3® histogram of the Vol fraction is shown in Fig. 2. The
s per temperature). Total and non-volatile size distributionsmeasured Vol fraction from the OPC was multiplied by the
of the aerosol (Clarke, 1991) over about 120-1000 nm carmeasured LDMA mass over the closest available time pe-
be measured with the OPC. Uncertainties estimated by Shiriod (within approximately 90 s) in order to estimate only the
nozuka et al. (2004) for the OPC atd5 %. A long differen-  volatile LDMA mass expected to be detected by the AMS.
tial mobility analyzer (LDMA, model TSI 3934) with modi-  This LDMA volatile mass was then compared with the AMS,
fied flow control, electronics, and data acquisition was usedand is plotted in Fig. 2 as black circles over the uncorrected
to acquire size distributions in the 10-500nm range. Thedata in grey. After this correction, the slope of the linear
LDMA drew air from an all-aluminum lagged aerosol grab regression between the LDMA and AMS improved to 0.81,
(LAG) chamber, which is open for20 s every 2 min (Clarke  R? =0.65, indicating better quantitative agreement with the
et al., 1998). The LDMA was operated in a scanning mode,non-refractory aerosol component, and within the expected
with an upscan time of 60 s. The inversions were done usinguncertainties of the instruments (between 25-30%). The
a LabView program written by J. Zhou and described in hiscomparison between LDMA, OPC, and AMS is complicated
dissertation (Zhou, 2001). The LDMA uncertainties include by incommensurate timescales which make more direct com-
flow rate (both sheath and sample flow), and errors in sizingparisons difficult. The AMS and OPC data are averaged
including those resulting from non-sphericity of the particles. over 90 s timescales in order to compare with the LDMA,
Total uncertainties for the instrument are estimatet20 %. and even then the AMS spends half the sampling time in a
A three-wavelength TSI nephelometer (model 3563) and im-“blanking” mode. The LDMA size distributions represent a
pactor system provided data on total and submicrometer dr20 s grab sample that is then scanned over a 60 s period. Se-
aerosol light scattering. CO was measured on the C-130 (IM{ecting only periods of most stable conditions might reduce
PEX and VOCALS) using a vacuum UV resonance fluores-variability at the expense of fewer data, but would not affect
cence instrument similar to that of Gerbig et al. (1999). Pre-the overall slope.
cision is reported a%3 ppb and accuracy as betterthan 10% Throughout VOCALS, dedicated intercomparison periods
for a mixing ratio of 100 ppb (Pfister, 2010). Instrumenta- took place between sampling platforms. These consisted of
tion aboard th&a'imimoanaincluded the AMS, CN coun- level legs where aircraft and/or the RRbn Brownsampled
ters (heated and unheated), nephelometer, and LDMA. the same air mass for a given amount of time, allowing direct
comparison of instrument performance across platforms. De-
tailed descriptions of intercomparison periods can be found

3 Results in Allen et al. (2010). Other aircraft involved in the cam-
paign, and with an AMS on board, included the United King-
Data stratification dom (UK) British Aerospace-146 (BAe-146), and the United

States Department of Energy Gulfstream-1 (DoE-G1). AMS
As a test of AMS performance, submicron non-refractory data across all platforms was found to contain no system-
AMS mass was compared to submicron aerosol volume deatic sampling biases, and mean quantities from intercompar-
termined from size distributions measured by the LDMA, as-ison runs agreed within one standard deviation (Allen et al.,
suming a particle density of 1.7 g cthfor dry sulfate. Al-  2010). The comparison between the BAe-146 and C-130
though OM has been shown to have a lower density tharAMS data showed agreement within 20 % for the absolute
that of SQ when sampled by the AMS (Cross et al., 2007), values of Org and S&) and showed less than 6 % disagree-
given the high mass fraction of 3@>75%) and the low mentin the Org/S@ratio.
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Fig. 2. (Left) Histogram of the volatile fraction established from the OPC. (Right) Relationship between LDMA volatile mass and AMS
mass for the VOCALS MBL before and after the non-volatile correction factor.

However, the agreement between ®Ren Brownand C-  teria of 700 cm® for CNhot and 15Mm? for submicron
130 AMS data during intercomparison periods was not asscattering values from the TSI nephelometer. Next, CNhot
consistent. The AMS on board tiRon Brownwas an Aero- (1 Hz data) was smoothed with a 12-point median filter. The
dyne Quadrupole AMS (Q-AMS), with significantly higher smoothed data was subtracted from the raw data in order
detection limits for Org (0.16 ugn¥) than the ToF-AMS  to capture any rapid changes in the concentration possibly
operated aboard the aircraft. Therefore, when intercomparrelated to stack contamination. Any data point where the
isons were conducted during periods with Org concentra-difference in raw and smoothed data, on a one second time
tions near the detection limit of the Q-AMS, the discrepan- scale, was greater than a concentration of 200 particles cm
cies between platforms were worse than during periods ofvas removed. After this screening the same CE scheme em-
elevated Org concentrations. During one of the latter peri-ployed for the VOCALS data was applied. The resulting
ods, the C-130 AMS measured 0:2®.06 ugnT3 Org and  average concentration of G@vas 0.85ugm?3, while Org
0.96 ug T34 0.02 SQ, while the Ron BrownAMS mea-  was 0.07 ug m3. NH,4 concentrations averaged 0.11 ugin
sured 0.42 0.09 pg nT3 Org and 0.9G£ 0.11 ug nT3 SOy. Time series of TAO cruise data for 300rg, NH; and NG
Given the uncertainties of the two different AMS instruments are shown in Fig. 3, along with the time series of Org{SO
for Org; C-130 AMS uncertainty+28 % + 0.06 pg m?3 Figure 3 also includes the cruise track with date labels, rain
from Sect. 2.2.2 andRon Brown AMS uncertainty of events, and wind direction indicated. Excursions from the
+25%+0.16 ugm? (Canagaratna et al., 2007), the Org average Org/S@xratio are pronounced along the easternmost
measurements agree within the expected uncertainties. leg of the cruise, along 12% from 8 S to 5 N, where

Table 1 shows the average concentrations fog,S0rg, ~ Org concentrations increase gradually from 0.07 pg rat
NOs, and NH; for VOCALS and TAO 2009, as well as aver- the southern end of the cruise track, to 0.17 g mear
age BC mass and CO for VOCALS. In addition, average val-the equator. As the ship moved north after 15 September,
ues of these aerosol constituents and the average QsgésO and north of the Intertropical Convergence Zone (ITCZ),
tio from several previous clean marine investigations (Fig. 1)the Org/SQ ratio decreased to values below 0.1, typical of
are shown for Comparison_ While some previous investiga_those observed elsewhere during the cruise, while the abso-
tions focus on clean marine aerosol by excluding only locallute value of Org also decreased back to concentrations typi-
sources, others (shown in bold boxes in Fig. 1) attempt tocal of the cruise average 0.07 pg#n
quantify a background marine aerosol for a particular region. The AMS was operated in both V and W modes during
In Table 1, our VOCALS data is averaged based on three dlf-the cruise, Cyc]ing between the two modes every one and
ferent criteria. The first is simply campaign-averaged MBL, four minutes, respectively. When cycling between the two
the second is the nominally clean MBL, with data restricted modes, ten-minute averages include only two minutes of V-
to BC mass less than 4.5ngthand CO less than 61ppb. mode data, compared to ten minutes of data when operat-
Finally, our criteria for the natural unperturbed MBL as de- ing solely in V-mode. Due to the condition of the AMS, we
termined during this study, also described in Sect. 4.1. were able to operate the instrument only in V-mode after 10

Data from the TAO 2009 cruise had to be screened for shipSeptember. Since the current study focuses on V-mode data
contamination. Periods influenced by the ship’s plume wereexclusively, the data are therefore noisier before 10 Septem-
removed from the AMS data based upon exceeding a criber than after.
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Table 1. Average submicron mass concentrations for major aerosol constituents from current and previous investigations of “clean” marine
submicron aeros8|

Location Period of Sampling SO Org NHg NOs3 BC CO O0Org/sQ Criterid
North Pacific, Trindad Head, Califorrfia Apr—May 02 0.93 0.38 0.2 0.09 0.41 7
North Pacific, Ocean Station Papa Jul 02 0.74 0.3 0.2 0.03 0.41 2
(50.0° N, 145.0° W)d
North Atlantic, Mace Head, IrelaNd Apr-Jun, Sep—Oct02 0.26 0.91 0.1 0.02 20 130 3.5 1,2,6
Ace-Asia, R/VRon Browf Apr 02 0.25 0.31 0.07 <0.01 1.2 2
North Pacific, Seattle, Washingtdn Apr 06 0.52 0.15 0.16 0.02 0.2
South Atlantic, R/VMarion Dufresne Jan—Mar 07
(20-60 S, 70 W—=60° E)" “Clean Atlantic” 0.18 0.03 0.06 <0.01 0.17 2
“Antarctic” 0.31 0.02 0.05 0.01 0.06
“Bloom” 0.21 0.32 0.07 0.02 15
Southeast Pacific, R/Ron Browh Oct—Nov 08 0.67 0.1 <0.2 0.15 5,6
Southeast Pacific, VOCALS Oct-Nov 08 0.52 0.10 0.06 <0.01 10 60.4 0.19 34
clean MBL current study 0.17 0.02 <0.01 <0.01 20 571 0.1
natural MBL current study 0.20 0.02 <0.01 <0.01 <1.0 56.8 0.1
Central Pacific, TAO™ Aug-Sep 09 0.79 0.07 0.1 <0.01 0.08 6

2 All concentrations are in pg m except BC (ng m3) and CO (ppb)? abbreviations for clean air criteria: 1 = Clean air sector, 2 = Air Mass Back Trajectories, 3 = BC threshold,
4 = CO threshold, 5 = radon, 6 = particle number concentration, 7 = Volatile Organic Carbon (VOC) tfakes; et al. (2004)d Phinney et al. (2006 Cavalli et al. (2004)"
Quinn et al. (2004)Y IMPEX*, h Zorn et al. (2008)E Hawkins et al. (2010)‘; current study!‘ data restricted to B& 4.5 ng nt3, CO < 61 ppb;I data restricted to B& 1.8 ng

m~3, CO < 56 ppb;™ CN < 700 cn3.
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Fig. 3. (Left) Time series of AMS Org, S& NHy4, NO3 and Org/SQ for TAO 2009 cruise. Shading indicates rain events; (Right) Cruise
track with date tags, rain events, and wind direction (blue lines point from ship location into the wind). Length of wind line is proportional

to the wind speed (see scale).

during the winter (Staudt et al., 2001). In addition, CO has
a fairly uniformly distributed background source from oxi-
4.1 Isolating marine organic aerosol over the dat?on_t_)f methan_e and other organic vapors, which can be
Southeast Pacific a S|gn|f|c_ant fraction of total concentratlon_s._ To use it as a
combustion tracer one must calculate deviations from back-
. ground levels, while the presence of any BC at all indicates
Both CO and BC can be used as tracers for combustiony,e hresence of combustion aerosol. Nevertheless, CO mea-
though BC is more directly useful. Particulate species sucty,.ements have been historically available and remain useful
as BC and Org are removed from the atmosphere by precipiz pollution tracers.

tation but CO is not. CO is only slowly removed by reaction
with OH with an e-folding time of about 1-2 months (Jaffe ~ The Southern Hemisphere has lower background levels of

et al., 1997) in the tropics and over a year in high latitudesCO and BC than the Northern Hemisphere, where there is

4 Discussion
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Fig. 4. (Left) Histogram of MBL CO concentrations during VOCALS; (Right) CO versus BC for VOCALS MBL.

more land mass, more human population, and more combusship and a common combustion source even for these low
tion. This should make it easier to find instances where con<CO values. This strongly suggests that even at the lowest
tinental Org are dwarfed by marine sources. Histograms ofollution levels we experienced, most of the Org was not of
CO in the VOCALS MBL (Fig. 4) reveal two modes that marine origin. Thus we conclude that in this region there is
occur below and above 61 ppb. A plot of MBL CO versus no threshold value for “clean” air below which pollution can
BC (Fig. 4) indicates that when BC approaches zero (e.g. nde dismissed.

combustion aerosol), CO values range fref3—61 ppb, an- A similar relation between BC and @ not seen, as ev-
other indication that this CO value might represent the uppelident by the poorer correlation? = 0.46) and non-zero in-
limit of background conditions in the SEP. tercept between SQand BC over this same range (Fig. 5d).

Trajectory analysis (Allen et al., 2011) indicates coastalResidual S@as BC mass goes to zero is expected for clean
zone trajectories (those initiated at*A®) are seen to con- Packground marine air, since $@as a known and well-
sistently pass over the continental and coastal landmass arffPcumented oceanic source (Andreae and Barnard, 1984;
have mean CO values of 74 ppb with lower and upper decileg\ndréae and Raemdonck, 1983; Cline and Bates, 1983). Vi-
ranging from 68 to 80 ppb, respectively. Trajectories initi- sual inspection of Fig. 5d syggests that at.concentratlons of
ated further offshore (i.e. at 78V and 85 W) demonstrate BC mass< 1.8ngn? there is no relationship between $O
that land contact is made only in some trajectories, while oth-2nd BC. This SQ is likely to be of marine origin, so any
ers have not passed over land at all in at least the past fiveorrelation with Org may represent Org with a similar ma-
days. Mean CO values for the further offshore trajectoriesin€ origin. We limited CO to lower and lower concentra-
are 63 ppb, with an inter-quartile range of 2 ppb (Figs. 4 andtions qntﬂ_the low CO branch of the $Q@s. BC relationship
5 in Allen et al., 2011). The Allen et al. (2011) trajectory Was highlighted. The data were reduced at a CO concen-
analysis provides further justification that a background cotration of 56 ppb. For data with CQ56 ppb, SQ varies
concentration of 61 ppb is a reasonable background thresholffom 0.05-0.5ugm® (average 0.14-0.11) while CO and
in the SEP region. BC vary little: CO varies from 52.9-55.9 ppb with an average

. of 54.6+ 0.7 ppb, and BC mass varies from 0.0-2.0 ngm
A BC concentration of 4.5 ngn? was chosen as the BC with an average of 0.8 0.5ngnT3. The relationship be-
threshold because it represents a rounded value of the Aeen SQ and Org for cases with C@ 56 ppb is shown in
erage BC concentration associated with the low CO mOdq:ig 6. Values of Org and SOwere then bin-averaged for
(CO<61ppb) (actual average was 489%.75ngn?). evér -O 05 increment of and are superimposed on the
Therefore, CO<61ppb and BG<4.5ngn3 were the y P P P

. . . ne-minute data from Fig. 5 witholerror bars. A linear fit
thresholds selected with which to characterize backgroun(i)o the raw data suggests a relationship between Org aad SO
conditions for the SEP.

with a slope of 0.08 0.02, possibly indicative of an oceanic
Org vs. BC and S@vs. BC, as well as CO in the VO- source for this Org.

CALS MBL are plotted in Fig. 5. Figure 5a shows Org vs.

BC and Fig. 5b shows the §@s. BC relationships for the 4.2 Comparisons with other studies of marine aerosol

free troposphere (FT) and MBL, all colored by CO. Fig-

ure 5c¢ shows the strong relationship between Org and BGJnder the clean criteria (CQ56ppb and BC

for CO<61ppb. The regression has an intercept of 0, andnass< 1.8ngn13), designed to isolate marine sulfate

a R? value of 0.66, suggesting a significant linear relation- aerosol, Org constitutes only 6% of total submicron,
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mass, and even up to 77% in North Atlantic aerosols

0.10 : rY——— . - afio
fﬂﬁ?ﬁﬁ?:ﬁlﬁoi i‘ﬁ.bg?md devtion (O’Dowd and de Leeuw, 2007).
0.08 e - Above cloud air in the FT often has higher concentrations
of Org, BC, and CO than below cloud, but lower £&ncen-
0.06 ° ° o trations (Fig. 5a and b). Entrainment evident in this region
_ & | (Bretherton et al., 2010) would therefore raise concentrations
T2 004 %1 of Org and BC in the MBL while lowering S£by dilution.
2 ;,,,/ Furthermore, the range of relationships evident between OC
& ooz o’; AER R and BC in the FT in Fig. 5a suggest the involvement of vari-
q | e able sources and aerosol removal processes.
0.00 15 o o The data discussed above and approximate slopes of the
o o Org/SQ ratio are drawn in Fig. 7 along with slopes included
002 ol as visual representation of the relationships found from
various studies that all focused on clean marine aerosols:
004 a Trinidad Head (TH), Mace Head (MH), VOCALRon

Brown (RB), Ace-Asia (AA), IMPEX (IMP) and Ocean Sta-
tion Papa (OSP). The plot also includes Org vs,®fata
for the entire cruise (100 min averaged data), as well as VO-
Fig. 6. Natural Org vs. S@ (e.g. Org vs. SQ@ for cases when CALS data (10 min, or leg-averaged, data). The TAO and
CO<56ppb and BC mass1.8ngnT3), one minute and bin- VOCALS Org/SQ data shows a considerable fraction of the
averaged data. measurements lie on or near to a line with a slef@el (TAO

and VOC in Fig. 7). The before mentioned excursions from

the TAO cruise-average Org/Q@atio of 0.08 are indicated

. . by TAO* in Fig. 7. VOCALS FT data (VOC FT), where the

non-refractory aerosol mass, while $eonstitutes 87% of Org/SQ is significantly higher, is also plotted and reveals

the total submicron non-refractory mass in the MBL. Thesethe potential to increase MBL values of Org/gBrough en-
results are up to 50 % lower than other studies in the tropicstrainment

and subtropics and far smaller than those reported for high
latitudes and phytoplankton blooms (Fig. 1) which find Org
to make up 25-40% of the total submicron non-refractory

0.0 0.1 0.2 0.3 0.4 0.5 0.6
S04 (ng m)
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to cases CNc 700 cn 2 and CN< 350 cn1 3, the frequency
distributions of Org/S@for the two platforms remain consis-
tent with the unrestricted caséR®on Browrgeometric means
and standard deviations for CN700 cn 3 and< 350 cn1 3
are 0.28+2.08 and 0.2 1.95, respectively. For VOCALS
geometric means and standard deviations for<90 cn1 3
and <350cnT3 are 0.18:2.75 and 0.1% 2.95, respec-
tively. Although CN is not as direct an indicator of pollution
as the use of CO and BC, it was the only common measure-
ment across the sampling platforms. The consistently higher
Org/SQ values for theRon Brownsuggest that during VO-
CALS, theRon Brownwas in contact with more continen-
_ ) _ tally influenced air than the C-130, and therefore observed
Fig. 7. AMS organics (Org) versus sulfate ($during TAO 2009 pigher absolute and relative concentrations of Org through-
cruise, VOCALS “clean” MBL (VOC), and VOC FT. Also shown .
are approximate implicit slopes for the Org/$&lationship from out the campaign. .

We think a dramatic under-sampling of OM by the AMS

Trinidad Head (TH), Mace Head (MH), Ace-Asia (AA), IMPEX . . . .
(IMP), Ocean Station Papa (OSP), and VOCARSn Brown(RB). during VOCALS is unlikely, but there are a few mechanisms

Average reported clean values are shown as filled, colored circled?y Which it could occur. Hawkins et al. (2010) found their
and the line drawn from the origin to the reported average is theAMS had a particularly low CE for Org in the VOCALS re-
implicit slope. Excursions from the TAO average OrgiS&0.08  gion. Measurements of Org from FTIR showed 2.4 times as
are indicated as TAO*. much as their AMS (at CE =1, which worked well for $0
and NH;). Much of this difference in Org correlated with
dust elements, so they attributed low CE to refractory Org
4.2.1 Comparisons with shipboard VOCALS data found on submicron dust particles originating from South
America. As dust particles are of continental origin, low CE
It is striking that at the same time and place, BRen Brown  values associated with Org on dust would not impact the re-
found higher Org concentrations, and thus a higher Org/SO sults of our study.
ratio (Sect. 3.1, Hawkins et al., 2010). Unfortunately, in- Another possible source of error that might bias the abso-
compatible instrumentation made it hard to do direct compardute values of Org low is through application of CE correction
isons. The C-130 lacked the radon (Rn) measurements useglues to the data. In the unlikely condition of completely ex-
aboard the ship to detect continental influence and the shipernally mixed aerosol where Org are collected with-<€&.5
lacked CO and SP2 measurements, so a common definitioand the SQ@ is not neutralized, and is therefore being col-
of clean air cannot be made. On tRen BrownRn was used lected with CE =1 the resulting Org/S@ould be a factor of
to classify roughly 40 % of the cruise as having Marine Air 2 low. However, the CE we applied lies between 0.5 and 0.7
Mass (MAM) characteristics. However, results from their 64 % of the time. Therefore, externally mixed Org might be
PMF analysis showed that approximately 75% of the OM underestimated by up to 30 %. A third possibility for under
during those periods fit their combustion factor rather thansampling of Org by our AMS could be the inlet efficiency.
the marine factor. Therefore of their average MAM OM of Calibrations have shown that there are significant particle
0.4 pug nr3determined from FTIR, only about 0.1 pgrhis losses by our AMS inlet at particle diameters greater than
of potential marine origin. It is not clear what fraction of the 600 nm, vacuum aerodynamic diameter. Hence, a significant
SOy is marine, so their Org/SQratio from marine sources Org fraction present on coarse sea-salt remains possible, al-
is between 0.15 and 0.6. The lower end of their range is stillthough prior measurements of size resolved OM in marine
>50% above our estimate of 0.08. Differences in the cam-aerosol find over 90 % concentrated in sizes well resolved by
paign Org/SQ ratios between the C-130 afRbn Brownare our AMS (Fig. 2; O'Dowd et al., 2004; Keene et al., 2007).
shown in Fig. 8a and b as histograms of the ralon Brown  Plots and regression (not shown) of Org vs. OPC coarse non-
AMS Org were reported as 0 for concentrations below theirvolatile mass (the latter a sea-salt surrogate in the MBL) also
instrument’s detection limit¢0.16 ug nT3), biasing average  revealed no evidence of a relation between the OM concen-
concentrations low. In order to decrease this bias, for therations measured by our AMS and sea-salt concentrations.
purpose of this comparison, Org concentrations below instru- Some organics are not volatile at the 6@temperature
ment detection limits were replaced with half of that detec- of the AMS heater. It is conceivable that the AMS cannot
tion limit (0.08 ugnt3). For the unrestricted cases, i.e., no detect some primary marine organics.
clean air selection criteria applied, tRon Brownobserved While the issues raised in the above paragraphs show
higher Org/SQ ratios (geometric mean and geometric stan-a possibility that the AMS samples marine organics inef-
dard deviation of 0.2& 2.11) than the C-130 (0.182.08).  ficiently, previous studies in laboratories (Matthew et al.,
When CN is used as a clean air indicator, and is restricted008), in urban pollution (Middlebrook et al., 2011) and in
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Fig. 8. Histograms of Org/S@from different platforms and campaigns, restricted to varying clean air criteria. Units are as follows: CN
(cm™3), CO (ppb), and BC (ng m).

clean conditions in the far north Atlantic and Arctic Oceans more polluted, and therefore CO and BC concentrations were
(Russell et al., 2010) all demonstrated near 1:1 agreememiot at the low levels observed in the Southeast Pacific. As in
between AMS Org and other OM measurements after the apyYOCALS, the frequency distributions of the Org/$@atio
plication of CE corrections based on sulfate neutralization. Itare shifted to lower values (lower geometric means) as the
appears very unlikely that our Org/g@®alues are low by a clean thresholds of BC and CO concentrations are lowered,
factor of 2. as opposed to the use of CN to restrict clean air cases as dis-
One issue that remains unresolved is that Keene egussed above. Atthe cleanest IMPEX levels (€035 ppb
al. (2007) found an order of magnitude higher OM and BC<20ngnt3) the geometric mean of the Org/$O
(~0.1pgnr3) than our values when bubbling air through ratio is 0.17+1.78. Unfortunately, the clean IMPEX data
seawater from Bermuda with dissolved OM concentrationssuffers from poor statistics, as the main objective of the cam-
typical of oligotrophic areas. Their OM was enriched in ex- paign was measure pollution transport across the North Pa-
actly the particle size range the AMS samples well. It is notCific so cases of clean air were sparse.
clear why their numbers are so much higher. We look for-
ward to other experiments of this type to see whether the4.2.3 Patterns of Org/SQ
disagreement persists.
Our results are in broad agreement with the established pat-
4.2.2 IMPEX tern that Org/S@is lower in remote oligotrophic tropical and
subtropical regions than at high latitude, productive regions
Figure 8c shows the Org/SGistograms during VOCALS, (see Fig. 1 and Table 1). At 0.17, the IMPEX ratio {49
but constrained to clean air cases using varying, and in€xceeds that of VOCALS (0.08 at 28) and TAO2009 (0.09
creasingly more restrictive, concentrations of BC and CO.at the Equator). If we had an SP2 on the TAO cruise, we
When VOCALS C-130 data are constrained to €61 ppb,  would probably have found that some of the Org was of com-
BC <4.5ngnT3 the geometric mean and standard devi- bustion origin, lowering Org/Sgto or below the VOCALS
ation decrease from 0.182.08 (for unrestricted cases) ratio. This pattern is very likely due to the different plankton
to 0.15+3.08. Further restriction, to C@56ppb and communities.
BC < 1.8ngn13, yields a geometric mean of 0.102.85. While our latitudinal pattern agrees with earlier studies,
Histograms of Org/S@ratios from another campaign (IM- the Org/SQ values we report here are significantly below
PEX), in which an identical SP2 and AMS were operated,the other studies mentioned in Table 1. The obvious reason is
are shown in Fig. 8d. The Northern Hemisphere is generallythat we could use the fast response of the SP2 to establish the
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presence of even minimal BC influence. That turned out to betion photometer (PSAP), use the decrease in light transmis-
substantial, with combustion-related Org comprising roughlysion through a filter as it becomes loaded with aerosol. This
2/3rds of total Org even at B€ 15ngnm3 (Fig. 5¢). Other  measure of aerosol light absorption is then related to total BC
studies in Table 1 characterized aerosol under relatively cleathrough formulas (Lack et al., 2008). Errors to filter-based
conditions, but did not attempt to eliminate all pollution in- instruments include deposit and filter matrix interactions that
fluence, which would be very difficult to do with long inte- may change the physical and optical properties of the sys-
grating periods like those necessary in filter sampling. If wetem, leading to inaccurate light absorption measurements, as
neglected BG< 20 ngnt3, our Org/SQ during VOCALS  well as the use of corrections which can alter the measured
would be 0.19, in agreement with tfkon BrownVOCALS change in transmission, limiting accuracies to between 20—
data, the “clean Atlantic” data of Zorn et al. (2008), and just a30 % (Bond et al., 1999; Virukkula et al., 2005; Weingartner
factor of 2 below the North Pacific sampling sites, which areet al., 2003). In addition, the PSAP suffers from positive ar-
subject to cross-Pacific transport of Asian aerosol (Table 1).tifacts that may result in higher than actual measurements of

Our Org/SQ values are far below those from ACE-Asia BC, and facilitate the necessity to set a higher threshold for
and Mace Head. While the presence of significant BC atclean conditions. An arbitrarily higher threshold has addi-
the latter site indicates some contamination by combustiortional implications for comparing BC measured by the PSAP
aerosols, much of that difference is undoubtedly due to dif-to those measured by other methods (i.e. SP2).
ferent plankton populations: the isotope analyses of Cebur-
nis et al. (2011) and the correlations with chlorophylin 4.3 Org enrichment during the TAO cruise
O’Dowd et al. (2008) demonstrate that a large fraction of
OM there is of marine origin. In order to explore the relation of the Org enhancement dur-

There are some other differences between our samplingng the cruise (TAO* in Fig. 7) to possible ocean sources,
techniques and other projects that may be partly responsieight-day composites of chlorophyll-concentration were
ble for our lower Org/S@ values, though we have no rea- produced using SeaWIFS (Sea-viewing Wide Field-of-view-
son to believe they are major effects. One such difference i$ensor) Level 3 products provided by NASA/Goddard Space
that winds in the tropics are often weaker than those at higtFlight Center (Ocean Color Webhtfp://oceancolor.gsfc.
latitudes, perhaps limiting primary organic aerosol produc-nasa.goy accessed June 2010). Surface chlorophydbn-
tion. Roughly 7ms? is required for whitecap formation, centrations do not indicate a significant increase in biological
and wind speeds during the VOCALS clean periods rangedroduction for corresponding aerosol measurements on the
from ~5 to 13ms1. Whitecaps are plainly visible in on- western boundary of the cruise track (Fig. 9a), and the east-
board video recordings during these clean periods, but magrn edge of the cruise (Fig. 9b, 11 September to 15 Septem-
be less common than at higher latitudes. ber).

Not all measurements of Org compared in this study are Fifteen-day Air Mass Back Trajectories (AMBTS)
equal. Some studies (O’'Dowd et al., 2004; Cavalli et al.,were performed using the National Oceanic and Atmo-
2004; Quinn and Bates, 2003; Phinney et al., 2006) relyspheric Administration’s (NOAA) Hybrid Single-Particle
on filter-based measurements of OA. Filter measurementéagrangian Integrated Trajectory (HYSPLIT) model access
have significant biases, including negative artifacts fromvia NOAA ARL READY website bttp://www.arl.noaa.gov/
volatilization of particulate-phase organics from the filter ready/hysplit4.htmjl Isentropic trajectories were run at 4
surface, and positive artifacts from adsorption of gas-phaseiltitudes (100 m, 1000m, 1250m, and 1500 m) using the
organics onto the filter (Turpin et al., 2000). There is also GDAS meteorological dataset. The 100 m trajectory (red)
the issue of particle bounce off the collection substrate oforigin was varied spatially by°Inorth, south, east, and west,
an impactor stage during sampling, leading to inaccuratén order to capture spatial variability in the model. Within
size classifications. Also, in order to convert total organicthis spatial variation the trajectories were consistent for ap-
carbon (TOC) from bulk filter measurements to water solu-proximately the first 6 days of the AMBT, after which the
ble and insoluble organic carbon (e.g. Cavelli et al., 2004)100 m trajectories tended to diverge. For simplicity, only one
and POM (e.g. Quinn and Bates, 2003), TOC measurementsf the 100 m trajectories is displayed in Fig. 9. Several sets
from filters are multiplied by a conversion factor that repre- of trajectories were run, half during the peak of the Org/{SO
sents a ratio between molecular mass and carbon mass. Figxcursion on the eastern most edge of the cruise track, and
ter measurements do not, however, suffer from the potenhalf on the western edge of the cruise track, where Org/SO
tial refractory-organics or size-dependent losses as the AM$s close to the cruise-average 0.08 value. However, for clar-
does. All of the above mentioned factors must be consideredty, only two sets of trajectories are plotted in Fig. 9. Altitude
when comparing studies of OM measurements. profiles for the AMBTSs are shown in Fig. 9c and d.

The same issue is true for the different methods of mea- AMBTSs from one day, chosen to represent the western
suring black carbon. Filter-based techniques for measuringgdge of the cruise track (3 September), indicate that influ-
black carbon, such as with instruments as the aethelometegncing air masses have (a) passed through the Inter-Tropical
(as used in Cavelli et al., 2004), and the particle soot absorpConvergence Zone (ITCZ), where convection and rainfall
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altitude profiles are shown fgc) 3 September 2009 ar{d) 13 September 2009. Altitude profiles are colored using the same legéay as
Panel(e) biomass burning events from 1 September—-8 September 2009 (FLAMBE”).

could have removed particulate matter, and (b) spent the pash the Amazon at the beginning of September, approximately
15 days over the ocean, with no indication of continental in- 1-2 weeks before sampling occurred (Fig. 9e). Levoglucosan
fluence. The influence of ITCZ precipitation upon aerosolis a chemical tracer for biomass burning, as it is formed dur-
concentrations is clearly evident in Fig. 3 where they are re-ing the pyrolysis of cellulose (Simoneit et al., 1998). Lee et
duced by up to a factor of four on 11 September and recoveal. (2010) found that the AMS peak at/z60, more specif-

by 14 September. During the time period 12 September—14cally CoH40-, a fragment resulting from the breakdown of
September Sgpconcentrations increase by a factor of 4 rang- levoglucosan and other anhydrosugars, including mannosan,
ing from 0.25 to 0.95, with an average 05®.24 ugn?, galactosan, arabinosan, and xylosan, is an even better indi-
while the Org/SQ ratio ranges from 0.17 to 0.41 with an av- cation of biomass burning than levoglucosan itself. How-
erage of 0.28- 0.04. The relatively consistent Org/g€atio ever, Russell et al. (2010) has determined that marine Org in
indicates no preferential removal of either species. All of thethe North Atlantic are primarily carbohydrate-like, and also
sets of high altitude trajectories (1000, 1200, and 1500 m)shows up atn/z60 and 44, so the AMS mass spectra cannot
during the peak in the Org/S@atio from 13 September in- by themselves exclude marine sources of elevated Org.
dicate that air masses have had possible continental influence ysing the high resolution data analysis and elemental anal-
inthe past 15 days (Fig. 9b). While one may question 15 daysjs package for the AMS (Aiken et al., 2008RHu0, was
back trajectories we note that the stability of the prevailingjgentified and quantified by averaging the cruise data over
flow makes trajectories less variable in this region than most. 12 h periods. Figure 10 shows the fraction aHzO. to

and at typical wind speeds it takes 10 days or more to reachytal Org concentration, along with 12 h averaged Org/SO
South America from Christmas Island. overlaying the 10 min Org/S&from Fig. 3. Because the sig-

As previously noted for our VOCALS data, biomass burn- Nal to noise level is lower for the #8402 peak, error bars
ing in South America serves as a potential source of Org(1o) are shown as well.
to the FT, and data from the Fire Locating and Modeling The GH4O, data are characterized by high errors due to
of Burning Emissions (FLAMBE' ljttp://www.nrimry.navy.  low Org signal, therefore there is no statistical change in the
mil/flambe) accessed July 2010) indicates widespread fire<CoH402/Org value during the Org/SQexcursion on the 13
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(Right) H/C vs. O/C for the 12 h averaged data (Van Krevelen plot).

September. However, levoglucosan was detected at a ground-4
site in Paposo, Chile (25, 70.3 W, 690 m above mean
sea level) during VOCALS (Chand et al., 2010). The pre- Modeling sea-spray aerosol, and the contribution of marine
vailing wind at the ground-site in Paposo is southerly, repre-organic aerosol to global emissions, has been the subject of
senting a region upwind of the TAO cruise area. Trajectoryrecent studies (Langmann et al., 2008; O'Dowd et al., 2008;
and MODIS analysis suggested the biomass burning sourc¥ignati et al., 2010). Several relationships have been used
for the levoglucosan during the Chand et al. study cameto relate water insoluble organic mass fraction to surface
from the Chilean lowlands, west of the Andes, in the latitude chlorophyllw concentrations upwind of the measurements.
range 35-49S. While the detection and identification of the While modeling studies that use no marine OA contribution
C2H402 fragment is consistent with both biomass burning underestimate field observations of Org, those that employ
and marine sources of Org, the trajectory analysis and lackhe previously mentioned functions to extrapolate OA pro-
of change in surface chlorophyil-concentrations suggests duction globally often overestimate Org aerosol concentra-
a biomass burning source for the increased Org concentraions by a factor of 4 or 5 compared to observations (Lapina
tions during the 13 September Org/$€xcursion. Transport et al., 2011).
in the FT appears reasonable as a potential source of Org to ynder the cleanest conditions determined for each cam-
the Central Pacific MBL, similar to what was observed dur- paign the VOCALS, TAO, and IMPEX Org contributions
ing VOCALS, but Unfortunately no above-cloud data is avail- to total submicron mass are 6 %, 7%, 18 %, respective|y_
able during the TAO cruise. However, such transport in theMonth|y a\/eraged Ch|or0phyu_ concentrations (from Sea-
FT over this equatorial region has been noted in other papergy|FS) in surface water upwind of these study areas averaged
(Hsu et al., 1996; Kim and Newchurch, 1996). 0.15, 0.20, and 0.5 mgnd for VOCALS, TAO, and IMPEX,
respectively. If plotted along with the O’'Dowd et al. (2008)
Twelve hour averages of the elemental ratios H/C versugiata, the slope of the relationship from our data is similar
O/C are shown on a Van Krevelen plot (Heald et al., 2010)to that established by Langmann et al. (2008) and Vignati et
in Fig. 10 as well, and are colored by the Org/Sfatio. al. (2010), however our data points plot in the low percent
Heald et al. (2010) showed that a Van Krevelen diagram pro-Org mass (0-20 %), low chlorophyl-(0.15-0.2 mg m®)
vides an indication of the amount of aging an aerosol hagortion of the O’Dowd (2008) plot. Our data suggests a rela-
undergone, i.e. the longer an aerosol is in the atmospherdionship that falls along the lower envelope of points in that
the more oxidized it will become, and the H/C ratio will de- plot and passes through the origin rather than having a signif-
crease while the O/C ratio will increase (Heald et al., 2010).icant intercept at zero chlorophyl- At first glance, a non-
Figure 10 reveals the more aged aerosol during TAO to bezero intercept is implausible: if there were no chloroplayll-
generally associated with the higher Org/S@tio, indicat-  then there should be no production of OM. A finite intercept
ing a non-local source for these aerosols. The lower valuesuggests either a non-marine source or a more complicated
of Org/SQ, are associated with higher H/C and lower O/C, relationship between productivity and OM emissions. Given
suggesting a more local, perhaps oceanic, source. Howevethe difficulties of connecting chlorophydl-to DMS concen-
Van Krevelen diagrams were developed to illustrate oxida-trations (e.g. Bell et al., 2010), a complex relationship be-
tion of hydrocarbon-like pollutants and it is not clear how tween chlorophylls and other organics is perhaps to be ex-
well it applies to natural marine organics. pected but may not generalize easily across the globe. As a

Implications for modeling studies
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