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[1] Seasonal physicochemical characteristics of North Atlantic marine aerosols are
presented for the period from January 2002 to June 2004. The aerosol size distribution
modal diameters show seasonal variations, 0.031 mm in winter and 0.049 mm in summer
for the Aitken mode and 0.103 mm in winter and 0.177 mm in summer for the
accumulation mode. The accumulation mode mass also showed a seasonal variation,
minimum in winter and maximum in summer. A supermicron sized particle mode was
found at 2 mm for all seasons showing 30% higher mass concentration during winter than
summer resulting from higher wind speed conditions. Chemical analysis showed that
the concentration of sea salt has a seasonal pattern, minimum in summer and maximum in
winter because of a dependency of sea-salt load on wind speeds. By contrast, the non-
sea-salt (nss) sulphate concentration in fine mode particles exhibited lower values during
winter and higher values during midsummer. The water soluble organic carbon (WSOC)
and total carbon (TC) analysis also showed a distinctive seasonal pattern. The WSOC
concentration during the high biological activity period peaked at 0.2 mgC m�3, while it
was lower than 0.05 mgC m�3 during the low biological activity period. The aerosol
light scattering coefficient showed a minimum value of 5.5 Mm�1 in August and a
maximum of 21 Mm�1 in February. This seasonal variation was due to the higher
contribution of sea salt in the MBL during North Atlantic winter. By contrast, aerosols
during late spring and summer exhibited larger angstrom parameters than winter, indicating
a large contribution of the biogenically driven fine or accumulation modes. Seasonal
characteristics of North Atlantic marine aerosols suggest an important link between marine
aerosols and biological activity through primary production of marine aerosols.

Citation: Yoon, Y. J., et al. (2007), Seasonal characteristics of the physicochemical properties of North Atlantic marine atmospheric

aerosols, J. Geophys. Res., 112, D04206, doi:10.1029/2005JD007044.

1. Introduction

[2] Aerosols affect the global radiation budget [Houghton
et al., 2001], directly through scattering solar radiation
[Charlson et al., 1992], and indirectly by characterizing
the physical properties of cloud condensation nuclei (CCN)
and eventually clouds[Twomey, 1974; Charlson et al.,
1987]. Within the global aerosol system, marine aerosols
provide one of the most significant contributions to the
global radiative budget because of the 70% ocean surface
coverage and the low albedo of the ocean surface. It has

been reported that typical clean marine submicron aero-
sol size distributions are bimodal, with an Aitken mode
(D < 0.1 mm) and an accumulation mode (0.1 < D < 0.5 mm)
[Fitzgerald, 1991; Hoppel et al., 1989]. The supermicron
coarse mode particles (D > 1.0 mm) are mainly formed by
the bubble bursting process within breaking waves
[Blanchard and Woodcock, 1957; O’Dowd et al., 1993],
and as a result, the chemical composition of this mode is
mainly sea salt. The physical and chemical characteristics of
the Aitken and accumulation mode marine aerosols have
been an issue during last decades because of their crucial
role in the global climate system. Charlson et al. [1987]
hypothesized that non-sea-salt (nss) sulphate derived from
the dimethylsulphide (DMS) flux from the ocean surface
dominates fine mode sized marine aerosols. Recently, field
measurements have also demonstrated the sea-salt contri-
bution to this mode in the marine boundary layer (MBL)
[O’Dowd et al., 1997; Murphy et al., 1998]. In addition,
organic materials are also found in the fine mode marine
aerosols [Putaud et al., 2000; Cavalli et al., 2004]. O’Dowd
et al. [2004] presented strong evidence for a dominant
contribution to the submicron modes from bubble-mediated
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production processes (primary marine aerosol production)
and illustrated that the relative contribution of organic
matter and sea salt possessed a seasonal cycle over the
North Atlantic with peak organic matter contributions
occurring during the periods of peak biological activity
and peak sea-salt contributions occurring during periods
of low biological activity.
[3] The previous work by Cavalli et al. [2004] and

O’Dowd et al. [2004] reported sampling and analytical
techniques used to quantify the size-segregated chemical
composition from a limited set of chemical measurements in
clean marine air (i.e., in terms of a shorter observing period
and significantly fewer samples collected). One of their
conclusions was that the majority of the aerosol mass, both
inorganic sea salt and organic matter, was linked to bubble-
mediated aerosol production and that the organic fraction
was linked to organic matter concentrated at the ocean
surface resulting from plankton blooms. Despite a limited
data set, O’Dowd et al. [2004] revealed clear differences in
aerosol chemistry and microphysics during periods of high
and low biological activity based on chlorophyll-a concen-
tration in oceanic surface water. However, a more compre-
hensive evidence of the coexistent seasonal changes of
various aerosol properties and processes in the oceanic
surface waters has been lacking to explain the differences
between the seasons. In this study, we present a more
detailed analysis of the seasonal variation in aerosol micro-
physical, chemical and optical properties in clean marine air
and oceanic chlorophyll-a distribution patterns over the
period from January 2002 to June 2004.

2. Sampling and Analysis

2.1. Measurement Site and Marine Air Mass Condition

[4] A series of instruments to monitor the physical and
chemical characteristics of aerosols are deployed at the
Mace Head Atmospheric Research Station. The Mace Head
Atmospheric Research Station is located on the west coast of
Ireland (53�200N, 9�540W), an ideal location to obtain con-
tinuous information about marine aerosols of North Atlantic
regions because of prevailing westerly-southwesterly winds.
Meteorological data from the station show that 52% of the
air mass arriving at Mace Head can be defined as clean
North Atlantic marine air (180–300� wind direction sector)
[Jennings et al., 2003]. Results from air mass trajectory
models usually show that these air masses stayed over the
ocean for 4–5 days before arriving at Mace Head. Typical
air mass back trajectories for April and June are shown in
Figure 1. Black carbon concentration for these marine air
cases are smaller than 40 ng m�3, satisfying typical values
for marine air [O’Dowd et al., 1993; Cooke et al., 1997].

2.2. Aerosol Size Distribution

[5] Aerosol size distributions at Mace Head were contin-
uously measured by deploying a Scanning Mobility Particle
Sizer (SMPS). The SMPS system is composed of a Differ-
ential Mobility Analyzer (DMA, TSI 3071), a Condensation
Particle Counter (CPC, TSI 3010), an aerosol neutralizer
(TSI 3077), a control unit, and a data logging system. The
scanning time resolution is set to 120 s for mobility particle
diameters from 0.01 to 0.25 mm. A closed loop for aerosol
free sheath and excess air [Jokinen and Makela, 1997] was

operated by using a diaphragm pump. The excess air flow
for SMPS is 10 l/min through use of a critical orifice to
maintain 10 to 1 ratio against the sample air flow, 1 l/min.
Aerosol was sampled through the laminar flow community
air sampling system at Mace Head. This sampling stainless
tube has a diameter of 10 cm and the inlet is 10 m above the
ground.
[6] The SMPS data for the period from January 2002 to

June 2004 (30 months) are analyzed in this study to show
seasonal characteristics in the aerosol size distribution.
Because the SMPS system was operated regardless of the
origin of air mass, and since this work was focused on
marine air, size distributions were only selected for marine
air cases. Criteria for marine air classification are (1) wind
direction should be within the 190–300� sector; (2) black
carbon concentration measured by Aethelometer, Model
AE-9 (MaGee Scientific), is lower than 40 ng m�3; (3) total
particle number concentration above 14 nm is less than
700 cm�3; and (4) 5 days air mass back trajectories from a
model (R. R. Draxler and G. D. Rolph, Silver Spring; http://
www.arl.noaa.gov/ready/hysplit4.html) should show that the
air mass stayed only over North Atlantic Ocean before
arriving at the station. Coastal particle formation events are
observed at Mace Head more than 50% of days during a year
[Yoon et al., 2006]. These nucleated particles can either grow
to accumulation mode size in situ if wind speed is low, or
disperse under strong wind conditions at Mace Head. Mea-
sured aerosol size distributions were selected only for
periods which were not affected by particle formation
events: during clean marine conditions, nucleation modes
may appear at sizes less than 10 nm during a nucleation
event but rarely are observed to grow to sizes larger than
10 nm, as seen in polluted events [O’Dowd et al., 2002a,
2002b]. All data were screened to ensure that for the analysis
used in this study, no conditions during which the nucleation
mode was present at sizes larger than 10 nm was used.
Lastly, only periods ranging from 12 to 36 hours with stable
aerosol size spectra were chosen to satisfy the condition of
constant marine air mass characteristics. Aerosol number
size distributions satisfying aforementioned conditions were
selected carefully and a total of 61 cases of 12 to 36 hours
mean aerosol size distributions were obtained from the
30 month continuous SMPS measurements. Such an exam-
ple of clean and stable marine aerosol conditions for
24 hours is shown in Figure 2.

2.3. Particle Mass Concentration Distribution

[7] Particle mass measurements were undertaken using a
Micro-Orifice Uniform Deposit Impactor (MOUDI). The
MOUDI uses circular jets to separate particles aerodynam-
ically onto ten impaction stages plus an inlet stage within a
range of 0.056–18 mm (flow rate 1.8 m3 h�1, equivalent
aerodynamic cutoff diameters at 50% efficiency: 0.056;
0.10; 0.18; 0.32; 0.56; 1.0; 1.8; 3.2; 5.6; 10; 18 mm). The
instrument was located in a wooden housing (�2 m3

volume) outside the Mace Head shore laboratory building
in order to be as close to the ambient environment as
possible. The MOUDI impactor could not be placed outside
as it cannot be properly protected from strong winds and
precipitation at the coast. The housing was approximately
80 m from the coastline during high tide. The inlet of the
MOUDI was about 2 m above ground. The MOUDI was
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Figure 1. Monthly averages of chlorophyll-a concentration (from SeaWiFS) over the North Atlantic for
(a) February, (b) April, (c) June, and (d) August 2004 and typical clean marine air mass back trajectories
for (e) April 2004 and (f) June 2004.
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operated by a computer controlled system, which allowed
sampling only when the criteria of clean marine air were
met. The MOUDI sample was one week long in order to
collect sufficient particulate matter to make accurate gravi-
metric analysis, especially regarding accumulation mode
mass. However, the actual number of hours varied and was
dependent on clean sector conditions. The MOUDI impac-
tor was mounted with Al foils, which were preconditioned
for 24 hours at 35–40% relative humidity and 20�C and
weighed with a Mettler Toledo microbalance (1 mg sensi-
tivity). After sampling, the Al foils were conditioned again
for 24 hours and weighed. 23 weekly samples were
obtained at Mace Head over the period of 2002–2004.
Although a histogram is a more appropriate way to present
cascade impactor spectra, the MOUDI mass-weighted dis-
tribution spectrum was presented as a curve instead, in order
to reveal a seasonal difference in spectra. The MOUDI mass
spectrum was divided into fine and coarse modes (refer to
Figure 6), which shows a clear distinction between fine and
coarse modes at 1.0 mm in diameter. The first five stages,
covering 0.056–1.0 mm diameter range, were attributed to a

fine particle mode, while the remaining five stages were
attributed to the coarse fraction. Seasonal variation in
accumulation or fine particle mode was calculated by
summing concentrations of the first five stages. A standard
deviation (s) of the monthly average concentration was
presented only for those months, which contained more than
one sample.

2.4. Particle Chemical Composition and Total
Carbon Data

[8] Particle chemical composition and total carbon data
were obtained from the samples collected when air masses
met clean marine air conditions as already described above.
The automated sampling system was used to control the
aerosol sampling and each sample was deployed for a
period of 7 days. More sampling details are given by
Cavalli et al. [2004]. The samples included in this study
comprise an extended set of samples collected over the
2002–2004 year period, and which covered more exten-
sively all seasons.
[9] A Berner low-pressure impactor (flow rate 1.8 m3 h�1)

was used to collect aerosol particles in eight size fractions,
with the following 50% equivalent aerodynamic cutoff
diameters: 0.063; 0.125; 0.25; 0.5; 1; 2; 4; 8; 16 mm. Tedlar
foils were used as the collection substrate in the impaction
stages. The impactor was mounted outside, near the Labora-
tory shore building at approximately 80 m from the shoreline
at high tide and at a height of approximately 3 m above
ground level. The BERNER chemical species spectrum was
divided into fine and coarse modes at 1.0 mm particle size.
The first four stages, covering 0.060–1.0 mm diameter
range, were attributed to a fine particle fraction, while the
remaining four stages were attributed to the coarse fraction.
Seasonal variation in accumulation or fine particle mode
was calculated by summing concentrations of the first four
stages. A standard deviation of the monthly average con-
centration was presented only for those months, which
contained more than one sample.
[10] Berner tedlar foil water extracts were used to deter-

mine the mass weighted distribution of inorganic ions and
water-soluble organic carbon (WSOC) content by ion chro-
matography and a total organic carbon (TOC) liquid ana-
lyzer, respectively. A detailed description of the analytical
procedure can be found elsewhere [Matta et al., 2003;
Cavalli et al., 2004].
[11] Total and water-soluble organic carbon was analyzed

in samples collected on quartz fiber filters, using a Sierra-
Andersen high-volume cascade impactor (flow rate
60 m3 h�1), located at ground level 70 m from the shoreline
at high tide. Hi-vol quartz filters were combined into a fine
(D50 < 1.5 mm) and a coarse (D50 > 1.5 mm) aerosol fraction
and analyzed by a thermal evolved gas analysis (EGA)
[Putaud et al., 2000] and WSOC by TOC analysis.

2.5. Aerosol Scattering

[12] Aerosol particle optical properties measurements
were performed by a TSI Inc. 3563 three-wavelength
integrating nephelometer [Bodhaine et al., 1991;
Heintzenberg and Charlson, 1996]. This instrument is
designed to measured aerosol light scattering coefficient
with a sampling frequency of 1 Hz at 3 wavelengths (450,
550 and 700 nm) with two ranges of angular integration:

Figure 2. A typical aerosol size distribution measured by
the SMPS system at the Mace Head Atmospheric Research
station for a very clean marine air case: (11 June 2004, day
of year (DOY) 163). (a) Surface plot of the size distribution
and the total particle number concentration derived from the
SMPS and (b) daily averaged aerosol size distribution.
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(7–170�) to determine the total scattering coefficient ssp and
90–170� for the assessment of hemispheric backscattering.
[13] The nephelometer was also connected via the com-

munity air-sampling system with a flow rate of 150 l/min to
ensure laminar flow. The instrument was regularly calibrated
using CO2 and particle free air during the 30-month period
of measurements. Moreover, an automatic zero calibration
with particle free air was performed every 60 min for
setting the instrument zero. The instrument noise is
assessed as the standard deviation of the zero baseline
measurements in order to determine the detection limit of
the nephelometer. The mean detection limit of the neph-
elometer amounts to 0.3 Mm�1 as defined by a signal-to-
noise ratio of 2. A detailed discussion of the performance
characteristics of this commercial instrument is also given
by Anderson et al. [1996].
[14] Because of internal heating of the nephelometer,

aerosols were sampled at an average relative humidity of
35 ± 5%. It should be noted that light scattering measure-
ments are dependent upon the relative humidity (RH) since
scattering increases as a function of size. However, if the
particles are maintained at RHs of 10–40% this variation is
minimized [see Anderson and Ogren, 1998] and the par-
ticles can be approximated as dry from a scattering point of
view. Therefore, even though the sampled aerosols are not
chemically dry the derived optical properties from the
nephelometer measurements should be considered as repre-
senting dry aerosol particles only.
[15] Another crucial point that must be addressed con-

cerns the underestimation of the aerosol light scattering
coefficient due to submicrometer and supermicrometer
particles losses in the sampling system. Indeed, the loss of
particles are mainly caused by inertial deposition in the near
90� bend of the sampling line as well as in the flow
constriction at the nephelometer duct. In this respect, the
total efficiency (product of the transport efficiency by the
inlet efficiency) was calculated by Kleefeld et al. [2002] for
the Mace Head nephelometer sampling system. They found
that the 50% cutoff diameter of the system was about 8 mm
at low wind speed conditions (5 m s�1) and decreased to
2 mm at wind speeds of 15 m s�1; and that for wind speeds
lower than 10 m s�1 up to 20% of the submicrometer
fraction of the size spectrum particles was removed from the
sampling volume. Finally they showed that, although the
nephelometer measurements in Mace Head underestimated
the light scattering, the measured scattering coefficients
were in good agreement with the results of similar measure-
ments in the marine boundary layer. Therefore, for moderate
wind speed (4–12 m s�1), the sampling characteristics of
the nephelometer inlet was similar to the performance of the
nominal usually used 10 mm cutoff inlets.
[16] Scattering coefficients at three wavelengths were

recorded with a temporal resolution of 5 min during a
30-month period from January 2002 to June 2004 in pres-
ence of marine air masses as defined earlier. An offset was
then routinely performed as well as an intercomparison with
a one-wavelength nephelometer (550 nm) positioned next to
the three-wavelength model. The data were then integrated
to hourly mean scattering coefficients in order to smooth out
the light scattering signal. Wind corrections were also
applied to the scattering data set using a simple threshold
technique when the measured wind speed presented abnor-

mal high or low values for a particular day. This step enabled
us to obtain scattering coefficients measurements that are
not biased by excessively large submicrometer and super-
micrometer particles losses in the sampling system. A total
of 48 cases of scattering data are analyzed for the period
from January 2002 to June 2004 (30 months), which
satisfies the marine air mass conditions. Usually, the wind
speed is higher in winter than in fall, spring and summer.
Accordingly, some cases were not considered during sum-
mer and spring when abnormally high wind speeds were
encountered.
[17] Finally, in order to make a better characterization of

aerosol optical properties, we also calculated an hourly
mean Angström exponent a derived from a multispectral
log linear fit of the equation ssp � l�a (based on the three
nephelometer wavelengths), where ssp is the aerosol scat-
tering coefficient and l is the wavelength. It is important to
note that the Angström exponent characterizes part of the
intensive properties (independent of concentration) of aero-
sol particles whereas ssp mostly describes their extensive
properties (dependent on concentration) and their super-
micrometer fraction [Ogren, 1995]. Although the Angström
exponent is usually assessed using the optical depth instead
of the scattering coefficient, it can still be considered as a
first-order parameter indicative of the general size distribu-
tion and the presence of fine or coarse mode aerosols (for
examples, refer to Smirnov et al. [2002] and Öström and
Noone [2000]).

2.6. Chlorophyll-a Measurements

[18] The Sea-viewing Wide Field-of-view Sensor (Sea-
WiFS) satellite is used in this study to provide quantitative
data on ocean bio-optical properties. Subtle changes in ocean
color signify various types and quantities of marine phyto-
plankton (microscopic marine plants). The color in most of
the world’s oceans in the visible light region, (wavelengths
of 400–700 nm) varies with the concentration of chlorophyll
and other plant pigments present in the water; that is, the
more phytoplankton present, the greater the concentration of
plant pigments and the greener the water. Thus the SeaWiFS
chlorophyll-a product is chosen as an indicator of biological
activity over the northeast Atlantic. The products used are
level 2 products taken from the SeaWiFS home page (http://
oceancolor.gsfc.nasa.gov/SeaWiFS/).

3. Results

3.1. Chlorophyll-a Distributions

[19] The concentration of chlorophyll-a, which represents
a proxy of phytoplankton biomass (i.e., primary organic
matter) at the ocean surface, show a clear seasonal pattern
(Figure 1). Land areas and areas of no coverage or cloud
blockage are indicated in black. During winter months of
December and January, chlorophyll-a concentrations in
the surface waters displayed the lowest values, about
0.2 mg m�3, with a pattern fairly uniform across all the
North Atlantic open-sea region, with slightly elevated con-
centrations along the coastline. The phytoplankton bloom
started in early spring during late February and March along
the coastline, but was mainly localized in patches of increas-
ing concentrations still within the continental shelf. For
instance, in 2004 the bloom started around Newfoundland,
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along the Portuguese coast, Bay of Biscay and in the
North Sea. Chlorophyll-a reaches concentrations as high as
1.0 mg m�3 in these patches. In April and May, the bloom
gradually spreads to the open ocean westward and eastward
from opposite coasts of Atlantic ocean until it occupies the
entire North Atlantic above 35th latitude north while
chlorophyll-a concentration reaches its maximum average
value at about 2.0 mg m�3 during the month of May.
During May–June the southern boundary of the bloom
moves slowly toward the north for about 1000 km until it
reaches 45� latitude north and stays there for the rest of
the summer period. Chlorophyll-a concentration is as high
as during the April–May period. After the bloom has
moved toward the north it leaves surface waters of the area
between 45� and 35� latitudes rather depleted in chloro-
phyll but not completely depleted of biomass. During
summer, the bloom does not show any significant changes,
with the exception of high chlorophyll concentration
patches mainly in the region between Scotland and Iceland.
Chlorophyll-a concentration can reach 3 mg m�3 or more.
During August–September, the southern boundary of the
bloom is gradually shifted back south bellow 45� latitude,
with gradually lower concentrations above 60� latitude.

During October and November, the bloom is rapidly fading
from central parts of the North Atlantic toward the conti-
nental shelf and further toward the coastlines. Concentra-
tions remain at their lowest during December and January
and then the cycle starts over again.
[20] Primary aerosols produced over biologically active

waters can be enriched in organic matter, however, the
enrichment factor may depend on air mass trajectory pat-
terns. Air mass trajectories exhibited slightly different
pattern depending on the season. During winter, spring
and autumn air mass backward trajectories follow more or
less the trans-Atlantic route as depicted in Figure 1. During
summer months and especially during June and July,
trajectories tend to originate in the mid-Atlantic, and there-
fore pass at least partly over chlorophyll depleted waters
(Figure 1). However, such a partial path over depleted
region is not the general rule, but rather southern trajectories
are more frequent. A more comprehensive description of the
air mass trajectories during the biologically active season
have already been presented by Cavalli et al. [2004]. These
chlorophyll data are presented to indicated the seasonal
variation in oceanic biological activity over which air mass
back trajectories advect.

3.2. Seasonality in Aerosol Size Distribution

[21] A typical 24-hour stable aerosol size distribution for
a very clean air mass case used in the results presented is
shown in Figure 2. This example shows the SMPS data
measured for 24 hours on 11 June 2004 (day of year (DOY)
163). The concentration of black carbon was lower than
30 ng m�3 during the day. Wind direction was westerly with
a wind speed of 9–11 m s�1 on that day. The 5 days back
trajectory map shows that air mass were transported from
North Atlantic to Mace Head spending all 5 days over the
ocean. The total aerosol number concentration derived from
the SMPS measurement for clean marine air mass cases is
typically 300–500 cm�3. It is clear from Figure 2 that there
are two aerosol size modes, around 40 nm for the Aitken
mode and around 180 nm for the accumulation mode (see
Figure 2b). The locations of these modes do not change
over the 24 hours because of the steady wind direction and
air mass back trajectory.
[22] According to the definitions in this study used for

very clean North Atlantic Ocean air mass arriving at Mace
Head, a total of 61 cases of stable SMPS data for very clean
North Atlantic Ocean air masses (using the criteria in
section 2.2) were processed to determine lognormally fitted
modal values, such as mean diameter, standard deviation,
and modal number concentration. Figure 3 shows the modal
diameter for each case (Figure 3a) and monthly averaged
values (Figure 3b), respectively. It should be noted that
there is only one case for March and it was not possible to
calculate a standard deviation for this month. The modal
mean diameter shows a clear monthly variation, particularly
for the accumulation mode. The maximum mean accumu-
lation mode diameter of 0.186 ± 0.047 mm is found in June,
with a minimum of 0.093 ± 0.009 mm in January. For the
Aitken mode, the maximum diameter of 0.060 ± 0.011 mm
is found in July and a minimum value of 0.028 ± 0.004 mm
in February. The ratio between the maximum and minimum
diameter is about 2 for both modes, which results in a factor
of 4 and 8 increase in aerosol total surface area and volume,

Figure 3. Monthly variations of lognormal aerosol size
distribution mode mean diameters for the Aitken and the
accumulation modes and the error bars correspond to the
standard deviations (s). (a) Individual data points and
(b) monthly averages. Data are presented from January 2002
to June 2004 (month 1 is the January average over the
reported period).
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respectively. It was found that the Aitken mode concentra-
tion also shows a seasonal pattern, with a minimum for
winter time and a maximum for summer. Accumulation
mode number concentration show minimum values during
winter time and larger values for the rest of the seasons.
[23] Seasonally averaged lognormally fitted values for

aerosol size distributions were derived for the 61
cases covering the 30 months period. In this analysis,
summer represents June–July–August; andwinter represents
December–January–February. These seasonal modal diam-
eters along with standard deviations and number concentra-
tions are listed in Table 1 and in Figure 4, and show typical
aerosol log normal size distribution parameters from the
calculated seasonal values. It is clear that modal diameters

for summer are larger (by around 40%) than the values for
winter for both Aitken and accumulation modes. The spring
and summer seasons show intermediate values.

3.3. Seasonality in Aerosol Mass Concentration

[24] Figure 5 shows size segregated aerosol mass distri-
butions measured by a MOUDI impactor. During winter
time, an accumulation mode is almost nonexistent while
during the period of spring to autumn there is a distinctive
accumulation mode at about 0.4 mm in diameter. A super-
micron particle mode is present at 2 mm, irrespective of
season. Previous studies [O’Dowd et al., 2004; Cavalli et
al., 2004] have shown that apart from a clear difference in
size between the modes at about 1 mm in diameter there is a
distinct difference in chemical composition of the modes. It
should be noted that the supermicron mode needs to be
considered carefully, because it is truncated above 5 mm.
Truncation of the mass spectrum is caused by the MOUDI
inlet sampling efficiency. A study by Howell et al. [1998]
showed that at 5 m s�1 wind speed the MOUDI exhibited a
D50 cutoff diameter of 7 mm. The average wind speed at
Mace Head was 5 to 9 m s�1 in clean marine air masses, and

Figure 4. Seasonal lognormally fitted aerosol size dis-
tributions over the period from January 2002 to June 2004.

Table 1. Seasonal Aerosol Size Distribution Lognormal Fitting

Parameters for the Aitken Mode and the Accumulation Modesa

Aitken Mode Accumulation Mode

Dg s N Dg s N

Winter 0.031 1.942 137.242 0.103 2.000 116.690
Spring/autumn 0.038 1.623 213.346 0.137 1.592 144.755
Summer 0.049 1.551 327.520 0.177 1.517 142.354

aDg, geometric mean diameter in mm; s, standard deviation; and N,
number concentration in cm–3.

Figure 5. Seasonal differences in aerosol mass size distribution spectra measured by the MOUDI
impactor in clean marine air. TheMOUDI D50 inlet efficiency is estimated for a wind speed of 7 m s�1 to be
5 mm. Insert graph is to highlight aerosol mass distribution between 1 and 6 mm with a linear y axis scale.
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therefore it is estimated that the D50 diameter was close to
5 mm at a wind speed of about 7 m s�1. Seasonal variation
in accumulation mode mass is presented in Figure 6 where
clear differences are seen between the seasons. Minimum
submicron mass concentrations were observed from
November to February, and during June and July while
maximum mass concentrations were observed during April
and September.
[25] The seasonal variation of supermicron particle mass

is less prominent mainly because of its short lifetime
relative to the submicron particles and also because it is
likely to have more surf-zone interference. Nevertheless,
supermicron particle mass was at least on average 30%
higher during winter, as highlighted in the insert of Figure 5
which has a linear y axis scale. This is attributed to the
typical difference in wind speeds between winter and
summer periods with the higher wind speeds occurring in
winter.

3.4. Seasonality in Aerosol Chemical Composition

[26] Size resolved chemical composition data were
divided into fine and coarse fractions and seasonal patterns
were investigated. Berner impactor samples were divided
into fine (0.060–1.0 mm) and coarse (1.0–16.0 mm) frac-
tions which included four stages for each mode. The hi-vol
Sierra Andersen impactor samples were divided into a fine
fraction which contained particles smaller than 1.5 mm in
diameter and that collected on a backup filter, and a coarse
fraction which contained particles in the 1.5–10 mm range.
Only the fine fraction of selected chemical species is
presented in Figures 7–11, while coarse fraction patterns
are discussed for selected cases. Each figure contains a
yearly time series together with a monthly average with
standard deviation, which shows the seasonal variability.

[27] Figure 7a shows the temporal variability of submi-
cron sea-salt aerosol for the period from January 2002 to
June 2004. Monthly averaged concentration of submicron
sea salt is presented in Figure 7b which shows a minimum
in summer and a maximum in winter. A similar pattern, but
somewhat spikier is found for the sea-salt coarse fraction.
Sea-salt content in atmospheric aerosol particles is related to
the wind speed by an exponential relationship [e.g.,
Fitzgerald, 1991; O’Dowd et al., 1997, and references
therein]. Wind speed over the North Atlantic is consistently
higher during the winter season, thus causing a higher sea-
salt aerosol loading.
[28] The data for nss SO4 and methanesulfonate (MSA)

concentrations showed a seasonal pattern with low concen-
trations during winter and maximum concentrations during
midsummer (Figures 8 and 9), which is opposite to that
obtained for sea salt. Note that there was a lower limit
of detection for measurement of MSA concentration
(�0.005 mg m�3) because of a combination of an analytical
detection limit and low particulate mass due to clean sector
sampling conditions and size discrimination of samples.
Therefore Figure 9 does not contain winter MSA data. Such
a pattern along with highly correlated fine mode MSA mass
concentration (Figure 10) (r = 0.84, P� 0.01) with nss SO4

fine mode mass concentration suggests a biogenic source.
The ratio between fine aerosol mode nss SO4 and MSA for
spring and summer season was calculated as 3.87, which is
in good agreement with Savoie et al. [2002], who report
ratios between 2.59 and 3.92 for the summer season
biogenic nss SO4. However, Savoie et al. [2002] did not
discriminate between fine and coarse aerosol modes (which
were total suspended particulate samples), used different
criteria for air masses of marine origin (210Pb concentration)
and applied a tracer method for regression analysis (Sb or

Figure 6. Seasonal variation in accumulation mode mass concentration over the period from January
2002 to June 2004, averaged per month. The figure shows average monthly concentration ±1s (except for
months with a single value).
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NO3
�). It is worth noting that about 25 to 30% of MSA was

present in coarse particles in our samples. Regression
analysis shows that the intercept of nss SO4 concentration
is 0.167 mg m�3. It can probably be attributed to a footprint
of anthropogenic sulphate or the inflow of biogenic nss SO4

from the Southern Hemisphere or both. It is worth noting
that the highest nss SO4 concentrations were recorded
during late June–July months. During those months, air
mass back trajectories were passing over more southerly
regions of the North Atlantic, which actually showed a
somewhat lower primary biomass with lower chlorophyll-a
concentrations in oceanic surface waters. The highest nss
SO4 concentration of 0.80 mg m�3 (10–17 July 2004) could
be attributed to anthropogenic sources, although the air
mass characteristics did meet the clean air criteria. The high
MSA concentration of 0.15 mg m�3 supported by air mass
back trajectories of an open ocean origin tends to support
the classification of clean air for this case, however, it must
be acknowledged that polluted air, with high NOx concen-
trations, mixing with clean air rich in DMS can also produce
high values of MSA [Yin et al., 1990a, 1990b]. Fine NH4

and coarse NO3 concentrations showed similar seasonal
patterns to that of nss SO4 pointing to a biogenic source
as well, but overall their concentrations were very low as
already reported by Cavalli et al. [2004].
[29] A seasonal pattern of water-soluble organic carbon in

fine particulate matter is presented in Figure 11. Water-
soluble organic carbon was analyzed from Tedlar foils in
Berner impactor samples as well as in Hi-vol samples in
order to check consistency of the chemical analysis and
potential sampling artefacts. There is a general consensus
that prefired quartz filters (used in the Hi-vol impactor) may
adsorb some volatile organic species causing a positive
artefact, while samples on tedlar foils (used in the Berner
impactor) are considered to suffer from a negative artefact.
However, our data show that WSOC average concentration
was 0.103 mgC m�3 and 0.120 mgC m�3 for Berner and
Hi-vol samples, respectively. The correlation coefficient
between the two sample sets was 0.76 (P � 0.01). There-
fore it is plausible that sampling artefacts were not likely to
significantly bias the results. Figure 11 shows a clear
seasonal pattern of WSOC with lowest concentrations
during winter and highest during spring-to-autumn. The
result confirms the findings of O’Dowd et al. [2004] which

Figure 7. Variation of submicron sea-salt concentration:
(a) Time series of fine mode (<1.5 mm diameter) sea-salt
mass concentration for individual samples analyzed.
(b) Average monthly concentration of fine mode sea-salt
mass concentration ±1s (except for months with a single
value). Data are presented from January 2002 to June 2004
(month 1 is January).

Figure 8. Seasonal variation of the submicron nss SO4

concentration. (a) A time series of individual samples
analyzed. (b) Average monthly concentration ±1s (except
for months with a single value). Data are presented from
January 2002 to June 2004 (month 1 is January).
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was based on a limited data set. However, Figure 11 reveals
occasional low WSOC concentrations during summer. It is
considered that low concentrations have been caused by air
masses passing over depleted plankton regions of the
Atlantic. This finding means that a reduced phytoplankton
biomass is present in North Atlantic, and the area rich in
phytoplankton biomass has moved toward the north. Sea-
WiFS chlorophyll-a images show that high biological
activity regions fluctuate; that is, every year they move
toward the north during summer and move back southward
during autumn. Seasonal patterns of WSOC shows that
during high biological activity periods, WSOC concentration
reaches 0.2 mgC m�3, while during winter or low phyto-
plankton biomass period it is usually below 0.05 mgC m�3.
[30] Total carbon included water soluble organic carbon,

water insoluble and elemental carbon (the latter two deter-
mined by EGA technique). The temporal variability of
submicron total carbon is shown in Figure 11c. Total carbon
(TC) seasonal pattern is presented in Figure 11d. The TC
concentration pattern resembles that of soluble organic
carbon with lowest concentrations during the winter period
and elevated concentrations during the spring to autumn
period. However, TC has a slightly different pattern during
summer. It shows a maximum in spring, with concentrations
exceeding 1 mgC m�3, a decline in June and an intermediate
rise during late summer and autumn with concentrations of
about 0.5 mgC m�3. It was already shown above that water
soluble organic carbon has a bimodal seasonal pattern.
Water insoluble organic carbon had a clear maximum in
spring (month of May) and consistently elevated concen-
trations during the rest of the warm period. The percentage
of water soluble organic carbon varied between 10 to 50%
of the total carbon with highest percentages recorded during
early spring. Although WSOC is not a major component of
the organic aerosol, nevertheless the soluble fraction of the
organic carbon plays a more important role in aerosol cloud
formation processes.

Figure 9. Seasonal variation of the submicron MSA con-
centration. (a) A time series of individual samples analyzed.
(b) Average monthly concentration ±1s. Data are presented
from January 2002 to June 2004 (month 1 is January).

Figure 10. Relationship between nss SO4 fine mode concentration and fine mode MSA concentration.
Solid line is regression line. Dashed line is the 99.99% confidence limit.
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[31] TC or more specifically water insoluble organic
carbon has been traditionally suspected for positive sam-
pling artefacts. Therefore the Hi-vol impactor was fitted
with a second backup filter at times in order to get an insight
into this problem. The second backup filter showed on
average 25 to 30% of the TC found on the first backup filter,
which can be considered as a positive artefact in our
samples. However, we did not exclude the potential artefact
from TC data, because it likely depends on many factors
(temperature, relative humidity, time of year), whose influ-
ences have not yet been quantified to a consistent level.

3.5. Seasonal Scattering Data

[32] Aerosol light scattering coefficient (ssp) at a wave-
length of 550 nm were analyzed and Figure 12 shows
monthly averaged values over the same period. A minimum
monthly averaged scattering coefficient value of 5.56 Mm�1

is found in August and a maximum of 21 Mm�1 in
February. Wind speed is higher in winter (mean values
between 13 to 15 m s�1) and therefore generates more sea
salt. Sea salt is considered to be the largest contributor to the
scattering coefficient over the North Atlantic with most of
the contribution coming from the supermicron mode

[Kleefeld et al., 2002], and hence the scattering is signifi-
cantly higher in winter than in summer when wind is much
lower (around 5 m s�1). This also holds for spring and fall
(mean wind speed of around 8–9 m s�1) (see Figure 12).
Aerosol scattering coefficient carries information on the
seasonal contribution of the super micron component of
the aerosol size spectra. Because of sampling effects of the
community sample duct and the nephelometer inlet system,
the estimated cut size for these measurements is of the order
of 5 microns and consequently misses the dominant super-
micron scattering signal [Kleefeld et al., 2002].
[33] Analysis of the Angström coefficient yields informa-

tion on the dominant particle size contributing to the
scattering signal. Larger values of the Angström coefficient
correspond to smaller particle size. A value of less than
about 0.5 indicates the presence of coarse mode sea-salt
aerosols [Smirnov et al., 2002]. For the data presented here,
aerosols sampled during late spring and summer exhibits
larger Angström coefficients indicating a large contribution
of fine or accumulation mode in the spectra compared to
winter data (see Figure 12). In winter, the aerosol properties
are always predominantly influenced by the coarse sea-salt
mode, whereas in summer and spring the contribution of the

Figure 11. (a) Seasonal variation of the submicron WSOC concentration time series and (b) average
monthly concentration ±1s (except for months with a single value). (c) Seasonal variation of submicron
TC concentration time series and (d) average monthly concentration ±1s (except single values).
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fine mode is generally more important than that of the
coarse mode.

4. Discussion

[34] The results presented above display clear seasonal
differences in both the spectral modal properties and the
chemical composition suggesting differences in the NE
Atlantic marine aerosol formation processes. Both primary
and secondary formation processes are likely to contribute
to the observed physical and chemical size distributions but
it is not clear to what extent each process contributes.
Secondary processes such as condensation growth or in-
cloud chemical processing are not thought to be significant
since only aerosol size distributions for which modal
diameters did not change over a period of at least 12 hours
were selected for this analysis. In fact, modal growth as
observed at Mace Head under nonmarine conditions
[O’Dowd, 2001] or in other marine [O’Dowd et al., 1999]
and continental locations [Kulmala et al., 2001] is not
observed for the data presented here, suggesting that if
secondary aerosol formation processes contributed to the
observed properties, either the contribution occurred prior to
air masses arriving at Mace Head, or the contribution is
minor. There is no reason to think that such secondary

formation processes would only be occurring over the open
ocean and not in the vicinity of Mace Head, thus we would
suggest that secondary particle formation does not dominate
the marine aerosol production processes in this region and it
appears more likely that primary processes, driven by the
variation of wind speed, sea surface temperature and organic
matter concentration at the ocean surface are more likely to
have the dominant influence on the marine aerosol
distribution under the conditions presented since all these
factors influence the bubble-mediated aerosol production
[Blanchard, 1983].
[35] The main feature observed from the combined phys-

ical and chemical aerosol measurements is that, in winter,
when biological activity is low, the aerosol properties are
characterized by smaller modal diameters and lower organic
content, while during spring-summer, when biological ac-
tivity is high, the aerosol is characterized by larger modal
diameters and maximum organic content. In other words,
the aerosols with the large organic fraction appear to be
physically larger than the aerosols without. Recent labora-
tory studies into the impact of surfactants on bubble-
mediated aerosol production by Sellegri et al. [2006]
revealed new insights into bubble-mediated aerosol produc-
tion. Their work focused on the effect of temperature and a
synthetic surfactant (sodium dodecyl sulphate) on aerosol

Figure 12. (a) Variation of aerosol scattering coefficient (m�1) at a wavelength of 550 nm measured by
the nephelometer for clean air mass cases. (b) Monthly averaged values of aerosol scattering coefficient
(m�1) at a wavelength of 550 nm. (c) Variation of aerosol Angstrom exponent derived from scattering
coefficient measurements (at wavelengths of 450, 550 and 700 nm). (d) Monthly averaged values of
Angstrom exponent derived from scattering coefficient measurements. All data are for clean air mass
cases over the period from January 2002 to June 2004.
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production in synthetic seawater. Sellegri et al. [2006]
found that at a 23�C, the aerosol distribution resulting from
the use of surfactant-free seawater comprised three modes:
(1) a dominant accumulation mode at 110 nm; (2) an Aitken
mode at 45 nm; and (3) a third mode, at 300 nm, resulting
from forced bursting of bubbles. The forced bursting occurs
when bubbles fail to burst upon reaching the surface and are
later shattered by splashing associated with breaking waves
and/or wind pressure at the surface. At 4�C, the accumula-
tion mode diameter was reduced to 85 nm, the Aitken mode
diameter was reduced to <30 nm and the 300 nm mode
diameter was reduced to 200 nm. With the addition of SDS,
the relative importance of the mode resulting from forced
bursting increased dramatically.
[36] The laboratory results were compared to the ob-

served seasonality of North Atlantic marine aerosol (as
reported here) where a progression from mode diameter
minima in winter to maxima in summer is seen. The
bimodality and the seasonality in modal diameters could
be, to a large extent, explained by a combination of the three
modes observed in the laboratory and their variation as a
function of sea surface temperature and seawater surfactant
concentration; however, it was acknowledged that second-
ary aerosol formation processes were also required to
explain the complete picture, and in particular, the ampli-
tude of the Aitken mode in summer time. Obviously, the
nss-sulphate contribution is clearly produced from second-
ary processes and this accounts for typically to no more than
15% of the submicron mass, but the fraction of organic
matter produced from primary and secondary processes still
needs to be resolved.
[37] If one considers that the dominant process influenc-

ing marine aerosol processes relates to primary aerosol
production, there is an apparent paradox to be resolved:
namely, during the period of high biological activity (sum-
mer), wind speeds tend to be lower than periods of low
biological activity (winter), yet the produced particle sizes
tend to be larger, and consequently more submicron aerosol
mass is injected into the marine boundary layer. This increase
in mass appears mostly as organic matter. Even though the
bubble concentration would be expected to be lower for
lower mean wind speeds, there is likely to be an increase in
the fraction of bubbles stabilized by the presence of surfac-
tants, and consequently an increase in the forced bursting of
bubbles which results in an increased flux of larger drops
with greater mass. In addition, the presence of surfactants in
the surface microlayer could lead to a greater residual aerosol
mass as the droplet evaporates since the organics would have
displaced some of the droplet water content. Clearly, consid-
erable more work is required to elucidate the impacts of
natural surfactants and organic matter at the ocean surface on
bubble-mediated aerosol production.

5. Conclusions

[38] This study presents seasonal physicochemical charac-
teristics of North Atlantic marine aerosols, from continuous
measurements at Mace Head over the period from January
2002 to June 2004. Aerosol (SMPS) microphysical meas-
urements show that typical North Atlantic marine aerosol
size distributions have 2 lognormal modes in the submicron
size range, namely the Aitken and accumulation modes. The

lognormal distribution modal diameters show clear seasonal
variations. The seasonally averaged Aitken mode diameter
increased from 0.031 mm in winter to 0.049 mm in summer.
The accumulation mode mean diameter also increased from
0.103 mm in winter to 0.177 mm in summer. The size
segregated MOUDI mass spectra also show a mode around
0.4 mm during spring-autumn, but this is not seen in the
winter samples. The accumulation mode mass from the
MOUDI measurements also show a seasonal variation, a
minimum during winter and a maximum in summer. This
higher mass concentration during the blooming of North
Atlantic phytoplankton is attributed to the contribution of
organic submicron aerosol produced by the primary bubble
bursting process. A supermicron size particle mode was
constantly found at 2 mm for all seasons showing a 30%
higher concentration on average during winter than summer
resulting from higher wind speeds during winter.
[39] Chemical analysis of North Atlantic fine and coarse

mode particles showed that the concentration of sea salt has
a seasonal pattern, with a minimum in summer and a
maximum in winter following the wind speed pattern.
(higher in winter, lower in summer). By contrast, the nss
sulphate concentration in fine mode particles showed an
opposite seasonal pattern with lower values during winter
and higher values during midsummer. The seasonal varia-
tion of nss sulphate concentration is attributed to the cycle
of marine biota which is active during the North Atlantic
phytoplankton blooming seasons, generally characterized
by two or more peaks from spring to autumn. This marine
biota activity also affects the contribution of organic matter
in the fine mode particles. Water-soluble organic carbon and
total carbon analyzed from the Berner impactor and Hi-vol
samples also showed a distinctive seasonal pattern. The fine
mode WSOC and TC concentration has higher values
during the spring-autumn season and lower values in winter.
Some case studies for occasionally relatively lower WSOC
concentrations during summer months proved that the
strength of marine biota activity can also affect the contri-
bution of organic matter to the total mass of fine particles, as
the air mass for those cases were found to originate from
relatively lower biologically active areas even in summer
time. The fine mode WSOC concentration during the high
biological activity period peaked at 0.2 mgC m�3, while
during winter or low phytoplankton biomass period the
value is usually lower than 0.05 mgC m�3. The TC
concentration showed a maximum in spring of around
1.2 mgC m�3, and a minimum in winter of 0.1 mgC m�3.
[40] The seasonality of the aerosol scattering coefficient

stems from the physicochemical properties of North
Atlantic marine aerosols which is clearly evident. Aerosol
light scattering coefficient shows a minimum value of
5.56 Mm�1 in August and a maximum of 21 Mm�1 in
February. This near four-fold seasonal increase in the aerosol
scattering coefficients is due to the higher contribution of
wind generated sea salt to the supermicron particles in the
MBL during North Atlantic winter, as is also seen from the
seasonal MOUDI mass data. By contrast, aerosols during
late spring and summer exhibit larger Angström coefficients
than winter, indicating a large contribution of the fine or
accumulation mode in the spectra compared to winter data.
[41] Seasonal variations of North Atlantic marine aerosols

presented in this study highlight the importance of the
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relationship between marine aerosol and biological activity.
The seasonal variations in the aerosol size modal diameters
and contribution of organic matter to the fine mode aerosol
mass indicate that primary particle formation plays an
important role in the North Atlantic MBL aerosol budget.
Angström exponent analysis using scattering data showed
that organic originated submicron aerosol contributes sig-
nificantly to the scattering of solar light during biologically
active seasons.
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