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Abstract

Aerosol light attenuation on quartz fibre filters has been measured since February 1989
at the Mace Head Atmospheric Research station near Carna, Co. Galway, Ireland,
using an Aethalometer.

The frequency of occurrence of the hourly averaged aerosol absorption data is found5

to be bimodally distributed. The two modes result from clean marine air and anthro-
pogenically polluted continental air both being advected to the station dependent on the
prevailing wind direction. The hourly averages of the marine portion of the aerosol light
absorption are found to follow closely a lognormal distribution with a geometric mean of
0.310 Mm−1. The hourly averages of continental sector aerosol absorption are neither10

normally nor lognormally distributed and have an arithmetic mean of 6.36 Mm−1, indi-
cating the presence of anthropogenic sources for BC east of the Mace Head station.

The time series of the monthly averaged attenuation coefficient σatt of both marine
and continental sector aerosol shows an increase from 1989 to 1997 and a levelling
off thereafter. The monthly maximum of marine sector σatt is found in May. Trend and15

seasonal characteristics of the clean marine aerosol attenuation coefficients observed
at Mace Head appear to be driven by meteorological factors, as indicated by rainfall
data and by trends in the North Atlantic Oscillation (NAO) indices.

1. Introduction

The effects of anthropogenic particulate emissions in the atmosphere are well docu-20

mented in the literature (Turco, 1997; Seinfeld and Pandis 1998; Houghton et al., 2001;
Johnson et al., 2004), but the magnitude and even the sign of the effect are still uncer-
tain. The ability of aerosols to absorb and scatter incident radiation are key properties
which influence the magnitude and sign of their effects.

While light-scattering aerosol generally contributes to tropospheric cooling, light-25

absorbing aerosol causes atmospheric warming through the direct aerosol effect,
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i.e. the transmission of the absorbed heat to the atmosphere (Haywood and Ra-
maswamy, 1998; Jacobson, 2001), the semi direct effect, i.e. the dissipation of clouds
through their warming due to the heat generated by absorbing aerosol within the cloud
(Hansen et al., 1997; Ackerman et al., 2000; Johnson et al., 2004), and by reducing the
albedo of snow and ice surfaces (Hansen and Nazarenko, 2004). Most aerosols are5

transparent (e.g. sulphates) and are thus scatterers of radiation. Absorbing aerosol
consists predominantly of black carbon aerosol (BC) which results from incomplete
combustion of carbonaceous fuels.

BC particles, either externally or internally mixed with hygroscopic aerosol or partic-
ulate organic carbon (OC), can also serve as cloud condensation nuclei. Besides, BC10

can act as a catalyst for various atmospheric heterogeneous chemical reactions. Thus,
BC is an important constituent of the atmosphere that affects the atmospheric radia-
tion balance through both direct and indirect effects and through atmospheric chemical
processes.

Long-term measurements of background aerosol focusing on BC have been carried15

out at remote sites and in marine environments (Jennings et al., 1997; Cooke et al.,
1997; Sharma et al., 2004), in alpine and polar regions (Bodhaine, 1995; Wolff and
Cachier, 1998; Lavanchy et al., 1999), and in rural areas (Macias et al., 1981; Wolff
et al., 1982; Andreae et al., 1984; Pinnick et al., 1993). Additional studies are still
necessary to obtain a more complete picture of the global distribution of BC aerosol in20

the planetary boundary layer.
While some previous works (Bodhaine et al., 1995; Sharma et al., 2004) report

shorter periods (of the order of 5 to 10 years or so) of continuous aerosol absorp-
tion measurements in the Arctic, this work represents the first time series of marine
aerosol light attenuation spanning more than one decade. Since aerosol absorption is25

known to be proportional to BC aerosol mass concentration (CM,BC) under particular
conditions (Jennings and Pinnick, 1980; Liousse et al., 1993), this work represents an
important addition to existing studies of background black carbon aerosol. This knowl-
edge of long-term changes in background BC aerosol will help to assess the effect of
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BC emissions on regional and global climate.
The main objectives of the work are as follows:

(i) to report on the relatively long time series (14 years) of aerosol absorption mea-
surements at Mace Head,

(ii) to carry out a statistical analysis of aerosol absorption data for marine, continental5

and un-sectored air masses,

(iii) to determine trends of aerosol absorption for marine, continental and un-sectored
air masses over a 14 year period from February 1989 up to March 2003.

2. Mace Head Atmospheric Research Station

The measurements reported in this paper were made at the Mace Head Atmospheric10

Research Station near Carna, Co. Galway, Ireland. The station is situated on the At-
lantic ocean coastline 88 km west of Galway city (population of 70 000 approximately)
as shown in Fig. 1. The area surrounding the station consists mainly of cattle pastures
including a few single houses all of which are situated downwind of the station. Other
economic activity consists of fish farming mainly along the coastline. There is no sig-15

nificant boat traffic near the site, and the main Atlantic shipping routes run more than
150 km to the west of the station. The transatlantic corridor for air traffic is located
about 80 km to the north. There are no plantations of trees close to the site.

3. Meteorology and sectorisation of the measurements

Air masses arriving at the station are dominated by westerly winds from the Atlantic20

Ocean. This is illustrated by the wind rose in Fig. 2, which is based on hourly wind
speed and wind direction data from February 1989 to March 2003. The marine sector
lies between 190◦ and 300◦, and the continental sector between 45◦ and 135◦.
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Marine sector winds prevail during about half of the time and continental sector winds
during about 20% of the time. The majority of marine sector air masses are not sig-
nificantly influenced by human activity. These air masses are considered to represent
relatively clean air, and are generally suitable for making baseline aerosol measure-
ments. However, pollution events may influence marine sector air occasionally. Back5

trajectory analysis using the HYSPLIT 4 (Hybrid Single-Particle Lagrangian Integrated
Trajectory, version 4) model (Draxler and Hess, 1998) shows that sometimes air origi-
nating overland in Ireland, the UK or mainland Europe can be advected in its approach
to the site by winds from the marine sector. The 72 h back trajectory shown in Fig. 3
gives an example of such an event, where air originating in the North sea close to10

the Netherlands, traversing over central UK was advected to the site by winds from
the marine sector, and arriving at Mace Head at 06:00 UTC, 26 August 1999. The
hourly averaged aerosol attenuation coefficient was measured to be 8.3 Mm−1 at that
time, which is much higher than typical clean marine values of order 0.2–1.0 Mm−1.
These events can be filtered from the data by means of condensation nuclei number15

concentration (CNnc) measurements when exclusively clean marine air is required to
be analysed.

However, CNnc were not measured during all of the time series of attenuation mea-
surements. Furthermore, in some instances where influence of anthropogenic pollution
is indicated by elevated σatt, back trajectory analysis does not indicate a continental ori-20

gin of the particular air mass. It is possible that in those cases, local winds such as sea
breezes can cause the mixing of originally clean air with locally polluted air (Simpson,
1994), or that the calculated back trajectories do not always represent the true origin of
the airmasses (Stohl, 1998). Thus, even the combined use of local wind direction infor-
mation and back trajectory analysis is not sufficient to filter out anthropogenic pollution25

events from the time series of marine sector aerosol attenuation. Therefore, polluted
airmasses were filtered out from the marine sector σatt time series analysis by exclud-
ing hourly averages with σatt>1.425 Mm−1 (BC mass concentration >75 ng/m3). The
threshold value of BC mass concentration = 75 ng/m3 to indicate the presence of an-
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thropogenically influenced airmasses has been proposed by Cooke et al. (1997) based
on a comparative study of aerosol attenuation and CNnc. In their analysis, they used a
limiting value of CNnc=700 cm−3 to indicate anthropogenic pollution, (O’Connor, per-
sonal communication).

The suitability of this criterion was confirmed in this work by a statistical analysis on a5

five year data set of CNnc and σatt. The analysis was based on the fact that CNnc is an
indicator of anthropogenic pollution and that the frequency of occurrence of both CNnc
and σatt can be approximated by lognormal distributions. The analysis showed that
81% of the marine sector hourly attenuation coefficients were lower than 1.425 Mm−1

when hourly averages with CNnc>=700 cm−3 were filtered out.10

4. Instrumentation and experimental procedures

Magee Scientific Aethalometer Models AE-8 and AE-9 with manual filter change have
been used for continuous aerosol attenuation measurements at Mace Head since
February 1989. The model AE-08 was used up to December 1993, and Model AE-9 is
in use up to the present time. The internal functioning of the two models, described be-15

low, is identical. The differences between the two models arise from some component
upgrades in model AE-9 (Hansen, personal communication, 2003). The instruments
operate by measuring the attenuation of broad band white light through a quartz fibre
filter, whilst air is being drawn through the filter (Hansen et al., 1982, 1984). Both in-
struments operate with manual filter change. Filter changes are performed when the20

indicated attenuation corresponds to a light intensity through the sampling spot I1 of
about 0.37 of the intensity through the blank portion of the filter I0. A study by Gundel
et al. (1984) has shown that for light attenuations 1>I1/I0>0.14 the negative logarithmic
attenuation (ATN), given by

ATN = − ln{I1/I0} (1)25
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is proportional to the black carbon surface loading (MS,BC [g/m2]) of the filter through
the relationship MS,BC=ATN/σATN, where σATN is the BC mass attenuation efficiency.
The default value of σATN for the white light Aethalometer (up to model AE-10) has
been set to 19 m2/g, based on the results of Gundel et al. (1984) and on laboratory
tests comparing white light to monodisperse light absorption (Hansen, personal com-5

munication, 2003).

5. BC mass attenuation efficiency σATN

Work by Liousse et al. (1993), Bodhaine (1995), Petzold et al. (1997), Lavanchy et
al. (1998) and Sharma et al. (2002) shows that the mass attenuation efficiency of BC
aerosol may be different for different sites, different air masses, aerosol age, degree10

of mixing etc., leading to uncertainty in the inference of BC mass. For particles de-
posited onto filters, values of σATN ranging from 4 m2/g to approximately 25 m2/g have
been reported. Hence an attempt was made to establish air mass specific BC mass
attenuation efficiencies for the Mace Head site by relating the white light attenuation
of sector-controlled sampled quartz fibre filters to their BC content. The BC content of15

the samples was determined by the thermal method of Cachier et al. (1989) and by the
thermo-optical method using the SUNSET carbon analyser with a derivation of the DRI
thermal protocol described by Chow et al. (1993). The basis of the modification of the
DRI protocol is primarily that transmission measurements instead of reflection mea-
surements are used for the charring correction. The optical analysis of the quartz fibre20

filters was performed using an Aethalometer AE-8. The white light attenuation through
the sampling spot of the filters from the sector controlled sampling was measured be-
fore and after exposure of the filter. The filters were collected for analysis when visual
inspection indicated a light to medium grey shade of the sampling spot corresponding
to a range of light attenuation I1/I0 values from 0.81 to 0.17. This is within the range of25

linear dependence of ATN on CM,BC and corresponds to a range of ATN values from
0.22 to 1.78 (Eq. 1).
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An air mass control system described in detail by Junker (2004) was used to take
aerosol samples from exclusively clean marine air and exclusively continental air. The
system used CNnc measured by a TSI 7610 particle counter in addition to wind sector
control in order to exclude polluted airmasses from marine sector air. Marine sector
air was excluded from sampling if the CNnc exceeded 900 cm−3. This value was used5

instead of 700 cm−3 to allow for short term fluctuations of the CNnc which trigger the
cessation of sampling by exceeding the threshold value while the one minute average
CNnc is still well below the set threshold.

Both the sector controlled sampling system and the Aethalometer AE-9 were located
in Shore Laboratory 2, connected by sampling lines with diameters of about 8 mm to10

inlets at about 8 m above ground. Distance of Shore Laboratory 2 to the shoreline
varied with the tide and ranged from 50 m to 100 m.

The results from the sector controlled sampling suggest a value of σATN for polluted
continental aerosol of about 25 m2/g. For the marine sector samples, the thermal
value is much lower (σATN≈7 m2/g) which is in agreement with the value obtained by15

Liousse et al. (1993) for remote sites supposed to be impacted by aged BC particles.
However, the thermo-optical BC determination of the samples yielded conflicting re-
sults with σATN≈35 m2/g. This discrepancy, which points to an overestimate of BC by
the thermal method or/and underestimate by the thermo-optical procedure, may be ex-
plained by different hypotheses. Firstly it is possible that the BC content determined by20

the thermal method is higher than the actual BC content of the aerosol due to charring
of OC during the precombustion stage. This might occur significantly for North Atlantic
marine aerosol, which during the spring and summer months contains a large amount
of biogenic OC and higher molecular organic compounds (O’Dowd et al., 2004). The
latter may interfere with the optical analysis through their own brown colour. Higher25

molecular weight organic compounds may also interfere with the charring correction
of the thermal method because their refractory nature makes them likely to resist the
combustion of OC at 340◦C. A characterisation of the macromolecular structures in the
marine aerosol at Mace Head is required in order to verify this hypothesis. On the other
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hand the BC content determined by the thermo-optical method may be underestimated
for the following reason: at the onset of the BC quantification, when the filter sample
has regained its original colour through oxidation of absorbing material, the carbon on
the sample consists of a mixture of atmospheric BC and charred organic material. This
may lead to an underestimation of BC because the porous charred material is of lower5

specific weight compared to atmospheric BC particles (Chylek et al., 2002). It may be
possible to improve the thermal and thermo-optical determination of BC at Mace Head
by removing the water soluble aerosol fraction prior to BC evaluation. Novakov and
Corrigan (1995) have shown that a substantial fraction of organic carbon aerosol can
be removed through aqueous extraction.10

Thus, it is possible that both the thermal and thermo-optical methods do not yield
the true BC contents of the aerosol. Therefore, the Aethalometer measurement results
reported in this work are presented as the light attenuation values of the aerosol col-
lected on the Aethalometer filter divided by the length of the sampled air column. This
quantity, σatt [Mm−1], includes light attenuation due to both particle absorption and15

multiple particle scattering within the quartz fibre filter matrix. Although the BC mass
attenuation efficiency of 19 m2/g, specified by the Aethalometer manufacturer, Magee
Scientific, may not be the correct value for the aged aerosol of the Mace Head clean
sector, it is used in this work when reference is made to BC mass concentrations.

6. Statistical considerations20

In the statistical analysis of the presented time series of σatt, standard statistical tools
are used, which are common in environmental data analysis and well-understood tech-
niques. The confidence intervals and probability values (p-values) computed with these
techniques are based on the assumption that the data they describe can be approx-
imated by a normal distribution. Hence, each of the presented data sets is tested to25

whether or not it fulfils the criterion of normality or whether it can be logarithmically
transformed in order to fulfil it.
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In a normal distribution the mean of the data is equal to its mode, i.e. the mean of the
data describes the value at which the frequency of occurrence of the values is highest.
Thus, for a data set which is normally distributed, the mean of that data set describes
the value which is most likely to be encountered at any one observation.

For a data set where neither its values nor their logarithms are normally distributed,5

neither its mean nor its geometric mean represents the most likely value at any one ob-
servation. Instead, the most likely value is given by the mode of that data set. However,
the mode of the data set can vary considerably as a function of the division of the data
range into bins, which can be linear or logarithmic. Thus, in a case where a data set
is neither normally nor lognormally distributed, there is no single value that adequately10

characterises the most typical value of that data set. Instead, such a data set is char-
acterised by both its mean and its mode. The time series of the continental sector σatt
analysed in Sect. 7 represents such a case where the data distribution departs from
both normality and lognormality. Therefore, both mean and mode are presented for
the continental sector σatt. The same procedure is followed for marine σatt in order to15

maintain consistency of the presentation.

7. Aethalometer measurements

The measurements have been made on a continuous basis with occasional unavoid-
able breaks. The use of the two different Aethalometer models AE-8 and AE-9 did
not affect the continuity of the measurements. Figure 4 shows the hourly averaged20

attenuation measurements of the two models during the period of colocation of the two
instruments. The steadier values of model AE-9 compared to AE-8 in Fig. 4 suggest
that model AE-9 has better stability. A paired t-test of the null hypothesis that the data
sets from the two Aethalometers have the same mean, yields a p-value of 0.47. A
p-value describes the probability of obtaining through random error alone a value of25

the appropriate test statistic that is at least as large as the one observed, given that
the null hypothesis is true. Thus, the obtained p-value suggests a satisfactory degree
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of agreement between the two instruments.
Up to 1994 the measurements were made for sampling periods between 5 and

60 min. The subsequent measurements were exclusively based on a 5 min sampling
period. The analysis presented here is based on 1 h averages of the data.

The distribution of occurrence of the hourly averaged aerosol light attenuation mea-5

surements from February 1989 to March 2003 is shown on a logarithmic scale in Fig. 5.
The distribution shows two modes, representing measurements of marine background
aerosol and continental aerosol, respectively. These modes emerge when the data
is divided into logarithmically sized bins and are therefore referred to in this text as
logarithmic modes. The logarithmic mode corresponding to marine sector conditions10

of σatt≈0.4 Mm−1 (equivalent to CM,BC≈21 ng/m3) is within the range of mean con-
centrations found at other marine sites (in Panama, Junker et al., 2004, and in Korea,
Kim et al., 2000, see Table 1). The logarithmic mode corresponding to continental
sector conditions of σatt≈3.4 Mm−1 (equivalent to CM,BC≈179 ng/m3) is comparable to
CM,BC reported for remote continental sites by Junker et al. (2004) and by Echalar et15

al. (1998).
Figure 6 shows the distribution of the continental sector (45◦<WD<135◦) hourly

attenuation coefficients on a logarithmic scale. A log-normal distribution is fitted to
the data. The geometric mean is 3.9 Mm−1, corresponding to CM,BC≈207 ng/m3.
However, the logarithmic mode of this data set is at 6.5 Mm−1 corresponding to20

CM,BC≈342 ng/m3. The mismatch between the data and a lognormal distribution is
evident from the superimposed lognormal distribution in Fig. 6. It follows that the ge-
ometric mean is not the most likely occurring value of σatt(continental sector). The reason
lies in the skewness of the distribution towards higher values. The distribution of the
non-logarithmically converted hourly averages (figure not shown) is also skewed but25

towards lower values. This suggests that the continental sector data is neither nor-
mally nor lognormally distributed. Thus, both the arithmetic and the geometric means
and modes for continental and marine air masses are listed in Table 2.

The distribution of the marine sector hourly attenuation coefficients on a logarithmic
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scale is shown in Fig. 7. The figure shows a close match between the distribution of the
measured data and a lognormal distribution centred at the geometric mean of the data
of 0.310 Mm−1. The difference between the geometric mode and the geometric mean
of the data of 1.2% is not significant with respect to the standard error of the geometric
mean of 1.2%. This suggests that the hourly marine sector attenuation coefficient is5

adequately described by its geometric mean. It is consistent with Pinnick et al. (1993)
who have shown that the probability density, i.e. the normalised frequency of occur-
rence of weekly and biweekly averages of continental background aerosol attenuation
coefficients can be expected to follow a lognormal distribution. Figure 7 also shows
the portion of the marine sector data which is excluded from the time series analysis10

because it does not represent marine sector conditions, using the marine sector filter
criterion of σatt<1.425 Mm−1.

8. Time series of monthly aerosol attenuation coefficients

The frequency of occurrence of the monthly geometric mean marine σatt is also found
to follow approximately a lognormal distribution as shown in Fig. 8 as was found for15

the hourly values of marine σatt. No statistically significant departure from lognormality
is found by the Kolmogorov-Smirnov test for normality. The confidence intervals and
p-values of significance tests used in the time series analysis are derived from the
logarithms of the monthly geometric mean values of σatt.

The autocorrelation analysis of the time series of monthly marine sector σatt, shown20

in Fig. 9, reveals significant first order autocorrelation. Thus, multiple autoregression is
used for the quantitative analysis of the trends and seasonal components of the time
series instead of ordinary multiple regression. Autoregressive analysis is a combination
of autocorrelation and regression analysis. The first order autocorrelation of the time
series is calculated and subtracted from the series. A linear (multiple) regression is25

performed on the resulting new series.
Besides first order autocorrelation, the time series shows significant autocorrela-

12826

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/12815/acpd-5-12815_p.pdf
http://www.atmos-chem-phys.org/acpd/5/12815/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 12815–12855, 2005

Aerosol light
absorption in the

North Atlantic 1989 to
2003

C. Junker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

tion at all lags which are multiples of 12, up to lag 48 (Fig. 9). Following Bowerman
and O’Connell (1993), this is an indication of 12-month seasonality of the time series.
Hence, besides the time variable t, 12 seasonal parameters are included in the lin-
ear autoregressive model. The model which is found to describe the time series most
accurately is of the form:5

ln{σatt}t = α + βt +
12∑
i=1

Simi ,t + εt (2)

where t is the time in months and α[ln{Mm−1}] and β[ln{Mm−1}/month] denote the
intercept and the slope (trend of the time series). mi , with i=1, 2, . . . , 12, is the
variable indicating the presence of each month, which takes values of one or zero. For
example, the variable m2 takes a value of 1 if t denotes the month of February, and10

0 when t represents another month. Si [ln{Mm−1}] is the seasonal index for month i
with i=1, 2, . . . , 12. It represents the effect of the month of the year on the magnitude
of the model output. The error term εt represents a first order autoregressive process.
In ordinary linear regression analysis εt would represent a white noise process.

The intercept α, slope β and the seasonal indices Si of the model are determined15

by multiple autoregression analysis, where the logarithms of the monthly aerosol at-
tenuation coefficients are regressed on t and on mi with (i=1, 2, . . . , 11). The twelfth
seasonal index is found by

S12 = −
11∑
i=1

Si (3)

The 12 seasonal indices of the fitted autoregressive model (expressed as a percentage20

of σatt at each point of the autoregressive trendline) are shown in Fig. 10. The figure
shows May and April as the months with the highest marine sector aerosol attenua-
tion. A minor secondary maximum of the seasonal cycle is found for the October and
November months.
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The effect of regional rainfall on the seasonal cycle was calculated using daily rainfall
measurements at a local coastal meteorological observing site at Roundstone about
6 km north of Mace Head. The geometric mean marine sector attenuation coeffi-
cients for days with precipitation are 35% lower than for days without precipitation,
even though the correlation of the daily marine sector attenuation coefficients with daily5

rainfall amount is poor (r2=0.02).
The effect of rainfall on the marine sector monthly and annual geometric mean at-

tenuation coefficient is illustrated in Fig. 11. The figure shows that the monthly and the
annual mean precipitation plotted on an inverted scale are approximately tracking the
monthly and annual geometric mean σatt.10

Figure 11b shows that the peak in the annual attenuation coefficient at Mace Head
around the year 1996 coincides with a minimum in the annual rainfall rate and that
many (but not all) of the other maxima in σatt coincide with minima of annual rainfall
rate and vice-versa. However, there is no long-term trend in annual rainfall rate unlike
the observed trend of σatt as shown later.15

The dependence of the seasonal cycle of marine aerosol attenuation coefficients
on local wind direction is suggested by Fig. 12, which shows the yearly cycle of the
occurrence of marine sector and continental sector conditions in the Mace Head area.
It is evident from this figure that there is a minimum of the marine sector conditions and
a maximum of the continental sector conditions in May. An increased occurrence of20

easterly airflows during May is also suggested by the seasonal cycle of Lamb airflow
indices for the British Isles. The Lamb indices represent subjective classifications of
each day by experienced meteorologists (using two to three weather charts) into airflow
categories established by Lamb (1972). In fact, the indices show May as the only month
of the year for which easterly airflows dominate over westerlies. It is possible that an25

increased occurrence of easterly airflows causes an increase of the marine sector BC
concentrations at Mace Head, due to mixing of continental air with marine air over the
Atlantic. Another contributor to elevated aerosol attenuation coefficients in spring may
consist of the breakdown of the Arctic vortex during spring, which releases polluted air
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accumulated in the Arctic Haze during Winter (Amery et al., 1992). This phenomenon
usually takes place from late April to late May.

During the period 1989 to 1997 the seasonal maximum of σatt occurs in May, whereas
April is the month with highest σatt for the period 1998 to 2003. Cooke et al. (1999) have
shown that for the period 1990 to 1997, a seasonal peak of measured marine sector5

BC concentrations in May at Mace Head is well replicated by their model calculations.
Figures 13 and 14 show the time series of monthly aerosol attenuation coefficients

for the continental and the marine sector together with the autoregressive trendlines.
Two separate trend calculations were performed for the periods 1989–1997 and 1997–
2003 because the data shows a discontinuity in its long-term trend in 1997 for both10

continental and marine sector. For both sectors, the attenuation coefficient measured
at Mace Head nearly doubles during the period 1989–1997, whereas no significant
trend is present during the period 1997–2003. The geometric means for each year and
the trend values are given in Table 3.

The method of multiple autoregressive analysis for the determination of trend and15

seasonal influences was chosen because of its transparency and repeatability, which
arises from the fact that its key element, linear regression, is a familiar tool for trend
analysis. This is in contrast to Sharma et al. (2004) who use an unspecified geometric
time variation model to analyse a 13 year time series of Aethalometer measurements in
the Canadian Arctic. The authors estimate the parameters of their model by maximising20

a (unspecified) log-likelihood function of the model.
The long-term trends evident in the attenuation coefficient at Mace Head is in con-

trast to the trend found by Sharma et al. (2004) at the Canadian Arctic for the same
period. They find a decrease of 55 to 60% for the period 1989 to 2000 and a small
increase from 2000 to 2002, evident from their Fig. 3a. Sharma et al. (2004) find that25

the observed trends can be explained by a variation of the emission source strength
only for air originating from the former USSR. The trends observed at Mace Head do
not correspond to changes in emission source strengths given by Sharma et al. (2004)
for the former USSR, Western Europe or North America.
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However, the increase of the unsectored monthly attenuation coefficients at Mace
Head between 1989 and 1997 by a factor of three from 0.43 Mm−1 to 1.21 Mm−1

(Table 3) is in agreement with the results calculated from the global atmospheric tracer
transport model TM3 (Guelle et al., 2001) by Liousse and Cachier (manuscript in prepa-
ration), who predict unsectored BC concentrations at Mace Head to increase by the5

same factor with values increasing from 35 ng/m3 for the year 1989 to 100 ng/m3 for
1997.

The North Atlantic Oscillation (NAO) is defined as the changes in atmo-
spheric pressure difference between the Azores high pressure systems and
the Icelandic low pressure systems. Figure 15 shows yearly averages of10

σatt and of the NAO indices calculated by the National Oceanic and Atmo-
spheric Administration of the USA, NOAA, available for anonymous download
at ftp://ftpprd.ncep.noaa.gov/pub/cpc/wd52dg/data/indices/tele index.nh. The positive
trend of σatt during the years 1989 to 1997 is accompanied by a negative trend of
the NAO indices, and the small negative trend of σatt following the year 1997 is ac-15

companied by a rise in the NAO indices. This pattern becomes even more prominent
when the apparent approximate 3-year cyclicity present in both σatt and NAO indices
is removed by calculating 4-year moving averages (also shown in Fig. 15). A negative
correlation between NAO index and aerosol attenuation coefficient is expected since
stronger cyclones north of Mace Head and stronger anticyclones over the Azores in the20

south will contribute to an increase in flow of clean westerly air masses to Mace Head
accompanied by decreasing attenuation coefficient σatt. Thus, it is likely that changes
in weather systems and circulation patterns over the North Atlantic have an important
effect on observed marine sector σatt at Mace Head.

The observed increase of σatt of continental sector air up to 1997 is possibly related25

to increasing fuel consumption in Ireland, evident from the fuel consumption data base
of the statistical division of the United Nations UNSTAT. This data shows a sharp in-
crease since 1989 and a stagnation in 1997 of the fuel consumption in Ireland, whereas
the same pattern can only be observed in a minor way for Western Europe.
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9. Conclusions

The work contains ample material on light absorbing aerosol – measured continuously
over quite a long period of time (14 years) at Mace Head, which is representative of
the North Atlantic region.

Statistical analysis of the data set yields useful results such as:5

(a) Hourly aerosol absorption data follow a log-normal distribution

(b) Valuable information on the arithmetic mean (0.709 Mm−1), geometric mean
(0.31 Mm−1) and on the modes for marine sector hourly averaged aerosol atten-
uation coefficients; and values for the arithmetic mean (6.36 Mm−1), geometric
mean (3.93 Mm−1) and for the modes for the continental sector hourly averaged10

values.

A rigorous time series analysis, using multiple autoregression, was carried out of
monthly aerosol attenuation coefficients, σatt, at Mace Head, and it has shown evidence
of a significant upward trend in σatt measurements for the marine sector (+7.7%/an-
num), the continental sector (+10.9%/annum) and for the un-sectored (+13.3%/an-15

num) air masses from 1989 up to 1997, but no significant trend thereafter.
The months with highest marine sector σatt are found to be April and May. This

monthly variation of the aerosol attenuation coefficient observed at Mace Head
appears to be influenced by local wind direction and rainfall amount. Likewise,
changes in North Atlantic weather patterns as indicated by the NAO indices appear to20

be a major factor driving the observed trend changes in marine aerosol attenuation.
The comparison with global emissions calculated by Sharma et al. (2004) for the
Northern hemisphere suggests that variations in source strength are not major factors
for influencing the observed trends of σatt at Mace Head for the period 1989 to 2003.
However, modelling results of Liousse and Cachier (manuscript in preparation) predict25

a sharp rise in BC (unsectored) concentrations at Mace Head between 1989 and
1997, which could be due to the coincidental occurrence of changes in meteorological
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conditions (influencing primarily the clean sector) and an abrupt increase of Irish
emissions during the same period (influencing primarily the continental sector).

Nomenclature

ATN negative logarithmic attenuation
BC black carbon
CM mass concentration of particles

suspended in a medium [g/m3]
CNnc condensation nuclei number concentration
gm geometric mean
I light intensity
m indicator variable
Ms surface mass loading of particles

on a filter [g/m2]
NAO North Atlantic Oscillation
OC organic carbon
p probability
r correlation coefficient
s standard deviation
S seasonal index
t variable representing time
WD wind direction
α intercept in the autoregression equation
β slope in the autoregression equation
ε error term in the autoregression equation
σatt attenuation coefficient, the light attenuation

of a particle laden fibrous filter divided by
the sampled air column thickness [m−1]

σATN mass attenuation efficiency of BC aerosol
suspended in a fibrous filter matrix [m2/g]
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Table 1. Values for BC mass concentrations at marine and coastal sites.

Region Period of Measurement/ BC mass References
measurement Analytical method concentration

[µg/m3]

Canal Zone, Panama July 1976–Mar. 1979 transmission 0.059 Junker et al. (2004)
(σATN=19 m2/g)

Crete July–Aug. 2001 thermal method, 1.09 Sciare et al. (2003)
Cachier (1989)

Kosan, Cheju island, Feb. 1996–April 1999 selective thermal 0.09–0.43 Kim et al. (2000)
Korea oxidation method1

Amsterdam Island, Jan. 1991–Dec. 1993 thermal method, 0.008 Cachier (1996)
Indian Ocean Cachier (1989)
Halley Station, Sep. 1992–June 1995 Aethalometer 0.001 Wolff and Cachier (1998)
Antarctica (σATN=19 m2/g)
Southern Nova Scotia, Aug. and Sep. 1993 Thermo-optical2 0.11 Chylek et al. (1996)
Canada
Mauna Loa, Hawaii Jan.–Dec. 1992 Aethalometer 0.0058 Bodhaine (1995)

(σATN=19 m2/g)
North East Atlantic, Feb. 1989–June 1996 Aethalometer 0.010–0.020 Cooke et al. (1997)
Mace Head, Ireland (σATN=19 m2/g)
(marine sector air only)
North East Atlantic Oct. and Nov. 1989 Aethalometer 0.015 O’Dowd et al. (1993)

(σATN=19 m2/g)
North East Atlantic Feb. 1989–March 2003 Aethalometer 0.016 This work

(σATN=19 m2/g)

1 OC oxidised for 3 min at 525◦C in the presence of MnO2, oxidation of BC at 850◦C (Fung,
1990).
2 BC is determined from the change in transmittance of the filter sample upon slow heating to
700◦C and oxidation to CO2; calibration with laboratory BC aerosol (Malissa, 1976).
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Table 2. Geometric and arithmetic means and modes for marine and continental sector
hourly averaged aerosol attenuation coefficients at Mace Head for the period 2/1989 to 3/2003.
The uncertainty intervals of the means correspond to ±2 standard errors. The uncertainty in-
tervals for the modes correspond to the observed range of modes obtained with data bin sizes
varying from ln{σatt[Mm−1]}=0.23 to 0.45.

attenuation BC mass
coefficient concentration∗

[Mm−1] [ng/m3]

marine sector
geometric mean 0.310±0.004 16.3±0.2
geometric mode 0.303±0.005 15.9±0.3
arithmetic mean 0.709±0.016 37.3±0.8
arithmetic mode 0.133±0.020 7.0±1.1

continental sector
geometric mean 3.93±0.08 207±4
geometric mode 6.49±0.94 342±49
arithmetic mean 6.36±0.11 335±6
arithmetic mode 2.00±0.30 105±16

∗ Based on BC mass attenuation efficiency of 19 m2/g.
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Table 3. Yearly geometric means and long-term trends of the marine sector, the continental
sector and unsectored aerosol attenuation coefficients, and equivalent BC aerosol mass con-
centrations at Mace Head for the period 18/01/1989 to 31/03/2003. For the yearly geometric
means the errors are given as ±2 times the average of the upper and the lower geometric
standard error.

marine sector continental sector unsectored
geometric annual auto- geometric annual auto- geometric annual auto-

mean1 regression mean1 regression mean1 regression
year σatt CM,BC slope2 σatt CM,BC slope2 σatt CM,BC slope2

[Mm−1] [ng/m3] [%/annum] [Mm-1] [ng/m3] [%/annum] [Mm−1] [ng/m3] [%/annum]

1989 0.192±0.013 10.1±0.7 2.74±0.61 144±32 0.43±0.03 22.7±1.5
1990 0.137±0.008 7.2±0.4 2.23±0.18 117±9 0.36±0.02 18.9±0.9
1991 0.213±0.008 11.2±0.4 2.82±0.22 148±12 0.53±0.02 28.0±1.1
1992 0.194±0.006 10.2±0.3 3.82±0.27 201±14 0.49±0.02 26.0±0.9
1993 0.202±0.011 10.6±0.6 7.7±3.6 4.71±0.54 248±28 10.9±7.3 0.47±0.03 25.0±1.5 13.3±6.6
1994 0.301±0.012 15.8±0.6 2.94±0.26 155±14 0.74±0.03 39.0±1.6
1995 0.232±0.009 12.2±0.5 5.04±0.38 265±20 0.71±0.03 37.3±1.5
1996 0.310±0.011 16.3±0.6 4.85±0.28 255±15 0.90±0.03 47.3±1.6
1997 0.318±0.013 16.7±0.7 5.24±0.26 276±14 1.21±0.04 63.8±2.3

1998 0.232±0.008 12.2±0.4 4.37±0.31 230±16 0.64±0.02 33.9±1.2
1999 0.284±0.008 14.9±0.4 4.36±0.23 229±12 0.70±0.02 36.9±1.2
2000 0.257±0.008 13.5±0.4 −0.1±6.0 4.47±0.25 235±13 −0.6±9.8 0.70±0.02 37.0±1.2 −1.0±9.6
2001 0.235±0.008 12.4±0.4 3.40±0.22 179±12 0.58±0.02 30.4±1.0
2002 0.291±0.007 15.3±0.4 3.92±0.26 207±13 0.68±0.02 36.0±1.2

1 Yearly geometric mean of hourly values.
2 Calculated from the time series of monthly geometric means of hourly values.
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Fig. 1. Location of the Mace Head Atmospheric Research Station on the West coast of Ireland.
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Fig. 2. Wind speed and direction occurrence at Mace Head for the period 2/1989–3/2003.
The thick black lines represent the limits of marine and continental sector.
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was advected to the site by winds from the marine sector, and arriving at Mace Head at
0600 UTC, 26 August 1999. The hourly averaged aerosol attenuation coefficient was
measured to be 8.3 Mm-¹ at that time, which is much higher than typical clean marine values
of order 0.2-1.0 Mm-¹. These events can be filtered from the data by means of condensation
nuclei number concentration (CNnc) measurements when exclusively clean marine air is
required to be analysed.

Figure 3 72 hour back trajectories ending at 0600 UTC, 26 August 1999
at Mace Head. The hourly averaged local wind direction was 243 °.

However, CNnc were not measured during all of the time series of attenuation
measurements. Furthermore, in some instances where influence of anthropogenic pollution
is indicated by elevated σatt, back trajectory analysis does not indicate a continental origin of
the particular air mass. It is possible that in those cases, local winds such as sea breezes
can cause the mixing of originally clean air with locally polluted air (Simpson, 1994), or that
the calculated back trajectories do not always represent the true origin of the airmasses
(Stohl, 1998). Thus, even the combined use of local wind direction information and back
trajectory analysis is not sufficient to filter out anthropogenic pollution events from the time
series of marine sector aerosol attenuation. Therefore, polluted airmasses were filtered out
from the marine sector σatt time series analysis by excluding hourly averages with σatt >
1.425 Mm-¹ (BC mass concentration > 75 ng/m³). The threshold value of BC mass
concentration = 75 ng/m³ to indicate the presence of anthropogenically influenced airmasses
has been proposed by Cooke et al. (1997) based on a comparative study of aerosol attenu-

Fig. 3. 72 h back trajectories ending at 06:00 UTC, 26 August 1999 at Mace Head. The hourly
averaged local wind direction was 243◦.
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which can be linear or logarithmic. Thus, in a case where a data set is neither normally nor
lognormally distributed, there is no single value that adequately characterises the most
typical value of that data set. Instead, such a data set is characterised by both its mean and
its mode. The time series of the continental sector σatt analysed in Section 7 represents
such a case where the data distribution departs from both normality and lognormality.
Therefore, both mean and mode are presented for the continental sector σatt. The same
procedure is followed for marine σatt in order to maintain consistency of the presentation.

7. Aethalometer Measurements

The measurements have been made on a continuous basis with occasional unavoidable
breaks. The use of the two different Aethalometer models AE-8 and AE-9 did not affect the
continuity of the measurements. Figure 4 shows the hourly averaged attenuation measure-
ments of the two models during the period of colocation of the two instruments. The steadier
values of model AE 9 compared to AE 8 in Figure 4 suggest that model AE 9 has better
stability. A paired t-test of the null hypothesis that the data sets from the two Aethalometers
have the same mean, yields a p-value of 0.47. A p-value describes the probability of
obtaining through random error alone a value of the appropriate test statistic that is at least
as large as the one observed, given that the null hypothesis is true. Thus, the obtained p-
value suggests a satisfactory degree of agreement between the two instruments.

Figure 4 Aerosol attenuation coefficient as measured by Aethalometer models AE-8 and AE-9
in December 1993.

Up to 1994 the measurements were made for sampling periods between 5 and 60 min.
The subsequent measurements were exclusively based on a 5 minute sampling period.
The analysis presented here is based on 1h averages of the data.

Fig. 4. Aerosol attenuation coefficient as measured by Aethalometer models AE-8 and AE-9 in
December 1993.
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The distribution of occurrence of the hourly averaged aerosol light attenuation measure-
ments from February 1989 to March 2003 is shown on a logarithmic scale in Figure 5. The
distribution shows two modes, representing measurements of marine background aerosol
and continental aerosol, respectively. These modes emerge when the data is divided into
logarithmically sized bins and are therefore referred to in this text as logarithmic modes.
The logarithmic mode corresponding to marine sector conditions of σatt ≈ 0.4 Mm-¹
(equivalent to CM,BC ≈ 21 ng/m³) is within the range of mean concentrations found at other
marine sites (in Panama, Junker et al. (2004) and in Korea, Kim et al. (2000), see Table 1).
The logarithmic mode corresponding to continental sector conditions of σatt ≈ 3.4 Mm-¹
(equivalent to CM,BC ≈ 179 ng/m³) is comparable to CM,BC reported for remote continental
sites by Junker et al. (2004) and by Echalar et al. (1998).

Figure 5 Distribution of occurrence of hourly averaged aerosol attenuation coefficients for the period
2/1989 to 3/2003. The two lognormal distributions are visually best fitted to the data.

Figure 6 shows the distribution of the continental sector (45 ° < WD < 135 °) hourly
attenuation coefficients on a logarithmic scale. A log-normal distribution is fitted to the data.
The geometric mean is 3.9 Mm-¹, corresponding to CM,BC ≈ 207 ng/m³. However, the
logarithmic mode of this data set is at 6.5 Mm-¹ corresponding to CM,BC ≈ 342 ng/m³. The
mismatch between the data and a lognormal distribution is evident from the superimposed
lognormal distribution in Figure 6. It follows that the geometric mean is not the most likely
occurring value of σatt (continental sector). The reason lies in the skewness of the
distribution towards higher values. The distribution of the non-logarithmically converted
hourly averages (Figure not shown) is also skewed but towards lower values. This suggests
that the continental sector data is neither normally nor lognormally distributed. Thus, both

Fig. 5. Distribution of occurrence of hourly averaged aerosol attenuation coefficients for the
period 2/1989 to 3/2003. The two lognormal distributions are visually best fitted to the data.
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sector data which is excluded from the time series analysis because it does not represent
marine sector conditions, using the marine sector filter criterion of σatt < 1.425 Mm-¹.

Figure 6 Probability density function of the frequency of occurrence of the 12 738 hourly
averaged continental sector attenuation coefficients for the period 18/01/89 to 28/02/03.
The lognormal distribution fitted to the data is shown as a grey line, with a geometric
mean (gm) = 3.93 Mm-¹ and a standard deviation of the logarithms (s) = 1.9.

Figure 7 Probability density function of the frequency of occurrence of the hourly averaged marine
sector attenuation coefficients for the period 2/1989 to 3/2003, with a lognormal distribution centred
at the mean of the data. The shaded part of the columns represents the attenuation coefficients
>1.425 Mm-¹, which are excluded from the time series analysis of marine air.

Fig. 6. Probability density function of the frequency of occurrence of the 12 738 hourly averaged
continental sector attenuation coefficients for the period 18/01/89 to 28/02/03. The lognormal
distribution fitted to the data is shown as a grey line, with a geometric mean (gm)=3.93 Mm−1

and a standard deviation of the logarithms (s)=1.9.
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sector data which is excluded from the time series analysis because it does not represent
marine sector conditions, using the marine sector filter criterion of σatt < 1.425 Mm-¹.

Figure 6 Probability density function of the frequency of occurrence of the 12 738 hourly
averaged continental sector attenuation coefficients for the period 18/01/89 to 28/02/03.
The lognormal distribution fitted to the data is shown as a grey line, with a geometric
mean (gm) = 3.93 Mm-¹ and a standard deviation of the logarithms (s) = 1.9.

Figure 7 Probability density function of the frequency of occurrence of the hourly averaged marine
sector attenuation coefficients for the period 2/1989 to 3/2003, with a lognormal distribution centred
at the mean of the data. The shaded part of the columns represents the attenuation coefficients
>1.425 Mm-¹, which are excluded from the time series analysis of marine air.

Fig. 7. Probability density function of the frequency of occurrence of the hourly averaged ma-
rine sector attenuation coefficients for the period 2/1989 to 3/2003, with a lognormal distribution
centred at the mean of the data. The shaded part of the columns represents the attenuation
coefficients >1.425 Mm−1, which are excluded from the time series analysis of marine air.
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Table 2  Geometric and arithmetic means and modes for marine and continental sector hourly
averaged aerosol attenuation coefficients at Mace Head for the period 2/1989 to 3/2003.
The uncertainty intervals of the means correspond to ± 2 standard errors. The uncertainty
intervals for the modes correspond to the observed range of modes obtained with data bin
sizes varying from ∆ln{σatt [Mm-¹]} = 0.23 to 0.45.

marine sector

attenuation
coefficient

[Mm-¹]

BC mass
concentration *

[ng/m³]
geometric mean 0.310±0.004 16.3±0.2
geometric mode 0.303±0.005 15.9±0.3

arithmetic mean 0.709±0.016 37.3±0.8
arithmetic mode 0.133±0.020 7.0±1.1

continental sector

geometric mean 3.93±0.08 207±4
geometric mode 6.49±0.94 342±49
arithmetic mean 6.36±0.11 335±6
arithmetic mode 2.00±0.30 105±16

* Based on BC mass attenuation efficiency of 19 m²/g.

8. Time Series of Monthly Marine Sector Aerosol Attenuation Coefficients

The frequency of occurrence of the monthly geometric mean marine σatt is also found to
follow approximately a lognormal distribution as shown in Figure 8 as was found for the
hourly values of marine σatt. No statistically significant departure from lognormality is found
by the Kolmogorov-Smirnov test for normality. The confidence intervals and p-values of
significance tests used in the time series analysis are derived from the logarithms of the
monthly geometric mean values of σatt.

Figure 8  Distribution of occurrence of the monthly geometric means of the marine
sector aerosol attenuation coefficients used for constructing the time series for the
period from 2/1989 to 3/2003. A lognormal distribution with a geometric mean gm
of 0.253 Mm-¹ and a standard deviation of the logarithms s = 0.47 is also shown
(gm and s are calculated from the logarithms of the monthly geometric mean σatt).

Fig. 8. Distribution of occurrence of the monthly geometric means of the marine sector aerosol
attenuation coefficients used for constructing the time series for the period from 2/1989 to
3/2003. A lognormal distribution with a geometric mean gm of 0.253 Mm−1 and a standard
deviation of the logarithms s=0.47 is also shown (gm and s are calculated from the logarithms
of the monthly geometric mean σatt).
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The autocorrelation analysis of the time series of monthly marine sector σatt, shown in
Figure 9, reveals significant first order autocorrelation. Thus, multiple autoregression is used
for the quantitative analysis of the trends and seasonal components of the time series in-
stead of ordinary multiple regression. Autoregressive analysis is a combination of autocorre-
lation and regression analysis. The first order autocorrelation of the time series is calculated
and subtracted from the series. A linear (multiple) regression is performed on the resulting
new series.

Besides first order autocorrelation, the time series shows significant autocorrelation at all
lags which are multiples of 12, up to lag 48 (Figure 9). Following Bowerman and O'Connell
(1993), this is an indication of 12-month seasonality of the time series. Hence, besides the
time variable t, 12 seasonal parameters are included in the linear autoregressive model.
The model which is found to describe the time series most accurately is of the form:

ln{σatt} t = α + βt + S mi
i

i t
=

∑
1

12

,  + εt (2)

where t is the time in months and α [ln{Mm-¹}] and β [ln{Mm-¹}/month] denote the intercept
and the slope (trend of the time series). mi, with i = 1,2,…, 12, is the variable indicating the
presence of each month, which takes values of one or zero. For example, the variable m²
takes a value of 1 if t denotes the month of February and 0 when t represents another
month. Si [ln{Mm-¹}] is the seasonal index for month i with i = 1,2,…, 12. It represents the
effect of the month of the year on the magnitude of the model output. The error term εt

represents a first order autoregressive process. In ordinary linear regression analysis εt

would represent a white noise process.

Figure 9 Autocorrelation of the time series 2/1989 to 3/2003 of the logarithms
of the monthly geometric mean marine sector σatt.

Fig. 9. Autocorrelation of the time series 2/1989 to 3/2003 of the logarithms of the monthly
geometric mean marine sector σatt.
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The intercept α, slope β and the seasonal indices Si of the model are determined by
multiple autoregression analysis, where the logarithms of the monthly aerosol attenuation
coefficients are regressed on t and on mi with (i = 1,2, ... , 11). The twelfth seasonal index is
found by

S¹² = - Si
i=
∑
1

11

(3)

The 12 seasonal indices of the fitted autoregressive model (expressed as a percentage of   
σatt at each point of the autoregressive trendline) are shown in Figure 10. The Figure shows
May and April as the months with the highest marine sector aerosol attenuation. A minor
secondary maximum of the seasonal cycle is found for the October and November months.

Figure 10 Seasonal indices of the autoregressive model as percentage of σatt given by the
autoregressive trend line for the marine sector monthly geometric mean σatt at Mace Head
for the period 2/1989 - 3/2003. The error bars represent 95 % confidence intervals.

The effect of regional rainfall on the seasonal cycle was calculated using daily rainfall
measurements at a local coastal meteorological observing site at Roundstone about 6 km
north of Mace Head. The geometric mean marine sector attenuation coefficients for days
with precipitation are 35 % lower than for days without precipitation even though the
correlation of the daily marine sector attenuation coefficients with daily rainfall amount is
poor (r²=0.02).

The effect of rainfall on the marine sector monthly and annual geometric mean attenuation
coefficient is illustrated in Figure 11. The Figure shows that the monthly and the annual
mean precipitation plotted on an inverted scale are approximately tracking the monthly and
annual geometric mean σatt.

Figure 11b shows that the peak in the annual attenuation coefficient at Mace Head around
the year 1996 coincides with a minimum in the annual rainfall rate and that many (but not
all) of the other maxima in σatt coincide with minima of annual rainfall rate and vice-versa.

Fig. 10. Seasonal indices of the autoregressive model as percentage of σatt given by the
autoregressive trend line for the marine sector monthly geometric mean σatt at Mace Head for
the period 2/1989–3/2003. The error bars represent 95% confidence intervals.
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However, there is no long-term trend in annual rainfall rate unlike the observed trend of σatt

as shown later.

Figure 11 a) Monthly geometric mean marine sector σatt at Mace Head and monthly
averages of the daily rainfall amount, and b) annual geometric mean marine sector σatt
at Mace Head and annual averages of the daily rainfall amount.

The dependence of the seasonal cycle of marine aerosol attenuation coefficients on wind
direction is suggested by Figure 12, which shows the yearly cycle of the occurrence of
marine sector and continental sector conditions in the Mace Head area. It is evident from
this Figure that there is a minimum of the marine sector conditions and a maximum of the
continental sector conditions in May. An increased occurrence of easterly airflows during
May is also suggested by the seasonal cycle of Lamb airflow indices for the British Isles.
The Lamb indices represent subjective classifications of each day by experienced
meteorologists (using two to three weather charts) into airflow categories established by
Lamb (1972). In fact, the indices show May as the only month of the year for which easterly
airflows dominate over westerlies. It is possible that an increased occurrence of easterly
airflows causes an increase of the marine sector BC concentrations at Mace Head, due to
mixing of continental air with marine air over the Atlantic. Another contributor to elevated
aerosol attenuation coefficients in spring may consist of the breakdown of the Arctic vortex
during spring, which releases polluted air accumulated in the Arctic Haze during Winter
(Amery et al., 1992). This phenomenon usually takes place from late April to late May.

Fig. 11. (a) Monthly geometric mean marine sector σatt at Mace Head and monthly averages
of the daily rainfall amount, and (b) annual geometric mean marine sector σatt at Mace Head
and annual averages of the daily rainfall amount.
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Figure 12 Relative occurrences [%] of marine sector (190 ° < WD < 300 °) and
continental sector (45 ° < WD < 135 °) conditions for the period 2/1989 to 3/2003.

During the period 1989 to 1997 the seasonal maximum of σatt occurs in May, whereas April
is the month with highest σatt for the period 1998 to 2003. Cooke et al. (1999) have shown
that for the period 1990 to 1997, a seasonal peak of measured marine sector BC
concentrations in May at Mace Head is well replicated by their model calculations.

Figures 13 and 14 show the time series of monthly aerosol attenuation coefficients for the
continental and the marine sector together with the autoregressive trendlines. Two separate
trend calculations were performed for the periods 1989-1997 and 1997-2003 because the
data shows a discontinuity in its long-term trend in 1997 for both continental and marine
sector. For both sectors, the attenuation coefficient measured at Mace Head nearly doubles
during the period 1989-1997, whereas no significant trend is present during the period
1997-2003. The geometric means for each year and the trend values are given in Table 3.

The method of multiple autoregressive analysis for the determination of trend and seasonal
influences was chosen because of its transparency and repeatability, which arises from the
fact that its key element, linear regression, is a familiar tool for trend analysis. This is in
contrast to Sharma et al. (2004) who use an unspecified geometric time variation model to
analyse a 13 year time series of Aethalometer measurements in the Canadian Arctic. The
authors estimate the parameters of their model by maximising a (unspecified) log-likelihood
function of the model.

Fig. 12. Relative occurrences [%] of marine sector (190◦<WD<300◦) and continental sector
(45◦<WD<135◦) conditions for the period 2/1989 to 3/2003.
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Fig. 13. Monthly geometric means of the continental sector aerosol attenuation coefficients
with trend lines determined by autoregression analysis. The number of hourly values is rep-
resented by n. Values denoted by a cross are monthly geometric means calculated from less
than 60 hourly values. Open circles denote means calculated from less than 30 hourly values.
The markers on the abscissa denote the middle of each year (30 June).
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Fig. 14. Monthly geometric means of the marine sector aerosol attenuation coefficients with
trend lines determined by autoregression analysis. The number of hourly values is represented
by n. Values denoted by a cross are geometric means calculated from less than 120 hourly
values. Open circles denote means calculated from less than 60 hourly values. The markers
on the abscissa denote the middle of each year (30 June).
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Figure 15 shows yearly averages of σatt and of the NAO indices calculated by the National
Oceanic and Atmospheric Administration of the USA, NOAA, available for anonymous download
at ftp://ftpprd.ncep.noaa.gov/pub/cpc/wd52dg/data/indices/tele_index.nh. The positive trend of σatt

during the years 1989 to 1997 is accompanied by a negative trend of the NAO indices, and the
small negative trend of σatt following the year 1997 is accompanied by a rise in the NAO indices.
This pattern becomes even more prominent when the apparent approximate 3-year cyclicity
present in both σatt and NAO indices is removed by calculating 4-year moving averages (also
shown in Figure 15). A negative correlation between NAO index and aerosol attenuation
coefficient is expected since stronger cyclones north of Mace Head and stronger anticyclones
over the Azores in the south will contribute to an increase in flow of clean westerly air masses to
Mace Head accompanied by decreasing attenuation coefficient σatt. Thus, it is likely that
changes in weather systems and circulation patterns over the North Atlantic have an important
effect on observed marine sector σatt at Mace Head.

Figure 15 Yearly and 4-yearly running geometric means of marine sector σatt
at Mace Head, and averages of monthly NAO indices.
An approximate three-year cycle of σatt is indicated by dashed vertical lines.

The observed increase of σatt of continental sector air up to 1997 is possibly related to
increasing fuel consumption in Ireland, evident from the fuel consumption data base of the
statistical division of the United Nations UNSTAT. This data shows a sharp increase since
1989 and a stagnation in 1997 of the fuel consumption in Ireland, whereas the same pattern
can only be observed in a minor way for Western Europe.

Fig. 15. Yearly and 4-yearly running geometric means of marine sector σatt at Mace Head,
and averages of monthly NAO indices. An approximate three-year cycle of σatt is indicated by
dashed vertical lines.
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