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N. Galindo
Atmospheric Pollution Laboratory (LCA), Department of Applied Physics, Miguel Hernández University, Avenida de la Universidad S/N, 03202, Elche, Spain

A R T I C L E  I N F O

Keywords:
Aerosol sources
Rural site
MLR
Single scattering albedo
Scattering
Absorption

A B S T R A C T

In the present work, the contribution of PM2.5 sources to light absorption (σap,520) and scattering (σsp,525), as well 
as their impact on SSA values, was analysed. For this, measurements of aerosol optical properties and PM2.5 
chemical composition were conducted at a rural site in southeastern Spain. The sources that significantly 
contributed to light extinction were: road traffic (TR), biomass burning (BB), mineral dust (MD), and a secondary 
aerosol source (SA). BB accounted for nearly 50 % of the absorption coefficient (λ = 520 nm), while the SA 
source exhibited the largest contribution to the scattering process (~47 % at 525 nm). MD showed the smallest 
contribution to σap,520 and σsp,525, although its contribution significantly increased during Saharan dust events 
(SDEs). SSA daily values showed a clear dependence on the contribution of individual sources to PM2.5 con
centrations. SSA values (λ = 525 nm) exceeding 0.90 were observed when contributions from secondary aerosols 
were greater than 50 %, while the SSA decreased with the increase in the contribution from road traffic. The 
contribution from BB was fairly constant for almost all SSA values, although high SSA values (>0.90) were 
observed when the contribution from this source was very low. The SSA showed a clear spectral dependence that 
varied according to the aerosol type. So, for BB aerosols the SSA decreased with wavelength, while for mineral 
dust the opposite trend was observed.

1. Introduction

Atmospheric aerosols are a complex mixture of organic and inor
ganic compounds varying in size and optical properties, which depend 
on emission sources and atmospheric processes. Aerosols can have 
harmful effects on human health (Lelieveld et al., 2019), contribute to 
the corrosion and soiling of materials (Tzanis et al., 2011) and degrade 
air quality (Varotsos et al., 2012; Pérez-Vizcaíno et al., 2026). Moreover, 
they can affect climate. In this regard, aerosol optical properties criti
cally influence the magnitude and sign of direct aerosol radiative forcing 
on a regional basis (Pani et al., 2023). Most aerosol components (mainly 
sulfate, nitrate, organic matter, soil dust and sea salt particles) scatter 
the sunlight (Pandolfi et al., 2018; Li et al., 2022). In contrast, other 
types of aerosols, such as black carbon (BC), brown carbon (BrC) and 
mineral dust (MD) absorb solar radiation (Moosmüller et al., 2009). The 
main sources of aerosol chemical components contributing to light 
extinction (the sum of absorption and scattering) are traffic exhaust, 
biomass burning (BB), secondary aerosol formation and mineral dust 

emissions.
The light absorption and scattering capacity for each source or 

chemical species can be evaluated by means of its Mass Absorption Ef
ficiency (MAE) and Mass Scattering Efficiency (MSE). Both are key op
tical parameters for the evaluation of the light absorption and scattering 
ability of aerosols (Bond and Bergstrom, 2006). These parameters 
depend on the aerosol scattering and absorption coefficients and the 
mass concentration of specific components, thus linking the aerosol 
chemical and optical properties of climate-relevant species. Therefore, 
they are very useful to better parameterize the direct radiative effect of 
aerosols in atmospheric models (Hand and Malm, 2007; Seinfeld and 
Pandis, 2016). The MSEs and MAEs of different chemical aerosol com
ponents have been extensively reported (Hand and Malm, 2007; Caponi 
et al., 2017). MSE and MAE values for specific aerosol sources can also 
be found in the literature (Ealo et al., 2018; Forello et al., 2020). 
Knowledge of both MSEs and MAEs enables the investigation of the 
relationship between the sources contributing to air quality degradation 
and their potential to absorb and scatter light (Ealo et al., 2018). In order 
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to obtain the contribution of different aerosol sources to light absorption 
and scattering, the multiple linear regression (MLR) method is usually 
used. In this approach, source contributions obtained by means of 
techniques such as PMF (positive matrix factorization) or PCA (principal 
components analysis) are used as dependent variables. The use of 
multivariate receptor models is a robust approach for performing optical 
source apportionment (Bhardwaj and Raman, 2024). An important 
characteristic of the PMF/PCA factors is that they consider the internal 
mixing of atmospheric particles (Ealo et al., 2018).

The single scattering albedo (SSA) is a key parameter to determine 
whether aerosols cool or warm the Earth-atmosphere system over a 
specific region (Titos et al., 2012). SSA is defined as the ratio of aerosol 
light scattering to aerosol light extinction. For non-absorbing aerosols 
the SSA is ~1 (Eun Chu et al., 2016; Rajesh and Ramachandran, 2020). 
Values approaching 1 may be observed at certain Antarctic stations that 
are minimally affected by pollution from surrounding regions 
(Filonchyk et al., 2025). Values below 0.85 are associated with highly 
absorbing particles (Schmeisser et al., 2017; Romano et al., 2019). 
Therefore, obtaining information on the aerosol SSA is crucial, since the 
sensitivity of aerosol direct radiative forcing is primarily driven by dif
ferences in SSA values (Abel et al., 2005; Magi et al., 2008). Both the SSA 
and its spectral dependence may help to characterise the types of 
aerosols or aerosol sources in a certain environment (Costabile et al., 
2013). For instance, SSA values are high and increase with wavelength 
for dust aerosols, while BB aerosols typically exhibit lower SSA values 
that decrease with the wavelength (Russell et al., 2010; Denjean et al., 
2020).

The main goals of the present research are: (1) to estimate the rela
tive contribution of PM2.5 (fine particulate matter) sources to light ab
sorption and scattering in a rural environment located in southeastern 
Spain during wintertime, and (2) to determine the SSA and its spectral 
dependence as a function of the type of dominant aerosol. The findings 
may be useful for making future climate projections in the Mediterra
nean region more accurate.

2. Methodology

2.1. Measurement site and PM2.5 chemical characterization

PM2.5 samples were collected in Benejama (38◦ 42 N, 0◦ 46 W, 592 
m.a.s.l), a small town located 45 km from the Mediterranean coast, in 
the southeast of the Iberian Peninsula. The measurement station, clas
sified as a rural site, was located on the outskirts of the town as shown in 
Fig. S1 (supplementary material). The area is affected by BB emissions 
during the cold season and also by the transport of mineral dust from 
North Africa. A detailed description of the sampling site can be found in 
Gómez-Sánchez et al. (2024).

Twenty-four-hour PM2.5 samples were collected daily between 
December 5, 2023 and March 5, 2024 by means of a MCV high-volume 
sampler (30 m3⋅h− 1). Mass concentrations were determined by gravi
metric analysis in an environmentally controlled chamber (temperature 
of 20 ± 1 ◦C and relative humidity of 50 ± 5 %). PM2.5 samples were 
analysed for elemental and organic carbon (EC, OC), levoglucosan, el
ements and water-soluble ions. A complete description of the analytical 
procedures is provided elsewhere (Gómez-Sánchez et al., 2024). A 
summary of the analytical techniques is presented in Table 1.

2.2. Determination of aerosol optical properties

Scattering coefficients (σsp) at three wavelengths (450, 525 and 635 
nm) were measured every 5 min with a LED-based integrating nephe
lometer (model Aurora 3000, ECOTECH Pty Ltd., Knoxfield, Australia) 
provided with a PM2.5 inlet. Data were corrected for truncation errors 
and for the non-ideal (non-Lambertian) illumination function of the 
light source as described by Müller et al. (2011). The measurements 
were performed under dry aerosol conditions (RH < 40 %) by means of a 

processor-controlled automatic heater. Measurements of absorption 
coefficients (σap) were performed using an aethalometer (model AE33, 
Magee Scientific, USA) equipped with a PM2.5 inlet. The aethalometer 
provides the absorption coefficient at seven wavelengths (370, 470, 520, 
590, 660, 880 and 950 nm). To obtain aerosol absorption coefficients 
from aerosol attenuation coefficients, the harmonization factor for 
M8060 filter tape (H* factor = 1.76) was used (Savadkoohi et al., 2023). 
The time resolution was 5 min. Daily averages of absorption and scat
tering coefficients were subsequently calculated.

The following parameters were calculated from σsp,λ and σap,λ values: 
absorption Ångström exponent (AAE), scattering Ångström exponent 
(SAE), and SSA. The following equations were used: 

AAE=
Ln σap,λ1

σap,λ2

Ln λ1
λ2

(1) 

where λ1 = 370 nm and λ2 = 950 nm. 

SAE=
Ln σsp,λ1

σsp,λ2

Ln λ1
λ2

(2) 

where λ1 = 450 nm and λ2 = 635 nm. 

SSAλ =
σsp,λ

σsp,λ + σap,λ
(3) 

These intensive optical properties provide information on particle 
size (SAE), the chemical composition of absorbing aerosols (AAE) and 
how particles interact with incoming radiation (SSA).

2.3. Estimation of source contribution to aerosol absorption and scattering

First, the contribution of sources to PM2.5 concentrations were ob
tained by principal component analysis (PCA). The components (or 
sources) obtained by this method were used as independent variables in 
the MLR model. The MLR analysis was performed when all the general 
assumptions were satisfied by the explanatory variables. The model is 
described by the following equation: 

y= bo +
∑k

i=1
ai⋅xi + ε (4) 

where y is the output data to be predicted by the model (in this case, 
PM2.5 concentrations), xi are the independent input variables (in the 
present study, mass concentrations of the sources identified by PCA), ai 
are the linear regression coefficients, b0 is the y-intercept (constant 
term) and ε is the residual term.

Finally, to estimate the contribution of PM2.5 sources to light 

Table 1 
Analytical techniques used to determine the chemical composition of PM2.5 
samples.

Analysis Filter 
punch

Tecnique Equipe

Elemental 47 mm ED-XRFa ARL Quant’x Spectometer with 
Si(Li) detector

EC and OC 1.5 cm2 Thermo-optical Sunset Thermo-optical carbon 
Analyserb

Anions 8.7 cm2 Ion 
chromatograpy

Dionex Aquion (AS11-HC 
column)

Cations 8.7 cm2 Ion 
chromatograpy

Dionex ICS-1100 (CS12A 
column)

Levoglucosan 47 mm HPAEC-PADc Dionex Integrion (Carbopac PA1 
column)

a Energy Dispersive X-Ray Fluorescence.
b The EUSAAR 2 protocol was used.
c High-performance anion exchange chromatography with pulsed ampero

metric detection.
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scattering and absorption from the results of PCA, the procedure was 
again applied considering σsp,525 and σap,520 as dependent variables. The 
unstandardized regression coefficients of the model (ai) correspond to 
the MAE and MSE values (in m2⋅g− 1) of each source. The analysis was 
performed by means of the SPSS software.

2.4. Meteorological data

Meteorological variables were measured using a Davis Vantage Pro2 
weather station located right next to the sampling site. Fig. S2a (sup
plementary material) shows the evolution of some meteorological pa
rameters and the influence of Saharan dust outbreaks during the 
measurement campaign. Saharan dust episodes (SDEs) over the study 
area were identified by means of the MONARCH predictive model (dust. 
aemet.es/products/daily-dust-products) and the analysis of PM time 
series. In addition, the temporal variation of Ti was examined, as it 
serves as a reliable tracer of SDEs in the study area (Galindo et al., 2020; 
López-Caravaca et al., 2022). During the sampling period, three 
short-lived SDEs were recorded: SDE1 (13–14 January 2024), SDE2 
(28–29 January 2024), and SDE3 (6–8 February 2024). In each case, air 
masses loaded with mineral dust reached the sampling site under the 
influence of a high-pressure system centred over the northwestern sector 
of the African continent. These events are illustrated in the supple
mentary material (Fig. S2b).

3. Results

3.1. Overview of optical properties

Table 2 shows summary statistics of aerosol optical properties 
(AOPs) and PM2.5 concentrations. It should be noted that %BB was ob
tained by applying the Aethalometer Model (Sandradewi et al., 2008) 
assuming that AAEFF = 1 and AAEBB = 2, and the SSA525 value was 
calculated after determining σap,525 by interpolation.

Since the measurement campaign was conducted in winter, com
parisons with other studies performed on an annual basis are not straight 
forward. Nevertheless, scattering coefficients were in the range of those 
obtained in European rural and regional stations. In contrast, the 
average SAE value was lower than those reported for other sites in 
Europe (Pandolfi et al., 2018; Suchánková et al., 2024). The most likely 
reason is the higher frequency of Saharan dust outbreaks in our study 
area. Alternatively, the absorption coefficient at 370 nm was also in the 
range of those found at suburban and regional stations of Europe (Rovira 
et al., 2025). The average AAE value suggests that, in addition to BC, BrC 
and mineral dust also contributed to light absorption. It is important to 

mention that the contribution of BB, considered as the main source of 
BrC (Washenfelder et al., 2015; Zhang et al., 2020), was significant 
during the measurement campaign (Table 2). Moreover, as previously 
mentioned, three SDEs over the study area were identified during the 
study period.

The values of the absorption and scattering coefficients measured 
during winter at a suburban site located ~60 km from Benejama were 
26 % and 35 % higher, respectively, than those reported here 
(López-Caravaca et al., 2021), due to the more rural character of the 
area. On the other hand, the average SSA value (<0.85) points to a 
certain dominance of light-absorbing aerosols over the study region.

Fig. 1 shows the variability of daily values of AOPs and PM2.5 con
centrations. The evolution of PM2.5, σap,520 y σsp,525 was very similar. In 
fact, the correlation coefficients of σap,520 and σsp,525 with PM2.5 con
centrations were higher than 0.9. MAE and MSE values derived from 
these correlations were 0.83 ± 0.03 m2⋅g− 1 and 4.31 ± 0.13 m2⋅g− 1, 
respectively.

The variability of AOPs and PM2.5 concentrations was strongly 
influenced by meteorological conditions. The maximum values of σsp,525 
(~100 Mm− 1) and σap,520 (~25 Mm− 1) registered at the end of 2023 
coincided with SAE and AAE values exceeding 1.6 and 1.5, respectively. 
These values were most likely the result of an increase in the levels of 
fine aerosols caused by high atmospheric stability conditions: a high- 
pressure system over the Iberian Peninsula and West Mediterranean, 
low wind speeds (Fig. S2) and a decrease in the mixing layer height. 
While scattering parameters and PM2.5 levels peaked during Saharan 
dust events, absorption parameters (σap,520 y AAE) were high only 
during the first episode. SAE values indicate that the end of SDE1 and 
SDE3 was characterized by an increase in the levels of coarse mode 
aerosols. However, this did not occur during SDE2. On the other hand, 
the decrease in PM2.5, σap,520 and σsp,525 toward the end of the mea
surement period may be attributed to strong winds causing the disper
sion of air pollutants (Fig. S2). During this period (from 23 to 28 
February), SAE values significantly decreased, with average values 
lower than 1.0. The most likely reason is the increase in coarse PM 
concentrations as a result of wind-induced resuspension. SSA values 
were high during SDEs, with a maximum value of 0.93 during SDE2.

3.2. Source contributions to PM2.5

The mean PM2.5 chemical composition during the study period is 
shown in Table S1. The average levoglucosan concentration (0.137 
μg⋅m− 3) was two times higher than the value registered for PM10 at the 
same sampling site during late winter 2023 (Gómez-Sánchez et al., 
2024), indicating a significant contribution from BB to PM2.5 during the 
measurement period. In order to help the identification of aerosol 
sources, OC was divided into OC from BB (OCBB) and OC emitted from 
other sources (OCNON-BB). For this, OC/levoglucosan ratios at the sam
pling site were optimized using the method described by Nirmalkar et al. 
(2020). The procedure is depicted in detail in Clemente et al. (2024). A 
ratio of 9 was used. The correlation between OCNON-BB and levoglucosan 
concentrations is shown in Fig. S3.

PM2.5 sources were identified using PCA with Varimax rotation. 
According to the Kaiser criterion (λ > 1), five components (PC1-PC5) 
were selected. These components explained 83.3 % of the total variance 
(Table 3).

Principal components from PCA were attributed to the following 
sources. 

- PC1 was highly loaded with ammonium, sulfate, nitrate and oxalate 
and, therefore, it may be considered as a secondary aerosol forma
tion source (SA).

- The second factor was attributed to biomass burning (BB) since it was 
dominated by OCBB, EC and K+.

- Factor 3 had high loadings of Ti, Fe and Ca and was identified as a 
mineral dust source (MD), including Saharan dust.

Table 2 
Summary statistics of daily PM2.5 concentrations (μg⋅m− 3), absorption and 
scattering coefficients at different wavelengths (Mm− 1), BC (μg⋅m− 3), AAE, SAE 
and SSA (dimensionless) at the sampling site.

Mean SD P5 Median P95

PM2.5 8.8 3.0 4.7 8.6 14.2
σsp,450 44.5 26.8 11.6 39.1 101.3
σsp,525 35.0 20.6 9.5 29.6 77.4
σsp,635 27.3 15.0 8.2 23.6 56.7
SAE(450-635) 1.235 0.404 0.467 1.345 1.729
σap,370 13.1 7.2 3.9 12.7 24.0
σap,440 9.5 5.1 2.9 9.0 17.2
σap,520 7.5 4.0 2.2 7.1 13.5
σap,590 6.1 3.2 1.8 5.7 11.0
σap,660 5.1 2.7 1.4 4.8 9.1
σap,880 3.6 1.9 1.0 3.4 6.6
σap,950 3.3 1.7 0.9 3.2 6.0
AAE(370-950) 1.450 0.107 1.265 1.437 1.609
%BB 38.2 6.2 29.4 37.7 50.3
BC880 0.80 0.42 0.22 0.76 1.46
SSA525 0.82 0.04 0.74 0.81 0.89
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- PC4, with high loadings of sea-salt species, represents the marine 
aerosol source (MA).

- Finally, the fifth component was strongly loaded with Zn, EC and 
OCNON-BB and thus was identified as a traffic source (TR).

A PMF analysis was also performed in order to ensure the robustness 
of the source apportionment. Details about the choice of the PMF solu
tion are provided in the Supplementary Material (SM-PMF solution). 
The sources identified were the same as those obtained from the PCA, 
and their contributions to PM2.5 differed only slightly (discrepancies did 
not exceed 7 %). Therefore, the initial solution was considered accept
able. The R2 values of the linear regression between the source contri
butions estimated by both methods were: R2(SA) = 0.86, R2(BB) = 0.97, 
R2(MD) = 0.82, R2(MA) = 0.95 and R2(TR) = 0.74.

In order to quantify the contribution of sources to PM2.5 

concentrations, the MLR analysis was applied. PM2.5 concentrations 
were the dependent variable and the five components obtained from the 
PCA were the independent variables. The results are presented in 
Table S2. The highest standardized coefficients were observed for SA, BB 
and MD, indicating that these components were the main contributors to 
the variability of PM2.5 concentrations. Source contributions were esti
mated by multiplying the linear regression coefficients by the mass 
concentrations. The average contribution from each source to PM2.5 is 
shown in Fig. 2. The figure also presents the variability of source con
tributions during the measurement period.

The contributions from the identified sources were similar, except 
that of MA. The lower contribution from this source to PM2.5 concen
trations can be explained by the distance of the sampling site to the 
Mediterranean coast and to the fact that sea salt particles are mainly 
distributed in the coarse mode. The contribution from MD depends on 

Fig. 1. Time series of daily PM2.5 concentrations and aerosol optical properties.
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the frequency and intensity of Saharan dust outbreaks. Therefore, the 
contribution from this source to PM2.5 levels at rural stations may vary 
considerably, depending on the geographic location of the sampling site. 
For instance, at rural stations of France the MD source accounted for less 
than 10 % of PM2.5 concentrations (Font et al., 2024), while contribu
tions higher than 30 % were reported in Crete (Greece) (Chatoutsidov 
and Lazaridis, 2022). Since mineral dust outbreaks vary in both fre
quency and intensity, the contribution from this source to PM2.5 showed 
large variations. At rural sites, the contribution from BB can vary 
depending on the proxy method used (Font et al., 2022) or the climatic 
and geographical conditions. In the present study, the BB contribution 
was in the range of annual values found at different rural sites in France 
(17 %–27 %; Font et al., 2024) and Poland (21 %-winter average) 
(Kristensson et al., 2020). However, this contribution was slightly lower 
than those found in Northern Italy (27–31 %, fall and winter values) 
(Perrone et al., 2012), and clearly lower than those recorded in the 
Carpathian basin (Hungary), with values reaching 68 % in winter 
(Vörösmarty et al., 2023). Regarding the secondary source, its contri
bution was lower than those reported for rural stations of Europe (Scerri 
et al., 2019; Font et al., 2024).

3.3. Source contribution to absorption and scattering

MSE and MAE values for each source were evaluated by applying the 
MLR model to σsp,525 and σap,520. Since the MLR model can be very 
sensitive to the selection of the variables included in the analysis (Hand 
and Malm, 2007), only MD, BB, RT and SA were considered. Since the 
contribution of MA to the average PM2.5 concentration was lower than 
10 %, attempts to include this factor in the model resulted in unrealistic 

mass absorption/scattering efficiencies and statistically non-significant 
regression coefficients for absorption and scattering (Ponczek et al., 
2022). The results of the MLR analysis are shown in Table 4. Unstan
dardized coefficients represent MAE and MSE values for each source. All 
MSE and MAE values were statistically significant (p < 0.05).

As can be observed, SA and BB were the most contributing sources to 
light scattering, while BB was the factor that accounted for the largest 
fraction of the variability of σap,520, followed by the traffic source. MD 
was the component with the lowest coefficients and, therefore, repre
sents the source with the lowest scattering and absorption efficiencies. 
The average contribution from each source to σsp,525 and σap,520 is shown 
in Fig. 3. The correlation between modelled and measured σsp,525 and 
σap,520 is presented in Fig. S4.

BB accounted for almost half of aerosol absorption and made a sig
nificant contribution to scattering. The increase of absorption and 
scattering during BB events has been frequently reported (Palacios et al., 
2022). The absorption associated to BB aerosols can be attributed, in 
addition to BC, to BrC emitted or formed during biomass combustion. 
The traffic source did not significantly contribute to σsp,525, but it 
accounted for 26 % of σap,520 due to BC emissions from diesel and gas
oline engines. MD showed the lowest contributions to both the absorp
tion and scattering coefficients, comparable to those registered at the 
regional background station of Montseny, located in the northwest of the 
Iberian Peninsula (Ealo et al., 2018). Despite this, the daily contribu
tions from MD to light absorption and scattering increased significantly 
during SDEs. For instance, during SDE1, daily contributions of 49 % to 
σap,520 and 37 % to σsp,525 were reached. These contributions were also 
elevated on days with high wind speeds. The secondary source made the 
greatest contribution to the scattering coefficient due to the presence of 
light scattering species in this factor, mainly (NH4)2SO4 and NH4NO3. 
The contribution of this source to light scattering also increased during 
SDEs, most likely due to the formation of ammonium sulfate and nitrate 
on mineral dust particles (Galindo et al., 2008, 2020). The SA source 
contributed ~41 % to light extinction (σsp+σap) at 525 nm. This per
centage is lower than the joint contribution of (NH4)2SO4 and NH4NO3 
reported for urban background stations in Europe: 52 % at 550 nm in 
Milan (Italy; Valentini et al., 2018) and 50 % at 525 nm in Lille (France; 
Velazquez-García et al., 2023). In these cases, the contribution of 
NH4NO3 was clearly higher than that of (NH4)2SO4.

3.4. SSA for different aerosol types

SSA values (± standard errors) for the identified sources were: SA 
(0.93 ± 0.17), BB (0.79 ± 0.13), MD (0.80 ± 0.19) and RT (0.60 ±
0.07). Fig. 4 shows the contribution of PM2.5 sources for different SSA 
intervals. The number of samples for each interval (N) is as follows: 
0.70–0.75: N = 7; 0.75–0.80: N = 28; 0.80–0.85: N = 39; 0.85–0.90: N =
14 and 0.90–0.95: N = 4.

SSA increased as the contribution of SA increased, reaching values 

Table 3 
Varimax rotated factor loadings obtained by PCA.

PC1 PC2 PC3 PC4 PC5

Na+ 0.293 − 0.138 − 0.027 0.902 − 0.082
NH4

+ 0.931 0.121 − 0.112 0.007 − 0.115
K+ 0.636 0.337 0.292 0.139 0.375
Mg2+ 0.178 − 0.058 0.393 0.778 0.172
Ca2+ − 0.161 0.185 0.750 0.138 0.383
Cl− − 0.089 − 0.013 0.199 0.873 0.028
NO3

− 0.591 0.538 0.248 0.030 − 0.146
SO4

2− 0.929 − 0.009 0.014 0.210 0.010
C2O4

2− 0.784 0.071 0.268 0.099 0.331
EC 0.126 0.757 0.202 − 0.190 0.438
Ti 0.162 0.024 0.938 0.147 − 0.002
Fe 0.196 − 0.022 0.917 0.187 − 0.021
Zn − 0.056 0.390 − 0.033 0.179 0.690
OCBB 0.087 0.972 − 0.023 − 0.055 0.074
OCNONBB 0.504 − 0.083 0.297 − 0.184 0.652
Eigenvalues 5.7 3.3 2.4 1.4 1.1
Explained variance (%) 35.4 20.2 14.7 8.7 4.3

The components with the highest loadings are marked in bold.

Fig. 2. Average percentage contributions to PM2.5 of the PCA factors. Variability of the contributions are also shown.
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higher than 0.85 when the contribution from this source to PM2.5 con
centrations was greater than 30 %. The reason is the presence of light- 
scattering aerosol components in this source, as stated above. As ex
pected, the traffic source showed an opposite trend, while the marine 
aerosol source peaked in the 0.85–0.90 interval. The contribution of BB 
to PM2.5 concentrations was fairly constant for all SSA intervals, except 
for the 0.90–0.95 range, for which the contribution of this source was 
significantly lower. SSA values reported in the literature for this type of 
aerosol are highly variable, ranging from 0.80 to 0.87 at 532 nm (Spain; 
Alados-Arboledas et al., 2011) and 0.71–0.77 at 550 nm (West Africa; 
Denjean et al., 2020). The reason for this high variability is that the 
optical properties of BB aerosols depend on burning conditions and the 
type of biomass burned. The contribution of MD to PM2.5 levels was 
similar (~20 %) for SSA values between 0.75 and 0.90. Nevertheless, 

this contribution decreased to 14.5 % for higher SSA values. Regarding 
this source, it is important to mention that, during SDEs (N = 7), the 
contribution of MD to PM2.5 concentrations notably increased for high 
SSA values, being 48.4 %, 57.9 % and 23.6 % for the 0.80–0.85, 
0.85–0.90 and 0.90–0.95 intervals, respectively. This was expected since 
SSA values in the western Mediterranean during SDEs are usually higher 
than 0.88 (Denjean et al., 2016; Castañer et al., 2017).

Fig. 5 shows SSA values for different wavelengths as a function of 
aerosol sources. Only SSA data for daily source contributions higher 
than the 95 percentile (N = 7) were considered. The selection of such a 
high percentile was made to ensure that each source type predominated 
in the samples used to represent Fig. 5. P95 values were: SA (39.0 %), 
MD (39.0 %), BB (38.2 %), TR (26.3 %) and MA (8.0 %). For the MD 
source, five out of seven days were under the influence of SDE. Using this 

Table 4 
Results from the multilinear regression analysis between σsp,525 and σap,520, and PCA factors.

Source Unstandardized coefficients (B) 
(m2⋅g− 1)

Std. error (m2⋅g− 1) Standardized coefficients p-value 95 % Confidence Interval for B (LB-UB) R2

σsp,525 ​ ​ ​ ​ ​ 0.93
SA 11.87 0.519 0.530 0.000 10.84–12.91 ​
BB 9.24 0.510 0.431 0.000 8.22–10.26 ​
MD 2.02 0.542 0.077 0.000 0.94–3.11 ​
TR 1.53 0.453 0.087 0.001 0.26–2.44 ​
σap,520 ​ ​ ​ ​ ​ 0.83
SA 0.93 0.147 0.197 0.000 0.63–1.22 ​
BB 2.48 0.144 0.554 0.000 2.19–2.77 ​
MD 0.52 0.154 0.094 0.001 0.21–0.83 ​
TR 1.00 0.128 0.273 0.000 0.74–1.26 ​

UB: Upper Bound; LB: Lower Bound.

Fig. 3. Average percentage contributions to σsp,525 and σap,520 of PM2.5 sources.

Fig. 4. Percentage contributions of the identifies sources to PM2.5 concentrations as a function of SSA ranges.
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criterion, each set of samples can be considered to represent one type of 
aerosol, except the marine aerosol. Table S3 shows the contribution of 
each source to PM2.5 concentrations as a function of the dominant 
aerosol type. For instance, the MD source contributed ~54 % to this type 
of aerosol, while only 12 % of the aerosol classified as “marine” origi
nated from this source. For this reason, the MA has not been included in 
Fig. 5.

For the MD aerosol, the SSA increased with the increase in wave
length, as reported in previous works (Denjean et al., 2020; 
López-Caravaca et al., 2021). The most likely reason is that dust particles 
are mainly coarse particles; consequently, scattering remains relatively 
constant as a function of wavelength, and the single scattering albedo 
follows the decrease in absorption with wavelength (Bergstrom et al., 
2007). In contrast, for BB aerosols, SSA values decreased with increasing 
wavelength (Denjean et al., 2020; Boselli et al., 2021) since scattering 
for fine particles often decreases faster than absorption (Bergstrom et al., 
2007). At our sampling site, a smooth decrease was observed. The SSA of 
the secondary aerosol source did not show a clear spectral dependence 
since it is mainly made of hygroscopic particles, such as sulfates 
(Dubovik et al., 2002). SSA values for the aerosol classified as “traffic” 
were similar for the three wavelengths, most likely because the TR 
source contributed only ~33 % to this type of aerosol (see Table S3) and, 
therefore, it likely represents a mix of aerosol types.

4. Conclusions

From the results obtained, four main conclusions can be drawn. 

• The mass contribution of the identified PM2.5 sources does not al
ways reflect their relative impact on light scattering and absorption. 
A notable example is the biomass burning source, whose contribu
tion to PM2.5 mass concentrations was roughly half of its effect on 
σsp,525 and σap,520 values.

• Within the MD source, local and Saharan (MDSDE) components must 
be distinguished. MDSDE contributed more strongly to both scattering 
and absorption. Furthermore, the contribution of MD to PM2.5 during 
SDEs increased significantly for high SSA values.

• Variability in PM2.5 source contributions had a substantial influence 
on SSA values. SSA increased with higher contributions from the 
secondary source. Indeed, SSA values exceeding 0.85 were observed 
when the contribution from the secondary source was higher than 33 
%. Conversely, the traffic source showed the opposite trend, with 
SSA decreasing as its contribution increased.

• Anthropogenic sources (biomass burning, traffic, and secondary 
aerosols), which are the main contributors to air quality deteriora
tion, had the strongest influence on light extinction in the south
western Mediterranean.
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Castañer, R., Nicolás, J.F., Crespo, J., Yubero, E., Galindo, N., Caballero, S., Pastor, C., 
2017. Influence of air mass origins on optical properties and PM concentrations 
measured at a high mountain station located in the southwestern Mediterranean. 
Atmos. Res. 197, 244–254. https://doi.org/10.1016/j.atmosres.2017.07.013.

Chatoutsidou, S.E., Lazaridis, M., 2022. Mass concentrations and elemental analysis of 
PM2.5 and PM10 in a coastal Mediterranean site: a holistic approach to identify 
contributing sources and varying factors. Sci. Total Environ. 838, 155980. https:// 
doi.org/10.1016/j.scitotenv.2022.155980.

Clemente, A., Yubero, E., Nicolás, J.F., Crespo, J., Galindo, N., 2024. Organic tracers in 
fine and coarse aerosols at an urban Mediterranean site: contribution of biomass 
burning and biogenic emissions. Environ. Sci. Poll. Res. 31, 25216–25226. https:// 
doi.org/10.1007/s11356-024-32789-x.

Costabile, F., Barnaba, F., Angelini, F., Gobbi, G.P., 2013. Identification of key aerosol 
populations through their size and composition resolved spectral scattering and 
absorption. Atmos. Chem. Phys. 13, 2455–2470. https://doi.org/10.5194/acp-13- 
2455-2013.

Denjean, C., Cassola, F., Mazzino, A., Triquet, S., Chevaillier, S., Grand, N., 
Bourrianne, T., Momboisse, G., Sellegri, K., Schwarzenbock, A., Freney, E., 
Mallet, M., Formenti, P., 2016. Size distribution and optical properties of mineral 
dust aerosols transported in the western Mediterranean. Atmos. Chem. Phys. 16, 
1081–1104. https://doi.org/10.5194/acp-16-1081-2016.

Denjean, C., Bourrianne, T., Burnet, F., Mallet, M., Maury, N., Colomb, A., Dominutti, P., 
Brito, J., Dupuy, R., Sellegri, K., Schwarzenboeck, A., Flamant, C., Knippertz, P., 
2020. Overview of aerosol optical properties over southern West Africa from 
DACCIWA aircraft measurements. Atmos. Chem. Phys. 20, 4735–4756. https://doi. 
org/10.5194/acp-20-4735-2020.

Dubovik, O., Holben, B.N., Eck, T.F., Smirnov, A., Kaufman, Y.J., King, M.D., Tanre, D., 
Slutsker, I., 2002. Variability of absorption and optical properties of key aerosol 
types observed in worldwide locations. J. Atmos. Sci. 59, 590–608. https://doi.org/ 
10.1175/1520-0469(2002)059<0590:VOAAOP>2.0.CO;2.
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