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• Columnar and vertical-resolved aerosol optical properties during dust events in Granada, Spain are investigated. 
• Analyses are based on the AERONET and EARLINET data and Hysplit back-trajectories. 
• Six different scenarios of Saharan dust intrusions were found overpassing Granada. 
• Aerosol characteristics according to these scenarios are determined. 
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a  b  s  t  r  a  c  t   

 
In this paper, we present a study of the columnar and vertically resolved aerosol optical properties over 
Granada (Spain) during dust events detected during July-August in the period 2012e2013. For this 
purpose, we classified the events according to their origins and pathways. The analyzed aerosol prop- 
erties include; columnar aerosol optical properties like aerosol optical depth (AOD) and Angstrom 
exponent (AE), as well as the lidar products, like backscatter-related Angstrom exponent and linear 
particle depolarization ratio (LDPR). The lidar profiles are used for determination of the geometrical 
structure of dust layers and the aerosol optical parameters inside dust layers. 

There are identified 58 dusty days over Granada during the periods July-August, 2012e2013. In 71% of 
the dust, event analyzed the dust plume over Granada is located between 3000 and 4000 m a.g.l. Mean 
values of AOD500 according to the Atlantic and Mediterranean pathway were 0.28 ± 0.10 and 0.93 ± 0.17. 
Meanwhile, the mean values of AE440-870 were 0.57 ± 0.25 and 0.43 ± 0.20. Three region are identified as 
the main dust sources affecting the dust intrusions over Granada. Two principal pathways of air masses 
during dust intrusion over Granada were observed: through Atlantic (52.7%) and through Mediterranean 
(47.3%). Air masses which come through the Mediterranean present larger AOD and lower Angstrom 
exponent values than those air masses coming through Atlantic. 

Lidar measurements show different vertical distributions on particle backscatter coefficient, during 
different scenarios of dust intrusions. The lidar profiles indicate that average base and top heights of all 
dust during the investigation period were 2.1 ± 0.7 and 4.8 ± 0.9 km, and their center of mass and 
thickness were 3.3 ± 0.7 and 2.8 ± 1.0 km a.g.l. The AE355/532 profiles for the dust intrusions present some 
differences depending on the source regions and path followed by the dust. On the other hand, the 
profiles of LPDRat 532 nm were more similar for all scenarios. 

 



 

1. Introduction 

Atmospheric aerosols play an important role in global radiation budget (IPCC, 2013). However, their 

concentrations are very variable in the troposphere due to the variability of their sources and the strong 

influence of the meteorological conditions. According to the Fifth Report of the Inter-governmental Panel 

on Climate Change (IPCC, 2013), the lack of adequate information on aerosol temporal and spatial 

variability causes high uncertainty on their influence on the global radiation budget compared to the 

gasses effect. To improve the knowledge on climate change, it is very important to reduce these 

uncertainties. Furthermore, atmospheric aerosol particles can interact with clouds influencing the Earth's 

climate indirectly. Thus, aerosol particles modify microphysical properties of clouds, acting as cloud 

condensation nuclei, influencing on the precipitations (Rosenfeld et al., 2001). Depending on the 

temperature and their type, aerosol particles can act as well as ice nuclei (Sassen, 2002; Zuberi et al., 

2002). Atmospheric aerosols have also effects on air quality and, thus, on the human health (Pope et al., 

2002; Miller et al., 2007). 

Each year, an estimated 2000 Mt dust is emitted into the atmosphere, 75% of which is deposited to the 

continents (Shao et al., 2011). Desert dust represents about 40% of aerosol loading into the troposphere 

and about half of this is attributed to the Sahara desert. On the global scale, the Sahara desert is the 

principal source of mineral dust (Liu et al., 2008; Tegen and Schepanski, 2009). Dust particles can travel 

very long distances and the arrival of dust plumes to the Mediterranean region is a common feature 

(Engelstaedter et al., 2006; Sunnu et al., 2008; Hamonou et al., 1999; Ansmann et al., 2003; Papayannis 

et al., 2008; Toledano et al., 2011). After the long-range transport, the aging of the dust and the mixing 

with other aerosol types modify the optical properties of the desert dust (Hand et al., 2010; Bauer et al., 

2011). Many investigations about the Saharan dust intrusions over the Mediterranean were carried out 

during the last decades (Di Sarra et al., 2001; Prospero et al., 2002; Israelevich et al., 2003; Guerrero-

Rascado et al., 2008, 2009; Preißler et al., 2011; Valenzuela et al., 2012a; Córdoba-Jabonero et al., 2011; 

Navas-Guzman et al., 2013). The Saharan dust is a key factor in the aerosol concentrations over the 

Mediterranean basin (e.g., Barnaba and Gobbi, 2004; Pey et al., 2013). The Saharan Desert is also the 

principal source of dust events over the Iberian Peninsula (Lyamani et al., 2005; Cachorro et al., 

2008; Guerrero-Rascado et al., 2008). In this sense, Granada is affected by dust intrusions mostly during 

the summer season (Valenzuela et al., 2012a; Córdoba-Jabonero et al., 2011; Navaz-Guzman, 2012). 

Passive remote sensing techniques (Sun photometry), give column integrated values of several aerosol 

optical and microphysical properties, like aerosol optical depth (AOD), Angstrom exponent (AE), fine 

mode fraction (FMF), coarse mode contribution to AOD (CM_AOD) and single scattering albedo among 

others (Eck et al., 1999; Perez et al., 2006). However, these techniques do not provide vertically-resolved 

variables. This is an important limitation of these techniques. Profiles can be obtained using active remote 

sensing techniques. The vertical-resolved aerosol optical properties are analyzed using the lidar 
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measurements (Mattis et al., 2004; Mathias et al., 2004b; Muller et al., 2004). Aerosol profiling with high 

time and space resolution is a valuable tool to study the vertical aerosol structures and their evolution 

(Pappalardo et al., 2010). Other tools to analyze the dust events are the satellite products, like maps of 

MODIS (Moderate Resolution Imaging Spectroradiometer), etc. Satellite products provide nonintrusive 

measurements and global coverage (Kaufman et al., 1994; King et al., 1999; Kahn et al., 2005; Remer 

et al., 2005). However, satellite measurements present low temporal resolution. Additional tools, which 

permit to forecast dust intrusions, are the models, like HYSPLIT4 (HYbrid Single Particle Lagrangian 

Integrated Trajectory model), BSC-DREAM 8b.v2.0 (Dust Regional Atmospheric Model), NAAPS 

(Navy Aerosol Analysis and Prediction System), (Draxler and Rolph, 2003; Nickovic et al., 2001; 

Christensen , 1997), etc. 

In this paper, dust intrusions over Granada are analyzed. We have focused our analyses on two successive 

summer seasons, covering the period July-August. We have not included September in our analysis, 

because of a relatively low number of available lidar data during this month. In this study, we focus on 

the characterization of the aerosol optical properties, measured during these dust events. For this purpose, 

we analyzed the backscatter-related Angstrom exponent and linear particle depolarization ratio inside the 

dust layers as well as the geometrical structures of dust layers, like base and top heights, as well as their 

backscatter-weighted altitude and the layer thickness. In addition, an statistical analyses of the different 

aerosol properties have been done after classifying the dust events into different scenarios. These analyses 

give detailed information about the characteristics of dust events over Granada during these summer 

sessions. 

The paper has the following structure: The descriptions of the experimental site and instrumentation are 

given in Sect.2. In Sect.3, we present the method of classification of air masses during dust events in 

Granada. Later, in Sect.4, we present the results and an in-depth analysis of desert dust characteristics 

over Granada measured by sunphotometer and lidar. Sect.5 presents the concluding remarks. 

2. Experimental site and instrumentation measurements 

Data presented in this study were collected at the Andalusian Centre for Environmental Research 

CEAMA, located in the city of Granada (Spain, 37.16°N, 3.61°W, 680 m a.s.l.). Granada is a non-

industrialized medium-sized city, with a population of 250,000 inhabitants (350,000 including the 

metropolitan area). Mountains surround the city with elevations between 1000 and 3500 m a.s.l. The 

study area is about 200 km away from the African continent and approximately 50 km away from the 

western Mediterranean basin. Two major aerosol source regions; Europe and North Africa affect 

Granada. Europe is the major source of anthropogenic pollutants, and North Africa is the principal source 

of mineral dust affecting Iberian Peninsula (Alados-Arboledas et al., 2003; Lyamani et al., 2006a, 2010; 

Perez-Ramirez et al., 2012; Titos et al., 2012). Due to its proximity to the Iberian Peninsula, North Africa 

constitutes a potential source of mineral particles under certain meteorological scenarios (Rodriguez et al., 

2001; Escudero et al., 2006). Moreover, the Mediterranean basin represents an additional source of 
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atmospheric aerosol (Alados-Arboledas et al., 2003, 2008; Lyamani et al., 2004, 

2005, 2006b, 2010; Guerrero-Rascado et al., 2008, 2009; Valenzuela et al., 2012a, b). Usually, high 

temperatures and low humidity in summer induce numerous forest fires in the Iberian Peninsula, whose 

smoke represents an additional source of atmospheric aerosol. The near-continental conditions prevailing 

at this site are responsible for large seasonal temperature differences, providing cool winters and hot 

summers. 

Daytime, column-integrated characterization of the atmospheric aerosol was performed using a sun-

photometer CE-318-4 included in the AERONET (Aerosol Robotic Network) network (Holben et al., 

1998). The measurements are performed in regular basis during the working days. This Sun photometer 

makes direct sun measurements every 15 min with a 1.2° full field of view at 340, 380, 440, 500, 675, 

870, 940 and 1020 nm. The full-width at half-maximum of the interference filters are 2 nm at 340 nm, 

4 nm–380 nm and 10 nm at all other wavelengths. Solar extinction measurements are used to obtain 

aerosol optical depth at each wavelength except at 940 nm, which is used to retrieve total column water 

vapor. Calibration of this instrument is performed under AERONET standards. 

Aerosol vertical profiling was performed using a multiwavelength Raman lidar model LR331D400 

(Raymetrics S.A., Greece). It is configured in a monostatic biaxial alignment pointing vertically to the 

zenith and based on a pulsed Nd:YAG laser at 1064 nm (110 mJ), 532 nm (65 mJ) and 355 nm (60 mJ) 

simultaneously, firing laser shots with a repetition rate of 10 Hz. The receiving system is a Cassegrainian 

telescope and a wavelength separation unit that consists of dichroic mirrors, interferential filters, and a 

polarization cube. Detection is carried out in seven channels corresponding to elastic wavelengths at 

1064 nm, 532 nm (parallel- and perpendicular-polarized) and 355 nm, and to inelastic wavelengths at 

607 nm (nitrogen Raman-shifted signal excited by radiation at 532 nm), 387 nm (nitrogen Raman-shifted 

signal excited by radiation at 355 nm) and 408 nm (water-vapour Raman-shifted signal excited by 

radiation at 355 nm). The system presents depolarization capabilities at 532 nm (532-cross and 532-

parallel detection channels), which allows the retrievals of particle linear depolarization ratio profiles (δP), 

as described in Bravo-Aranda et al., 2013. The instrument operates with a spatial vertical resolution of 

7.5 m. Due to the instrument setup, the incomplete overlap between the laser beam and the receiver field 

of view limits the lowest observations (full overlap is obtained at 970 m above ground; Navas-Guzmán 

et al., 2011). Correction of the overlap effect is performed by applying the procedure previously 

suggested by Wandinger, and Ansmann, 2002 and Navas-Guzmán et al., Navas-Guzmán et al., 2011. 

Details about this instrument can be found in (Guerrero-Rascado et al., 2008, 2009). This instrument was 

incorporated to EARLINET- European Aerosol Research Lidar Network (Bosenberg et al., 2001) in April 

2005. It has been part of the EARLINET-ASOS (Advanced Sustainable Observation System) project 

(http://www.earlinet.org/) and currently is included in the ACTRIS European. 
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For this study, we use the regular daytime data of the lidar measurements performed in the frame of 

EARLINET (Pappalardo et al., 2014) together with additional measurements registered during dust 

events. In total, during this period are elaborated 231 lidar profiles; 145 in August and 86 in July. 

3. Identification of desert dust events 

For detecting the African desert dust intrusions over our site, we have based our analyses on AERONET 

daytime data. Additional tools for these determinations are the dust models such as BSC-BSC-DREAM 

(Nickovic et al., 2001), NAAPS (Christensen, 1997) and HYSPLIT4 back-trajectory analyses (Draxler 

and Rolph, 2003), as well as synoptic meteorological charts, satellite images (eg. MODIS and OMI). The 

numerical models generate maps showing estimations of the aerosol properties over geographical 

locations. The maps generated by these models are used to identify the desert dust plumes moving 

towards and reaching our investigated area. We have used the maps of AOD, dust surface concentration, 

etc. generated by BSC-DREAM and NAAPS to estimate the evolution of dust plume during the dust 

events over passing Granada. The evolution of the dust plumes is also tracked by satellite imagery. The 

MODIS Terra and Aqua have provided aerosols related parameters for the entire globe since 2000 and 

2002, respectively. Thus, the MODIS instruments onboard the Terra and Aqua platforms are used for 

mapping of AOD in the area of interest. The satellite observations are used to detect the dust episode and 

identify the area affected by the plumes. The MODIS aerosol optical thickness standard product (AOD at 

550 nm) is employed to evaluate the AOD in the period gaps in which AERONET data are not available. 

Here, AOD values at 550 nm are provided by the MOD05_L2 and MYDO05_L2(daily, 10 km spatial 

resolution). The threshold, AOD550>0.15, is the same with the AERONET data. However, the use of these 

additional tools was done only in limited cases, only when the AERONET data were not available. 

We used sun photometer data to confirm the presence of desert dust over our area. Days with average 

AOD500>0.15 and AE440-870<1 were considered as dusty days. Meanwhile, we consider that a dust event 

includes the consecutive days detected as dusty. These threshold values were widely used for 

identification of desert dust by sun photometry measurements (e.g. Kumar et al., 2014a, b; Papayannis 

et al., 2009; Mona et al., 2006; Valenzuela et al., 2014). Also, we used linear particle depolarization ratio 

at 532 nm (LPDR532) and backscatter related Angstrom exponent evaluated between 355 and 532 nm, 

derived from lidar measurements to make further analyses, like the determination of their shapes inside 

the dust layers (Freudenthaler et al., 2009; Bravo-Aranda et al., 2013). 

Air mass 120-hr backward trajectories calculated by HYSPLIT4 at different altitudes, from 1000 to 6000 

a.g.l, were used to identify the source regions of desert dust observed over our study area during the 

analyzed period following the methodology described by Valenzuela et al. (2012b). This method assumes 

that the dust particles are confined to the mixed layer at the potential source region and that the air mass is 

loaded by desert dust when the air mass altitude is lower than or close to the altitude of the mixed layer at 

the potential source. Here, the HYSPLIT4 model, using a 3-hr resolution, supplied both, the air mass 

backward-trajectories and mixed layer altitudes. According to this criterion, three source regions were 
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identified: (1) region A (northern Morocco, northwestern Algeria), (2) region B (Western Sahara, 

northwestern and (3) region C (eastern Algeria, Tunisia), Fig. 1. These source regions are also previously 

achieved (Valenzuela, 2012). Finally, we used the cluster analysis to identify the main pathways of desert 

dust transport to our study site. This method is based on the geometric distance between individual 

trajectories, and it takes into account speed and direction of the trajectory. The results are centroids, 

which group, individual trajectories with similar behavior of their direction. The centroid represents the 

average of the trajectories included in that cluster. The HYSPLIT4 model has a clustering tool based on 

the variations in both the total variance between clusters (TSV, Spatial Variance Total) and the variance 

between each component trajectory (SPVAR, Spatial Variance) (Draxler and Rolph, 2003). The cluster 

analysis resulted in two main pathways: African air masses arriving at Granada through the Atlantic 

Ocean and those reaching the study area through the Mediterranean Sea (Fig. 2). 

 
Fig. 1. Schematic presentation of the different scenarios of Saharan dust intrusions over Granada. Here 
are presented three potential Saharan dust sources A, B and C as well as three main pathways these events 

(from Google maps). 
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Fig. 2. Contour plots of the frequencies of different scenarios of dust intrusions at each altitude. Color 
bars indicate the percentages (%) of occurrence of each scenario. Highest percentages are presented by 

the red color, while lowest percentages are presented by the yellow color. These plots refer to six different 
altitudes; a) 1000 m, b) 2000m, c) 3000 m, d) 4000 m, e) 5000 m and f) 6000 m. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 



Klett-Fernald inversion algorithm (Fernald et al., 1972; Klett, 1981, 1985; Fernald, 1984) is applied to 

retrieve the height-resolved particle backscatter coefficients at 355, 532 and 1064 nm, and derived 

properties such as the backscatter-related Angstrom exponent between 355 nm and 532 nm. Based on 

lidar data, the top and bottom heights of dust layers were determined based on the derivative method of 

the particle backscatter coefficient at 532 nm. After this, we have determined the geometrical thickness 

and the backscatter-weighted altitude of dust layers. Meanwhile, the backscatter-weighted altitude Zc at 

532 nm are obtained by using the eq. (1) (Mona et al., 2006; Papayannis et al., 2009). 

(1)ⅆⅆzc=∫zbztz·β·ⅆz∫zbztβ·ⅆz 

where, β is the particle backscatter coefficient, z is the altitude (a.g.l.) and zcis the height of the 

backscatter-weighted altitude. 

4. Results 

4.1. Classification of dust events observed over Granada 

According to the methodology described in Section 3, data corresponding to the summer seasons (July-

August) of 2012 and 2013 was analyzed in detail. The number of the detected dusty days and dust events 

based on AERONET data for this period is included in Table 1. In the cases of non-availability of 

AERONET data, we have used the models NAAPS and BSC-DREAM as well as the MODIS products, to 

obtain AOD550nm data. 

Table 1. Number of dusty days observed over Granada in each month during the period July-August, 

2012–2013 (AERONET data). 

 Number of dusty days Number of dust events 

July August July August 

2012 14 21 4 4 

2013 7 16 4 3 

Total 21 37 8 7 

Based on the data of Table 1, there are identified in total 58 dusty days and 15 dust events in Granada 

during the period July-August, 2012–2013. During the period July-August 2012, 35 dusty days was 

observed, while in the same period of 2013 only 23 dusty days were observed. The major number of dust 

events was observed in August. In addition, AERONET data suggest that the dust events during August 

lasted more compared to July. The number of dusty days per dust event during the whole period was 3.6, 

with a standard deviation 2.4. 

Cluster analyses of HYSPLIT4 backward-trajectories from Sahara desert to Granada reveal three main 

source regions and two pathways. The combination of the source clusters and these pathways constitutes 

the scenarios of Saharan dust intrusions over Granada. 
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For the analysed period, dust event occurrences (in %) over Granada, according to the different scenarios 

of dust intrusion are as follows; region A (through Mediterranean) 35.5%, region B (through Atlantic) 

27.0%, region C (through Mediterranean) 15.7%, region A (through Atlantic) 11.4%, region C (through 

Atlantic) 8.8% and region B (through Mediterranean) 1.6%. The most frequent scenario is the dust 

intrusion, originated in region A and passing through the Mediterranean. Very frequent are also dust 

intrusions from the region B, which overpasses through the Atlantic. These results were also observed in 

previous studies (e.g. Goudie and Middleton, 2001). According to Valenzuela et al. (2012b), dust 

transport from region A is favoured by low pressure centered over Southeastern Portugal and a high 

pressure center over central Mediterranean. The anticyclone centered over North Africa, southeastern 

Iberian Peninsula and west of the Mediterranean, favors dust transport from region B. Meanwhile the low 

pressure centered over Morocco and high pressure centered over eastern Algeria and Tunisia, favor dust 

intrusions in Granada from region C. On the other hand, 98.4% of the air masses, which originate from 

region B pass through the Atlantic. 

Furthermore, the analyses of these scenarios are realized at different altitudes; from 1000 m a.g.l. up to 

6000 m a.g.l. Fig. 2 presents the frequency of occurrences of different scenarios of dust intrusions over 

Granada. The maximal altitude of dust intrusions during our analysis was 6000 m. This value is in 

accordance with the maximal altitudes found by Guerrero-Rascado et al. (2009) and Tesche et al. (2009). 

The plots in Fig. 2 show that the frequencies of different scenarios of dust intrusions over Granada are 

almost the same. The major difference was observed in the first plot, corresponding to 1000 m a.g.l. 

Nevertheless, this difference was not taken into consideration because of the low number of data (only 

2.35%) at this altitude. From the plots of Fig. 3, we see that the most frequent scenarios of dust intrusions 

over Granada are those which originate from region A and come through the Mediterranean as well as 

those from which originate region B and come through the Atlantic. 
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Fig. 3. The altitude distribution of the percentages of the total number of the 120-hr Hysplit back-

trajectories at 12 UTC, with 3-hr resolution. This calculation was performed only during the dust events 
in Granada. 

In short, we can state that all desert dust intrusions over Granada come through the Mediterranean 

(52.7%) and Atlantic (47.3%). On the other hand, both regions are responsible for a considerable fraction 

of dust intrusions over Granada. Their contributions are about 47%, 29%, and 24%, respectively, from the 

regions A, B and C. Fig. 3 presents the distribution of the number of air masses coming in Granada from 

Saharan regions during the dust events according to the altitude of air mass arrivals. 

Fig. 3 presents the frequency distribution of backward-trajectories at several altitudes grouped according 

to their pathways from the Sahara Desert to Granada. According to Fig. 3 most of the air masses coming 

from the dust source regions overpass Granada at altitude range 3000–5000 m a.g.l. About 71% of all air 

masses overpass Granada at this range of altitudes (Fig. 3). This result is in accordance with previous 

studies, that found that the principal altitude range of Saharan dust intrusions was between 3 and 5 km 

(Papayannis et la. 2008; Mona et al., 2006). The plots in Fig. 3 indicate some important patterns of the 

altitude distribution of backward-trajectories at different pathways. Backward-trajectories at 1000 m 

come only through Mediterranean during the investigation period. This situation changes toward higher 

altitudes, where are obtained considerable numbers of backward-trajectories coming from both pathways. 

Backward-trajectories that arrive at 2000 m from the Atlantic count on about 37% of all backward-

trajectories at this altitude. 40–50% of all backward-trajectories at altitude 3000–5000 m over Granada 

came from the Atlantic. In the upper layers, 6000 m backward-trajectories are more likely to come 

through the Mediterranean (69%). 

4.2. Columnar aerosol optical property's classification by dust cluster origins 

Table 2 presents a statistical summary of daily and instantaneous values of AOD500, AE440-870, coarse 

mode contribution on AOD CM_AOD500 and fine mode fraction FMF500, for dust events observed at 

Granada on July and August 2012–2013 (derived from AERONET, level 2.0 when available, otherwise 

the level 1.5 was used). 

Table 2. Principal statistical parameters of aerosol optical depth, Angstrom exponent, coarse mode 
contribution on AOD and the fine mode fraction during the whole period; July-August 2012–2013. 

  Daily averaged data Instantaneous data 

July August July August 

AOD500 Min. 0.18 0.15 0.05 0.06 

Avg. 0.30 0.35 0.25 0.31 

Max. 0.42 0.98 0.61 1.13 

St.dev. 0.08 0.16 0.12 0.16 

AE440-870 Min. 0.32 0.13 0.17 0.02 
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  Daily averaged data Instantaneous data 

July August July August 

Avg. 0.56 0.50 0.71 0.58 

Max. 0.95 0.98 1.41 1.47 

St.dev. 0.21 0.24 0.30 0.30 

CM_AOD500 Min. 0.13 0.09 0.03 0.03 

Avg. 0.22 0.26 0.17 0.22 

Max. 0.33 0.78 0.51 0.94 

St.dev. 0.07 0.14 0.10 0.14 

FMF500 Min. 0.21 0.17 0.16 0.14 

Avg. 0.28 0.28 0.31 0.30 

Max. 0.48 0.59 0.56 0.80 

St.dev. 0.07 0.11 0.10 0.13 

Intense dust events, with AOD500 higher than 0.30, were observed in 8 cases; 3 cases in July and 5 cases 

in August. The most intense dust intrusion was recorded on 2 August 2012. On this day, AOD500 value 

(0.98) was the highest value of the analyzed period. This AOD500 value was 2.8 times higher than the 

whole August average. However, this value is lower than the maximal value (0.86–1.5) found 

by Guerrero-Rascado et al., 2009. Meanwhile, during this day we obtained also the lowest AE440-870 value 

(0.13) during all the dusty days, indicating a strong contribution of coarse dust particles on this day. The 

average value of coarse mode AOD500 in August was 1.2 times higher than in July. On the other hand, a 

similar value of the average fine mode fraction500nm was obtained in July and August. These results 

demonstrate the stronger presence of dust on August. 

Instantaneous data during the dusty days in Granada are used in Table 2. The average and median values 

(not shown here) are quite similar. This fact indicates that the averages are not influenced by the extreme 

values. Low average of instantaneous values of AE440-870 and FMF500, as well as high values of 

CM_AOD500 during all the days associated with dust event, confirms the presence of dust during these 

days. 

The following results present the statistics on the instantaneous data of the aerosol optical properties. 

The Fig. 4 presents the distribution of the values of instantaneous data AOD500, AE440-870, 

CM_AOD500 and FMF500 during all the days associated with dust event. 
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Fig. 4. The frequencies in the plots present the number of the cases for aerosol data during dust events in 

Granada, analysed for two periods; July-August 2012 and 2013. The aerosol properties presented here 
are; a) AOD500, b) AE440-870, c) CM_AOD500and d) FMF500. 



The upper limit of AOD500 during 2012 was higher than in 2013, even though the frequencies of these 

values are relatively low. The distributions of AE440-870 present almost the same bimodal patterns during 

2012 and 2013. Even this, the AE values tend to be lower during 2012. In addition, the pure dust 

conditions have been analyzed. These dust events are characterized by very low values of Angstrom 

exponent, AE440-870<0.3, (Kaufman et al., 2006; Tesche et al., 2009; Valenzuela et al., 2014). The 

percentage of data with AE440-870<0.3 were 20.4% in 2012 and only 2.1% in 2013. The data of the 

CM_AOD500 show a mono-modal distribution with the maximum of 0.05–0.35 for 2012 and 0.05–0.25 

for 2013. Meanwhile, the distributions of the FMF500, have different patterns during two years. A clear 

maximum of 0.15–0.30 was obtained in 2012. Smother distribution was obtained for 2013. A lower 

maximum, in this case, was reached at 0.25–0.40. Principal statistical parameters of AOD500, AE440-870, 

CM_AOD500 and FMF500 during the period July-August, 2012–2013, are presented in Table 3. 

Table 3. Angstrom exponent at 355/532 nm (AE355/532) and linear particle depolarization ratio at 532 nm 

(LPDR532), using lidar measurements. These are averaged values according to dust origins and the 
pathways of air masses, during dust intrusions over Granada. 

 AE355/532 LPDR532 

Average St. dev. Average St. dev. 

Region A 0.39 0.20 0.24 0.01 

Region B 0.40 0.20 0.24 0.02 

Region C 0.32 0.13 0.22 0.01 

Atlantic path 0.41 0.22 0.22 0.02 

Mediterranean path 0.38 0.17 0.21 0.01 

In order to better identify the AOD-AE frequency of occurrences during dusty days in Granada, a cluster 

analysis of columnar optical data is performed. This analysis was done implementing the K-Means 

algorithm (Aravind et al., 2010; Dall’Osto et al., 2012; Wong et al., 2013). K-means, which is a non-

hierarchical clustering technique, starts with the random subdivision of objects into a number of clusters. 

The K–means algorithm starts with the initial assumption of the number of clusters K. Here, three clusters 

are chosen. These clusters belong to these three cases of AOD-AE pairs; high AOD and low AE, low 

AOD and high AE, and the intermediate case. Since K = 3, we have 3 cluster centers, and they are 

initialized with random points. After the initial inputs, the procedure of the minimization of the distances 

of AOD-AE points to the centers of initial clusters gives the following results for cluster centers. 

4.2.1. Cluster I (0.18:1.03), cluster II (0.39:0.33) and cluster III (0.23:0.60) 

Data on the cluster I represent lowest AOD and highest AE values. This suggests a mixture of dust with 

fine mode aerosols. Cluster II represents dust cases characterized by highest AOD and lowest AE values. 

In this case, the coarse mode is dominant, which is a case similar to the pure dust events. Meanwhile, the 

remaining data of dust events in Granada are grouped in cluster III. This cluster contains intermediate 

data between the first two clusters. Both clusters contain an almost similar number of AOD-AE pairs. 
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28.7% of these data fall in the first cluster, 38.1% fall in the second and 33.2% fall in the third 

cluster. Fig. 5 presents the AOD-AE scatter-plots of AOD-AE values during all dust events in Granada. 

 
Fig. 5. Scatter-plot of AOD-AE instantaneous data during the periods July-August 2012 and 2013 in 

Granada. Here, cluster I represent the cases of lower aerosol load, mainly of fine mode, cluster II 
represents the cases of higher coarse mode aerosol load, whilst the data in the cluster III belong to the 

intermediate cases. 

Data points shown are instantaneous retrievals during the July-August, 2012–2013. This is the reason that 

we can find in the Fig. 5 values, which exceed the thresholds for dust event determination. The scatter-

plot of the Fig. 5 presents all the data. However, the optimal cluster centers vary during different months. 

This variation is linked to the different mean values of AOD and AE during July and August, but this is 

not the scope of this work. 

In order to investigate the aerosol optical properties, we have plotted averaged values of these properties 

during the scenarios of dust intrusions over Granada. Fig. 6 presents the averaged values plus the standard 

deviation of AOD500, AE440-870, CM_AOD500nm and the FMF500 according to cluster origins and the 

pathways of dust intrusions over Granada, during the dust events. 
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Fig. 6. Aerosol properties during different scenarios of dust intrusions in Granada. Mean values of 

AOD500, AE440-870, CM_AOD500 and FMF500 are plotted according to the six main scenarios of dust 
intrusion in Granada. 

The dust intrusions that originate in region B and come over Granada through Atlantic have the lowest 

AOD values. Meanwhile, the dust intrusions, which originate from region C and those, which originate 

from region B and come through the Mediterranean, have generally the lowest fractions of the fine mode 

and the Angstrom exponent. 

However, a direct relation between columnar aerosol optical properties measured by sun photometer and 

the origins and pathways of the air masses calculated by HYSPLIT4 backward-trajectories are difficult to 

obtain. This is because not all the backward-trajectories take part in the dust transport during certain dusty 

days. In this way, the column-integrated properties are related not only with the scenarios of the dust 

intrusions, but also with the number of backward-trajectories, which originate in those source regions. 

The histograms of AOD500, AE440-870, CM_AOD500 and FMF500 according to the origins and the pathways 

of air masses, are presented in Fig. 7. 
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Fig. 7. Histograms of the distribution of several aerosol parameters during dust events over Granada. The 

number of cases (frequencies) for the daily averaged AERONET data in Granada during dust events; a) 
AOD500, b) CM_AOD500, c) AE440-870 and d) FMF500. 

Aerosol optical depth in Granada, under dust intrusions through the Mediterranean pathways, is 1.3 times 

higher than dust intrusions through Atlantic pathway. The mean values of AOD for the pathway from the 

Atlantic and Mediterranean are 0.28 ± 0.10 and 0.39 ± 0.17 respectively. Lower AOD values in the cases 

of dust intrusion through Atlantic may be attributed to the larger backward-trajectories through the 

Atlantic pathway. During the larger trajectories through the Atlantic, deposition process (especially of the 

coarse mode particles) contributes to the decrease of AOD. In addition, the pathways over Mediterranean 

may be affected by possible additional aerosol sources in this region. On the other hand, the values of the 

AE are higher during the transport through Atlantic compared to the Mediterranean. Their respective AE 

values are; 0.57 ± 0.25 and 0.43 ± 0.20. This result supports the hypothesis of coarse mode reduction 

during the Atlantic pathway compared to the other pathways. Anyway, these differences are not 

significant, when one takes into consideration also their uncertainness. Lower contribution of coarse 

mode on AOD and consequently higher fine mode fraction was obtained during the dust intrusions 

through Atlantic compared to the Mediterranean pathway. However, the mean values of these parameters 

don't differ too much. The mean value of the coarse mode AOD500 was 0.20 ± 0.09 for the Atlantic 

transport and 0.29 ± 0.15 for the Mediterranean case. The differences in AOD500 and 

CM_AOD500 according to the two pathways were almost the same. This fact suggests that the differences 

on AOD500 seem to be associated with the coarse contribution. Meanwhile, the mean value for the 

FMF500 was 0.30 ± 0.12 and 0.29 ± 0.13 for the transport through the Atlantic and the Mediterranean 

respectively. Even that the mean values of the fine mode fraction are almost the same, their statistical 

distribution (Fig. 7) indicates that their modes are different; 0.30 for the Atlantic and 0.25 for the 

Mediterranean pathways. 

The analyses according to the origins of air masses confirm that air masses originating from region B 

have lower AOD500. Region B is more distant from Granada compared to the other regions and the 

principal pathways originating from this cluster pass through the Atlantic. These facts could explain the 

lower AOD500 during the dust events in Granada originating from the region B. 

Information about dust emission rate and surface concentrations provided by the DREAM model indicate 

some differences between the three regions. Mean emission rates at regions A and C were 2.02 and 

1.90 μgm−2s−1respectively. These values are significantly lower than the emission rate forecasted for the 

region B, which has a mean value of 2.58 μgm−2s−1. The mean values of surface dust concentrations are 

119, 173 and 125 μgm-3, for regions A, B and C respectively, with larger values in region B. Regardless 

the largest dust emission rate found in region B dust intrusions with this origin result in lower 

AOD500 over Granada. Thus, the transport process affected more the aerosol load over Granada than the 

dust emission over the origin region. 
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The mean values of AOD500 are 0.35 ± 0.14, 0.26 ± 0.09 and 0.41 ± 0.17 for regions A, B and C 

respectively, with the lowest values associate to region B. The average values of the AE440-870 for air 

masses with these origins are 0.52 ± 0.25, 0.57 ± 0.22 and 0.37 ± 0.16. The aerosol optical properties of 

air masses originating from regions A and B are almost the same. Lower values of AE440-870 in the cases 

of air masses, which originate from region C may be related to the fact that the air masses which originate 

in region C usually overpass both regions A and C in their path to the Iberian Peninsula. The above 

statement is supported by the backward-trajectories, especially those at the lowest altitudes. This process 

increments the dust intake and its transport from these regions to Granada. Mean CM_ AOD500 for 

regions A, B and C are 0.24 ± 0.13, 0.19 ± 0.08 and 0.32 ± 0.14 respectively. Meanwhile, mean 

FMF500 are 0.34 ± 0.16, 0.28 ± 0.07 and 0.24 ± 0.07. Air masses, which come from region C, have the 

highest CM_ AOD500 and the lowest FMF500. CM_ AOD500 was higher in the region A than region B, 

despite the higher fraction of the fine mode for the region A compared to the region B. This higher 

fraction of the fine mode is related to the higher anthropogenic activities, which generally carry out in the 

North-West African region (Rodrıguez et al., 2011; Valenzuela et al., 2012b; Cowie et al., 2014). 

In short, the air masses, which come through the Mediterranean, have higher AOD500 and CM_ AOD500, 

lower AE440-870 and FMF500, compared to the air masses, which come through the Atlantic. Air masses, 

which originate in region C, have the highest AOD500 and CM_ AOD500, and the lowest AE440-870 and 

FMF500. Meanwhile, the air masses, which originate in region B, have the lowest AOD500 and CM_ 

AOD500, and the highest AE440-870 and FMF500. 

The most frequent scenarios of dust intrusions over Granada are those originating in region A and over 

passing Mediterranean (35.5%) and those, which originate in region B and come through Atlantic 

(27.0%). Based on the above discussions, the first scenario is characterized by air masses with higher 

AOD and coarse mode contribution on AOD as well as a lower Angstrom exponent and fine mode 

fraction. Meanwhile, the opposite values were observed during the second scenario. 

4.3. Lidar profiles during dust events 

In these analyses, the altitude profiles of particle backscatter coefficients 355, 532 and 1064 nm during 

dust events in Granada are computed. The vertical profiles of the linear particle depolarization ratio 

LPDR532 and backscatter-related Angstrom exponent AE355/532 are computed too. The particle backscatter 

profiles are used to determine the geometrical properties of dust layers, while the AE355/532 and 

LPDR532 profiles are used to investigate the size and the shape, respectively, of the aerosol particles inside 

these dust layers. Averaged values of AE355/532 and LPDR532calculated for the decoupled dust layers were 

0.60 and 0.23 respectively. These values indicate a presence of coarse and non-spherical aerosols, which 

are the main characteristic of desert dust aerosol. 

The geometrical properties of dust layers are key variables that characterize dust intrusions. Principal 

geometrical variables studied here, are the base and top height of the dust layers, their thickness and the 

backscatter-weighted altitude. All these parameters are determined during dust events over Granada in the 
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period July and August 2012–2013. The box charts in Fig. 8 presents the values of average, standard 

deviation, median, 25% and 75% percentiles, as well as the values of base and top height of the dust 

layers, their thickness and the backscatter-weighted altitude of dust layers under dust events during all the 

investigation period in Granada. 

 
Fig. 8. Principal geometrical parameters of dust layers over Granada during July-August, 2012–2013. 

Mean base (red box), center of mass (green box), top height (blue box) and the thickness (light blue box). 
The boxes include the median and are extended up to 1 standard deviation. The whiskers present 10–90% 

of the values. The min-max values are also indicated on these plots. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 

The average base and top height of all dust layers during the investigation period were 2.1 ± 0.7 and 

4.8 ± 0.9 km. Meanwhile, the average backscatter-weighted altitude was obtained at 3.3 ± 0.7 km, and the 

mean layer thickness was 2.8 ± 1.0 km. At the altitude range 2–5 km, obtained by lidar measurements, are 

found 81.77% of all backward-trajectories passing over Granada during dust events. Thus, both lidar 

measurements and HYSPLIT4 model support the result about the altitude range of dust layers over 

Granada during the analyzed period. 

Some differences between geometrical properties of dust layers during July and August were obtained. 

The average value of the base height of dust layers in July results higher than in August, differing by 

about 0.4 km. Meanwhile, the average top height in August is 0.1 km higher than in July. This provides 

that dust layers in August are thicker than in July, by an average value of 0.5 km. An important variable is 

also the backscatter-weighted altitude of the dust layers. The backscatter-weighted altitude of dust layers 

in July is 310 m higher than in August. The differences between the base heights and the backscatter-

weighted altitude may be related to the different pattern of altitude profiles of the dust layers during these 

two months. The dust layers with their base height higher than the planetary boundary layer height (PBL), 

are considered as decoupled dust layers. We have identified decoupled dust layers in 80% of the analyzed 
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cases during July (the cases with available lidar data). This percentile was much lower during August. 

Only 42.9% of the analyzed cases are classified as decoupled dust layers in August, while the other 

57.1% are classified as mixed with PBL. 

Several studies have estimated the characteristics of the aerosol dust layers (Mona et al., 2006; 

Papayannis et al., 2008, 2009). The overall results over the European continent show that the mean 

thickness of the dust layer typically stayed around 1.5–3.4 km and the corresponding mean backscatter-

weighted altitude ranged from 3.0 to 3.8 km. Meanwhile, their mean base and top heights ranged on the 

intervals 1.4–4.7 km and 3.6–7.2 km. The mean values of base and top heights as well as the backscatter-

weighted altitude and thickness, obtained in the case of Granada, fall inside the above-mentioned 

intervals found over the continent. This fact provides an accordance of this study with the previous for 

Saharan dust layers over the European continent. 

In total, during this period 231 lidar profiles were computed; 145 in August and 86 in July. Fig. 9 presents 

the averaged profiles of 532 nm backscatter coefficient, 532 nm linear particle depolarization ratio, and 

532/355 nm backscatter-related Angstrom exponent for the whole investigation period; July-August, 

2012–2013. 

 
Fig. 9. Averaged altitude profiles of the backscatter coefficient at 532 nm, linear particle depolarization 

ratio at 532 nm and Angstrom exponent at 355/532 nm during dust events in Granada (gray indicates 
standard deviation). 

The average profile of bsc532, shows a maximum in the altitude range 2.3–5.0 km. Below 2 km, 

AE355/532 is higher than 1.0 and LPDR532 is lower than 0.19. However, the mean values of these properties 

inside the layer (above 2.3 km) are 0.58 and 0.22 respectively. The value of bsc532 in the center of the 

layer and at its bottom is 1.54 and 1.36 m−1sr−1. The geometrical pattern of the average profiles of 

bsc532 and the above values of the AE and LPDR shows a decoupled layer with its maximum at 3.1 km 

decreasing continuously with the altitude. The mean values of AE355/532 and LPDR532strongly confirm the 

presence of large and irregular shaped particles (Sassen, 2005; Ansmann et al., 2012; Burton et al., 2012). 

These results indicate the presence of dust layers at these altitudes during the investigated period in 

Granada. 
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The further step of these analyses is the identification of the differences of aerosol optical properties of 

dust intrusions from different clusters and pathways. For this purpose, there are estimated the mean values 

of AE355/532 and LPDR532 inside of the dust layers obtained by averaging lidar profiles of bsc532 according 

to the three clusters and two pathways. Fig. 10presents the profiles of bsc532 during dust intrusions in 

Granada, according to their origins and pathways. 

 
Fig. 10. Particle backscatter coefficient profiles during dust intrusion over Granada (gray indicates 
standard deviation). Averaged bsc532 of dust intrusions according to the main regions (A, B and C) and 

pathways (Atlantic and Mediterranean) are presented. 

Higher values of bsc532 are obtained during the dust events over Granada, which originated from regions 

A and C. These regions are the closest to the Iberian Peninsula. According to the previous discussions, 

one of the most frequent scenarios of dust intrusion over Granada is that, which originate in region B and 

come through the Atlantic. However, the plots of Fig. 11 indicate that these dust intrusions are less 

intense compared to the others. During the scenarios of dust intrusions, different patterns of backscatter 

coefficient profiles were obtained. The average bsc532 profiles of dust intrusions, which originate from 

regions A and C as well as those, which come through the Mediterranean, show the maximum above 

PBL, which indicate the presence of decoupled layer. Meanwhile, those dust intrusions with origin at 

region B and Atlantic pathway, are mixed with PBL. This evidence may be related to the fact that the dust 

plume has to overpass the altitude of the Atlas chain during the dust intrusions through the Mediterranean. 

The presence of these mountains complicates the passage of air masses at lower altitudes, enabling the 

creation of decoupled layers during these dust intrusions. 
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Fig. 11. Backscatter-related Angstrom exponent at 355/532 nm during dust intrusion scenarios over 

Granada (gray indicates standard deviation). Averaged AE355/532 of dust intrusions according to the main 
regions (A, B and C) and pathways (Atlantic and Mediterranean) are presented. 

Altitude profiles of backscatter-related Angstrom exponent and Linear Particle Depolarization Ratio 

according to the dust intrusion scenarios are displayed in Figs. 11 and 12. 
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Fig. 12. Linear Particle Depolarization Ratio at 532 nm profiles during dust intrusion scenarios over 

Granada (gray indicates standard deviation). Averaged LPDR532during dust intrusion scenarios over 
Granada, according to the main regions (A, B and C) and pathways (Atlantic and Mediterranean) are 

presented. 

The AE355/532 profiles for the dust intrusions, which originate at regions A and C, and come through the 

Mediterranean, show very similar patterns. These patterns differ from those of dust intrusions, which 

originate in region B and come through the Atlantic. This fact is in accordance with the similarities 

between profiles of bsc532. On the other hand, all the profiles of LPDR532 are similar to each other. The 

only exception comes from the case of region C, which has a different pattern of the LPDR532 profile. 

Average values of the AE355/532 and LPDR532 inside the dust layers give more insight on the differences 

aerosol optical properties among the different dust intrusions over Granada. Table 3 presents their average 

values and their standard deviation during different scenarios of dust intrusions in Granada. 

Values of AE355/532 and LPDR532 in Table 3 are calculated taking into account the lidar profiles of the dust 

plume. This was based on the previous discussions about the geometrical properties of dust layers. These 

results indicate similar average values of AE355/532 for the regions A and the region B, and lower value in 

the case of the region C. This result is supported by the same results in the case of column integrated 

Angstrom exponent at 440–870 nm. However, the average values of backscatter-related Angstrom 

exponent were almost similar in the case of Mediterranean pathway compared to Atlantic pathway. The 

same result was obtained using the AERONET data. Values of Angstrom exponent obtained from lidar 

measurements were lower than the values provided by AERONET for all dust intrusion scenarios. The 

reason for these differences was because the lidar AE values are averaged only inside the dust layers, 

while the column-integrated AERONET data take into account the whole column. Despite their 

differences, the correlation coefficient between lidar and column-integrated values of the Angstrom 

exponent for all cluster and pathway scenarios was relatively high, 0.91. On the other hand, the average 

values of LPDR532 were almost equal for all scenarios of dust intrusion. In short, the principal difference 

comes from the dust intrusions, which originate in region C. The dust events, which originate from region 

C have lower backscatter-related Angstrom exponent. This result was also confirmed by column-

integrated data. However, the mean backscatter weighted-altitude of the dust layers according to different 

scenarios don't differ too much. The overall mean value of the backscatter-weighted altitude was found 

3.3 km, with only 0.06 standard deviation among the mean value of the backscatter-weighted altitude 

according to three region origins (A, B, and C) and two main pathways (Atlantic and Mediterranean). The 

backscatter-weighted altitude of dust layers originating at regions A, B, and C, is almost similar; 0.29, 

0.30 and 0.33 km a.g.l. respectively. 

An interesting aspect of this study is the estimation of the free troposphere (FT) contribution of Saharan 

dust over Granada. This estimation was done analyzing the mean PBL height during dusty days in 

August. The mean value of the daily maximal PBL height during this period in Granada, using lidar data 
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by the wavelet method (Granados-Muñoz et al., 2012), was about 1.75 ± 0.11 km a.g.l. The average base 

height of dust layers during this period was 1.98 km a.g.l. This value is higher than the average PBL 

height during the same period (1.75 km a.g.l.). In the case of the decoupled dust layers, we separate the 

average values of aerosol optical properties inside dust layers and in the planetary boundary layer. The 

average top height of dust layers during the same days was 4.86 km. For this purpose, we have 

investigated AE355/532 and LPDR532 profiles in the altitude range 1.75–4.86 km to analyze aerosol 

properties inside the dust layers in the free troposphere, and in the PBL. Table 4 presents these aerosol 

optical properties for both cases. Analyses based on the lidar altitude profiles, show that the mean 

contribution of the free troposphere on AOD over Granada certain periods during August 2012 and 2013 

is 0.21. The mean value of daily AOD500 during the same periods provided by AERONET was 0.37. 

Thus, the mean free troposphere contribution on AOD500 during the dust events of this month counts on 

about 58%. Values of the Table 4 are extracted from the AE355/532 and LPDR532 lidar profiles. The lidar 

measurements reveal the differences between aerosol optical properties inside the PBL and in the free 

troposphere during these dust events. Anyway, taking into consideration a fixed mean value for the PBL 

during this month may yield some uncertainness for the values AE355/532 and LPDR532 (in PBL and FT) 

presented in the Table 4. The calculations of these uncertainness for both parameters for the PBL 

1.75 ± 0.11, result on 0.02 and 0.04 for AE355/532 in PBL and FT respectively. These values are quite small 

compared to the mean values of AE355/532 for a fixed PBL height. On the other hand, the uncertainties for 

the LPDR532 result quite negligible. The differences of the AE355/532 and LPDR532 give insights about the 

dust contribution to these two regions. The values in the Table 4 show that the average backscatter-related 

Angstrom exponent inside the PBL is about 1.44. This value is well above (2.4 times higher) its average 

value in the free troposphere. This high value of backscatter-related Angstrom exponent inside the PBL is 

due to the mixing process among dust particles and anthropogenic contribution. In addition, the average 

value of the linear particle depolarization ratio inside PBL is 1.53 times lower than in the free 

troposphere. High differences in the mean values of the AE355/532 and LPDR532 indicate that the dust 

layers are usually decoupled and contribute mainly in the free troposphere than in PBL during the dust 

intrusions in this period. 

Table 4. Angstrom exponent at 355/532 nm (AE355/532) and linear particle depolarization ratio at 532 nm 

(LPDR532) of the dust layers calculated in the free troposphere and inside the planetary boundary layer 
during certain dust events in Granada. 

 AE355/532 LPDR532 

Average St. dev. Average St. dev. 

PBL 1.44 0.19 0.15 0.01 

Free troposphere 0.60 0.21 0.23 0.02 

5. Conclusions 

This paper deals with the analysis of Saharan dust intrusions over the Granada station in the periods July-

August, during two successive years, 2012–2013. The focus was set primarily in the determination of 
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aerosol optical properties according to different dust intrusion scenarios over Granada. The combination 

of the data derived from AERONET data with lidar products and the use of HYSPLIT4 backward-

trajectories enabled to give accurate information about the aerosol optical properties of dust intrusions 

over Granada. Based on these results, there are determined, the principal Saharan dust intrusion scenarios 

over Granada and then are determined their aerosol optical properties. Cluster analyses of HYSPLIT4 of 

backward-trajectories were performed to determine the principal dust origins and pathways and 

consequently the scenarios of dust intrusions over Granada. The final step of these analyses concerns 

about the classification of the aerosol optical properties according to the different scenarios of dust 

intrusions over Granada. 

During the investigated period, 58 dusty days, grouped into 15 dust events, are identified. The majority of 

dusty days was identified in August. The number of dusty days per dust event during the whole period 

was 3.6, with a standard deviation 2.4. 

The cluster analysis suggests three origin regions and two pathways of Saharan dust intrusions. Same 

regions were found also during the previous studies over Granada (Valenzuela, 2012). Almost the same 

number of dust intrusions coming from the Atlantic (47.3%) or Mediterranean (52.7%) pathways is 

observed over Granada. Meanwhile, the north-west region of the Sahara (region A) is responsible for 

almost the half of dust intrusions over Granada (47%) and the other two regions (regions B and C) 

contribute on about 29% and 24% of dust intrusions, respectively. The combination of the origins and the 

pathways of the air masses which overpass Granada during dust events reveal two principal scenarios; 

dust intrusions through the Mediterranean, which originate from the region A (35.5%), and those 

originating from region B, and come through Atlantic (27%). The other scenarios, both count only about 

37.5% of all cases. 

The distribution frequency of backward trajectories which originate in Sahara regions and end over 

Granada, suggests that in 71% of all the cases dust intrusions arrive to Granada in an altitude range 3000–

5000 m. This result is in accordance with other previous studies during the Saharan dust intrusions over 

the Mediterranean basin (Guerrero-Rascado et al., 2009). 

The mean values of AOD500 for the pathways from the Atlantic and Mediterranean are 0.28 and 0.39 

respectively. This difference may be due to the presence of additional dust sources in the latter case and 

the more significant deposition process during the first case. The values of the AE440-870 were 0.57 and 

0.43, respectively, for Atlantic and Mediterranean pathways. Meanwhile, the mean AOD500 values during 

the dust intrusions from the three regions were 0.35, 0.26 and 0.41, respectively, for the regions A, B, and 

C. Even though the dust emission rate of region B is higher than the other two regions, due to its larger 

distance from Granada, its influence on aerosol load over Granada is minor than that of the regions A and 

C. This evidences the relevance of the transport process against the dust emission rate in the source 

region. On the other hand, the mean values of AE440-870 at the three regions were 0.52, 0.57 and 0.37. 

Thus, the air masses, which come through the Mediterranean, have higher AOD and coarse mode 
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contribution to AOD, lower Angstrom exponent and fine mode fraction, compared to the air masses, 

which come through the Atlantic. Air masses, which originate in region C, have the highest AOD and 

coarse mode contribution to AOD, and the lowest Angstrom exponent and fine mode fraction. 

Meanwhile, the air masses, which originate in region B, have the lowest AOD and coarse mode 

contribution to AOD, and the highest Angstrom exponent and fine mode fraction. 

Lidar profiles of bsc532, indicate that average base and top heights of all dust layers during the 

investigation period were 2.1 and 4.8 km. Meanwhile, the average backscatter-weighted altitude and the 

thickness of dust layers are 3.3 km and 2.8 km a.g.l. The AE355/532 profiles for the dust intrusions, which 

originate at regions A and C, and come through the Mediterranean, show very similar patterns. These 

patterns differ from those of dust intrusions, which originate in region B and come through the Atlantic. 

The main difference arises from the fact that air masses, which originate from regions A and C must 

overpass the Atlas mountains, influencing more on the formation of decoupled dust layers. Meanwhile, 

the profiles of LPDR532 were more similar for all scenarios. Due to the mixing processes with fine 

aerosols. The average AE355/532 was lower for the region C compared to other regions. Meanwhile, the 

LPDR532 was approximate for all clusters and pathways. 

In short, the classification of air masses into several scenarios and the determination of aerosol optical 

properties according to these scenarios during dust intrusions over Granada in the period July-August, 

2012–2013 was performed. The overall results give a clear picture of the optical characteristics of 

different scenarios of dust intrusions over Granada during this period. Because of the geographical 

position of Granada in the south of Spain, the analysis of the scenarios of dust intrusions over this site is 

of the key importance because they provide further insight into the characteristics of Saharan dust 

intrusions over the whole Iberian Peninsula. 
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