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Received: 19 April 2010 – Published in Atmos. Chem. Phys. Discuss.: 1 June 2010
Revised: 19 November 2010 – Accepted: 22 November 2010 – Published: 3 January 2011

Abstract. Aerosol scattering properties, near the surface (at
about 10 m height), were measured during a period of seven
years (2002–2008) atÉvora, Portugal. The average (and me-
dian) scattering and backscattering coefficients, at the wave-
length of 550 nm, were found to be 42.5 Mm−1 (29.9 Mm−1)

and 5.9 Mm−1 (4.4 Mm−1), respectively. Also, the aver-
age and median scatteringÅngstr̈om exponent (1.4 and 1.5)
indicate that scattering was, in general, dominated by sub-
micrometer particles. Both seasonal and daily cycles are
shown, which were related to local production and trans-
port of particles from elsewhere. Summer and winter aver-
age values of the scattering coefficient, at the wavelength of
550 nm (47 and 54 Mm−1, respectively), correspond to a sig-
nificant increase in the aerosol particle concentration when
compared with spring and fall (35 and 37 Mm−1, respec-
tively). Also, the average increase in theÅngstr̈om exponent
for summer and winter seasons is consistent with the input of
sub-micrometer particles from anthropogenic origin in win-
ter and forest fires in summer.

Back-trajectory analysis indicated that the site was regu-
larly under the influence of air masses from the Atlantic area,
with low particle loads (low scattering coefficients), but as
the influence of transport from the continent (Iberia Penin-
sula) increased, the aerosol particle load was observed to
increase as well as the relative importance of fine particles
over coarse ones, approaching the features observed at the
site during European air masses influence.

Correspondence to:S. N. Pereira
(sergiopereira@uevora.pt)

1 Introduction

The assessment of aerosols direct effect on climate (due to
their interaction with solar and terrestrial radiation, via scat-
tering and absorption processes) requires quantitative infor-
mation on the optical properties of atmospheric aerosols. The
multiplicity of aerosol sources, transformation processes and
sinks is responsible for the large variability in their proper-
ties both in space and time; this means that in a certain time
the global aerosol concentration field is complex and at a cer-
tain place aerosol properties may also be highly variable in
time. Under these circumstances, long-term measurements
of aerosol properties at different locations are essential for
better characterising both for the aerosol field and climatol-
ogy, providing aerosol data to be included into global climate
models in order to decrease the uncertainties of climate forc-
ing estimations.

Previous studies on aerosol properties at the surface (and
in the column), based on measurements carried out on this
region have shown that the aerosol load could be considered,
in general, as moderate to low. Moreover, the influence of
long range transported aerosols from forest fires in summer
and of desert dust from the Sahara region (mainly at high
altitudes) or the influence of anthropogenic pollution from
Europe and the Iberian Peninsula itself could also be clearly
detected. However, these studies where based on measure-
ments carried out during short periods; during ACE-2 (June–
July 1997) and CAPEX and DARPO (May–June 2006) cam-
paigns (Carrico et al., 2000; M̈uller et al., 2002; Silva et
al., 2002, 2003; Ansmann et al., 2002; Wagner et al., 2009);
summer periods (Elias et al., 2006); one year period (Pereira
et al., 2008). For the first time a long term dataset of surface
in situ measurements of the aerosol scattering properties is
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Table 1. Time evolution of the calibration constants, K2 and K4 (m−1), at three wavelengths.

Time K2450nm K2550nm K2700nm K4450nm K4550nm K4700nm

07/2001 4.166× 10−3 4.040× 10−3 4.056× 10−3 5.017× 10−1 5.049× 10−1 5.405× 10−1

12/2002 4.213× 10−3 4.036× 10−3 4.554× 10−3 5.000× 10−1 5.060× 10−1 5.900× 10−1

12/2004 5.042× 10−3 4.879× 10−3 4.660× 10−3 5.070× 10−1 5.160× 10−1 5.320× 10−1

02/2006 5.573× 10−3 5.280× 10−3 5.239× 10−3 5.254× 10−1 5.253× 10−1 5.145× 10−1

The nephelometer had a break down and some electronics were substituted

01/2007 8.635× 10−3 8.472× 10−3 8.535× 10−3 5.245× 10−1 5.233× 10−1 4.511× 10−1

03/2008 9.620× 10−3 9.340× 10−3 9.550× 10−3 5.180× 10−1 5.230× 10−1 4.530× 10−1

01/2009 1.053× 10−2 1.018× 10−2 9.943× 10−3 5.249× 10−1 5.115× 10−1 4.562× 10−1

used to generate aerosol climatology for a continental rural
region of southwestern Europe. The multi-spectral measure-
ments of scattering and backscattering coefficients provided
by a nephelometer are useful for quantifying the aerosol load
and also for a distinction of aerosol events, namely those
dominated by accumulation mode particles or coarse mode
particles.

2 Measurements and methodology

2.1 Site description

Évora (38.5◦ N, 7.9◦ W, 300 m a.s.l.,∼60 000 inhabitants) is
a small Portuguese city located in the southwestern part of
the Iberian Peninsula. The distance both to the Atlantic coast
and to the main populated and industrial area of greater Lis-
bon is more than 100 km. There are no polluting industries
in the region, therefore, the local anthropogenic sources are
mainly related to traffic as well as wood burning during the
colder winter period; occasionally it may suffer the influ-
ence of the long range transported anthropogenic aerosols
from major populated and industrial regions in the Iberian
Peninsula or Central Europe, or natural aerosols from the
Saharan desert.

2.2 Equipment and dataset

A three wavelength integrating nephelometer (TSI-3563, TSI
Inc., St Paul, Minnesota, USA) measured the aerosol scat-
tering coefficients,σsp(λ), and backscattering coefficients,
σbsp(λ), at the wavelengthsλ = 450, 550 and 700 nm. These
data were recorded with a temporal resolution of 5 min. The
aerosol was sampled through a PM10 sampling head located
at about 10 m above the ground, selecting particles with
aerodynamic diameter smaller than 10 µm. The flow rate
was fixed at 30 lmin−1. The scattered light in the angu-
lar range of 7–170◦ was measured and the aerosol scatter-
ing coefficient was derived after the correction for the cal-
culated molecular scattering and for the angular truncation

and the non-Lambertian errors (Anderson and Ogren, 1998);
the light scattered from 90–170◦ (backscattered signal) was
also measured and the aerosol backscattering coefficient was
derived. The instrument was calibrated about once a year
using CO2 as high span gas and filtered dry air as low span
gas; zero signal was measured once an hour. The record of
calibration constants is provided in Table 1.

TheÅngstr̈om exponent,α, represents the wavelength de-
pendence ofσsp(λ) and can be related to a mean size of the
particles. It was calculated using the 450 and 700 nm chan-
nels as follows:

α = −
log(σsp(700))− log(σsp(450))

log(700)− log(450)
(1)

Daily back-trajectories ending at́Evora monitoring site, at
500 m a.s.l (∼200 m a.g.l), were calculated using the Hy-
brid Single-Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) (Draxler and Rolph, 2003) to interpret data in
terms of the aerosol origins; the altitude was selected to rep-
resent the air sampled by the Nephelometer. Temperature,
relative humidity and wind speed and direction were also
measured at the site. Hourly averaged data (about 47 000
measurements – about 80% of the overall measurements
from April 2002 to December 2008) were used and longer
term statistics were based on these hourly values.

2.2.1 Relative humidity correction

Relative humidity (RH) is one of the factors influencing the
amount of scattered solar radiation by aerosol particles (Hor-
vath, 1996). If RH increases, then hydrophilic atmospheric
particles tend to grow, due to water uptake, and scatter more
light. The light scattering humidification factor, f(RH), quan-
tifies the influence of RH onσsp(λ). It is the ratio be-
tweenσsp(λ) at high and low RH values. The low RH is
usually considered to be lower than 40% (Kotchenruther et
al., 1999; Koloutsou-Vakakis et al., 2001; Magi and Hobbs,
2003; Targino et al., 2005).

f (RH) =
σsp(λ)high RH

σsp(λ)low RH
(2)
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Fig. 1. Relative frequency distributions of measured ambi-
ent RH at the site and measured RH inside the nephelometer’s
sensing chamber.

In order to assess the temporal variation of the scattering co-
efficients, the influence of RH onσsp(λ) variations has to be
eliminated.

Figure 1 shows the relative frequency distributions of mea-
sured ambient RH values at the monitoring site and measured
RH values inside the nephelometer’s optical chamber. The
difference between the two measured RH values is clear: the
lower and less variable RH values measured inside the neph-
elometer are due to the heating by the lamp in the measur-
ing sensing chamber, whereas the ambient RH values com-
prises of a large range of values. The RH values of the sam-
pled aerosol are constrained mainly in the range of 30–50%,
with an average of 40% and standard deviation (SD) of 10%.
Therefore, the measurements ofσsp(λ) were essentially per-
formed with the aerosol under dry conditions and the RH cor-
rections are expected to have minor influence in the overall
results that follow in the next sections. This hypothesis was
confirmed as the difference between the corrected and non-
corrected values was found to be insignificant because only
a few data were taken under non-dry conditions. In spite of
that, corrected values were still used.

Due to the lack of measuredf (RH) for the sampling
site, functions from the literature, corresponding to differ-
ent aerosol types, were used. The prevailing aerosol pop-
ulation at the site is of a continental type. Anthropogenic
aerosols from local or long distant sources, as well as smoke
aerosols from forest fires and desert dust from Africa, were
also present. Thef (RH) functions were chosen according
to these aerosol types; we then distinguished between mea-
surements made under clean/background continental condi-
tions (the most common situation) and under perturbed con-
ditions. The separation between different aerosol types was
done by using threshold values based on absolute values of
the spectral scattering coefficients and of theÅngstr̈om expo-

nent; a previous classification scheme by Elias et al. (2006)
was based only in a summer period of measurements and half
day averages were considered (instead of hourly), therefore,
an improved classification criteria was used. The thresh-
old values are provided in Table 2. The correction func-
tions for clean/background conditions were based on Magi
and Hobbs (2003). The correction functions for pollution
data were based on Carrico et al. (2000) whose results re-
gard “a continental site influenced by aerosol with anthro-
pogenic origin”. They are very similar to the ones obtained
by Koloutsou-Vakakis et al. (2001) for polluted aerosol and
Magi and Hobbs (2003) for biomass burning plumes. Desert
dust aerosols were considered as being hydrophobic (Carrico
et al., 2003; Fierz-Schmidhauser et al., 2009), therefore, no
correction for RH was applied when it dominated the aerosol
population.

3 Results and discussion

3.1 General features

Here, we present some basic statistics concerning the whole
period (2002–2008) in order to characterise the aerosol opti-
cal properties in the region under study. Figure 2 shows the
relative frequency distributions forσsp(550),α andσbsp(550)
hourly values. The frequency distributions are characterised
by long right tails forσsp(λ) and σbsp (λ) while α is left
skewed. It has been shown previously (Deacon et al.,1997;
Arti ñano et al., 2001; Gerasopoulos et al., 2003; Freitas,
2006; Pereira et al., 2008) that the frequency distribution of
scattering coefficients (or other aerosol extensive properties)
can be well described by a log-normal distribution. There-
fore, median values better illustrate the average conditions
than the mean by decreasing the contribution of the most
extreme events; this is also true for describing the average
conditions of theÅngstrom exponent,α, whose frequency
distribution is also skewed. The median, mean, geometric
mean, standard deviation, 5% percentile, P5, and 95% per-
centile, P95, are presented in Table 3. Log-normal parame-
ters (modal value and geometrical standard deviation, GSD)
derived forσsp(λ) andσbsp(λ) distributions are also shown.

Hourly values ofσsp(λ) were found to be highly variable,
ranging from values close to the detection limit up to a few
extreme measurements above 2000 Mm−1 (about 250 Mm−1

in the case ofσbsp(λ)) recorded during the forest fire plumes
in August 2005 (not shown in Fig. 2 for better resolution).
98% of theσsp(λ) values were in the range of 8–250 Mm−1,
but most of this percentage is below 60 Mm−1 (∼80%). The
median and mean values ofσsp(550) are 30 and 42 Mm−1,
respectively, for the whole period. In the case ofσsp(550)
its median and mean values are 4.4 and 5.9 Mm−1, respec-
tively. The median and mean values of theÅngstr̈om expo-
nent (1.5 and 1.4, respectively) imply that the scattering is, in
general, dominated by submicron particles. About 60–70%
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Fig. 2. Relative frequency distributions of(a) σsp(550),(b) α and(c) σsp(550) hourly values (N∼47 000 and bin size of 10 Mm−1, 0.2 and
1 Mm−1, respectively). Values ofσsp(550)> 250 Mm−1 andσbsp(550)> 25 Mm−1 (less than 100 hourly values) are not shown for better
resolution.

Fig. 3. Time series of mean (line with symbol) and median (line without symbol) monthly values of(a) σsp(550),(b) α and(c) σbsp(550).
The error bars reflect the drift of the calibration constants and are added to the mean values. Annual values are represented by the black
symbols (square for annual average and circle for annual median). Average (solid thin line) and median (solid thick line) values for the whole
period are also depicted as horizontal lines.

Table 2. Used criteria for different aerosol types in terms of spectral
scattering coefficients and̊Angstr̈om exponent.

Aerosol type Measured optical properties

Clean/background σsp(450)< 60 Mm−1 (anyα)

Pollution and Forest fires σsp(450)> 60 Mm−1 (α > 1)
Desert dust σsp(700)> 30 Mm−1 (α < 1)

of the light is scattered by sub-micrometer particles for anα

of 1.5 (see Carrico et al., 1998, 2000; Sheridan et al., 2001;
Quinn et al., 2002; Doherty et al., 2005).

These results are now briefly compared with other long-
term measurements performed at other sites in the southern
European region (see Table 4). These areas were observed
to be influenced by local or transported continental pollu-
tion (besides desert dust) and present significantly higher
average values of the scattering coefficient when compared
with the ones obtained foŕEvora and presented in this work.

As already stated above, on the one handÉvora is a small
city with low to moderate aerosol anthropogenic influence;
on the other hand, being located in the southwestern Euro-
pean sector, is under the regular influence of Atlantic clean
air masses, which contribute to lower aerosol concentrations
levels, as previously observed (see e.g., Pereira et al., 2008;
Lyamani et al., 2010).

3.2 Temporal variations

3.2.1 Annual cycle

Median and mean monthly values ofσsp(550), α and
σbsp(550) for the period of 2002–2008 are shown in the time
series of Fig. 3. Figure 4 contains the yearly cycle as a
function of both the month and season considering all the
measurements for each month or season (as defined in Ta-
ble 5). In both figures, error bars reflecting the drift of the
calibration constants are included. The drift is less than 10%
per year. This drift has a higher influence on shorter-term
observations, e.g., when comparing monthly values of the
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Fig. 4. Annual cycle of mean and median values ofσsp(550) (a andb) andα (c andd) as a function of the month and season. The error bars
reflect the drift of the calibration constants and are added to the mean values. The respective quartiles (P25 and P75) are also shown. In the
case of the box charts, P5 and P95 are also included.

Table 3. Basic statistical parameters ofσsp(λ), σbsp(λ) andα for the period of 2002–2008. The latter doesn’t have GSD because its frequency
distribution is not log-normal.

Parameter Median Mean SD P5 P95 Mode Geometric GSD
Mean

σsp(450) (Mm−1) 40.5 57.5 64.1 13.1 150.1 22.2 42.2 2.2
σsp(550) (Mm−1) 29.9 42.5 45.9 10.1 109.9 19.9 31.6 2.1
σsp(700) (Mm−1) 21.5 29.9 30.0 7.5 75.9 11.6 22.8 2.1
σbsp(450) (Mm−1) 5.4 7.0 6.9 1.9 16.6 5.5 5.5 2.0
σbsp(550) (Mm−1) 4.4 5.9 5.7 1.58 13.3 2.1 4.5 1.9
σbsp(700) (Mm−1) 3.7 4.8 4.7 1.3 11.1 2.0 3.8 1.9
α 1.5 1.4 0.5 0.5 2.1 1.4 – –

same year as could be done in Fig. 3, but has a negligible im-
pact on a seven year average (due to regular recalibrations)
as included in Fig. 4.

Statistical information is summarized in Tables 5a, b and
c, respectively, forσsp(550), α andσbsp(550). Hourly val-
ues were always used in the calculations of all statistical
parameters. Regarding Fig. 3, the monthly median values
of σsp(550) range from 19 to 73 Mm−1 (mean values range
from 23 to 92 Mm−1). Only less than one quarter of these
values (16 in 71 months) are higher than 40 Mm−1; 14 of
these 16σsp(550) monthly values were recorded during win-
ter and summer periods but the highest ones (70–73 Mm−1)

where recorded during the colder season. Monthly median

values ofα vary between 1.0 and 2.0. Moreover, the cor-
responding monthly median values for the 16 months, re-
ferred above, are the highest, ranging between 1.5 and 2.0
(3 exceptions). In contrast, the set of months with the lower
monthly median values ofσsp(550), say below 25 Mm−1, are
within spring, autumn (and summer) periods, with the corre-
sponding monthly median values ofα having a tendency to
be lower, ranging between 1.0 and 1.5.

www.atmos-chem-phys.net/11/17/2011/ Atmos. Chem. Phys., 11, 17–29, 2011
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Table 4. Values of scattering coefficient and̊Angstr̈om exponent obtained for long-term measurements performed at different sites.

Place σsp andα Author

Granada, Spain σsp(550) = 60 Mm−1 andα = 1.5 Lyamany et al. (2009)
Toulon, France σsp(525) = 60 Mm−1 Saha et al. (2008)
Northern Greece σsp(550) = 65 Mm−1 andα = 1.5 Gerasopoulos et al. (2003)
Israel σsp(545) = 60 Mm−1 Derimian et al. (2006)
Remote site in the average (median)σsp(550) = 87 Andreae et al. (2002)
Negev desert (75) Mm−1 andα = 1.4 (1.5)
Remote areas of σsp(532) = 50 Mm−1 and 45 Mm−1 Vrekoussis et al. (2005)
Greece and Turkey
Hungary σsp(530) = 60 Mm−1 Molnár and Ḿesźaros (2001)
This work average (median)σsp(550) = 42.5

(29.9) Mm−1 andα = 1.4 (1.5)

Table 5a.Basic statistical properties ofσsp (550) organized for each month and season between 2002 and 2008.

σsp(550) (Mm−1)

Month N Season Median Mean SD P5 P95

Dec 4440 34.4 43.9 33.3 9.9 109.0
Jan 2799 winter 49.9 40.2 64.1 53.5 52.7 46.1 13.8 163.3
Feb 2741 42.7 58.2 52.9 9.2 152.1
Mar 4191 30 39.3 31.6 10.7 94.2
Apr 4774 spring 25.3 26.1 33.8 34.7 26.5 27.1 10.1 89.9
May 5002 24.4 31.7 22.3 10.7 78.7
Jun 4763 34.4 43.7 30.5 12.1 99.7
Jul 4493 summer 32.7 32.8 43.8 47.1 38.9 66.3 10.4 111.8
Aug 3376 31.3 56.1 114.0 9.6 147.1
Sep 3391 27.5 36.9 28.7 9.4 92.7
Oct 3567 autumn 24.3 26.8 32.9 36.9 27.2 30.6 8.4 87.6
Nov 3523 28.7 40.8 34.9 9.6 109.8

The facts, described above, are in agreement with the
pattern exhibited by the yearly cycles shown in Fig. 4.
σsp (550) displays a bimodal pattern with peaks in win-
ter and summer (Fig. 4a and b) and with the former peak
being more prominent. The winter maximum is achieved in
January for both the median and mean value (50 Mm−1 and
64 Mm−1, respectively); in summer the median is higher in
June (34 Mm−1) while the mean has its maximum in Au-
gust (56 Mm−1). This is caused, to a large extent, by oc-
casional increases in the aerosol load due to the forest fires.
TheÅngstr̈om exponent, exhibited in Fig. 4c and d, follows
a rather similar behaviour and a reasonable positive corre-
lation between monthly medianσsp(550) andα was found
(R2 = 0.52), as shown in Fig. 5. However, no correlation was
found for the hourly values because for small timescales the
variability of these two quantities of different nature domi-
nates, even if at larger timescales an overall tendency is re-
vealed. The maximum value of the monthly medianα is also
found in January (1.8) and a second one in both July and
August (1.5). This means that the increase in the aerosol

load is mainly associated with the enhancement of particles
in the sub-micrometer range, either with anthropogenic ori-
gin or forest fires’ smoke occurring in the summer season.
The increase ofσsp (550) in the winter period should result
from the combination of local traffic and increased emissions
from heating sources (mainly wood burning) and pollution
transported to the site. All these reasons are amplified by
a decrease in boundary layer thickness due to the lower at-
mospheric temperatures at the surface during winter, thus,
reducing atmospheric convection and consequently pollution
dilution. In summer, the forest fires are greatly responsible
for the large input of particles detected at the site (Elias et
al., 2006; Pereira et al., 2008) and account for major in-
crease in the aerosol scattering coefficients. The most intense
smoke plumes were observed in August 2003 and particu-
larly in August 2005 when hourly values ofσsp(550) as high
as 2000 Mm−1 were measured. These two summer periods
were the ones with the largest burnt areas ever recorded in
Portugal (Autoridade Florestal Nacional, 2009). These facts
are reflected in the meanσsp(550) peak value observed in
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Table 5b. Basic statistical properties ofα organized for each month and season between 2002 and 2008.

Ångstr̈om exponent

Month N Season Median Mean SD P5 P95

Dec 4440 1.8 1.6 0.5 0.7 2.2
Jan 2799 winter 1.8 1.7 1.7 1.6 0.4 0.5 1.0 2.2
Feb 2741 1.5 1.5 0.5 0.5 2.2
Mar 4191 1.3 1.2 0.5 0.3 2.0
Apr 4774 spring 1.4 1.3 1.3 1.2 0.5 0.5 0.3 1.9
May 5002 1.3 1.2 0.4 0.4 1.9
Jun 4763 1.4 1.4 0.3 0.8 1.9
Jul 4493 summer 1.5 1.5 1.4 1.4 0.4 0.4 0.7 1.9
Aug 3376 1.5 1.4 0.4 0.6 2.0
Sep 3391 1.4 1.3 0.5 0.4 2.0
Oct 3567 autumn 1.4 1.4 1.3 1.4 0.6 0.5 0.2 2.0
Nov 3523 1.5 1.5 0.5 0.6 2.1

Table 5c.Basic statistical properties ofσbsp(550) organized for each month and season between 2002 and 2008.

σbsp(550) (Mm−1)

Month N Season Median Mean SD P5 P95

Dec 4440 5.2 6.3 4.7 1.5 15.1
Jan 2799 winter 6.8 5.6 8.5 7.3 6.9 6.0 2.2 20.6
Feb 2741 5.7 7.5 6.5 1.4 18.5
Mar 4191 4.3 5.2 3.9 1.7 11.4
Apr 4774 spring 3.7 3.8 4.5 4.6 2.8 3.1 1.5 10.5
May 5002 3.5 4.2 2.4 1.6 9.1
Jun 4763 4.8 5.5 3.1 1.9 11.0
Jul 4493 summer 4.7 4.8 5.8 6.1 4.3 8.1 1.6 12.8
Aug 3376 4.7 7.6 14.3 1.6 18.3
Sep 3391 4.9 3.0 1.5 10.7
Oct 3567 autumn 3.6 4.1 4.5 5.1 3.3 3.7 1.3 10.8
Nov 3523 4.4 5.8 4.5 1.5 14.6

August which appears in Fig. 4a. The strong decrease in the
number of forest fires and their intensity in 2007 and 2008
summers is perceptible in theσsp(550) values of Fig. 3a, as
no significant peaks are visible in these periods; this led, for
example, to a large difference in the monthly average and
median values ofσsp(550) between August 2005 (respec-
tively 92 Mm−1 and 39 Mm−1) and August 2008 (respec-
tively 28 Mm−1 and 24 Mm−1).

Also, the difference in the̊Angstr̈om exponent between the
winter and summer months is substantial, with monthly me-
dians being in the range of 1.5–1.8 and 1.4–1.5, respectively;
this is expected to be related to the dryness of the soils and
well-developed convection in the boundary layer during the
summer season which enhances the presence of coarse soil
material in the atmosphere. In contrast, during winter (typ-
ical rainy season) the relative amount of coarse material is
expected to be much lower, while the introduction of sub-
micrometer particles from wood combustion in the atmo-
sphere in winter is more regular than the transient transport

of smoke toÉvora. Lyamani et al. (2008, 2010) and Saha et
al. (2008) also reported annual cycles characterised by higher
values of scattering coefficient in winter but with magni-
tudes significantly higher than ours (averageσsp(550) = 84–
90 Mm−1 andα = 1.8 and averageσsp(550)>90 Mm−1, re-
spectively). In spite of the large difference in terms of aerosol
concentration betweeńEvora and Granada (and Toulon), in
winter, the difference between the values ofα are less impor-
tant due likely to similarities in the origin of aerosol particles.

No trend is evident for the measured quantities between
2002 and 2008. In 2008, the noticeable decrease in the time
series of annual values of bothσsp(550) andσbsp(550) can be
explained by the lack of data during 2008 winter period and
the absence of forest fires during the following 2008 summer.

3.2.2 Daily cycle

Daily patterns ofσsp(550) andα values are analysed in this
section (see Fig. 6). Median values instead of average values
are used in order to minimize external influences and extreme
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Fig. 5. Scatter plot with the monthly medianα as a function of the monthly medianσsp(550) (a) and scatter plot with the density of
measurements of hourly values of the same quantities(b).

Fig. 6. Daily variation of median values ofσsp(550) for (a) spring working days and(b) Sundays and(c) winter working days and(d)
Sundays. The respective quartiles are also shown.

events, so local aerosol features can emerge. We focus on
winter and spring periods because they showed rather dis-
tinct statistical properties, as it was exposed in the previous
section, and may be somewhat representative of colder and
less colder (warmer) periods. The summer period was not
considered since it was already revealed to be frequently con-
taminated by (at least) forest fires smoke plumes transported
from other regions. Also a distinction is made between the
daily variations during week days (Monday to Friday, nor-
mal working days), and Sunday (non-work day when anthro-
pogenic activities are significantly reduced).

A daily pattern was found forσsp(550), with morning and
late afternoon peaks, regarding the week days. This be-
haviour is characteristic of urban areas (Lyamani et al., 2008;
Andreae et al., 2008). The P25 and P75 curves, also dis-
played in Fig. 6, show the same features and indicate con-
sistency of this pattern regardless of the day-to-day variabil-
ity. The morning peak (Fig. 6a and c) is closely related to
the enhanced traffic activity during morning rush hour and,
therefore, is much less evident on Sundays (Fig. 6b and d), in
particular, during winter when typically the city is less active,
during the morning time. The boundary layer development
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along the day, together with the increase in convection, pro-
vides the conditions for particle dilution within a larger vol-
ume of air. This results in the decrease ofσsp(550) at the
surface during the afternoon and a minimum around 15:00
is observed. In the late afternoon the combination of in-
creased anthropogenic activity, due to traffic, and decrease
of the boundary layer thickness lead again to the increase in
σsp(550).

The general features described above also show signif-
icant seasonal differences. Important differences between
colder and warmer periods are related with boundary layer
dynamics and additional anthropogenic activity associated
with wood burning for heating purposes, besides the usual
particle production by traffic activity during the year. These
differences are visible in the patterns observed in Fig. 6a
and c. In spring, both morning and late afternoon peaks of
σsp(550) values have similar magnitudes (about 32 Mm−1),
however, in winter the morning peak is not only considerably
higher (39 Mm−1) than in spring, but also a large difference
for the late afternoon peak is now visible. The magnitude
of this second peak (64 Mm−1) represents a twofold increase
relative to spring conditions and emphasizes the importance
of wood burning, which typically begins in the late afternoon
and is likely the main reason for the difference (by a factor
of 1.6) to the morning peak in winter.

In spite of higherσsp(550) values in winter, at all times,
two periods of the day with minimum values (early morning,
05:00–06:00 and middle afternoon, around 15:00) present
the lowest differences inσsp(550) between winter and spring
(<3 Mm−1). Moreover, the absolute minimum is always
achieved in the middle afternoon. On the one hand, in both
of these periods the source activities are reduced while the
particle removal processes are always active; on the other
hand, the dilution of particles is enhanced in the developed
boundary layer which occurs in the afternoon, after the so-
lar heating of the surface. Both these features contribute to
the decrease in the particle load, independently of the sea-
son and probably explain the similarity ofσsp(550) values in
these hours of the day.

Regarding the daily variation of the̊Angstr̈om exponent,
two main differences were found: firstly, the magnitude of
α (1.1–1.4) in spring is always lower than in winter (1.5–
1.9); secondly, in winter the correlation betweenσsp(550)
and α appears to be consistent; this validates the connec-
tion between the aerosol load and its anthropogenic origin.
In contrast, during spring the values ofα reveal no partic-
ular trend (as suggested by the lack of correlation between
σsp(550) andα).

3.3 Influence of air mass history on the
aerosol properties

Airborne particles that are detected at a certain site may have
been produced locally or transported from elsewhere. In this
section, the measured aerosol optical properties are associ-

ated to back trajectories paths in order to infer, in a simple
way, on the influence of the emission sources in the aerosol
load and type oveŕEvora, at the surface. Five day back
trajectories arriving at the monitoring site, at 500 m a.s.l.
(200 m a.g.l.), were computed at 12:00 UTC for each day.
The height of 500 m was chosen to represent the air masses
sampled by the nephelometer. The hourly averages (between
12:00 and 13:00) of measured quantities were used. By do-
ing so, temporal agreement between the trajectories arrival
and the measured aerosol optical properties is guaranteed,
the local aerosol influence is reduced and, hence, the possi-
ble influence of long-range transport is enhanced. In spite of
their complexity and variability, the trajectories were classi-
fied into five different types.

Trajectories originating over the Atlantic Ocean were sep-
arated into two different types according to the time they
travelled over the continent. Therefore, two levels of con-
tinental influence were distinguished. About half of the tra-
jectories from the Atlantic were observed to arrive atÉvora
after a significant path over the Iberian Peninsula; a period of
more than one day over land was considered for classifying
these back trajectories as MIB (maritime and Iberian Penin-
sula) as opposed to the maritime trajectories, M. The trajec-
tories were classified as maritime if they remained less than
24 h over the continent (usually by arriving atÉvora through
the western Portuguese coast). The purpose of the separa-
tion between M and MIB trajectories was to study the influ-
ence of the air masses ageing over the Iberian Peninsula in
the measured aerosol properties at the site. The average res-
ident times over the Iberian Peninsula were 10 and 46 h for
M and MIB trajectories, respectively. The back trajectories
classification also included the influence of Europe (EU), for
air masses from the European continent (from Britain, Cen-
tral Europe to the northern coasts of the Mediterranean Sea),
Africa (AF), for air masses originated in the African conti-
nent and the Iberian Peninsula (IB) itself, for air masses orig-
inated and staying mainly within the Spanish and Portuguese
territories. Figure 7 shows the features mentioned above, in-
cluding the frequency of occurrence that a trajectory passes
over a certain geographic area, as well as the average path
for each set of trajectories. The sector with the largest influ-
ence over the measurements site is the Atlantic area (M and
MIB types), with accumulated 70% of occurrence. The Eu-
ropean sector contributes with 21% while both the African
and Iberian sectors contribute with 9% of occurrence.

Figure 8 shows the relative frequency distributions of
σsp(550), α and σbsp(550) values according to the differ-
ent trajectories classification while the correspondent aver-
age and median values are shown in Table 6.

The difference in the respective aerosol properties seems
to validate the separation between M and MIB trajecto-
ries as statistically significant differences (at the 0.05 level)
were found according to hypothesis tests. The values of
σsp(550) are systematically low (and narrow distributed, es-
sentially below 40 Mm−1) for M trajectories, but as soon
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Fig. 7. Probability density for back trajectories atÉvora (a–e) and average path(f) for each trajectory category. The frequency of occurrence
for each trajectory category is also shown.

Table 6. Average and median values ofσsp(550),σbsp(550) andα for each trajectory type. The frequency of occurrence for each type is
also shown.

Trajectory class Mean/Median Mean/Median Mean/Median
(frequency of occurrence) σsp(550) (Mm−1) σbsp(550) (Mm−1) α

Maritime M (34%) 20.5/16.8 2.9/2.5 1.2/1.2
MaritimeIB MIB (36%) 35.4/26.5 4.9/4.1 1.6/1.6
Europe EU (21%) 40.0/32.7 5.4/4.7 1.6/1.7
Iberian IB (3%) 59.1/43.1 7.2/6.1 1.6/1.6
African AF (6%) 58.7/49.5 7.4/6.6 1.3/1.4

as the air masses increase their continental influence (i.e.,
become MIB) a large portion ofσsp(550) values increase
considerably. The̊Angstr̈om exponent distribution is also
shifted towards larger values and values lower than 1 become
much less frequent. This simultaneous enhancement both
in σsp(550) andα points up that the increase in the aerosol
load is related to the input of fine particles with Iberian ori-
gin (presumably in conjunction with the gradual deposition
and loss of influence of maritime coarse particles). Also the
similarity between the average/median values ofα for MIB
and for EU and IB trajectories (1.6–1.7) and the increase in
σsp(550) for EU and IB trajectories (from 26.5 Mm−1 for
MIB to 32.7 and 43.1 Mm−1) corroborates the previous state-
ments. Re-circulations of the air masses within the Iberian

Peninsula, related with low advection conditions, induce the
accumulation of pollutants and likely validates the higher
values ofσsp(550) which characterise the IB regime. Con-
cerning the African trajectories, they are also characterised
by high values ofσsp(550). The frequency distribution ofα
includes again an important contribution of values below 1.0,
which is consistent with the influence of coarse dust particles,
however, highα values, well above 1.0, still dominate (me-
dian = 1.4) and no correlation is observed between the values
of σsp(550) andα; the highest values ofσsp(550) correspond
to values ofα ranging from 0 up to 2. This means that when
trajectories have African origin desert dust particles usually
do not dominate the aerosol at the ground or are not even
present; in that case the higher aerosol loads are presumably

Atmos. Chem. Phys., 11, 17–29, 2011 www.atmos-chem-phys.net/11/17/2011/



S. N. Pereira et al.: Seven years of measurements of aerosol scattering properties 27

Fig. 8. Relative frequency distributions of(a) σsp(550) (bin size = 20 Mm−1), (b) α (bin size = 0.2) and(c) σsp(550) (bin size = 1 Mm−1) for
each trajectory type.

caused by anthropogenic particles. This is in agreement with
the long-range transport of mineral dust occurring frequently
at high altitudes, as previously noticed by other authors (Elias
et al., 2006; Derimian et al., 2006).

4 Summary and conclusions

Aerosol scattering properties, near the surface, were mea-
sured over a period of seven years (2002–2008) atÉvora,
Portugal.

The average (and median)σsp(550), σbsp(550) and α

were found to be 42.5 Mm−1 (29.9 Mm−1), 5.9 Mm−1

(4.4 Mm−1) and 1.4 (1.5), respectively. These values mean
that, in general, the aerosol load can be considered as mod-
erate with the aerosol population being dominated by sub-
micrometer particles, in particular, during winter when the
averageα was maximum (1.6).

Both seasonal and daily cycles were shown, which were
related to local features (city traffic and domestic heating,
the latter during winter) as well as the transport of particles
from elsewhere. The average values of the scattering coef-
ficient, at the wavelength of 550 nm, for summer and win-
ter (47 and 54 Mm−1), represent a significant increase in the
aerosol particle concentration, when compared with spring
and fall (35 and 37 Mm−1); the simultaneous increase inα is
consistent with the input of fine particles from anthropogenic
origin in winter and forest fires in summer. The daily varia-
tion of the scattering coefficient, with morning and afternoon
peaks (more prominent during working days), is related to
the local anthropogenic activities, besides the boundary layer
dynamics.

The measured optical properties were shown to be de-
pendent on the influence of different air masses. When the
site was under the influence of air masses from Atlantic re-
gion low particle loads (low scattering coefficients) were ob-

served, but as the influence of the continent (Iberia Penin-
sula) increased, the aerosol particle load was also observed
to increase, as well as the̊Angstr̈om exponent, approach-
ing the features observed during European air masses influ-
ence. During African air masses influence, high values of the
scattering coefficients were also observed, but with smaller
Ångstr̈om exponent due to the contribution of dust particles,
however, in general, the scattering was still dominated by fine
particles indicating that either dust at the surface was not so
frequent or that it was mixed with anthropogenic pollution.

Acknowledgements.The authors gratefully acknowledge the
NOAA Air Resources Laboratory (ARL) for the provision of the
HYSPLIT transport and dispersion model and/or READY website
(http://www.arl.noaa.gov/ready.php) used in this publication.

This work was supported by FCT (Science and Technology
Foundation) under the grants SFRH/BPD/29687/2006 and
SFRH/BD/29008/2006.

Edited by: R. Krejci

References

Anderson, T. L. and Ogren, J. A.: Determining aerosol radiative
properties using the TSI 3563 integrating nephelometer, Aerosol.
Sci. Tech., 29, 57–69, 1998.

Andreae, T. W., Andreae, M. M., Ichoku, C., Maenhaut, W.,
Cafmeyer, J., Karniely, A., and Orlovsky, L.: Light scatter-
ing by dust and anthropogenic aerosol at a remote site in
the Negev desert, Israel, J. Geophys. Res., 107(D2), 4008,
doi:10.1029/2001JD900252, 2002.

Ansmann, A., Wagner, F., M̈uller, D., Althausen, D., Herber, A.,
von Hoyningen-Huene, W., and Wandinger, U.: European pollu-
tion outbreaks during ACE 2: Optical particle properties inferred
from multiwavelength lidar and star-Sun photometry, J. Geo-
phys. Res., 107(D15), 4259, doi:10.1029/2001JD001109, 2002.

www.atmos-chem-phys.net/11/17/2011/ Atmos. Chem. Phys., 11, 17–29, 2011

http://www.arl.noaa.gov/ready.php


28 S. N. Pereira et al.: Seven years of measurements of aerosol scattering properties
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