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• This study aims to explore the influence of
different urban aerosol populations in the
CCN properties.

• Five main aerosol categories were identi-
fied using k-means clustering.

• Urban background and aged traffic are the
most efficient CCN categories.

• Despite particles from traffic emissions are
not efficient CCN, these particles can un-
dergo ageing and affect cloud formation.
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The indirect effect of aerosols on climate through aerosol-cloud-interactions is still highly uncertain and limits our ability to
assess anthropogenic climate change. The foundation of this uncertainty is in the number of cloud condensation nuclei
(CCN), which itself mainly stems from uncertainty in aerosol sources and how particles evolve to become effective CCN.
We analyze particle number size distribution (PNSD) and CCN measurements from an urban site in a two-step method:
(1) we use an unsupervised clustering model to classify the main aerosol categories and processes occurring in the urban
atmosphere and (2) we explore the influence of the identified aerosol populations on the CCN properties. According to
the physical properties of each cluster, its diurnal timing, and additional air quality parameters, the clusters are grouped
intofivemain aerosol categories: nucleation, growth, traffic, aged traffic, and urban background. The results show that, de-
spite aged traffic and urban background categories are those with lower total particle number concentrations (Ntot) these
categories are the most efficient sources in terms of contribution to the overall CCN budget with activation fractions
(AF) around 0.5 at 0.75% supersaturation (SS). By contrast, road traffic is an important aerosol sourcewith the highest fre-
quency of occurrence (32 %) and relatively high Ntot, however, its impact in the CCN activity is very limited likely due to
lower particle mean diameter and hydrophobic chemical composition. Similarly, nucleation and growth categories, associ-
ated to new particle formation (NPF) events, present large Ntot with large frequency of occurrence (22% and 28%, respec-
tively) but the CCN concentration for these categories is about half of the CCN concentration observed for the aged traffic
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category, which is associated with their small size. Overall, our results show that direct influence of traffic emissions on the
CCN budget is limited, however, when these particles undergo ageing processes, they have a significant influence on the
CCN concentrations and may be an important CCN source. Thus, aged traffic particles could be transported to other envi-
ronmentswhere clouds form, triggering a plausible indirect effect of traffic emissions on aerosol-cloud interactions and con-
sequently contributing to climate change.
1. Introduction

Estimating and constraining anthropogenic radiative forcing is one of
themost important challenges in atmospheric science and it is crucial to un-
derstand andmitigate climate change (Intergovernmental Panel on Climate
Change (IPCC), 2021). The indirect aerosol radiative forcing through
aerosol-cloud-interactions (ACI) is themost uncertain component of the an-
thropogenic forcing (Seinfeld et al., 2016). This is due to the complexity of
the processes related to the activation of aerosol particles as cloud conden-
sation nuclei (CCN). Aerosol particles that can become cloud droplets can
affect cloud properties depending on their concentration in the atmosphere
and their physicochemical properties (Crosbie et al., 2015; Paramonov
et al., 2015; Schmale et al., 2018). Therefore, it is important to identify
(i) the aerosol sources that may contribute to CCN concentration and (ii)
how particles evolve in the atmosphere to become effective CCN. Assessing
the importance of anthropogenic sources in the CCN budget is crucial to es-
timate/constrain the anthropogenic radiative forcing through ACI.

The particle number size distribution (PNSD) is a key property of an
aerosol particle population that provides valuable insights into the forma-
tion, transformation and removal processes of particles and the potential
aerosol sources (Beddows et al., 2009; Rivas et al., 2020). Analyzing the
shape of the PNSD makes possible to identify atmospheric aerosol sources
(Brines et al., 2015; Charron et al., 2008; Costabile et al., 2009; Salimi
et al., 2014), while the temporal evolution of the PNSD makes possible to
observe atmospheric processes such as nucleation, coagulation, condensa-
tion and/or deposition (Tunved et al., 2004). To assess the impact on cli-
mate and health of the large variety of aerosol sources and processes,
several PNSD source apportionment methods have been developed and
used to identify aerosol sources (e.g., Beddows et al., 2009, 2015; Cai
et al., 2020; Casquero-Vera et al., 2021; Rivas et al., 2020; Rodríguez and
Cuevas, 2007). When the aerosol sources are well known, positive matrix
factorization (PMF) or non-positive matrix factorization (NPMF) methods
can determine the contribution of each source to the aerosol population
(Crilley et al., 2017; Liang et al., 2021; Rivas et al., 2020). However,
when aerosol sources are not known, clustering methods enable the identi-
fication of aerosol population types in terms of statistical similarities which
can be related to sources or atmospheric processes (Atwood et al., 2019;
Beddows et al., 2009; Brines et al., 2014, 2015; Costabile et al., 2009;
Ripamonti et al., 2013; Salimi et al., 2014; Tunved et al., 2004). This unsu-
pervised machine-learning method has been performed satisfactorily in a
wide variety of environments which are affected by different sources or
processes such as marine sites (Atwood et al., 2017, 2019), rural sites
(Beddows et al., 2009; Charron et al., 2008; Lee et al., 2021) and urban
sites (Agudelo-Castañeda et al., 2019; Brines et al., 2014, 2015; Wegner
et al., 2012). Among all sites, urban areas are the most interesting sites to
be explored using clustering methods due to the high number of aerosol
sources influenced by anthropogenic activity (traffic, industry, biomass
burning or domestic heating systems) and the complex atmospheric pro-
cesses which takes place (Wu and Boor, 2021).

Additionally to the aforementioned information provided by PNSD, it is
important to bear in mind that particle size is the most critical factor con-
trolling the activation of aerosol particles as CCN (Andreae and
Rosenfeld, 2008; Atwood et al., 2019; Dusek et al., 2006; Rejano et al.,
2021), being the effect of aerosol chemical composition less important
(Schmale et al., 2018). In this sense, several studies analyzed the activation
properties of aerosols as CCN in relation to the PNSD (e.g., Bougiatioti et al.,
2020; Cheung et al., 2020), but there is still a lack of knowledge about the
sources' contributions to the CCNbudget. Disentangling the influence of the
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different aerosol populations in the CCN properties is complicated since
some sources or process may mask others, even more in urban areas
where the complexity is higher. Clustering techniques applied to PNSD
data are a promising tool to explore the influence of a specific aerosol
source or physicochemical process on the CCN concentration. Thus, this
study aims to understand the impact of the different aerosol categories in
the CCN concentrations and activation properties by using k-means cluster-
ing analysis.

To this end, in this study we investigate concurrent PNSD measure-
ments in a wide size range (4–500 nm) and CCN concentrations at an
urban background site in south-eastern Spain. We perform a clustering
analysis of the PNSD data to identify themost common aerosol populations.
Including sub-10 nm measurements in the clustering analysis allows for a
better understanding of atmospheric processes in urban environments.
Then we investigate the activation properties of each aerosol population
to determine their influence in the overall CCN concentrations.

2. Measurements and methods

2.1. Sampling site

The study was carried out in south-eastern Spain at the Andalusian
Global Observatory of the Atmosphere (AGORA) covering the period
from 15 of April to 1 of November of 2020. The experimental station
(UGR) is at the Andalusian Institute for Earth System Research (IISTA-
CEAMA), an urban background station located in the city of Granada,
Spain (37.18°N, 3.58°W, 680 m a.s.l.). This station is part of ACTRIS (Aero-
sol, Cloud and Trace gases Research Infrastructure, http://actris.eu)
(Pandolfi et al., 2018; Rose et al., 2021) and is included in the NOAA Fed-
erated Aerosol Network, NFAN (Andrews et al., 2019).

Granada is a medium-size city with a population of 231.775, which
increases up to 541.465 if the whole metropolitan area is considered
(www.ine.es, 2020). The city is situated in a natural basin surrounded by
mountains with elevations between 1000 and 3479 m a.s.l. Granada is a
non-industrialized city but it is one of the Spanish cities that suffers from
pollution problems (Casquero-Vera et al., 2019). The main local aerosol
source is road traffic, including both motor vehicle exhaust and re-
suspension of particulate material from the roadways (Titos et al., 2014).
In winter, domestic heating and biomass burning for agricultural waste
removal are additional sources of anthropogenic pollution (Casquero-Vera
et al., 2022; Titos et al., 2017). Moreover, the orography of Granada favors
winter temperature inversions and predominance of very weak wind
speeds, which can lead to a large accumulation of particles near the surface
(Lyamani et al., 2012) and may cause environmental and human health
problems. The major external aerosol source affecting the study area is
Saharan dust from North Africa (Lyamani et al., 2005; Pérez-Ramírez
et al., 2016; Valenzuela et al., 2012).

2.2. Instrumentation

The PNSD was measured in the diameter range between 4 and 500 nm
with a size-bin resolution of 64 channels per decade and a temporal resolu-
tion of 5 min by using a SMPS (Scanning Mobility Particle Size spectrome-
ter) and nano-SMPS (TSI model 3938). Both SMPS systems consist of an
electrostatic classifier (TSI 3082), a differential mobility analyzer (DMA;
TSI 3081 for SMPS and TSI 3085 for nano-SMPS) and a condensation parti-
cle counter (CPC; TSI 3772 and TSI 3775, respectively). The aerosol flow
rates for the SMPS and nano-SMPS were 1.0 and 1.5 lpm, respectively,

http://actris.eu
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Fig. 1.Mean Davies-Bouldin (DB) index values for each number of cluster solutions.
Each data point is the averaged value for the 10 different replicates of the initial
position of centroids.
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and sheath flow was 5 lpm for both systems. The quality of the SMPS mea-
surements was assured by frequently checking the flow rates, performing
203 nm PSL calibrations and with in-situ intercomparison (ACTRIS
Round Robin Tour), following the ACTRIS and GAW recommendations
(Wiedensohler et al., 2012).

Polydisperse CCN measurements were performed using a DMT cloud
condensation nuclei counter (CCNc) model CCN-100. The CCNc measured
the CCN concentration at three SS values: 0.25, 0.50 and 0.75 %, taking
15 min at each SS value. To ensure data quality due to instabilities of the
SS value in the growth chamber, the instrument data wasfiltered according
to Rejano et al. (2021) criteria. It consists of a two-stepfiltering process that
first removes all data above 1st percentile and below 99th and afterwards
removes all data whose SS values differ >20 % from the setpoint value.
The total flow rate of the instrument was fixed at 0.5 lpm with an aerosol
to total flow ratio of 10. The flow rates were checked frequently during
the measurement period and SS calibration was done at the beginning
and the end of the measurement period following ACTRIS guidelines
(http://actris.nilu.no/Content/SOP).

Some additional atmospheric parametersweremeasured as explanatory
variables for the aerosol classification. The equivalent black carbon (eBC)
mass concentration has been recognized as a proxy of traffic emissions for
this urban site (Lyamani et al., 2011). The eBC concentrationwasmeasured
using a Multi-Angle Absorption Photometer (MAAP, Thermo Scientific
model 5012) with 1 min resolution. This filter-based instrument infers the
eBC concentration from the aerosol absorption coefficient (σap) at 637 nm
assuming a mass absorption cross section of 6.6 m2 g−1 (Müller et al.,
2011). O3 concentration is considered a good proxy of photochemical
NPF in high insolation urban areas (Brines et al., 2015). The O3 concentra-
tion data with time resolution of 10 min was obtained from a nearby air
quality station. O3 data are provided by the regional government (Junta
de Andalucía, http://www.juntadeandalucia.es/medioambiente) follow-
ing the requirements of the European air quality directives. This air quality
station is about ~500 m away from UGR station, and previous studies have
shown that both sites are exposed to similar atmospheric conditions and
aerosol sources (Titos et al., 2015).

3. Data analysis and methods

3.1. K-means clustering analysis

The clustering technique is commonly used in atmospheric sciences to
divide data into different groups with similar properties and therefore re-
duce data complexity. The k-means clustering technique consists of an un-
supervised machine learning method that separates data into k groups,
minimizing a criterion known as the inertia or within-cluster-sum-of-
squares (Wilks, 2019). All clusters are associated with a centroid, which is
defined as the location representing the centre of the cluster. Therefore,
each data point is allocated to the cluster that presents the minimum dis-
tance between this data point and the cluster centroid. This method re-
quires a set of variables that define the position of each sample and the
cluster centroids. Since the k-means algorithm is an iterative process, the
final clustering classification may show some dependence on the initial
values of the centroid positions. To avoid the initial condition effect on
the k-means clustering solution, the clustering was repeated 10 times
using new initial centroid positions each time.

In our analysis the PNSD across 137 size bins (spanning the size range
from 4 nm up to 500 nm) was selected as input for the k-means clustering
analysis. All PNSD used are normalized by the maximum of the PNSD be-
cause the shape of the PNSD is related to specific aerosol sources or origin,
whereas the absolute values of PNSDmight be also influenced by temporal
variability along the measurement period.

3.2. Determination of optimal number of clusters

The results obtained by clustering algorithms depend on the selection of
the number of clusters, requiring an a priori specification of the optimum
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number of clusters. The validation of the results obtained by clustering al-
gorithms as well as the optimum number of clusters is a fundamental part
of the clustering process. The most common approaches for cluster valida-
tion are based on internal cluster validity indices which allow identification
of dense andwell-separated clusters. In this study, the Davies-Bouldin index
(DB) was calculated for the cluster solution ranging from 3 to 15 clusters.
The DB criterion is based on a ratio of within-cluster and inter-cluster dis-
tances with the optimal clustering solution having the smallest DB index
value (Davies and Bouldin, 1979). Our choice of the DB criteria is based
on: i) Arbelaitz et al. (2013) analysis, which performed an extensive com-
parative study of the performance of 30 clustering validation indices and
identified the DB index as one of the best performing indices, and ii) the
computation of the DB index requires less computational time than other
validation indices.

Fig. 1 shows the DB index values for each clustering solution. Two clear
minima are observed for the solutions of 5 and 10 clusters, indicating that
these two configurations are the best solutions offering well-defined and
separated clusters. The clustering solution with ten clusters shows a lower
DB value than the five clusters solution (DB index values are 1.403 and
1.411, respectively). Despite the small difference, we selected the 10-
cluster solution to reduce the possibility that any cluster included PNSDs
from various sources/processes. Afterwards, based on the scientific context,
these 10 clusterswill be grouped intofivemain aerosol categories as recom-
mended in the literature (Brines et al., 2014; Dall’Osto et al., 2011), to study
their activation capacity as CCN as described in Section 4.1 of the results.

3.3. Effective activation parameters from CCN measurements

In the case of polydisperse CCN measurements, the effective critical di-
ameter (Dcrit) is defined as the diameter above which all aerosol particles
are activated. The effective Dcrit can be calculated by considering both the
measured PNSD and the CCN measurements at a fixed SS value (NCCN

(SS)) and assuming a sharp activation cut-off (Jurányi et al., 2011):

NCCN SSð Þ ¼
Z Dmax

Dcrit SSð Þ

dN
dlogDp

dlogDp (1)

where Dp is the particle diameter and Dmax is the upper limit of the PNSD.
The particle number size distribution is integrated from its upper limit to
the diameter at which the integral value equals the simultaneously

http://actris.nilu.no/Content/SOP
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measured NCCN(SS). The total particle number concentration (Ntot) is com-
puted integrating the whole PNSD and used to calculate the activation frac-
tion (AF) as the ratio NCCN/Ntot.

The hygroscopicity parameter is a parameterization of aerosol hygro-
scopicity which is related to the chemical composition of a specific aerosol
particle (Petters and Kreidenweis, 2007). However, it is very common to re-
trieve an effective hygroscopicity parameter (κ from now on) for the whole
population of aerosol particles. The effective hygroscopicity parameter can
be retrieved using κ-Köhler theory from aerosol size distribution and CCN
measurements (Jurányi et al., 2011; Rejano et al., 2021; Salma et al.,
2021). Thismethod uses the Dcrit(SS) obtained fromEq. (1) as the dry diam-
eter in the Köhler curve. In this way, the corresponding κ value is the one
that equals the critical SS for this Köhler curve to the instrument SS. Further
information on the methodology can be found in Rejano et al. (2021) and
references therein. These CCN-derived κ values quantify the effective hy-
groscopicity of activated particles in the CCNc and show a dependence on
SS. Thus, the effective κ parameter gives information about a certain parti-
cle size range depending on the SS value. For example, at low SS values κ
would describe the hygroscopicity of accumulation mode particles (Salma
et al., 2021).
4. Results and discussion

In this section, we present the classification of the PNSD dataset based
on the cluster analysis and the identification of the sources and processes re-
lated to each cluster. Then, the resulting clusters are grouped into main
aerosol population types according to some explanatory parameters. Fi-
nally, the CCN activity of each aerosol population is obtained to quantify
and compare the impact of each aerosol category in the CCN properties.
Fig. 2. Mean normalized PNSD for each cluster. The shaded area represents the interqu
aerosol population classification. The right bottom subplot shows the equivalent black
mean value.

4

4.1. Aerosol classification by cluster analysis

Weapply the k-means clustering analysis to the datamatrix that consists
of 48.441 measurements of 5-min resolution PNSD with 137 diameter size
bins (from 4 to 500 nm). According to the criteria explained in Section 3.2,
the analysis has been performed with a fixed output of 10-clusters. Fig. 2
shows the mean normalized PNSD associated with each cluster resulting
from the k-means clustering analysis. According to their frequency of occur-
rence (diurnal andmonthly, Fig. S1) and their relationshipwith other atmo-
spheric constituents such as eBC and ozone and having analyzed the
clustering solution within the scientific context of previous aerosol studies
performed in this site (del Águila et al., 2018; Casquero-Vera et al., 2021;
Titos et al., 2014, 2017), we regrouped the 10 clusters into 5 aerosol cate-
gories. The reduction of the cluster solution to a more generic classification
based on existing knowledge of PNSDs observed has been widely used in
the bibliography (Agudelo-Castañeda et al., 2019; Brines et al., 2014,
2015; Dall’Osto et al., 2011; Salimi et al., 2014). Table 1 summarizes the
main characteristics of each of the five categories (also for the whole mea-
surement period) including their frequency of occurrence, the diameter
where the maximum of the PNSD is found, the total particle number con-
centration, eBC and ozone concentrations. To ensure that differences be-
tween mean values of those variables associated to each category
(particle concentration, ozone and eBC concentrations) are statistically sig-
nificant, we have performed an analysis of variance test (Kruskal andWallis
test, which is a non-parametric version of one-way ANOVA; Kruskal and
Wallis, 1952) for those variables, in order to check if the means values of
each category are significatively different. The result of Kruskal and Wallis
test showed p-values <10−4, therefore the differences between the tested
groups are statistically significant. Below,we describe the fivemain catego-
ries and the clusters included in each one:
artile distance (percentile 25th–75th). The 10 clusters are colored according to the
carbon (eBC) concentration boxplot for each cluster. The black dots represent the

Image of Fig. 2


Table 1
Mean aerosol properties (±standard deviation, STD) for each category and for the whole measurement period.

Aerosol category Ntot (·104 cm−3) Maximum of the PNSD (nm) eBC (μg/m3) O3 (μg/m3) Frequency of occurrence (%)

Nucleation 1.5 ± 1.2 4 0.9 ± 0.6 65 ± 26 22
Growth 1.4 ± 1.0 23 0.9 ± 0.7 68 ± 25 28
Traffic 1.2 ± 0.7 27 1.6 ± 1.3 61 ± 23 32
Aged traffic 1.1 ± 0.7 60 1.2 ± 0.9 48 ± 22 8
Urban background 0.7 ± 0.4 70 1.1 ± 0.9 59 ± 25 10
Whole period 1.2 ± 0.9 26 1.2 ± 1.0 63 ± 26 100
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- Nucleation: This category includes clusters 2 and 3 (Fig. 2a), both char-
acterized by significant contribution of nucleation mode (<25 nm) par-
ticles and similar PNSD shape, exhibiting the PNSD maximum at 4 nm.
These clusters occur more frequently during the period from June–
August (Fig. S1a and S1f) and predominantly at midday. The PNSDs
of clusters 2 and 3, together with their frequent occurrence during sum-
mer, suggest that these clusters can be associated with freshly nucleated
particles during new particle formation (NPF) events that have been
previously observed mainly during warm periods at this site
(Casquero-Vera et al., 2021). This category represents the 22 % of the
dataset and showhighNtot (cluster 3 has Ntot ~20.000 cm−3 and cluster
2 ~10.000 cm−3), higher O3 concentration and lower eBC concentra-
tion respect to the averaged value for the whole period (Table 1). The
high total particle number concentration is mainly driven by the nucle-
ation mode that constitutes 67 % of the total particle concentration of
this category as it is observed during NPF events in previous studies
(Casquero-Vera et al., 2020).

- Growth: This category includes clusters 4, 5 and 6 that are characterized
by PNSD with maxima at 12, 26 and 40 nm, respectively. Each of these
clusters represent a different stage of particles growing from smaller
sizes. These clusters show a clear relationship with the nucleation clus-
ters as they have low eBC and high O3 concentrations (Table 1) as well.
This category represents the 28 % of the dataset, similar to the nucle-
ation category. These clusters occur more frequently during warm
months when NPF events are more frequent, in coincidence with occur-
rence of the nucleation clusters (Fig. S1b, S1g and S1i). Cluster 4 occurs
more frequently between 11:00–13:00 UTC, 2 h later than the nucle-
ation clusters, representing the first stage of growth after NPF events.
Freshly nucleated particles grow from ~4 nm (clusters 2–3) to
~12 nm (cluster 4) over approximately a two-hour period. This growth
corresponds to a growth rate of ~4 nm·h−1 which is in the range of
growth rates previously observed in the study area (Casquero-Vera
et al., 2020). Cluster 5 represents the second stage of particle growth
with the PNSDmaximum situated at larger sizes and lower total particle
number concentration than cluster 4 (Ntot ~12.000 cm−3), while
cluster 6 represents the last stage of the particle growth with the
PNSD maximum at 40 nm and shows the lowest total particle number
concentration of the growth category (Ntot ~10,000 cm−3). This cluster
has its highest frequency of occurrence around 20:00 UTC, especially in
summer (Fig. S1i). At this time of the day, traffic emissions might also
influence the observed PNSDs as confirmed by the slightly higher eBC
concentration observed for this cluster (Fig. 2f). This explanation of
particle growth from the nucleation mode to larger sizes is consistent
with previous studies in Granada urban area during NPF events where
particle growth rates between 4 and 7 nm (GR4–7) and 7 and 25 nm
(GR7–25) were 3.6 ± 0.8 nm h−1 and 4.5 ± 1.0 nm h−1, respectively
(Casquero-Vera et al., 2020).

- Traffic: This category comprises the PNSDs associated with clusters 1, 8
and 10, and represents 32 % of the data. These clusters showwider size
distributions covering the diameter range from nucleation to accumula-
tion mode particles (Fig. 2c). Their PNSDs have maximums located at
28, 17 and 37 nm, respectively. The total particle number concentration
of these clusters is very similar, with mean Ntot around 12.000 cm−3

(Table 1). However, the key to associate this category with traffic emis-
sions are the statistically significant higher concentration of eBC
5

(Fig. 2f) and the marked diurnal frequency of occurrence with two
peaks (Fig. S1c, S1h, S1j) in coincidence with the diurnal cycle of eBC
(Fig. S2, 7:00–8:00 UTC morning peak and 19:00–20:00 UTC evening
peak). Cluster 10 has its maximum occurrence during the morning traf-
fic peak (around 7:00 UTC)while cluster 8 has itsmaximumduring eve-
ning peak (around 19:00 UTC). Differences between these two clusters
are the larger eBC of cluster 10 (1.87 μg/m3, being the cluster with the
highest mean eBC concentration) and the difference in the nucleation
mode sizes with higher contribution in cluster 8. Also, previous studies
in this site pointed out that traffic is one of the most important sources
of sub-micron particles and the observed diurnal pattern agree with our
results (del Águila et al., 2018; Casquero-Vera et al., 2021).

- Aged traffic: This category only includes cluster 9 and represents only
the 8 % of the dataset. The PNSD maximum occurs at 60 nm (Fig. 2d)
and Ntot is around 11,000 cm−3. This cluster shows, after traffic cate-
gory, the highest eBC concentrations, the lowest ozone concentration
and occurs mainly between 9:00–10:00 UTC (Fig. S1d), 2 h after the
traffic morning peak (Fig. S2). This cluster is slightly delayed from
morning traffic rush hours and with larger particles than fresh traffic
particles was identified in other urban site and also was referred as
aged traffic (Agudelo-Castañeda et al., 2019). It is known that volatile
gaseous compounds emitted by traffic can undergo photochemical pro-
cesses to produce less volatile species, which can promote secondary
aerosol formation via condensation (Gentner et al., 2012; Robinson
et al., 2007; Rönkkö et al., 2017). This complex chemical process in-
volves some oxidation reactions that might require O3 to occur (Kroll
and Seinfeld, 2008), which is consistent to the fact that this cluster
has the lowest O3 concentration of all clusters (Table 1). Therefore,
we suggest this ageing pathway as a plausible process affecting these
particles.

- Urban background: This category is composed of cluster 7 with a fre-
quency of occurrence of 10 % over the study period. Mean PNSD of
this category shows a maximum at 70 nm (Fig. 2e) and the Ntot is
around 7.000 cm−3, which are the largest diameter and the lowest con-
centration of all categories (Table 1). The low values of eBC (mean of
1.1 μg/m3) suggest low influence of traffic emissions. Also, cluster 7 oc-
curs normally during night-time when anthropogenic emissions are
considerably reduced in the study area (Fig. S1e). This fact explains
the low Ntot of this cluster and, together with the maximum of the
PNSD located at 70 nm, suggest that this cluster is associated with
urban background aerosol. In this sense, similar characteristics of
urban background aerosol has been reported previously by Brines
et al. (2015) in three different urban sites (Madrid, Barcelona, and Bris-
bane) with maximum of the PNSD located between 60 and 70 nm. This
category was observed at this site during different measurements pe-
riods (del Águila et al., 2018). Furthermore, the associated eBC concen-
trations support our observations.

Once we have identified the main aerosol categories in the diameter
range between 4 and 500 nm at this site (see the corresponding PNSD for
each category in Fig. 3), we observe that traffic and growth categories are
the most important categories in terms of its observation frequency (32 %
and 28 %, respectively) (Table 1). Also, we point out that during the ana-
lyzed period the PNSD is mainly controlled by traffic emissions and NPF
events, including freshly nucleated particles and first stage growth



Fig. 3.Mean PNSD of each aerosol population type.
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particles, representing the 82% of dataset. Thefivemain aerosol categories
that we have identified are consistent with previous studies dealing with
identification of submicron aerosols sources (del Águila et al., 2018;
Casquero-Vera et al., 2020, 2021; Rejano et al., 2021). Despite previous
studies in this site observed other aerosol sources such as domestic heating
or biomass burning (Casquero-Vera et al., 2021; Titos et al., 2017), we
could not identify these aerosol sources since the measurement period
lasted until November, when those sources are not activated yet. We real-
ized that traffic influence on the PNSD is not limited to fresh emissions
since an indirect influence has been observed due to the ageing of these par-
ticles. However, it shows a limited influence in the aerosol population (just
an 8 % of frequency of occurrence). The retrieved aerosol categories reflect
the impact of themultiple urban aerosol sources on the PNSD,which in turn
would lead to differences in the chemical composition. These differences
could result in differences in the aerosol activation properties as CCN, and
therefore, different effects on cloud formation and climate.
Table 2
Overview of activation properties at different supersaturation (mean value ± standard
median value for each variable is also included between parenthesis.

Aerosol category

SS (%) Parameter Nucleation Growth Tra

0.25 NCCN

(·103 cm−3)
1.2 ± 0.7
(1.1)

1.0 ± 0.6
(0.9)

1.1
(1.

AF (−) 0.18 ± 0.09
(0.17)

0.11 ± 0.06
(0.10)

0.1
(0.

Dcrit (nm) 96 ± 13
(95)

97 ± 13
(95)

10
(10

κ (−) 0.25 ± 0.10
(0.24)

0.24 ± 0.10
(0.24)

0.2
(0.

0.50 NCCN

(·103 cm−3)
1.8 ± 1.2
(1.7)

1.5 ± 0.9
(1.4)

1.7
(1.

AF (−) 0.28 ± 0.13
(0.26)

0.17 ± 0.08
(0.16)

0.2
(0.

Dcrit (nm) 71 ± 13
(69)

70 ± 11
(69)

77
(76

κ (−) 0.18 ± 0.09
(0.17)

0.18 ± 0.09
(0.17)

0.1
(0.

0.75 NCCN

(·103 cm−3)
2.4 ± 1.5
(2.1)

1.9 ± 1.0
(1.8)

2.1
(2.

AF (−) 0.34 ± 0.14
(0.34)

0.22 ± 0.09
(0.21)

0.2
(0.

Dcrit (nm) 57 ± 8
(57)

56 ± 7
(55)

60
(59

κ (−) 0.15 ± 0.09
(0.13)

0.15 ± 0.07
(0.14)

0.1
(0.

6

4.2. CCN properties associated with each aerosol category

Based on the previous aerosol classification by cluster analysis, in this
section we investigate their relationships with coincident polydisperse
CCN measurements at three supersaturation values (SS = 0.25, 0.50 and
0.75%). The following activation parameters are investigated for the differ-
ent aerosol categories: CCN concentration (NCCN), activation fraction (AF),
critical diameter (Dcrit) and hygroscopicity parameter (κ). Table 2 shows
the mean and standard deviation of the activation parameters for the
three SS associated with each aerosol category. Also, Fig. 5 presents the
box-whisker plot for these parameters (NCCN, AF, Dcrit and κ) for the three
SS values. A general comparison of each activation parameter and its differ-
ences between the main aerosol categories is discussed below. As in
Section 4.1, in order to check if the differences between the mean values
for the different aerosol categories are statically significant, we have per-
formed the Kruskal and Wallis test for all activation parameters associated
to each aerosol category. Results of the test showed p-values <10−4, which
mean that the observed differences are statistically significant.

4.2.1. CCN concentration (NCCN)
The mean CCN concentration in this study ranges from 1.000 to 2.000

cm−3 at SS = 0.25 % and from 1.900 to 4.600 at SS = 0.75 %. The aged
traffic category clearly shows the highest values for all SS values, while
the other categories present more similar values, being growth category
the one with the lowest NCCN values. All aerosol categories, except aged
traffic, exhibit similar mean NCCN values, around 1200 cm−3, due to their
similar PNSD shape in the accumulation size range (between 100 and 500
nm, see Fig. 3). The urban background category presents a bit higher con-
centration than nucleation, growth, and traffic (Table 2). According to
NCCN variability represented by the box and whisker size, aged traffic cate-
gory shows muchmore variability than the other categories (Fig. 4). As the
SS value increases all CCN concentrations become higher since smaller par-
ticles can activate as CCN (Fig. 4). However, not all aerosol categories do so
in the same way. The nucleation, growth, traffic, and urban background
categories increase their concentrations by approximately 600 cm−3

when SS increases from 0.25 % to 0.50 %; whereas for the same SS change
the aged traffic category increases its concentration by 1600 cm−3

(Table 2).
deviation) for each aerosol population and for the whole measurement period. The

ffic Aged Traffic Urban background Whole
period

± 0.5
1)

2.0 ± 1.5
(1.5)

1.3 ± 0.5
(1.3)

1.2 ± 0.5
(1.1)

5 ± 0.06
14)

0.23 ± 0.09
(0.22)

0.26 ± 0.08
(0.26)

0.16 ± 0.09
(0.15)

3 ± 15
2)

90 ± 11
(91)

96 ± 10
(95)

98 ± 14
(98)

0 ± 0.09
20)

0.30 ± 0.11
(0.27)

0.25 ± 0.10
(0.24)

0.24 ± 0.10
(0.22)

± 0.7
6)

3.6 ± 2.5
(2.6)

2.0 ± 0.7
(1.8)

1.9 ± 1.3
(1.7)

2 ± 0.08
21)

0.41 ± 0.11
(0.40)

0.39 ± 0.09
(0.38)

0.25 ± 0.13
(0.23)

± 14
)

66 ± 14
(66)

70 ± 9
(71)

72 ± 13
(71)

4 ± 0.08
12)

0.20 ± 0.09
(0.19)

0.17 ± 0.06
(0.15)

0.17 ± 0.09
(0.15)

± 1.0
0)

4.6 ± 3.0
(3.3)

2.3 ± 1.0
(2.1)

2.4 ± 1.6
(2.0)

9 ± 0.08
29)

0.51 ± 0.10
(0.50)

0.46 ± 0.08
(0.46)

0.32 ± 0.14
(0.31)

± 9
)

56 ± 6
(55)

58 ± 6
(57)

57 ± 8
(57)

2 ± 0.06
12)

0.15 ± 0.07
(0.14)

0.13 ± 0.05
(0.13)

0.14 ± 0.07
(0.13)

Image of Fig. 3


Fig. 4. Box-Whisker representation for CCN concentration, activation fraction (AF), critical diameter (Dcrit), and kappa parameter (κ) at SS = 0.25, 0.50 and 0.75 % for the
different aerosol population categories. The black diamonds represent the mean values for each parameter.
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In Fig. 5, we show the probability density function (PDF) of NCCN data at
the three selected SS. All CCN PDFs have a unimodal distribution for all SS
values, except for the growth category which has two modes. In addition,
there is a little secondmode at larger NCCN concentration in the aged traffic
category. The traffic and urban background categories have the narrowest
distributions at all SS indicating that NCCN is constrained to a limited
range of values in this aerosol category (Fig. 5). Fig. 5 also shows that al-
though the traffic category encompasses different traffic clusters, which
have different PNSD as mentioned in the previous section, the narrow
CCN PDF suggests that all traffic clusters have a similar contribution to
the CCN concentration at all SS values.

The CCN PDF of the nucleation and growth aerosol categories have a
similar shape with a wide distribution that includes low values of NCCN.
Therefore, the contribution of these aerosol categories to the CCN concen-
tration was variable during the measurement period in contrast to the con-
tribution of the urban background and traffic aerosol categories which was
more constant. The CCN PDFs for the nucleation and growth clusters is
wider because their hourly frequency distributions vary by month, due to
the temporal variation of the aerosol properties and atmospheric condi-
tions. Both the growth and nucleation categories have a ceiling value of
NCCN of around 1000 cm−3 at SS=0.25%. Assuming thatmost freshly nu-
cleated particles are not able to activate, the CCN PDF mode of the nucle-
ation category could be associated with the background aerosols.
However, since the nucleation and growth categories exhibit similar CCN
PDFs at all SS (Fig. 5), we assume that the growth category is associated
with the same origin as the nucleation category.

Lastly, the aged traffic category represents an intermediate situation in
terms of the CCN PDF width with respect to the abovementioned cases. Its
distribution neither is constrained to a limited range of NCCN (as is the case
of the traffic and urban background categories) nor exhibits a clear skew-
ness to low values of NCCN (i.e., nucleation and growth categories). The
7

aged traffic CCN PDF has a primary mode at 1038 cm−3 at SS = 0.25 %
and shows some skewness to higher values of NCCN (e.g., the secondary
mode at 3131 cm−3 at SS= 0.25%). Thus, the secondmode of the PDF as-
sociated with higher NCCN reveals some specific conditions in which the
ageing of traffic emissions could be more efficient at this urban site.

4.2.2. Critical diameter (Dcrit)
ThemeanDcrit values range from70 nm to 130 nm at SS=0.25%, from

45 to 100 nm at SS = 0.50 % and from 30 to 75 nm at SS = 0.75 %. The
Dcrit values and variability decrease with supersaturation for all aerosol cat-
egories (Fig. 5). The Dcrit for the nucleation category ranges from 96 nm at
0.25 % to 57 nm at 0.75 %. Dcrit for the growth category shows very similar
values as nucleation category (from 97 nm at 0.25 % to 56 nm at 0.75 %).
Also, the change of this value when increasing the SS values is similar
(Table 2) and this fact is related to the similar PNSD shape in the range de-
fined by the Dcrit for both aerosol categories (between 60 and 100 nm, see
Fig. 3). For the traffic category, Dcrit values ranges from 103 nm to 60 nm
from the lowest to the highest SS, being the largest values of all categories
(Table 2). This fact is consistent with the known non-hygroscopic behavior
of traffic particles and explains why the traffic NCCN is lower than the nucle-
ation/growth values even though traffic PNSD presents higher concentra-
tion above 80 nm. On the other hand, aged traffic values range from
90 nm at SS= 0.25% to 56 nm at SS= 0.75%. These Dcrit values coincide
with the particle diameter range where aged traffic PNSD shows its maxi-
mum (Fig. 3). The urban background category presents Dcrit values ranging
from 96±10nm at SS=0.25% to 58±6 nmat SS=0.75%and shows a
similar behavior with SS as the rest of aerosol categories (Fig. 4). Therefore,
there are not remarkable differences in Dcrit among aerosol categories. This
is explained by the similarities in the PNSD in the diameter range between
60 and 500 nm among all aerosol categories, except for the aged traffic cat-
egory. The Dcrit values are similar to other urban sites (influenced by traffic

Image of Fig. 4


Fig. 5. Probability density function (PDF) of the CCN concentration at different SS values associated to each aerosol population type.

F. Rejano et al. Science of the Total Environment 858 (2023) 159657
activity, nucleation or aged pollution) reporting Dcrit values ranging from
50 nm at high SS to 100 nm at low SS (Gunthe et al., 2011; Jurányi et al.,
2013; Rejano et al., 2021; Salma et al., 2021).

4.2.3. Activation fraction (AF)
The activation parameter that better describes the activation capacity of

each aerosol category type is the AF because it provides information about
the relative contribution of the whole PNSD to the CCN concentration.
Based on the PNSD showed in Fig. 3 and the mentioned Dcrit values, AF
mean values remain below 0.5 for all aerosol categories at all SS, except
for the aged traffic category at SS = 0.75 % (Table 2). From the lowest to
the highest SS, mean AF values range from 0.11 up to 0.51. In Fig. 4 we
can observe that the dispersion of AF values (thewidth of the boxplot) is ap-
proximately constant along the different aerosol categories because the var-
iability in NCCN is compensated by the variability in Ntot. AF values for
growth and traffic categories are the lowest and do not exceed 0.30 even
at high SS. In fact AF values for the traffic category agree with those re-
ported at traffic influenced sites during traffic rush hours (e.g., Burkart
et al., 2011; Cubison et al., 2008; Rejano et al., 2021). These low AF values
are related to the high concentration of particles below 20 nm and the low
concentration above 70 nm. Note that nucleation category presents higher
AF values than growth and traffic categories which can be explained by the
noticeable particle concentration above 70 nm observed in nucleation cat-
egory (Fig. 3). On the contrary, the aged traffic and urban background cat-
egories have the highest AF values. Also, the increase inAFwhen increasing
SS value is more noticeable in the aged traffic and urban background cate-
gories than on the other categories. The diurnal timing of the aged traffic
category coincides with the hours that Rejano et al. (2021) observed the
maximum value of the AF during the day at this site. Also, the AF values
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for the urban background category are high compared to the other catego-
ries since the urban background category PNSD is strongly influenced by
accumulation particles.

At SS=0.25%weobserve that AF is between0.15,while at SS=0.50%
the AF is 0.25 which is just a quarter of the total particle number concentra-
tion that activates as CCN. Those values are typical for urban environments at
lowandmediumSS values (Salma et al., 2021). However, the aged traffic and
urban background categories achieve AF values around 0.4 at SS = 0.50 %,
similar to the AFmean values for different regional and remote sites analyzed
in Paramonov et al. (2015). Moreover, the AF values of the aged traffic and
urban background categories are consistentwith theAF values identified dur-
ing the CalWater-2015field campaign, with AF ranging from0.2 to 0.6 for SS
from 0.2 % to 0.7 % (Atwood et al., 2019). In the cited study one cluster was
identified as amixed cluster of freshly emitted aerosols or newparticle forma-
tion event, whose AF values for the SS values between 0.2 and 0.5 %were in
the range of 0.15–0.20.
4.2.4. Hygroscopicity parameter (κ)
The hygroscopicity parameter shows a wide range of values for the dif-

ferent aerosol categories. In Fig. 4 we can observe a decrease of κ value and
its range of variability for all aerosol categories when the SS increases (as
occurs with Dcrit). The mean κ parameter values mainly remain below 0.4
and above 0.1 for all SS and shows similar mean values along the aerosol
categories (Table 2). In the case of the nucleation and growth category, κ
shows an identical behavior and ranges from 0.25 at SS = 0.25 % to
0.15 at SS = 0.75 %. Traffic category presents the lowest κ which is ex-
pected due to the hydrophobic chemical composition associated to fresh
traffic emissions. On the other hand, aged traffic and urban background

Image of Fig. 5
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categories have the highest κ values across all aerosol categories at low SS,
whereas at high SS all categories present very similar values.

We must consider that the effective hygroscopicity parameter provides
indirect information about the hygroscopicity of particles around the Dcrit.
Therefore, depending on the SS value at which the Dcrit was obtained, the
particle hygroscopicity is associated with different particle size ranges. Ac-
cording to the Dcrit values obtained at the different SS values (around
100 nm at SS = 0.25 % and 55 nm at SS = 0.75 %), κ values could be as-
sociated with accumulation mode at SS = 0.25 % and aged Aitken mode
particles at SS = 0.50 and 0.75 %. Thus, our results suggest that smaller
particles (related to Aitken mode particles) are less hygroscopic than larger
ones (related to accumulation mode particles). In the case of accumulation
mode particles all aerosol categories exhibit similar κ values (ranging from
0.2 to 0.30), which is consistent with the results of Cai et al. (2018) for the
Guangzhou region in China. They observed that κ for particles around
100 nm has values between 0.2 and 0.3 using different methodologies, in-
cluding assessing hygroscopic growth with a HTDMA, applying a chemical
composition approach using an AMS and using a CCNc at SS = 0.20 %. In
our study, the two aerosols categories which are related to aged particles
have the highest κ values.

Also, we can observe in Fig. 4 that the hygroscopicity parameter present
a similar behavior as NCCN for all the aerosol categories. Note that the var-
iability (width of the box) of NCCN and κ are similar for each aerosol type,
except for the aged traffic category which presents the highest variability
in κ and NCCN. Thus, this variability suggests that different ageing processes
may lead to higher or lower values of the hygroscopicity parameter (up to a
maximum value of 0.45), with CCN concentrations of up to 4000 cm−3 at
SS= 0.25%. The κ parameter for aged traffic category exhibits the highest
values of all aerosol populations, confirming our hypothesis that aged traf-
fic particles undergo ageing processes like oxidation due to photochemical
reactions. Many studies have investigated the influence that the oxidation
level of organic aerosols has on the increase of κ parameter at urban envi-
ronments (e.g., Kuang et al., 2020; Wu et al., 2016).

5. Summary and conclusions

In this study, the PNSD in the size range between 4 and 500 nmandCCN
concentrations at various supersaturations (SS) were measured at an urban
background site in southern Europe. An unsupervised model based on a k-
means algorithm was used to group data according to their PNSD with the
aim of identifying urban aerosol sources and processes. The classification
resulted in 10 clusters which explain the aerosol population variability dur-
ing the studied period. According to additional analysis, the different clus-
ters were associated with different aerosol categories: three clusters
account for traffic emissions, two clusters for freshly nucleated particles,
three for growth particles after NPF events, one for aged traffic emissions
and one for urban background particles. The unsupervised classification
showed that traffic emissions and NPF events, including freshly nucleated
particles and first stage growth particles, are the most frequent aerosol cat-
egory in this urban environment during the analyzed period, representing
around the 80 % of the whole dataset. Moreover, in this study we suggest
an important process to consider at urban environments, which is the age-
ing undergone by aerosol particles from traffic emissions. This aerosol cat-
egory is observed over a very limited period (only represents the 8 % of the
dataset) but such ageing can have important implications for the transfor-
mations that aerosol particles undergo in an urban environment and deter-
mine their ability to act as CCN.

Once the different aerosol categories were identified, we characterized
their activation properties to evaluate their influence on the CCN budget.
Results showed that aged traffic particles have the largest influence on
the CCN concentration for all SS values, whereas the other four aerosol
types had a more limited influence on CCN concentration because of their
different properties and origin. The nucleation and growth categories had
similar contribution to CCN (albeit lower than the aged traffic category), in-
dicating that a further growth/processing is required to observe a relevant
effect of NPF events on CCN concentrations since growth category barely
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increases the nucleation contribution. The AF, which accounts for the acti-
vation efficiency of each aerosol population, showed the highest values for
the urban background and aged traffic categories and the lowest for growth
and traffic categories, demonstrating the key role of particle size in the ac-
tivation of particles as CCN. The differences in AF values among aerosol
types increased at higher SS values, revealing the differences that exist
among the PNSDs. Thus, our results allow to constrain the AF values for
all aerosol categories between 0.22 (for growth category) and 0.51 (aged
traffic category) at SS = 0.75 %. In this sense, we estimate CCN-active
size range for each urban aerosol categories: Dcrit ranges along aerosol cat-
egories 90–100 nm at SS=0.25%, 65–80 nm at 0.50% and 56–60 at SS=
0.75 %. Related to the hygroscopicity of particles, all aerosol categories
show κ values around 0.15–0.30. The traffic category had the lowest κ
value as is expected due to the hydrophobic behavior of BC particles dom-
inating these traffic emissions. However, our results indicated that these
particles become more hygroscopic after ageing. The κ for the aged traffic
category suggested that these particles had different chemical composition
than fresh traffic particles, as well as different size. In this study we have
constrained the activation parameters for the main aerosol categories in
an urban, which could be extended to other urban sites around the world,
which help to reduce the uncertainty associated to the CCN concentrations
in a regional scale.

To conclude, this study highlights the indirect effect of traffic emissions
on the CCN concentration. Traffic emissions in urban environment are
known to have an important impact on the aerosol population due to
their high number concentration, but the direct influence of traffic emis-
sions on the CCN budget is limited. However, when these particles undergo
ageing, they could have a significant impact on the CCN concentration
(even at low SS values) and may be an important CCN source in urban en-
vironments, especially at sites close to high-altitude areas where aerosol is
efficiently transported to higher atmospheric layers. In this sense, aged traf-
fic particles could be transported to other environmentswhere clouds form,
triggering a plausible indirect effect of traffic emission on aerosol-cloud in-
teractions which, to our knowledge, have not previously been considered.
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