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Abstract

Aerosol samples were collected in the Atlantic marine boundary layer between the English
Channel and Antarctica during November—December 1999. The composition of coarse (aerody-
namic diameter ~1-3 um) individual aerosol particles was studied using the SEM/EDX method. The
major particle types observed were fresh sea salt, sea-salt particles reacted partly or totally with
sulphuric acid or nitric acid, Mg-sulphate, Ca-sulphate, mixed aluminosilicates and sea salt,
aluminosilicates, Ca-rich particles and Fe-rich particles. The relative fractions of sea-salt particles
with moderate or strong Cl depletion were high near the coasts of Europe (65-74%) and Northern
Africa (44-87%), low far from the coast of Western Africa (10-20%) and very low in remote sea
areas between Africa and Antarctica (~1%). The CI depletion was strongest when air masses arrived
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from the direction of anthropogenic pollution sources. The fractions of Mg-sulphate particles were
high (18-25%) in 2 samples near Europe. The Mg-sulphate particles were probably formed as a
result of fractional recrystallization of sea-salt particles in which CI was substituted by sulphate. It
remained unclear whether these particles were formed in the atmosphere or during and after
sampling. The relative fractions of particles from continental sources were quite low (10—-15%) near
Europe, very high (25-78%) near the coast of Northwestern Africa and very low in the remote sea
areas (0-2%). Most of the continental particles were aluminosilicates and some of them were
internally mixed with sea salt. Near the coast of Northwestern Africa, the main source of
aluminosilicates was Saharan dust, and near the Gulf of Guinea, emissions from biomass burning
were also mixed with aluminosilicates and sea salt.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Large amounts of various aerosol particles and their precursor gases originate from
continental sources, and significant fractions of these emissions are transported over
oceans (Husar et al., 1997; Kaufman et al., 2002; Prospero et al., 2002). In the marine
boundary layer, the continental particles are mixed with marine particles, and particles and
gases from both sources may react via different heterogeneous pathways (Andreae et al.,
1986; Dentener et al., 1996; Song and Carmichael, 1999; Laskin et al., 2003). The
differences in continental emission sources and in meteorological conditions strongly
affect composition, mixture state, concentration and size of different particle types
observed over oceans, especially near coasts (Carrico et al., 2003; Zhang et al., 2003).
These are essential factors related to climatic impacts of aerosols (IPCC, 2001), and to
other environmental impacts such as transport of nutrients and toxic compounds to oceans
with continental aerosols. The deposition of continental particles is strongest near coast,
where the biological activity is also especially high.

The properties and sources of aerosols over the eastern Atlantic Ocean have been studied
using satellite observations and taking measurements on flights, voyages and islands (Husar
et al., 1997; Chiapello et al., 1999; Raes et al., 2000; Kaufman et al., 2002; Prospero et al.,
2002; Tanre et al., 2003). The chemical composition of the collected bulk or size-segregated
aerosol samples has mostly been studied with different bulk chemical methods. Over the
eastern Atlantic Ocean, few studies have been undertaken using individual particle analysis
methods. These studies were conducted mainly near Europe (Rojas and Van Grieken, 1992;
Hoornaert et al., 1996; Ebert et al., 2000, 2002) and the Canary Islands (Posfai et al., 1995;
Hoornaert et al., 2003; Li et al., 2003a), and to our knowledge, no individual particle study
has been conducted previously on a voyage between the Canary Islands and Antarctica. The
use of individual particle methods may provide more detailed information on the chemical
composition, mixing state and morphology of particles.

Different properties of aerosols were measured during a voyage over the Atlantic Ocean
between the English Channel and Antarctica in March—November 1999. The particle
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number size distributions and concentrations were presented by Koponen et al. (2002).
The chemical mass concentrations and size distributions analysed with bulk methods will
be presented by Virkkula et al. (submitted for publication-a,b). In our study, the
composition of individual aerosol particles was investigated in the size range of ~1-3 um
(aerodynamic diameter) which is the fraction of coarse particles with the slowest removal
from the atmosphere. We describe major particle types observed during the voyage,
investigate the impact of different continental emissions on the composition of marine
acrosols and examine the relative amounts and sources of continental particles. The results
are compared with other individual particle and bulk aerosol measurements performed in
other studies.

2. Materials and methods

The aerosol particles were collected on board the research vessel Akademic Fedorov as
a part of the FINNARP (Finnish Antarctic Research Programme) 1999-2000 expedition.
Fig. 1 shows the route of the voyage, number codes and dates of collected particle samples
and backward trajectories arriving at the 1000 m level. The measurements were taken
between the English Channel (50.38°N, 00.67°W) and Cape Town during 8-25 November
1999 and between Cape Town and the coast of Antarctica (70.10°S, 05.28°E) during 1-8
December 1999. The particles were collected using a high-volume sampler with 240 mm
quartz filters (Munktell MK 360). The flow rate of the sampler was 120 m® h™!, the cut-off
size (Dsg) of the inlet was approximately 3 um (aecrodynamic diameter) (Virkkula et al.,
submitted for publication-a) and sampling time was 24 h. Virkkula et al. (submitted for
publication-a) studied these same samples using bulk chemical methods. The details of
sampling times, coordinates, wind speeds and directions, backward trajectories arriving at
the 500 m level, ambient and sample flow temperatures and relative humidities (RHs) are
shown in their article. Some of the bulk chemical results of Virkkula et al. (submitted for
publication-a,b) were also used in this work.

The elemental composition and size of individual particles were investigated using a
scanning electron microscope (SEM-ZEISS DSM 962) coupled with an energy dispersive
X-ray microanalyser (EDX-LINK ISIS with the ZAF-4 measurement program). The SEM/
EDX samples were prepared by pressing a tape (Scotch Ruban Adhesive) attached to an
aluminium plate onto the filter surface covered with particles. Then samples were coated
with carbon (BAL-TEC CED 030 Carbon Evaporator) to make the sample surface
conductive. The SEM/EDX was operated at 20 kV accelerating voltage, and counting time
of X-ray spectrum was 15 s. The total count rate was calibrated to 1500 count per second
with cobalt. The number of particles investigated was 100 (samples 1-10 and 18) or 50
(samples 11-17 and 19-23) from each sample. The sample size in the SEM/EDX analysis
was considered large enough to show variation in major particle types in different samples
(Breed et al., 2002; Kupiainen et al., 2003).

The minimum geometric diameter of the analysed particles was 1 pm, and 60% of the
particles were smaller than 2 pm, 90% smaller than 3 pm and 99% smaller than 6 um. The
Dso of the inlet was approximately 3 um (aerodynamic diameter), and the presence of
particles with geometric diameter >3 um can be explained by the smooth collection
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Fig. 1. Voyage route, locations of the sample change places (sample numbers 1-23) and 5-day backward
trajectories arriving at the 1000 m level above the location of the ship.

efficiency curve of the inlet and by the flat and angular shapes of some particles. The
preparation process of SEM/EDX samples may have slightly favoured large particles since
they do not penetrate as deep inside the filter material as the smallest particles. However,
the size fraction (aerodynamic diameter ~1-3 pm) studied was so narrow that this possible
bias in particle sizes (and types) was probably negligible.
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The elemental weight percentages of individual particles were calculated using ZAF-4
correction for the following elements: Na, Mg, Al, S, CI, K, Ca, Ti and Fe. The ZAF
correction method is ideal for flat homogenous samples. The highly variable sizes and
shapes of the particles reduce the accuracy of the ZAF-corrected elemental results.
However, the accuracy was sufficient to identify different particle types and to compare
the differences in elemental ratios of the same particle type in different samples (Gao and
Anderson, 2001; Breed et al., 2002; Paoletti et al., 2002; Kupiainen et al., 2003; Zhang et
al., 2003).

Backward trajectories were calculated using the vertical motion model in the
HYSPLIT4 (HYbrid Single-Particle Lagrangian Integrated Trajectory) model (Draxler
and Rolph, 2003) with the FNL meteorological database at NOAA Air Resources
Laboratory’s web server (Rolph, 2003). The NAAPS (Navy Aerosol Analysis and
Prediction System) model results were used to determine the optical depths and
distribution of dust, smoke and sulphate aerosols near the coast of Africa. Details of the
model and model results are available at the internet pages (http://www.nrlmry.navy.mil/
aerosol/) of the Naval Research Laboratory, Monterey, California.

3. Results and discussion
3.1. Particle types

The analysed particles were classified into 7 particle types based on their elemental
composition. Table 1 shows the particle types, classification criteria and mean elemental
weight ratios of the particle types. The particle types and classification criteria were
selected based on (1) typical elemental combinations observed in the analysed particles
and (2) the characteristics of different particle types observed in other studies (e.g. Xhoffer
etal., 1991; Ebert et al., 2002; Li et al., 2003a; Reid et al., 2003). Sea-salt particles (SSPs)

Table 1

Classification criteria and mean elemental weight ratios of particle types

Particle type Elemental classification Mean elemental weight ratios of particle types n®
criteria Na Mg Al S Cl K Ca Ti Fe

Sea salt (Na+C1)>30 and (Mg+K+Ca) 36 5 <1 7 48 1 I <l <l 1064
<25 and AlI<3

Mg-sulphate Mg>20 and S>25 4 30 <I 58 <1 5 <1 <l <l 59

Ca-sulphate Ca>25 and S>20 5 1 2 39 2 2 47 <1 2 83

Mixed aluminosilicates Al>3 and [(Na>20 and 22 10 21 11 15 7 4 I 11 147

and sea salt Na/Al>1) or CI>10]

Aluminosilicates (AI>15 and Na/Al<1 and 9 8§ 38 7 3 11 32 19 295
CI<10 and Fe<60) or Ti>15

Ca-rich Ca>60 2 1 <1 7 1 2 8 <1 <l 3

Fe-rich Fe>60 7 4 5 2 2 1 < 177 13

Other - 17 17 329 10 7 13 1 3 36

Elemental weight ratios are semiquantitative and normalized to 100%.
? Number of analysed particles.
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contained abundant Na and minor amounts of Mg, Ca and K. The amounts of Cl and S
varied strongly, depending on the rate of Cl substitution. S is considered to be an indicator
of sulphate, since it was mainly in the form of sulphates during the voyage, according to
ion chromatography (IC) analysis (Virkkula et al., submitted for publication-a). The SSPs
also contained different mixed-cation sulphates and chlorides, in which the amounts of
Mg, K or Ca were higher or lower compared with the ratios of these elements and Na in
seawater. The marine crystallization products that deviated most from the SSPs were
classified as other particle types (Mg-sulphate and Ca-sulphate) or were left in the
unclassified (‘others”) particle group. The particles in the Mg-sulphate group contained
abundant Mg and S and also often minor amounts of Na and/or K. The particles of the Ca-
sulphate group contained abundant Ca and S, and minor amounts of other elements were
also detected in some particles.

The particles that contained common elements of crustal rock (Al, Fe and/or Ti) were
termed aluminosilicates, since practically all of these particles (except a few Ti-rich
particles) also contained abundant Si. This was confirmed by analysing the Si contents
of particles that were located far from the quartz filter fibres. Other studies also showed
that the presence of Al in particles indicates that they almost always contain Si (Rojas
and Van Grieken, 1992; Ebert et al., 2000; Hoornaert et al., 2003; Reid et al., 2003). The
mixed aluminosilicates and sea salt were characterized with the common elements of
aluminosilicates (Al, Fe and/or Ti) and sea salt (Na and/or Cl). Fe-rich particles
contained abundant Fe and Ca-rich particles abundant Ca. Finally, we formed the group
‘others’ for the remaining particles that did not belong to any of the particle groups
mentioned above. This group contained mainly different sulphates (abundant S and some
Na, Mg, Ca and/or K) and also some chlorides (abundant Cl and some Na, Mg, Ca and/
or K). Table 2 shows the relative percentages of different particle types in each sample
during the voyage. In most samples, the SSP fractions were clearly predominant
compared with other particle types. However, the fractions of continental particles, such
as aluminosilicates and Fe-rich particles, were predominant near the coast of Africa
(samples 7-11).

3.2. Marine particles

3.2.1. Chlorine depletion from SSPs

The amounts of Cl and S varied strongly in SSPs, depending on the rate of CI
substitution. Anions of strong acids such as nitrate and sulphate are usually the most
important chloride-substituting compounds (Kerminen et al., 1998; Mouri et al., 1999; Ro
etal., 2001; Li et al., 2003a). The IC results of Virkkula et al. (submitted for publication-b)
showed that sulphate and nitrate explained nearly all of the Cl depletion during this
voyage. The net reactions of these Cl-substituting acidic compounds are

Sulphuric acid: 2NaCl(s) + H,SO4(g)<«> Na,SO4(s) + 2HCI(g) (Reaction 1)

Nitric acid: NaCl(s) + HNO;(g)<> NaNOs(s) + HCl(g) (Reaction 2)

The substitution of Cl by acid anions in individual SSPs was studied by observing the
elemental weight ratios of Na, Cl and S in the samples. In Fig. 2, point a addresses fresh



Table 2

Relative fractions (%) of different particle types during the voyage

Sample number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
n’ 100 100 100 100 100 100 100 100 100 100 50 50 50 50 50 50 50 100 50 50 50 50 50
Sea salt 71 57 60 90 62 59 5 2 2 28 40 78 84 96 94 98 96 92 94 96 98 98 100
Mg-sulphate 1 25 18 1 2 3 0 0 8 0 o 0 0 0 2 0 0 O o 0 0 O 0
Ca-sulphate 7 3 1 6 7 5 14 16 5 5 6 2 6 0 0 2 2 0 6 4 0 0 0
Mixed aluminosilicates and sea salt 5 5 9 2 3 14 19 22 24 24 16 10 2 2 2 0 2 3 o 0 0 O 0
Aluminosilicates 6 5 8 0 20 18 57 58 55 39 32 10 6 0 2 0 0 4 o 0 0 O 0
Ca-rich 0 0 0 0 0 0 3 0 0 0 o 0 0 0o 0 0 0 O o 0 0 O 0
Fe-rich 3 1 0 1 0 0 1 1 3 0 4 0 0 0 0 0 0 1 o 0 0 O 0
Other 7 4 4 0 6 1 1 1 3 4 2 0 2 2 0 0 0 O o 0 2 2 0

# Number of analysed particles.
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Elemental weight ratios analyzed with SEM/EDX:
Point Na Cl S Mg Ca K Sum
a 325 584 27 39 12 12 100

b 478 0 429 57 18 18 100

c 781 0 66 94 30 30 100

100 N

Ratios of Na, Cl and S shown in ternary plots:
Point Na Cl S Sum

a 347 624 29 100

b 527 0 473 100

c 922 0 7.8 100

Na Na Na

Sample 1 (n=71) Sample 2 (n=57) Sample 3 (n=60)
S Cl s Cl s Cl
Na Na Na

Samples 10-12 (n=87) Samples 13-14 (n=90)
S Cl s Cl
Na Na

Sample 23 (n=50)
S Cl

Fig. 2. Weight ratios of Na, Cl and S for sea-salt particles in different samples. The reference ternary plots on the
top line show scales of elemental weight rations (sum of Na, Cl and S normalized to 100%) and rate of Cl
depletion based on CI/Na ratio. The selected points a, b and ¢ show following elemental ratios: (a) fresh sea salt
(seawater); (b) all ClI of sea salt substituted by sulphate (reaction 1 in text); (c) all Cl of sea salt substituted by
nitrate (reaction 2 in text). The lines a-b and a—c describe different levels of Cl depletion caused by the
abovementioned reactions. On line a—d, the Cl/Na ratio is the same as in fresh sea salt (1.8) and there has been
accumulation of S-containing compounds without CI depletion. The results are semiquantitative.

sea salt, and in point b all Cl has been substituted by sulphate. The particles located above
the line a—b also contained elements (anions) that could not be measured with SEM/EDX,
indicating the presence of nitrate. In point c, Cl is totally substituted by nitrate. If particles
are located below line a—b, they may contain more sulphate (e.g. ammonium sulphate
(NH4),SO4 or ammonium bisulphate (NH4)HSO,) than are substituted in Cl depletion or
Cl may be substituted by monovalent S-containing compounds such as methane sulphonic
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acid (MSA). During this voyage, Cl substitution by MSA was insignificant (Virkkula et al.,
submitted for publication-b). Analytical errors probably caused further deviation in the
elemental ratios, since the results of the SEM/EDX method were semiquantitative. Table 3
summarizes numerically the rates of Cl substitution; these values were calculated using the
Cl/Na ratios of every single particle.

There were large differences in the modification of SSPs by acidic compounds in the
samples studied (Fig. 2 and Table 3). The relative amounts of moderately and strongly
modified SSPs were highest in the North Atlantic Ocean and especially near Europe (65—
74% of SSPs), when air masses arrived from the direction of the continent. However, there
was strong variation even in the successive samples, depending on the source areas of air
masses and different meteorological conditions. In sample 1, Cl was substituted both by
nitrate and sulphate, while in samples 2 and 3, the relative fraction of sulphate was clearly
higher. The results of Virkkula et al. (submitted for publication-a) confirmed that the
concentrations of non-sea-salt sulphate (nss-SO3 ) and nitrate were high in these samples.
In sample 2, the concentration of nss-SO3 ~ was extraordinarily high (~4.5 ug m ), about
2.5 times higher than in any other sample during the voyage (Virkkula et al., submitted for
publication-a). During the collection of sample 1, the ship was passing the English
Channel and the air masses arrived from the direction of the British Isles (Fig. 1). During
the collection of sample 2, air masses arrived from the directions of France and
Northwestern Spain, and during the collection of sample 3 from the direction of
Northwestern Spain and Portugal. The trajectories of samples 2 and 3 indicated that air
masses arrived just from the direction of large power plants located in Northwestern Spain
and on the coast of Portugal. These plants are among the strongest point sources of S in
Europe (EMEP, 2001). However, the particle number concentration, wind direction and
wind speed measurements showed that sample 2 and possibly part of sample 3 were
contaminated by the ship’s emissions (Virkkula et al., submitted for publication-a).
Therefore, it is difficult to estimate how large were the proportions of Cl depletion caused
by emission from the continent and the ship.

Sample 4 was very different from previous samples, since it contained almost nothing
but fresh SSPs (91%). It was collected in the open sea area between Portugal and the
Canary Islands. Air masses arrived from the direction of Portugal and Spain and the ship
was not yet far from the coast of Portugal at the beginning of sampling (Fig. 1). The main
reasons for the very low fraction of modified SSPs were probably the very high sea-salt
concentration in the air (Virkkula et al., submitted for publication-a), dilution of pollutants
due to increasing distance from continental emission sources and unusually low RH of
51% (Virkkula et al., submitted for publication-a). The RH was occasionally even under
40% during sampling, and for that reason at least some of the SSPs were probably in

Table 3

Relative fractions (%) of sea-salt particles with different levels of chlorine depletion

Sample number 1 2 3 4 5 6 10-12 13-14 15-17 18 19-22 23
No or minor CI depletion (<20%) 34 26 35 91 13 44 66 90 80 85 99 86
Moderate Cl depletion (20-90%) 60 31 38 6 31 14 21 9 19 10 1 14
Total or strong Cl depletion (>90%) 6 43 27 3 56 42 13 1 1 5 0 0

Numbers of analysed particles are shown in Fig. 2.
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crystalline form, since the crystallization RH of sea salt is ~45% (Tang et al., 1997). The
heterogenic reactions of SSPs with acidic gases are reduced when SSPs are in solid form
(ten Brink, 1998; Hara et al., 2002).

In samples 5 and 6, the fraction of moderately or strongly modified SSPs was again
high (87% and 56%, respectively). In sample 5, most of the SSPs contained sulphate and/
or nitrate, and in sample 6, nearly all of the modified SSPs were in the form of NaNOs.
During the collection of sample 5, the ship passed the Canary Islands, and most of sample
6 was collected far past the Canary Islands, but air masses still arrived from the direction
of the Canary Islands, Portugal and Spain. The amount of modified SSPs was surprisingly
high, similar to that of samples collected near continental Europe. The concentrations of
air pollutants and the relative amount of modified SSPs may rise in areas near the Canary
Islands when air masses come from the direction of Europe (Hoornaert et al., 2003; Li et
al., 2003a). However, the fraction of modified SSPs was so high that part of the N and S
compounds may have originated from more closely located sources. Anthropogenic
emissions from the Canary Islands could have contributed remarkably to the pollutants,
especially in sample 5. Ship traffic emissions may have also affected CI depletion (Song et
al., 2003), since the ship was sailing on a busy sea lane between Europe, Africa and South
America (Capaldo et al., 1999; Lawrence and Crutzen, 1999). Emissions of NO, and SO,
from ocean-going ships have been estimated to be ~10-14% and ~3—4%, respectively, of
the total emissions of these species from the burning of fossil fuels (Sinha et al., 2003).
Sample 6 contained abundant aluminosilicates and aluminosilicates mixed with sea salt
(Table 2). The main source of aluminosilicates in this sample was the Sahara Desert
(Section 3.2.2.), which indicates that emissions from continental Africa may also have
affected the Cl depletion of SSPs.

Samples 7-9 were excluded from the sea-salt inspection because the amount of SSPs
analysed was low, due to the high number of continental particles (Table 2). In samples
10-12, the fraction of moderately and strongly modified SSPs was 34%, and the acidic
compound probably resulted partially from biomass burning, as will be discussed in
Sections 3.3.1 and 3.3.2. The fraction of modified SSPs was very low in samples 13 and
14 (10%) and samples 15—-17 (20%), clearly because these samples were collected far from
the coast of Africa. Samples 18-23 were collected between Cape Town and the coast of
Antarctica. Sample 18 contained 15% moderately and strongly modified SSPs, indicating
continental impact from southernmost Africa. Samples 19-22 contained practically the
only fresh SSPs, and the degree of modification of sea salt in these samples was the lowest
occurring in the voyage. During the collection of sample 23, the ship was sailing in the
pack ice area of the Antarctic coast. The SSPs of this sample originated further from the
open sea, and during transport some of them were modified slightly by acidic compounds.

Our results show that the substitution of Cl from sea salt by sulphate and nitrate was
low at remote ocean areas and strongly increased near more polluted coastal areas. Sea salt
is an important sink for gaseous species producing nss-SO;~ and nitrate as well as a
source for atmospheric chlorine having thus great atmospheric implications. Nss-SOZ
and nitrate accumulated into SSPs are removed rapidly from the atmosphere due to large
sizes of SSPs, which reduces the amounts of scavenged species in the atmosphere. For
example, the model simulations of Gong and Barrie (2003) showed that the presence of
sea salt increases the mass median diameter of sulphate aerosols by up to a factor of 2 over
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the marine boundary layer (MBL) with high sea salt concentrations and reduces the global
sulphate aerosol mass in the surface MBL from 5 to 75% depending on the sea salt
distributions. This change reduces the fraction nss-SO; aerosol as cloud condensation
nuclei, which may decrease cloud droplet number concentrations over oceans changing
lifetimes and optical properties of clouds (Gong and Barrie, 2003).

The modification of sea-salt particles also changes their own chemical properties such
as deliquescence and re-crystallization points. These alterations influence the hygro-
scopicity and water content of different sea-salt particle types; e.g. NaNO; may contain
liquid water in much lower RHs than fresh sea-salt particles (Hoffman et al., 2004). Thus,
the modification of SSPs may change their size (and light scattering properties) and
affinity for cloud condensation nuclei formation. The presence of water on salt surfaces
also greatly enhances their reactivity with gases compared with dry SSPs (ten Brink, 1998;
Hara et al., 2002).

3.2.2. Mg-sulphate particles and other fractional recrystallization products of SSPs

In some SSPs, the Mg, K or Ca fractions differed clearly from the ratios of these
elements to Na in seawater. The elemental ratios indicated that there were different mixed
Mg, K or Ca sulphates and chlorides, a few CaCl, and MgCl, and many sulphate particles,
that contained mainly Mg or Ca and only minor amounts of Na. These kinds of marine
particles are formed mainly due to fractional recrystallization of SSPs (Borchert, 1965;
Parungo et al., 1986). However, some of these different cation sulphate particles may also
have originated from continental sources or formed through the coagulation of SSPs and
continental particles containing the same elements as in seawater. Ca-sulphate particles in
particular have both marine and continental sources. The marine formation mechanisms of
Ca-sulphate particles include fractional recrystallization of SSPs and reactions of marine
CaCO; with SO, in the atmosphere. Marine CaCO; may originate from fractional
recrystallization of SSPs or from marine organisms such as coccoliths (Andreae et al.,
1986). It seems clear that Ca-sulphate particles originated from marine sources in remote
sea areas (e.g. samples 19-20), but the highest amounts of Ca-sulphate particles near the
coasts indicated clearly continental sources, as will be discussed in Section 3.3.2. In this
section, we focus on the formation of Mg-sulphate particles, since their amounts were
extraordinarily high in some samples.

Most of the samples collected near the coasts of Europe and Africa (samples 1-6 and 9)
contained Mg-sulphate particles (Table 2). Minor amounts of K and/or Na were often
detected in these particles (Table 1 and Fig. 3). The typical shape of the Mg-sulphate
particles was slightly angular oval (Fig. 3). Their size was mostly 1-5 pm, but some larger
(6-8 pm) particles were also observed. The mean size of the Mg-sulphate particles was 3.4
um, which is clearly higher than the mean sizes of other particle types (1.7-2.1 um).

The fraction of Mg-sulphate particles was very high in samples 2 (25%), 3 (18%) and 9
(8%). These samples contained the highest concentrations of nss-SO3~ during the voyage,
and some possibly originated from the ship’s emissions in samples 2-3 (Virkkula et al.,
submitted for publication-a). The SSPs also contained abundant S in samples 2 and 3, as
was discussed above (Fig. 2). In remote, clean sea areas practically no Mg-sulphate
particles were observed (Table 2). Therefore, the emergence of Mg-sulphate particles was
apparently connected with high concentrations of nss-SOZ. However, no nss-Mg>" was
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SEI 15.0kv  X10,000  1um

Fig. 3. SEM image and EDX spectrum of Mg-sulphate particle with minor Na and K peaks. The C peak arises
from the adhesive tape and the Si peak from quartz filter fibres.

detected in samples 2 and 3 according to IC analysis (Virkkula et al., submitted for
publication-a). This indicates that the Mg originated neither from the continental sources
nor from the ship’s emissions, or that the Mg of these particles was not water-soluble. It is
difficult to find any continental sources (e.g. industry, energy production, soil dust) or ship
traffic source that would produce Mg—S-rich particles that are not water-soluble. Since the
continental or ship traffic source of Mg-sulphate particles seems very unlikely, we assume
that the Mg-sulphate particles were formed mainly from S-rich SSPs as crystallization and
fractionation products. Various crystallization products (chlorides, sulphates, nitrates and
carbonates of Na®, Mg?", K" or Ca®" and different mixtures of these chemical
components) of SSPs were observed in many studies (Parungo et al., 1986; Anderson
etal., 1992, 1996; Artaxo et al., 1992; Posfai et al., 1994; Ro et al., 2001; Li et al., 2003a).
However, the fraction of Mg-sulphate particles was 18-25% in samples 2 and 3, which is
higher than in any study we have seen.

When water evaporates from seawater droplets, different compounds crystallize
separately according to their solubility products (Borchert, 1965; Eugster et al., 1980;
Zayani et al., 1999). After evaporation, SSPs may form aggregates of loosely attached
crystals that can shatter and produce pure crystals and crystal mixtures. However, several
studies addressed the question of whether crystallization and shattering has occurred
before or after sampling (Parungo et al., 1986; Mouri et al., 1997; De Bock et al., 2000; Ro
et al., 2001). In our case, the large size of Mg-sulphate particles and absence of nss-Mg>"
in samples 2 and 3 suggest that they may have formed during or after sampling. If the Mg-
sulphate particles had been formed in the atmosphere, their size would have probably been
smaller than other SSPs (e.g. NaCl, Na,SO,4 and NaNO3), since the concentration of Mg in
sea-salt droplets is much smaller than the concentration of Na. Coagulation of S-rich sea-
salt droplets on the surface of the filter during sampling, and fractional crystallization and
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shattering of these particles would also explain the absence of nss-Mg?" in samples 2 and
3. However, we found no unusually large SSPs without Mg in these samples, which would
have confirmed the formation of Mg-sulphate particles during or after sampling. Na-rich
crystallization products may possibly shatter more easily than Mg-sulphate particles. In
conclusion, the fractional recrystallization of S-rich SSPs explains best the presence of
Mg-sulphate particles, but it remains uncertain whether these particles were formed before
or after sampling.

Our results emphasize that although different marine crystallization products have
been observed in many studies, it is still poorly understood how common these
fractionally crystallized and shattered particle types are in the atmosphere and how they
affect the atmospheric processes related to chemistry of sea-salt particles. As already
mentioned above in the context of Cl depletion from SSPs, the hygroscopicity of
different marine crystallization products varies, which affect both their reactivity and
sizes in different RHs.

3.3. Continental particles

3.3.1. Relative fractions of continental particles

The relative fractions of particles from continental sources were calculated using
following source estimates for different particle types. Pure aluminosilicates and Fe-rich
particles originated totally from continental sources, because the amounts of marine
elements such as Na and Cl were negligible. The total fraction of silicate particles was
underestimated in our study, because pure quartz mineral particles were not analysed due
to difficulties in separating them confidently from small fragments of quartz fibres from
the filter material. This underestimation of the total silicate fraction is probably ~10-25%,
based on other individual particle studies in which the transport of continental particles
from Europe (Xhoffer et al., 1991; Ebert et al., 2000) and Africa (Hoornaert et al., 2003;
Reid et al., 2003) to marine areas was examined.

The origin of Ca-rich particles (present only in sample 7) was very likely continental
only, since they contained some P and the amounts of marine elements such as Na and Cl
were negligible. Ca-sulphate particles originated from both continental and marine sources
as discussed above, and since the fractions of these sources were impossible to distinguish,
we used equal fractions as a coarse estimate. This ratio probably underestimated the
fraction of continental sources when air masses arrived from the direction of the continents
and overestimated continental sources in remote marine areas. Mixed aluminosilicates and
sea-salt class were also divided equally between continental and marine sources. All other
particle classes shown in Table 2 (SSPs, Mg-sulphate particles and ‘other’ particles) were
considered as marine particles, although some of these particles also contained compounds
that had accumulated mainly from continental sources (e.g. nss-SO3~ and NOj3). The
impact of continental emissions on marine particles was already discussed above.

Fig. 4 shows the relative fraction of continental particles, calculated using the
abovementioned separation criteria for the particle types presented in Table 2. Virkkula et
al. (submitted for publication-a) analysed the same particle samples with bulk methods.
Their IC results of nss-Ca®" and nss-K' and activity concentrations of *'°Pb are also
shown in the figure for comparison. The fraction of continental particles analysed with
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Fig. 4. Relative fraction (%) of particles from continental sources measured with SEM/EDX. Concentrations of
nss-Ca*“and nss-K* and activity concentrations of >'°Pb analysed from the same samples are also shown for
comparison (Virkkula et al., submitted for publication-a).

SEM/EDX was 10—15% near Southern Europe (samples 1-3), 5-28% near Northwestern
Africa (samples 4-6) and 47-78% between the coast of Mauritania and Liberia (samples
7—-11). In the remote sea areas west and south of Southern Africa, the fraction of
continental particles was only 1-3% (samples 14—17 and 19-20) and near Cape Town 7%
(sample 18). There were no continental particles in the remote sea areas near Antarctica
(samples 21-23).

The results of nss-Ca®" (Virkkula et al., submitted for publication-a) confirmed the high
amount of continental particles in samples 611 (Fig. 4). Nearly all of nss-Ca®" was in the
coarse (Dp >1 um) size fraction (Virkkula et al., submitted for publication-a,b). The
general patterns of nss-Ca>" concentration and the fraction of continental particles are
quite similar in samples 7-11. However, the concentration of nss-Ca>" was clearly highest
in sample 7 while the relative fraction of continental particles was about equal in samples 7
and 8 according to the SEM/EDX results. One reason for this difference was the higher
total amount of sea salt in sample 7 compared with the later samples 9—11 (Virkkula et al.,
submitted for publication-a).

Fig. 4 also shows the activity concentrations of 2'°Pb and concentrations of nss-K"
(Virkkula et al., submitted for publication-a). The *'°Pb activity concentration can be used
as a general tracer for continental air, since anthropogenic and marine sources have
negligible effect on the amount of 2'°Pb in the atmosphere (Hotzl and Winkler, 1987;
Gaggeler, 1995). The general patterns of 2'°Pb activity concentration and the fraction of
continental particles were quite similar (Spearman coefficient of correlation #=0.91,
p<0.0001). However, the highest value of >'°Pb and also of nss-K" was in sample 9 while
the fraction of nss-Ca®" was clearly higher in samples 7 and 8. Most of the nss-K* mass
was in the submicrometre size range (Virkkula et al., submitted for publication-a,b), and
the high potassium concentration in the fine size fraction is an indication of biomass-
burning aerosols (Andreae, 1983; Andreae et al., 1998). It is evident that the high *'°Pb
concentrations observed near the coast of Africa (samples 8—11) were caused by biomass
burning, not wind-blown Saharan dust, since Virkkula et. al (submitted for publication-a)
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observed a strong correlation (7°=0.95) between *'°Pb and nss-K " but no clear correlation
between 2'°Pb and nss-Ca*".

3.3.2. Sources of continental particles

Aluminosilicates and aluminosilicates mixed with sea salt were clearly the most
common continental particle types in the samples collected near the coasts of Europe
and Africa (Table 2). Some Ca-sulphate and a few Fe-rich particles were also observed.
The majority of aluminosilicates and Fe-rich particles were obviously soil dust, but near
industrial areas some of these particles may have been fly ash from different industrial
processes and fossil fuel burning. The Ca-sulphate particles also originate from various
continental sources including fossil fuel burning, cement and metal industries, soil dust
and biomass burning (Hoornaert et al., 1996; Li et al., 2003b). Some of the continental
Ca-sulphate particles are formed from CaCO; which had reacted with SO, in the
atmosphere. The continental CaCO; originates from the cement and metal industries and
from soil dust (Hoornaert et al., 1996). It seems clear that a significant fraction of the
Ca-sulphate particles observed in the samples collected near the coasts originated from
continental sources, since emissions of industrial and fossil fuel burning are high in
Europe (samples 1-3), and there were Saharan dust and biomass-burning emissions near
the coast of Africa.

The relative fractions of continental particles were very high (25-78%) in the samples
collected near Northern Africa (samples 5—11; Fig. 4). The potential source areas of these
particles were estimated, using trajectories and NAAPS model results as well as chemical
data. Both the air-mass routes and the chemical composition indicated that the origins of
continental particles were different in samples 5-7 than in samples 8-11, with sample 8
showing intermediate properties (Figs. 4 and 5).

The trajectories of samples 5 and 6 came from the north, while those of sample 7 were
strongly curved. The NAAPS model results indicated that there was significant Saharan
dust outflow from the direction of the western Sahara and Mauritania to the sea during the
collection of samples 5—7 (Fig. 5a). The ship approached the strongest dust plume near the
coast of Mauritania when sample 7 was collected. The chemical composition of
aluminosilicates in these samples analysed with SEM/EDX indicate wind-blown Saharan
dust as the main source (Husar et al., 1997; Goudie and Middleton, 2001; Prospero et al.,
2002). The relatively high amounts of Ca-sulphate particles in samples 5—8 (Table 2) and
very high nss-Ca*" concentration in sample 7 (Fig. 4) are evidence of Ca-rich minerals,
such as calcite and gypsum, that are common in northern and western Sahara (Chiapello et
al., 1997; Claquin et al., 1999; Goudie and Middleton, 2001).

During the collection of sample 8 air, masses arrived from the north through Senegal.
The trajectories of sample 9 came first from the direction of Senegal and at the end of
sampling from a more eastern route. The trajectories of samples 10 and 11 came from the
direction of Nigeria. The NAAPS model results indicated that during the collection of
samples 8—11, the outflow of dust particles was quite insignificant compared with that of
sample 7, and that there was large smoke plume originating from biomass-burning areas
(Fig. 5b). The savanna zone located between Senegal and Sudan is one of the strongest and
largest biomass-burning emission sources in the world (Liousse et al., 1996; Husar et al.,
1997). The bulk chemical results of Virkkula et al. (submitted for publication-a) also
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Fig. 5. NAAPS model results showing (a) surface dust concentrations for 13 November 1999 18:00 (UTC) and
(b) smoke concentrations for 16 November 12:00 (UTC) (Naval Research Laboratory, Monterey, CA, website at
http://www.nrlmry.navy.mil/aerosol).

showed that samples 8-11 contained abundant nss-K " which indicated biomass burning as
the major source of these aerosols (Fig. 4).

The continental smoke and aluminosilicate aerosols were mixed both with sea salt and
continental gaseous compounds during their transport to the oceanic sampling sites. The
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Fig. 6. Weight ratios of Na, Cl and S for mixed aluminosilicates and sea-salt particles in samples 7—11.

accumulation of gaseous emission oxidation products was examined by comparing the
elemental ratios of Na, Cl and S in mixed aluminosilicate and sea-salt particles. The
depletion of Cl and accumulation of S was clearly highest in samples 8-9 when the
biomass-burning plume was strongest (Fig. 6), suggesting an interaction between coarse
particles and gaseous emissions from biomass burning.

Our results show that the fractions of continental particles over the ocean were high
near the coast of Europe and especially near Northern Africa. Thus, large amounts of
particles are deposited to these coastal, biologically active waters. Nutrients derived from
continental aerosols are important factors affecting primary productivity in oceans; e.g.
atmospheric deposition of particles is a significant source of Fe in oceans (Martin et al.,
1994; Sarthou et al., 2003).

The transport of continental particles over oceans has also strong climatological effects.
The transport of mineral dust from Northern Africa to ocean was strong during the voyage,
and Chiapello et al. (1999) observed that African dust controls the total aerosol optical
depth over these sea areas (at Sal Island, Cape Verde) even in the absence of dust outbreak
during winter time. Some continental particle types (Fe-rich particles and some
aluminosilicates) contained abundant Fe, which is (in its oxidized form) especially a
strong light absorber (Sokolik and Toon, 1999). Most of the studied aluminosilicates
contained at least some S (see Table 1) and CaCOj3 particles were nearly totally absent.
The S content of aluminosilicates in soil is very low, and Saharan dust contains also
CaCOj; (Claquin et al., 1999). Thus, it seems likely there has been accumulation of
sulphate on the surfaces of aluminosilicates and substitution of carbonate by sulphate from
CaCOj particles. This emphasizes the importance of the surface reactions on continental
particles, which may change their own properties as well as affect the concentrations of
other climatologically important chemical components of the atmosphere (Song and
Carmichael, 1999; Galy-Lacaux et al., 2001).

4. Summary and conclusions
Acerosol samples were collected in the Atlantic marine boundary layer between Europe

and Antarctica. The composition of coarse (acrodynamic diameter ~1-3 pm) individual
acrosol particles was studied using the SEM/EDX method. The SEM/EDX results showed
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that there was wide internal variation in particle samples, which could not be detected with
bulk methods. The major particle types we observed were fresh sea salt, sea-salt particles
reacted partly or totally with sulphuric acid or nitric acid, Mg-sulphate, Ca-sulphate, mixed
aluminosilicates and sea salt, aluminosilicates, Ca-rich particles and Fe-rich particles. The
composition of individual SSPs varied strongly, depending on the rate of Cl depletion, and
various fractional crystallization products of sea salt were also observed.

The continental impact on particles varied substantially, depending on the distance of
different emission sources and on the meteorological situation. During the passage from
Western Europe, a moderate or strong depletion of Cl in SSPs was observed. It was
caused by nss-SO;~ and nitrate emissions from continental sources and possibly also
from the ship. The fraction of Mg-sulphate particles was high (18-25%) in 2 samples
near Europe. Mg-sulphate particles were probably formed as a result of fractional
recrystallization of SSPs in which Cl was substituted by sulphate. It remained unclear
whether these particles were formed in the atmosphere or during and after sampling.
‘European’ samples also contained some aluminosilicates as well as internally mixed
aluminosilicates and sea salt (total 10-17%) originated mainly from soil dust or from
emissions of industrial and power plants. These particle types were most common near
the coast of Northern Africa and first originated predominantly from the Saharan dust.
Later, the impact of biomass burning might have increased. Sulphate and nitrate from
biomass burning and other continental sources increased Cl depletion in SSPs near the
Gulf of Guinea. The continental impact decreased strongly farther from the coast of
Western Africa where >90% of the particles were sea salt with relatively low rates of Cl
substitution. During the voyage between South Africa and Antarctica, the SSP fraction
was almost 100%, with almost no Cl substitution.
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