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ABSTRACT 53 

This paper focuses on the assessment of atmospheric aerosol optical properties at 54 

the surface and in atmospheric column during both desert dust and dust-free conditions 55 

over Granada, South-eastern Iberian Peninsula. Indeed, the spectral dependence of 56 

aerosol absorption and scattering properties are analyzed in detail. The analyzed 57 

period ranges from June 2008 to December 2010. On dusty days, the mean scattering 58 

Angström exponent value obtained in the atmospheric column (SAEcol) (0.5±0.3) was 59 

lower than the observed at the surface level (SAEis) (1.3±0.6), indicating higher 60 

contribution of coarse particles at high atmospheric level than at ground level during 61 

the analyzed dust events. In addition, it is noticed that the absorption Angström 62 

exponent in the atmospheric column (AAEcol) with mean value of 1.5±0.2 and at the 63 

surface (AAEis) with mean value of 1.3±0.2 obtained during dusty situations are 64 

indicative of mixture of desert dust and black carbon particles as dominant absorbers 65 

both in the atmospheric column and at the surface during dust intrusions over Granada. 66 

On the other hand, a non-parametric test (Kolmogorov-Smirnov) revealed that no 67 

significant statistical difference was found for AAEis between desert dust and free-dust 68 

conditions. This result may be due to the important contribution of urban absorbing 69 
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aerosol (e.g. Black carbon) at ground level in the study location. Therefore, these 70 

parameters (AAEcol and AAEis) are not very useful to detect desert dust events without 71 

the use of other information (e.g., aerosol size) over urban area like Granada.A dust 72 

extreme event was analyzed in order to retrieve optical parameters during situation 73 

dominated by desert dust. The values of SAEcol and SAEis obtained during this extreme 74 

event were in agreement with the values showed above for the period 2008-2010, 75 

although the differences between dust-free and dust conditions are more noticeable in 76 

this special event.  77 

 78 
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1. INTRODUCTION 79 

 There is great difficulty in characterizing the aerosol optical and microphysical 80 

properties resulting in a large uncertainty in the radiative forcing of climate. The impact of 81 

atmospheric aerosols on radiative forcing is still remaining highly uncertain due to their 82 

great spatial and temporal variability and the large variability in composition, size 83 

distribution, particle shape and vertical distribution (IPCC, 2013).  Part of this uncertainty is 84 

associated with the large uncertainty in individual radiative forcing for several aerosol 85 

components, such as black carbon and desert dust (IPCC, 2013). The Aerosol Optical 86 

Depth (AOD) and the Extinction Angström Exponent (EAE) (Angström, 1929) are two 87 

important properties of atmospheric aerosols. AOD gives information about the aerosol 88 

load while EAE is related with the particle size (Costabile et al., 2013). Values of EAE 89 

higher than 1 indicate fine particle predominance and values lower than 1 indicate that 90 

coarse particles are predominant. However, EAE is not an ideal indicator of the exact 91 

average size of particles as it also dependents on aerosol absorption (Kaskaoutis and 92 

Kambezidis, 2008). In this sense, another relevant aerosol property is the Absorption 93 

Angström Exponent (AAE) which gives information about absorbing particle types (e.g. 94 

Russell et al., 2010). This parameter is defined as the slope of a log-log plot of the Aerosol 95 
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Absorption Optical Depth (AAOD) versus wavelength (Russell et al., 2010; Eck et al., 96 

2010). Values of the AAE close to 1 are referred to pure black carbon while dust particles 97 

present, generally, AAE values larger than 2 (e.g, Bergstrom et al., 2004; Bergstrom et al., 98 

2007; Bergstrom et al., 2010). However, AAE values depend on the wavelength range 99 

considered for its determination (e.g. Russell et al., 2010). These last authors found that 100 

AAE is 1.45 over the range 325-1000 nm, but 1.11 over the range 325-1685 nm for 101 

biomass burning in southern Africa. They reported AAE values above 2 in the wavelength 102 

range 440-670 nm and values around 1.6 on the range 440-1020 nm at Solar Village (a 103 

desert location in Saudi Arabia). Lack and Cappa (2010) showed that the coating on the 104 

BC particles leads to AAE as high as 1.6 due to non-absorbing coating. Therefore, these 105 

literature results make difficult the attribution of observed light absorption to a specific 106 

aerosol absorbing type. Thus, it is necessary to define other variables to use them 107 

together with the AAE in order to obtain more information about the aerosol type. In this 108 

sense, the Scattering Angström Exponent (SAE) is used to evaluate the scattering of solar 109 

radiation due to atmospheric aerosols. This parameter depends primarily on the particles 110 

size and ranges from 4 (Rayleigh atmosphere) to 0 (large particles).  111 

 Several studies have focused on the determination of AAE values by means of 112 
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columnar optical properties: sun/sky radiance data (e.g., Eck et al., 2010; Russell et al., 113 

2010), combined measurements of the spectral solar radiation and the spectral aerosol 114 

optical depth (e.g, Bergstrom et al., 2007; Bergstrom et al., 2010). Other studies focused 115 

on AAE values obtained using in situ measurements (e.g., Yang et al., 2009; Soni et al., 116 

2010; Lee et al., 2012). Generally, the AAE and SAE values (columnar/in situ) are 117 

different; however, it is interesting to investigate the simultaneous columnar and in situ 118 

measurements of these parameters in order to check the aerosol properties reproducibility 119 

in both levels. However, very sparse studies focused on AAE and SAE obtained 120 

simultaneously both on the ground level and in the atmospheric column. In order to 121 

establish the connection between the AAE, SAE and the aerosol source, Cazorla et al. 122 

(2013) combined columnar sun/sky radiance data with optical and chemical properties 123 

retrieved in situ from aircraft campaigns. On the other hand, Kim et al. (2005) employed 124 

simultaneous sun-photometer and in-situ measurements to obtain aerosol optical, 125 

chemical and physical properties during dust and pollution episodes at Gosan (Korea). 126 

Continuous measurements recorded during the SAMUM campaign (May/June 2006, 127 

Morocco) provided an excellent opportunity to analyze the aerosol properties retrieved 128 

both at surface and in the atmospheric column close to desert dust sources (Schladitz et al., 129 
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2009; Knippertz et al., 2009; Tesche et al., 2009).  130 

 Another relevant parameter to quantify the absorption properties of the atmospheric 131 

aerosol is the single scattering albedo (()), which is the ratio of scattering to extinction. 132 

The spectral dependence of () is driven by the spectral dependence of both absorption 133 

and scattering (e.g. Dubovik et al. 1998). Valenzuela et al. (2012a; 2012b) have evaluated 134 

the atmospheric columnar aerosol optical and radiative properties during desert dust 135 

intrusions at Granada (Spain). These authors found that columnar aerosol single 136 

scattering albedo was lower than in others worldwide locations which they attributed: 137 

firstly, to the mixing of desert dust with particles anthropogenic particles during their 138 

transport over Mediterranean polluted areas as well as urban-industrialized North African 139 

areas, and secondly, to the influence of pollutants emitted locally or regionally. 140 

Furthermore, these authors showed that the mixtures of desert dust aerosol and 141 

anthropogenic particles lead to a large variability in the spectral dependence of (). 142 

 Due to its geographical situation, Granada city is an interesting place to analyze the 143 

atmospheric aerosol optical properties using different methodologies: in-situ and remote 144 

sensing instrumentation. The main aim of this work is the assessment of aerosol optical 145 

properties during desert dust events and dust-free conditions in atmospheric column and 146 
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at the surface over Granada from 2008 to 2010. For this purpose, measurements obtained 147 

by passive remote sensing (sunphotometer CIMEL) and ground-based “in situ” 148 

instruments (integrating nephelometer and Particle Soot Absorption Photometer, PSAP) 149 

are used.  150 

2. EXPERIMENTAL SITE 151 

 Measurements performed in Granada (37.18ºN, 3.58ºW and 680 m a.s.l) from June 152 

2008 to December 2010, when both in-situ and column measurement were available, are 153 

used in this study. Granada is located in South-eastern Spain, and it is a non-industrialized 154 

medium‐sized city with a population of about 250,000 inhabitants that increases up to 300,000 155 

when the metropolitan area is included. The city is situated in a natural basin surrounded by 156 

mountains with altitudes over 1000 m. The near-continental conditions prevailing at this site 157 

are responsible for large seasonal temperature differences, providing cool winters and hot 158 

summers. The study area is also about 200 km away from the African continent, and 159 

approximately 50 km away from the western Mediterranean basin. Due to its location in 160 

the Mediterranean basin, Granada is influenced by two major aerosol source regions: 161 

Europe as a major source of anthropogenic pollutants and North Africa as principal source 162 

of natural dust (Lyamani et al, 2005, 2006; Valenzuela et al., 2012a). In addition, the 163 

station is located in the southern part of the city and is about 500m away from the highway 164 
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that surrounds the city and about a similar distance from one of the principal traffic roads 165 

of the city. The local aerosol sources are mainly the heavy traffic together with the re-166 

suspension of material available on the ground (Lyamani et al., 2008; 2010).   167 

 168 

3. INSTRUMENTATION AND METHODS 169 

3.1 Surface in situ instruments 170 

 Air sampling for all the in situ instruments was obtained from the top of a stainless 171 

steel tube, 20-cm diameter and 5-m length (Lyamani et al., 2008). The inlet is fitted with a 172 

funnel and covered by an insect screen to prevent rain drops and insects from getting into 173 

the sample line. The inlet was located about 15 m above the ground. Measurements were 174 

performed with no aerosol cut-off and no heating was applied to the sampled air. There is 175 

no bend in the tube that passes through the rooftop. Several stainless-steel pipes located 176 

inside the stainless steel tube provided sample air to the different instruments.  177 

 The aerosol scattering coefficients (sp) were measured at three wavelengths (450, 178 

550 and 700 nm) with an integrating nephelometer (TSI model 3563). Calibration of the 179 

nephelometer was carried out every three months using CO2 as a high span gas and 180 

filtered air as a low span gas. The averaging time was set to 5 min. The zero signals were 181 
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measured hourly. The raw sp data were corrected for truncation and non-Lambertian 182 

illumination errors were corrected using the method described by Anderson and Ogren 183 

(1998). The uncertainty in sp is of 7% (Heintzenberg et al., 2006). 184 

 The aerosol absorption coefficients (ap) were measured with a Particle Soot 185 

Absorption Photometer (PSAP). The PSAP instrument provides measurement of the light 186 

absorption by aerosol particles that are collected on a filter (Bond et al. 1999). Here, a 3-187 

wavelength version of the PSAP has been used, with measurements at 467 nm, 531nm, 188 

and 650 nm. The PSAP data require the corrections of the aerosol light scattering and the 189 

filter loading effects on the measurement of the aerosol absorption coefficient. In this 190 

study, the correction proposed by Bond et al. (1999) and further adapted by Ogren et al. 191 

(2010) to 3- PSAP was used to correct the PSAP data. The PSAP was operated at a flow 192 

rate of 1.5 l min-1. The averaging time was set to 1 min. The uncertainty of the PSAP 193 

absorption measurement, after application of the transmission and scattering correction, is 194 

20–30% (Bond et al. 1999). The detection limit of this instrument is 1.8 Mm−1 with an 195 

averaging time of 1 min. PSAP data were averaged over the same time period as the 196 

nephelometer. 197 

Absorption coefficients (ap) obtained at three wavelengths (467, 531 and 650 nm) were 198 
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used to derive the absorption Angstrom exponent (AAEis) employing the Angström 199 

relationship (Angström, 1929): 200 

AAEis()=-(ln(ap(1)/ap(2))/ln(1/2))                                                                                         201 

(1) 202 

where ap() is the absorption coefficient at a specific wavelength,  , and AAEis is the 203 

absorption Angstrom exponent. The superscript “is” means that this parameter has been 204 

retrieved from surface in situ measurements.  205 

The AAEis was calculated using ap measured at 467 and 650 nm wavelengths. Values of 206 

AAEis close to the unity are related to the BC particles dominance. Whereas values of 207 

AAEis≥1.5 are indicative of the presence of dust or brown carbon particles. 208 

The scattering Angström exponent (SAEis) is derived from equation 1 but using scattering 209 

coefficients instead of absorption coefficients. SAEis larger than 1.5 indicates an aerosol size 210 

distribution with scattering dominated by submicron particles, while a distribution dominated by 211 

coarse particles has typically SAEis smaller than 1. The SAEis was calculated using sp 212 

measured at 450 and 700 nm wavelengths. Using the Angström relationship, the ap 213 

values at 467, 531, and 650 nm were interpolated using the AAEis derived from the PSAP 214 

data to the nephelometer wavelengths 450, 550, and 700 nm.    215 

The uncertainty associated to the AAEis and SAEis has been calculated following the 216 
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procedure described in Rizzo et al. (2011) and it is estimated to be 20% for AAEis and from 217 

14% for SAEis. 218 

The scattering and absorption coefficients at 467, 531 and 650 nm were used to estimate 219 

the single scattering albedo at surface (is) at the same wavelengths. The is was 220 

estimated using the following equation: 221 

is()=(sp()/(sp()+ap()))                                                                                                          222 

(2)                                                                                                                                                                223 

3.2 Passive remote sensing instrument 224 

Measurements of total columnar aerosol properties were obtained using CIMEL CE-318 sun 225 

photometer included in the AERONET network (Holben et al., 1998). This sun-photometer 226 

makes direct sun measurements with a 1.2º full field of view at 340, 380, 440, 500, 670, 227 

870 and 1020 nm. The full-width at half-maximum of the interference filters are 2 nm at 228 

340 nm, 4 nm at 380 nm and 10 nm at all other wavelengths. The sky radiance 229 

measurements (almucantar configuration) are carried out at 440, 670, 870 and 1020 nm. 230 

This instrument is fully described by Holben et al. (1998). The direct sun measurements are 231 

used to compute the aerosol optical depth (AOD) at 340, 380, 440, 670, 870 and 1020 nm (Holben 232 

et al., 1998). In this work, the AERONET AOD data of level 2 (cloud screened and quality assured) 233 

are used. The uncertainty in the retrieval of AOD under cloud free conditions is ±0.01 for 234 

wavelengths larger than 440 nm and ±0.02 for shorter wavelengths (Eck et al., 1999). The sky 235 
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radiance measurements in conjunction with solar direct irradiance measurements are used to 236 

retrieve aerosol microphysical properties like single scattering albedo, col, using the AERONET 237 

inversion algorithm developed by Dubovik and King (2000) with improvements by Dubovik et al. 238 

(2006). The uncertainty in the retrieval of col is ±0.03 for high aerosol load (AOD (440 nm) > 0.4) 239 

and solar zenith angle > 50º. For measurements with low aerosol load (AOD(440 nm) < 0.2), the 240 

retrieval accuracy of col drops down to 0.02-0.07 (Dubovik et al., 2000). Due to the strong 241 

limitations imposed by the AERONET inversion algorithm (AOD (440 nm) > 0.4 and solar 242 

zenith angle > 50º) and the reduced sampling of almucantar sky radiance measurements 243 

as well as the presence of clouds during measurements, there were very few col level 2 244 

retrievals at Granada. Thus, the AERONET col level 1.5 data (cloud screened data with 245 

pre and post calibrations applied) for AOD >0.2 and solar zenith angle > 50º are used 246 

here.  247 

The Fine Mode Fraction (FMF) of AOD was computed based on the retrieved size 248 

distributions and spectral refractive indices from the Dubovik and King (2000) algorithm 249 

applied to AERONET almucantar scans, assuming bimodal size distributions. In this case 250 

we have computed FMF (670) as the ratio of AODfine (fine aerosol optical depth) to AOD 251 

(total aerosol optical depth) where AOD is the sum of fine aerosol optical depth and coarse 252 

aerosol optical depth.  253 

The aerosol optical depths AOD and the single scattering albedos col were used to 254 
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calculate the absorption optical depth AAOD (Rusell et al., 2010):  255 

AAOD=(1-col)AOD                                                                                                                        256 

(3) 257 

The scattering aerosol optical depth (AODscat) was obtained by subtracting the absorption 258 

optical depth to the extinction optical depth.  259 

The scattering Angström exponent (SAEcol) and the absorption Angström exponent 260 

(AAEcol) were computed using the Angström relationship and AODscat and AAOD in 261 

wavelength range 440-1020 nm. The superscript “col” means that these parameters have 262 

been retrieved for the atmospheric column. 263 

 3.3 Criteria for selection of desert dust and dust-free days 264 

 We have considered African dust events that affected the study site and were 265 

present at ground level as confirmed by CALIMA network (www.calima.ws). Thus, dust 266 

particles were present in the all atmospheric column in these dust event cases. For 267 

detecting the African desert dust intrusions over Iberian Peninsula, CALIMA network uses 268 

models as SKIRON, BSC-DREAM and NAAPs as well as back-trajectories analysis by 269 

HYSPLIT4 model (Draxler et al., 2009), synoptic meteorological charts, satellite images, 270 

and surface data (PM10 levels recorded at regional background stations from air quality 271 
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monitoring). On the other hand, sun-photometer measurements have also been analyzed 272 

to confirm the desert dust intrusions over Granada. An abrupt increase in the AOD 273 

associated with a sharp decrease in the SAEcol is indicative of the presence of desert dust 274 

over the study area (Lyamani et al., 2005, Valenzuela et al., 2012). Also, we have 275 

performed a back trajectories analysis of air masses arriving to Granada at three different 276 

levels, 500, 1500 and 3000 m a.g.l to identify their origins and pathways.  277 

 Regarding dust-free days, we have considered those days not included by CALIMA 278 

network as dusty. In addition, we have established the criterion of SAEcol>1.0 for dust-free 279 

conditions.  Furthermore, we have checked the air masses back trajectories to confirm that 280 

the air masses on these days did not arrive from North Africa. 281 

4. RESULTS AND DISCUSSION 282 

4.1. Spectral single scattering albedo, scattering and absorption Angström exponents. 283 

The ratio of scattering to extinction (sum of scattering and absorption) is defined 284 

as the single scattering albedo. This parameter is an intensive property determined by the 285 

particle composition and size and represents a relevant variable in climate modeling (e.g. 286 

Bodhaine, 1995). Figure 1 shows the mean values of single scattering albedo and their 287 

standard deviations retrieved from columnar measurements (computed in the spectral 288 



 18 

range 440-1020 nm) and computed from surface in situ measurements (computed in the 289 

spectral range 467-650 nm) during desert dust and dust-free conditions. Only coincident 290 

instantaneous values of single scattering albedo at surface and in the atmospheric column 291 

are used in the calculation of the mean values. These mean values of single scattering 292 

albedo were calculated from 280 and 2422 simultaneous measurements during dusty and 293 

free conditions, respectively. During desert dust events, mean col values exhibited a weak 294 

increase with wavelength. The mean col values and the corresponding standard 295 

deviations of this parameter were 0.89±0.03 at 440 nm and 0.96±0.03 at 1020 nm. This col 296 

spectral dependence behavior was reported in other studies for desert dust events (e.g., 297 

Collaud Coen et al., 2004; Lyamani et al., 2006; Alados-Arboledas et al., 2008; Cachorro 298 

et al., 2008; Su and Toon, 2011; Toledano et al., 2011). The increase of col with 299 

wavelength is a typical pattern for dust particles (e.g. Lyamani et al., 2006; Valenzuela et 300 

al., 2012) due to the spectral absorption properties of iron oxides in ultraviolet-visible 301 

spectral region (Sokolik and Toon, 1999). However, in our study, col values in  440-1020 302 

nm spectral range were lower than those  obtained in other studies during desert dust 303 

intrusions over or near desert dust sources (e.g. Tamanrasset and Solar Village) (Table 1). 304 

However, the columnar single scattering albedo values recorded in our study during dust 305 
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intrusions were comparable to those obtained over Lecce (40.33ºN, 18.10º E), in the Central 306 

Mediterranean, during desert dust events associated with significant contribution of 307 

anthropogenic absorbing particles (Table 1). Thus, the results obtained in our study 308 

suggest a significant contribution of anthropogenic absorbing particles from local or 309 

regional origin during the analyzed desert dust intrusions over Granada.  310 

The spectral behavior of col obtained under dust-free conditions showed opposite 311 

trend to the observed in desert dust cases. Indeed, the mean col values decreased as the 312 

wavelength increases, ranging from 0.90±0.03 at 440 nm to 0.86±0.03 at 1020 nm. This is 313 

a typical col spectral characteristic of an urban-industrial aerosol (e.g. Dubovik et al., 314 

2002b; Eck et al., 2001a; 2001b). The col values obtained here under dust-free conditions 315 

were similar to those observed by Lyamani et al. (2006) during anthropogenic events over 316 

Granada (Table 1). 317 

  The mean is values calculated from surface in situ measurements of absorption 318 

and scattering coefficients showed almost neutral variation with wavelength during desert 319 

dust events (Figure 1). The mean is values and the corresponding standard deviations of 320 

this parameter were 0.74±0.09 at 467 nm and 0.76±0.09 at 650 nm. This neutral spectral 321 

dependency can be related to the increased contribution of absorbing particles from local 322 
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anthropogenic activities (domestic heating based on fuel oil combustion and vehicular 323 

emission) near surface. These values were lower than those obtained in Gosan, Korea 324 

and in Beijing, China during desert dust episodes observed at ground level (Table 1).  325 

 Under dust-free conditions the mean is showed almost neutral dependence with 326 

wavelength at the surface because the difference of mean is values at 467 and at 650 nm 327 

with 0.62±0.13 and 0.61±0.13, respectively, was within standard deviation. In general, the 328 

mean is values obtained in our study site were smaller than those obtained in Delhi, 329 

Toulon, and Guangzhou (Table 1). The significantly low values of is recorded at Granada 330 

under dusty and dusty free conditions indicate a large absorbing aerosol fraction in the 331 

aerosol population near surface over this region, which consequently will have implications 332 

on the regional radiative forcing.  333 

 The mean AODscat () values obtained by sun-photometer and the mean sp values 334 

measured by the nephelometer during dust and dust-free conditions and their 335 

corresponding standard deviations are shown in Figure 2(a,b). Only coincident 336 

instantaneous values obtained at surface and in the atmospheric column are used in the 337 

calculation of the mean values. The mean SAEcol value (computed in 440-1020 nm 338 

spectral range) obtained during desert dust events was of 0.5±0.2, indicating atmospheric 339 
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column dominated by coarse particles. However, the mean SAEis value (computed in 450-340 

700 nm spectral range) obtained at surface during dust events was of 1.3±0.6, indicating 341 

higher contribution of coarse particles at high atmospheric level than at ground level during 342 

the analyzed dust events. This result is in agreement with previous studies performed at 343 

Granada, showing that usually desert dust is transported at high altitude over Granada 344 

(Granados et al, 2014; Cordona-Jabonero et al., 2011; Guerrero-Rascado et al., 2009). 345 

The mean SAEis value (1.3±0.6) obtained during desert dust events over Granada was 346 

larger than those obtained in Beijing (China) and Gosan (Korea) during desert dust 347 

intrusions (Table 1). Also, the mean SAEcol value obtained under dusty conditions is 348 

slightly higher than that obtained during dust events at Gosan, Korea (Table 1). This 349 

difference can be related to the major contribution of the fine particles during desert dust 350 

events over Granada as compared to Gosan or differences in dust intensity. On the other 351 

hand, the mean SAEis value was of 1.6±0.4 under dust-free conditions, indicating aerosol 352 

size distributions with scattering dominated by submicron particles. In the atmospheric column, 353 

the mean SAEcol value was of 1.2±0.4 during dust-free conditions. The significant 354 

contribution during dust-free conditions of fine anthropogenic particles was more evident at 355 

surface according to the mean SAEis value. These values of SAEcol and SAEis obtained 356 
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under urban pollution influence were almost similar to those obtained in Gosan, Korea 357 

(Table 1). 358 

 In the absence of information on the aerosol chemical composition, the values of 359 

AAEcol and AAEis have been used as an indicator of the dominant absorbing particles type 360 

in the aerosol population (e.g. Rusell et al., 2010; Cazorla et al., 2013). For pure black 361 

carbon particles AAEcol (AAEis) are typically close to the unity (e.g. Bergstrom et al., 2007). 362 

Lack and Cappa (2010) established that Absorption Angström Exponent values ranging 363 

between 1 and 1.6 can be attributed to black carbon particles coated by non-absorbing 364 

particles and Absorption Angström Exponent higher than 1.6 can be associated with dust 365 

or brown carbon. Giles et al. (2011) established that SAEcol ∼0.5 with AAEcol ∼1.5, 366 

represents an optical mixture of fine mode black carbon and coarse mode dust as the 367 

dominant absorbers. The mean AAOD values obtained by sun-photometer and the mean 368 

ap values measured by PSAP during dust and dust-free conditions and their 369 

corresponding standard deviations are shown in Figure 3(a,b). The mean AAEcol value was 370 

of 0.9±0.6 during dust-free conditions over Granada, suggesting that black carbon was the 371 

principal absorber in the entire atmospheric column. This mean value was slightly lower 372 

than the mean AAEcol values obtained by Giles et al. (2012) for urban-industrial aerosol in 373 
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Shirahama (1.1±0.5), Moldova (1.2±0.3) and Mexico City (1.3±0.3). The mean AAEis value 374 

obtained during dust-free conditions was of 1.4±0.3 which can be attributed to the   black 375 

carbon particles coated by non-absorbing particles (Lack and Cappa, 2010).  376 

 The mean AAEcol value obtained during dusty days was 1.5±0.2, which is higher 377 

than the obtained during dust-free days. This result indicates a mixture of desert dust and 378 

black carbon particles as the dominant absorbers in the atmospheric column during dust 379 

intrusion over Granada (Giles et al., 2011). Similar mean AAEcol value was reported in 380 

Solar Village (~1.6 on wavelength range 440-1020 nm) by Rusell et al. (2010). On the 381 

other hand, the mean AAEis value obtained during dusty days was of 1.3±0.2 which is 382 

lower than the retrieved in the atmospheric column.  The mean AAEis value obtained 383 

during dusty conditions was almost similar to that obtained in dust-free conditions 384 

(1.4±0.3), probably due to the small dust (iron oxides) contribution at the surface during 385 

the majority of analyzed dust events. As we mentioned before, Saharan dust is usually 386 

transported at high altitude over Granada with less impact at ground level (Granados et al., 387 

2014; Cordoba-Jabonero et al., 2011; Guerrero et al., 2009). It is worth to note, however, 388 

that during some occasional intense desert dust events at ground level AAEis (SAEis) can 389 

reach values up to 2.5 (0.08) (see section 4.3). Therefore, in view of the results, AAEis and 390 
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SAEis parameters seem to be not useful for identifying dust particles during low-moderate 391 

intense dust intrusions at ground level in urban locations as Granada with significant 392 

anthropogenic aerosol presence. 393 

The large range of SAEcol (SAEis) and AAEcol (AAEis) values obtained at Granada 394 

is indicative of a wide range of particle size over this location in addition to various 395 

absorbent components during desert dust events and dust-free influence. Thus, frequency 396 

distributions of these two parameters in both column and surface during dusty and free 397 

dust conditions are shown in Figure 4. During dusty situations, the SAEcol values were 398 

below 1 in 90% of cases with a maximum around 0.5 (Figure 4a) indicating that coarse 399 

particles were predominant. Up to 80% of observations showed values of AAEcol higher 400 

than 1.4 (Figure 4b) during dusty days. These results were not reproduced at surface with 401 

ground-based in situ instrumentation as we can see (Figures 4e and 4f) probably due to 402 

the small impact of desert dust at surface in the majority of the analyzed dust events. The 403 

SAEis values ranged from 0 to about 2 with a maximum around 1.4 during desert dust 404 

events indicating that for a significant number of observations Fine Mode Fraction (FMF) 405 

dominate at surface (Figures 4e and 4f). Dust particles were predominant at ground level 406 

(SAEis <1) in only 44% of the observations (Figure 4e). On the other hand, the AAEis 407 
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values obtained under dusty conditions ranged between 1 and 1.6 with an absolute 408 

maximum centered on 1.1 and a second maximum centered on 1.5. AAEis values larger 409 

than 1.5 indicating the presence of dust at the surface were observed in only 15% of the 410 

observations. According to our previous comments, AAEcol values obtained in the 411 

atmospheric column under dusty conditions cannot be only attributed to dust, and 412 

therefore, other light absorbing materials also were responsible of absorption as black 413 

carbon (Giles et al., 2011). This fact could be due to two factors, the higher concentrations 414 

of fine absorbing particles near the surface and another one to the low iron oxide amounts 415 

during desert dust events. The concentration of fine absorbing particles probably increases 416 

during dust events which usually coincide with a stable meteorological situation that favor 417 

the air masses stagnation and the pollutants accumulation.  418 

During dust-free conditions we found a maximum for SAEcol centered around 1.3 419 

while AAEcol showed a maximum value centered on 1.0 (Figures 4c and 4d). At surface, 420 

AAEis under dust free conditions showed a maximum value centered on 1.7 and a second 421 

maximum around 1.5, suggesting the important contribution of fine particles while AAEis 422 

histogram showed similar pattern to the obtained during desert dust events. Therefore, 423 

AAEis and SAEis from in-situ measurements are not a useful tool for confirming desert dust 424 
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events of low and medium intensity in our urban station.  425 

We performed a non-parametric test (Kolmogorov-Smirnov) in order to compare 426 

the optical parameters obtained during desert dust and dust-free conditions (Table 2). This 427 

test shows that there was significant differences between SAEcol and AAEcol obtained 428 

during desert dust events and those observed during dust-free conditions. Similar result 429 

was found for SAEis at surface. However, this test revealed that no significant difference 430 

was found for AAEis between desert dust and free-dust conditions. In this sense, it should 431 

be interesting to analyze extreme dust cases in order to find clear differences in these 432 

optical parameters between dust and free-dust conditions.  Extreme events will be 433 

analyzed and discussed in section 4.3.  434 

4.2. Relationships between single scattering albedo and Fine mode Fraction of AOD 435 

during desert dust events 436 

According to the values of col and is shown in the previous sections there are 437 

evidences of the significant contribution of absorbing fine particles in atmospheric column 438 

and at surface during both desert dust and dust-free conditions. In order to quantify the 439 

fine mode particles contribution during desert dust events and its relationship with col and 440 

is we used the Fine Mode Fraction (FMF) of the AOD provided by AERONET. In this 441 
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section, the relationship between single scattering albedo and Fine Mode Fraction (FMF) 442 

during dusty conditions is evaluated. 443 

The single scattering albedo as a function of FMF during dust events is shown in 444 

Figure 5. The error bars are the standard deviations. The single scattering albedo was 445 

averaged for each range bin of the Fine Mode Fraction considered. The mean values of 446 

colSAE  and 
colAAE  and their corresponding standard deviations for each FMF bin are 447 

included in Figure 5. During dusty conditions, FMF was in 0.2-0.3 bin in 51% of cases. 448 

From Figure 5, it is clear that col increased with wavelength. In addition, this increase with 449 

wavelength is stronger when FMF decreases. This is the typical pattern of col in situations 450 

dominated by desert dust with strong absorption in the ultraviolet and less absorption in 451 

the infrared spectral region. As FMF increases the spectral dependence of col in the 670-452 

1020 nm spectral range becomes practically neutral and even col slightly decreases with 453 

increasing wavelength for FMF > 0.4. It is noticed that when mineral coarse particles were 454 

dominating, FMF in range [0.1-0.2], AAEcol showed higher values (1.82) with strongly 455 

absorption in shorter wavelengths. Therefore, the increase in the FMF was associated with 456 

an increase in anthropogenic absorbing aerosol (black carbon which is absorbent in the 457 

entire spectral range).  458 
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4.3 Special Event 459 

 A case study of an intense desert dust event is analysed in this section in more 460 

detail. According to the CALIMA database, the event lasted from 11 to 22 October 2008. 461 

Figure 6 shows the time series of SAEis, SAEcol, σsp and AODscat for the period 9-31 462 

October. The CIMEL data are instantaneous values whilst the nephelometer data are 5-463 

min average  values. As can be observed in Figure 6, SAEis and SAEcol had values close 464 

to 0 during the period 11-14 October, evidencing a predominance of coarse particles both 465 

at surface level and in the atmospheric column. During this period, the σsp and AODscat 466 

parameters increased considerably reaching values up to 700 Mm-1 and 1, respectively. 467 

After this period, σsp and AODscat decreased and the SAEis and SAEcol increased, denoting 468 

an increase in the contribution of fine particles. However, SAEcol remained below 1 until 24 469 

October whilst SAEis was more variable reaching values up to 2. These differences 470 

between in situ and column measurements can be ascribed to the variations in the vertical 471 

distribution of dust particles as suggested by the BSC-DREAM modelled dust 472 

concentrations (http://www.bsc.es/earth-sciences/mineral-dust-forecast-system/bsc-473 

dream8b-forecast/north-africa-europe-and-middle-ea-0) and to changes in local emissions. 474 

At surface level, σsp showed two maxima per the day in coincidence with traffic rush hours 475 

http://www.bsc.es/earth-sciences/mineral-dust-forecast-system/bsc-dream8b-forecast/north-africa-europe-and-middle-ea-0
http://www.bsc.es/earth-sciences/mineral-dust-forecast-system/bsc-dream8b-forecast/north-africa-europe-and-middle-ea-0
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(Lyamani et al., 2010) which was not observed in the AODscat measurements. The dust 476 

intrusion was more intense during the period 11-15, especially at ground level (Figure 6). 477 

The spectral dependence of the optical properties both measured with in-situ 478 

instrumentation and sun-photometer during the intense dust event days at surface and on 479 

30 October have been analysed. This last day has been included in order to compare the 480 

aerosol properties obtained during dust-free conditions with those observed during desert 481 

dust events. Furthermore, 24-hours chemical composition in PM10 fraction for 13, 14, 22 482 

and 30 October and in PM1 for 30 October has been used to support the interpretation of 483 

the results. Information about the sampling procedure and the chemical analysis can be 484 

found in Titos et al. (2012). Figure 7 shows the chemical speciation of PM10 samples 485 

collected on 13, 14, 22 and 30 October and the PM1 sample collected on 30 October. In 486 

addition, the percentage of Fe, Elemental Carbon (EC) and Organic Carbon (OC) in each 487 

sample is shown in this figure. PM10 mass concentration was close to 90 μg/m3 on 13 488 

October. The mineral matter (ΣAl2O3, SiO2, CO3
2-, Ca, Fe, Mg, K) contributed around 70% 489 

to PM10 on 13 October, 44% on 14 October, 25% and 21% on 22 and 30 October, 490 

respectively. On 30 October, the ratio PM1/PM10 was 0.63 denoting a clear predominance 491 

of fine particles. Thus, considering the chemical speciation in PM10 and PM1 on 30 October 492 
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it seems that this day was not affected by desert dust and could be considered as dust-493 

free conditions.  494 

 Figure 8 shows the mean values of AODscat() and σsp() for 11-13, 14 and 30 495 

October. The error bars are the corresponding standard deviations. The mean values were 496 

calculated from the coincident instantaneous values. The mean AAEcol and SAEcol values 497 

and their corresponding standard deviations are included in Figure 8. The SAEcol 498 

presented values close to zero for the period 11-13 and 14, and increased considerably on 499 

30 October. A similar behaviour was observed from in-situ measurements, although the 500 

increase in the SAEis from the period 11-13 to 14 October was much pronounced 501 

indicating a strong decrease in dust intensity at ground level on 14 October. In fact, the 502 

columnar aerosol load for 11-13 and 14 was very similar but at ground level there was a 503 

strong decrease in the scattering coefficient on 14 October (see Figure 6).  It is important 504 

to note that the differences in SAEcol and SAEis obtained in dust-free and dust conditions 505 

are more pronounced for this special event.  506 

 The AAEcol and AAEis(Figure 9) were higher for the period 11-13 compared to 30 507 

October (dust free conditions). Thus, during the dust event the surface absorption 508 

coefficient and the absorption optical depth experienced an enhancement in the shorter 509 
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wavelengths. Mineral dust contributes to light absorption in the ultraviolet and blue spectral 510 

regions yielding to AAE values greater than 1 (Kirchstetter et al., 2004). Iron oxides 511 

(primarily hematite and goethite) are major components that affect the ability of dust to 512 

absorb sunlight (Arimoto et al., 2002). Indeed, the contribution of Fe to the PM10 mass 513 

concentration was higher during the dust event (3.5% and 2.5% on 13 and 14 October) 514 

compared to dust-free conditions (1.3% on 30 October). In addition, the contribution of OC 515 

and EC to the PM10 mass concentration was lower on 13 October suggesting that the 516 

observed absorption enhancement in the shorter wavelengths may be caused by Fe. 517 

AAEis values were of2.5±0.2 on 12 October and 1.12±0.03 on 30 October and the AAEcol 518 

values were of 1.8±0.2 on 11-13 October and 1.16±0.09 on 30 October. A higher 519 

absorption at shorter wavelengths during dust conditions can be also observed in the 520 

aerosol single scattering albedo (Figure 10). This parameter increased with wavelength 521 

during the dust event. This increase was more noticeable during the period 11-13 in 522 

column than at ground level. The () spectral dependence on 30 October was opposite to 523 

the obtained during the dust event. This parameter had values close to 1 during the dust 524 

event, both in column and at ground level, and much lower values on 30 October. 525 

5. CONCLUSIONS 526 
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In situ and passive remote sensing instruments were used to measure aerosol optical 527 

properties at surface and in atmospheric column during desert dust events and dust-free 528 

conditions at Granada. The scattering and absorption Angström exponents as well as the 529 

single scattering albedo obtained in these conditions during 2008-2010 were evaluated in 530 

both at the surface and in atmospheric column. 531 

The mean value of scattering Angström exponent in atmospheric column obtained during 532 

dusty days was of 0.5±0.2, indicating a significant contribution of large particles to the total 533 

columnar aerosol load during desert dust events observed over Granada during 2008-534 

2010. However, SAEis mean value obtained at surface during dusty conditions was of 535 

1.3±0.6, indicating higher contribution of coarse particles at high atmospheric level than at 536 

ground level. This result is in agreement with previous studies performed at Granada, 537 

showing that usually desert dust is transported at high altitude over Granada. Although the 538 

single scattering albedo in the atmospheric column and at surface increased with 539 

wavelength during dusty conditions, this parameter showed lower values than those 540 

reported for pure desert dust cases. In addition, it is noticed that the mean value of 541 

absorption Angström exponent in the atmospheric column was of 1.5±0.2, indicating a 542 

mixture of desert dust and black carbon particles as dominant absorbers during dust 543 
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intrusions over Granada. On the other hand, mean AAEis value obtained during dusty days 544 

was of 1.3±0.2 which was similar to that obtained in dust-free conditions (1.4±0.3), 545 

probably due to the small dust (iron oxides) contribution at the surface during the majority 546 

of analyzed dust events. Indeed, a non-parametric test (Kolmogorov-Smirnov) revealed 547 

that the AAEis difference between desert dust and free-dust conditions is not statistically 548 

significant. The results suggest that AAEis parameter should not be used alone to identify 549 

dust particles during low-moderate intense dust intrusions in urban locations as Granada 550 

with significant anthropogenic aerosol presence without the use of other information (e.g., 551 

aerosol size). A dust extreme event was analyzed in order to retrieve optical parameters 552 

during situation dominated by dust particles. The values of SAEcol (AAEcol) and SAEis 553 

(AAEis) were in agreement with the values showed above for the period 2008-2010, 554 

although the differences between dust-free and dust conditions are more noticeable for the 555 

special event.  556 
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 753 

FIGURES 754 

 755 

Figure 1: Single scattering albedo and its standard deviation during desert dust events (in 756 

atmospheric column with full circle symbol, in surface with full start symbol) and during 757 

dust-free conditions (in atmospheric column with unfilled circle symbol, in surface with 758 

unfilled start symbol). 759 

Figure 2: a) Aerosol scattering optical depths, SAEcol, and their standard deviations in 760 

atmospheric column during desert dust events (full bars) and dust-free conditions (hatched 761 

bars) and b) aerosol scattering coefficients, SAEis, and their standard deviations at the 762 

surface during desert dust events (full bars) and dust-free conditions (hatched bars).  763 

Figure 3: a) Aerosol absorption optical depths, AAEcol, and their standard deviations in 764 
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atmospheric column during desert dust events (full bars) and dust-free conditions (hatched 765 

bars) and b) aerosol absorption coefficients, AAEis, and their standard deviations at the 766 

surface during desert dust events (full bars) and dust-free conditions (hatched bars). 767 

Figure 4: Relative frequency of scattering and absorption Angstrom exponents during 768 

desert dust events in atmospheric column (a and b) and at the surface (e and f), and 769 

during dust-free conditions in atmospheric column (c and d) and at the surface (g and h). 770 

Figure 5: Single scattering albedo averaged for different Fine Mode Fraction (FMF) bins 771 

during desert dust introsions over Granada. The error bars are the standard deviations. 772 

SAEcol and AAEcol averaged for each FMF bin and the corresponding standard deviations 773 

are also included in the Figure. . 774 

Figure 6: Aerosol light scattering coefficient at 450, 550 and 700 nm, AODscat(), 775 

SAEcol(440-1020), and SAEis(450-700) obtained over Granada during the period 9-31 776 

October 2008. 777 

Figure 7: Mass concentration expressed in μg/m3 of the major constituents in PM10 for the 778 

sampling days 13, 14, 22 and 30th of October and in PM1 for the 30th of October. The ratio 779 

OC/EC is also shown (right axe) and the percentage of Fe and EC during each sampling 780 

day is included. 781 
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Figure 8: Aerosol scattering optical depth and its standard deviation in atmospheric column 782 

(left panel) and surface aerosol scattering coefficient and its standard deviation (right 783 

panel), for the periods 11-13, 14 and 30th of October 2008.  784 

Figure 9: Aerosol absorption optical depth and its standard deviation in atmospheric 785 

column (left panel) and surface aerosol absorption coefficient and its standard deviation 786 

(right panel), for the periods 11-13, 14 and 30th of October 2008. 787 

Figure 10: Single scattering albedo and its standard deviation in atmospheric column (left 788 

panel) and measured with in situ instrumentation at the surface (right panel), for the 789 

periods 11-13, 14 and 30th of October 2008. 790 
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TABLES 795 

Table 1: Comparison of aerosol optical properties with those obtained in other locations. 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

Authors Aerosol 

type 
SAEcol() SAEis() AAEcol() AAEis()  col()() is() () Location 

Kim et al. (2011) Dust     0.90-0.94 at 440   Tamanrasset, 

Algeria 

Dubovik et al. (2002b) Dust     0.92 and 0.97 at 

440 and 1020 

 Solar Village, 

Saudi Arabia 

Perrone and Bergamo, 

(2011) 

Dust       0.87-0.95 at 550   Lecce, Italy 

Lyamani et al. (2006b) Urban-

Industrial 

    0.91 and 0.85 at 

440 and 1020  

 Granada, Spain 

Kim et al. (2005) Dust 0.38±0.03  at 

412-862  

0.66±0.03   

at 450-700  

   0.91 at 550  Gosan, Korea 

Kim et al. (2005) Urban-

Industrial 

1.3±0.03   at 

412-862  

1.4±0.03   

at 450-700  

   0.91 at 550 Gosan, Korea 

Yang et al. (2009) Dust  0.59±0.03   

at 450-700  

 1.89±0.03   

at 470-660 

 0.90 at 550 Beijing, China 

Yang et al. (2009) Urban-

Industrial 

 1.39±0.03   

at 450-700 

 1.5±0.03   

at 470-660 

 0.80 at 550 Beijing, China 

Soni et al. (2010) Urban-

Industrial 

     0.70 at 550 Delhi, India 

Saha et al. (2008) Urban-

Industrial 

     0.73-0.78 at 525 Toulon, France 

Andreae et al. (2008) Urban-

Industrial 

     0.83 at 540 Guangzhou, 

China 

This study Dust 0.5±0.03   at 

440-1020  

1.1±0.03   

at 450-700  

1.5±0.03   at 

440-1020 

1.3±0.03   

at 467-650 

0.89 and 0.96 at 

440 and 1020 

0.74 and 0.76 at 467 

and 650 

Granada, Spain 

This study Free-dust 1.2±0.03   at 

440-1020 

1.6±0.03   

at 450-700 

0.9±0.03   at 

440-1020 

1.4±0.03   

at 467-650 

0.90 and 0.86 at 

440 and 1020 

0.62 and 0.61 at 467 

and 650 

Granada, Spain 
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() Spectral range used to retrieve the SAEcol, SAEis, AAEcol  and AAEis parameters in nm, () Wavelength in nm 816 
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Table 2: The p values of the Kolmogorov-Smirnov statistical test applied to SAE and AAE 817 

retrieved in the atmospheric column and at surface for each pair of data set (Desert dust 818 

and Dust-Free conditions). The p values of the diagonal, for each pair of data, indicate 819 

statistical significant. Values of p< 0.05 indicate statistical significant differences between 820 

the means at the 95% confidence level. The subscript “DD” and “DF” mean Desert dust 821 

and Dust-Free conditions, respectively. 822 
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 SAEcol
DD AAEcol

DD SAEis
DD AAEis

DD 

SAEcol
DF 0.093 --------- --------- --------- 

AAEcol
DF --------- 0.147 --------- --------- 

SAEis
DF --------- --------- 0.141 --------- 

AAEis
DF --------- --------- --------- 0.017 
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