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Abstract

Aerosol chemical composition was measured over the Atlantic Ocean in November–
December 1999 and at the Finnish Antarctic research station Aboa in January 2000.
The concentrations of all anthropogenic aerosol compounds decreased clearly from
north to south. An anthropogenic influence was still evident in the middle of the trop-5

ical South Atlantic, background values were reached south of Cape Town. Chemical
mass balance was calculated for high volume filter samples (Dp<3µm). North of the
equator 70–80% of the aerosol consisted of non-sea-salt species. The contribution of
sea salt was ∼25% in the polluted latitudes, >80% in the Southern Ocean, and <10%
at Aboa. The contribution of organic carbon was >10% in most samples, also at Aboa.10

The correlation of biomass-burning-related aerosol components with 210Pb was very
high compared with that between nss calcium and 210Pb which suggests that 210Pb is
a better tracer for biomass burning than for Saharan dust. The ratio of the two clear
tracers for biomass burning, nss potassium and oxalate, was different in European and
in African samples, suggesting that this ratio could be used as an indicator of biomass15

burning type. The concentrations of continent-related particles decreased exponen-
tially with the distance from Africa. The shortest half-value distance, ∼100 km, was for
nss calcium. The half-value distance of particles that are mainly in the submicron par-
ticles was ∼700±200 km. The MSA to nss sulfate ratio, R, increased faster than MSA
concentration with decreasing anthropogenic influence, indicating that the R increase20

could largely be explained by the decrease of anthropogenic sulfate.

1. Introduction

Large amounts of man-made and natural aerosols are transported every year from the
continents over the ocean (Lelieveld et al., 2001; Kaufman et al., 2002; Chiapello and
Moulin, 2002). In the marine environment, these continentally-derived aerosols influ-25

ence the climate forcing patterns by scattering and absorbing solar radiation and by
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modifying cloud properties (Ramanathan et al., 2001; Sekiguchi et al., 2003). Other
potential effects caused by these aerosols include perturbations in tropospheric chem-
istry via different heterogenous pathways (Ravishankara, 1997; Seinfeld, 2000).

Over the Atlantic Ocean, the physical, chemical and optical character of aerosols
have been measured in association with several short-term campaigns, e.g., TARFOX5

(Russell et al., 1999), ACE-2 (Raes et al., 2000), with cruises across the ocean (Van
Dingenen et al., 1995; Davison et al., 1996; Bates et al., 2001; Quinn et al., 2001;
Leck et al., 2002), with long-term monitoring programs (e.g. Prospero, 1999) and with
satellite data (Bergstrom and Russell, 1999; Chiapello and Moulin, 2002). The main
features identified by these studies include the continual presence of pollution aerosols10

associated with fossil-fuel combustion over most of the Northern Atlantic and the trans-
port of Saharan dust across the Atlantic. Measurements over the southern parts of
the ocean have been fewer and limited mainly to short cruises between the bordering
continental areas.

In this work we present aerosol chemical data measured in November–December15

1999 during a cruise over the Atlantic Ocean between the English Channel and the
Antarctic coast, along with a corresponding data measured in January 2000 at the
Finnish Antarctic research station Aboa (73◦03′ S, 13◦25′ W, 470 m a.s.l). The main
purpose of the cruise was to transport cargo to several Antarctic research stations.
The instruments that were to be used at Aboa were also used during the transport20

cruise. The main results of the number size distribution measurements associated
with these measurements were presented earlier by Koponen et al. (2002, 2003). The
chemical composition of coarse particles was presented earlier by Niemi et al. (2005)
who analyzed the high-volume samples taken between Europe and Antarctica using
scannning electron microscopy coupled with an energy dispersive X-ray microanalyzer25

(SEM/EDX). Virkkula et al. (2005) presented a detailed analysis of the chemical mass
size distributions of various aerosol components. This paper presents the bulk chem-
ical concentrations in one or two size fractions. The data from the Antarctic site are
presented only as a last measurement point of the north-south data series. A detailed
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analysis of the Antarctic data will be presented in another paper.

2. Methods

2.1. Sampling

Samples for chemical analyses were taken using a high-volume sampler (HV), a virtual
impactor (VI) that divides the sample in sub- and supermicron fractions, and a 12-stage5

small-deposit-area low-pressure impactor (SDI) (Maenhaut et al., 1996). The sampling
setup onboard the Akademik Fedorov and at Aboa were described also by Koponen et
al. (2002, 2003) and Virkkula et al. (2005). On the ship sample air was taken from 1.5 m
above the bridge and the sample air was led through stainless steel and conductive
flexible tubing. The total length of the inlet tubes was 10 m. The tube diameter was10

50 mm for the HV sampler and 25 mm for the VI and the SDI. Above the bridge there
were two positions for the inlets. The inlets were attached on the side railing at the
uppermost deck of the ship. Depending on the wind relative direction, the sample was
taken from the clean side of the ship or switched off in case of wind from the back of
the ship. The HV sampling was continued, however, even when the wind came from15

the back of the ship. This was because the main reason for taking the HV samples was
for the analysis of 210Pb, a tracer for continental air and it is not released by the ship
emissions. However, the HV samples were later analyzed for other chemical species as
well. One HV sample was contaminated and it was not used for the statistics of species
that could be emitted by the ship, such as sulfate, organic and elemental carbon.20

The SDI and the VI had a common inlet both on the ship and at Aboa. On the ship
the diameter for 50% transmission efficiency (D50) was approximately 10µm. The size
distribution analyses (Virkkula et al., 2005) suggest that during strong winds the cutoff
was probably lower, approximately 7–8µm. At Aboa an inlet with a D50>20µm was
used. The HV had a separate inlet that was used both on the ship and at Aboa. The25

HV inlet and sample line transmission efficiency was estimated using the equations
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given by Brockman (1993). The inlet transmission efficiency depends on wind speed.
The average (± standard deviation) wind speed at the inlet was 11±6 m s−1 during the
cruise. The respective D50 of the combined inlet and sample line was 3.4±0.5µm,
taking aspiration and inertial losses in the inlet and sample line losses into account.
The D50 of the HV sampler was also determined by comparing sodium concentrations5

measured using both the SDI and the HV. The sodium concentrations analyzed from
the multistage impactor were added stage by stage starting from the smallest stage
and the average ± standard deviation diameter where the cumulative concentration
equaled the sodium concentration on the HV samples was 3.0±1.2µm. At Aboa the
average wind speed was 8±5 m s−1 and the respective D50 of the combined HV inlet10

and sample line was 3.8±0.4µm.
On the ship the sample line was two meters inside the laboratory where it got heated

due to the temperature difference between the outdoor and laboratory air. Due to the
temperature increase relative humidity dropped. There was no heater for the sam-
ple line and the heating was not controlled. Temperature and relative humidity of the15

sample air were monitored at the end of the sample line in the laboratory room. The
average relative humidity in the sample line in the laboratory was 40±15%. At Aboa
the inlets were placed 2.5 m above the container roof which was about 3 m above the
ground. Inside the laboratory container the SDI and VI sample line was 2 m long and
the HV sample line 1 m long. Both on the ship and at Aboa the main flow 30 LPM (liters20

per minute) of the sample line where the VI and the SDI were attached was produced
by the flow to a nephelometer at the end of the sampling line. As on the ship rela-
tive humidity dropped due to the temperature difference of the outdoor and indoor air.
Temperature and relative humidity of the sample air were monitored at the end of the
sample line in the laboratory container. At Aboa the average relative humidity in the25

sample line in the laboratory was 10±3%.
The VI flow rate was 16.7 l min−1 (LPM) and the sampling time 24 h and 48 h on the

ship and at Aboa, respectively. Teflon (Fluoropore, 47 mm, 3µm pore size) was used as
filter material both for the fine (Dp<1.3µm) and coarse (Dp>1.3µm) size ranges. After
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sampling the filters were stored in Petri slides and kept in a freezer until the analyses.
The SDI flow rate was 11 LPM. Polycarbonate films (Nuclepore, poreless, 10µm

thick) were used as particle impaction substrates. The films were coated with Apiezon
L vacuum grease to reduce the bounce-off of particles. The sampling time of the SDI
was changed during the cruise. When the ship was in the more polluted part of the5

cruise a 24-h sampling time was considered sufficient for collecting samples above the
detection limit on all stages. In the cleaner areas the sampling time was doubled to get
enough sample material on all stages. The D50 values of the SDI stages are 0.045,
0.086, 0.15, 0.23, 0.34, 0.59, 0.80, 1.06, 1.66, 2.68, 4.08, and 8.5µm. The upper
range of the highest stage is determined by the inlet. After sampling the samples were10

stored in clean vials and kept in a freezer until the analyses.
The HV flow rate was 120 m3 h−1, the sampling time was 24 h, and the air was sam-

pled on quartz fibre filters (Munktell MK 360, diameter 240 mm). The main purpose
of the HV samples was to be analyzed for 210Pb. However, the quartz filters were
pre-heated at 650◦C before the campaign in order to make analyses for elemental and15

organic carbon possible. The HV filters were kept in clean zip-lock bags before and
after sampling. After the sampling the filters were deep frozen. The zip-lock bags were
made of plastic that may affect the organic carbon analyses. However, this was taken
into account by subtracting the average blank concentration from the analyzed organic
carbon in the actual samples.20

Field blank samples were obtained by loading clean filters in the samplers, keeping
them there for 5 min and packing them exactly like the actual samples. This procedure
was done both onboard Akademik Fedorov and at Aboa. There were 28, 9, 5 field
blanks for the SDI, VI and HV during the cruise, respectively, and 9, 9, and 4 at Aboa,
respectively. For the HV samples the concentrations were analyzed from 3 pieces25

from each filter sample, as will be explained below, so the HV blank averages were
calculated from 15 analyses from the cruise, and the Antarctic average blanks were
calculated from 12 analyses.
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2.2. Chemical analyses

All samples were analyzed for major inorganic and some organic ions using two
Dionex-500 ion chromatography systems. Anions were analyzed using an AG11 guard
column and an AS11 analytical column with chemical suppression. The eluent for an-
ion analysis was 0.4–30 mM NaOH solution. Cations were analysed using a CG12A5

guard column and a CS12A analytical column with electrochemical suppression. The
eluent for cation analysis was 25 mM methanesulphonic acid. The analyzed ions were
Na+, NH+

4 , K+, Mg2+, Ca2+, Cl−, NO−
3 , SO2−

4 , MSA− (CH3SO−
3 ), oxalate, acetate, suc-

cinate, formate, and malonate. Sea salt concentrations were calculated as Sea salt =
Cl−+1.47·Na+ where 1.47 is the mass ratio of (Na++K++Mg2++Ca2++SO2−

4 +HCO−
3 )10

to Na+ in sea water (Bates et al., 2001; Quinn et al., 2001). The non-sea-salt con-
centrations of potassium, magnesium, calcium, and sulfate were calculated from nss
K+=K+–0.038·Na+, nss Mg2+=Mg2+–0.12·Na+, nss Ca2+=Ca2+–0.038·Na+ and nss
SO2−

4 =SO2−
4 –0.25·Na+. Sodium was thus used as the sea-salt tracer. Other possible

tracers would be Cl− or Mg2+. In atmospheric aerosols chloride is usually depleted15

due to reactions of sea salt with some acidic compound, such as sulfuric or nitric acid.
Therefore chloride is not a suitable tracer. Magnesium would be a good tracer over the
ocean but since its concentration in sea salt is about 12% of the sodium concentration,
its absolute concentration is low especially in Antarctic aerosols and relative analyti-
cal precision would result in higher uncertainties of non-seasalt concentrations. In the20

Antarctica the use of sodium as the sea-salt tracer has one disadvantage, though. On
the surface of sea ice frost flowers are formed and at temperatures below −8◦C sodium
sulfate in the frost flowers begins to precipitate out (e.g., Rankin et al., 2002). Wind
blowing over the ice may then generate aerosols in which sodium sulfate is depleted
compared with sea water. Using sodium as the sea-salt tracer may then result in neg-25

ative nss sulfate concentrations (e.g., Wagenbach et al., 1998). However, our samples
were taken in Antarctic summer and temperatures were mainly above −8◦C. Further,
the mechanism is most likely to take place only in the presence of sea ice surfaces
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(e.g., Minikin et al., 1998). Therefore this effect is assumed to be negligble in this work.
The radioactive noble gas radon-222 (222Rn) emanating from the Earth’s crust is

often used as a tracer for continental air (e.g., Samuelsson et al., 1986 and references
therein). Lead-210 (210Pb) is formed in the atmosphere from 222Rn and thus also 210Pb
can be used as a tracer for continental air masses. The exposed HV filters together with5

field blanks were assayed for 210Pb with an automatic alpha/beta analyser (Mattsson
et al., 1996). The detection limit for 210Pb depends on the counting time and air volume
but is usually about 10µBq m−3.

The HV filters were first analyzed for 210Pb activity concentration. After that 1.5 cm2

filter pieces were cut and analyzed for ions using ion chromatography and for elemen-10

tal and organic carbon (EC and OC) using a thermal-optical analyser (Birch and Cary,
1996). For the analysis of organic carbon the analyzer heats the sample in four con-
secutive temperature steps that result in organic carbon peaks OC1, OC2, OC3, and
OC4. There were no denuders nor a backup filter that could be used to estimate the
well-know positive artifact of the OC sampling. It may be assumed that OC1 consists15

both of aerosols and adsorbed gaseous organics and that the rest of the OC (OC2-4)
is in the aerosol phase (Kirchstetter et al., 2001; Putaud et al., 2000). In order to es-
timate the particulate organic mass (POM), including O and H, the OC concentrations
obtained from the OC/EC analyzer have to be multiplied by a OC-to-POM conversion
factor. In the literature several values have been used for this factor. For instance Hegg20

et al. (1997) and Putaud et al. (1999) used 1.7 and Turpin and Lim (2001) estimated
that the value is 1.6 for urban and 2.1 for nonurban aerosols. Using FTIR spectroscopy
Russell (2003) obtained a mean conversion factor just below 1.4 by analyzing samples
taken in northeastern Asia and the Caribbean. In this work 1.4 has been used. POM1,
POM2, POM3, POM4, and POM2-4 are the POMs that correspond to OC1, OC2, OC3,25

OC4, and OC2-4.
The field blank filters were analyzed for the same species as the samples. The blank

atmospheric concentrations presented in Table 1 were calculated by dividing the HV,
VI and SDI blank filter concentrations by the volume drawn through the sampler in 24 h
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with the flowrates, 120 m3 h−1, 16.7 LPM, and 11 LPM, respectively. For the marine
samples the average cruise field blank concentrations and for the Antarctic samples the
average Aboa blank concentrations were subtracted from the analyzed concentrations.

Chemical mass balance was calculated for the HV samples because only they were
analyzed both for the ionic compounds and OC and EC. The chemical mass con-5

centration was calculated by summing the concentrations of nss-SO2−
4 , NH+

4 , nss-K+,

nss-Mg2+, NO−
3 , sea salt, crustal mass, the analyzed organic ions, EC and POM. Only

POM2-4 is used for the mass balance. The concentration of crustal mass was cal-
culated from nss-Ca2+×(1+ΣRcrust

i )≈27.46×nss-Ca2+, where Rcrust
i =Xi /Ca is the ratio

of concentration of element Xi to Ca concentration in the average crustal composition10

presented by Mason (1966).

2.3. Other instruments

Particle number size distributions were measured using a Twin-DMPS system, as de-
scribed in detail by Koponen et al. (2002, 2003). Black carbon (BC) concentration
was measured using an Aethalometer (Magee Scientific, AE-10). The Aethalometer15

measured only submicron aerosol, there was a preimpactor that removed supermicron
particles. Aerosol optical depth (AOD) was measured during cloud-free conditions us-
ing a portable Microtops II sunphotometer (Solar Light Co. Inc.).

2.4. Weather data and backtrajectories

Data on wind speed and direction, temperature, pressure, and relative humidity were20

obtained from the ship’s weather sensors. At Aboa weather data were obtained from
the wind mast placed on the roof of the laboratory container. To analyze transport
routes of air masses, backtrajectories were calculated using the NOAA HYSPLIT4 tra-
jectory model (Draxler and Hess, 1997, 1998). The meteorological input data were
from the NOAA FNL archives.25
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3. Results and discussion

3.1. Overview of the expedition

The cruise route and associated 5-day backtrajectories were presented by Koponen
et al. (2003), Niemi et al. (2005), and Virkkula et al. (2005). The cruise started from
Bremerhaven, Germany, but air sampling was started in the English Channel on 85

November 1999. On 25 November the ship arrived at Cape Town from where the
cruise continued on 1 December and arrived at the Antarctic coast on 8 December
1999. The instruments were packed and transported to Aboa, where the laboratory
was set up and the measurements were continued with the same set of instruments
from 6 to 20 January 2000.10

The cruise was divided into five regions according to the location of the ship and
back-trajectories calculated using the NOAA HYSPLIT4 model (Draxler and Hess,
1997, 1998) and the meteorological input data from the NOAA FNL archives (Fig. 1).
Region 1 (Lat>24.55◦) was influenced by European air and region 2 (24.55◦>Lat>–
3.82◦, with values <0 indicating latitudes in the southern hemisphere) was influenced15

by Saharan dust and biomass burning (Niemi et al., 2005). In region 3 (−3.82◦>Lat>–
31.04◦) the backtrajectories came from central and southern Africa and from the mid-
dle of the Atlantic Ocean. Region 4 (−38.56◦>Lat>−57.52◦) was between Cape Town
and the Antarctic pack ice. Region 5 represented pack ice (−66◦>Lat>−70.10◦), even
though it consisted only of one sample and thus no statistical conclusions can be20

drawn. The samples taken at Aboa were classified to region 6.

3.2. Concentrations and comparison with other published data

3.2.1. Ions

The concentrations of selected ions analyzed from the filter and impactor samples are
plotted in Fig. 2. For the SDI the sum of concentrations on each impactor stage and25
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for the VI the sum of fine and coarse filters are shown. For the SDI also the sum of
concentrations on stages 1–9, i.e., of particles with Dp<2.7µm are presented for the
comparison with the HV samples. The concentrations of some species are compared
with other published data. Ion, elemental and organic carbon concentrations were
measured during an oceanographic cruise, Aerosols99, from the US to Cape Town in5

January–February 1999 (Bates et al., 2001; Quinn et al., 2001). The sub and super-
micron data presented by Quinn et al. (2001) were summed for total concentration and
plotted as continuous lines in Fig. 2. The latitudes for these data are the limits of the
meteorological regimes as presented by Quinn et al. (2001). The other comparison
data are the average wintertime polluted aerosol concentrations measured at Punta10

del Hidalgo, Tenerife (PdH) and at Madeira Island (MDI) as part of the LONGTERM
subproject of ACE-2. The LONGTERM data is based on high volume samples taken
using an inlet with a 10µm cutoff diameter from 1995 to 1998 (Nuñes, 2002).

The VI and SDI were compared by dividing the sum of the two stages of the VI by
the sum of the 12 stages of the SDI. For sea-salt the average ratio was 1.0±0.2, i.e., in15

general the two instruments agreed within about 20%. For ions that have gaseous pre-
cursors in the atmosphere the ratio varied more, in general so that the concentrations
were higher in the VI. Explanations may be that gas-phase precursors reacted with the
particles collected on the filter or that evaporation from the low-pressure impactor. The
agreement between the HV and the SDI was best for compounds that exist mainly in20

small particles, such as nss sulfate. Ammonium exists mainly in the small particles and
therefore it is not quite clear why the concentrations in the HV samples were clearly
lower than in the other two samplers.

The concentrations of nitrate, ammonium, and nss sulfate decreased almost mono-
tonically from north to south (Fig. 2). In region 1 nitrate and ammonium concentra-25

tions were close to the average wintertime polluted aerosol concentrations measured
at Tenerife (PdH) and at Madeira (MDI) and also comparable with the North American
air mass during Aerosols99. The concentation of nss sulfate was lower. There was
a peak in nss sulfate and ammonium concentrations in region 2 close to the North
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African coast. The maximum concentrations of the ions that contribute less to the total
aerosol mass, namely oxalate, malonate, nss-potassium, and nss-calcium, were also
observed in the same region, as were also the highest 210Pb activity concentrations.
A small peak of all pollution-related ions was observed in the sample that was started
when the ship left Cape Town.5

The sea-salt concentrations were in general lower than during Aerosols99 (Quinn et
al., 2001) and we never observed concentrations >9500 ng m−3 although wind speed
occasionally exceeded 15 m s−1 and whitecaps were present. During high wind speeds
on the ocean there are always significant amounts of sea-salt particles with diameter
>10µm (e.g., O’Dowd et al., 1997). These were not sampled due to the inlet cutoff.10

3.2.2. Organic and elemental carbon

There was a clear north-south gradient in organic and elemental carbon concentra-
tions (Fig. 3). In region 1 the EC concentrations were comparable with the aver-
age wintertime polluted aerosol BC concentrations measured at PdH and MDI, 199
and 122 ng m−3, respectively (Nuñes, 2002). The EC concentrations measured in15

the polluted North American air masses during Aerosols99 were below detection limit
10 ng m−3 (Quinn et al., 2001), so this is a clear difference between the polluted air
massses coming from Europe and North America. During our cruise EC concentration
decreased to below 10 ng m−3 only south of 20◦ S. The aethalometer data (BC) were
averaged over the HV sampling periods for comparison with the EC. The BC concen-20

trations were higher than the EC concentrations, linear regression for the samples with
EC >10 ng m−3 yields BC=1.25×EC+29 ng−3, R2=0.89. The difference may to a large
extend be attributed to the mass absorption efficiency of 14 m2 g−1 that was used in the
instrument but also to other effects, for instance the response of filter-based absorption
methods to scattering aerosols (e.g., Bond et al., 1999). Another important effect is25

that the Saharan dust particles also absorb light and the aethalometer interprets this
as BC.

Quinn et al. (2001) measured POM during Aerosols99 cruise in two size fractions,
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using an impactor for sampling. For the organic aerosol mass conversion factor Quinn
et al. (2001) used 1.6 for North American air masses and 2.1 for other air mass regions.
We have used the factor 1.4 for all samples, as discussed above. The POM concen-
trations observed during Aerosols99 were close to those observed in the present work
when only POM2–4 is taken into account (Fig. 3). This supports the assumption that5

the first peak of the evolved gas analysis thermogram represents adsorbed gaseous
organics.

3.3. Chemical mass balance of HV samples

The non-sea-salt, non-crustal ions dominated the aerosol chemical mass in region 1
and close to the equator (Fig. 4). In the dust plume the crustal mass contributed the10

most to the aerosol. This is in agreement with the observations of Niemi et al. (2005),
who analyzed the elemental composition of individual supermicron particles in the
same samples using SEM/EDX method. South of latitude 8◦ S the contribution of sea
salt was >50%, with the exception of the sample started in the Cape Town harbor. In
the open ocean south of Cape Town the HV samples the mass fraction of sea salt15

was >80%. Over the pack-ice the contribution of the other ions grew again and at the
Antarctic site it was higher than that of sea-salt. The reason for that is that Aboa is
far from the open ocean and large sea salt particles do not reach it very easily. POM
mass fraction was significant in most areas. Only in one sample in region 4 its mass
fraction was ∼1%, and even in the Antarctic samples it was ∼14%. EC mass fraction20

varied between 1 and 4% in regions 1 to 3. In the samples from other regions EC
concentrations were below the detection limit so no mass fraction could be calculated.

3.4. Saharan dust and biomass burning

During the cruise nss calcium and nss magnesium were observed only in region 2.
They are indicators of Saharan dust. The maximum nss calcium and nss magne-25

sium concentrations were observed simultaneously with the maximum AOD, ∼0.31.
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Nss potassium is also a component of soil dust but it is a also released in biomass
burning. When the maximum nss potassium concentration was measured, AOD was
slightly lower, 0.27. The excess-potassium-to-soot ratio is an indicator of the relative
contribution of biomass and fossil-fuel burning to soot carbon aerosols, so that ratios
larger than about 0.2 can be attributed to biomass burning (Andreae, 1983). Excess5

potassium is the potassium that is left after subtracting the crustal contribution, i.e.,
exc K+=nss K+ – crustal K+=K+ – (K+/Na+)seasaltNa+ – (K+/Ca2+)crustalnssCa2+. The
above formula is based on the assumptions that all sodium is from seasalt and that
all nss calcium is crustal. In samples taken in Region 2 there may be sodium also in
the Saharan dust particles, so the first assumption may lead to underestimation of nss10

potassium in the clearest Saharan dust samples. Nss calcium may also originate from
a biological source, skeletal material from coccolithophore phytoplankton (Artaxo et
al., 1992.). However, during our cruise nss calcium was observed only in the samples
that contained other crustal tracers such as aluminosilicates (Niemi et al., 2005) so the
biological contribution to nss calcium may be assumed negligble.15

In our samples the average of excess-potassium-to-EC ratio was 0.06, 0.27, and
0.10 in regions 1, 2, and 3, respectively, and 0.00 in the other regions. The high-
est ratio 0.94 was observed in the sample started at Cape Town harbor (Fig. 5). In
region 2 the highest ratio 0.53 was in the sample that also had the highest EC concen-
tration (256 ng m−3), so this sample may be assumed to be from biomass burning. This20

sample also had the maximum 210Pb activity concentration 793µBq m−3. The plot of
excess-potassium-to-soot ratio vs. 210Pb activity concentration in regions 1–3 (Fig. 5)
suggests that the 210Pb activity concentration is a good tracer of biomass burning in
the African coast. An exception is the sample started at Cape Town harbor where the
ratio was high even though the 210Pb activity concentration was low. A probable expla-25

nation is that in the urban area biomass is burned under control in stoves, for instance,
which does not lead to significant convection of soil-related particles and gases such
as radon and subsequently 210Pb, which takes place when biomass burning is a for-
est fire. Another mechanism for increased 210Pb activity concentrations in forest fires
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is that soil and dust particles deposited on plants get mobilized during forest fires as
suggested by Nho et al. (1996).

The best tracer for soil dust in our data is nss calcium. The high correlation of
nss potassium with 210Pb and the low correlation of nss calcium with 210Pb (Fig. 6)
suggests that in our samples the resuspension of soil dust was much less important to5
210Pb emissions than biomass burning. Biomass burning aerosols also contain sulfate,
organic and elemental carbon, and other organic species (e.g., Gaudichet et al., 1995;
Andreae et al., 1998). This is in agreement with our samples. The aerosol constituents
that correlate best with 210Pb in regions 2 and 3 were nss potassium, EC, POM, oxalate,
succinate and formate (Fig. 6).10

Figure 6 also shows that in most samples the ratio of the concentration of the ana-
lyzed species to 210Pb activity concentration is higher in region 1 than in regions 2 and
3. For instance, for oxalate the linear regression yields Ox=0.22×210Pb+10 ng m−3 for
the samples in region 1 and Ox=0.12×210Pb+8.1 ng m−3 for the samples in regions 2
and 3. Oxalate and nss potassium are both good tracers of biomass burning. However,15

the ratio of nss potassium to oxalate varies so that it was clearly lower, 0.2±0.1, in the
air masses from Europe than in region 2 where the clearest African biomass burning
aerosols were observed (Fig. 7). There the average ± standard deviation of the ratio
was 1.1±0.5.

3.5. Dilution of continental aerosols over the ocean20

Many of the measured ions, EC, POM, and 210Pb have their principal or only sources
in continental areas. The mechanisms that lead to decreasing concentrations of these
aerosols are dilution with cleaner air, wet and dry deposition, and chemical reactions.
Assuming that their concentrations over the continent are at some continental level
and that they decrease only by dilution and dry deposition, their concentrations should25

decrease exponentially with distance from the continent. The distance of the ship
from the coast was calculated for the ship’s locations every 6 h and averaged over
each sampling period. Between latitudes 13◦ N and 13◦ S the concentrations of EC,
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210Pb, POM1, POM2-4, nss K+, nss Ca2+, nss SO2−
4 , and oxalate all did decrease

exponentially with the distance from the African coast (Fig. 8). Using the HV samples
(Dp<3µm) their effective half-value distances, L1/2=ln(2)/k (k from the exponential fits
in Fig. 8), were 365 km, 693 km, 1575 km, 578 km, 224 km, 99 km, 950 km, and 578 km,
respectively.5

3.6. Ionic ratios for assessing the contribution of anthropogenic and natural aerosols

A qualitative estimate of the acidity of aerosols can be given by calculating the mea-
sured cation-to-anion ratio in charge equivalents and assuming that the cation defi-
ciency is due to H+ ions that cannot be analyzed using ion chromatography. Kerminen
et al. (2001) observed that the measured cation-to-anion ratios vary with particle size10

and sampling site, so that in urban sampling sites the aerosol was either neutral or al-
kaline throughout the size spectrum while in background areas the accumulation mode
particles were acidic. When using the full chemical mass size distributions our obser-
vations were similar (Virkkula et al., 2005). In regions 1 and 2 that are close to the
continents with high anthropogenic ion concentrations, the aerosol was close to neu-15

tral or alkaline on all impactor stages. In the regions away from the polluted areas
the accumulation mode was clearly acidic. However, in this work we divided the par-
ticles into submicron and supermicron ranges. For supermicron particles the average
cation-to-anion ratio was 1.0±0.1 at sea excluding the dust and biomass burning re-
gion where the average ratio was 1.2±0.1, indicative of alkaline particles (Fig. 9a). At20

Aboa supermicron aerosols were also alkaline, which is due to the location of the site.
Aboa is located on a snow-free nunatak that releases substantial amounts of soil dust
during windy conditions. For submicron particles the ion ratio varied more (Fig. 9a).
In regions 1 and 2 the ratio was 1.0±0.1 and 1.1±0.1, respectively, and 0.8±0.2 in the
other marine regions. At Aboa the ratio was 0.5±0.1.25

The ammonium to nss sulfate ratio in charge equivalents shows clear differences
between the more polluted and less polluted areas (Fig. 9b). In the latter areas the
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ratio was clearly below one. This ratio gives a more reliable information on the neu-
tralization of aerosol particles compared to cation-to-anion ratios. Most of ammonium
was in submicron particles (Table 2) because the supermicron particles were neutral
or alkaline even without ammonium. For ammonia to react with the particles they have
to be acidic.5

Another indication of the decrease of anthropogenic influence is the MSA to nss
sulfate ratio, R, that increased southward (Fig. 9c). The two most important factors
contributing to the increase of R are a decrease of anthropogenic nss-sulfate concen-
trations and an increase of MSA concentrations. The increase of R toward higher
latitudes latitudes as well as its strong seasonal cycle at high latitudes are well-known10

phenomena (e.g., Saltzman et al., 1986; Bates et al., 1992; Ayers et al., 1996, 1997;
Heintzenberg et al., 2000; Savoie et al., 2002). The biogenic R varies from about 0.05–
0.06 in tropical latitudes to values >0.3 in high latitudes (Savoie et al., 2002). Using
a box model Kerminen et al. (1998) analyzed potential explanations for the increase
of R toward high latitudes during the summer: larger MSA yields from DMS oxidation,15

larger DMSO yields from DMS oxidation followed by the conversion of DMSO to MSA
at high latitudes, or lower ambient H2O2 concentrations at high latitudes leading to less
efficient sulfate production in clouds. In our samples taken in the northern hemisphere
R was <0.01, so according to the criterium above the nss sulfate in the northern hemi-
sphere was clearly anthropogenic. South of 15◦ S R was >0.05. At Aboa R varied20

between ∼0.04 and 0.4.
A way of estimating whether the increase of R southwards is more due to the de-

crease of anthropogenic sulfate or to the increase of natural MSA is to compare R with
a clear indicator of anthropogenic aerosol. The sources of nitrate are mainly anthro-
pogenic so it was used for such a purpose. There was a clear inverse relationship25

between R and nitrate concentrations (Fig. 10) and also between MSA and nitrate con-
centrations. The exponent of the fitted power curves was 1.1 for R(NO−

3 ) and −0.47
for MSA−(NO−

3 ) (Fig. 10) which means that R increased clearly faster than MSA with
decreasing nitrate concentrations. This suggests that the increase of R can largely be
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explained by the decrease of anthropogenic sulfate.

4. Summary and conclusions

The concentrations of all anthropogenic aerosol compounds decreased clearly from
north to south. An anthropogenic influence was still evident in the middle of the tropical
South Atlantic, background values were reached only south of Cape Town. North of5

the equator 70–80% of the particles with Dp<3µm consisted of non-sea-salt species,
whereas south of the equator most of the aerosol mass consisted of sea-salt ions.
The contribution of sea salt to the sum of analyzed species of Dp<3µm particles was
∼25% in the polluted latitudes, >80% in the ocean south of Cape Town, ∼50% over the
pack-ice region and <10% at the Antarctic site Aboa. At Aboa the contribution of sea10

salt was low because of the >130 km distance between the station and the open sea.
The contribution of organic carbon was >10% in most samples, also at Aboa.

The highest 210Pb activity concentration coincided with the the highest nss potas-
sium and EC concentrations and not with the highest nss calcium and thus of Saharan
dust. This suggests that 210Pb is a better tracer for biomass burning than for Saharan15

dust. The most evident explanation is that 210Pb is attached to the surface of particles
and therefore the particles that have the largest surface area have the highest 210Pb
concentrations. This assumption is supported by the fact that there exists an instru-
ment, the epiphaniometer, that measures the aerosol surface area by measuring the
decay of 211Pb attached to the surface of particles (Gäggeler et al., 1989). If 211Pb20

successfully attaches to aerosol surfaces then it is a reasonable assumption that 210Pb
will also do so. The size distributions of nss potassium showed that it was predom-
inantly in the small particles (Virkkula et al., 2005). Its integrated surface area was
larger than that of nss calcium. In our data the ratio of the two clear tracers of biomass
burning, nss potassium and oxalate, was different in European and in African samples,25

suggesting that this ratio could be used as an indicator of biomass burning type.
There was a very clear inverse exponential relationship between the continental
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aerosols and the distance of the ship from the African continent. The exponential fits
yielded transport distances expressed as half-value distances. The longest half-value
distances were for those components that are mainly in the submicron particles and
those that have also marine sources. The removal mechanisms are size-dependent.
For instance, for dry and wet deposition roughly in the particle size range >0.1µm5

the removal rate increases with particle size. This is in agreement with the shortest
half-value distance, ∼100 km, for nss calcium that is mainly a constituent of soil dust
particles. The half-value distance of 210Pb was higher than that of nss potassium,
even though their correlation was very high, suggesting that 210Pb was probably asso-
ciated with smaller particles than nss potassium. 210Pb was only determined using HV10

samples, so direct comparison of their size distributions cannot be done. For chemical
compounds that also have sources in the ocean, for instance nss sulfate, the half-value
distances were higher than that of 210Pb.

The acidity of aerosols was estimated by calculating the cation-to-anion ratio in
charge equivalents. Supermicron particles were neutral or alkaline in all regions. For15

submicron particles there were larger differences so that in the polluted regions they
were neutral and in the less-polluted regions acidic. However, when the sum of all
submicron stages was calculated the acidic nature of the submicron particles over the
ocean was not as clear as shown in the size distributions by Virkkula et al. (2005). This
is due to the high sea-salt concentration in marine areas and because sea-salt parti-20

cles exist also in the submicron range. The analysis showed that when data on only
two size fractions are available the ammonium to nss sulfate ratio gives a more reliable
information on the neutralization of aerosol particles than the cation-to-anion ratio.

The MSA to nss sulfate ratio, R, increased southwards. To assess whether the in-
crease of R was more due to the decrease of anthropogenic sulfate or to the increase of25

natural MSA, R was compared with nitrate, a clear indicator of anthropogenic aerosol.
There was a very clear inverse relationship between R and nitrate concentration in our
samples. R increased faster than MSA with decreasing anthropogenic influence which
suggests that the R increase can largely be explained by the decrease of anthropogenic
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sulfate.
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Table 1. Average and standard deviation of concentrations (ng m−3) in the blank filters, calcu-
lated using average volume drawn through each sampling system in 24 h.

Ac For MSA Pyr Cl Br NO3 Glu Suc Mal SO4 Ox Na NH4 K Mg Ca

High Volume Sampler

Cruise ave 8.8 2.5 0.0 0.0 5.6 0.0 0.9 0.0 0.0 0.0 34 0.00 20 3.1 0.0 0.05 10
std 2.3 0.7 0.0 0.0 4.9 0.0 0.9 0.0 0.0 0.0 16 0.00 1.6 1.1 0.0 0.12 4.1

Aboa ave 7.9 2.7 0.0 0.0 7.9 0.0 2.4 0.0 0.0 0.0 9.2 0.00 19 3.2 0.0 0.03 8.1
std 3.0 1.1 0.0 0.0 3.3 0.0 1.6 0.0 0.0 0.0 8.6 0.00 1.3 1.5 0.0 0.14 3.4

Virtual impactor

Cruise ave 2.4 1.2 0.2 0.0 3.6 0.0 5.4 0.0 0.0 0.0 1.3 0.03 4.7 0.1 0.3 0.2 3.0
std 2.9 1.5 0.4 0.0 1.5 0.0 2.6 0.0 0.0 0.0 0.8 0.06 1.4 0.1 0.3 0.3 2.9

Aboa ave 0.0 0.0 0.0 0.0 2.3 0.0 3.2 0.0 0.0 0.0 1.7 0.06 3.6 0.0 0.3 0.0 0.8
std 0.0 0.0 0.0 0.0 0.6 0.0 1.1 0.0 0.0 0.0 0.4 0.08 0.2 0.0 0.1 0.0 0.2

SDI

Cruise ave 2.0 2.5 1.0 0.0 1.1 0.0 0.1 0.0 0.0 0.0 0.9 0.00 8.7 0.4 0.1 0.3 0.7
std 1.3 1.5 1.2 0.0 0.9 0.0 0.3 0.0 0.0 0.0 0.8 0.00 3.9 0.3 0.3 0.5 0.8

Aboa ave 0.0 0.0 0.5 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.00 5.5 0.3 0.0 0.2 0.0
std 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.3 0.1 0.0 0.1 0.0

HV filters, EC/OC blanks, ng m−3

EC OC1 OC2 OC3 OC4

Cruise ave 1.9 248 1.5 66 14
std 5.8 89 4.9 35 13

Aboa ave 0.0 225 0.0 52 22
std 3.6 64 2.7 10 9
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Table 2. Average concentrations of ionic species in submicron and supermicron particles ana-
lyzed from the impactor samples in each region. Unit: ng m−3.

Major inorganic species

Dp<1µm Dp>1µm Dp<1µm Dp>1µm
region ave±std ave±std ave±std ave±std

Sea salt nss sulfate

1 275±128 5366±1068 1081±259 60±106
2 733±1405 5585±1292 1233±310 226±288
3 355±106 4623±41 575±256 6±39
4 1131±288 4681±329 151±4 5±4
6 30±16 53±29 236±45 18±6

Nitrate Ammonium

1 53±15 1316±219 420±163 4.3±2.1
2 19±17 953±168 412±139 27±31
3 15±1 213±119 63±39 6.8±6.4
4 6±1.0 14±4 18±2 14±1
6 1.9±0.8 7.0±2 28±14 1.2±1

Organic anions

Dp<1µm Dp>1µm Dp<1µm Dp>1µm Dp<1µm Dp>1µm
region ave±std ave±std ave±std ave±std ave±std ave±std

Methanesulfonate Oxalate Acetate

1 7.3 4.0 22±14 16±8 5.9±4.8 26±10
2 8.8±4.4 2.8±3.2 32±22 42±26 2.3±2.3 31±32
3 33±6 20±10 3.1±1.7 7.4±5.1 4.7±1.2 15±5
4 27±1 14±3 0.8±0.2 1.0±0.4 7.1±1.5 11±1.5
6 31±21 7±5 0.0±0.0 2.1±5.1 – –

Succinate Malonate Formate

1 1.6±1.7 1.3±2.3 2.4±2.6 9.5±6.3 10.9±6.7 18±7
2 1.7±1.9 5.6±4.7 4.4±3.7 14.6±10.1 2.6±3.4 22±22
3 – 0.8±0.7 1.7±2.4 4.1±2.9 1.3±0.7 13±5
4 – – – – 1.1±0.7 12±7
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Table 3. Average concentrations of particulate organic matter (POM), elemental carbon (EC),
and 210Pb activity, analyzed from the HV filters in each region. Units: POM and EC: ng m−3,
210Pb: µBq m−3.

POM-1 POM-2 POM-3 POM-4 POM2-4 EC Pb-210 activity
region ave±std ave±std ave±std ave±std ave±std ave±std ave±std

1 1176±96 207±51 218±28 390±182 814±248 125±99 154±58
2 1452±218 200±89 211±57 313±169 723±312 149±77 452±202
3 958±138 65±28 93±17 65±23 223±63 12±16 110±93
4 492±191 32±22 47±18 44±35 123±64 4±5 10±9
6 299±259 29±36 41±21 48±20 118±74 2±2 16±10
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Fig. 1. Ship route, source region limits, and 5-day backtrajectories arriving at 500 m above sea
level.
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Fig. 2. Selected ion and 210Pb activity concentrations from north to south during the campaign.
The southernmost samples were taken at the Antarctic site Aboa. For the HV the concentra-
tions are for particles with Dp<∼3µm, for the SDI for particles with Dp<∼10µm (SDI 1–12)
and for particles with Dp<∼2.7µm (SDI 1–9), and for the VI for particles with Dp<∼10µm. For
comparison wintertime average nitrate, ammonium, and nss-sulfate concentrations in polluted
air masses measured at Madeira Island (MDI) and Punta del Hidalgo at Tenerife (PdH) are pre-
sented (Nuñes, 2002) as well as concentrations measured during Aerosols-99 cruise (Quinn et
al., 2001).
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Fig. 3. Black, elemental and organic carbon concentrations and their fractions of the total
carbon mass. BC is measured using the Aethalometer, EC and OC from the HV filters using the
OC/EC analyzer. Particulate organic matter (POM) is the OC concentrations from the OC/EC
analyzer multiplied by the factor 1.4. POM is the sum of all organic carbon, POM1 is the carbon
that is released during the first heating step and POM2-4 is the sum of carbon released during
the heating steps 2 to 4 of the OC/EC analyzer. The POM and EC error bars are calculated from
the standard deviation of the concentrations in each piece of the HV filter, the BC error bars are
the standard deviations of the measurements during each filter sampling period. Comparison
data: wintertime BC concentrations in polluted air masses measured at Madeira (MDI) and
Punta del Hidalgo at Tenerife (PdH) (Nuñes, 2002) and EC and POM concentrations measured
during Aerosols99 cruise (AER99) (Quinn et al., 2001).
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Fig. 4. Contributions of major components to the chemical mass concentration of the HV sam-
ples (Dp<3µm). Non-sea-salt, noncrustal ions = nss-SO2−

4 +NH+
4+NO−

3+nss-ncr-K++MSA− +
other organic anions; EC: elemental carbon, POM2-4: organic carbon released from the sam-
ple in the EC/OC analyzer temperature steps 2, 3, and 4, multiplied by the factor 1.4. Crustal
mass = 27.46×nss-Ca2+.
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 Fig. 5. Excess-potassium-to-soot ratio vs. 210Pb activity concentration in regions 1–3 and in
the sample started at Cape Town harbor.
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Fig. 6. Major inorganic ion concentrations, EC and POM concentrations, and organic ion con-
centrations vs. 210Pb activity concentration in regions 1–3 and in the sample started at the Cape
Town harbor. The linear regressions were calculated for data in regions 2 and 3, for oxalate
also for region 1. The subplots in each group are arranged from top to bottom in decreasing
order of R2 of the regressions.
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 Fig. 7. Nss potassium to oxalate ratio vs. 210Pb activity concentration in regions 1–3 and in the
sample started at the Cape Town harbor.
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Fig. 8. Concentrations of selected aerosol components as a function of distance from the
African coast.
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Fig. 9. Concentration ratios relevant to assessing the contribution of natural and anthropogenic
aerosols.
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Fig. 10. MSA to nss sulfate ratio and MSA concentration as a function of nitrate concentration
in HV samples taken over the ocean (closed squares) and at Aboa (open square). The error
bars of the Aboa data point are the standard deviations.
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