
at SciVerse ScienceDirect

Atmospheric Environment 62 (2012) 424e432
Contents lists available
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Aerosol properties over two urban sites in South Spain during an extended
stagnation episode in winter season

H. Lyamani a,b, J. Fernández-Gálvez a,b,*, D. Pérez-Ramírez a,b, A. Valenzuela a,b, M. Antón a,b, I. Alados c,
G. Titos a,b, F.J. Olmo a,b, L. Alados-Arboledas a,b

aCentro Andaluz de Medio Ambiente, Universidad de Granada, 18006 Granada, Spain
bDepartamento de Física Aplicada, Universidad de Granada, 18071 Granada, Spain
cDepartamento de Física Aplicada, Universidad de Málaga, 29071 Málaga, Spain

h i g h l i g h t s
< Study of an intensive and long-lasting aerosol event at regional level.
< Characterization of the atmospheric thermodynamic structure during this event.
< Drastic increase in the aerosol fine concentration during the stagnation episode.
< Increase in modal radius and width of fine particles mode due to growth processes.
< Unusual high single scattering albedo with neutral spectral dependence.
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a b s t r a c t

Columnar and ground level aerosol properties as well as mass concentrations of some gaseous pollutants
weremeasured at two urban sites (Granada andMálaga, South Spain) before, during and after an extended
stagnation episode from 7 to 13 February 2011. This long lasting event was associated with a very strong
and persistent blocking high-pressure system over the Iberian Peninsula, together with very intense and
persistent temperature inversions near the ground level. The columnar aerosol load at Granada showed
a significant increase during this stagnation episode as indicated by aerosol optical depth at 440 nm,
reaching values four times higher (0.6) than before and after the event. A significant increase in aerosol
load at night time was also evidenced by star photometer measurements. Similarly, pronounced
enhancement in columnar aerosol load was observed at Málaga, indicating the regional extension of this
event. Analysis of ground level measurements obtained at Granada showed a significant increase in
aerosol scattering coefficients and aerosol number concentrations during the stagnation episode.
Furthermore, the analysis of aerosol size distribution measurements has evidenced the large contribution
of fine particles at ground level as well as in the atmospheric column during the stagnation period. The fine
mode radius measured at Granada showed a large displacement towards larger sizes together with
a pronounced increase in the geometric standard deviation of the fine mode during the high pollution
event in the morning hours on 9 February. This was attributed to the growth of aerosol particles due to
coagulation and condensation processes as a result of the high fine aerosol load next to the surface fav-
oured by the high pressure system and thermal inversion on that day. This increases in the radius and
width of the fine mode results in more efficient scattering in the 440e1020 nm spectral range which, in
combination with nearly constant and low imaginary refractive index (0.002) leads to high single scat-
tering albedo with neutral spectral dependency. During the persistent temperature inversion episode the
daily European PM10 mass concentration limit (50 mg m�3) was exceeded in Granada for most days and in
Málaga for three consecutive days. Nevertheless, the mass concentrations of NO2, CO and O3 were below
the European thresholds with a noticeable decrease in O3 mass concentration at both sites.
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1. Introduction source. The topography of Granada favours the development of
thermal inversions in winter. Consequently, in combination with
Air pollution episodes occur inmany cities around theworld and
can pose a serious hazard to human health. Although anthropo-
genic emissions are the primary cause of atmospheric air pollut-
ants, other factors includingmeteorological conditions, topography,
temperature inversions, atmospheric chemical processes and solar
radiation can greatly influence the concentrations of pollutants in
the atmosphere (Fisher et al., 2001). In fact, elevated concentrations
of atmospheric aerosol and some gaseous pollutants usually occur
in urban areas during specific meteorological conditions such as
near-surface temperature inversion, high pressure system and low
wind (Choi et al., 2008). Throughout peak pollution episodes the
mass concentrations of some air pollutants can significantly exceed
national and international standards along with threshold values
established for protecting human health. The severity and duration
of an air pollution episode depend on the pollutant, emissions
intensity and meteorological conditions. Therefore, it is important
to understand the mechanisms leading to these air pollution
episodes.

Temperature inversions are one of the most crucial atmospheric
conditions directly linked with stagnation episodes, favouring low
horizontal and vertical dispersion of atmospheric pollutants. The
combination of a thermal inversion and a high pressure system in
addition to the increase in anthropogenic emissions lead to an
increase in the aerosol and gaseous pollutants concentrations near
the ground, and therefore to an increase in coagulation and
condensation rates which results in large change in the aerosol size
distribution (Wehner et al., 2002; Jacobson and Seinfeld, 2004;
Janhäll et al., 2006). The strength and persistence of inversions and
the characteristics of the atmospheric circulation during these
conditions are affected by different factors like geographic location,
regional and local topography and features of the urban area.
Severe pollution conditions are also observed during stagnant
anticyclonic conditions, which cause low wind-speeds and favour
pollutant accumulation in the lower atmospheric layers (Lyamani
et al., 2006a). Climate projections suggest that the frequency,
intensity and duration of stagnation events (low wind speed and
thermal inversion) are expected to increase in future, especially in
Europe and North America (Forster et al., 2007). Under these
extreme events the regional aerosol load and the concentrations of
some gaseous pollutants can undergo pronounced increase, and
thus lead to an increasing threat to human health.

This study focuses on the characterization of columnar and
ground level aerosol properties during an extended stagnation
event occurred in February 2011 at two urban sites, Granada and
Málaga (South Spain). Additionally, the degree of compliance with
the EU-legislated air quality standard for the different polluting
agents measured at both sites is checked.
2. Experimental sites and instruments

Measurements used in this study were obtained during 1e20
February 2011 at two cities, Granada (37.16� N, 3.58� W, 680 m
a.s.l.) and Málaga (36.72� N, 4.5� W, 40 m a.s.l.). Granada is a non-
industrialized and medium sized city with 250,000 inhabitants.
The city is located in a natural valley surrounded bymountains with
elevations between 1000 and 3350 m a.s.l. Granada’s climate is
Mediterranean-continental with low temperatures in winter and
high temperatures in summer. Major rainfall (361 mm yr�1) occurs
during winter and spring. Traffic (with a large proportion of diesel
vehicles) is the most important source of anthropogenic pollutants
in Granada (Lyamani et al., 2008, 2010). Domestic heating during
winter (based on fuel oil combustion), is an additional pollutant
the emission of pollutants, this topography favours a significant
accumulation of pollutants in the study area (Lyamani et al., 2008,
2010). Málaga is the major coastal city of the Andalusia region; it is
located about 150 km Southeast of Granada. The population of the
metropolitan area of Málaga is around 600,000 inhabitants. This
city is located in the Mediterranean coast, bordered to the North by
a highmountain range. The climate inMálaga is moderate, between
temperate and warm and it has low rainfall (550 mm yr�1). The
local anthropogenic pollutant source is mainly traffic. Due to its
location in the Mediterranean cost, one of the most important local
meteorological systems affecting the air quality in Málaga area is
the land-sea breeze (Millán et al., 1996).

Measurements of total columnar aerosol properties at day time
were obtained using CIMEL CE-318 sun photometers at Málaga and
Granada. Both instruments are part of the AERONET network
(Holben et al., 1998; http://aeronet.gsfc.nasa.gov/). This instrument
provides solar extinction measurements within the 340e1020 nm
spectral range and sky radiance measurements at 440, 670, 870
and 1020 nm using the almucantar and principal plane configura-
tions. The solar extinction measurements are used to compute the
aerosol optical depth (AOD) at 340, 380, 440, 670, 870 and 1020 nm
(Holben et al., 1998). The uncertainty in the retrieval of AOD under
cloud free conditions is �0.01 for wavelengths larger than 440 nm
and �0.02 for shorter wavelengths (Eck et al., 1999). The sky radi-
ance measurements in conjunction with solar direct irradiance
measurements at several wavelengths are used to retrieve aerosol
microphysical properties like columnar aerosol size distribution,
refractive index and single scattering albedo, u0A(l), using the
algorithm by Dubovik and King (2000) with improvements by
Dubovik et al. (2006). In addition, the inversion code provides other
parameters such as the volume concentration, modal radius and
standard deviation for fine and coarse modes of the retrieved
aerosol size distribution. For fine and coarse mode particles sepa-
ration the inversion code finds the minimum within the size
interval from 0.439 to 0.992 mm and uses this minimum as sepa-
ration point between fine and coarse mode particles. The uncer-
tainty of the AERONET inversion products is described by Dubovik
et al. (2000). These authors showed that the uncertainty in
the retrieval of u0A(l) is �0.03 for high aerosol load (AOD
(440 nm) > 0.4) and solar zenith angle > 50�. For measurements
with low aerosol load (AOD(440 nm) < 0.2), the retrieval accuracy
of u0A(l) drops down to 0.02e0.07 (Dubovik et al., 2000). For high
aerosol load (AOD(440 nm) > 0.4) and solar zenith angle > 50�,
errors are about 30%e50% for the imaginary part of the refractive
index. Errors in aerosol size distribution retrievals dependent on
particle size, aerosol type and actual values of the size distribution.
For particles in the size range 0.1 < r < 7 mm, retrieval errors are
around 10e35%, while for sizes lower than 1 mm and higher than
7 mm retrieval errors rise up to 80e100%. In this work, the AERONET
data of level 2 are used, unless otherwise indicated.

Columnar atmospheric aerosol properties during night time
were obtained at Granada by a star photometer EXCALIBUR (Pérez-
Ramírez et al., 2008). This instrument provides star extinction
measurements at 380, 436, 500, 670, 880 and 1020 nm, which
were used to compute the AOD at each wavelength using the
methodology described by Pérez-Ramírez et al. (2011). Calibration
of the instrument was performed twice a year in Calar Alto
Astronomical Centre (37.2� N, 2.5� W, 2168 m a.s.l.) following
Pérez-Ramírez et al. (2011). The spectral star photometer AOD was
screened for clouds with the methodology developed by Pérez-
Ramírez et al. (2012). The estimated uncertainty in the star
photometer AOD is 0.02 for l < 800 nm and 0.01 for l > 800 nm
(Pérez-Ramírez et al., 2011).

http://aeronet.gsfc.nasa.gov/
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Moreover, the scattering coefficient (ssp) was measured with an
integrating nephelometer (model 3563, TSI) at three wavelengths
450, 550 and 700 nm. Calibration of the nephelometer was carried
out three-four times a year using CO2 as high span gas and filtered
air as low span gas. The last calibration before February 2011 was
done on November 2010. Calibrations constants changed less than
2% between consecutive calibrations with negligible influence on
the results. The averaging time was set to 5 min and the zero signal
was measured hourly. The scattering data were corrected for
truncation errors according to Anderson and Ogren (1998). Particle
size distribution and concentration measurements were conducted
by an Aerodynamic Particle Sizer (APS-3321, TSI). This instrument is
an optical particle counter that measure particle diameter and
aerosol concentration, in real time, in 52 nominal size bins in the
0.50e20 mm diameter range. Air sampling for all the optical
instruments was obtained from the top of a stainless steel tube,
20-cm diameter and 5 m length located at about 15 m above the
ground (Lyamani et al., 2008, 2010). Measurements were per-
formed with no aerosol size cut-off and no heating was applied to
the sampled air.

It is well known that the scattering by aerosol particles strongly
depends on the relative humidity (RH) showingminimumvariation
for RH < 50% and a sharp increase for RH > 80% (Anderson and
Ogren, 1998; Xu et al., 2002). From 1 to 13 February 2011, the
relative humidity inside the nephelometer chamber was below 45%
while after this period ranged from 30 to 60% with 95% of RH data
below 50%. Thus, the scattering coefficient results presented here,
especially those obtained from 1 to 13 February, can be considered
not influenced by RH. On other hand, the APS does not provide RH
measurements of the sampled air. However, as the temperature of
the air sampled by the APS was higher than the sampled by the
nephelometer, the RH inside the APS was below 60%. Thus, the APS
results presented here can be also considered independent of RH.

Information about the duration and strength of temperature
inversion episodes near the surface was obtained from the analysis
of the vertical temperature profiles measured by a ground-based
multi-frequency passive microwave radiometer (HATPRO, Radi-
ometer Physics GmbH). In addition, troposphere ozone, O3, carbon
monoxide, CO, sulphur dioxide, SO2, nitrogen oxides (NO, NO2 and
NOx) and PM10 (particles with aerodynamic diameter below 10 mm)
mass concentration data were used. These data were collected by
Fig. 1. Synoptic chart of surface pressure at mean
the Andalusian air quality monitoring network at a suburban traffic
influenced air quality station in Granada (37.19� N, 3.61� W) and at
an urban traffic influenced air quality station in Málaga (Carranque;
36.72� N, 4.45� W) were also used.

3. Analysis and interpretation of results

3.1. Synoptic situation and atmospheric temperature profiles

The meteorological analysis of the studied period shows
a synoptic situation mainly governed by high-pressure systems
moving from the Atlantic to the Iberian Peninsula and the Medi-
terranean during the first two weeks of February 2011. From 14 to
18 February the Peninsula is slightly influenced by a low pressure
system from the Northeast Atlantic, which declined its influence on
19 and 20 February. Fig. 1 shows the surface pressure at mean sea
level for 9 and 14 February 2011 generated by NOAA Air Resources
Laboratory (http://ready.arl.noaa.gov/). Fig. 1a is representative of
the conditions prevailing from 5 to 13 February. Small pressure
gradients took place over the Peninsula during these days coin-
ciding with the period when the high-pressure systemwas located
over Spain. This situation blocks the entry of air masses from the
Atlantic and promotes stagnation conditions, reducing the venti-
lation of the atmosphere. The pressure gradient at the surface over
the Iberian Peninsula was very low and consequently there was an
absence of wind with cloudless and dry conditions. On 14 February
the synoptic situation changed drastically with a low-pressure
system centred over the North Atlantic, allowing the entry of
clean Atlantic air masses in the Peninsula and leading to the end of
the stagnation period (Fig. 1b). This synoptic situation was also
associatedwith 35mmaccumulated rainfall from 14 to 17 February.

Fig. 2 shows a contour plot representing the atmospheric
temperature profiles measured by the passive microwave radiom-
eter from 7 to 13 February at Granada. Although temperature
profiles at 15min time-resolution are available up to 10,000m a.g.l.,
only data for the first 1100 m a.g.l. are presented to highlight the
characteristics of the lower atmosphere. During this period,
atmospheric thermal inversions normally occurred from midnight
until the first half of each day. The duration, height and severity of
these thermal inversions varied widely among these days. Thermal
inversion on 9 February was particularly long lasting (from 03:00 to
sea level for 9 (a) and (b) 14 February 2011.

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


Fig. 2. Contour plot of the atmospheric temperature profiles up to 1100 m a.g.l. at
Granada from 7 to 13 February 2011.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1
 
F

e
b

3
 
F

e
b

5
 
F

e
b

7
 
F

e
b

9
 
F

e
b

1
1
 
F

e
b

1
3
 
F

e
b

1
5
 
F

e
b

1
7
 
F

e
b

1
9
 
F

e
b

2
1
 
F

e
b

Fig. 3. Aerosol optical depth at 440 nm measured at Granada (during night and day
time) and at Málaga (day time) from 1 to 20 February 2011. Shaded areas mark
weekend days.
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12:00 UTC) and severe (temperature at 740 m a.g.l. was nearly 5 K
warmer than at surface level); extending until midday and with
larger intensity at around peak morning traffic (8:15 UTC).
Conversely, there were no thermal inversions in the first 3 days of
February and from 4 to 6 there were less intense inversions
(temperature at 700 m a.g.l. was 4 K warmer than at surface level,
figure not shown) in the early morning compared to the ones
observed from 7 to 13 February. On the other hand, the lower
pressures affecting the Peninsula since 14 February promotes
ventilation of the atmosphere, avoiding thermal inversion devel-
opment during these days.
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Fig. 4. Angström exponent, a (440e870 nm) measured at Granada (night and day
time) and Málaga (day time) from 1 to 20 February 2011. Shaded areas mark weekend
days.
3.2. Atmospheric aerosol columnar characteristics

The AOD (440 nm) measured at Granada (day and night time)
and at Málaga (day time) during 1e20 February 2011 have a similar
temporal evolution as shown in Fig. 3. It can be noticed that there is
a significant day-to-day variability in AOD (440 nm) at both sites:
values registered in Málaga ranged from 0.05 to 0.50 and those
from Granada varied from 0.05 to 0.60 at day time and 0.06 to 0.50
at night time. High values of AOD were observed during the long
lasting event from 7 to 13 February at both sites with peak values
between days 8 and 10. Moreover, it is important to note the
increase in the minimum aerosol load from 7 to 13 February as
compared with previous and following days. In fact, there is
a fivefold increase in theminimumAOD, from approximately 0.05e
0.25 on 6 and 9 February respectively. This large increase in AOD
was associated to stagnation of air masses which favoured the
accumulation of particles in the atmosphere and consequently
produced an increase in AOD; particularly from 8 to 10 February.
At the end of this episode the arrival of clean air masses from the
Atlantic (Fig. 1b) produced a sharp decrease in AOD, reaching
values close to those before the episode (<0.20).

Additional information on aerosol properties over the studied
areas can be obtained from the analyses of the Angström exponent,
a (Angström,1929). This parameter is a basicmeasure of the aerosol
size distribution; large values (around 2) indicate the prevalence of
fine particles from urban-industrial and biomass burning sources,
while low values of a (around 0) are related to coarse particles such
as desert dust and marine aerosols (Dubovik et al., 2002). The
Angström exponent a (440e870 nm) computed using AOD in the
range 440e870 nm was used in this study. As in the case of AOD,
a (440e870 nm) showed a similar pattern at both sites (Fig. 4).
During the 7e13 February intense stagnation episode, a (440e
870 nm) varied between 1.1 and 1.9 with a mean value of
1.6 � 0.1 at Málaga during day time, while night time values (day
time values) at Granada ranged from 1.1 to 2.0 (1e2) with a mean
value of 1.8 � 0.3 (1.7 � 0.2). The large AOD in combination with
the high a (440e870 nm) values are a clear indication of a large
contribution of fine particles to the columnar atmospheric aerosol
load during this episode. Similarly, high a (440e870 nm) values
were observed at both sites before this intense event (from 1 to 6
February), also indicating the predominance of fine particles on
these days; nevertheless the aerosol load was much lower than
throughout the intense stagnation period. Since 14 February, there
is a drastic change with a significant decrease in a (440e870 nm)
down to values lower than 1, indicating a decrease in the contri-
bution of aerosol fine particles to the aerosol load during this
period.

The columnar aerosol volume size distributions obtained at
Granada and Málaga from 1 to 13 February were bimodal with
prevalence of fine mode particles, especially during the stagnation
period. After 13 February, the retrieved aerosol size distributions at
both sites were also bimodal but with predominance of coarse
mode particles, in agreement with a (440e870 nm) values.
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Nevertheless, differences in the main features of aerosol size
distributions (concentration, radius mode and the width of the fine
and coarse modes) between the two cities, primarily due to the
differences in aerosol source strength, were also observed. Other
factor contributing to these differences are topography, wind speed,
wind direction, relative humidity and temperature. Fig. 5 shows
representative columnar aerosol volume size distributions for
selected days before, during and after the intense stagnation
episode at Málaga and Granada. Columnar volume size distribu-
tions show interesting features, evidencing the clear dominance
and the large increase in the fine mode concentration at both sites
during the intense stagnation episode. In fact, there was a signifi-
cant increase in the fine mode concentration at both sites from
values lower than 0.02 mm3 mm�2 before 7 February to values up to
0.08 mm3 mm�2 on days 8e10, and decreasing to previous values
after 13 February. Its worth noting that the finemode concentration
values obtained at both sites during the intense stagnation episode
are similar to those obtained by Lyamani et al. (2006b) at Granada
during the severe heat wave that affected Western Europe during
August 2003 (0.02e0.09 mm3 mm�2). The shape of the size distri-
butions, the location of the fine mode radius (0.17e0.20 mm) and
the geometric standard deviation of the fine mode (w0.50) did not
experience significant changes during the studied period at Málaga
(Fig. 5a). Moreover, there was a good agreement with the
a

b

Fig. 5. Columnar aerosol volume size distribution obtained for selected days before,
during and after the stagnation episode at Málaga (a) and Granada (b).
climatology values of fine mode radius (0.12e0.21 mm) and the
geometric standard deviation of the fine mode (0.38e0.46 mm)
reported for urban industrial aerosol by Dubovik et al. (2002).

The most interesting result arising from the comparison of the
fine mode size distributions obtained at Granada is the shift
towards larger size particles in the morning hours on 9 February
(Fig. 5b). There was a displacement of the fine mode radius from
0.15 mm before 9 February to 0.26 mm at 9:30 UTC on 9 February; at
13:30 UTC the finemode radius goes back to the initial values as the
previous days (figure not shown). In addition, the geometric stan-
dard deviation of the finemode observed at Granada at 9:30 UTC on
9 February (0.63) was higher as compared to the rest of the days
(0.45e0.50 mm). The fine mode radius obtained in the morning
hours on 9 February at Granada (0.26 mm) is larger than the
maximum value of 0.21 mm reported for urban-industrial aerosol
(for AOD (440 nm) > 1) by Dubovik et al. (2002). This fine mode
radius was similar to the one reported for high pollution episodes
(with AOD (440 nm) > 1) at Anmyon Island in South Korea (Eck
et al., 2005). Nevertheless, for AOD (440 nm) around 0.5, similar
to the ones obtained at Granada during the morning hours on 9
February, the fine mode radius measured at Granada is much larger
than the reported values by Dubovik et al. (2002) and Eck et al.
(2005) for anthropogenic aerosol (0.17 mm). The geometric stan-
dard deviation of the fine mode size distribution in the morning
hours on 9 February at Granada (0.63 mm) is also larger than re-
ported values (0.38e0.46 mm) for urban-industrial aerosol
(Dubovik et al., 2002). The combination of a high pressure system
and a thermal inversion favouring low vertical and horizontal
pollutants dispersion in addition to the increase in anthropogenic
emissions (mostly from traffic) lead to an increase in the aerosol
and gaseous pollutants concentrations near the ground, and
therefore to an increase in coagulation and condensation rates
which may explain the increase in radius and width of the fine
mode size distributions at Granada in the morning hours on 9
February. The shift in the fine mode particle size to larger sizes
observed in Granada on that day is not evidenced in Málaga
(Fig. 5a), may be because the intensity of the thermal inversion at
the Málaga coastal site was lower than at Granada.

The single scattering albedo, u0A(l), is a key parameter for the
estimation of the direct radiative impact of aerosols. This parameter
is defined as the ratio of the scattering and the extinction coeffi-
cients. It depends on the relative source strengths of the various
aerosol substances; purely scattering particles (e.g. sulphates)
exhibit values of 1, while very strong absorbers (e.g. black carbon)
can have values of 0.2 (Schnaiter et al., 2003). Due to the strong
limitations imposed by the AERONET inversion algorithm (AOD
(440 nm) > 0.4 and solar zenith angle > 50�) and the reduced
sampling of sky radiances (almucantar sky radiance measurements
at 1 h interval) as well as the presence of clouds during measure-
ments, there was only one u0A(l) level 2 retrieval at Granada, cor-
responding to the size distribution on 9 February shown in Fig. 5b.
For the same reasons, there were no u0A(l) retrievals in the level 2
category at Málaga. Thus, for comparing u0A(l) values at both sites,
the AERONET level 1.5 cloud screenedu0A(l) retrieved forMálaga at
9:34 UTC on 8 February, corresponding to size distribution shown
in Fig. 5a, was used. The inversion retrieval in this case did not
passed the AERONET level 2 threshold for aerosol load (AOD
(440 nm) > 0.4) but it was just slightly lower (AOD
(440 nm) ¼ 0.39), while the solar zenith angle (66�) was above the
AERONET threshold.

Fig. 6 shows the retrieved u0A(l) values for Málaga and Granada
on 8 and 9 February respectively. The spectral dependence of u0A(l)
obtained at Granada and Málaga were significantly different. The
u0A(l) values (at all wavelengths) in Málaga were lower than in
Granada, indicative of a higher contribution of absorbing aerosol



Fig. 7. Aerosol fine mode concentration (bottom) and atmospheric temperature
gradient (DT/DZ) in the first 100 m a.g.l. (top) measured at Granada from 1 to 20
February 2011. Shaded areas mark weekend days.

Fig. 6. Single scattering albedo retrieved for Granada and Málaga on 9 and 8 February
respectively.
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(especially black carbon) to the aerosol load in Málaga. As can be
observed in Fig. 6, u0A(l) for Málaga sharply decreased with
wavelength from 0.94 at 440 nm to 0.85 at 1020 nm, according to
the spectral variation characteristic of urban-industrial aerosols
(Dubovik et al., 2002; Lyamani et al., 2006b). The retrieved u0A(l)
for Málaga are close to the reported values for urban-industrial
aerosols by Dubovik et al. (2002) for Paris, France (0.94 at
440 nm and 0.91 at 1020 nm), Mexico City (0.90 at 440 nm and 0.83
at 1020 nm) and Maldives (0.91 at 440 nm and 0.84 at 1020 nm).
These values are also in agreement with those obtained in Granada
(0.91 at 440 nm and 0.83 at 1020 nm) under anthropogenic
pollution conditions during the severe 2003 summer heat wave
(Lyamani et al., 2006b). Conversely, u0A(l) at Granada did not show
the spectral variation (decrease with wavelength) characteristic of
urban-industrial aerosols (Dubovik et al., 2002; Eck et al., 2005;
Lyamani et al., 2006b). In fact, u0A(l) for Granada shows neutral
spectral dependence, which is the typical characteristic of desert
dust (Dubovik et al., 2002). The imaginary refractive index in this
case was low (0.002) with neutral spectral dependence. The u0A(l)
increasing with wavelength or with neutral spectral dependence
are usually retrieved under dusty conditions at Granada (Lyamani
et al., 2006b; Mladenov et al., 2011; Valenzuela et al., 2012a,b). In
absence of desert dust or in situations dominated by anthropogenic
or biomass burning particles, u0A(l) usually shows a sharp decrease
with wavelength at Granada (Lyamani et al., 2006b; Mladenov
et al., 2011). Thus, the u0A(l) neutral spectral behaviour observed
at Granadamay be due to the presence of desert dust over the study
area. However, air-mass backward-trajectories from the HYSPLIT
model (http://ready.arl.noaa.gov/HYSPLIT.php) show that at the
time of the u0A(l) retrieval on 9 February Granada was affected by
European-Mediterranean air masses (source of anthropogenic
aerosol) and that these air masses have not passed over North
Africa (source of desert dust), indicating that the site was not
influenced by the advection of desert dust from North Africa. This
was also confirmed by TOMS and MODIS satellite images not
showing desert dust over the area on 9 February. In addition, the
columnar aerosol size distribution at the time of the u0A(l) retrieval
reveals the predominance of the fine mode (Fig. 5b) and no
significant presence of desert dust (dominated by particles in the
coarse mode) over Granada. The high u0A(l) value (0.98) along with
the flat spectral dependence at Granada result from the combina-
tion of nearly constant and low imaginary refractive index and the
very large size and broad distribution of particles in the fine mode,
which results in higher scattering efficiency in the 440e1020 nm
range. Similar spectral u0A(l) behaviour was observed by Eck
et al. (2009) for biomass burning aerosols (dominated by fine
particles) in Alaska and Bonanza (Greek) and was also attributed to
large particle sizes in the fine mode.
3.3. Aerosol optical and physical properties at ground level

Aerosol optical and physical properties at ground level were
only available at Granada. The particle number concentrations have
been integrated from the number size distributions measured by
the APS for two different intervals: the fine mode (aerodynamic
diameter between 0.5 and 1.0 mm) and the coarse mode (aero-
dynamic diameter >1.0 mm). Fig. 7 shows hourly average values of
the fine mode concentration (NF) measured at surface level and the
temperature gradient (DT/DZ) in the first 100 m a.g.l. during 1e20
February 2011. Positive and negative values of DT/DZ correspond
to thermal inversion and non inversion conditions respectively. As
can be observed in Fig. 7, there were temperature inversions during
the night and early morning from 1 to 13 February, with longer
duration corresponding to days between 7 and 13 February. It is
important to note that thermal inversions were more severe
(higher DT/DZ) during weekends (Sunday 6 and 13 February). From
14 February there was a drastic change in the atmospheric condi-
tions preventing the formation of thermal inversions within the
following week.

Consequently, from7 to 13 February thefinemode concentration
at the surface showed a large increase in agreement with results
from the entire atmospheric column. Moreover, there is a sharp
enhance in NF during days 8e10 as a result of the combination of
severe thermal inversion in coincidence with peak traffic emission
on these work days, particularly on 9 February when thermal
inversion extended until 12:00 UTC. Before the stagnation episode,
NF had a mean value around 10 cm�3, raising up to 85 cm�3 on 9
February and decreasing below 5 cm�3 after 13 February due to
the entry of clean air masses from the Atlantic. Although there is
a small increase in the coarse mode concentration (aerodynamic
diameter >1.0 mm) at the surface around 9 February with a peak
value on that day, the concentration for this mode does not show
significant changes throughout the period (figure not shown).
Before 13 February there was a predominance of fine particles and
thereafter the contribution of coarse particles to aerosol load

http://ready.arl.noaa.gov/HYSPLIT.php
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Fig. 9. Aerosol scattering coefficient at 550 nm (a) and scattering Angström parameter
(b) measured at Granada from 1 to 20 February 2011. Shaded areas mark weekend
days.
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increases at the surface due to a decrease in the fine particle
concentration. Although thermal inversions were more severe on
6 and 13 February (weekend days), NF was much lower than on 9
February. This is explained by the decrease in anthropogenic
emissions to the atmosphere on weekend days (i.e. traffic
emissions). In fact, Lyamani et al. (2010) already found a signifi-
cant decrease in NF during weekends compared to work days using
2-year data from Granada.

The drastic changes in the modal radius and concentration of
the columnar finemode particles observed in themorning hours on
9 February (Fig. 5b) were also evidenced by the analysis of the
aerosol size distributions obtained in Granada at ground level by
the APS. It is worth noting that the comparison of volume aerosol
size distributions measured by the sun photometer and the APS
may not be suitable due to instrumental, methodological and
sampled air differences. Fig. 8 shows representative volume size
distributions for 8 and 9 February 2011 derived from the number
size distributionsmeasuredwith the APS. Volume size distributions
for the rest of the days showed similar shape (width and modal
radius) to the one obtained on 8 February and therefore are not
added to Fig. 8. Comparison of the fine mode size distributions on
these dates revealed a significant shift towards larger size particles
and an increase in the width of the fine mode distributions on 9
February. In fact, the fine modal radius for these cases shifted from
0.30 to 0.35 mm on 8 February to 0.64 mm on 9 February. As
previously indicated, changes in the fine mode characteristics
(magnitude, width and modal radius) on 9 February are attributed
to growth mechanisms such as coagulation and condensation.

In relation to the aerosol scattering coefficient, ssp (550 nm), and
scattering Angström parameter, as (450e700 nm), computed using
ssp in the 450e700 nm range; Fig. 9 shows values corresponding to
the monitoring period. Aerosol scattering coefficients at 450 and
700 nm showed similar temporal evolutions as ssp (550 nm). It can
be observed that ssp (550 nm) follows a similar pattern as the fine
mode concentrationwith high values during the intense stagnation
period (7e13 February) and low values thereafter. The highest ssp
(550 nm) values (maximum460Mm�1) were reached as in the case
of NF on 9 February, when the long lasting thermal inversion
occurred. Conversely, the lower ssp (550 nm) values weremeasured
after 13 February (mainly below 20 Mm�1), when the Atlantic air
mass advections in association with rain produced a high decrease
in particle load and therefore a significant decrease in ssp (550 nm).
From 1 to 13 February, the as (450e700 nm) values were rather
Fig. 8. Aerosol volume size distributions at ground level measured by the Aerosol
Particle Sizer in Granada on 8 and 9 February 2011.
high with values above 1.5, indicating the predominance of fine
particles during the episode, also in agreement with the surface
size distribution results. After 13 February, as (450e700 nm)
showed a significant decrease indicating a decrease in the contri-
bution of aerosol fine particles during this period. It is interesting to
note that as (450e700 nm) and a (440e870 nm) showed similar
temporal evolution during the entire period, indicative of the
strong contribution of aerosol at ground level to the entire atmo-
spheric column.
3.4. Air quality

Fig. 10 shows the temporal evolution of daily PM10 mass
concentration values at Granada and Málaga from 1 to 20 February
2011 where the horizontal line indicates the PM10 mass concen-
tration European daily limit. PM10 mass concentration ranged from
8 to 63 and 10e95 mg m�3 at Málaga and Granada respectively;
these values are in the range of values obtained in other Spanish
urban areas (Querol et al., 2008), but slightly higher if compared
to other European cities (Putaud et al., 2010). During the stagnation
period, PM10 mass concentration at Granada and Málaga were
relatively high as compared to non-stagnation days. In fact, the
daily limit value of 50 mg m�3

fixed by the European directive



Fig. 10. Daily PM10 mass concentration values at Granada and Málaga from 1 to 20
February 2011. Dashed area marks weekend days and the horizontal line shows the
PM10 mass concentration European daily limit.
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(2008/50/CE) was exceeded in Granada from 2 to 12 February and
in Málaga from 9 to 11 February.

Moreover, during the stagnation period, the concentrations of
SO2, NO2 and CO were relatively high at Granada and Málaga as
compared to non-stagnation days. On the contrary, O3 concentra-
tion showed a drastic decrease during 1e13 February at both sites.
This decrease was directly related to the increase in the destruction
rate of O3 due to presence of high concentration of NOx and aerosol
particles next to the surface favoured by high pressure systems and
thermal inversions (below 700 m a.g.l.) during these days. The O3
maximum hourly concentrationwas 95 and 102 mg m�3 at Granada
and Málaga respectively, always below the threshold value set by
the EU directive (180 mg m�3). The increasing pattern for gaseous
pollutants has been previously observed at other sites in associa-
tionwith both the traffic emission pattern and the stabilization and
height of the boundary layer (Charron and Harrison, 2003; Janhäll
et al., 2004). Nevertheless, although there was an increase in the
concentration of SO2, NO2 and CO during the stagnation episode,
maximum-hourly average concentrations for these gaseous
pollutants were 47, 179 and 1911 mg m�3 at Granada, and 14, 160
and 1327 mg m�3 at Málaga respectively; always below the
threshold values set by the EU directive 2008/50/EC (350, 200 and
10,000 mg m�3 respectively).

4. Conclusions

Continuously tropospheric temperature profiles monitored at
Granada by means of a ground-based multiple-channel microwave
radiometer from 1 to 20 February 2011 revealed the presence of
morning temperature inversions from 4 to 13 February with larger
duration and intensity during 7e13 February. This long lasting
event was associated with a very strong and persistent blocking
high-pressure system over the Iberian Peninsula. Columnar and in
situ aerosol optical and physical properties measured at two urban
sites with varying emission characteristics and atmospheric
conditions, Granada and Málaga (South Spain, AERONET sites),
were analysed to characterize aerosol properties before, during and
after this extended stagnation episode. Pronounced enhancement
in columnar aerosol optical depth was observed at both sites
throughout this event, indicating its large spatial extension and
strong impact on the regional aerosol properties. Moreover,
a significant increase in the aerosol scattering coefficients and
aerosol fine number concentrations at ground level were observed
at Granada during this stagnation episode. Furthermore, columnar
aerosol volume size distributions obtained at Granada and Málaga
during 1e13 February were bimodal with prevalence of fine mode
particles, especially during the stagnation period. After 13 February,
the retrieved aerosol size distributions at both sites were also
bimodal but with predominance of coarse mode particles, in
agreement with Angström exponent values. Nevertheless, differ-
ences in the main features of aerosol size distributions between the
two cities, due to the differences in aerosol source strength as well
as local atmospheric conditions, were also observed. The fine mode
size distributions at Granada showed a displacement towards
larger size particles together with an increase in the geometric
standard deviation of the fine mode in the morning hours on 9
February due to coagulation and condensation processes. Single
scattering albedo in this case was higher and showed a neutral
spectral dependence, in contrast to the usual spectral dependence
reported for anthropogenic pollution particles at this site. During
the stagnation period, the SO2, CO, NO2 and PM10 mass concen-
trations measured at both sites were relatively high as compared to
non-stagnation days, with a decrease in O3 mass concentrations at
both sites. Only the European PM10 mass concentration limit
(50 mg m�3) was exceeded in Granada for most days and in Málaga
for three consecutive days. The decrease in anthropogenic activities
during weekend days (i.e. traffic emissions) decreases the impact of
the severe thermal inversions on 6 and 13 February.
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