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Measurements of the aerosol absorption coefficient, between 2007 and 2013, were made at the ground level in Évora, a Portuguese
small town located in the southwestern Iberia Peninsula. Such a relatively long time series of absorbing aerosols is unique in Portugal
anduncommon elsewhere.The average aerosol absorption coefficientwas close to 9Mm−1 and clear cycles at both daily and seasonal
time scales were found. An average increase by a factor of two (from 6 to 12Mm−1) was observed in winter if compared to summer
season. The daily variations were similarly shaped for all seasons, with two morning and afternoon peaks, but with magnitudes
modulated by the seasonal evolution.That was not the case if Sundays were considered.These variations can be explained in terms
of the impact of local particle sources, relatedmainly to traffic and biomass burning and upwardmixing of the aerosol due to variable
mixing layer heights, either daily or seasonally. Also, a strong negative correlation between the aerosol absorption coefficient and
the wind speed was verified, and an exponential decay function was found to fit very well to the data. The wind direction seems to
be not correlated with the aerosol absorption coefficient.

1. Introduction

It is recognized that light absorbing aerosol particles influence
directly the radiative balance and exert a net warming effect
on the atmosphere [1–4]. Hence, they can eventually counter-
balance the radiative cooling effect of the other aerosol types
which aremostly light scatterers [5, 6].The radiative warming
induced by absorbing particles can even be as important as
the effect due to greenhouse gases [7, 8]. However, the dis-
crepancies between different scientific contributions in terms
of quantifying their importance to the radiative forcing (e.g.,
[8, 9]) keep the uncertainties high.The influence of absorbing
particles seems to be more important at the regional than at
the global scale [10]. Changes in the regional atmospheric
stability due to atmospheric heating, in the presence of
absorbing particles, can cause changes in the hydrological
cycle [2, 8, 11].

Other effects, for example, observations of reduced
albedo resulting from long-range transported particles into

Arctic areas, were reported by Stohl et al. [12]. Recently, it
was estimated that absorbing particles may have contributed
to more than half of the observed Arctic warming since 1890,
most of this occurring during the last decades [13].

Additionally, these absorbing particles exert an indirect
radiative effect due to their influence in modifying cloud
properties [14, 15]. Furthermore, their absorption of sunlight
contributes to degraded visibility in polluted regions [16] and
also to adverse effects on human health [17–19] as their size
is mostly in the fine size range (e.g., [20, 21]). They also have
impact on atmospheric chemistry and photochemistry (e.g.,
[22]) and through absorption of solar radiation [23]. In urban
areas, the absorption of radiation in the visible spectrum is
dominated by black carbon (BC) [24, 25], which is primarily
introduced in the atmosphere as primary particles from
combustion processes. Motor vehicles constitute the main
source of black carbon in many European urban areas
[26–29]; the emission levels of absorbing particles depend
on multiple factors, for example, type of fuel and engine
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characteristics; for this reason its prediction is difficult and
measurements must be carried out.

Globally, biomass burning, fuel burned for cooking and
heating, on-road and off-road diesel engines and industrial
activities of many kinds represent the largest contribution for
the emitted BC mass. The difficulty in quantifying emissions
from such diverse sources is a basic contribution to the
uncertainty in evaluating BC’s climate role. Bond et al. [30]
provide a large uncertainty range of 2000 to 29000Ggy−1
for its global emissions which inevitably reflects in the large
uncertainty bonds (90%) related to the recent estimates for
the total climate forcing of BC.

The absorption coefficient of atmospheric particles is a
fundamental optical parameter that needs to be known with
good accuracy in order to improve our knowledge of the
effects of aerosols on the climate. Models of radiative transfer
require the amount of absorption (and scattering) by particles
in the atmosphere. Therefore, long-term measurements of
this aerosol optical property are important for improving
our understanding of aerosol climatology and predictive
modeling capabilities.

2. Measurements

Évora, Portugal (38.5N, 7.9W, 290m a.s.l), is located in the
southwestern region of the Iberian Peninsula as shown in
Figure 1. It is a Portuguese municipality with less than 60000
inhabitants. More than 40000 inhabitants reside in the urban
area of the city itself, which is the biggest one within a vast
rural and sparsely populated region. The distance from the
capital, Lisbon, is some 130 km. The regional landscape is
of low altitude (average height is below 250m a.s.l.) and it
consists primarily of wide plains. There are no significant
polluting industries, neither in the city nor in the regional
vicinity; for that reason the local regular production of
absorbing particles should be to a large extent related to traffic
circulation; during the colder periods of winter and fall wood
burning is often used for domestic heating [31]. Regarding
traffic circulation, the information obtained from the munic-
ipality is sparse; nevertheless, it is possible to estimate the
number of vehicles entering the city as being 12000–15000
day−1. The city spreads over a smooth prominence while its
buildings are not elevated (mainly comprising one to three
floors) thus allowing the city to be, in principle, well venti-
lated.

The light absorption coefficient of aerosols, 𝜎ap(𝜆) at the
wavelength 𝜆 = 670 nm, was measured with a Multiangle
Absorption Photometer (MAAP 5012, Thermo ESM Ander-
sen Instruments, Erlangen, Germany). Aerosol particles are
deposited on a quartz fiber filter; a laser illuminates the filter
matrix perpendicularly, and simultaneous measurements of
radiation penetrating through the filter and scattered back
at four detection angles are made. The determination of the
aerosol absorption coefficient is made via radiative transfer
calculations including the scattering effects from the filter
matrix and the light scattering aerosol component. The
scattering measurements allow the correction for multiple
scattering processes involving the deposited particles and the

Figure 1: Map of the Iberian Peninsula showing Évora and map of
Évora showing the location of Évora Geophysics Centre (CGE/black
square)monitoring site within the city core as well as themain traffic
roads.

filter matrix, which improves considerably the determination
of aerosol absorption coefficient over other filter-basedmeth-
ods, as demonstrated by comparisonwith a referencemethod
[32, 33].The absolutemeasurement uncertainty of theMAAP
has been estimated to be 12% [32, 34], while laboratory
intercomparisons of multiple MAAP instruments suggested
a unit-to-unit variability below 3% [35]. The aerosol was
sampled at about 10m above ground surface, at the Évora
Geophysics Centre (CGE) facilities located within the urban
centre of the city (Figure 1). The measurements span the
period between April 2007 and April 2013. Measurements
were taken every minute and further averaged to hourly
values which were the basis for the data analysis, at different
timescales, presented in the following sections.

Regarding the seasonal statistics the usual periods of
winter (DJF), summer (JJA), spring (MAM), and fall (SON)
were considered. Basic meteorological quantities were also
recorded at the same site, namely, the wind speed and
direction as well as the temperature in an hourly basis.

3. Results and Discussion

3.1. General Overview. The temporal evolution of the absorp-
tion coefficient, measured betweenApril 2007 andApril 2013,
is presented in Figure 2; daily, monthly and yearly values
are shown. The seasonal temperature is also depicted for the
different seasons. Figure 3 shows the frequency distribution
of hourly values of the absorption coefficient, the frequency
distribution of the wind direction, and the absorption coeffi-
cient as function of both the wind speed and wind direction.
The measurements show that 𝜎ap(670) was most frequently
observed with magnitudes below 10Mm−1 (the third quartile
is about this value), even if a few hourly values of 𝜎ap(670)
as high as 120Mm−1 could be detected. Only 1% of the data
were above 50Mm−1.Themean absorption coefficient for the
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Figure 2: Time series of the absorption coefficient (daily and
monthly values in the left scale; yearly values in the right scale) and
seasonal temperature measured in Évora between April 2007 and
April 2013.

whole period was found to be 8.7 ± 9.9Mm−1, with a respec-
tive median value of 6.2Mm−1; the relatively high standard
deviation originates from the hourly values which were used
for the statistical computations. Mean values for different
years were in the range of 8–10Mm−1 and of 6-7Mm−1 for
the respective median values and no interannual trend is
evident.Themagnitudes of the absorbing coefficient reported
here are comparable to the findings of Mogo et al. [36]
for the absorption coefficient (at 660 nm) in a similar sized
and populated small Portuguese town during a nine-month
period (October 2009 to July 2010); in a city such as Granada,
in the south of Spain and with a population one order of
magnitude larger, the mean 𝜎ap(670), during two years of
measurements (December 2005 to November 2007), was
reported to be 21Mm−1 by Lyamani et al. [37]. However,
in a background site, located in the Spanish Mediterranean
Basin, the measured absorption coefficient was about three
times lower (2.8Mm−1 at 637 nm) [38]. Some examples of
measurements performed in other parts of the world show
the high variability that can be observed in areas of different
human impact. Absorption measurements in large world
urban areas can be one order of magnitude higher than the
ones observed in this study [39–42]. In areas with low human
impact the absorption coefficient can be several times lower
or even one order of magnitude lower in the case of remote
areas as in [43–45].

Also, as Figure 3 shows, the distribution of the absorption
coefficient is clearly asymmetric, right skewed, and it is
well characterized by a lognormal curve (with modal value
6.6Mm−1), which is often observed in diverse extensive
aerosol properties [46–50]. The measured wind speed was
moderate, as it rarely exceeded the 4ms−1 (mean value of
2ms−1); however, a significant influence in the magnitude of
the absorption coefficient is clearly observed (Figure 3(c)).
The strong negative correlation between wind speed and
𝜎ap(670) levels indicates the predominance of local particle
sources. Low wind speeds keep the pollution close to the
source and hence local pollution levels rise while strong
winds favor particle dispersion out of the source regionwhich
in turn leads to lower pollution levels close to the source. In
Section 3.2 we show that the relation between the absorption

coefficient and the wind speed is very well accounted by an
exponential decay pattern. The prevailing wind directions
measured at the site (Figure 3(b)) aremainly westerly because
of the dominant winds in the extra tropical northern latitudes
where the Portuguese territory is located. As one could
expect the wind direction seems not to be correlated with
the aerosol absorption coefficient as one can observe between
the wind speed and the aerosol absorption coefficient. This
noncorrelation between wind direction and the absorption
coefficient is the consequence of the predominance of local
particle sources and of the location of CGE inside the ring
road where significant traffic circulates.

3.2. Seasonal Variations. The temporal evolution of 𝜎ap(670)
previously presented in Figure 2 reveals a clear annual cycle;
higher values and variability were observed during win-
ter and autumn periods with the maximum values being
attained, every year, during the winter months. This regu-
larity is shown in Figure 4 where the monthly statistics of
the absorption coefficient are considered. In Table 1 several
statistical parameters are presented in terms of monthly and
seasonal timescales. The annual cycle should result from
the combination of several factors, related both to particle
production andmeteorology.On the one hand, the additional
input of soot during the colder period, due to domestic
heating, is a main contribution as wood is often used as the
main fuel. Additionally, we cannot discard the possibility of
some increase in traffic during autumn/winter, due to worse
weather conditions, contributing to the observed increase in
𝜎ap(670); although no trustworthy information on that issue
was available, the empirical observations suggest this fact.
On the other hand, during the colder seasons the boundary
layer height is generally smaller, with lower capacity for
atmospheric dispersion, and temperature inversions aremore
frequent due mainly to the long wave radiative losses during
the winter clear sky nights, typical in this region; hence, the
concentrations of particles near the ground are expected to
be higher. During the warmer periods the intense convective
activity due to the solar heating of the ground surface induces
the opposite effect. As Table 1 shows, the monthly absorption
coefficient remains around 6Mm−1 (5Mm−1 if median values
are considered) between April and August, and then it
increases during September until maximummean values, 12-
13Mm−1, are reached during the winter months (December
to February). This variation represents a twofold increase if
summer and winter, which are the most dissimilar seasons,
are compared in terms of magnitudes of the absorption
coefficient. The standard deviation increased even by a larger
factor (Table 1). The upper quartile is also much higher
during winter but not the lower quartile which is relatively
constant throughout the year. In the following section it will
be shown that this increased variability is mainly caused by
the amplitude of the daily cycles observed in each season.

A clear negative correlation between local wind speed
and absorption coefficient, already noticed in Section 3.1, was
verified in all the seasons. The increase in wind speed causes
an increase in ventilation; the dispersion of particles in the
ambient air is enhanced and consequently causes a decrease
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Figure 3: Relative frequency distributions of the hourly (a) absorption coefficient, with the respective lognormal fitting, and (b) wind
direction. Absorption coefficient as function of (c) wind speed (including the quartiles) and (d) wind direction.

in the observed particle concentration and thus in the
absorption coefficient. Exponential decay curve fittings apply
very well to the observed dependency between 𝜎ap(670) and
wind speed. These features are shown in Figure 5 including
the exponential fittings applied for the case of winter and
summer and also for the whole data between 2007 and 2013
(see also Table 2). These types of curves were also used by
Wang et al. [51] for absorbing particles. Such decreasing
trends are an indication of the closeness of the air pollution
sources which is the case of urban/suburban environments.
It is worth mentioning the similarity of the year and seasonal
decay constants (Table 2) and the fact that for high wind
speeds the concentration of particles is almost independent
of the season.

3.3. Diurnal Variation. The diurnal variation of the absorp-
tion coefficient is characterized by two distinct and promi-
nent peaks, in the morning and in the afternoon, as shown
in Figure 6. These sharp enhancements seem to be driven by
vehicular emissions as they are coincident with the morning
and afternoon traffic rush hours. This type of daily evolution
is often found within urban areas (e.g., [37, 52–56]). During
the afternoon, the decrease in traffic circulation, before the
following afternoon rush hour, and the typical daytime devel-
opment of a convective boundary layer lead to a decrease
in the 𝜎ap(670) levels. During the night period, traffic is
weakly present and thus the levels of suspended particles
attain the minimum, which is perceptible in Figure 6. Also,
the morning peak is lower than the late afternoon peak,
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Table 1: Basic statistical properties of 𝜎ap(670) organized for eachmonth and season between 2007 and 2013. Q1 andQ3 indicate the quartiles;
P1 and P99 indicate the 1st and 99th percentiles.

Mean (Mm−1) SD (Mm−1) Q1 (Mm−1) Median (Mm−1) Q3 (Mm−1) P1 (Mm−1) P99 (Mm−1)
Month

Jan. 12.9 13.6 4.8 8.6 15.7 0.7 73.6
Feb. 11.1 11.2 4.5 7.6 13.1 0.7 61.7
Mar. 8.4 8.5 3.9 6.2 9.8 0.7 47.5
Apr. 6.5 4.9 3.2 5.2 8.4 0.7 23.4
May. 6.6 4.9 3.5 5.4 8.4 0.9 25.1
Jun. 6.4 4.3 3.5 5.5 8.2 0.9 20.9
Jul. 5.6 4.7 3.0 4.6 6.8 0.8 22.4
Aug. 6.0 4.7 3.2 4.9 7.4 0.7 23.1
Sep. 8.1 6.2 4.2 6.5 10.0 1.2 31.2
Oct. 9.9 9.3 4.4 7.3 12.0 0.8 48.7
Nov. 11.1 11.8 4.5 7.6 13.2 0.7 65.1
Dec. 12.2 12.6 4.8 8.6 14.7 0.6 70.1

Season
Winter 12.2 12.6 4.8 8.3 14.6 0.6 70.0
Spring 7.2 6.4 3.5 5.6 8.8 0.7 31.5
Summer 6.1 4.6 3.2 5.0 7.6 0.8 22.2
Autumn 9.7 9.5 4.4 7.1 11.6 0.8 50.3
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Figure 4: Basic statistics of the absorption coefficient measured
betweenApril 2007 andApril 2013. Computations were based on the
hourly values.The quartiles are depicted and P5 and P95 indicate the
5th and 95th percentiles.

and a higher rate of decrease in 𝜎ap(670) is observed. This
is likely related to the afternoon rush hour being broader,
temporally, and maybe also to the effect of the mixed layer
during, afternoon in the dispersion of the pollutants, which is
not the case later in the evening and in the nighttime periods.
These features are common to all the working days (Monday
to Friday). However, Saturday presents less prominent peaks,
particularly in themorning, and during Sundays themorning

Table 2: Parameters (±standard errors) of the exponential fitting
(𝑦 = 𝑦

0

+ 𝑎 ∗ exp(𝑏𝑥)) between the wind speed and the absorption
coefficient for 2007–2013 and for winter and summer seasons.

𝑦
0

(Mm−1) 𝑎 (Mm−1) 𝑏 (m−1s) 𝑅
2

2007–2013 3.4 ± 0.5 17.9 ± 0.9 −0.7 ± 0.1 0.99
Winter 3.7 ± 0.6 22.8 ± 0.9 −0.6 ± 0.1 0.99
Summer 3.7 ± 0.4 10.4 ± 0.8 −0.7 ± 0.1 0.98

peak in 𝜎ap(670) is virtually absent, corresponding to the
typical lack of activity and very low traffic levels in this period
of the week.

The features above described apply regardless of the
season, and they are visible in the “average” curve of Figure 6
which considers all the measurement periods (2007–2013).
However the magnitude and variability observed in the three
curves (average and the seasonal values) of the absorption
coefficient are significantly different if summer and winter
seasons are compared (spring and autumn can be found in
between). The daily evolution of 𝜎ap(670) is similar in both
seasons but larger values of 𝜎ap(670) are observed in winter
and the differences between maxima and minima are notice-
ably larger during that season.

In winter the absorption coefficient can increase by a
factor up to six, in the week days, between the early morning
minima and the late afternoon maxima. During summer the
variability is much lower as the differences observed between
minima and maxima are related roughly by a factor of two.

Also, the abovementioned average difference between the
first and the second peaks is in fact mainly accounted for by
the winter data because during summer both peaks are fairly
similar.
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Figure 5: Dependence of the absorption coefficient on (a) the wind speed and (b) direction for summer and winter seasons.
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Figure 6: Average daily variations of the absorption coefficient,
measured between 2007 and 2013, throughout the days of a week.
Winter and summer seasonal values are also shown individually.

These facts are consistent with the discussion previously
presented in the context of the seasonal evolution of the
absorption coefficient (see Section 3.2), namely, on the addi-
tional input of aerosols due to domestic heating duringwinter
and the lower capacity of the atmosphere for dispersing the
pollutants due to the temperature inversions.

4. Conclusions

Measurements of the absorption coefficient in the visible
range (670 nm) made in a small Portuguese town, located
in the southwestern Iberia Peninsula, are analyzed. The time
series uponwhich this work ismade is unique in Portugal as it
spans over a relatively large period of time, between 2007 and
2013.

The average absorption coefficient, 𝜎ap(670), was 8.7 ±
9.9Mm−1 with a lower median value of 6.2Mm−1, as the
distribution of𝜎ap(670)was shaped log normally. Its temporal

variation was characterized by both clear seasonal and daily
cycles.The seasonal cycle revealed that the highest and lowest
values of 𝜎ap(670) were observed in winter and summer peri-
ods, respectively.Thus,winter and summerwere themost dis-
similar seasons, while spring and autumn could be found in
between; therefore, the analysis was more detailed in extract-
ing the differences between summer and winter. An average
increase by a factor of two in the absorption coefficient (from
6 to 12Mm−1) was observed in winter if compared to summer
season. This fact was attributed to the additional input of
aerosols, particularly due to domestic heating, and also
to the average atmospheric conditions, namely, the lower
boundary layer height and frequent temperature inversions.

Concerning the daily variations, the influence of local
activities in the absorbing particle levels, namely, due to
traffic, was shown with morning and afternoon peaks being
related to the traffic rush hours of the day; also, the reduction
in human activities in Sunday mornings was particularly
evident.

A strong dependence of the absorption coefficient on the
wind speed was found and an exponential decay function
fitted very well to the data. This indicates an increase in the
atmospheric particle dispersion as the wind speed increases.

In spite of some differences, the wind direction was less
influent, likely because the sampling site is located within the
city centre, inside the ring road, and hence traffic pollution is
transported to themeasurement site from all directions; thus,
all the quadrants are able to influence the measurement site.
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