Atmospheric Environment 45 (2011) 6423—-6432

Contents lists available at SciVerse ScienceDirect -

ATMOSPHERIC
ENVIRONMENT

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

Black carbon aerosols over an urban area in south-eastern Spain:
Changes detected after the 2008 economic crisis

H. Lyamani®®, EJ. Olmo P, I. Foyo®P, L. Alados-Arboledas **

2 Departamento de Fisica Aplicada, Universidad de Granada, 18071 Granada, Spain
b Centro Andaluz de Medio Ambiente, Junta de Andalucia, Universidad de Granada, 18006 Granada, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 22 April 2011
Received in revised form
18 July 2011

Accepted 30 July 2011

Continuous measurements of black carbon (BC) concentrations performed at Granada, an urban location in
southeast Spain, using a Multi-Angle Absorption Photometer from December 2005 to November 2008, are
analysed and discussed here. The daily mean BC concentrations showed considerable day-to-day varia-
tions and were found to vary from low values of 0.5 pug m~3 to high values of 8.6 ug m~3, with overall mean
and standard deviation of 3.0 + 1.5 ug m 3. The annual mean BC concentrations were similar during 2006
and 2007 (3.2 + 14 pg m > and 3.1 + 1.6 pg m~>, respectively), but decreased by about 16—18%
to 2.6 & 1.4 pg m > in 2008. This reduction is not only observed in the mean value, but also in the median,
third and first quartiles. A Mann—Whitney test at 0.05 significance level confirms that the BC concentration
difference between 2006 and 2007 is statistically no significant while the BC concentration in 2008 tends
to be less than that in 2006—2007. Analysis of meteorological conditions suggested that although the day-
to-day variations in BC concentrations were driven mostly by meteorology, the reduction in the use of fossil
fuels due to economic slowdown contributed significantly to the observed decrease in BC concentrations in
2008. Under conditions dominated by local source emissions, the effect of the economic crisis on BC
concentration was more pronounced. For the three analysed years, BC concentrations obtained during
winter were higher than those measured during summer, probably due to increased emissions from
domestic heating and less intense vertical mixing in winter season, which lead to the confinement of the BC
particles near the surface. The monthly mean BC concentrations were lower in 2008 than in 2006—2007 for
almost every month of the year. In all years BC concentrations exhibited a clear diurnal pattern, with two
maxima and two minima within a day. There were no differences among the daily patterns for 2006, 2007
and 2008 except for a general reduction in BC concentrations on 2008, especially during morning and
evening traffic hours. For every day of the week, BC concentrations were lower on 2008 than in 2006 and
2007 and this reduction was more pronounced on working days, when BC concentrations were high.
Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Black carbon is produced as primary particles from incomplete
combustion processes, in particular from diesel engines in the
transportation sector, which are the major source of black carbon in
many European urban areas (Hamilton and Mansfield, 1991; Berner
et al.,, 1996; Pakkanen et al., 2000; Bond et al., 2004). Its emissions
depend on the efficiency of combustion as well as the amount
and type of the consumed fuels, and any exhaust treatment
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(e.g. Wehner et al., 1999). For these reasons it’s difficult to predict and
must be measured (Chung and Seinfeld, 2002; Schaap et al., 2004).

In urban sites, black carbon (BC) is the principal particulate
species that absorbs radiation in the visible spectrum (Bond and
Bergstrom, 2006; Moosmiiller et al., 2009). It is recognised that
absorption by BC particles can greatly offset the direct radiative
cooling effect of some pure scattering aerosol types (Schwartz,
1996; Haywood and Shine, 1997; Foster et al.,, 2007), and can
even exceed greenhouse warming by gases other than carbon
dioxide (Jacobson, 2001; Ramanathan and Carmichael, 2008). In
2007, the Intergovernmental Panel on Climate Change (IPCC)
reported that BC contributes 0.2—0.4 Wm 2 to radiative forcing
(Foster et al., 2007). However, in a recent study, Ramanathan and
Carmichael (2008) reported that radiative forcing by BC contrib-
utes 0.9 Wm ™2, suggesting that BC may be the second strongest
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contributor to current global warming after carbon dioxide. Addi-
tionally, BC can have indirect radiative effects due to its action on
cloud droplet number concentrations and related cloud properties
(Ackerman et al., 2000; Kaufman et al., 2002). Nevertheless, the
influence of BC particles on climate at regional scale is more
significant than at global scale (Wang, 2004). According to
Ramanathan et al. (2001), Menon et al. (2002), Ramanathan and
Carmichael (2008), BC heats the air and changes regional atmo-
spheric stability and vertical motions, resulting in alterations of the
hydrologic cycle with significant regional climate impacts.

Furthermore, the absorption of sunlight by BC contributes to
degraded visibility in polluted regions (Horvath, 1995). Being
present mostly in the fine size range (Ruellan and Cachier, 2001), BC
can have adverse effects on human health (Gurjar et al., 2010;
Londahl et al., 2010; Kim et al., 2003). Additionally, BC play an
important role in atmospheric chemistry due to its porous and
adsorptive nature, serving as a site for some of the chemical
transformations (Fedel et al., 1995).

Depending on meteorological and geographical conditions, BC
can reside in the atmosphere for days, unlike greenhouse gases
such as carbon dioxide with lifetimes exceeding a hundred years.
Due to the relatively short atmospheric lifetime of BC particles,
controlling their emissions can be a quick way to slow global
warming, in addition to improving human health (Jacobson,
2002).

Therefore, real time continuous and spatially representative
measurements are required to update our understanding of the
behaviour of BC particles and their impacts on climate, environ-
ment, and human health. However, real time continuous BC
measurements in Spain are still limited and the sources and
mechanisms that affect their concentrations in air are still
ambiguous (Rodriguez and Cuevas, 2007; Rodriguez et al., 2007,
2008; Fernandez-Camacho et al., 2010). The common finding
from these studies is the large variability of atmospheric BC
concentration and the large impact of road traffic emissions on
daily and weekly evolution of atmospheric BC levels. According to
them there is a need for the continuous long term monitoring of
BC to determine the impact of any emissions reduction plans
established or to be established in urban areas. So, additional
studies based on long term BC measurements are necessary to
detect trends and to estimate the impact of the changes in the
source emissions.

In early 2008, the economic crisis impacted Spain and other
states of the European community. This economic crisis
has affected severely the productivity and employment in Spain.
In addition, this economic crisis resulted in a contraction in
capital investment and consumer behaviour and an associated
decline in fuel consumption. Thus, due to the decline in fuels
consumption it might be expected a decrease in BC emissions in
the region.

At our knowledge, there are no studies in the literature about
the impact of the economic crisis on the atmospheric BC levels.
Recently, Arruti et al. (2011) have evaluated the economic crisis
impact on some trace metal levels and particulate matter at an
urban area in the Cantabria Region, Northern Spain. The main
results obtained by these authors is that the impact of the crisis was
higher on the PM composition, especially on the trace metal levels
related to industrial activities, than on the PM levels.

In this work we study the seasonal, weekly and diurnal varia-
tions of BC concentrations at Granada, an urban site. In addition, we
examine the effect of local meteorology and the patterns in
anthropogenic activities to explain the atmospheric BC behaviour.
In this sense, the marked reduction in fuels consumption experi-
enced along 2008 offers a unique experiment to evaluate the direct
effect of this reduction on the atmospheric BC concentrations.

2. Experimental site

The measurements presented in this study were registered at an
urban site, Granada (37.16° N, 3.58° W, 680 m a..l), from 1
December 2005 to 30 November 2008. Granada, located in south-
eastern Spain, is a non-industrialised, medium-sized city with
a population of 300,000, or 600,000 if the whole metropolitan area
is considered. The city is situated in a natural basin surrounded by
mountains with elevations between 1000 and 3500 m a.s.l. Near-
continental conditions prevailing at this site are responsible for
large seasonal temperature differences, with cool winters and hot
summers. Most rainfall occurs during spring and winter.

The measuring station is located in the southern part of the city
and is about 500 m away from the highway (A-44, E-902) that
surrounds the city and about a similar distance from one of the
principal traffic roads of the city “Camino de Ronda” (Fig. 1). There
is no major industry in the vicinity of the measurement site.
According to information from Spanish authorities (www.dgt.es),
the total vehicle fleet at Granada was 576,596, 611,800 and 626,147
in 2006, 2007 and 2008, respectively. Vehicles with diesel engines
accounted for about 50%, 51% and 53% of the total vehicles at
Granada during 2006, 2007 and 2008, respectively. Vehicles fuelled
with diesel consumed approximately 85% of transportation energy
in Granada, according to data from Corporation of strategic
Reserves of oil-based products (www.cores.es). Thus, according to
the fact that there are no major industries in the area the main
anthropogenic local source of BC particles at the measurement site
is vehicle traffic, particularly those fuelled by diesel fuel. In winter,
domestic heating (based on fuel oil combustion) represents an
additional important source of BC aerosols.

3. Instrument

The BC concentrations were recorded with a Multi-Angle
Absorption Photometer (MAAP) (Thermo ESM Andersen Instru-
ments, Erlangen, Germany), based on the light absorption proper-
ties of BC particles. The MAAP simultaneously measures radiation
transmitted through and scattered back from particles deposited on
the filter and uses radiative transfer calculations to determine the
aerosol absorption coefficient to correct for errors that affect other
conventional filter based instruments (Petzold and Schénlinner,
2004). This explicit treatment of light scattering effects caused by
aerosol and filters matrix improves considerably the determination
of aerosol absorption over other filter based methods, as demon-
strated by comparison with a reference method (Petzold et al.,
2005; Sheridan et al.,, 2005). A detailed description of the method
is given by Petzold and Schonlinner (2004). The MAAP determines
the aerosol absorption coefficient at 637 nm, where absorption by
organic aerosols and dust should be very small relative to that by BC
(Sokolik and Toon, 1999; Kirchstetter et al., 2004; Alfaro et al., 2004;
Linke et al., 2006; Barnard et al., 2008; Moosmiiller et al., 2009).
A mass absorption efficiency (MAE) of 6.6 m? g~! — recommended
by the manufacturer — was used in the internal computations to
convert the measured absorption coefficient to BC concentration.
Assuming a A~! dependence for absorption as suggested by
Bergstrom et al. (2002) and Kirchstetter et al. (2004), this MAE
increases to 7.64 m? g~ ! at 550 nm. However, the MAE was found to
vary with aerosol sources and aerosol ageing (Liousse et al., 1993).
The MAE used in this study is slightly higher than the value of
75 + 12 m? g at 550 nm suggested for fresh, uncoated BC
particles by Bond and Bergstrom (2006) and lower than 10 m? g}
at 550 nm, a maximum value suggested for aged (i.e. coated) BC
particles (Fuller et al., 1999; Bond et al., 2006a). Also, the MAE used
here is closer to the range of 7.4—9.0 m? g~! at 550 nm derived by
different authors at urban sites in Mexico City (Doran, 2007;
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Fig. 1. Map of Granada showing the location of CEAMA monitoring site and the principal traffic roads of the city.

Barnard et al., 2007; Doran et al., 2008). Furthermore, this MAE
compares reasonably well with the value ranging from 6.8 to
8.7 m? g~! at 550 nm derived by Hitzenberger et al. (2006) at
Vienna, Austria. The absolute measurement uncertainty of the
MAAP has been estimated to be 12% (Petzold and Schoénlinner,
2004) while laboratory inter-comparisons of multiple MAAP
instruments suggested a unit-to-unit variability below 3% (Miiller
et al., 2011). The uncertainty in the BC mass concentration,
including the uncertainty in the mass absorption coefficient, is
estimated to be larger. The manufacturer’s precision for the deter-
mination of BC is <0.1 pg m~3 with an integration time of 120 s.

Air sampling for the MAAP and other instrumentation operated
side by side in our laboratory has been described in Lyamani et al.
(2008, 2010). The air sampling was drawn from 15 m above the
street level through a straight, vertical, stainless-steel tube of 20-
cm diameter and 5-m length at a constant flow rate of 1000 1 h™".
The inlet is fitted with a funnel and covered by an insect screen to
prevent rain and insects from entering the sample line.
Measurements were performed with no aerosol size cut-off and
no heating was applied to the sampled air (Lyamani et al., 2010).
The diameters of stainless pipe were adjusted to maintain the
laminar flow in the tube and minimise particle losses (Baron and
Willeke, 2001).

Meteorological variables, including wind speed and tempera-
ture, were measured by an automatic weather station at the
sampling site using a Campbell CR10X dataloger. The wind velocity
was measured, at the same height of the sampling inlet, by a wind
monitor (model 05103 R.M. Young) and the temperature was
recorded by temperature sensor model MTH-A1l. The error in
temperature measurements is 0.4 °C over the range —40 °C
to +110 °C and the error in wind velocity is 0.3 m s~ ! over the range
1-60 m s~ . Meteorological data were recorded as 1 min averages,
and subsequently processed to hourly means.

Source regions of air masses affecting a given area can be
determined by performing a backward trajectory analysis. To
identify the origin of the air masses arriving at our study area, 5-day
backward trajectories ending at 12 UTC at 500 m over Granada
ground level were calculated using the HYSPLIT-4 model (Draxler
and Rolph, 2003). The model version employed uses GDAS Mete-
orological data (Global Data Assimilation System, ftp://www.arl.
noaa.gov/pub/archives/gdas1/). In previous studies we showed
that long range transport has a significant impact on the aerosol
properties at Granada (Lyamani et al., 2008, 2010). Air masses
originated in the Atlantic have been reported to be associated with
low aerosol load in the study area while those originated in North
Africa and/or Europe were found to relate with high aerosol load. To
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determine the influence of air mass origin on BC concentration, BC
measurements days have been classified according to their 120 h
back-trajectories following the classification scheme developed by
Toledano et al. (2009). This classification method is based on the
residence time of particular trajectory within geographic sectors.
We have defined five major air mass sectors: Atlantic Ocean
(Western), European Continent (Northern), Mediterranean Sea
(Eastern), North Africa (Southern) and the Local one (see Fig. 2).

4. Results
4.1. BC concentration annual variations

BC data were recorded as 1 min averages, and subsequently
processed to hourly means. Fig. 3 shows the temporal evolution of
daily average BC concentrations measured during the period from
December 2005 to November 2008 at the study site. The daily
average BC data are calculated from hourly average BC data. About
2% of the data are missing due to the participation of the MAAP in
two measurement campaigns (Silva et al., 2007; Martinez-Lozano
et al., 2007; Cérdoba-Jabonero et al., 2011), in addition to instru-
ment maintenance.

Daily average BC concentrations for the three years period
varied by more than 16 fold from 0.5 ug m~> to 8.6 pg m~3, with
overall mean value and standard deviation of 3.0 &+ 1.5 pg m . The
large standard deviation reflects the strong day-to-day variation in
the BC concentrations. This large variability in BC concentrations is
related to variations in emissions sources and meteorological
conditions. The reported average BC concentrations in Spain
include the mean value of 1.9 pg m~> obtained in a coastal city
(Santa Cruz de Tenerife, Canary Islands) during 17 March-10 April
2006 (Rodriguez et al. (2008)), hourly mean values ranging from
0 to 8 pg m—> measured in Huelva city during the period April
2008—September 2009 (Fernandez-Camacho et al., 2010) and
a mean BC concentration of 3.6 pg m~> found in Barcelona during
July—November 2007 (Peréz et al., 2010). It's interesting to note
that the differences in the BC concentrations between these sites
may result from different meteorological conditions, different
period of measurements and differences in sampling site
characteristics.

On the other hand, BC concentrations showed a slight
decreasing tendency. Annual average BC concentrations were quite
similar during 2006 and 2007 (3.2 + 1.4 pg m~> and 3.1 + 1.6
ug m—3, respectively), but experienced a decrease of approximately
16—18% to 2.6 + 1.4 ug m~> on 2008. This reduction is not only
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Fig. 2. Map of the Iberian Peninsula illustrating the geographical location and the
classification of the different origins of the air masses influencing the area of study.
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Fig. 3. Time series for daily average BC concentration measured at Granada from
December 2005 to November 2008.

observed in the annual mean value, but also in the median, third
and first quartiles (Figure not shown). A Mann—Whitney test at
0.05 significance level reveals that the BC concentration difference
between 2006 and 2007 is statistically no significant, whereas that
for 2008 was significantly different from both 2006 and 2007.
Furthermore, this test confirms that BC concentration in 2008 tends
to be less than in 2006—2007.

Meteorological conditions and emissions are competitive
processes determining the magnitudes of pollutant concentrations
in the atmosphere (e.g. Ruellan and Cachier, 2001). Thus, the
reduction in the atmospheric BC concentrations in Granada during
2008 could be related to a decrease in BC emissions or to a drastic
change in the meteorological conditions, or to both. In the next
section we investigate the causes of this reduction in atmospheric BC.

4.2. Factors influencing black carbon concentrations

In this section we investigate if the change in meteorological
and synoptic conditions is the cause of the reduction of BC
concentration in 2008. Fig. 4 shows the temporal evolutions of daily
average wind speed and rainfall measured during the period from
December 2005 to November 2008 at the study site. Table 1 pres-
ents statistical summary of daily average of wind speed, tempera-
ture and rainfall and number of rainy days in 2006, 2007 and 2008.
As we can see from Fig. 4 and Table 1, there were no drastic changes
in the meteorological conditions during the analysed period.

In a previous study we showed that rainfall events can have
a significant impact on the aerosol measured at surface at Granada,
leading to the reduction of aerosol concentrations at surface
(Lyamani et al., 2008). For that reason, we check if the precipitation
was one of the factors responsible of atmospheric BC concentra-
tions reduction in 2008.

Annual rainfall and the number of rainy days were relatively
larger in 2008 than in 2007, but were lower compared to 2006
(Table 1). So, one may suspect that the increase in precipitation in
2008 has induced a decrease in the atmospheric BC concentration
compared to 2007. To check this possibility we calculated the BC
concentrations in the rainy days and in the days without precipi-
tation during 2006, 2007 and 2008. Excluding rainy days, mean BC
concentrations in 2006 and 2007 were 3.3 + 14 and 3.2 + 1.7
pg m—3, respectively and decreased by 15—18% to 2.7 + 1.4 pg m >
in 2008. Considering only rainy days, mean BC concentrations were
2.7 + 1.5 and 2.7 + 1.2 pg m—> in 2006 and 2007, respectively, and
also decreased by 15% to 2.3 = 1.2 pg m > in 2008. So it is evident
that there was reduction in the annual average value of BC that
affects both no rainy and rainy days. In this sense, the decrease of



H. Lyamani et al. / Atmospheric Environment 45 (2011) 6423—6432 6427

a 35 T .
L]
L:-_- 30
E 25
T 20
2
nw 15
ki
- 10
=
5
D * .'\_‘.
01/11/2005 01/11/2006 01/11/2007 01/11/2008
Date
b 25 T T
20 J
:
= 15 .
5
‘e
.E 10 -
©
5 J
0 ‘ | I. | |
01/11/2005 01/11/2006 01/11/2007 01/11/2008
Date

Fig. 4. Evolution of daily mean values of (a) wind speed and (b) rainfall, measured at
Granada from December 2005 to November 2008.

0.4 pg m~—> we determine in the last case cannot be explained as
aresult of precipitation scavenging. So, the inter-annual variation in
precipitation is not responsible for the reduction of BC in 2008.

High wind speeds have been reported to relate with low aerosol
concentrations in the study area (Lyamani et al., 2008). Therefore,
we investigate if the reduction of BC concentrations in 2008 was
caused by change in wind speed.

In general, mean wind speeds in the study area were very
similar in 2006 and 2007, but slightly lower in 2008 (Table 1). In
addition, low wind speeds (<8 km h™!) were slightly more frequent
in 2008 than in 2006—2007 while relatively higher wind speeds
were less frequent in 2008 than in 2006—2007. As a result, one may
expect higher BC concentrations in 2008 than in 2006 and 2007.
However, as can be seen from Fig. 5, it is very clear that for most
wind speed classes mean BC concentrations in 2008 were lower
compared with 2006—2007. The low wind speed class 0—4 km h™!
is the most representative of Granada local emissions, being less
influenced by regional and long range transport. The frequencies in

Table 1

Annual mean values and standard deviations of temperature, wind speed and
rainfall and number of rainy days in 2006, 2007 and 2008. The ranges in parentheses
represent the daily average minimum and maximum values.

Mean + standard deviation

2006 2007 2008
Temperature (°C) 17 £ 8 (1-35) 17 £7(1-32) 17 £ 7 (3-32)
Wind speed (km h™') 7 £5(0-31) 7 +4(0-27) 6 +5(0-31)
Rainfall (mm) 330(0.2—23.0) 217 (0.2-22.0) 289 (0.2—-23.0)
Number of rainy days 69 57 62

I 2006
E= 2007 4
2008

BC (ug m")

[T

K% = - N

4-8 8-12 12-16 16-20 20-24 24-28 28-32
Wind Speed (Km h™)

Fig. 5. BC concentrations as function of wind speeds for 2006, 2007. The error bars are
standard deviations.

this wind speed class were 29.6, 31.7 and 30.5% in 2006, 2007 and
2008, respectively. Wind speeds in this low wind speed class were
more frequent in 2007 than 2006 and as expected the BC concen-
trations in this low wind speed class increased by 9% in 2007 versus
2006. Nevertheless, although wind speeds in this class were
somewhat more frequent in 2008 than in 2006, the BC concen-
trations in 2008 decreased by 8% with respect to 2006. Thus, the
results indicate that the inter-annual variation in wind speed is not
responsible for the reduction of BC in 2008.

Now we investigate if the BC concentrations reduction in 2008
was caused by change in air mass patterns between years 2006,
2007 and 2008.

In Fig. 6a the annual frequencies of air mass types that affected
our study area during 2006, 2007 and 2008 are shown. The air mass
types were classified according to the sector classification method
proposed by Toledano et al. (2009). As we can see from this figure
there were a significant change in air masses patterns between
years 2006, 2007 and 2008. During 2006, most of the air masses
correspond to Northern sector (29%), while those originated from
local and Mediterranean Sea were less frequent (12%). A rather
significant fraction (23%) corresponds to air masses from southern
and western directions. During 2007, the situation changed and the
air masses originated in the southern sector were the most frequent
(40%) followed by those originated in the Northern sector (28%) and
Western sector (16%). The air masses coming from the Eastern and
Local sectors were less frequent in this year (6% and 8%, respec-
tively). During 2008, the situation changed again and most of the
air masses originated from southern sector (30%). Air masses from
Northern and Western sectors were also quite frequent (26%) on
2008. As during 2006 and 2007, air masses from Eastern and Local
sectors were less frequent on 2008 (8% and 9%, respectively). In
order to examine if the BC concentrations reduction in 2008 was
related to the change in air mass patterns, in Fig. 6b we present BC
concentrations observed at Granada as function of the origin of air
masses for 2006, 2007 and 2008. Obviously, BC concentrations are
strongly affected by the air mass origin. In each year of the analysed
period, the highest BC concentrations were observed for local air
masses and the lowest were obtained during Atlantic air masses
arrivals. Intermediate BC concentrations were associated to
Southern, Eastern and Northern advections. This suggests that local
sources, dominated by traffic, contributed to a large fraction of BC
concentrations in Granada during the study period. Another
interesting feature evident in Fig. 6b is that, for all air masses types,
BC concentrations in 2008 were lower compared with 2006 and
2007, suggesting a regional and local decrease in BC concentrations
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in 2008. For local air masses class, where local sources are domi-
nant, the reduction in BC concentration from 2006 and 2007 to
2008 was the largest (21%). For air mass arriving from Atlantic the
relative reduction in BC concentration from 2007 to 2008 was the
lowest (3.7%). These results suggest that variations in inter-annual
long range transport cannot be solely responsible for the BC
concentrations reduction in 2008.

Thus, the reduction in BC concentrations in 2008 is probably
associated with a decrease in local and regional emissions of BC
particles, rather than to changes in meteorological conditions.

It should be noted that the quantity of anthropogenic BC
particles emitted by fossil fuel combustions depends on how effi-
ciently the fuel is burned in addition to the amount and type of
consumed fuel (Bond et al., 2006b). According to data provided by
Corporation of strategic Reserves of oil-based products (www.
cores.es), diesel fuel accounted for 85.5% (85.3% in 2007) and
gasoline fuel for 14.5% (14.7% in 2007) of total consumption of fuels
at Granada during 2008, indicating no significant change in the
type of fuels consumed. Nevertheless, as a result of the economic
crisis that started in early 2008, the fuels consumption during this
year at Granada, and at Spain in general, decreased with respect to
2007 (www.cores.es). In fact, according to data provided by the
Corporation of strategic Reserves of oil-based products, the
economic decline dragged Spain’s oil products consumption down
by 3.3% in 2008 (www.cores.es). Also, due to this economic crisis
diesel and gasoline fuels consumption in Spain in 2008 decreased
by 3.3% and 6%, respectively, with respect to 2007. At Granada,

diesel fuel consumption was 662,494 tonnes in 2007 and decreased
by about 6% to 618,643 tonnes in 2008, while gasoline fuel
consumption was 124,466 tonnes in 2007 and decreased by 8%—
114,467 tonnes in 2008. Furthermore, diesel and gasoline fuel
consumption was lower in 2008 than in 2007 for almost every
month of the year (wWww.cores.es). In addition, the consumption of
fuel oil used in domestic heating was 58,998 tonnes in 2007 and
also decreased by 6% to 55,413 tonnes in 2008. Thus, assuming that
no appreciable change in emissions controls has occurred at
Granada and at Spain in general during the analysed period, the
decline in the fuel consumption during 2008 would results in
a decrease in BC emissions. Therefore, the reduction in atmospheric
BC concentrations during 2008 can be partly explained by the
decrease in BC emissions, due to the decrease in fuel consumption
in Granada and in Spain in general as a result of the economic crisis.
Furthermore, due to this economic crisis the emissions of other
pollutants in Spain in 2008 have also decreased markedly,
according to the pollutants emissions inventory report of the
Ministry of Environment (MAMR, 2010). According to this report,
the emissions of carbon monoxide, CO, nitrogen oxides, NOy,
sulphur dioxide, SO,, particle matter, PMyp and PM, s, have been
decreased by 4.2%, 12.2%, 54.6%, 8.7% and 6.8%, respectively, in 2008
compared to 2007, which would leads to a decrease in the levels of
these pollutants in the atmosphere. Thus, these results suggest that
the economic crisis has a positive impact on reducing potential
human exposures to BC and other pollutants. In addition, the
results also indicate that the reduction in BC emissions results in
a rapid reduction in its level in the atmosphere.

4.3. Seasonal variation of black carbon concentrations

Besides the inter-annual variation, BC concentrations also
exhibited clear seasonal variation, evident in Fig. 7, which presents
monthly BC concentrations observed at Granada during the years
2006, 2007 and 2008. The Monthly mean BC concentrations
were relatively high in winter (December—February) and autumn
(September—November) and low in summer (June—August) and
spring (March—May), with the highest concentrations in winter
and the lowest in summer. This BC concentration seasonal cycle
persisted through the three-year observation period (Fig. 7). The
seasonally-averaged BC concentrations for the entire analysed
period were 4.4 + 1.7, 2.4 £ 0.9, 2.0 = 0.7 and 3.1 £ 1.3 pg m > for
winter, spring, summer and autumn, respectively. The average BC
concentration in winter was more than twice that computed in
summer. The winter average BC concentration (4.4 + 1.7 pg m—)
was 48% higher than the three-year average (3.0 + 1.5 pg m—3)
whereas the summer average BC concentration (2.0 + 0.7 pg m—3)
was 33% lower than the overall mean, suggesting that the health
risk due to BC exposure in winter is higher than in summer. This
seasonal variation in BC concentrations is similar to the seasonal
variations in other aerosol properties observed in the study area
(Lyamani et al., 2010). These seasonal variations are likely due to
a combination of changes in emissions rates and seasonal meteo-
rology (Lyamani et al., 2010). Similar seasonal variations in BC
concentrations have been observed in other urban areas (e.g.
Ramachandran and Rajesh, 2007; Yttri et al., 2007; Kirchstetter
et al, 2008; Cao et al, 2009; Saha and Despiau, 2009), with
higher BC concentrations in winter. Theses authors attributed the
high BC concentrations observed in winter to the increase in BC
emissions due to the increase in anthropogenic activities associated
with domestic heating and to unfavourable meteorological condi-
tions like shallow atmospheric boundary layer and low wind speed.
Furthermore, the monthly mean BC concentrations were lower in
2008 than in 2006 and 2007 for almost every month of the year as
can be seen clearly in Fig. 7. The decrease in BC concentrations in
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Fig. 7. Monthly mean black carbon concentrations measured at Granada for: (a) 2006,
(b) 2007 and (c) 2008. Line within box is the monthly median value; square symbol is
the monthly mean value; Top and Bottom of box are the 25th and 75th percentiles,
respectively; ends of the whiskers are the 5th and 95th percentiles, respectively.

2008 was reflected not only in the monthly mean BC but also in the
high BC levels, as indicated by 75th and 95th percentiles.

4.4. Diurnal and weekly variations in BC concentrations
Fig. 8 shows the mean diurnal variation of BC concentrations

measured in Granada in 2006, 2007 and 2008. As a common feature,
all years exhibited a clear diurnal pattern of BC concentrations, with
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Fig. 8. Annually mean diurnal variations of BC concentrations for 2006, 2007 and
2008. Each point represents the average BC concentration for that hour for the
respective years.

two maxima and two minima within a day. The BC concentration
started to increase gradually from early morning around 4 GMT,
reaching a sharp peak around 7—8 GMT. Then decreased and
attained the diurnal minimum in the afternoon around 14 GMT.
During late afternoon BC concentration increased again and reached
maximum around 19—20 GMT. The morning and evening peaks in
BC concentrations are primarily related to the elevated road traffic
emissions during the morning and evening traffic rush hours. On
other hand, the steady decrease in BC concentrations after the
morning peak can be attributed to the enhanced vertical and hori-
zontal diffusion of aerosols, due to gradual increase in boundary
layer height and wind speed, in addition to the relative decrease in
traffic. A drastic decrease in traffic, the main source of BC in the
study area, after around 23 h may be responsible for low BC
concentrations observed from midnight to early morning. Similar
diurnal variations in BC concentrations have been also observed in
other Spain urban areas (Rodriguez and Cuevas, 2007; Rodriguez
et al., 2007, 2008; Ferndndez-Camacho et al., 2010; Peréz et al.,
2010) and in worldwide urban sites (Ruellan and Cachier, 2001;
Latha and Badarinath, 2005; Baumgardner et al., 2007; Safai et al.,
2007; Saha and Despiau, 2009; Dutkiewicz et al., 2009).

An interesting feature of Fig. 8 is that diurnal variations in BC
were similar in 2006, 2007 and 2008, with similar timing of the
peaks and minima, indicating similar features in source emissions

I 2006
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Fig. 9. Mean weekly variations of BC concentrations measured in Granada for 2006,
2007 and 2008. The error bars are standard deviations.
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and atmospheric boundary layer dynamics. However, it is evident
that at every hour of the day the BC concentrations were always
lower in 2008 compared with 2006 and 2007 (Fig. 8). This reduc-
tion was more pronounced during morning and evening traffic rush
hours, when BC concentrations were highest. A Mann—Whitney
test at 0.05 significance level shows that in the morning (6—10
GMT) and evening (18—21 GMT) rush hours the BC concentration
difference between 2006 and 2007 is statistically no significant and
that BC concentration in 2008 in these rush hours tends to be less
than in 2006—2007. Therefore, the reduction in BC concentrations
in 2008 was most likely due to a decrease in the emissions sources
(e.g. traffic).

Fig. 9 shows the average BC concentrations by day of week
measured in Granada for 2006, 2007 and 2008. BC concentrations
in the study area showed a pronounced weekly cycle, which per-
sisted throughout the 3-years observation period. In all years, the
BC concentrations were higher on workdays (Monday—Friday) and
lower on weekends (Saturday and Sunday), with the lowest BC
concentrations occurring on Sunday. The weekend BC concentra-
tions reductions remained relatively constant at about 30% in the
3-years analysed period. This significant reduction in BC concen-
trations during weekends is related to a decrease in human activ-
ities and commuter traffic during weekends due to holidays for
offices, schools. A weekly cycle for BC concentrations with a Sunday
minimum has also been found in other urban areas (Jarvi et al,,
2008; Kirchstetter et al., 2008).

This weekly feature was observed in all seasons as can be seen in
Fig. 10. It is interesting to note that the relative weekly variation of
BC concentration is higher in summer, when the average working
day BC concentration was 1.5 times higher than on weekends, while
in winter this ratio decrease to 1.2. However, concerning the
absolute differences we can see that in winter the average working
days BC concentration was 0.89 pg m— higher than on weekends,
while in summer this difference decrease to 0.69 pg m~3. This
seasonal difference in the weekly cycle is due to the high BC
baseline concentration in winter due to the increase in the
anthropogenic activities associated with domestic heating.
Furthermore, in winter the reduction of the urban activity during
the weekends affects not only to the traffic but also to the central
heating use in working spaces in the city. Kirchstetter et al. (2008)
also observed significant seasonal change in weekly BC concen-
trations at California, USA.

Besides a weekly cycle, the BC concentrations on every day of
the week in 2008 were lower compared to those in 2006 and 2007

(Fig. 9). Again we have applied a Mann—Whitney test at 5%
significance level to compare BC concentrations in working days
obtained in 2006, 2007 and 2008. We also applied this test to
weekends BC data obtained on these three years. This test confirms
that BC concentrations in working days as well as in weekends in
2008 tend to be less than in 2006—2007. On working days, the
mean BC concentrations were quite similar in 2006 and 2007
(3.5 + 1.4 pgm~3,and 3.3 + 1.6 ug m 3, respectively) and decreased
by 15—20% to 2.8 + 1.4 ug m > in 2008. On weekends, the mean BC
concentrations were the same (2.5 + 1.4 ng m—>) during 2006 and
2007, respectively, and decreased by 12% to 2.2 + 1.3 ug m™ in
2008. Thus, the decrease in BC concentrations in 2008 was more
pronounced during working days, when traffic emissions are
expected to be higher. Jdrvi et al. (2008) have analysed the effect of
different meteorological variables (wind speed, temperature, mix-
ing height etc.) and traffic on BC concentrations measured during
working days and weekends. These authors showed that on
working days the traffic had clearly the most important influence
on BC concentrations, whereas on weekends the wind speed had
the strongest influence. Thus, the decrease in BC concentrations in
2008 was most likely due, at least partly, to the reductions in traffic-
related emissions.

5. Conclusions

In this study we have investigated BC concentrations in an urban
area, Granada (Spain), from December 2005 to November 2008. The
daily mean BC concentrations showed considerable day-to-day
variations and were found to vary from 0.5 ug m—> to 8.6 ug m—>,
with an overall mean and standard deviation of 3.0 + 1.5 ug m>.
This large variability in BC concentrations was related to variations
in emissions sources and meteorological conditions.

Annual BC concentrations were quite similar during 2006 and
2007 (3.2 + 1.4 pg m~3 and 3.1 + 1.6 pg m—3, respectively), but
experienced a decrease of approximately 16—18% to 2.6 + 1.4
pg m~—> in 2008 compared to the two previous years. This reduction
was observed, not only in the mean value, but also in the median,
third and first quartile. In addition, the reduction in BC concen-
trations in 2008 was observed for almost every month of the year.
A Mann—Whitney test at 0.05 significance level shows that the BC
concentration difference between 2006 and 2007 is statistically no
significant and that BC concentration in 2008 tends to be less than
in 2006—2007. After checking the role of meteorological parame-
ters in the BC concentrations, we can state that the reduction in BC
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mass concentrations in 2008 is a result of the decrease in traffic-
related emissions. Thus the reduction in BC concentration is
directly related to the decline in fuels use as a result of economic
crisis, rather than to a drastic change in meteorological conditions.
The impact of the economic crisis on BC concentrations was more
pronounced under conditions of local source dominance.

Furthermore, the BC concentrations in winter were twice those
registered in summer, likely due to higher emissions caused by
domestic heating, less intense vertical mixing, and lower wind
speeds. This evident BC seasonal cycle persisted through the three-
year observation period. Besides the seasonal variation, in all
studied years BC concentrations also exhibited a pronounced
diurnal variation, with two local maxima occurring in early
morning and late evening. This diurnal cycle is mainly attributed to
the diurnal evolution of the atmospheric boundary layer and to
local anthropogenic activities. A strong weekly cycle was also
evident, with weekend BC concentrations significantly lower than
on weekdays, due to decreased traffic on weekend. There were no
differences between the daily and weekly patterns between 2006,
2007 and 2008, except for generally lower BC concentrations in
2008.
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