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[1] Measurements of the aerosol light scattering coefficient (ssp) at a wavelength of
l = 550 nm were conducted at a coastal atmospheric research station in the east Atlantic
Ocean during June 1999. Size distribution measurements between diameters of 3 nm
and 40 mm (at ambient humidity) were used to derive scattering coefficients from Mie
theory. The calculated scattering coefficients were about a factor of 7.4 higher than the
measured scattering coefficients. The discrepancy was explained by a reduced cutoff of
the sampling system at particle diameters between 6 and 8 mm, dependent on wind
speed. The calculated aerosol scattering was about 1 order of magnitude higher than
previously reported measurements in the MBL and is attributed to supermicrometer
particles at sizes d > 10 mm dominating aerosol scattering. INDEX TERMS: 0305
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1. Introduction

[2] Light scattering by atmospheric aerosol particles
affects Earth’s energy balance and contributes to the neg-
ative radiative forcing of climate. The overall impact of
aerosols on the radiative balance comprises the absorption
and scattering of radiation in the solar spectrum (direct
effect) as well as the modification of the optical properties
and lifetime of clouds (indirect effect). The quantification of
these effects pose one of the largest uncertainties on the
calculation of the global radiative forcing [Intergovernmen-
tal Panel on Climate Change (IPCC), 1995]. The uncer-
tainties are due to the complexity of the physical and
chemical processes involving aerosol particles and due to
the high temporal and spatial variability of their global and
regional distribution. In this regard, measurements of aero-
sol optical properties are required on a regional scale,
covering certain key areas.

[3] In the marine atmosphere, the typical background
aerosol comprises primary produced sea salt particles and
secondary produced particles consisting of non sea salt
(nss) sulphate and organic compounds. The sea salt
particles dominate the supermicrometer (d > 1 mm) part
of the total aerosol size distribution spectrum whereas the
nss sulphate particles fall within the submicrometer (d <
1 mm) range.
[4] Recent investigations however suggest that a frac-

tion of the primary produced sea salt aerosol contributes
significantly to the submicrometer portion of the particle
size distribution [O’Dowd and Smith, 1993; O’Dowd et
al., 1997]. In terms of radiative forcing of climate, the
submicrometer size range is most relevant for light scatter-
ing because it comprises particles with diameters compa-
rable to the wavelength of the visible solar radiation.
Measurements of the size segregated chemical composition
of aerosols over the Southern Ocean and the application of
Mie scattering theory to this data set confirmed the
important role of submicrometer sea salt. Sea salt was
found to dominate both the chemical composition and the
aerosol light scattering of sub-mm particles [Murphy et al.,
1998].
[5] The relevance of sea salt aerosol for climatological

processes stems from its radiative properties in conjunction
with its production mechanism, which is highly wind
speed-dependent. Climatic induced changes in wind speed
pattern can affect the sea salt production and therefore
alter the radiation balance over marine areas [Latham and
Smith, 1990]. A competing process is the removal of sea
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salt aerosols by precipitation since precipitation patterns
are also sensitive to climatic variations. In addition, sea
salt contributes to the indirect radiation effect by serving
as cloud condensation nuclei (CCN). A recent study by
O’Dowd et al. [1999a] identifies sea salt aerosol as the
primary source of CCN under high wind speed conditions
in the marine boundary layer (MBL).
[6] Recently, the coastal zone was also identified as a

strong source for secondary aerosol particles [O’Dowd et
al., 1999b, 1998]. The observed nucleation and growth
processes are related to enhanced biological emissions of
the intertidal zone during exposure to the atmosphere. The
newly formed particles have the potential to grow into
radiatively active sizes and thus could alter the radiation
balance, which is most sensitive to perturbations over the
low-albedo oceans [O’Dowd, 2002].
[7] A unique platform for studying marine aerosols is the

Global Atmospheric Watch (GAW) atmospheric research
station at Mace Head, located on the west coast of Ireland
(53� 190 N, 9� 540 W). The research station is situated at
about sea level on a peninsula, which is surrounded by
coastline and tidal areas except for a small sector ranging
from 20� to 40�. The distance between the station and the
shoreline is about 50 to 100 m in the westerly direction. A
wind direction sector between 180� and 300� opens to the
Atlantic Ocean and is associated with the advection of
marine background air masses [Jennings et al., 1997]. A
map detailing the coastal features around Mace Head is
shown in Figure 1.
[8] As part of the ‘‘New Particle Formation and Fate in

the Coastal Environment’’ (PARFORCE) study, an inten-
sive measurement campaign was conducted in Mace Head
in June 1999. During this campaign a broad range of
physical and chemical aerosol properties as well as mete-
orological parameters were simultaneously measured
[O’Dowd et al., 2002a]. Results are presented here from
aerosol light scattering measurements in conjunction with
Mie calculations of aerosol scattering coefficients. The
contribution of background aerosols and local aerosol
sources as well as the relative contribution of submicrom-

eter and supermicrometer particles to the light scattering
coefficient will be examined.

2. Methods

2.1. Measurements

2.1.1. Aerosol Scattering Coefficient
[9] The aerosol scattering coefficient (ssp) was measured

with a TSI Model 3551 single wavelength (l = 550 nm)
integrating nephelometer. The instrument was connected via
a 25 mm diameter duct to a community air-sampling
system. The system was constructed from a 100 mm
diameter stainless steel pipe and reached a height of 10 m
above ground level. A flow rate of 250 l/min was main-
tained in the sampling pipe. A size fractionation of the
aerosol at the sample inlet of the nephelometer was not
conducted. Due to the internal heating of the nephelometer,
aerosol was sampled at an average relative humidity (RH)
of 41 ± 7%.
[10] At the beginning and end of the campaign, the

nephelometer was calibrated with particle-free air as the
low span gas, and carbon dioxide as the high span gas. An
automatic zero calibration with particle-free air was per-
formed 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 nephelometer 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
given by Anderson et al. [1996].
[11] The scattering coefficients were recorded with a

temporal resolution of 5 min. These data were integrated
to hourly arithmetic mean scattering coefficients.
2.1.2. Aerosol Number Size Distribution
[12] Information about the aerosol particle size distribu-

tion was obtained by means of electrical mobility analysis
and optical particle counters, sampling the aerosol at a height
of 10 m. Within the particle diameter range from 3 to 800
nm, the size distribution was measured by using two Differ-

Figure 1. Map of the coastline features around the Mace Head measurement site.
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ential Mobility Particle Sizer (DMPS) systems. The systems
consisted of two Vienna type Differential Mobility Analy-
sers (DMA) and two condensation particle counters (TSI
Models 3010 and 3025). Details of the instrument set up are
presented by O’Dowd et al. [2002b]. The DMPS system was
operated with a separate inlet system and not connected to
the community air-sampling system. A Forward Scattering
Spectrometer Probe (FSSP-100, PMS) provided in situ
measurements of size distributions covering (wet) particle
diameters from 0.5 to 47.0 mm [Exton et al., 1985].

2.2. Calculation of Aerosol Scattering Coefficient

[13] In order to elucidate uncertainties associated with the
measurement of aerosol light scattering coefficient the
observed scattering coefficients are compared to calculated
values derived from the Mie theory on the scattering of light
from homogeneous spherical particles.
[14] The optical properties of atmospheric aerosols are

dependent upon the particle size, the particle shape, the
complex refractive index of the particle’s chemical compo-
nents, and upon the wavelength of the incident light. The
scattering coefficient ssp can be mathematically expressed
as an integral over all particle sizes in assuming spherical
particles:

ssp ¼
Z1

D¼0

pD2

4
Qscaðl;m;DÞ

dN

d logD
d logD ð1Þ

where Qsca is the dimensionless single particle efficiency
factor for scattering, which depends on the wavelength l of
the light, the aerosol complex refractive index m = n – ik,
where n is the real index of refraction and k is the imaginary
index of refraction, and the particle diameter D. The particle
number size distribution is denoted by dN/dlogD. The
scattering efficiency is obtained from Mie theory and in
order to facilitate the computation, Qsca is expressed by the
following algorithm [Bohren and Huffman, 1983]:

Qsca �
2

x2

XN
j¼1

ð2jþ 1Þ aj
�� ��2þ bj

�� ��2� �
ð2Þ

[15] The dimensionless size parameter x = p D/l is
calculated for the nephelometer wavelength of l = 0.55
mm. The series aj and bj are defined by Ricatti-Bessel
functions with the size parameter and the complex refractive
index as variables. Equation (2) assumes an external mix-
ture of the aerosol population.
[16] The aerosol number size distribution is obtained

from DMPS and FSSP measurements. The Mie calculations
based on the FSSP data have been restricted to particles
with a (wet) diameter of less than 39.6 mm.
[17] Throughout the calculations, the aerosol volume is

assumed to be dominated by sea salt particles (99%). In
accordance with findings by Jennings et al. [1997] 1% of
the total volume is attributed to black carbon (BC). The BC
fraction is representative for clean marine air masses [Van
Dingenen et al., 1995; O’Dowd et al., 1993] and originates
from the long-range transport of combustion products. The
associated refractive indices are taken from Kent et al.
[1983]: m = 1.5 � 10�8i (sea salt) and m = 1.75 � 0.44i

(BC). The refractive index of water (m = 1.333 � 10�9i) has
to be considered in order to account for humidity effects, as
detailed below.
[18] More recently, concentrations of organic carbon

compounds have been reported for marine air masses at
Mace Head, covering a summer period in 1998 [Krivácsy et
al., 2001]. On average, organic carbon compounds contrib-
ute about 9% to the total aerosol mass. Since the real part of
the refractive index for organic material is given by 1.4
[Horvath, 1998] and therefore is comparable to the sea salt
value of 1.5, the contribution of organic carbon compounds
to the aerosol composition has not been considered within
the Mie computation.
[19] A comparison between the measured and calculated

aerosol scattering coefficients can be biased by not consid-
ering humidity effects. The total size distribution spectrum
used for the scattering calculations is composed of measure-
ments both at ambient relative humidity conditions (FSSP)
and at dry conditions (DMPS). In order to adjust the size
distribution data to the nephelometer humidity a parameter-
ization by Hänel [1976] is introduced, relating the equili-
brium radius of a particle and the relative humidity:

r%RH ¼ r0 1þ r0
rw

mw

m0

� �1=3

ð3Þ

where r%RH and r0 are the particle radius at a given relative
humidity and the dry particle radius, respectively, r0 denotes
the mean density of the dry aerosol particle, rw is the density
of water and the ratio mw/m0 gives the mass of water
condensed on the particle per unit mass of the dry
substance. The parameters r0 and mw/m0 were determined
by Hänel and Lehmann [1981] for marine aerosols during a
measurement campaign in Mace Head. The measured
density r0 amounts to 1.93 ± 0.04 g/cm3; the ratio mw/m0

varies between 0.0016 and 10.8 for a relative humidity
range from approximately 22% to 96%. These values are
based on the analyses of bulk aerosol samples that comprise
particles with dry radii ranging from 0.15 to 5 mm.
[20] The dependence of the refractive index and hence

the scattering coefficient on relative humidity can be
expressed by an equation similar to equation (3), [Hänel,
1976]:

n%RH ¼ nw þ ðn0 � nwÞ 1þ r0
rw

mw

m0

� ��1

ð4Þ

where n%RH and n0 denote the refractive index at a given
relative humidity and at RH = 0%, respectively; nw is the
refractive index of water. In order to adjust the calculated
scattering coefficients to the nephelometer humidity, the
refractive index of the sea salt fraction is varied with relative
humidity according to equation (4). The humidity correction
is based on hourly averages of the measured ambient and
nephelometer relative humidity. Throughout the campaign
the ambient relative humidity varied between 54 and 95%,
with a mean value and standard deviation of 79% ± 9%.
[21] A potential uncertainty inherent in the calculated

scattering coefficients derives from the assumption of
spherical particles that is required by Mie theory. At the
nephelometer relative humidity particles may not be per-
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fectly spherical. NaCl has a crystallization relative humidity
of 48 – 46% [Tang, 1996] and may contribute to a solid
phase within the particle. The effect of such irregular shaped
particles on light scattering is difficult to quantify. Pilinis
and Li [1998] used the T-matrix method to estimate the
scattering coefficients of randomly oriented oblate and
prolate spheroids and compared the results with Mie calcu-
lated scattering coefficients. For submicrometer particles the
assumption of spherical particles introduces errors less than
10% in the scattering coefficient. However, the error will
increase with increasing particle diameter, resulting in an
underestimation of the real scattering by the assumption of
sphericity.
[22] In the following, the calculated total scattering coef-

ficient (ssp, total) refers to Mie calculations based on the
DMPS and the FSSP data whereas the calculated submi-
crometer scattering coefficient (ssp, sub) refers to Mie com-
putations based on the DMSP data solely. The Mie
calculations are performed with hourly averages of the
DMSP and FSSP data to facilitate a comparison with the
measured scattering coefficients.

3. Results and Discussion

3.1. Calculated Aerosol Scattering Coefficients

[23] The time series of the calculated total and submi-
crometer scattering coefficients are presented in Figure 2.
The data cover the period from 6 June to 28 June, from day

of the year (DOY) 157 to 179 for the year 1999. The gaps in
the time series are caused by missing size distribution data.
[24] The calculated total scattering coefficients vary

between 7.8 and 567 Mm�1 with an arithmetic mean and
standard deviation of 116.8 ± 80.2 Mm�1. In marine air
masses only, as defined by a local wind direction sector
ranging from 180� to 300� [Jennings et al., 1997], the mean
aerosol scattering level is shifted to a higher value of 144.0 ±
86.1 Mm�1. Representative total scattering coefficients of
the unperturbed MBL as given by the IPCC [1995], cover a
range from 5 to 20 Mm�1. These values are about one order
of magnitude lower than the total scattering coefficients
calculated for Mace Head.
[25] However, the comparison has to be limited. Aerosol

scattering measurements are typically performed with a
particle diameter cutoff at d = 10 mm under ambient relative
humidity conditions. The Mie computation, however, used a
maximum particle size of a (wet) diameter of 39.6 mm, as
measured by the FSSP. The additional particle mass con-
tributes to the observed discrepancy between MBL scatter-
ing coefficients and the calculated values. Although these
coarse particles lie outside of the optically efficient size
range their mass concentration compensates for the low
scattering efficiency.
[26] The contribution of coarse particles to the total

aerosol scattering is illustrated in Figures 3 and 4. A typical
number size distribution under high and low wind speed
conditions is presented in Figures 3a and b for the DOY 170

Figure 2. Time series of the calculated total (ssp, total) and the calculated submicrometer (ssp, sub)
aerosol scattering coefficient.
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and 163, respectively. The size distributions are based on
hourly averages of the DMPS and FSSP measurements and
cover particle diameters from 3 nm to about 25 mm. The
particle diameters of the FSSP data have been humidity
corrected and thus represent particle sizes at the nephelom-
eter relative humidity. Assuming an ambient RH of 78%

and a nephelometer RH of 41%, the maximum (wet)
particle diameter of 39.6 mm, used in the Mie calculation,
will transform into a dry particle diameter of 22.9 mm. The
number size distributions show a trimodal shape with
maximum dN/dlogD values in good agreement with pre-
vious measurements in the MBL over the open ocean

Figure 3. Hourly average of a number size distribution under (a) high wind speed (15 ms�1) and (b)
low wind speed (5 ms�1) conditions for DOY 170 and 163, respectively.

Figure 4. Hourly average of a calculated scattering coefficient size distribution (dssp/dlogD) under (a)
high wind speed (15 ms�1) and (b) low wind speed (5 ms�1) conditions for DOY 170 and 163,
respectively. Note the different scales of the ordinates.
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[O’Dowd et al., 1997; Fitzgerald, 1991]. Therefore the
observed size distributions can be regarded as representative
for marine aerosols. The corresponding aerosol scattering
coefficient size distribution (dssp/dlogD) for DOY 170 and
163 is given in Figures 4a and b, respectively. Figure 4
corroborates that the aerosol scattering is dominated by
supermicrometer particles under high wind as well as under
low wind conditions. The maximum scattering occurs at dry
particle diameters between 3 and 10 mm.
[27] The calculated submicrometer scattering coeffi-

cients, ssp, sub, as shown in Figure 2, vary between 3.5
and 89.5 Mm�1 with an average value and standard devia-
tion of 14.6 ± 11.0 Mm�1. In marine air masses the average
is slightly higher and amounts to 16.9 ± 11.4 Mm�1. These
values are about a factor of 4 – 5 higher than results of
comparable measurements of submicrometer scattering
coefficients in the MBL [Quinn et al., 1998; Anderson et
al., 1999].
[28] The discrepancy reflects the different cutoff diame-

ters used in the MBL measurements and in the Mie
calculations. The MBL measurements have been reported
for a cutoff diameter of 1 mm under ambient relative
humidity conditions while the Mie calculations have been
performed for dried particles with d < 0.8 mm.
[29] In order to determine the relative contributions of

submicrometer and supermicrometer particles to total scatter-
ing the submicrometer scattering fraction F = ssp, sub/ssp, total
has been calculated. The ratio F ranges from 0.03 to 0.68 with
a mean value of 0.17 ± 0.13. For marine background air
masses arriving at Mace Head the average of F is slightly
smaller and amounts to 0.14 ± 0.09. The scattering fraction
clearly indicates that the light scattering is dominated by
supermicrometer particles.
[30] Since sea salt dominates the mass concentration of

marine aerosols a correlation between wind speed and
scattering would be expected. For marine air masses, the

calculated super-mm scattering fraction ssp, super = ssp, total �
ssp, sub is plotted versus the local wind speed in Figure 5. An
exponential regression line is added to the figure. In general,
the supermicrometer scattering increases with increasing
wind speed, but the increase is more pronounced for wind
speeds in excess of about 7 m/s. At about this wind speed
the sea salt aerosol production due to the bursting of
bubbles formed in whitecaps becomes significant [O’Dowd
et al., 1997] and hence contributes significantly to the sea
salt mass concentration and to the light scattering. At wind
speeds < 7 m/s the regression line indicates a fairly constant
scattering level of about 110 Mm�1, which is regarded as
the background scattering signal. The overall coefficient of
determination, r2, between local wind speed and ssp, super is
0.38. The calculated submicrometer scattering, ssp, sub, and
the local wind speed shows no correlation (r2 = 0.02).
However, a correlation between wind speed and scattering
has to be limited. Apart from the local wind speed-depend-
ent production mechanism, the local sea salt concentration
will be influenced by a sea salt background. The poor
correlation between local wind speed and ssp, sub indicates
either a significant contribution of nss sulphate to the sub-
mm particle concentration or the dominance of advection
processes. In particular, sub-mm particles can be transported
over long distances due to their atmospheric residence time
of several days.

3.2. Comparison of Calculated and Measured
Scattering Coefficients

[31] A comparison between the measured and the calcu-
lated total light scattering coefficients is presented in
Figure 6. The figure reveals a clear discrepancy between
the measured ssp and the calculated ssp, total values. The
calculated total light scattering coefficients are an average
factor of 7.4 ± 3.4 higher than the measured ssp values.
However, both time series show similar trends, which is

Figure 5. Calculated supermicrometer (ssp, super) scattering coefficient versus local wind speed for
marine air masses. Inserted is an exponential regression line (r2 = 0.38).
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expressed by a coefficient of determination, r2, of 0.41,
resulting from a linear regression. The observed discrepancy
indicates that the nephelometer significantly underestimates
the light scattering if the whole particle size range covered
by the DMPS and FSSP measurements is taken into
account.
[32] With increasing particle diameter scattering becomes

more pronounced in the near-forward direction, which
cannot be efficiently sensed by the nephelometer due to
its geometry. In a study by Anderson and Ogren [1998] the
underestimation of light scattering by coarse particles of
diameter 1.0 to 10 mm amounts to a mean factor of about
1.5. White et al. [1994] found a mean correction factor of
about 2 for particles between 2.5 and 15 mm of diameter.
Since the magnitude of these factors are smaller than the
mean ssp, total/ssp ratio of 7.4 the observed discrepancies
cannot be explained by the angular truncation error of the
nephelometer alone.
[33] The differences between the calculated submicrom-

eter scattering ssp, sub and the measured scattering ssp are
much smaller and the mean ratio ssp, sub/ssp amounts to 0.9
± 0.3, indicating on average of 10% higher measured
scattering coefficients. A linear regression between both
data sets results in a coefficient of determination of r2 =
0.76. This reasonable agreement between calculated and
measured scattering values is found if larger particles (d >
0.8 mm) are omitted from the Mie calculation, that is, to use
solely the DMPS data for the computation. Therefore the
nephelometer measurements reflect the light scattering of
the dry submicrometer particle spectrum rather than the
light scattering of the total dry particle size spectrum.
However, a ratio of ssp, sub/ssp < 1 in conjunction with
similar trends in the ssp, total and ssp time series imply that a

fraction of supermicrometer particles with diameters > 0.8
mm are detected by the instrument.
[34] In order to determine the aerosol losses of the

sampling system and to estimate the nephelometer cutoff
diameter, the efficiency h:

h ¼ C

C0

ð5Þ

where C0 denotes the ambient concentration and C is the
sampled concentration of a certain particle size, is calculated
from empirical relationships given by Willeke and Baron
[1993]. The total efficiency of the sampling system is the
product of the inlet efficiency and the transport efficiency of
the sampling line. The inlet efficiency consists of the
aspiration efficiency, that is the amount of particles entering
the inlet, and the transmission efficiency, that is the fraction
of aspirated particles reaching the sampling line. The
calculation of the transport efficiency takes into account the
loss of particles due to inertial depositions in the 90� bend
of the sampling line as well as in the flow constriction at the
nephelometer duct. In addition, the particle loss due to
gravitational settling within the 5-m horizontal part of the
sampling line is calculated.
[35] The resulting total efficiency of the sampling system

as a function of particle diameter is presented in Figure 7 for
three different wind speeds of 5, 10, and 15 m/s. About 90%
of all hourly wind speed means of the measurement period
are 	 10 m/s and about 52% of all mean values range
between wind speeds of 5 and 10 m/s. Figure 5 reveals that
particle losses occur both in the submicrometer fraction and
in the supermicrometer fraction of the size spectrum. For
wind speeds 	 10 m/s, up to 20% of the submicrometer

Figure 6. Comparison between the time series of the calculated total aerosol scattering coefficient
(ssp, total) and the measured aerosol scattering coefficient (ssp).
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particles will be removed from the sampling volume. The
50% cutoff diameter of the sampling system is about 8 mm
at low wind speed conditions and decreases to about 4 mm at
wind speeds of 10 m/s.
[36] The estimated particle losses at the sampling inlet

and in the sampling line will contribute to the observed

discrepancies between measured and calculated scattering
coefficients.

3.3. Measured Scattering Coefficients

[37] The measured aerosol scattering data are shown in
Figure 8. The time series of ssp covers the period from 5

Figure 7. Total efficiency of the sampling system as a function of particle diameter for three different
wind speeds of 5, 10, and 15 m/s.

Figure 8. Time series of measured aerosol scattering coefficient (ssp). The shaded line indicates a 2-day
moving average.
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June to 2 July 1999 (DOY 156 – 183). Each data point
represents an arithmetic hourly average. An interpretation of
this data set has to consider that the true light scattering is
underestimated by the measured ssp values due to submi-
crometer and supermicrometer particle losses in the sam-
pling system, as mentioned above.
[38] The measured scattering coefficients range from 2.8

to 82.9 Mm�1, resulting in a mean value and standard
deviation of 15.7 ± 10.3 Mm�1. The mean scattering level is
higher, only if marine air masses arriving at Mace Head are
taken into account. In these air masses, mean ssp amounts to
20.8 ± 11.5 Mm�1. During the measurement period, marine
air masses are associated with a moderate mean wind speed
of 6.8 ± 3.0 m/s. The sampling efficiency at this wind speed
is calculated to > 90% for submicrometer particles and the
50% cutoff diameter is about 6 mm (cf. Figure 7).
[39] For comparison, Table 1 summarizes the results of

size dependent scattering measurements in the unperturbed
marine boundary layer at different geographic locations.
The measured Mace Head scattering coefficients are com-
parable to the reported total (d 	 10 mm) scattering
coefficients except for the higher scattering values observed
during the Aerosol Characterization Experiment (ACE 1) in
the SW Pacific Ocean. However, the SW Pacific Ocean
measurements have taken place under a different wind
regime with a higher mean wind speed of 9.7 m/s [De
Bruyn et al., 1998] compared to a mean value of 6.8 m/s
during the Mace Head campaign and therefore favouring an
enhanced sea salt aerosol production. In addition, the ACE
1 scattering coefficients are corrected for nephelometer
nonidealities, resulting in on average 30% higher super-
micrometer scattering coefficients [Quinn et al., 1998],
whereas no correction has been applied to the Mace Head
data.
[40] Although the nephelometer measurements in Mace

Head underestimate the light scattering, the detected scatter-
ing coefficients are in good agreement with results of
similar measurements in the MBL. Hence the sampling
characteristic of the nephelometer inlet at the observed wind
speeds is comparable to the performance of the nominal 10
mm cutoff inlets.

[41] The measured ssp time series in Figure 8 indicates 5
periods of different turbidity conditions with arithmetic
mean values of up to a factor of 2 higher and lower than
the overall mean of the ssp record. These periods are
emphasized, by adding a 2-day running mean to the hourly
averages. The statistical parameters of these periods, of
marine air masses, as determined by the local wind direc-
tion, and of the total measurement period are summarized in
Table 2.
3.3.1. Measured Scattering and Air Mass History
[42] The observed periods of varying mean scattering

levels are associated with different air mass histories, as
revealed by a trajectory analysis. The Irish Meteorological
Service (MetÉireann) provides daily three-dimensional 5-
day backward trajectories that arrive at Mace Head-on the
975 hPa-level at 12 UTC. The trajectories are based on the
Limited Area Trajectory Model of MetÉireann, which uses
three-dimensional wind fields provided by the European
Centre for Medium Range Weather Forecasts (ECMWF),
[McGrath, 1989]. The periods 1 (DOY 156.0 – 164.1) and
2 (DOY 164.2 – 171.5) of the scattering coefficient time
series are characterized by the advection of unperturbed air
masses. However, the periods distinctively differ in their
mean scattering levels with a factor of 2.6 higher mean light
scattering coefficient during period 2 (cf. Table 2). The
trajectory analysis shows that period 1 is dominated by
arctic air masses with 75% of all trajectories originating
north of Iceland. In addition, these trajectories show a slight
subsidence from >850 hPa. During period 2, 88% of all
trajectories indicate air mass advection from the mid-Atlan-
tic and thus characterizing a marine background air mass
type. The back trajectories stayed fairly near to the ocean
surface. Sample trajectories of these different air mass types
and their vertical structures are presented in Figures 9a and
b. For assessing the impact of the local wind speed, and
hence the sea salt production on the scattering coefficients,
Figure 10 presents the scattering coefficients of period 1
(triangles) and period 2 (squares) as a function of wind
speed. Figure 10 demonstrates that for identical intervals of
low wind speeds the period 2 scattering coefficients are
enhanced compared to period 1 coefficients. Therefore the
mean scattering level is predefined by the air mass history at
moderate wind speeds with higher background scattering in
marine air masses compared to arctic air masses.
[43] The periods 4 (DOY 175.0 – 177.4) and 5 (DOY

177.7 – 184.0) are dominated by perturbed marine air
masses, that is 75% of all trajectories originate from the
mid-Atlantic but passed landmasses before arriving at Mace

Table 1. Measurements of Aerosol Scattering Coefficients in the

Unperturbed MBL of Different Geographical Regions

Site Range,
Mm�1

Mean,
Mm�1

Reference

Central Pacific Oceana

(RITS 94)
7.8–40 18.0 ± 6.8 Quinn et al. [1996]

Southwest Pacific Ocean
(ACE 1)

Quinn et al. [1998]

d 	 1 mm 0.66–38 4.4 ± 3
1 mm 	 d 	 10 mm 1.7–130 23 ± 16

Southwest Pacific coast
(Cape Grim)

Carrico et al. [1998]

d 	 1 mm 3.6 ± 1.9
d 	 10 mm 15.4 ± 7.9

Atlantic Oceana

(Aerosols99)
Quinn et al. [2001]

NH 16 ± 6.6
SH tropics 13 ± 9.9

East Atlantic coast
Mace Head

2.8–82.9 20.8 ± 11.5 this work

aTotal scattering for d 	 10 mm.

Table 2. Statistical Parameters of the Time Series of Measured

Aerosol Scattering Coefficients (ssp)

Time Period,
Day of Year

Range,
Mm�1

Median,
Mm�1

Arithmetic
mean,
Mm�1

Stdv (1s),
Mm�1

n

156.0–164.1 2.8–16.1 8.0 8.2 2.8 166
164.2–171.5 8.4–49.6 21.2 21.7 7.7 177
171.5–174.9 5.0–17.6 11.4 11.0 3.4 82
175.0–177.4 16.8–82.9 28.3 33.1 13.8 59
177.7–184.0 2.9–31.9 11.1 12.6 6.5 153
Marine air massesa 2.8–82.9 18.7 20.8 11.5 352
Total 2.8–82.9 12.7 15.7 10.3 637

aAs defined by the local wind direction sector from 180� to 300�.
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Figure 9. Backward trajectories (a) for arctic air masses at DOY 159 (8 June) and (b) for marine air
masses at DOY 170 (19 June), arriving at Mace Head at 12 UTC.

Figure 10. Measured scattering coefficients (ssp) of period 1 (triangles) and period 2 (squares) versus
wind speed. Period 1 (DOY 156.0 – 164.1) is associated with the advection of arctic air masses whereas
period 2 (DOY 164.2 – 171.5) is dominated by marine air masses.
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Head. In addition, period 5 is influenced at least at 2 days
(DOY 178 and 179) by arctic air masses. The prominent
scattering peak at DOY 175 is caused by local bonfires
which are traditionally lit during the St John’s night from 23
to 24 June (DOY 174 – 175). Easterly wind directions

favoured the transport of the contaminants to the measure-
ment site. Period 3 (DOY 171.5 – 174.9) has to be excluded
from the analysis due to missing trajectory data.
[44] In general, a cluster analyses based on Mace Head

scattering data for a period of 6 months reveals, that arctic
air masses are associated with a factor of 1.8 lower scatter-
ing coefficients compared to marine air masses [O’Reilly et
al., 1999]. This corroborates the importance of the air mass
history for the mean scattering levels.
[45] The periods 1 and 2, which are clearly defined by the

advection of arctic and marine air masses, respectively, will
be further investigated with regard to the particle distribu-
tion in the size range from 0.1 to 0.8 mm diameter, measured
by the DMPS system. This size range is most important in
radiative terms and is little affected by particle losses in the
sampling system of the nephelometer (efficiency > 90%).
[46] A comparison of the normalized number and surface

distribution for the arctic and the marine air mass type is
presented in Figures 11a and 11b. The size distributions
represent averages over the corresponding periods 1 and 2
and are normalized to a value of 100 cm�3 to facilitate the
comparison. The aerosols of marine and arctic origin can be
found to dominate the same mode, however in marine air
masses dN/dlogD is slightly larger for particles >0.3 mm
diameter. The distribution of particle surface area that
defines the light scattering is indicated in Fig 11b. The
aerosol surface area distribution in marine and arctic air
masses diverts for particles >0.3 mm diameter due to differ-
ences in particle number. However, the mean total surface
area calculated for both periods is only slightly enhanced in
the marine air mass, amounting to a value of 35 mm2

compared to 32 mm2 in the arctic air mass. Due to these
similarities the observed difference in the background
scattering signal has to be controlled by particles with
diameters d > 0.8 mm.

Figure 11. Mean (a) number and (b) surface size
distributions for arctic and marine air masses for the periods
DOY 156.0 – 164.1 and DOY 164.2 – 171.5, respectively.

Figure 12. Measured scattering coefficient (ssp) versus local wind speed for marine air masses. Inserted
is an exponential regression line (r2 = 0.20).
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3.3.2. Measured Scattering and Local Aerosol Sources
[47] In addition to the background scattering signal as

defined by air mass history at low wind speeds, local
sources will contribute to the total aerosol light scattering.
Local aerosol sources that will be considered are the sea
spray production, the aerosol plumes coming off the islands
offshore of Mace Head as observed by lidar [Kunz et al.,
2002] and the secondary aerosol production due to bio-
logical emissions of the intertidal zone.
[48] The measured scattering within the marine sector is

plotted against wind speed in Figure 12. An exponential
regression line is added to the plot. The scattering coef-
ficients exhibit a weak increase with increasing wind speed
in excess of about 5 m/s, as indicated by the regression line.
The wind speed-independent mean background scattering
can be estimated from Figure 12 to amount to about 14
Mm�1. The coefficient of determination is calculated to r2 =
0.20. Therefore 20% of the variability in the data can be
accounted for changes in wind speed, which is regarded as a
proxy for the sea salt production process. The limitation of a
wind speed correlation has been discussed above. In addi-
tion, the correlation is biased by the decreasing sampling
efficiency of the inlet system with wind speed (cf. Figure 7).
Since the measured scattering coefficients increase with
wind speed, the enhanced sea spray production at higher
wind speeds partly compensates for the inefficient sampling
characteristics.
[49] Lidar studies [Kunz et al., 2002] have shown that

under certain wind conditions aerosol plumes generated by
breaking waves at the islands off Mace Head can influence
the measurement site. However, the plumes dominate the
backscatter lidar signal only under low wind speed con-
ditions, at higher wind speeds the signal of the sea spray
aerosol produced by whitecaps overlaps the plume signal.
The potential of the plumes to modify optical properties is
exemplary illustrated for DOY 173 by Kunz et al. [2002].
On day of year 173 aerosol plumes are detected which
originate from the island to the west of Mace Head (cf.
Figure 1) and are transported to the measurement site by
westerly winds. Analysis of the FSSP data for this day
reveals that the particle concentrations are about a factor of
2 higher within the plume than under background condi-
tions [Kunz et al., 2002]. A comparison with the measured
scattering coefficients shows that ssp increases from 7.8
Mm�1 (background conditions) to 16.3 Mm�1 (plume
conditions), which is an increase of about a factor of 2.
The calculated total scattering (ssp, total) is enhanced by a
factor of 2.3 within the advected plume.
[50] The coastal zone near Mace Head is a strong source

of newly formed particles and condensable vapours due to
the enhanced biological emissions in the intertidal zone
[O’Dowd et al., 2002a]. These condensable vapours poten-
tially can enhance the size of pre-existing particles, and
consequently, their scattering properties. To examine if,
during coastal nucleation events, the biogenic condensable
vapours influence the scattering signal during the event, one
of the most intensive nucleation events was investigated.
During the nucleation event on DOY 163 (described in
detail by O’Dowd et al. [2002b]), no enhancement in
scattering was observed suggesting that tidal nucleation
events do not influence the scattering measurements at
Mace Head. It should be noted, however, that as the coastal

plume evolves over a period of 2–3 hours, a significant
amount of new particles have grown to radiatively active
sizes and increases in scattering and CCN ability, by more
than a factor of two, can be achieved [O’Dowd, 2002].

4. Conclusions

[51] A time series of aerosol light scattering coefficients,
covering the period of 1 month, has been investigated in
conjunction with calculated scattering coefficients, based on
measured aerosol size distributions and the application of
Mie theory.
[52] The Mie calculation resulted in about one order of

magnitude higher scattering coefficients for the MBL than
have been measured until now. This was attributed to the
additional mass of particles at d > 10 mm which are typically
excluded from the measurements but have been considered
in the computation. Therefore a cutoff at 10 mm can lead to a
significant underestimation of the light scattering. A com-
parison between the calculated total and submicrometer
scattering coefficients revealed that on average 83% of the
aerosol light scattering is attributed to supermicrometer
particles.
[53] The reported measured scattering coefficients are

underestimated by the nephelometer due to particle losses
in the sampling system. The 50% cutoff diameter of the
sampling system has been calculated to about 6 mm at the
mean wind speed of the campaign of 6.8 m/s. However, a
comparison of the Mace Head data with other MBL
measurements showed a good agreement and thus indicat-
ing that the performance of the nephelometer inlet and
nominal 10 mm cutoff inlets are similar.
[54] The measurements at Mace Head indicated that for

moderate wind speeds the mean scattering level is defined
by the air mass history. With increasing wind speed the sea
spray production process got more pronounced and hence
the background scattering signal was masked by the sea salt
scattering signal. About 20% in the measured ssp variability
could be explained by variations in wind speed and thus by
variations in the sea salt production. This study has focused
on the light scattering by dried aerosol particles as most
previous measurements have done, to allow for compari-
sons. However, it has to be noted, that at ambient relative
humidity the scattering coefficients will be significantly
higher than reported here.
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