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• Detection of inorganic and organic 
compounds in PM10 in a high-mountain 
site. 

• Combined source apportionment re-
solves five PM10 sources. 

• Atmospheric transport dominates PM 
composition. 

• Diurnal transport within the boundary 
layer with mountain breezes was 
observed. 

• Small contributions from local pollution 
sources were detected.  
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A B S T R A C T   

High-altitude mountain areas are sentinel ecosystems for global environmental changes such as anthropogenic 
pollution. In this study, we report a source apportionment of particulate material with an aerodynamic diameter 
smaller than 10 μm (PM10) in a high-altitude site in southern Europe (Sierra Nevada Station; SNS (2500 m a.s.l.)) 
during summer 2021. The emission sources and atmospheric secondary processes that determine the composition 
of aerosol particles in Sierra Nevada National Park (Spain) are identified from the concentrations of organic 
carbon (OC), elemental carbon (EC), 12 major inorganic compounds, 18 trace elements and 44 organic molecular 
tracer compounds in PM10 filter samples collected during day- and nighttime. The multivariate analysis of the 
joint dataset resolved five main PM10 sources: 1) Saharan dust, 2) advection from the urbanized valley, 3) local 
combustion, 4) smoke from a fire-event, and 5) aerosol from regional recirculation with high contribution of 
particles from secondary inorganic and organic aerosol formation processes. PM sources were clearly associated 
with synoptic meteorological conditions, and day- and nighttime circulation patterns typical of mountainous 
areas. Although a local pollution source was identified, the contribution of this source to PM10, OC and EC was 
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small. Our results evidence the strong influence of middle- and long-range transport of aerosols, mainly from 
anthropogenic origin, on the aerosol chemical composition at this remote site.   

1. Introduction 

Atmospheric particulate matter (PM) has negative effects on human 
health and ecosystems, and influences the radiation balance and cloud 
formation processes with positive and negative climate feedbacks 
(Forster et al., 2007; Landrigan et al., 2018; O'Connor et al., 2021; Pope 
and Dockery, 2006). The physico-chemical properties of the aerosols 
and their chemical composition are complex, dynamic, and highly var-
iable due to the influence of many factors, including biogenic and 
anthropogenic emissions, atmospheric processes, and meteorological 
conditions (Brines et al., 2019; Jaén et al., 2021; van Drooge et al., 
2018). These factors are relevant for the ultimate impact of PM on 
human health, ecosystems, and climate change (Villasclaras et al., 2022; 
Yuan et al., 2019). Previous studies underscored the need to examine the 
PM speciation, i.e., the identification of differences in PM composition 
through time and to relate the observed changes to the main emission 
sources and transformation processes during atmospheric transport, 
including the formation of secondary aerosols. 

The chemical composition of PM and source contribution has been 
comprehensively studied from the analysis of inorganic and organic 
molecular tracer compounds. The multivariate analysis of these tracer 
compounds by Positive Matrix Factorization (PMF) and Multivariate 
Curve Resolution (MCR-ALS) allowed estimating source contributions, 
such as vehicle exhaust, vehicle non-exhaust, waste incineration, 
biomass burning, heavy oil combustion, soil dust, and biogenic and 
anthropogenic secondary aerosols, with acceptable analytical un-
certainties (Alier et al., 2013; Amato et al., 2016; Brines et al., 2019; 
Pérez Pastor et al., 2020; Tauler et al., 2009; van Drooge et al., 2018; van 
Drooge and Grimalt, 2015; Viana et al., 2008). These studies showed 
that the contributions of emission sources and secondary aerosol pro-
cessing to PM air pollution differed remarkably among sites and through 
time, such as the abundance of biomass burning aerosols (e.g. anhy-
drosugars, K) in cold seasons and rural sites, compared to warm seasons 
and metropolitan areas; abundance of secondary aerosol contributions 
(e.g. methyltetrols from isoprene oxidation, SO4

2− , NO3
− , NH+) in sum-

mer and background areas, compared to urban traffic sites; an overall 
abundance of traffic emissions (e.g. hopanes, Ba, Cu) in metropolitan 
areas compared background areas. 

Remote areas, such as high mountains, provide information on the 
global background air quality, and air pollution sources after mid- and 
long-range atmospheric transport (Bukowiecki et al., 2021; Chen et al., 
2021; Diémoz et al., 2019; García et al., 2017; Prats et al., 2022). 
Moreover, these regions allocate important freshwater reservoirs whose 
ecosystems may be affected by air pollution (Jarque et al., 2015). Air 
pollution is transported over long distances to these sites, but these 
remote sites may also receive contaminants carried by anabatic winds 
from the valleys along the mountain slopes during the daytime (Fu et al., 
2014; Kunwar et al., 2019). In contrast, during nighttime, the katabatic 
winds and the low mixing layer height can isolate the highest parts of the 
mountain from potential emissions from the low-lands, being often in 
nearly free tropospheric conditions (Diémoz et al., 2019; Lang et al., 
2015; Rampanelli et al., 2004; Wagner et al., 2015). Nevertheless, even 
under these conditions air pollution that was transported to higher al-
titudes, such as biomass burning smoke, may still affect mountain sites 
during nighttime (Fu et al., 2012; Zhu et al., 2018). Studies on the 
effectiveness of these processes on the transport of PM air pollution to 
remote high-altitude mountain sites are less abundant than studies near 
low-altitude source emission areas. Besides practical reasons due to the 
remoteness of these sites, the determination of PM origins in remote 
high-mountain areas is challenging due to the distance from potential 
emission sources and the mixing-based features of PM after atmospheric 

transport (Chu et al., 2021; García et al., 2017; Hernandez et al., 2019; 
Kumari et al., 2020). On the other hand, many air pollution and climate 
monitoring stations could be affected by increasing anthropogenic ac-
tivities in their vicinity, which may alter their representativeness as 
remote background atmospheres (Bukowiecki et al., 2021). 

The use of molecular organic compounds as tracers of specific 
sources is of special interest as they can provide information about the 
contributions of primary organic aerosols (POA), that are emitted 
directly into the atmosphere, as well as secondary organic aerosols 
(SOA), that are formed in the atmosphere after oxidation of gas-phase 
precursors from biogenic and anthropogenic sources. The compounds 
analyzed in this study include tracers of biomass burning (levoglucosan, 
galactosan and mannosan), soil/vegetation dust (alpha-glucose, beta- 
glucose, mannitol, sorbitol, as well as n-alkanes), vehicle emission 
(hopanes, n-alkanes), incomplete combustion of organic matter (Poly-
cyclic Aromatic Hydrocarbons (PAH) and their derivatives), α-pinene 
secondary organic aerosol (cis-pinonic acid, 3-hydroxyglutaric acid, and 
3-methyl-1,2,3-butanetricarboxylic acid (MBTCA)), isoprene secondary 
organic aerosol (2-methyltetrols and 2-methylglyceric acid), secondary 
anthropogenic organic aerosol (phthalic acid), and dicarboxylic acids, 
such as succinic acid, that are mainly of secondary origin from oxidation 
of organic compounds, but part can be primary, from sources such as 
traffic, biomass burning smoke and vegetation (Alier et al., 2013; Jaén 
et al., 2021; Schauer et al., 2002; Simoneit et al., 1991b; van Drooge and 
Grimalt, 2015). The condensational formation and growth of new par-
ticles in the remote areas also determines the composition of the PM in 
those sites and results in complex mixtures with usually higher SOA 
contributions (Jimenez et al., 2009). Additionally, mountain fluxes may 
facilitate the introduction of these particles in the free troposphere 
where they can be transported through the atmosphere over long dis-
tances (García et al., 2014). 

The current study is focused on the chemical composition of PM10 in 
a remote high-altitude mountain site located in the Sierra Nevada Na-
tional Park, in south-eastern Europe (Sierra Nevada Station; SNS (2500 
m a.s.l.)). The study is based on an intensive summer field campaign 
(BioCloud) to determine the contribution of the emission sources and 
atmospheric processes influencing PM, organic carbon (OC) and 
elemental carbon (EC). The transformations of the primary emitted 
compounds into the secondary organic aerosol, secondary inorganic 
aerosol (SIA) and the influence of the meteorological conditions in these 
processes are specifically considered. 

2. Measurements and methods 

2.1. Sampling site 

This study has been developed in the AGORA (Andalusian Global 
ObseRvatory of the Atmosphere) observatory (https://atmosphere.ugr. 
es/en/about/presentation/agora), in particular in the Sierra Nevada 
Station (SNS; 37.10◦ N, 3.39◦ W; 2500 m a.s.l.) situated on the northern 
slope of the Sierra Nevada Mountain Range, 5 km from the Veleta 
summit (3396 m a.s.l.) and 20 km south-east from the city of Granada 
(Fig. 1). AGORA is part of the Aerosol, Clouds and Trace Gases Research 
Infrastructure (ACTRIS-ERIC (https://actris.eu)). 

The strong insolation conditions and thermal fluctuations due to the 
high altitude and the complex orography results in a semi-arid terrain. 
The mountain range has several valleys that can canalize the air up-
wards and might favor the advection of pollution from urbanized areas. 
The most populated city in the region is Granada at a horizontal distance 
of 20 km with an altitude difference of 1800 m from SNS (Fig. 1). Due to 
the location of SNS with respect to the valley, prevalent wind directions 
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are mainly westerly and southerly, which may favor the transport of 
pollutants from lower altitudes, i.e. the city of Granada and its metro-
politan area as observed by previous studies on the transport of black 
carbon in the area (Casquero-Vera et al., 2020; Rejano et al., 2021). A 
ski-station and an urbanization are located at 3 km from the SNS station. 

This site can receive atmospheric PM driven by mesoscale phenom-
ena such as Saharan dust intrusions from North Africa or regional 
transport from the European continent. The Saharan Dust episodes 
imply high PM levels (Israelevich et al., 2012) and can involve different 
atmospheric processes such as the absorption of SO2 and NO2 gases to 
increase the amounts of sulfates and nitrates in the dust particles 
(Abdelkader et al., 2015). Furthermore, new particle formation (NPF) 
events are frequent during daytime in the area (Casquero-Vera et al., 
2020). Thus, the atmosphere in the SNS station is characteristic of the 
south-western European free troposphere and is also a sentinel site for 
the transport of the aerosol particles from middle and long-range dis-
tances. However, the influence of local sources related with human ac-
tivities, vegetation or soil dust must also be considered. 

2.2. Filter sampling 

Sampling took place from June 10th to July 7th of 2021. PM10 
samples (n = 57) were collected with a high-volume sampler (MCV, 
model CAV-A/MSb) at 30 m3/h on 150 mm diameter quartz microfiber 
filters (2500QAT-UP, Pallflex, Pall Corporate). Sampling schedule was 
from 10 h to 18 h and from 18 h to 10 h (UTC time, being local time UTC 
+ 2) to identify the diurnal trends of the PM10 composition. The first 
daytime sampling period was chosen to capture those conditions when 
the site might be affected by transported aerosol particles from the 
valley and/or subject of new particle formation processes, while the 
second could be more representative of free tropospheric conditions. 

Filters were conditioned and treated pre- and post-sampling. After 
sampling, the filters were stored at − 20 ◦C until analysis. 

2.3. Chemical analyses 

The filters were weighted using standard gravimetric methods, and 
treated and analyzed to determine the levels of major and trace elements 
as described in Querol et al. (2001). Half of each filter was acid digested 
(2.5 mL HNO3: 5 mL HF: 2.5 mL HClO4) for the analysis of 8 major el-
ements (Al, Ca, K, Na, Mg, Fe, Ti and Mn) by means of ICP-OES (Agilent 
model 5110), and 18 trace elements (Li, V, Cr, Ni, Cu, Zn, As, Rb, Sr, Mo, 
Ba, La, Ce, Sn, Sb, and Pb) by means of ICP-MS (Agilent model 7900). 
The average precision and accuracy for most of the elements were found 
within the normal analytical errors which were controlled by repeated 
analysis of blank filters and NIST-1633b (fly ash) reference standard 
material in both ICP techniques. The accuracy and detection limit were 
2 % and 1.5 ng/m3, respectively, for ICP-OES, and 3 % and 0.01–11 ng/ 
m3, respectively, for ICP-MS. 

A quarter part of each filter was leached with MilliQ-grade de- 
ionized water at 90 ◦C to determine the content of major soluble anions 
(SO4

2− , NO3
− , and Cl− ) and NH4

+ (Querol et al., 2002) by ion chroma-
tography (Methrom883 Basic IC Plus). The accuracy and detection limit 
of the ion chromatography measurements were 10 % and 0.4 μg/m3, 
respectively. 

A portion of 1.5 cm2 of each filter was used for analysis of organic 
and elemental carbon (OC and EC) by a Thermal-Optical transmission 
technique, using a Sunset Laboratory OC-EC Analyzer with the 
EUSAAR_2 protocol (Cavalli et al., 2010). SiO2, Al2O3 and CO3

2− were 
indirectly determined on the basis of empirical factors (Querol et al., 
2004). Quality control was implemented through use of an external 
sucrose aqueous solution which ensured the consistent operation of the 

Fig. 1. Sampling location in Sierra Nevada and topographic profile from the city of Granada. 
Source: Google Earth. 
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instrument and the quality of the measurements. 
One quarter of each filter (minus the 1.5 cm2 OC/EC punch) was used 

to analyze organic molecular tracer compounds that can be used to 
elucidate the contribution of different primary and secondary sources to 
PM. A total of 44 organic compounds were quantified. These compounds 
consisted of 11 secondary products (including isoprene and α-pinene 
oxidation products), 2 hopanes from traffic emissions, 9 n-alkanes, 7 
saccharides (including biomass burning tracers), 10 PAH, 4 quinones 
(oxygenated PAHs) and 1 phthalate ester. The analytical method used is 
described in more detail in previous works (Fontal et al., 2015; van 
Drooge et al., 2023; van Drooge and Grimalt, 2015). Briefly, the filter 
fractions were spiked with deuterated PAHs (anthracene-d10, 
fluoranthene-d10, pyrene-d10, benzo[a]anthracene-d12, chrysene-d12, 
benzo[b]fluoroanthene-d12, benzo[a]pyrene-d12, indeno[1,2,3-cd] 
pyrene-d12, benzo[ghi]perylene-d12), nC24-d50, levoglucosan-d7 and 
succinic acid-d4. They were then extracted with a dichloromethane: 
methanol 1:1 v/v mixture (3 × 10 mL) by ultra-sonication. Then, the 
extract was filtered and concentrated by rotovaporation and with a 
gentle stream of nitrogen to a final volume of 0.5 mL. To analyze the 
polar compounds (saccharides and acids), and aliquot of 25 μL of the 
extract was evaporated to dryness in a conical vial and derivatized by 
adding 25 μL of BSTFA and 10 μL of pyridine to obtain the trimethylsilyl- 
derivatives (TMS). These aliquots were analyzed by GC–MS (Agilent 
Technologies) in full scan mode equipped with a HP-5MS 60 m capillary 
column. For the analysis of the rest of compounds, the remaining extract 
was extracted with 3 × 0.5 mL of n-hexane, then concentrated to 25 μL 
with a stream of nitrogen and injected in a Q-Exactive GC Orbitrap MS 
(Agilent Technologies) in full scan mode equipped with a HP-5MS 30 m 
capillary column. Compounds were identified by their chromatographic 
retention times, mass spectra and quantified with authentic analytical 
standards by means of internal standard calibration which takes into 
consideration the extraction and recovery process and the variability of 
the analysis. Recoveries for all compounds were higher than 50 %. In 
addition, 3 field blanks were processed and were between 0 % and 28 % 
of the sample levels. Sample levels were blank corrected. The accuracy 
of the analytical procedures was 15 %, while the limits of detection 
(LOD) ranged between 0.03 and 3 ng/m3 for acids and saccharides; 0.05 
and 2 ng/m3 for n-alkanes; 0.1 and 18 pg/m3 for PAHs; 6 and 11 pg/m3 

for hopanes, based on the mean concentration of three field blanks plus 
3 times their standard deviation. Detection frequencies above LOD 
ranged from 72 % to 100 % for the individual compounds. 

2.4. Air mass trajectories clustering 

For the synoptic air mass transport study, 96 h backward trajectories 
were computed with NOAA HYSPLIT model (Rolph et al., 2017; Stein 
et al., 2015) at 1500 m a.g.l. using the meteorological fields from the 
NCEP/NCAR Global Reanalysis Data (Kalnay et al., 1996). The hourly 
endpoints from the 704 trajectories were used to create 72 h-clusters 
with the HYSPLIT clustering algorithm. This method groups the trajec-
tories minimizing the difference between trajectories in that group, i.e. 
giving the lowest increase in the total spatial variance (Draxler et al., 
2022). In this study, 6 clusters were considered to illustrate the origin of 
the air masses arriving to the sampling site. The number of clusters was 
identified by examination of the percentage change of the total spatial 
variance by step-wise decrease of the number of clusters (74 % from 6 to 
5) and by interpretation of the geographical significance of the added 
clusters. 

2.5. Source apportionment method 

Bilinear decomposition of the original compound dataset (77 com-
pounds in 57 samples) was performed with the Multivariate Curve 
Resolution—Alternating Least Square (MCR-ALS 2.0) method under 
non-negativity constraints using MATLAB (Jaumot et al., 2015, 2005; 
Tauler, 1995). This source apportionment technique is based on the D ¼

CST þ E matrix equation to decompose an initial normalized 
compounds-samples matrix (D) into one matrix of sample scores for each 
of the reduced number of components (C), one matrix of the compound 
loads for each of the reduced number of components (ST) and, a residual 
data matrix with data not explained by the model (E). To perform the 
decomposition, half of the limit of detection was used in the few cases 
that compound concentrations were below this limit. The number of 
different components was selected considering the logic interpretability 
of the chemical composition (profiles) in terms of emission source or 
atmospheric processing. In MCR-ALS, the explained variance of the 
components is overlapped and not orthogonal. This feature facilitates 
the physical interpretation of the results in comparison with orthogonal 
decomposition methods as environmental sources are almost never 
orthogonal. Previous studies have successfully applied this MCR-ALS 
decomposition for the source apportionment of PM (Alier et al., 2013; 
Jaén et al., 2021; van Drooge et al., 2022). This decomposition is 
equivalent to the one obtained with PMF (Tauler et al., 2009) although 
both methods differ in the decomposition algorithms and the normali-
zation of loading scores profiles. 

2.6. Meteorological data 

In addition, meteorological data was measured at the site by an 
Automatic Weather Station (AWS). This AWS was equipped with an 
EE181 Air Temperature and Relative Humidity Probe, a Hukseflux LP02- 
05 pyranometer for solar radiation, a Vaisala PTB110 barometer, a 
Young Wind Monitor 05103 for wind speed and direction, and a Geonor 
T200B all-weather rain gauge with Alter wind shield for liquid and solid 
precipitation. Datasets of 5 min were recorded for each variable for the 
whole period of this study. 

3. Results and discussion 

3.1. PM composition 

Table 1 shows the maximum, minimum, overall average, daytime 
average, and nighttime average concentrations of the PM constituents 
analyzed in this study. The table also includes the results of the Welch 
two sample t-test for the significance of the differences between mean 
day and night measurements. PM10 ranged from 3.13 to 54.03 μg/m3 

exceeding in some occasions the 24-hour WHO air quality guidelines 
and the EU limit value for air quality (Council Directive 2008/50/EC, 
2008; World Health Organization, 2021). This high PM10 concentrations 
occurred during a Saharan dust event, as explained in the following 
paragraph. The measured concentrations agree with PM10 concentra-
tions previously reported in high mountain sites in southern Europe 
(Galindo et al., 2017; Moretti et al., 2021; Moroni et al., 2015; Ripoll 
et al., 2014; Tositti et al., 2013). 

The highest PM10 concentrations were measured from June 11th to 
June 16th and were associated with a Saharan dust intrusion as 
confirmed by satellite imagery (Fig. S 2). This episode was also reflected 
in high concentrations of elements related with Earth's crust such as 
CO3

2− , SiO2, Al2O3, calcium (Ca), magnesium (Mg) potassium (K) and 
iron (Fe) with maxima that have been previously observed in dust epi-
sodes in Spain (Galindo et al., 2017; Nicolás et al., 2008). In some cases, 
these compounds showed an increase of >500 % in samples with high 
PM concentrations when comparing to non-intrusion samples (Table S 
1). This is also observed for Ti which has been reported as indicator of 
Saharan dust events in previous studies (Galindo et al., 2020; Nicolás 
et al., 2008). Nevertheless, during the rest of the field campaign, dust 
resuspension from local arid regions of Sierra Nevada also contributed to 
increase in the concentrations of these crustal elements. No differences 
between day and night samples in PM10 of crustal elements were 
observed. 

Transformations of emissions from industry, agriculture and traffic 
may lead to the formation of secondary inorganic aerosols (SIA) which is 
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Table 1 
Maximum, minimum, overall average, daytime average, and nighttime average concentrations of the air quality indicators, and analyzed compounds (n = 57). P-value 
for the Welch two sample t-test between Day and Night samples performed with R software is also shown. LOD: Limit of detection.  

Variable All samples (n = 57) Filtereda (n = 47) 

Max Min Average Average 
day 

Average 
night 

p-Value 
(day–night) 

Average 
day 

Average 
night 

p-Value 
(day–night) 

(μg/m3) 
PM 54.03 3.13 15.59 16.27 14.89 0.668 13.57 9.20 0.010 
OC 5.35 0.22 2.38 2.97 1.77 <0.001 2.87 1.40 <0.001 
EC 1.05 0.01 0.22 0.26 0.18 0.108 0.24 0.13 <0.001 
CO3

2− 7.28 0.27 1.89 2.06 1.72 0.421 1.70 1.04 0.003 
SiO2 23.75 0.32 4.62 4.32 4.92 0.682 2.94 2.60 0.608 
Al2O3 7.92 0.11 1.54 1.44 1.64 0.682 0.98 0.87 0.608 
PO4

3− 0.16 0.01 0.06 0.07 0.06 0.132 0.06 0.04 <0.001 
NO3

− 3.65 0.08 0.88 1.11 0.65 0.010 1.07 0.48 0.002 
NH4

+ 0.29 0.00 0.10 0.12 0.07 0.004 0.12 0.05 0.001 
SO4

2− 2.73 0.13 0.79 0.91 0.66 0.057 0.87 0.53 0.015 
Ca 3.20 0.11 0.85 0.93 0.77 0.400 0.77 0.47 0.002 
K 1.19 0.04 0.29 0.30 0.29 0.856 0.24 0.17 0.040 
Na 0.57 0.03 0.24 0.27 0.21 0.143 0.25 0.16 0.031 
Mg 1.00 0.04 0.25 0.27 0.23 0.470 0.22 0.13 0.007 
Fe 2.29 0.08 0.47 0.45 0.49 0.799 0.32 0.27 0.413  

(ng/m3) 
Li 2.74 0.02 0.52 0.50 0.53 0.848 0.34 0.28 0.403 
Ti 250.52 5.21 45.81 41.86 49.91 0.607 27.46 25.24 0.748 
V 6.84 0.14 1.59 1.62 1.56 0.895 1.25 0.87 0.098 
Cr 61.44 0.20 8.35 10.18 6.44 0.161 11.07 5.15 0.037 
Mn 38.62 1.04 8.38 8.05 8.72 0.787 5.70 4.89 0.516 
Ni 10.76 0.08 2.37 2.98 1.73 0.012 2.52 1.24 <0.001 
Cu 8.38 0.12 2.07 2.58 1.54 0.005 2.47 1.32 0.007 
Zn 171.43 0.92 12.57 11.73 13.45 0.777 10.88 6.16 0.002 
As 0.78 0.03 0.21 0.22 0.21 0.839 0.18 0.15 0.450 
Rb 4.99 0.11 1.00 0.97 1.04 0.793 0.68 0.55 0.323 
Sr 17.35 0.48 5.35 6.38 4.29 0.070 5.79 2.50 <0.001 
Mo 26.58 1.24 8.38 11.51 5.14 <0.001 11.19 4.80 <0.001 
Sn 1.69 0.06 0.34 0.47 0.22 <0.001 0.47 0.18 <0.001 
Sb 1.20 0.00 0.19 0.22 0.16 0.254 0.22 0.11 0.006 
Ba 29.11 2.10 8.81 9.58 8.00 0.360 8.13 5.13 <0.001 
La 2.56 0.05 0.55 0.55 0.56 0.920 0.39 0.31 0.311 
Ce 5.11 0.13 1.13 1.11 1.14 0.930 0.79 0.64 0.326 
Pb 5.64 0.16 1.89 1.88 1.89 0.971 1.62 1.37 0.402 
Succinic acid (SA) 19.69 1.40 9.22 11.74 6.62 <0.001 12.11 6.03 <0.001 
Phthalic acid (PHA) 5.10 <LOD 1.34 1.85 0.81 <0.001 1.87 0.81 <0.001 
Glutaric acid (GLU) 5.06 0.33 2.53 3.27 1.76 <0.001 3.37 1.56 <0.001 
Azelaic acid (AZA) 3.27 0.28 1.51 2.04 0.97 <0.001 2.00 0.83 <0.001 
2-Metylglyceric acid (2MGA) 48.51 1.11 14.93 19.86 9.82 0.002 19.32 8.27 0.003 
2-Methylthreitol (2MT1) 49.85 1.57 15.84 21.36 10.13 <0.001 20.33 8.38 <0.001 
2-Methylerythritol (2MT2) 116.41 5.11 42.39 58.25 25.96 <0.001 54.71 21.86 <0.001 
Cis pinonic acid (CPA) 17.63 1.03 7.58 10.87 4.17 <0.001 10.64 3.46 <0.001 
3-Hydroxyglutaric acid (3HGA) 10.64 0.19 3.99 4.94 3.02 0.013 5.32 3.08 0.011 
3-Methyl-1,2,3-butanetricarboxylic acid 

(MBTCA) 
9.79 0.14 3.46 4.69 2.18 <0.001 4.98 2.17 <0.001 

Malic acid (MA) 21.63 0.47 7.97 9.75 6.13 0.016 10.45 6.27 0.012 
Galactosan (GAL) 0.73 0.04 0.28 0.33 0.23 0.028 0.35 0.22 0.014 
Mannosan (MANNO) 0.91 <LOD 0.22 0.27 0.18 0.081 0.29 0.17 0.052 
Levoglucosan (LEV) 6.33 0.20 1.54 1.78 1.28 0.124 1.85 1.10 0.037 
Alpha-glucose (AGL) 17.68 1.49 6.11 7.63 4.53 0.002 7.68 3.92 <0.001 
Beta-glucose (BGL) 20.61 1.76 6.98 8.67 5.22 0.001 8.83 4.62 <0.001 
Mannitol (MANNI) 25.84 0.67 7.54 9.25 5.76 0.010 9.38 4.91 0.004 
Sorbitol (SOR) 0.87 <LOD 0.40 0.54 0.26 <0.001 0.55 0.25 <0.001 
nC23 10.96 <LOD 3.59 4.85 2.29 <0.001 4.89 2.42 <0.001 
nC24 6.13 0.82 2.94 3.48 2.38 <0.001 3.40 2.39 0.009 
nC25 9.85 1.38 4.71 5.97 3.41 <0.001 5.82 3.36 <0.001 
nC26 4.33 1.06 2.68 3.24 2.09 <0.001 3.18 2.14 <0.001 
nC27 8.44 1.33 4.14 5.19 3.04 <0.001 5.13 2.88 <0.001 
nC28 6.61 0.79 2.61 3.37 1.81 <0.001 3.36 1.83 <0.001 
nC29 18.24 1.83 6.62 8.06 5.13 <0.001 7.85 4.41 <0.001 
nC30 11.58 1.00 3.86 5.49 2.19 <0.001 5.49 2.12 <0.001 
nC31 18.54 1.86 6.60 8.49 4.64 <0.001 8.30 4.04 <0.001 
Bis(2-ethylhexyl)phthalate (DEHP) 31.06 <LOD 14.27 18.88 9.49 <0.001 18.20 8.98 <0.001  

(ρg/m3) 
Benz[a]anthracene (BAA) 48.39 <LOD 7.44 3.67 11.34 0.003 3.35 10.48 0.007 
Chrysene + triphenylene (C + T) 158.05 <LOD 28.03 15.13 41.40 0.003 14.34 43.30 0.006 
Benzo[b + j + k]fluoranthene (BBJKFL) 147.30 <LOD 21.00 16.00 26.18 0.076 14.26 19.83 0.123 

(continued on next page) 
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reflected in the increased occurrence of SO4
2− , NO3

− , NH4
+. These ions 

were found in SNS in slightly lower concentrations than those previously 
reported in the Iberian Peninsula in urban and rural background envi-
ronments (Querol et al., 2008; Titos et al., 2014, 2012). The concen-
trations were similar to those observed for NO3

− and NH4
+ in remote sites 

in the Canary Islands, Greece or the Tibetan Plateau (García et al., 2017; 
Li et al., 2013; Ren et al., 2018; Theodosi et al., 2018) but SO4

2− was less 
abundant than in these studies. SO4

2− was in similar concentrations in 
day and night periods, while NO3

− and NH4
+ occurred in significantly 

higher concentrations during daytime, likely influenced by atmospheric 
transport during daytime and the diurnal secondary processes previ-
ously related with new particle formation in the studied sampling site 
(Casquero-Vera et al., 2020). 

The difference between day and night of secondary inorganic aero-
sols is associated with atmospheric conditions. During the day, a higher 
temperature and intensity of solar radiation favor photochemical re-
actions for the formation of secondary compounds. However, at night, 
lower temperatures reduce the decomposition processes of thermally 
unstable compounds. The ionic balance of anions and cations in the 
water extraction was calculated in order to determine the associations of 
these ions (Fig. S 3). Nitrate was observed mainly in the form of calcium 
and sodium nitrate, and ammonium nitrate concentrations were negli-
gible. Sulfate was present mainly as calcium sulfate and ammonium 
sulfate. Some of these compounds, as well as the carbonates, are asso-
ciated with crustal origin due to the arid conditions of Sierra Nevada. All 
these ionic compounds show slightly higher values during day-time, 
evidencing the importance of secondary aerosol formation promoted 
by the atmospheric conditions (upslope transport of pollutants and re- 
suspended material, higher temperatures and solar radiation). 

The concentrations observed for the trace metals was generally lower 
than those previously reported in the city of Granada (Titos et al., 2014) 
and similar to those found in Mt. Cimone in Italy in 2004 (2100 m a.s.l. 
(Marenco et al., 2006)) and Mt. Atlas in Morocco (2165 m a.s.l. (Deabji 
et al., 2021)). Some trace metals, such as Cu, Ni, Mo, and Sn, which are 
associated with traffic, i.e. vehicle exhaust, brake, tire or pavement 
abrasion (Amato et al., 2011; Schauer et al., 2006; Wåhlin et al., 2006) 
showed higher daytime concentrations, while others, such as Sb, Ba, Zn, 
Ti, Li, and Rb showed no diurnal trend. Pb and As, more related to in-
dustrial emissions (Querol et al., 2008), did not have significant con-
centration differences between both day and nighttime periods, and 
were found in small concentrations. These observations, together with 
the SIA diurnal trend mentioned above, were consistent with higher 
occurrence of secondary processes during sunlight hours mixed with 
some traffic emissions reaching the station after upslope transport 
through the valley and natural emissions, such as resuspension of soil 
dust and crustal material. 

The OC and EC mass concentrations were considerably low 
compared to urban areas in southern Europe (Dinoi et al., 2017; Galindo 
et al., 2019; Giannossa et al., 2022; Querol et al., 2013), similar to rural 
background sites from the Iberian Peninsula (Querol et al., 2013) and 
higher than those measured in other remote mountain sites like Izaña in 
the Canary Islands (2367 m a.s.l.; (García et al., 2017)), Pico Island in 
the Azores (2225 m a.s.l.; (Dzepina et al., 2015)) or Monte Curcio in Italy 
(1780 m a.s.l.; (Dinoi et al., 2017; Moretti et al., 2021)). Higher con-
centrations of OC and EC were observed during daytime, likely con-
nected with transport within the planetary boundary layer. This diurnal 
trend was also observed for most of the organic compounds studied here. 
Both the acids that represent anthropogenic secondary organic aerosols 
(AnthSOA; SA and PHA) and the biogenic secondary organic aerosol 
tracers (i.e., SOA tracers of α-pinene oxidation; CPA, 3HGA and MBTCA, 
and SOA tracers of isoprene oxidation; 2MGA, 2MT1 and 2MT2) showed 
significantly higher concentrations during the daytime indicating higher 
biogenic and anthropogenic emissions from gas phase precursors and 
enhanced transformation into secondary products combined with at-
mospheric transport mechanisms, such as upslope winds. The mean 
concentrations of AnthSOA (SA: 9.22, PHA: 1.34 ng/m3) were similar to 
those reported in a rural background site in the north-east Spain in 
summer (SA: 15.5, PHA: 2.5 ng/m3; (Jaén et al., 2021)) and in remote 
sites in Tenerife (SA: 6.5, PHA: 3.2 ng/m3; (García et al., 2017)) and 
Sanabria Lake (SA: 5.4, PHA: 3.0 ng/m3; (Pérez-Pastor et al., 2023)) but 
lower than those observed in Mount Tai (China; SA: 57, PHA: 20 ng/m3; 
(Wang et al., 2009)). The dominant SOA compounds (Table 1) origi-
nated from isoprene oxidation (2MGA, 2MT1 and 2MT2). They were 
found in concentrations slightly higher than in these remote sites and in 
the Tibetan Plateau (Pérez-Pastor et al., 2023; Ren et al., 2018; Wang 
et al., 2009) but lower than in the rural background sites. The α-pinene 
SOA also showed similar concentrations than in these studies. In all 
cases, the higher concentrations of CPA indicated contributions from a 
relatively fresh SOA as CPA is generated by oxidation of α-pinene in 
presence of O3 while 3HGA and MBTCA are products of further oxida-
tion of CPA (Claeys et al., 2007). 

The biomass burning tracers (GAL, MAN and LEV) were present in 
low concentrations, compared to wintertime levels in the low-lands of 
Granada (Titos et al., 2017; van Drooge et al., 2022) when biomass 
burning is a more common practice. They did not show a diurnal trend. 
Levoglucosan was the dominant compound, and its concentration was in 
the range of those observed in Izaña (Tenerife; 0.75 ng/m3; (García 
et al., 2017)), and other remote sites in Europe at summer, such as the 
high mountain sites of Schauinsland (Germany; 1205 m a.s.l.; 12.3 ng/ 
m3) and Puy de Dôme (France; 1205 m a.s.l.; 7.1 ng/m3), and in the 
marine environment of the Azores (2.0 ng/m3) (Puxbaum et al., 2007). 
In addition, LEV/(MAN + GAL) ratios ranged from 0.8 to 5.6 and are in 

Table 1 (continued ) 

Variable All samples (n = 57) Filtereda (n = 47) 

Max Min Average Average 
day 

Average 
night 

p-Value 
(day–night) 

Average 
day 

Average 
night 

p-Value 
(day–night) 

Benzo[a]fluoranthene (BAFL) 27.03 <LOD 3.39 2.61 4.21 0.128 2.26 2.91 0.271 
Benzo[e]pyrene (BEP) 50.31 0.38 8.77 6.33 11.30 0.019 5.92 9.63 0.033 
Perylene (PY) 4.69 <LOD 0.90 0.77 1.03 0.226 0.65 0.72 0.616 
Indeno[123cd]pyrene (IP) 85.52 0.90 10.04 8.95 11.17 0.505 7.92 6.62 0.410 
Benzo[ghi]perylene (BGHIP) 108.15 1.85 15.10 14.86 15.34 0.925 14.48 10.95 0.445 
3-Methylchrysene (3MC) 34.80 <LOD 5.72 1.71 9.87 <0.001 1.76 11.08 <0.001 
6-Methylchrysene (6MC) 10.61 <LOD 1.71 0.45 3.02 <0.001 0.46 3.30 <0.001 
9,10-Anthraquinone (ANQ) 101.03 <LOD 31.32 29.21 33.51 0.452 29.46 34.69 0.417 
2-Methylanthraquinone (2MANQ) 29.16 0.98 7.24 4.43 10.16 0.002 4.32 10.49 0.005 
Benzo[b]fluorenone (BBF) 29.24 <LOD 7.33 4.20 10.58 <0.001 4.06 10.17 0.003 
Benzanthrone (BA) 19.75 <LOD 2.86 1.51 4.26 0.002 1.32 3.41 0.007 
17a(H)21β(H)-29-norhopane (norHOP) 67.85 <LOD 30.93 41.89 19.59 <0.001 39.62 20.35 <0.001 
17a(H)21β(H)-hopane (HOP) 53.26 7.26 26.50 34.67 18.03 <0.001 33.26 18.87 <0.001  

a Samples with outliers in PM, OC, or EC were eliminated. Those were eliminated following the interquartile range (IQR) criterion which considers outliers ob-
servations outside the [q0.25 − 1.5⋅IQR; q0.75 + 1.5⋅IQR] interval.  
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agreement with softwood combustion emissions ratios reported in the 
literature (Engling et al., 2006; Fine et al., 2004). In particular, the 
average ratio was 3.0 which coincides with the one reported by van 
Drooge et al. (2014) in the Iberian Peninsula as a representative ratio for 
residual summertime biomass burning aerosols. Thus, the small amounts 
of those tracers found in the high-altitude site can be considered back-
ground levels in the region. 

Other primary organic compounds, such as aliphatic hydrocarbons 
(n-alkanes) showed a clear diurnal trend, and the highest concentrations 
were observed for odd carbon compounds (nC27, nC29 and nC31), 
related to higher plant contributions. The carbon preference index of 
biogenic/pyrogenic n-alkanes is expressed as the ratio of odd/even 
carbon-numbered alkanes from nC24 to nC31. CPI values >1 indicate 
higher contributions of higher plants, while CPI values close to 1 indi-
cate predominant fossil fuel contributions (Mazurek and Simoneit, 
1984; Rogge et al., 1993; Simoneit et al., 1991a). In any case, the 
average carbon preference index (CPI) for the whole period was 1.9, 
suggesting higher plant contributions to be slightly more dominant over 
fossil fuel contributions. Notwithstanding, the organic tracer com-
pounds for vehicle emissions (hopanes: norHOP and HOP) were also 
higher during daytime and could be related to low intensity local traffic 
or mid-range air pollution from the city of Granada. Higher 

concentrations of these hopanes were observed in a remote site in 
Tenerife (norHOP: 70, HOP: 60 ρg/m3; (García et al., 2017)) while lower 
concentrations were observed in the remote site of Sanabria Lake 
(norHOP: 5, HOP: 6 ρg/m3; (Pérez-Pastor et al., 2023)) and some rural 
background sites in Spain (Jaén et al., 2021). 

The PAH, both parent compounds and quinones, were found in the 
low ρg/m3 concentrations, which agreed with results from other remote 
mountain sites in Spain and Europe (García et al., 2017; Pérez-Pastor 
et al., 2023; van Drooge et al., 2012). It is interesting to remark that 
9,10-anthraquinone, a product of anthracene photo degradation (Alam 
et al., 2014), was one of the dominant PAHs which could reflect high 
influence of PAH photooxidation during transport to this remote site. 
However, some of these compounds reflecting incomplete combustion of 
organic matter were found in significantly higher concentration in 
nighttime (Table 1) which could be related to some local source. 

The day-night trends of the compounds may be affected by the 
presence of extreme events during the sampling period such as the 
Saharan dust intrusion mentioned above. To unmask possible diurnal 
patterns of the studied compounds the dataset was filtered by elimi-
nating the 10 samples in which PM10, OC, or EC concentrations were 
identified as outliers by the interquartile range criterion. Most of these 
samples were indeed related to the Saharan dust intrusion. Those results 

Fig. 2. Mean air-mass trajectory for each cluster (lines) and individual air-masses trajectory points (dots) for the 6 clusters retrieved with Hysplit (a). Wind-scatter 
plots of each cluster with the measured wind in SNS at the trajectory end time (b to g). Wind velocity in m/s. 
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(Table 1) indicate a clear daytime peak concentration of PM and EC. The 
same trend was observed for many of the typical Earth crustal elements 
except SiO2, Al2O3 and Fe. Other major inorganic compounds and trace 
metals such as PO4

3− , SO4
2− , Cr, Zn, Sr, Sb and Ba were also statistically 

higher during daytime which agrees with higher anthropogenic activity 
and upward airmass transport during this time of the day. Nevertheless, 
trends in organic compounds barely change when eliminating the rare or 
extreme events. 

3.2. Air mass cluster analysis 

The origin of the air masses can help to identify the sources of 
pollution and to assess possible influences of meteorology on the com-
pounds transported to the studied site. The air-mass back trajectory 
analysis computed with the NOAA Hysplit model showed 6 relevant air 
mass clusters (Fig. 2a). Four clusters had their origin in the Atlantic 
Ocean, one in the Iberian Peninsula and another one in north Africa. The 
long-range Atlantic cluster, 4 % of the trajectories of the sampling 
period, showed air masses transported over long distances through the 
ocean from the North-west and was therefore related with strong winds 
(Fig. 2d). The cluster of mid-range Atlantic trajectories (17 %) had 
similar origin, but the air masses were transported eastward at lower 
wind speeds and the short-range Atlantic cluster (20 %) covered a 
shorter distance and some trajectories passed over Africa. On the other 
side, the North Atlantic cluster (14 %) transported air masses from the 
Celtic Sea and some regions of north-Europe. The Local-Mediterranean 
cluster (28 %) was composed of trajectories enclosed between the Ibe-
rian Peninsula and North Africa and was characterized by short-distance 
transport of the air masses. Finally, the North-African cluster encom-
passed 16 % of the trajectories that travelled over arid zones of North 
Africa. 

The measured wind scatter plots in SNS (Fig. 2b to g) show the hourly 

average of wind velocity and direction at the trajectory endtime for all 
trajectories of each cluster. The plots showed that all clusters except the 
North African corresponded to a local WSW dominant wind direction 
which coincided with the valley of the mountain range connecting the 
city of Granada with the sampling site. As expected, clusters with west- 
Atlantic origin were related to stronger winds than the Local- 
Mediterranean and North Atlantic ones. In the North African wind dis-
tribution (Fig. 2g), SE winds prevailed which agreed with a southern 
advection from the Saharan desert (Fig. 2g). Moreover, although most of 
the records indicated weak winds, there were also strong winds reaching 
the station during the African advection. 

3.3. Source apportionment analysis and synoptic meteorological 
conditions 

The bilinear decomposition of the dataset performed with MCR-ALS 
method resolved 5 different components with 94 % of explained vari-
ance. The chemical profiles of these components are shown in Fig. 3 and 
were used to assess the PM sources. Fig. 4 shows the scores of these MCR- 
ALS components in each sampling period together with the meteoro-
logical data registered in the SNS station. The data is also shown with the 
dominant trajectory cluster of each period in the x axis. Moreover, the 
source apportionment was also performed at day and night databases 
separately and similar loading profiles were obtained for the 5 compo-
nents (Fig. S 4). These components in the separate analysis correlate 
very well with the complete database for Valley PM, Saharan dust PM 
and Regional PM (Fig. S 5 from a to f) while correlation is weaker for the 
components with lower explained variances (Fire PM and Local Com-
bustion PM; Fig. S 5 from g to j). Given the resolution of the components, 
the whole database was used for the rest of the study. 

Fig. 3. Compound loads for each component in MCR-ALS decomposition.  
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3.3.1. Valley PM 
The component involving highest explained variance (39 %) was 

related with air pollution transport through the valley which connects 
with Granada metropolitan area (named as Valley PM). It consisted of 
hopanes (62 %), and n-alkanes (45 %), being the most abundant those 
with shorter chains and even number of carbon atoms. Both groups of 
compounds are indicators of vehicle emissions, suggesting atmospheric 
transport from the lower altitudes through the valley to the SNS as road 
traffic is one of the main aerosol sources in Granada metropolitan area 
(Titos et al., 2014; van Drooge et al., 2022). The PAH contributions to 
this component were very low and the 9,10-anthaquinone was the 
dominant compound of this family. This component also contained 34 % 
of the OC and contributions from some trace metals such as Mo, which 
can be released by vehicles through engine wear (Gonet and Maher, 
2019) among other sources and other metals such as Ni, Cr, Cu and Ba 
that can be attributed to fuel combustion and brake and tire abrasion 
(Schauer et al., 2006; Wåhlin et al., 2006). This component also 

contained a high contribution of bis(2-ethylhexyl) phthalate (53 %), 
which is a plasticizer classified as a Category 1B reprotoxin and tech-
nically banned since 2015 (Council Directive 20212/18/EU, 2012) and 
suggest the active transport of plastic particles to the high mountain site. 
Moreover, the presence of secondary organic aerosols in this component, 
i.e. SOA tracers of isoprene oxidation (2MGA (7 %), 2MT1 (35 %) and 
2MT2 (39 %)) indicate that mid-range transport from anthropogenic 
emission source areas towards the sampling site is mixed with biogenic 
isoprene SOA generated in secondary processes in the atmosphere. 

Higher concentrations of this component during daytime (Table 1; 
Fig. 4) are clearly observed which is consistent with the upward 
mountain breezes that transport air pollution from the valley, including 
the city of Granada (Ortiz-Amezcua et al., 2022; Rejano et al., 2021). 
The highest scores were observed at the end of the sampling period when 
western winds enhanced this upward transport along the valleys. 

Fig. 4. Meteorological data (Temperature, Relative Humidity, precipitation, wind speed and wind direction) and MCR-ALS component scores for the sampling 
period. Colored date axis indicates the cluster dominating each sampling period and the grey and yellow shadows the diurnal and nocturnal sampling periods. 
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3.3.2. Saharan dust PM 
The second component during the campaign (31 % of explained 

variance) is related with Saharan dust PM, as it is mainly composed by 
inorganic material, predominantly earth crustal elements such as CO3

2− , 
SiO2, Al2O3, Ca, K, and Fe. It contains the 52 % of the inorganic major 
elements and the 50 % of the trace elements. The contribution SIA is 
consistent with aging of the aerosols during atmospheric transport. This 
Saharan dust component contributed for 57 % of the PM10 which is 
again consistent with the high concentrations of PM in these events. In 
addition, the component shows higher abundance of biologically syn-
thesized n-alkanes (nC27, nC29 and nC31) indicating a primary biogenic 
emission of these compounds in the air masses advected from north 
Africa. 

This component is observed in higher contribution on the days 
characterized by North African trajectories reaching the sampling sta-
tion. However, a portion of it is also associated with the Short-range 
Atlantic cluster (Figs. 2a and 4). A Saharan dust intrusion was 
observed between June 11th and June 16th, which is the period of 
highest scoring of this component. The small contribution of mineral 
dust in the rest of the days of the campaign is probably due to the me-
chanical abrasion of the semi-arid zones of the mountain range. 

3.3.3. Regional PM 
The third component (31 % of explained variance) is represented by 

secondary pollutants, both inorganic (SO4
2− , NO3

− , NH4
+; 40 %) and 

organic (SA, PHA, GLU, AZA, 2MGA, 2MT1, 2MT2, CPA, 3HGA, MBTCA, 
MA; 42 %) and the saccharides (GAL, MANNO, LEV, AGL, BGL, MANNI, 
SOR; 56 %). This component is related with regional air transport, and 
the highest scores correspond to local Mediterranean trajectories. The 
component also contains 35 % of the Na, tracer of marine aerosol, which 
agrees with the regional circulation of this air mass. The contribution of 
n-alkanes with a typical profile of biogenic sources is consistent with the 
input of the emissions of the mountain range and its surroundings. 

The highest scores of this component are related with the low wind 
speed, indicating recirculation of air in the region and the aging of 
pollutants in the air mass (Fig. 4). The trajectory clusters also show 
substantial contributions during days with North Atlantic trajectories. 
Also, the diurnal trend indicates secondary aerosol formation during the 
sunlight hours which could be linked to new particle formation as 
observed in Sierra Nevada in previous studies (Casquero-Vera et al., 
2020; Rejano et al., 2021). On the contrary, the contribution of this 
component with strong western winds at the end of the sampling period 
is low. 

3.3.4. Fire PM 
The fourth component (14 % of explained variance) consisted of 

compounds that could be related to combustion sources (Fire PM), 42 % 
of the PAHs and 60 % of the EC. It also had high loads of trace metals 
related to industrial activities such as Zn, Sb and Pb (Querol et al., 2008) 
and contributions of some quinones. 

Generally, this component showed background contribution to PM, 
but it had a very high score on the night between June 30th and July 1st 
which coincides with a major fire that started at 17:20 (UTC) in an in-
dustrial polygon at the foot of the mountain range, at 23 km distance 
from the sampling site (Javier Morales, 2021). The smoke affected the 
night sample and the impact of this fire was reduced progressively in the 
next days. This short-term event, and anecdotic example, shows the 
effects of emissions from lower areas on the air quality in Sierra Nevada 
National Park. Moreover, these kind of fires events represent a threat to 
the ecosystems of the mountain range as the composition of this 
component implied high concentrations of PAHs, quinones, Zn and Sb, 
that can also be deposited in soils and transferred to subsoil water. 

3.3.5. Local combustion PM 
The fifth component (12 % of variance) contained 48 % of the PAHs 

and 64 % of the quinones, both tracers of incomplete combustion. It also 

contained 22 % of the biomass burning tracers and an alkane profile of 
combustion sources (predominance of shorter chains). Besides these 
primary emission organic tracer compounds, the presence of SOA tracers 
and inorganic compounds is nearly absent, suggesting the presence of a 
local combustion source with low impact on PM and OC. The component 
most likely represents an unidentified local combustion source. 

One peculiar feature of this component is the temporal profile along 
the samples, which is dominant in some nights that seem to be separated 
by two days and does not present any clear relation with the meteoro-
logical factors or the trajectory origins. This trend may reflect some local 
combustion source operating some nights. 

3.3.6. PM sources and air-mass origin 
The percentual contributions of each component to the different air- 

mass clusters are shown in Fig. 5a. The Regional PM was the dominant 
component in the Local-Mediterranean and North Atlantic clusters (33 
% and 38 %, respectively) that were linked to weak winds and recir-
culation of air masses in the region. The Local-Mediterranean cluster had 
also a significant contribution of the Valley PM component (29 %) and 
the Fire component (18 %). The Long-range Atlantic cluster was domi-
nated by the Valley PM (39 %) and Regional PM (26 %) components 
whereas the Mid-range Atlantic was clearly dominated by Valley PM 
(57 %) and had small contributions from the other components. On the 
other side, the Short-range Atlantic cluster did not have a dominant 
source as comparable contributions from Valley PM (25 %), Regional 
PM (21 %), Saharan dust (26 %), and Local combustion (21 %) were 
observed. However, the relatively high contribution from Saharan dust 
PM might be related to the trajectories of this cluster reaching the station 
from Africa (Fig. 2a). Finally, as expected, the North African cluster was 
clearly dominated by the Saharan dust component (57 %). 

The diurnal trend of each component evidences the strong daytime 
relation of Valley PM with an 78 % of the contribution on this compo-
nent during daytime. The Regional PM also presented higher loads at 
daytime (67 %) while Saharan dust component was equally present in 
both periods (49 % day and 51 % night). On the contrary, the Local 
combustion component was clearly related with nighttime hours with an 
83 % of the contribution, as well as the Fire PM with a 58 % for night 
periods (Fig. 5b and c). These trends are also reflected by when studying 
the diurnal trends by cluster (Fig. 5b and c) as Valley PM boxplots are 
dominant during daytime (Fig. 5b) while Local combustion boxplots are 
dominant during nighttime (Fig. 5c) for all clusters. However, North 
Atlantic and Local-Mediterranean clusters had significant contribution 
of Regional PM for both periods and the highest scores for Saharan dust 
PM are registered for the North African cluster for both periods and for 
the Short-range Atlantic during the day. In general terms, higher scores 
are observed during daytime agreeing with higher biogenic and 
anthropogenic activity influencing the sampling site and lower scores 
are observed at nighttime when the sampling site is in nearly free 
tropospheric conditions, except for the influence of the local source. 

3.3.7. Contribution of components to PM, OC and EC 
The contribution of each component to PM, OC, and EC is shown in 

Fig. 6. Despite its relatively short duration, the Saharan Dust component 
shows the highest contribution to PM (57 %). On the contrary, the 
contribution of Saharan dust to OC and EC is relatively small (17 % and 
5 %, respectively). This component is followed by the Fire event PM 
which, despite being a short-time and accidental phenomenon that only 
lasted 1 day, had a significant impact on air quality in Sierra Nevada as it 
involved 15 % of PM, 22 % of OC and 60 % of EC for the whole studied 
period. Moreover, the identification of several toxic compounds in this 
source evidence the impact that these kinds of events have in the eco-
systems of the natural park. 

Regional PM contributes to 14 % of the PM in the sampling site and 
the percentage increases in OC and EC (23 % and 24 %, respectively) as 
it contains many SOA species. This is probably the most representative 
component of background pollution in SNS as it may represent the 
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secondary aerosol processes in the free troposphere with limited influ-
ence from anthropogenic pollution sources, both local and from the 
valley. The influence of anthropogenic sources is best expressed by the 
Valley PM component which contributes to 34 % of the OC as it is mainly 
composed by n-alkanes, organic tracers of traffic emissions (hopanes) 
and secondary organic aerosols. Nevertheless, the contributions to PM 
and EC are relatively small (8 % and 11 %, respectively). Furthermore, 
the Local Combustion PM source has overall low contributions to these 
overall indicators, despite being one of the dominant sources during 
certain nights. 

4. Conclusions 

This study focuses on the organic and inorganic aerosol composition 
at a high-altitude mountain site of southern Europe. The Sierra Nevada 

National Park constitutes the highest mountainous area of southern 
Europe, being an important biodiversity hotspot in the Mediterranean 
area with great ecological interest. During the measurement campaign 
(June–July 2021), PM10 samples were collected during day and night- 
time to identify the main aerosol sources affecting the site. Overall, 
low concentrations of PM, OC and EC were found, especially compared 
with more populated areas, and in the range of other remote or 
mountain-top sites. Earth crust elements registered very high levels, but 
limited to the days affected by Saharan dust intrusion. The diurnal 
transport within the boundary layer was reflected in higher concentra-
tions of traffic tracers and anthropogenic SIA and SOA during the day 
which indicates an active transport of aerosols from the more populated 
areas in the lower lands of the mountain range. Moreover, the higher 
concentrations observed for biogenic SOA during sunlight hours re-
inforces idea of the new particle formation events that may occur in the 
upper layers of the atmosphere. This trend is also reflected in PM, OC 
and EC concentrations which are higher during the day when the 
extreme events are not considered. 

The source apportionment was performed over a matrix of 57 sam-
ples and 77 compounds, and identified five main contributors to PM in 
the SNS site; Saharan dust, Valley PM transported from the area of 
Granada, Regional PM, an anecdotal fire event, and a local combustion 
source near the vicinity of the sampling site. The Valley PM component 
had mixed composition with secondary products indicating an aging of 
pollutants during transport which was also observed in the Saharan dust 
component. The Regional component had the highest contribution of the 
SOA from the secondary products of both anthropogenic and biogenic 
activity. The fire event, evidenced the transport of a fire smoke episode 
from lower areas to the high mountains. The local combustion source 
was not related with any mid- or long-range transport and pointed to a 
local emission near the SNS site. 

A clear relation with the air mass origin and the chemical composi-
tion of PM was observed. Trajectories belonging to local Mediterranean 
and north Atlantic clusters were related to weak winds and were influ-
enced by inputs from the Iberian Peninsula most of the time. 

Fig. 5. a) Percentages of MCR-ALS components contributions to each air trajectory cluster. b) Day samples scores boxplots for each cluster by MCR-ALS components. 
c) Night samples scores boxplots for each cluster by MCR-ALS components. 

Fig. 6. Percentages of MCR-ALS components contribution to PM, OC and EC.  
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Consequently, they had a highest contribution of the Regional PM 
component. On the other hand, East Atlantic clusters (long, mid and 
short-range) implied a highest transport of traffic aerosols from the city 
of Granada. Finally, a consistent relation was observed between the 
North African trajectories and the Saharan dust component. 

The contribution of the identified sources to the air quality indicators 
indicated a small contribution of local pollution sources to PM, OC and 
EC. The transport of the pollution originating from short- and mid-range 
sources dominates the site and is favored during daytime by local cir-
culations of air driven by the mountain-valley breeze and increasing 
height of the planetary boundary layer. Saharan dust outbreaks can lead 
to significant increases in PM levels, which can affect the air quality as 
well as have an ecological impact in the area, leading to dust deposition 
on the vegetation and/or in the snowpack. Furthermore, sporadic 
events, such as fires can pose a risk to the air quality of the national park, 
as evidenced in this study, with transport of toxic compounds during an 
accidental short-term fire event. Comprehensive knowledge of the 
organic aerosol chemistry is of great importance in assessing anthro-
pogenic influences and evaluating the aerosol effect on climate (radia-
tive forcing as well as aerosol-cloud interactions processes). The study 
presented here offers new insights into the organic and inorganic 
composition of the south European free troposphere during summer-
time, as well as the impact of mid- and long-range transport of aerosol 
particles. Further studies are needed to understand the aerosol sources 
over longer time periods (winter versus summer conditions), the effect 
of these sources in the local air quality and biodiversity, and the impact 
of aerosol sources on climate. 
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Cerqueira, M., Pio, C., Eleftheriadis, K., Diapouli, E., Reche, C., Minguillón, M.C., 
Manousakas, M.I., Maggos, T., Vratolis, S., Harrison, R.M., Querol, X., 2016. 
AIRUSE-LIFE+: a harmonized PM speciation and source apportionment in five 
southern European cities. Atmos. Chem. Phys. 16, 3289–3309. https://doi.org/ 
10.5194/acp-16-3289-2016. 

Brines, M., Dall’Osto, M., Amato, F., Minguillón, M.C., Karanasiou, A., Grimalt, J.O., 
Alastuey, A., Querol, X., van Drooge, B.L., 2019. Source apportionment of urban PM1 
in Barcelona during SAPUSS using organic and inorganic components. Environ. Sci. 
Pollut. Res. 26, 32114–32127. https://doi.org/10.1007/s11356-019-06199-3. 

Bukowiecki, N., Brem, B.T., Wehrle, G., Močnik, G., Affolter, S., Leuenberger, M., 
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Querol, X., Artíñano, B., 2020. Characterization of organic aerosol at a rural site 
influenced by olive waste biomass burning. Chemosphere 248, 125896. https://doi. 
org/10.1016/j.chemosphere.2020.125896. 
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Artíñano, B., Alonso, R., 2023. Characterization of organic aerosols at the Natura 
2000 remote environment of Sanabria Lake (Spain): evaluating the influence of 
African dust and regional biomass burning smoke. Atmos. Environ. 298, 119634. 
https://doi.org/10.1016/j.atmosenv.2023.119634. 

Pope, C.A., Dockery, D.W., 2006. Health effects of fine particulate air pollution: lines that 
connect. J. Air Waste Manag. Assoc. 56, 709–742. https://doi.org/10.1080/ 
10473289.2006.10464485. 

Prats, R.M., van Drooge, B.L., Fernández, P., Grimalt, J.O., 2022. Field comparison of 
passive polyurethane foam and active air sampling techniques for analysis of gas- 
phase semi-volatile organic compounds at a remote high-mountain site. Sci. Total 
Environ. 803, 149738. https://doi.org/10.1016/j.scitotenv.2021.149738. 

Puxbaum, H., Caseiro, A., Sánchez-Ochoa, A., Kasper-Giebl, A., Claeys, M., Gelencsér, A., 
Legrand, M., Preunkert, S., Pio, C., 2007. Levoglucosan levels at background sites in 
Europe for assessing the impact of biomass combustion on the European aerosol 
background. J. Geophys. Res. Atmos. 112, D23S05. https://doi.org/10.1029/ 
2006JD008114. 

Querol, X., Alastuey, A., Rodriguez, S., Plana, F., Ruiz, C.R., Cots, N., Massagué, G., 
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