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A B S T R A C T   

Values of particulate matter (PM) concentrations, chemical composition and aerosol optical parameters have 
been measured with a high time resolution (1-hour) for thirteen days at the end of summer 2014. Sampling was 
performed at a remote site (1558 m a.s.l) located in the southeast of the Iberian Peninsula, close to the Medi-
terranean coast. According to the optical and chemical characteristics of PM, four periods were differentiated 
using Cluster analysis. One cluster (C4) was clearly associated with Saharan dust inputs. During this period, 
mineral dust (MD) concentrations were highest. Values of the intensive optical parameters for C4 confirmed that 
MD was the dominant type of aerosol: AAE (1.58) was the highest of the four periods, while SAE (− 0.58) was the 
lowest. C4 was selected to apply a methodology capable of discriminating the contribution from Black carbon 
(BC) and Non-BC absorbers (NBC), that is Brown carbon (BrC) and MD, to the light absorption process. With the 
objective of determining the contribution of NBC to light absorption, the spectral differences between BC and 
NBC were used. The value of the absorption coefficient for NBC (σap-NBC) was plotted versus the concentration 
of MD. The approach consists on drawing a line including points aligned in the lower end of the chart. The 
equation of this line can be used to estimate the MD contribution (σDust) to light absorption. For λ = 520 nm, 
around 6% of the absorption was due to MD and ~ 8% to BrC. This methodology allowed the determination of 
the MAE (Mass Absorption Efficiency) value for Fine-MD, (0.032 ± 0.004 m2 g− 1 for λ = 520 nm).   

1. Introduction 

Discriminating different types of aerosols is important in order to 
understand their role in atmospheric processes. For example, different 
types of aerosols have different radiative forcing properties (Schmeisser 
et al., 2017) and can lead to distinct adverse effects on human health 
(Park et al., 2018). 

Identifying the types of aerosols requires knowing their chemical 
composition and size distribution. Generally, this information can be 
obtained from chemical analysis of size-resolved particulate matter (PM) 
collected on filters. However, it can also be inferred from the analysis of 
aerosol intensive optical properties. Several combinations of optical 
parameters have been used for this purpose. An illustrative example is 
the use of the Angström matrix (Cazorla et al., 2013; Cappa et al., 2016) 
representing the division of the Absorption Angström Exponent (AAE) 
vs. Scattering Angström Exponent (SAE) space. This approach provides a 
good discrimination among light-absorbing PM components such as 

mineral dust (MD), organic carbon (OC) and black carbon (BC) since 
each of these species have specific and well-known values of AAE and 
SAE. The use of 3-D schemes has also been frequently applied as they 
provide a robust visualization and further insights into an aerosol pop-
ulation (Schmeisser et al., 2017). Romano et al. (2019) used the com-
bination of AAE, SAE and d(SSA) (spectral variability of single scattering 
albedo) to discriminate up to eight different aerosol populations. These 
parameters, together with the SSA (Single Scattering Albedo), were used 
by Costabile et al. (2013) to find key aerosol populations that were 
optically separated at a suburban background site close to Rome (Italy). 
The same intensive parameters were used by Kaskaoutis et al. (2021) for 
the categorization of key aerosol groups at an urban background site in 
Athens (Greece). In the work by Schmeisser et al. (2017), up to three 
different methods to classify aerosols types (AAE vs. SAE, a multivariate 
cluster analysis, and relationship between air mass trajectories and 
intensive optical parameters) can be found. The identification of time 
periods dominated by different PM components (MD, biomass burning, 
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sea salt, etc..) has also been achieved by combining the study of optical 
parameters with PM chemical composition (Yang et al., 2009; Valentini 
et al., 2020). 

Whatever the method used, three main light-absorbing PM compo-
nents are usually identified: Black Carbon (BC), considered to vary 
weakly with wavelength; Brown carbon (BrC), a mixture of organic 
compounds with the ability to absorb light in the ultraviolet (UV) and 
visible (VIS) regions; and MD, having also a stronger absorption towards 
short wavelengths. It is known that BC has the highest light absorption 
efficiency and is the dominant contributor to the absorption process 
(Kirchstetter et al., 2004; Costabile et al., 2013). However, it has been 
shown that sometimes the contribution from BrC (Zhu et al., 2017; Yang 
et al., 2009) and MD (Collaud Coen et al., 2004; Fialho et al., 2005; Wu 
et al., 2018) cannot be considered negligible. Some studies assume that 
the influence of either BrC or MD is low and could be roughly neglected. 
For example, Shu-Zhu et al. (2017) examined the contribution from BrC 
and BC, while Fialho et al. (2014) only considered the effect of BC and 
MD. Another option is to distinguish between BC and Non-BC absorbers 
(a term that includes BrC and/or MD) (Ran et al., 2016; Nicolás et al., 
2018). Based on wavelength-dependence and particle size distribution, 
Yang et al. (2009) attributed aerosol light absorption to BC, BrC and MD, 
showing that the contribution from non-BC absorbers (NBC), especially 
BrC, is not negligible at shorter wavelengths. 

This work is focused on estimating the contribution from BC, BrC and 
MD to light absorption at a mountain environment located in the 
southeast of the Iberian Peninsula. It is important to note that significant 
contributions from OC and MD to PM levels have been found in the study 
area (Galindo et al., 2017; Nicolás et al., 2018). In order to facilitate the 
attribution of light absorption to BC and NBC, this analysis was con-
ducted on periods characterized by high concentrations of MD. Never-
theless, the method used to carry out the apportionment can be applied 
to the entire study period. The identification of time intervals dominated 
by specific types of aerosols was performed by means of cluster analysis 
using some optical properties as variables. PM chemical analyses were 
used to complement the information obtained from optical parameters. 
The time resolution used for optical and chemical data was 1  hour. 
High-time resolution measurements can provide a more comprehensive 
view of the influence of specific atmospheric processes on the variability 
of PM. The results obtained can be useful to improve future climate 
projections performed in the Mediterranean region. 

2. Methodology 

2.1. Site description 

The sampling was carried out for thirteen days at the end of the 
summer 2014 at a mountain station located in the Aitana peak (38◦39 N; 
0◦16 W; 1558 m a.s.l). The observatory is within a military area (EVA 
no5) and is part of the ACTRIS-2 Research Infraestructure as associated 
partner. The sampling point, located in the southeast of the Iberian 
Peninsula, is close to the Mediterranean coast and frequently influenced 
by Saharan dust outbreaks (Fig. 1). The intensity and frequency of these 
episodes are higher during the summer (Nicolás et al., 2018). 

Previous studies related to the chemical composition and optical 
properties of aerosols at this site can be found in Galindo et al. (2016, 
2017), Castañer et al. (2017), and Nicolás et al. (2018, 2019). The 
meteorological characterization of the study area, together with pho-
tographs of the measurement station, can be seen in Galindo et al. 
(2016). 

2.2. Equipment, measurements and data treatment 

The study was conducted on an hourly basis, with a total of 307 
records obtained during the measurement period (from 00:00 h of 12th 
September to 18:00 h of 24th September). One-hour averages were 
calculated from data provided by optical instruments (5-min time 

resolution) and by an optical particle counter (10-min time resolution). 

2.2.1. Scattering and absorption properties 
The measurements of σsp (scattering coeficient) an σbsp (hemispheric 

backscattering coeficient) included in this work were obtained from a 
nephelometer (model Aurora 3000, ECOTECH Pty Ltd., Knoxfield, 
Australia). This nephelometer provides measurements of σsp and σbsp at 
three wavelengths (450, 525 and 635 nm). The σsp and σbsp data were 
corrected for truncation errors and for non-Lambertian errors using the 
method described by Müller et al. (2011). A PM10 cut-off inlet was used 
as a sample head in the nephelometer, which is also provided with a 
processor-controlled automatic heater to assure that measurements 
were performed under dry conditions (RH < 40%) following GAW 
(WMO/GAW, 2016) and ACTRIS (www.actris.eu) recommendations. 
The percentage of valid data was 87%. 

In addition, an intensive parameter was obtained from σsp and σbsp: 
Scattering Angstrom Exponent (SAE): SAE hourly values were derived 
from the following expression: 

SAE = −
lnσsp(λ1)

σsp(λ2)

lnλ1
λ2

(1) 

Where λ1 = 450 nm and λ2 = 635 nm. 
The measurements of σap (absorption coeficient) were obtained using 

an Aethalometer (model AE31, Magee Scientific, USA). The Aethal-
ometer provides the absorption coefficient at seven wavelengths (370, 
470, 520, 590, 660, 880 and 950 nm; Hansen et al., 1984). To obtain the 
aerosol absorption coefficient from the aerosol attenuation coefficient, 
corrections using the procedure developed by Weingartner et al. (2003) 
were applied to compensate the filter-loading effects. To compensate the 
multi-scattering effects due to the filter fibres, we used a C factor of 3.5 
(with an uncertainty of 25%) following the recommendations given by 
Muller (2015) (ACTRIS-2 WP3 Workshop). The instrument operates 
with a constant air flow rate of 3.9 L m− 1 with no cut-off inlet in total 
suspended particle mode. In order to avoid noise problems that may 
affect the spectral dependence of the absorption coefficient, we used the 
criterion proposed by Rizzo et al. (2011), which is based on adjusting 
each spectral measurement to a quadratic fit and rejecting those whose 
coefficient of determination is less than 0.85. With the application of this 
criterion, the percentage of valid data was 83%. 

An intensive parameter was obtained from σap: Absorption Angstrom 
Exponent (AAE): AAE hourly values were derived from the following 
expression: 

AAE = −
lnσap(λ1)

σap(λ2)

lnλ1
λ2

(2) 

Where λ1 = 370 nm and λ2 = 950 nm. 
Values of SSA (Single Scattering Albedo) were also derived from σap 

and σsp: 

SSA =
σsp

σsp + σap
(3) 

SAE, AAE and SSA values are wavelength dependent. Summary ta-
bles showing aerosol optical property thresholds used to determine the 
predominant aerosol type can be found in Schmeisser et al. (2017) and 
Valentini et al. (2020). Generally, SAE < 1 refers to coarse mode aero-
sols, while SAE > 2 indicates a large contribution from fine mode 
aerosols (Schuster et al., 2006). When the dominant component is MD, 
negative values also occur (Collaud Coen et al., 2004). Negative values 
are also assigned to marine particles (Seinfeld and Pandis, 2016). If BC is 
the dominant absorbing aerosol component, the AAE value is close to 1 
(Bergstrom et al., 2007). Alternatively, AAE values for BrC and MD are 
higher than 1 (Kirchstetter et al., 2004). An SSA value of 0.85 is often 
used as a threshold to differentiate between a low and a high absorption. 
SSA values close to 1 indicate the presence of low or non-absorbing 
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aerosols, while values below 0.85 indicate the presence high absorbing 
aerosols (Schmeisser et al., 2017). 

2.2.2. PM and chemical composition 
Samples of fine (PM2.5) and coarse (PM10–2.5) particulate matter 

were collected with 1-h time resolution using a “Streaker” sampler (PIXE 
International Corporation-http://pixeintl.com/Streaker.asp). A detailed 
description of this sampler can be found in Prati et al. (2000) and 
Lucarelli et al. (2000). The elemental composition for both fractions was 
obtained by the PIXE (Particle-Induced X-ray Emission) technique. PIXE 
analyses were performed with 3 MeV protons from the 3 MV Tandetron 
accelerator of the LABEC laboratory of INFN in Florence, with the 
external beam set-up extensively described elsewhere (Calzolai et al., 
2010; Lucarelli, 2020; Lucarelli et al., 2018). The percentage of valid 
samples for both fractions was higher than 70% for most elements (Na, 
Mg, Al, Si, S, Cl, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, Br). Elements with less 
than 30% of valid data were not considered. 

To determine the hourly concentration of MD in the fine fraction 
(Fine-MD), the following equation was used (Chow et al., 2015): 

MD = 2.2⋅Al+ 2.49⋅Si+ 1.63⋅Ca+ 1.49⋅Ti+ 2.42⋅Fe (4) 

It should be noted that OC daily concentrations in the PM10 fraction 
during the sampling period were take from the work conducted by 
Galindo et al. (2017) at the same measurement station. OC concentra-
tions varied little throughout the study period, with a mean value of 1.9 
μg m− 3 and a standard deviation of 0.4 μg m− 3. This additional infor-
mation is useful since BrC consists of a wide variety of organic com-
pounds (Yang et al., 2009). 

On the other hand, PM10 and PM2.5 hourly concentrations were 

measured by a GRIMM 190 optical counter. The concentrations of both 
size fractions were used to: a) understand the temporal variability of the 
optical parameters; b) obtain MAE (Mass Absorption Efficiency) and 
MSE (Mass Scattering Efficiency) values, and c) identify the meteoro-
logical events occurring during the sampling period. 

2.2.3. Cluster analysis 
Cluster analysis (CA) is a multivariate statistical technique used for 

grouping elements (or variables) into different categories or clusters 
with maximum homogeneity within themselves and maximum hetero-
geneity between them. In this study the non-hierarchical K-means 
method was used in order to classify different groups representing time 
periods characterized by aerosols with similar chemical composition, 
concentration and size. The variables (as hourly averages) used to 
discriminate between different types of aerosols were: SAE (as an indi-
cator of particle size), AAE (providing information about aerosol 
chemical composition) and log(σsp). The logarithm of scattering coeffi-
cient represents the aerosol loading. We decided to use log(σsp) instead 
of the σsp value so that the values of the three variables are more com-
parable and hence the clustering is not dominated by σsp (Schmeisser 
et al., 2017). The 3D clustering has been used in several previous studies 
(Omar et al., 2005; Szkop et al., 2016; Schmeisser et al., 2017) with good 
results. A total of 4 clusters representing four discontinous time periods 
characterized by similar SAE, AAE and log(σsp) values were selected. 

Sahara Desert

Mediterranean 
Sea

Aitana 
Peak

Fig. 1. Location of the sampling site in the southeast of the Iberian Peninsula.  
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3. Results 

3.1. PM and optical properties 

Table 1 shows different statistical parameters of PM and optical 
properties obtained during the measurement period. Regarding PM 
concentrations, mean values for both mass fractions were similar, 
although the standard deviation (SD) for coarse particles was much 
higher. The higher variability of PM10–2.5 levels may be due to its greater 
sensitivity to different meteorological episodes such as Saharan dust 
outbreaks or rainfall events (Nicolás et al., 2020). 

The comparison between the aerosol optical properties shown in 
Table 1 and reference values obtained in other works conducted at 
regional background sites should be carried out with caution since the 
monitoring periods are different. In addition, it must be considered that 
the present study was performed at the end of the summer, when 
extensive optical parameters and PM levels at the study area are highest 
(Castañer et al., 2017; Nicolás et al., 2018). 

Mean values of scattering parameters were within the ranges ob-
tained at different European mountain stations (Pandolfi et al., 2018). 
Although measurements were carried out in late summer, σsp and σbsp 
average values were similar to those recorded in autumn at the same 
sampling point (Castañer et al., 2017). On the other hand, the σsp me-
dian value indicates that SDE marginally affected the mean value of the 
scattering coefficient. 

Scattering processes were dominated by coarse particles, as indi-
cated by the mean SAE value (0.87). This is an unusual value for a 
remote station since SAE values are frequently above 1.50 in this type of 
location. However, the SAE value obtained in this study was very close 
to that recorded at the Izaña station in the Canary Islands (2373 m a.s.l) 
due to the significant contribution of coarse particulate matter at this 
site as a consequence of its proximity to North Africa. (Andrews et al., 
2011; Pandolfi et al., 2018). 

The median value of σap (525 nm) was in the upper range of values 
recorded at mountain environments (Andrews et al., 2011). On the other 
hand, the average value of AAE (1.24) suggests a limited contribution 
from non-BC absorbing components to the absorption process. Typically 
for mountain environments, the SSA mean value (0.88) indicates a 
predominance of scattering aerosols compared to absorbing aerosols. 

MSE and MAE mean values were, respectively, 3.20 ± 0.14 m2 g− 1 

(R2 = 0.65) and 0.38 ± 0.02 m2 g− 1 (R2 = 0.62) for the fine fraction. The 
R2 values for the coarse fraction were significantly lower. 

3.2. Identification of time periods using cluster analysis 

3.2.1. Characteristics of clusters 
The cluster technique (K-means) was applied to hourly data with the 

aim of obtaining different time periods characterized by homogeneous 
values of aerosol optical properties. To obtain the clusters, as mentioned 
in Section 2.2.3, three variables were used: AAE, SAE and log(σsp) 
(Mm− 1) for λ = 525 nm. As shown in Fig. 2, four different clusters (C) 
were obtained. 

At first sight, some differences among the four clusters can be 
observed. The greatest differences were between clusters C1 and C4, 
while clusters C3 and C2 were more similar. To properly identify the 
differences between them, Table 2 shows mean values of PM concen-
trations and optical properties for each group. The percentage of data 
(number of hours) for each cluster is also indicated. 

C1 presented the highest PM2.5/PM10 and SAE values and the lowest 
values of σap, σsp, PM, BC and SSA. These outcomes indicate that C1 was 
dominated by fine particles. This cluster corresponded to the cleanest 
air, since PM2.5 and PM10–2.5 concentrations were below 5 and 3 μg m− 3, 
respectively. C1 included only 10.4% of the data. 

C4 included 15% of the data and showed opposite features to C1. C4 
was characterized by the presence of coarse particles (SAE = − 0.59) and 
had the highest values of PM10–2.5, PM2.5 and σsp. C4 also registered the 

highest AAE value (1.58), indicating that the NBC contribution to light 
absorption was highest for this cluster. Although C4 showed the 
maximum SSA value, the σap value was not as high as expected. The 
analysis of this result will be carried out in Section 3.4.1. 

Clusters 2 and 3 exhibited intermediate values between those of C1 
and C4 for most of the measured variables. In spite of this, C3 presented 
the highest σap value. The SAE value was quite different between both 
clusters. Coarse particles had a greater influence on the scattering pro-
cess for C2. Almost 75% of the data were included in clusters 2 and 3. 

3.2.2. Temporal evolution 
Fig. 3 presents the temporal evolution of PM mass concentrations 

and some optical properties. The time periods included in each cluster 
are shown in Fig. 3a. 

Fig. 3b depicts the temporal evolution of coarse PM concentrations 
and the PM2.5/PM2.5–10 ratio. Rainfall events are also indicated. PM2.5–10 
concentrations increased significantly during two periods. The first one 
was from the evening of 16 September to the early morning of 17 
September, while the second one was from 20 to 22 September. During 
the morning of 22 September the highest PM2.5–10 concentration (~30 
μg m− 3) and the minimum PM2.5/PM2.5–10 ratio (~0.3) were recorded. 
At the end of the measurement period a precipitation event occurred, 
with rainfall rates greater than 5 L m− 2. Simultaneosly, the PM2.5/ 
PM2.5–10 ratio reached values above 0.7. The two periods characterized 
by increases in the concentrations of coarse particles were identified as 
Saharan dust events (SDE), named SDE1 and SDE2, respectively. The 
identification of SDE was performed by means of forecast models (BSC/ 
DREAM8b and NAAPS). Both events had a low impact on PM levels 
compared with other SDE occurring at the sampling site throughout 
2014 (Galindo et al., 2017). 

The temporal evolution of SAE and AAE can be seen in Fig. 3c. 
During SDE, SAE values were lowest, while AAE levels were high. The 
anticorrelation between SAE and AAE is characteristic of dust events, 
indicating an increased predominance of coarse particles with enhanced 
absorption at UV wavelengths (Titos et al., 2017). 

The variability of σsp and σap is shown in Fig. 3d. The daily evolution 
of both parameters from the beginning of the sampling period until 
SDE1 was characterized by a maximum value at midday. This trend is 
typical of mountain environments (Pandolfi et al., 2011). σsp and σap 
were maxima during SDE2 (60 Mm− 1 and 6 Mm− 1, respectively), but 
curiously, while the highest σap value was recorded at the beginning of 
the event, the maximum σsp value was reached at the end. This outcome 
will be analyzed in Section 3.4.1. The values of σsp and σap decreased at 
the onset of the rain. 

From Fig. 3, the hourly periods in C4 influenced by Saharan dust can 
be identifed with a fair degree of certainty. On the other hand, the SSA 
value obtained for this cluster was quite high (0.93) (see Table 2), as 
usually observed in the Iberian Peninsula during Saharan dust events 

Table 1 
Summary statistics of BC, aerosol optical properties and PM concentrations over 
the measurement period.   

Mean SD Min P5 Median P95 Max 

σsp,520 nm 19.3 11.1 0.8 4.7 17.7 39.1 68.4 
σbsp,520 nm 2.9 1.4 0.4 0.9 2.6 5.8 7.7 
σap,525 nm 2.5 1.2 0.3 0.9 2.5 4.5 6.1 

SAE (450–635 

nm) 
0.87 0.84 − 1.33 − 0.67 0.96 2.16 4.44 

AAE (370–950 

nm) 
1.24 0.32 0.71 0.82 1.21 1.77 2.31 

SSA (520 nm) 0.88 0.08 0.42 0.73 0.88 0.95 0.98 
BC 254.1 125.7 20.0 76.6 241.6 457.0 678.3 

PM2.5 6.1 2.8 0.9 2.2 6.0 10.6 14.0 
PM10–2.5 6.5 5.6 0.9 1.6 4.4 17.5 32.4 

Min: Minimum; Max: Maximum; P5: 5th Percentil; P95: 95th Percentil. 
σsp, σbsp, σap are given in Mm− 1, BC in ng m− 3 and PM concentrations in μg m− 3. 
AAE, SAE and SSA are dimensionless. 
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(>0.9) (Cachorro et al., 2008; Valenzuela et al., 2012; Gómez-Amo et al., 
2017; Titos et al., 2017). C1 occured mainly at the end of the sampling 
period, when rainfall started. The first four days of the study period were 
dominated by C3. During this period, σsp and σap values showed the 
typical daily evolution expected for regional or mountain environments 
on non-event days. Considering the mean SAE value obtained for C3 
(1.29), it is difficult to clearly identify a dominant type of aerosol, and 
therefore it must be considered as a mixed aerosol case (Gómez-Amo 
et al., 2017). Most of the hourly periods between the two SDE, including 
those at the begining of SDE2, were included in C2. As seen in Table 2, 
PM levels and optical properties in C2 were very similar to those of C3. 
However, the SAE mean value for C2 was quite lower. This was probably 
because MD was resuspended in the atmophere the days after SDE1. 

3.3. Chemical characterization of the clusters 

Table 3 shows mean concentrations of the elements analyzed in both 
size fractions during the measurement period. Only elements with more 

Fig. 2. Three-dimensional parameter spaces of SAE, AAE and log(σsp) resulting from cluster analysis.  

Table 2 
Mean values (standard deviation) of optical properties and PM concentrations 
for each cluster.  

Parameter C1 C2 C3 C4 

N (%) 32 (10.4) 95 (30.9) 134 (43.6) 46 (15) 
σsp,520 nm 10.6 (7.7) 17.5 (8.6) 19.4 (9.3) 29.2 (16.2) 
σap,525 nm 2.0 (0.9) 2.5 (1.0) 2.8 (1.3) 2.2 (0.9) 

SAE (450–635 nm) 2.89 (0.60) 0.55 (0.26) 1.29 (0.28) − 0.59 (0.30) 
AAE (370–950 nm) 1.20 (0.37) 1.23 (0.24) 1.16 (0.29) 1.58 (0.29) 

SSA (520 nm) 0.84 (0.10) 0.88 (0.07) 0.87 (0.11) 0.93 (0.08) 
BC 165.1 (88.7) 261.5 (97.4) 287.3 (145.5) 207.7 (90.9) 

PM2.5 4.3 (2.0) 5.7 (2.2) 6.2 (2.8) 7.9 (3.3) 
PM10–2.5 2.8 (1.4) 6.1 (4.5) 5.4 (3.3) 13.3 (8.7) 

PM2.5/PM10 0.61 (0.17) 0.48 (0.12) 0.55 (0.12) 0.37 (0.10) 

σsp, σap are given in Mm− 1, BC in ng m− 3 and PM concentrations in μg m− 3. AAE, 
SAE, SSA and PM2.5/PM10 are dimensionless. 
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than 70% of valid measurements are included in this table. 
Crustal (Si, Al, Ca, Fe) and marine (Na, Cl) elements showed the 

highest concentrations in the coarse fraction, as expected from the 
location of the sampling point. Sulfur was the most abundant element in 
the fine fraction, followed by crustal elements. Regarding mass size 
distributions, marine and crustal elements were found mainly in the 
coarse fraction, while S was distributed primarily in the fine fraction. 
Elements such as Cu and Zn were almost evenly distributed between the 
two fractions. 

As can be observed in Table 3, mean concentrations of crustal ele-
ments, such as Al, Si, Ca, Ti and Fe, were considerably higher than 
median values in both fractions. This suggests that these elements are 
very sensitive to short-term episodes. 

Fig. 4 illustrates the variation of the mean concentration (C) of each 
element as a function of the cluster for both mass fractions. The impact 
factor (IFijc) for each element (i), in each mass fraction (j) and cluster (c) 
was determined as follows: 

IFijc =

〈
Cijc

〉

〈
Cij

〉 (5) 

Where 
〈
Cij

〉
is the average concentration of the element “i” in the 

mass fraction “j” shown in Table 3. 
IF values for most elements showed the greatest variations in C1 and 

C4. IFs for almost all elements were less than 1 in the first cluster, 
especially in the coarse fraction. This outcome indicates that coarse 
particles are removed more efficiently by wet scavenging than fine 
particles. An opposite behaviour was observed for C4. Except for marine 
elements, an overall increase in IF values was observed in the coarse 
fraction. In contrats, in the fine fraction, only crustal elements showed IF 
values higher than 3. Therefore, it can be stated that significant con-
tributions from MD to PM2.5 during SDEs occurred. C2 showed IF values 
close to 1 for both size fractions, indicating that time periods included in 
C2 were not affected by meteorological events. Almost half of the hourly 
periods were included in C3. Therefore, it should be noticed that the 
mean values shown in Table 3 were highly influenced by the levels 
recorded for this cluster. IF values in C3 were quite similar to those in 
C2. Nevertheless, a significant decrease in IF values for crustal elements 
were observed in both fractions, with values lower than 0.5 in PM2.5. 

3.4. Contribution of non-BC absorbing components to σap 

3.4.1. Analysis of the absorption process in C4 
As already mentioned, the highest mean AAE value (1.58) was ob-

tained for C4; however, the mean value of σap,520nm (2.2 Mm− 1) was not 
as high as expected. As can be observed in Fig. 3, during the first half of 
22 September the maximum concentration of particles was reached, 
which was due to SDE2. During the same period of the day, AAE values 
were higher than 2.00. However, σap values decreased significantly with 
respect to those registered the day before. 

When MAE values were calculated for each cluster separately 
(Fig. 5), the value obtained for C4 was clearly lower than those for the 
remaining clusters. MAE values for C1, C2 and C3 were quite similar, but 
the value obtained during the SDE decreased to 0.26 ± 0.07 m2 g− 1. 

This result may explain the low σap values for C4, particulary during 
SDE2. Furthermore, if the temporal evolution of Fine-MD and BC are 
represented (Fig. 6), a clear decrease in BC concentrations was observed 
on 22 September, coinciding with the maximum peak in MD levels. 

Since MD is less efficient in absorbing light than BC, the MAE value 
for C4 was lower than for the remaining clusters. 

3.4.2. Methodology to differentiate non-BC absorbing components 
Data included in C4 were used to obtain the contribution to light 

absorption from BC, MD and BrC. C4 was selected because the propor-
tion of MD was highest in this cluster, leading to a better apportionment. 
In spite of this, the procedure described in this section could be per-
formed for the whole period. 

As a preliminary step, the contribution of NBC was determined. 
Fig. 7a presents the average spectral dependence of σap for the whole 
period. To determine the contribution from NBC to light absorption, it 
was assumed that pure BC is the only absorbing component at λ = 950 
nm and that its spectral dependence for the remaining wavelengths is a 
function of λ− 1. The contribution from NBC for each wavelength was 
estimated from the differences between measured σap values and those 
calculated as a function of ~λ− 1. This methodology based on spectral 
differences has been used in several previous studies with the objective 
of determining the contribution from NBC to light absorption (Ran et al., 
2016; Shen et al., 2017; Nicolás et al., 2018). 

As can be observed, the contribution from NBC was highest in the 
UV/near-VIS region. Fig. 7b shows the mean relative contribution from 
NBC to total light absorption between 370 nm and 950 nm. The figure 

Table 3 
Mean elemental concentrations in ng m− 3 for the coarse and fine fractions.   

Coarse Fine 

Mean SD Median P5 P95 Mean SD Median P5 P95 

Na 351.5 217.8 318.1 74.5 738.4 62.2 27.6 61.0 24.2 110.4 
Mg 147.8 104.8 119.8 41.2 346.7 33.1 29.1 23.7 13.7 99.6 
Al 450.8 475.0 269.3 81.8 1448.1 111.6 169.2 45.0 11.8 524.5 
Si 1047.1 1101.7 628.7 167.7 3275.3 246.7 368.7 109.6 24.2 1169.9 
P 9.9 6.1 7.8 3.6 23.1 29.4 11.2 28.5 20.8 37.3 
S 75.7 38.6 67.6 25.8 150.5 328.3 177.5 269.4 123.6 641.6 
Cl 201.6 190.9 136.4 22.0 590.1 18.5 4.6 17.9 12.5 27.3 
K 157.6 134.3 104.9 40.5 438.4 73.1 44.0 64.0 23.7 160.5 
Ca 693.1 555.2 538.5 117.5 1885.5 70.7 97.5 41.2 18.9 209.2 
Ti 25.9 26.8 15.0 4.7 84.9 12.1 12.6 6.3 3.3 44.9 
Cr 1.9 1.0 1.7 1.0 3.7 2.9 1.0 2.8 1.4 4.7 
Mn 5.0 4.6 3.2 1.2 14.2 2.1 1.7 1.5 0.9 5.9 
Fe 264.2 263.1 164.9 50.2 816.2 67.3 99.6 27.8 10.9 317.0 
Ni 0.5 0.2 0.5 0.2 0.9 1.0 0.6 0.9 0.5 2.3 
Cu 0.8 0.6 0.7 0.2 1.9 0.6 0.2 0.6 0.4 0.9 
Zn 2.0 2.3 1.6 0.6 3.6 1.7 0.8 1.7 0.6 3.3 
Br 0.7 0.4 0.6 0.3 1.5 1.5 0.5 1.5 0.7 2.3 
Rb 1.0 1.0 0.7 0.3 3.2 – – – – – 
Sr 2.5 1.6 2.2 0.6 5.9 – – – – – 
Ba 22.8 16.9 15.3 6.8 56.4 – – – – – 
Pb 1.1 0.6 0.9 0.4 2.1 2.3 1.2 1.9 0.9 4.8 

Standard Deviations (SD), Median and 95th and 5th percentiles (P95, P5) are also shown. 
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also shows the percentage contribution corresponding to C4. This 
contribution was between twice and three times the mean values for the 
short wavelengths. The percentage reached 40% in the UV range for this 
cluster. 

To discriminate the contributions from BrC and MD in C4, the σap 
value for NBC (σap-NBC, λ = 520 nm) was represented versus the con-
centration of Fine-MD (Fig. 8). The values of σap-NBC were obtained 
using the methodology based on spectral differences described above. 

In order to separate the contributions from MD (σDust) and BrC (σBrC), 
it was considered that a high coefficient of determination (R2) between 
Fine-MD concentrations and σap-NBC implied that the absorption was 
mostly due to MD. On this basis, the approach consisted of drawing a 
line including points aligned in the lower end of the chart. The equation 
of this line can be used to estimate σDust. As can be seen in Fig. 8a, a high 

determination coefficient (R2 = 0.91) was obtained. The slope (0.032 ±
0.004 m2 g− 1) represented the MAE value for Fine-MD at 520 nm. As 
indicated in the figure, absorption coefficients falling above the 
regression line had contributions from both MD and BrC. The procedure 
used for the determination of σDust, σBrC, σBC and MAE values for all 
wavelengths is described in the Supplementary material. 

Table 4 shows MAE values for Fine-MD obtained for the remaining 
wavelengths. 

MAE values decreased as the wavelength increased and therefore the 
absorption due to MD was reduced. MAE values shown in Table 4 are in 
good aggrement with those obtained for the PM2.5 fraction by Caponi 
et al. (2017) when air masses came from the Sahara Desert (MAE =
0.033–0.037 m2 g− 1 for λ = 532 nm), but they were slightly lower than 
that obtained by Wu et al. (2018) (MAE = 0.014 m2 g− 1 for λ = 637 nm). 

The percentage contribution to light absorption from BC, BrC and 
MD for C4 is shown in Fig. 8b. The absorption coeficients and the con-
tributions from the different absorbing components to light absorption 
for the four clusters are presented in the Supplementary Material. As can 
be seen, although the MD concentration for C4 was quite high (3.9 μg m3 

- mean value), the BrC contribution was slightly higher than that from 
MD for most wavelengths. For λ = 520 nm, ~6% of the absorption was 
due to MD and ~ 8% to BrC. Due to the short study period, it is dificult to 
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Fig. 5. Correlations between absorption coefficients (σap in Mm− 1 at 525 nm) 
and PM2.5 concentrations (μg m− 3) for the four clusters. The linear fits are 
also shown. 
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compare the results obtained in this work with those of other similar 
studies. In the Tibetan Plateau (3300 m a.s.l), Zhao et al. (2019) 
calculated the percentage contribution of dust to light absorption using 
MAEDUST values from Caponi et al. (2017). An annual average contri-
bution of 8.5% at 405 nm was obtained. This percentage was signifi-
cantly lower than that calculated here for C4 (18.5%; λ = 370 nm). 
Nevertheless, it was higher than that obtained for the remaining clus-
ters, since MD concentrations were much lower for these clusters. For 
instance, the contribution of MD to light absorption at 370 nm was only 
3.6% for C2. In fact, the percentage contributions of dust to light ab-
sorption at middle visible wavelengths was less than 1% for C1, C2 and 
C3 (see Supplementary Material). It is assumed that for these clusters 
light absorption from non-BC components was mainly due to BrC. 

Considering that the OC concentration was quite stable during the 
whole study period, it can be stated that the contribution from BrC to the 
absorption process was higher than that from MD. 

4. Conclusions 

Three optical parameters were used as input variables in Cluster 
analysis in order to identifiy up to four time periods characterized by 
different types of aerosols. The differentiation was verified from the 
aerosol chemical composition. One of the clusters (C4) was clearly 
associated with high mineral dust loadings. This identification was 
based on the high values of σsp (29.2 Mm− 1), PM2.5 (7.9 μg m− 3) and 
AAE (1.58), and the low SAE value (− 0.58) obtained for that cluster. In 
addition, the chemical analysis of the samples belonging to C4 (with IF 
values >2 for crustal elements) supports that MD was the dominant type 
of aerosol. This period, characterized by high Fine-MD concentrations, 
was used to propose a methodology in which PM chemical composition 
and optical parameters were combined with the aim of discriminating 
the contribution from BC, BrC and MD to the light absorption process. 
The absorption from BrC and MD at short wavelengths was similar, with 
a slightly higher contribution from BrC. Therefore, it can be concluded 
that, when MD is not the dominant type of aerosol, the absorption due to 
BrC is higher than that from MD. This procedure also provided the MAE 
value for Fine-MD (0.032 m2 g− 1 for λ = 520 nm). This value is in good 
agreement with those obtained in other similar studies. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by the Spanish Ministry of Science, Inno-
vation and Universities (COSMOS Project, ref. RTI2018-098639-B-I00). 
A. Clemente thanks the Spanish Ministry of Education for a predoctoral 
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Table 4 
MAE values for Fine-MD at UV and VIS wavelengths for C4.  

λ (nm) R2 MAE ± Error (m2 g− 1) 

370 0.96 0.226 ± 0.030 
470 0.91 0.075 ± 0.010 
520 0.91 0.032 ± 0.004 
590 0.80 0.007 ± 0.002 
660 0.61 0.005 ± 0.003  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.atmosres.2021.106000. 
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