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Abstract.

In this study, we propose a new approach to determine t'ie v ntributions of primary vehicle exhaust

(lef), primary biomass burning (N2?) and secondary (’.,) particles to mode segregated particle number
concentrations. We used simultaneous measureme, = of aerosol size distribution in the 12-600 nm size
range and black carbon (BC) concentration bta’ned during winter period at urban and suburban sites
influenced by biomass burning (BB) emissions. A. expected, larger aerosol number concentrations in the
12-25 and 25-100 nm size ranges are obs~rved at the urban site compared to the suburban site. However,
similar concentrations of BC are observe { a: both sites due to the larger contribution of BB particles to
the observed BC at suburban (34%) in vomparison to urban site (23%). Due to this influence of BB
emissions in our study area, the .nolication of the Rodriguez and Cuevas (2007) method, which was
developed for areas mainly ‘~flue .ced by traffic emissions, leads to an overestimation of the primary
vehicle exhaust particles .onc. ntrations by 18% and 26% in urban and suburban sites, respectively, as
compared to our new prcosed approach. The results show that (1) N, is the main contributor in all size
ranges at both sites, (2) [vlf' is the main contributor to primary particles (>70%) in all size ranges at both
sites and (3) NP contributes significantly to the primary particles in the 25-100 and 100-600 nm size
ranges at the suburban (24% and 28%, respectively) and urban (13% and 20%, respectively) sites. At
urban site, the le T contribution shows a slight increase with the increase of total particle concentration,
reaching a contribution of up to 65% at high ambient aerosol concentrations. New particle formation
events are an important aerosol source during summer noon hours but, on average, these events do not

implicate a considerable contribution to urban particles.

Keywords: ultrafine particles, black carbon, biomass burning, road traffic emissions, new particle

formation



1 Introduction

Urban and suburban air pollution is a matter of great concern due to its adverse effects on human health
and the environment (Murray et al., 2020). Exposure to air pollutants in urban and suburban areas is cause
of increased morbidity and mortality, by alterations of the respiratory, cardiovascular and cerebrovascular
systems (WHO, 2013). As a result of the implemented abatement policies, emissions of large number of
air pollutants decreased in the last decades across Europe (e.g., EEA, 2019), resulting in generally
improved air quality across the European Union (EMEP, 2016). Nowadays, most European zones meet
the air quality limits established for CO, SO, and metals (e.g., Henschel et al., 2013; Querol et al., 2014;
EEA, 2019). However, despite these policy efforts during the last decades, in 2017 around 8% and 77%
of the EU-28 population was exposed to concentrations of PM, s (particulate matter with diameter <2.5
pum) exceeding the European air quality standards and the World Health G, ranization (WHO) Air Quality
guidelines, respectively (EEA, 2019).

Particulate matter in urban and suburban environments originate. prin arily from incomplete fossil fuel
combustion, industrial emissions, and products of biomass burn.a, as well as from non-exhaust vehicle
emissions, agricultural emissions, among others (EEA, 2017\, Tr, ffic emissions are of particular concern
in urban areas and their surroundings, since traffic-related sollu.onts, particularly aerosol particles, have
been associated with overall mortality increase (e.g., drek 2t al., 2000), lung cancer risk (e.g., Beelen et
al., 2008) and worsening of respiratory health (e n., Jrauer et al., 2002). The health effects of atmospheric
aerosol particles are linked to particle size, 2s t'.is parameter determines the region of the respiratory
system in which the particle would depnsit (Goi.iez-Moreno et al., 2011). However, although several
studies have reported that ultrafine parti~les ‘UFP; particles with diameters below 0.1um) are highly
associated with morbidity and mortality ¢ 1d respiratory and cardiovascular diseases, no regulations exist
concerning the ambient number coi ~entradon of UFP (Cassee et al., 2019). In this sense, regulations are
based on particle matter (PM) ma.~ concentrations that are mainly controlled by particles in coarse and
accumulation mode ranges w*th neyligible influence of UFPs to PM mass concentrations (del Aguila et
al., 2018). However, UFPs \1ucleation and Aitken mode ranges) mainly control ambient particle
concentrations in terms ~f number, with a small contribution of coarser particles to particle number

concentrations.

Although UFP exhibit more toxicity than larger particles with the same chemical composition (Johnston
et al., 2000; Karlsson et al., 2009), particles’ chemical composition also plays an important role in health
risks. In this sense, epidemiologic studies have demonstrated the special risks of exposure to
carbonaceous aerosols, revealing their strong association with cardiovascular mortality and morbidity (Ito
etal., 2011; Ostro et al., 2007). Among carbonaceous aerosols, black carbon (BC) has received increased
attention during the past decades. BC is a primary product of incomplete combustion of carbonaceous
fuels, mainly originating from diesel engines in urban areas (e.g., Hamilton and Mansfield, 1991,
Pakkanen et al., 2000). Besides traffic emissions, biomass burning and domestic heating (based on fossil
or biomass fuels) constitute other important sources of BC in Europe. EEA (2019) stimates that for EU-

28, 28% and 48% of the anthropogenic BC emissions are from road transport and residential (biomass
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and coal) burning sources, respectively. Several studies have shown that improved technologies for new
vehicles and increasingly stringent control measures on vehicle emissions have induced a downward trend
in ambient BC concentrations during the last decade (e.g., Singh et al., 2018; Lyamani et al., 2011).
However, emissions from residential combustion and open-air biomass burning are still not regulated in
most European countries, and especially residential wood burning has become a common popular
alternative energy source since the last years (Titos et al., 2017). Therefore, there is great interest in
identifying and quantifying the contribution of biomass burning to BC concentrations for the development

of effective control measures in order to improve air quality in European urban areas.

In addition to primary sources, secondary aerosol has been identified as a significant contributor to fine
particulate matter (e.g., Chen et al., 2019). New particle formation (NPF) events are considered an
important source of ultrafine secondary aerosol that has been estimated 'n account for approximately 50%
of the total aerosol number concentration in the troposphere (Merikant~ ~t a,. 2009). In this sense, urban
NPF has been increasingly investigated due to its substantial contrib.*ior to the existing primary UFP,
together resulting in high particle number concentrations (e.g., B ‘ines :t al., 2015; Németh et al., 2018,
among others). However, frequency, intensity and duration ot . 'PF events are highly variable, making
their contribution to the total particle number concentri'ions 2xtremely dependent on location and

environment where these events occur (Nieminen et al., 207 5; Ke. minen et al., 2018).

In order to implement effective abatement measu es, it s critical to identify the sources of aerosol
particles and their contribution to the total a~.r0.2l L ~pulation. Several approaches have been used to
quantify the contribution of traffic, biomass bu. ~'ng or secondary sources to the ambient particulate mass
concentrations in ambient air. Most of tn. aerosol source apportionment studies used receptor models,
such as Positive Matrix Factorization /PN, or Chemical Mass Balance (CMB), which use online or
offline aerosol chemical compositior .. *as..ements (e.g., Alves et al., 2011; Minguillén et al., 2015; Tao
et al., 2017). On the other hand, Sanu.2dewi et al. (2008) used the spectral aerosol absorption coefficient
measurements for quantifying bicmass burning and traffic emission contributions to ambient

carbonaceous particles with rea, tir.ae online measurements.

Despite observationa’ _*10.2~ of source contribution to particle mass concentration have been widely
conducted (e.g., Amato et 7.., 2016; Minguilldn et al., 2015), observational studies of the contribution of
primary and secondary aerosol particle sources to the total aerosol particle number concentrations are still
rather limited (Cai et al., 2020). In the last years, different methods have been proposed to estimate the
contribution of particles from primary and secondary sources to ultrafine particle number concentrations
(e.g., Beddows et al., 2009, 2015; Cai et al., 2020; Rodriguez and Cuevas, 2007). For instance, Rodriguez
and Cuevas (2007) used the relationship between BC and particle number concentration for quantifying
the sources and processes contributing to ultrafine particle concentrations in urban ambient air. These
authors have devised this method to distinguish between primary and secondary particles in urban areas
mainly influenced by traffic emissions, assuming that BC originates only from traffic activities. In this
sense, the method of Rodriguez and Cuevas (2007) does not allow to distinguish the sources of primary

particles in urban areas where in addition to traffic there are other additional sources of BC. Biomass



burning has been recently recognized as an important source of BC in Europe, even in urban areas
(Kalogridis et al., 2018) and hence this source may have a significant contribution to urban aerosol.
Therefore, new approach is proposed in this study to separate the contributions of primary vehicle exhaust

and primary biomass burning emissions to ambient aerosol in urban areas influenced by biomass burning.

The main objective of this study is the quantification of the contribution of different sources and
processes to ultrafine particle concentrations in ambient air at urban and suburban sites influenced by
biomass burning emissions. For this, we propose a new approach based on the Rodriguez and Cuevas
(2007) and Sandradewi et al. (2008) methods to determine the contribution of both vehicle and biomass
burning primary emissions and secondary aerosol to the particle number concentrations. Finally, we apply
this new approach to an extended dataset at the urban area in order to investigate the extent of each of the

source’s contribution to particle number concentrations along the year.

2 Measurement sites and instrume=t.tion

The AMICUS (Aerosol Mlicrophysical and Chemical properties ~t Urban atmoSphere) winter campaign
was conducted in the Granada metropolitan area (37.18°N, C 58°\ /, 680 m above sea level, a.s.l) from 18-
12-2015 to 01-04-2016. The Granada metropolitan area, wi.n a population of approximately 0.53 million
inhabitants, is situated in a valley surrounded by n 2 .ateins of elevation up to 3390 m a.s.l. (Sierra
Nevada mountain range). Granada is a non-indi'stri.'ized medium-sized city where PMyq and NO, levels
frequently exceed the EU threshold limits Casuero-Vera et al., 2019). Main local aerosol sources
affecting the study area are road traffic, domesti. heating and biomass burning (Lyamani et al., 2010;
Titos et al., 2014). Titos et al. (2017) rer~-+teu *hat, during winter, around 40% of the organic matter was
from biomass burning origin. In this sens:, the AMICUS campaign was designed in order to investigate
aerosol sources in urban and subu.han environments, with special emphasis on biomass burning and
traffic sources impact on Granau> metropolitan area. For that, concurrent measurements of aerosol
physical and chemical prop.-ties were performed using multiple techniques in four monitoring sites
situated in the Granada rr etrop. »litan area. Two stations were located in historic monuments in order to
evaluate the impact of b.>k carbon on monumental heritage (Patrén et al., 2017). Other sampling site,
UGR urban station, was !Z_ated in the urban area of Granada. UGR station is part of AGORA observatory
(Andalusian Global ObseRvatory of the Atmosphere) operated in the frame of ACTRIS (Aerosol, Cloud
and Trace Gasses Research Infrastructure) (Pandolfi et al., 2018) and also included in the SARGAN (in-
Situ AeRosol GAW Network; Laj et al., 2020) and NFAN (NOAA Federated Aerosol Network; Andrews
et al., 2019) networks. Considered as representative of urban background conditions, this site was
equipped with state-of-the-art in situ and remote sensing instrumentation. Finally, another measurement
site was located in the Andalusian Institute of Agricultural and Fisheries Research and Training (IFAPA,
“suburban station” from now on) in a rural area ~3 km away from the UGR urban station and ~2 km away
from the nearest highway. In order to investigate the impact of the rural activities on the urban area and
vice versa, data from both UGR urban and IFAPA suburban measurement sites are considered in this

work (see Fig. 1).



Figure 1. Map showing the location of UGR urban ana .~ APA suburban stations in Granada

metropolitw, xrea

Aerosol chemical and physical properties were moi. *orea at both stations with in-situ techniques. Aerosol
properties were measured with same instri.nen’ation model at both measurement sites. Sub-micron
aerosol size distribution in the diameter range 12-290 nm were monitored with 5-min temporal resolution
by a Scanning Mobility Particle Sizer (SM\’S: TSI 3938) composed of an electrostatic classifier (TSI
3082) and a Condensation Particle Coun'er (CPC; TSI 3772). The quality of the SMPS measurements
were checked for flow rates, relat®se humidity (RH) and 203 nm Poly Styrene Latex particles (PSL)
calibration. Following calibratioi. nrocedures, uncertainty in the measured particle size distribution is
within 10% and 20% for the size ~nge 20-200 nm and 200-800 nm, respectively (Wiedensohler et al.,
2018). Aethalometer AE3", (~rosol d.0.0.) was used to obtain 1-min temporal resolution of black carbon
mass concentrations, s an.. aerosol light-absorption coefficients at different wavelengths (Drinovec et
al., 2015). This instrument is based on filter technique and measure light attenuation (ATN) through a
sample-laden filter at seven wavelengths: 370, 470, 520, 590, 660, 880 and 950 nm. Both SMPSs and
AE33s systems were intercompared before and after the campaign to ensure the comparability of the data
at both stations. In this work, SMPS and aethalometer datasets have been 30-min averaged and only
coincident measurements at both sites have been considered in the analyses. In addition, in order to study
seasonal variation of particle number concentrations and BC and their sources, 2018 database of SMPS

and Aethalometer from UGR urban station are used.

Additionally, during the AMICUS winter campaign an Aerosol Chemical Speciation Monitor (ACSM,
Aerodyne Research Inc.) was deployed by IDAEA-CSIC (Institute of Environmental Assessment and
Water Research) to measure non-refractory submicron aerosol species (organic aerosols (OA), nitrate,

sulfate, ammonium and chloride) in real time (Ng et al., 2011) at UGR urban station. The instrument was
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operated with a time resolution of approximately 20 min. Source apportionment of organic aerosol was
done in order to estimate biomass burning and hydro-carbon like OA contributions. Further details on the
ACSM operation principle and OA source apportionment method can be found in Minguillén et al.
(2015).

3 Results

3.1 Sub-micrometric particle number and black carbon mass

concentrations

The number size distribution of urban sub-micrometric particles typical:, exhibits distinct modes which
result from different emission sources or chemical and physical proresse. (e.g., Hama et al., 2017 and
references therein). The nucleation mode (particle diameter < 2F 1. consists of primary combustion
particles emitted directly into the atmosphere and new particli:s 1.7~.ed in the atmosphere via gas-to-
particle conversion. Aitken mode (25 nm < particle diam.w. < 100 nm) includes a mixture of soot
particles emitted in combustion processes and coagulated nuc.. ~don mode particles. Accumulation mode
particles (100 nm < particle diameter < 1000 nm) are r.a. y generated from biomass and fuel combustion
processes and coagulation and growth of Aitken mo.~ derosols by multicomponent condensation of
vapors onto the existing particles. Therefore, *.1e « naly.is of the mode-segregated particle concentrations
can provide some information on the sou. "es and processes contributing to particle number
concentrations. In this sense, in order to ide. tify the sources and processes contributing to particle number
concentration over our sites, we separatr the ~~rticle number concentrations measured in the range 12-600
nm (N1 into three different diame’er -anyes (N5 from 12 to 25 nm, N,s_oo from 25 to 100 nm and
Nigo-s00 from 100 to 600 nm). L the following sub-sections we analyze the size segregated particle
number and BC mass concentra.."ns obtained during the campaign and we also present and discuss the
results of the BC source apr~rtivent.

3.1.1 Campaign ove: ‘iew

Table 1 shows the average and standard deviation of particle number concentrations for the different
aerosol size ranges obtained at both sites during the whole campaign period. Only concurrent
measurements at both sites are considered here. N1, mean concentration (+ standard deviation) at the
urban site (13.4 + 9.3 x 10% cm™) is slightly higher (13%) than at the suburban site (11.6 + 8.8 x 10° cm’
%). The first streaking pattern here is the very small difference between suburban and urban Nq levels, the
second is that the urban site yields averages close to the typical urban averages for total aerosol number
concentration (Cassee et al., 2019). The observed total aerosol number concentrations are similar to those
reported (mean value 12 x 10° cm™ during winter 2017) for UGR urban site by Lyamani et al. (2020).
These authors also reported that Nt showed a clear seasonal cycle with higher concentrations during
cold season compared to warm season, which they attributed to the increased pollutant emissions from
domestic heating and biomass burning as well as the reduced atmospheric boundary layer height and low
6



atmospheric ventilation in winter (Moreira et al., 2020). The observed concentrations during the
AMICUS winter campaign in the urban and suburban sites are slightly higher than those observed in
winter season in other Spanish cities like Barcelona, Madrid or A Corufia (Alonso-Blanco et al., 2018).
However, the observed concentrations are lower than those observed in other European cities like
Leipzig, London, Bern or Glasgow (Putaud et al., 2010). It is worth to note that large part of differences
in the aerosol number concentrations among these sites may result from differences in the measured size

ranges, measurement height, instrumentation and sampling period.

Table 1. Statistical overview of size-segregated particle number concentrations measured at urban

and suburban stations during AMICUS winter campaign. Std is standard deviation.

NTOt N 12-100 N 12-25 ‘ NZS*IOO N 100—600
(10%cm?®) | (10°em™®) | (10° cm™) | 10°cm®) | (10°cm?)
Mean 134 10.1 21 | 80 33
URBAN "N
Std 9.3 7.4 18 5.9 2.3
Mean 11.6 7.9 1.0 6.9 3.7
SUBURBAN N
Std 8.8 6.0 : .0 55 3.2

When comparing size segregated contributions to tt e tu:~! particle number concentration, particles in the
nucleation mode (12-25 nm) have the smalle’.c cu trivdtion to the total particle number concentrations,
being this contribution slightly larger at the urn. 7 site (N1,_o5 represents only 16% and 9% of Ny at the
urban and suburban sites, respectively). 1. contrast, Nos_;oo represents the largest contribution to Ny
(59% at both sites), being the concentr: tirn. *n this size range slightly larger (by 14%) at the urban site
compared to the suburban site. The,e conuributions differ from those reported by Casquero-Vera et al.
(2020) for UGR urban station during s mmertime. These authors used instrumentation with a smaller cut-
off size (4 nm) and found that . articles in 4-25 nm size range were the main contributor to the total
aerosol number concentrat’~ns ~ith a contribution of 48%, which is significantly higher than the
contribution observec in is study. Casquero-Vera et al. (2020) attributed the high contribution of
nucleation mode particles ‘<25 nm) to the high frequency of regional new particle formation (NPF)
events during warm season. Nevertheless, during AMICUS winter campaign, only 3 NPF events
occurred. Thus, in addition to the possible discrepancy caused by different cut-off sizes, the low
frequency of occurrence of NPF events during the winter campaign may explain the low contribution of
nucleation particles to the total number concentration during AMICUS winter campaign as compared to
summer. On the other hand, the average contribution of UFP (<100 nm) to the total particle number
concentrations is about 75% and 68% at the urban and suburban sites, respectively, which are in the range
of those observed by Putaud et al. (2010), who reported 76% as European mean contribution of UFP to

the total particle number concentration.

As expected, larger aerosol number concentrations are observed in the 12-25 and 25-100 nm size ranges

at the urban site compared to the suburban site (Table 1) due to the proximity of the urban site to traffic



roads. In fact, diurnal patterns of Nj,_,5 and N,s.1q0 at both sites exhibit distinct morning and evening
peaks in coincidence with traffic rush hours, being these peaks much more pronounced in the urban site
(Fig. 2 and Fig. S1), which evidence the large impact of traffic emissions, especially at the urban site. In
this sense, the large N;,-,5 observed in the urban site could be attributed to larger contribution of the so-
called delayed primary particles which are formed in the atmosphere from precursor gases released in hot
vehicle exhaust after it dilutes and cools in ambient air (R&nkkd et al., 2017). In addition, the large Nys_19o
observed in urban site could be also related to traffic emissions since carbonaceous particles emitted by
EURO standards vehicles contribute to the Aitken mode size fraction (Rodriguez and Cuevas, 2007). In
contrast to N5 and Na,s_q, the mean Nygp00 CONCeNtration at suburban site is 12% larger than that
obtained at urban site (Table 1) with less pronounced Nig-so0 Morning and evening peaks (Fig. 2).
Meanwhile, Nig-g00 CONcentration represents 32% and 25% of the total particle number concentration at
suburban and urban sites, respectively. The additional contribution of otiie.” sources different to traffic or
aging processes during the aerosol transport to suburban site are probi bly ti e reason of the larger Nygo-g00
concentration observed at suburban station. Assuming spherical p7 rtici.s and constant particle density for
the whole size distribution, particles in accumulation size range * 100-uvU0 nm) contribute 92% and 93% to
the total mass concentration (12-600 nm) at urban and subt/bai. sies, respectively. Thus, larger particle
number concentrations in accumulation mode could imph a ~ignificant contribution to particle mass
concentrations with important repercussions for air q'.al’.y Furthermore, at night time, the total aerosol
number concentrations as well as the concentrations o1 particles in the different ranges in suburban site
are quite higher than those observed at the 1 /bar site (Fig. 2 and Fig. S1), supporting the presence of
important emission sources other than traffic at . 'burban site. Subsequently, a more detailed analysis of

the contribution of different sources to the a."2sol number concentrations at both sites will be carried out.
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Figure 2. Daily mean pattern of aerosol number concentration in different diameter size rages at
suburban and urban sites

Although the suburban site is relatively far from the direct influence of traffic, surprisingly, the
concentrations of BC obtained at the urban and suburban sites are similar. In fact, BC concentration
ranges from 0.1 to 31 pg m™ with a mean value of 3.0 + 3.0 pg m™ at the urban site and from 0.1 to 22 pg

m™ with a mean value of 2.9 + 3.0 pg m™ at the suburban site. This result suggests that in addition to
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traffic there are other important sources of BC particles at the suburban site. The BC concentrations
measured at the urban station are in the range of those found during cold season in other European urban
areas. For example, recent studies by Liakakou et al. (2020) in Athens (Greece) and by Costabile et al.
(2017) in Rome (ltaly) have reported winter mean BC concentrations of 2.8 and 2.9 pg m™, respectively.
However, the BC concentrations obtained at the suburban site are significantly much larger than those

reported for suburban sites by Laj et al. (2020) (e.g., SIRTA or Ispra sites).

Figure 3 shows the mean diurnal variation of BC concentrations measured at the urban and suburban
sites. As for the total particle number concentration, BC presents a clear diurnal cycle with two distinct
peaks associated with traffic emissions at both sites. Furthermore, significantly higher BC concentrations
are observed in the suburban site during night hours, which again indicates an additional contribution to
BC particles over suburban site from sources other than traffic. Previot s observational study in Granada
urban area has identified vehicle exhaust and biomass burning as mzin scurces of BC during winter
period (Titos et al., 2017). To quantify the contributions of traffic a.? biomass burning sources to BC
concentrations at both sites and confirm whether the night BC in. reas¢ at the suburban station is due to
biomass burning emissions, in the following section we perform e source apportionment analysis of BC

particles at both sites.

Urban
6 /\ Suburban
50 \ 1
Ea A
2 !
3°| f
) /
/
N~
1}
O L S L L
0 6 12 18 24
Hour (UTC)

Figure 3. D a. ' ni. .~ pattern of BC concentration at the urban and suburban sites

3.1.2 Source apportionment of BC particles

In order to quantify the contribution of vehicle exhaust and biomass burning emissions to ambient BC
particles in the urban and suburban sites we used the source apportionment method proposed by
Sandradewi et al. (2008). This method assumes that the total aerosol absorption is solely due to the
combination of absorption from fossil fuel and biomass burning aerosols. The model is based on the
spectral dependency of the absorption coefficient (absorption Angstrom exponent, o) assuming that
aerosol absorption from fossil fuel and biomass burning emission sources follows different spectral
dependencies and therefore considers the preselection of suitable o values for fossil fuel (o) and biomass
burning (o). Values of o ranging from 0.8 to 1.1 indicate the predominance of BC particles from fuel

combustion emissions while o values larger than 1.5 indicate considerable contribution of BC from



biomass burning (e.g., Titos et al., 2017; Helin et al., 2018; Patrdn et al., 2017). Several approaches exist
to optimize the selection of ag and oy, depending on the ancillary measurements available, such as
biomass burning tracers from filter samples (e.g., Fuller et al., 2014; Titos et al., 2017) or online chemical
speciation measurements (e.g., Ealo et al., 2016). During the AMICUS campaign, an ACSM was
operating during a short period at the urban site (from 28 January to 18 February 2016). Thus, following
the procedure described by Ealo et al. (2016), optimization of Sandradewi et al. (2008) model was done
based on the best correlation between carbonaceous material from fossil fuel (CM¢) and biomass burning
(CMyy,) with hydro-carbon like organic aerosols (HOA) and biomass burning organic aerosols (BBOA),
respectively, obtained from the source apportionment of organic aerosols from the ACSM measurements
(Minguillén et al., 2015). Applying this procedure during the period in which the ACSM was operative at
UGR urban station, we obtained o = 1.0 and oy, = 1.9. These values of n and oy, have been used for BC

source apportionment at both measurement sites.

Considering only simultaneous measurements at both sites, the BC FCy, and BCs concentrations
obtained at the suburban and urban sites during the studied pe iod ire shown in Fig 4a. Mean BCy
concentrations of 1.9 + 2.2 ug m® and 2.3 + 2.6 pg m™ are “tained for the whole campaign at the
suburban and urban sites, respectively. Thus, the BC¢ cor.” 2ntrs .ion is only slightly larger at the urban
site (1.2 times larger than at suburban site). Furthermore, c.gniticantly larger concentrations of BCy, are
observed at the suburban site (1.4 times larger than at th: u ban station), with mean concentrations of 1.0
+ 1.2 yg m3and 0.7 £ 0.7 ug m* at the sub'rha, and urban sites, respectively, revealing the strong
impact of biomass burning emissions on amk.~nt ",C concentrations at the suburban site. Figure 4b shows
the diurnal evolution of the relative cortribution of biomass burning to total BC concentrations. The
contribution of biomass burning along *~e ucy is always larger at the suburban site with maximum
contribution at both sites (about 40-50%) 1u'ing night-time (Fig. 4b). The lowest contribution of biomass
burning is observed during traffic .1sh nours at both sites. However, despite the large contribution of
traffic to BC concentrations ditring rush hours, the biomass burning contribution during morning rush
hours accounted for the 20% ¥ the «otal BC concentrations observed at the suburban site and only 10% at
the urban station. Overall bio.1ass burning represents an average contribution of 34% and 23% to the
total BC at the suburba. ana urban sites, respectively, evidencing again the large impact of biomass
burning emissions on BC _oncentrations at the suburban site, especially at night-time (Fig. 4b). Biomass
burning contribution to BC concentration at the urban site is in the range of those observed in other
European cities. Indeed, a biomass burning contribution of about 25% has been reported for urban and
suburban areas in Paris (Favez et al., 2009), 24% in Zurich (Herich et al., 2011) and 23% in London
(Fuller et al., 2014). On the other hand, the biomass burning contribution to BC concentration at the
suburban station is in the range of those reported for other European metropolitan areas highly influenced
by biomass burning like Helsinki (Helin et al., 2018) or those observed in rural areas in Switzerland
(Herich et al., 2011), with contributions of 40% and 33%, respectively.
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whiskers represents 1.5x interquartile range which incl.des ©3.3% of the data. (b) Diurnal
evolution of BCy, contribution to BC retrieved for the s "ban and urban sites during the study

period.

3.2 Contributions of different \erusol sources to total aerosol

number concentration

The estimation of the different source con.-ibutions to particle number concentration is important for
designing efficient measures to reduc. 7ur pollution. In order to quantify the sources and processes
contributing to the particle number .onc>ntrations, Rodriguez and Cuevas (2007) separated total particle
number concentrations into two cympo.ients: primary and secondary particles. Following Rodriguez and
Cuevas (2007) criteria, primary c. mponent (N;) comprises particles directly emitted in the particle phase
(such as BC, organic mat*., ~oipounds, polycyclic aromatic hydrocarbons, some trace elements) and
particles nucleating ir...~eu. te.y after the emissions, so-called delayed primary particles (Ronkko et al.,
2017). On the other hand, s .condary component (N,) includes particles formed by new particle formation
(NPF) driven via atmospheric photochemistry or grown by condensation of low-volatility compounds. In
this sense, volatile gaseous compounds emitted by traffic are photochemically transformed in the
atmosphere to less volatile species, enabling and enhancing secondary aerosol particle formation via
condensation or NPF. Whereas the primary particles emissions affect mostly the air quality near the
emission source, the effects of the secondary processes are more important on a regional scale (R6nkko et
al., 2017).

To distinguish between particle number concentrations originating from primary emissions and those
from secondary processes, Rodriguez and Cuevas (2007) estimated the concentration of primary aerosol

particles (N;) from BC concentrations using the relation:
Nl = 51 . BC (1)
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where S; is a semi-empirical scaling factor derived from the N, vs BC scatter plot (see Fig. S2 of the
Supplementary Material), that is interpreted as the minimum number of primary particles arising from
vehicle exhaust emissions per each nanogram of BC and is calculated by the quantile linear regression for

the 5™ percentile.

The results of applying this methodology to all the 30-min averaged data at both stations are shown in
Table 2. The obtained value of S, is slightly larger (by 14%) at the urban site, meaning that there are 14%
more particles per ng of BC at the urban site. This result reveals the large impact of so-called delayed
primary particles at the urban station, that could be larger as near as traffic sources are. The obtained S;
values are in the lower range of the values (2-9 10° particles ng(BC)™) reported for other European areas
(Rodriguez and Cuevas, 2007; Fernandez-Camacho et al., 2010; Reche et al., 2011; Kulmala et al., 2016;
Wang et al., 2016; Hama et al., 2017). The lower S; values obtained in t'is study could be related with the
implementation of more stringent EURO emissions standards along the '2st -<ars. In this sense, Euro VI
standards (implemented in 2015) are 5 times stricter than Euro IV (iv.nle’nented in 2006), reducing the
limit of particles matter emissions from 25 mg/km (98/69/EC) to .* mg; <m (715/2007/EC). In addition to
the stringent measure to reduce particles matter emissions in the last decade, control of particle number
concentration emissions started since EURO V implementa::n lii viting the emissions to 6 x 10™ part/km
(692/2008/EC) to all car registrations since 2013. Never.neles., part of the differences in S; values
reported in the literature could be also related to the i ‘f'uer ce of different ambient air conditions on new
particle formation during dilution and cooling ~f v icle exhausts. Also, it is worth to mention that the
comparison among studies depends on the ir. trur.ientation used and it is especially sensitive to the CPC

cut-off size or SMPS diameter range.

Table 2. Mean particle number conc :n1. ~tion and contribution to total particle concentrations in
parentheses as well as scaling fact~.. ow.dined by the different approaches used. N; and S, are the

concentration of primary parti.les ~nd scaling factor obtained by Rodriguez and Cuevas (2007)
while N{f, N%b and N, are the .~ncentrations of primary vehicle exhaust, primary biomass burning

and secondary particles, * c.,>ecuvely, and S{f is scaling factor determined by the proposed method.

Particle number concentration Scaling factors
(10° cm™) (10° particles ng(BC)™)
N N/7 NPP N, S s/t
URBAN | 6.67 (50%) | 5.44 (41%) | 1.23 (9%) | 6.73 (50%) 2.20 2.38
SUBURBAN | 6.04 (52%) | 4.49 (39%) | 1.55 (13%) | 5.56 (48%) 1.93 2.29

Although the minimum particles emitted per ng of BC (S;) in this study is below those reported in other
areas, the contribution of primary particles to the total particle number concentration (50% and 52% at
urban and suburban sites, respectively) was slightly larger than the contribution observed in other cities
like Barcelona (46%), Santa Cruz de Tenerife (46%) or Leicester (43%) (Reche et al., 2011).
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At this point, it is important to recall that the Rodriguez and Cuevas (2007) method, as was devised,
assumes that BC particles are only originated from traffic emissions. However, this assumption is not
valid in areas influenced by biomass burning emissions, where the application of this methodology can
lead to significant overestimation of the primary particles associated to vehicle emissions. Therefore, new
approach is proposed in this study to separate the contributions of primary vehicle exhaust and primary
biomass burning emissions to ambient aerosol in urban areas influenced by biomass burning. To this end
we propose the use of BC originated only from traffic emissions, BCy, previously estimated with the

Aethalometer model:
N =7 Bey, @)

where 57/ is a scaling factor derived from the Ny, vs BCy scatter plot and N,/ is the concentration of
primary particles from traffic exhaust (see Fig. S2 of the Supplemen. v Material). The results of

applying this methodology to all the 30-min averaged data at both . tatioi s are shown in Table 2. The

estimated N/”mean concentration is of 5.44 x 10° cm™ and 4.4¢ x 1. cm™ at the urban and suburban
sites, respectively, showing that the application of Rodriguez an.’ Cuevas (2007) method in the study area
lead to the overestimation of the concentration of primary p=rticle s emitted from vehicle exhaust by about
18% and 26% at urban and suburban sites, respectively (T-.ole 2. Thus, this proposed method lead to a
reduced contribution of primary emission of vehicle ey.aa'ist to the total aerosol number concentration
during the whole campaign, decreasing from 50% .. d 52% at urban and suburban stations, respectively,
estimated by the Rodriguez and Cuevas (2007 ) mr thod, to 41% and 39% at the urban and suburban sites,

respectively, estimated by the proposed method.

Considering the main aerosol emissio’s . ~urces on the study region, we can assume that the only
significant combustion process contri*tir.> 20 BC concentrations at urban and suburban environments are
traffic exhaust and biomass burning. Thus, the concentration of primary particles from biomass burning

(N2P) can be estimated as:
NP? =N, — N/ 3

and, following Rodrigue. and Cuevas (2007) definition, the concentration of secondary particles (N,)

could be estimated as:
Ny = Ny, — N7 — NP )

A statistical summary of the particle number concentrations of primary particles from biomass burning
and secondary particles are reported in Table 2. The results show that primary biomass burning particles
with concentrations of 1.23 x 10° cm™ and 1.55 x 10° cm™ contributed 18% and 26% to the total primary
particles at the urban and suburban sites, respectively. These N2? concentrations represent 9% and 13%
of the total particle concentrations at the urban and suburban sites, respectively, revealing that the
contributions of primary biomass burning source to particle number concentration cannot be neglected.

Finally, with concentrations of 6.73 x 10° cm™ and 5.56 x 10° cm™ at the urban and suburban sites,
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secondary source contribution to total particle number concentrations (50% at the urban site and 48% at

the suburban site) is comparable to the contribution of both primary sources.

Although primary and secondary sources show similar relative contributions to the total aerosol number
concentrations at both sites, Figure 5 shows that these contributions vary with the total particle number
concentration. Figure 5 shows that secondary aerosol is the main contributor to the total particle number
concentrations at low concentrations at both sites, especially at urban site. However, at urban site, the
contribution of traffic source shows a slight increase with the increase of N+, reaching a contribution of
up to 65% at high ambient total particle number concentrations. Thus, a reduction in exhaust traffic
emissions will help to reduce substantially high total particle concentrations at urban site. On the other
hand, biomass burning source is the smaller contributor to total particle number concentrations at both
sites with no clear variation of this source contribution with the ‘ariation of the total particle
concentration.
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Figure 5. Contributions of primary "re..”~ and biomass burning as well as secondary particles to
total particle number concera . tiuas as function of total particle number concentration.

3.3 Mode-segregated particle sources contribution

As mentioned above, kno\ /ledg : of the contribution of primary and secondary sources to the total particle
number concentration giv. s valuable information for improving current abatement strategies. However,
understanding the contriuution of these sources as a function of particle size could provide definite
evidence to help tackling high air pollution levels and providing valuable information in terms of health
effects. As was done by Kulmala et al. (2016), we extended the analysis presented in the previous section

to the three aerosol size ranges (12-25, 25-100 and 100-600 nm), which will allow us not only to split the
total particle number concentrations into lef, NP, N; and N,, but also to split it for each single size
range. Thus, using the new methodology presented in section 3.2 and following the mentioned criteria,
the total particle number concentration in nucleation size range (12-25 nm) is split into four
components: Ny, (total primary particles), lelf (primary vehicle exhaust particles), N22 (primary biomass

burning particles) and N,, (secondary particles). Similarly, particle number concentration for the other

14



size ranges is split into Ny,, N/, N2? and N,, for 25-100 nm size range and N5, N/, N2 and N, for

100-600 nm size range.

A statistical summary of the particle number concentrations of the four components (total primary
particles, primary particles from biomass burning and vehicle exhaust and secondary particles) for the
three size ranges (12-25, 25-100 and 100-600 nm) and scaling factors are reported in Table 3. Strong to
moderate correlations (r>0.70) between particle number concentrations in 25-100 and 100-600 nm size
ranges and BC concentration are observed at both sites (not shown). However, the nucleation mode
particle concentration (12-25 nm size range) has relatively weak correlations with BC at the suburban and
urban sites (correlation coefficient of 0.44 and 0.67, respectively). This is because a large fraction of
nucleation mode particles is probably not associated with fresh traffic emissions, especially at suburban
site. Thus, the results of source contributions to nucleation mode ae.~sol should be interpreted with
caution.

Table 3. Mode segregated particle number concentrations fro n p~imary vehicle exhaust, primary
biomass burning and secondary origin and scaling factors ~t uruan and suburban sites. Nq4, N{{
N2 and N,, are the concentrations of total primary, rrim.ry vehicle exhaust, primary biomass
burning and secondary particles in the 12-25 nm size range, respectively. Ny, N%5, N22 and N,
and N3, N’;’; N';g and N, are the corresponding ¢ ce itrations in 25-100 nm and 100-600 nm size
ranges, respectively. The contribution of e~_.> su.vrce to total particle concentration in each size

mode is given in parentheses.

P« -ticle number concentration

(10% cm™®)
NSIONPE NS 0y NfJONE Ny, Ny NIJOONEE Nyg o Ny
AN
URBAN 0.59 0.05|’\.64 146 | 352 | 051 | 403 | 397 | 1.20 | 0.30 | 1.50 | 1.80
(28%) | (29)) L\’O%) (70%) | (44%) | (6%) |(50%)|(50%) |(36%)| (9%) |(45%) | (55%)
SUBURBAN 0.18 | O.OL | 0.18 | 0.82 | 2.67 | 0.86 | 3.53 | 3.37 | 1.07 | 0.41 | 1.48 | 2.22

(18%) | (G-v) | (18%) | (82%) | (39%) | (12%) | (51%) | (49%) | (29%) | (11%) | (40%) | (60%)

Scaling factors

(10° particles ng(BC)™)

S{{ S11 S{{ S12 S{Z Si3

URBAN | 0.26 | 0.22 | 1.54 | 1.37 | 053 | 0.51

SUBURBAN| 0.09 | 0.05 | 1.37 | 1.18 | 0.55 | 0.50
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The results of applying the methodology presented in this study to size-segregated particle number
concentrations evidences a distinct contribution of primary and secondary sources to each size mode. As
shown in previous section, secondary aerosol is the main contributor to total particle number
concentrations at the urban and suburban sites, followed by primary particles from vehicle emissions and
primary biomass burning particles. Looking at size-segregated contributions, secondary aerosol is also the
main contributor in the 12-25 and 100-600 nm size ranges at the urban and suburban sites. In this sense,
secondary aerosol represents 70% and 82% of the particles in the 12-25 nm size range and 55% and 60%
in the 100-600 nm size range, at the urban and suburban sites, respectively. However, the contribution of
primary particles (from both vehicle exhaust and biomass burning) is similar to that of secondary particles
in the 25-100 nm size range, where the primary particles represent 50% and 51% of the particle number
concentration at the urban and suburban sites, respectively. When looking at primary particles, vehicle
exhaust is the main contributor to primary particles accounting for mote han 70% of the total primary
particles in all the studied size ranges. These results are in agreemer - witi the source apportionment of
BC, where BCy originated from traffic emissions accounted for 6€ / a1 77% of the total BC at suburban

and urban sites, respectively.

When comparing particle number concentration at the urba.: and suburban sites, primary vehicle exhaust
and total primary particles concentrations are larger at th'. urbe. site in all the size ranges. However,
secondary aerosol presents larger concentrations at uhur)an site in the 100-600 nm size range, with
concentrations of 2.20 x 10° and 1.80 x 10% cm™ at v ~ suburban and urban sites, respectively. In addition,
the concentration of primary biomass burning nar’icles at suburban site is 1.7 and 1.4 times larger than at
urban site in the 25-100 and 100-600 nm size ra.iges, respectively. In this sense, the concentration of
primary biomass burning particles rep ~sen.> 24% and 13% of the total primary particle number
concentrations in the 25-100 nm size reo: and 28% and 20% in the 100-600 nm size range at the
suburban and urban sites, respectiv. 'v. Tnus, considering that the particles in the 100-600 nm size range
represents more than 90% of the to.~l mass concentration, this significant contribution of biomass burning
particles especially in the 10C 00 .m size range would imply a significant contribution of this source to

particle mass concentratio 1s wi *h important repercussions for air quality.

Diurnal patters of the moae segregated particle number concentrations of primary and secondary particles
at the urban and suburban sites are shown in Fig. 6. The primary vehicle exhaust particle concentration in
the different size ranges considered exhibits a marked morning and evening peaks in coincidence with
traffic rush hours. This pattern is observed at both suburban and urban sites, however, a peak delay is
observed between both sites as it was observed for BC on section 3.1. In this sense, the morning peak on
vehicle primary exhaust particle concentration at suburban site is observed prior to that at urban site and
during the evening hours the suburban peak is delayed few hours respect to the observed on urban site.
This delay can be explained by the variation of the wind diurnal pattern observed in the study area and the
location of the main sources of particles. The urban site is ~3 km away from suburban site and between
both stations is located the main highway that surrounds the city (400 m away from urban site). In this
sense, the study region has a characteristic mountain-valley wind regime, with up-valley winds from NW-

W during day time and down-valley winds from SE-E during night (Lyamani et al., 2020; Ortiz-
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Amezcua, 2019) that could explain the dissimilarities observed in diurnal patterns of the primary vehicle

exhaust particle concentration at the suburban and urban sites.

Diurnal evolution of primary biomass burning particles concentrations in the 25-100 and 100-600 nm size
ranges show higher values during the evening-night hours at both measurement sites. However, the
increase of biomass burning primary particles is especially marked at the suburban site, where the total
particle concentration and the concentration in the 25-100 and 100-600 nm size ranges are 7 times larger
during night-time than during day-time. In this sense, during night-time, up to 45% and 39% of the total
primary number concentrations at the suburban and urban sites, respectively, resulted from biomass
burning source. In terms of absolute concentrations, higher concentration of primary biomass burning
particles is observed at suburban site with mean concentration of 1.6 x 10° cm™ (1.2 x 10° cm™ at urban

site).

The size segregated concentrations of secondary particles at suburban site o not show clear daily pattern
during the study period. However, at urban site the concentrati~.. 71 -econdary particles shows two
marked peaks in all the size ranges, except in 100-600 nm siz: 1.2, in coincidence with traffic rush
hours. At urban site, the secondary particles in 12-25 nm ..~ ra.ge is the main contributor along the
whole day. In this sense, the lower temperatures during . ‘ir‘er season may be more favorable for
secondary particle formation through particle condens*:~n and nucleation during cooling and dilution of
vehicle exhaust (Ronkko et al., 2017). Also, the ircre 'se on Ny, especially during evening- and night-
time, could be a consequence of the contribut’un of s>condary organic aerosol formation from biomass

burning emissions.
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Figure 6. Diurnal evolution of mode segrega.~d and total particle number concentrations from
primary vehicle exhaust, primary biomass “urning and secondary origin at suburban (left column)
and urban sites (right column). Ny,, /}), N%2 and N, are the concentrations of total primary,
primary vehicle exhaust, primar, bion.@ass burning and secondary particles in the 12-25 nm size
range, respectively. Nq,, N{f ~"2 and N,, and Ny3, N{’; N2 and N,5 are the corresponding

concentrations in 25-100 nn, ~nd 100-600 nm size ranges, respectively.

3.4 Seasonal variability of aerosol number concentrations

originating from different primary and secondary sources

The variability of aerosol number concentration in urban environments is largely determined by local
emission sources and atmospheric processes. Particle emission sources has been widely recognized to
present seasonal variability. In Granada metropolitan area, domestic heating (based on fuel oil
combustion and biomass burning) and agricultural wastes burning for land clearing represent an
additional local source of aerosols in winter (Titos et al., 2017). In opposite, traffic activity in Granada
city remains almost constant along the year, with only a slight decrease during summer due to holidays
period. On the other hand, the occurrence of new particle formation events at Granada shows a marked
seasonal variability, with high occurrence frequency in spring and summer (as can be seen below). So, to

investigate the impact of these different aerosol sources and their contributions to the total aerosol number
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concentrations throughout the year, in this section we apply the newly proposed methodology to aerosol
number and BC concentrations measured during 2018 in the UGR urban station. As until now there is no
reference source apportionment method that can be used to quantitatively evaluate the performance of the
new method proposed, the following seasonal analysis may help to qualitatively address its feasibility as
well as to investigate the temporal variability of primary and secondary sources in the Granada urban

area.

A statistical summary of aerosol number concentrations of primary vehicles exhaust, primary biomass
burning and secondary particles as well as scaling factors obtained at UGR urban station for each season
is displayed in Table 4. In this section, winter corresponds to the months from December to February,
spring from March to May, summer from June to August and autumn from September to November.

Table 4. Seasonal statistical summary of particle number concenti tion and the corresponding
contribution of the different sources to total particle concentrat ons ‘in parentheses) as well as

scaling factors obtained at UGR station for 2018. N; and S; ar~ .~e vuncentration of total primary
particles and scaling factor obtained by Rodriguez and Cuesvas (2007) while fo, N%% and N, and

\—

S{f are the concentrations and scaling factor detzrn..ned by the proposed method.

Particle number concent’ a.’on Scaling factors
(10% cm™®) (10° particles ng(BC)™)
N, N/T Jpp N, S s
Winter | 7.27 (48%) | 5.66 (37%, | 1.61 (11%) | 7.90 (52%) 2.50 2.72
Spring | 4.40 (45%) | 3.91 (4(%) ! 0.49 (5%) | 5.44 (55%) 3.30 3.30
Summer | 4.62 (51%) | 4.2/ ‘47%) | 0.35(4%) | 4.41 (49%) 3.16 3.15
Autumn | 5.78 (48%) | .22 43%) | 0.46 (5%) | 6.35 (52%) 2.60 2.78

In all seasons, total par.-le number and BC concentrations shows strong to moderate correlations
(r>0.66). The estimated >," slope shows an evident seasonal variation with the highest slope values
during warm seasons and lowest during cold season (Table 4). This seasonal behaviour is probably
associated with a smaller reduction of particulate emission rates in comparison with the reduction of BC
emission rates from cold to warm period due to the seasonal change in meteorological conditions (e.g.,
relative humidity and temperature). In this sense, it is well known that both aerosol particles and
especially BC emissions from fuel combustion increase with decreasing temperature (e.g., Olivares et al.,
2007; Chan et al., 2014).

Total particle number concentration at UGR urban station shows a clear seasonal pattern. Largest and
smallest total particle number concentrations are observed during winter (1.51 x 10* cm™) and summer
(0.90 x 10* cm™®), respectively (N;+N, on Table 4). Similar seasonal variations in aerosol number
concentrations were reported for other urban areas (e.g. Jérvi et al., 2009; Ripamonti et al., 2013). This
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seasonal variation is attributed to the increased emissions from domestic heating, burning of residual
agricultural waste in the agricultural area surrounding the site (Titos et al., 2017; Lyamani et al., 2020).
Furthermore, the reduced mixing volume and low wind speed observed in the study area during cold
period (Lyamani et al., 2020; Moreira et al., 2020) would favour lower vertical and horizontal dilution of

the aerosol emissions, contributing to the increase in aerosol concentration in winter months.

As can be seen in Table 4 and as expected, vehicle exhaust is the main source of primary particles along
the year in UGR urban station with mean concentrations ranging from 5.66 x 10* cm™ in winter to 3.91 x
10° cm™ during spring season. Since traffic activity remains almost constant along the year in Granada
city, this difference on vehicle exhaust primary particles could not be due to larger traffic activity during
winter period. Thus, the increase of vehicle exhaust primary particles could be due to lower atmospheric
boundary layer heights and lower ambient temperatures. In this se: s, ambient temperatures could
influence the vehicle particle emissions, with emissions increasing at cr!~er «mperatures and during cold
start conditions that lead to inefficient combustion, inefficient catalvst ~neration and the potential for the
vehicle operation under fuel-rich conditions (Nam et al., 2010).

Despite the concentration of vehicle exhaust primary parti_i>< p~aks in winter, it coincides with the
lowest contribution of traffic primary particles to total pn.~2ry particles due to the highest biomass
burning primary particle concentrations observed durir *vinter period with concentrations of 1.61 x 10°
cm®, that represents 22% of the total primary partic'es “orcentration. For the other seasons, as expected,
the absolute concentration as well as the contr’uu.'on « ¥ biomass burning source to the measured aerosol
number concentrations are negligible (below ~").In this sense, agricultural waste and biomass burning
from domestic heating practices are com.*on in the study area during the cold season, and especially
domestic heating based on olive pits bu.ni .~ has significantly increased over the past years (Titos et al.,
2017). However, these sources are ...hy.ole during warm season due to the prohibition of open-air

biomass burning activities during “hav *eriod and the absence of domestic heating.

As it was previously observea n other urban areas, secondary particles presented an important
contribution to total aerrs.. number concentration at UGR urban station through the year with
contributions ranging 1.~m *®%0 to 55. The high winter concentration (7.90 x 10 cm™) and contribution
(52%) of secondary partic!:s is, in large part, associated with the lower temperatures during this cold
season which favour more secondary particle formation during cooling and dilution of vehicle exhaust
through nucleation and condensation processes of emitted condensable gaseous compounds.
Summarising, in winter the secondary particles are the main contributor to total number concentration
(52%) at UGR urban station followed by primary exhaust particles (37%) and biomass burning particles
(11%) while in summer season the secondary particles and primary exhaust particles contribute 49% and

47% to the total aerosol number concentration, respectively.

Analysis of seasonal diurnal variability can give us more insights about the seasonal change in source
emission rates and processes affecting aerosol load. Figure 7 shows the seasonal diurnal evolutions of the
particle number concentrations from each primary source and secondary origin at urban site. As expected,

in all season, the concentration of traffic primary particles shows a clear diurnal pattern with two marked
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peaks in coincidence with traffic rush hours, being primary particles from vehicle exhaust the main
contributor to the total number concentration during the morning traffic rush hours. The diurnal evolution
of secondary particle concentrations during autumn and winter shows similar evolution to traffic diurnal
pattern with two peaks in coincidence with traffic rush hours. However, the evening peak at both seasons
shows longer duration, ending much later than the primary vehicle exhaust peak. In addition, the evening
peak of secondary particle concentration is much pronounced than the morning one, especially in winter
season, being secondary particles the most important contributor to the total number concentration during
evening and night-time. This diurnal behavior is different to the showed by the concentration of primary
vehicle exhaust particles, which showed higher concentration during the morning peak than during
evening peak in all season. Thus, this result points to an important contribution of domestic heating

emissions to secondary aerosol number concentration at evening-night hnurs during cold period.
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Figure 7. Seasonal diui nal ¢ solution of total particle number concentration from primary (fossil

fuel a.>d biomass burning) and secondary origin at urban site.

On the other hand, the secondary particle concentration in summer shows a pronounced increase at noon
four hours after the morning peak of primary traffic particles, indicating that is not directly related to
vehicle emissions. Also, this pronounced noon peak is not observed in the rest of seasons. This noon peak
in concentration of secondary particles is attributed to the high occurrence frequency of regional NPF

events during warm period, as discussed below.

In order to determine the significance and relative contribution of atmospheric NPF events to particle
number concentrations, we analyzed the NPF events that occurred during 2018. Following Dal Maso et
al. (2005) procedure, days has been classified as event, non-events, undefined and bad-data days. The
results show 99 days of NPF events, 132 non-event and 33 undefined days for a total of 264 analyzed

days, with an event frequency of 38% for 2018 year. However, despite the event frequency is in the range
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of those observed in other southern area of Spain (Sorribas et al., 2015) or Finnish boreal forest (Dal
Maso et al., 2005), the monthly variability of NPF events frequency is significantly larger than that
observed in those studies. Figure 8 shows that the occurrence of NPF events in the study region have a
large variability along the year, with an event frequency ranging from 4% on December to 100% on July.

In this sense, NPF events occurs mainly during the warm season, later spring and early autumn.
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Figure 8. Monthly fraction of days classified as NFF £ -ents, nonevents and undefined.

In order to study the relative concentration increment 7 pz rticles from NPF with respect to the particles
originating from all other sources on event da*'z, we applied Salma et al. (2014) methodology for 2018
NPF events. Salma et al. (2014) defined th. n cleation strength factor (NSF) as the particle humber
concentration ratio of ultrafine particles *2 the reyional aerosol in accumulation mode on NPF days to

non-NPF days, respectively:

NSF = (N12-100/N100-600)events (5)

(N12-100/N100-600)n0on—events

The importance of atmospheric Nr =~ is negligible if NSF<1.0. In case of 1.0<NSF<2.0, NPF shows
comparable importance to ah ~thrr sources. When NSF>2.0, the NPF has the highest contribution to

ambient particles than any athe) sources.

Mean nucleation strength actor of 1.05 has been obtained in Granada urban site during 2018. This
implies that, on average, regional new particle formation does not implicate a considerable contribution of
NPF events to total urban particles. This value is significantly lower than those observed in central
European cities Budapest, Vienna, and Prague, with NSF values of 1.58, 1.54, and 2.01, respectively
(Németh et al., 2018). Large part of these differences in NSF factor is attributed to the differences in cut-
off sizes of the used instruments. On the other hand, the summer diurnal pattern of NSF shows that the
nucleation strength factor varies from ~0.7 during early morning to ~2 at noon (not shown). Thus, in
summer, NPF events is an important source of particles during hours of high solar radiation, however,
traffic primary particles and secondary particles from other sources different to NPF events are the main

sources of particles in the urban area of Granada.
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4 Conclusions

In order to implement effective abatement measures, it is critical to identify the sources of aerosol
particles and their contributions to the total aerosol population. For this purpose, we proposed a new
approach based on Rodriguez and Cuevas (2007) and Sandradewi et al. (2008) methods to determine the
contributions of both vehicle exhaust and biomass burning primary as well as secondary particles to total
and mode segregated particle number concentrations. For that, we used simultaneous measurements of
aerosol size distribution in 12-600 nm size range and black carbon (BC) concentration performed at urban

and suburban sites in Granada, Spain, during AMICUS winter campaign in 2015-2016.

As expected, larger aerosol number concentrations, especially in the 12-25 and 25-100 nm size ranges,
are observed at the urban site compared to the suburban site. Surprisin (v, similar concentrations of BC
are observed at both sites due to the larger contribution of biomass bur~ing rarticles to the observed BC
at suburban (34%) in comparison to urban site (23%). Due to the significant biomass burning
contribution, it has been found that in the study areas the applic tion 2f Rodriguez and Cuevas (2007)
method, which only assume primary particles from vehicle ex..~ust, leads to the overestimation of the
concentration of primary particles emitted from vehicle e:*haus: by about 18% and 26% at urban and

suburban sites, respectively.

The results of the new proposed approach show *h.’ at both sites secondary particles are the main
contributor to mode segregated particle numbe.  ncuntrations, especially in the 12-25 and 100-600 nm
size ranges, followed by primary particles froin. \ chicle emissions and primary biomass burning particles,
respectively. In both sites, primary partic.~s from vehicle exhaust dominated the total primary particles
(>70%) at all the studied size ranges. T ie ."ncentration of primary biomass burning particles in the 25-
100 nm and 100-600 nm size rang~.. at zuburban site is 1.7 and 1.4 times larger than at urban site,
respectively, being the contributisn of primary biomass burning particles to the total primary particle
number concentrations 24% anu 13+ in the 25-100 nm size range and 28% and 20% in the 100-600 nm
size range at the suburban ana 'rbun sites, respectively. The different source contributions vary with the
total particle number conc 'ntra.on, being secondary particles the main contributor at low particle number
concentrations at both site.. At urban site, the contribution of primary particles from traffic emissions
shows a slight increase with the increase of total particle number concentration, reaching a contribution of
up to 65% at high ambient particle number concentrations. Thus, these results could give valuable

information on the qualitative effect of various types of abatement measures.

Finally, we applied this new approach to an extended dataset at the urban site in order to examine
sources’ strength along the year and their contributions to particle number concentrations. As expected,
vehicle exhaust is the main source of primary particles along the year in UGR urban station. The
concentrations of primary particles from biomass burning source was highest in winter (1.6 x 10* cm™),
when this source contributed about 22% to the total concentration of primary particles. New Particle

Formation process (NPF) has been found to be an important source of particles only during summer noon
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hours but, on average, NPF events does not implicate a considerable contribution to atmospheric particles

in the urban environment.

The proposed new approach has been shown to be a useful tool for assessing and quantifying sources
contributing to particle number concentrations into different aerosol size ranges under the influence of
vehicle exhaust and biomass burning emissions. Thus, considering the instrumentation used, this new
approach could be useful in assessing the impact of these sources around the globe since this
methodology can be applied to larger datasets (as those generated by ACTRIS or SARGAN networks),
giving more insights into secondary and primary contributions (vehicle exhaust and biomass burning) and

into the health effects of these aerosol sources.
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Highlights:
e New method to estimate contributions of primary and secondary particles is proposed
e Traffic primary emissions contribute up to 65% at high urban aerosol load
e Size-segregated particles from traffic and biomass burning sources are investigated
e Biomass burning emissions significantly contribute to primary particles

e New particle formation is an important source of particles during summer noon hours
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