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Understanding the activation properties of aerosol particles as cloud condensation nuclei (CCN) is important for
the climate and hydrological cycle, but their properties are not fully understood. In this study, the CCN activation
properties of aerosols are investigated at two different sites in southern Spain: an urban background station in
Granada and a high altitude mountain station in the Sierra Nevada National Park, with a horizontal separation
of 21 km and vertical separation of 1820 m.
CCN activity at the urban environment is driven by primary sources, mainly road traffic. Maximum CCN concen-
trations occurred during traffic rush hours, although this is also when the activation fraction is lowest. This is due
to the characteristics of the rush hour aerosol consisting of ultrafine and less hygroscopic particles. In contrast, the
mountain site exhibited larger andmore hygroscopic particles, with CCN activity driven by the joint effect of new
particle formation (NPF) and vertical transport of anthropogenic particles from Granada urban area by oro-
graphic buoyant upward flow. This led to the maximum concentrations of CCN and aerosol particles occurring
at midday at the mountain site. Clear differences in the diurnal evolution of CCN between NPF events and non-
event days were observed at the Sierra Nevada station, demonstrating the large contribution of NPF to CCN con-
centrations, especially at high supersaturations. The isolated contribution of NPF to CCN concentration has been
estimated to be 175% higher at SS=0.5% relative to what it would be without NPF. We conclude that NPF could
be the major source of CCN at this mountain site.
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Finally, two empirical models were used to parameterize CCN concentration in terms of aerosol optical or phys-
ical parameters. The models can explain measurements satisfactorily at the urban station. At the mountain site
both models cannot reproduce satisfactorily the observations at low SS.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Cloud droplets are formed by the activation of a subset of aerosol
particles called cloud condensation nuclei (CCN). Changes in the
amount or in the CCN properties will result in changes in cloud proper-
ties, potentially affecting precipitation and the radiative impact of
clouds (Lohmann and Feichter, 2005). In this sense, the concentration
of CCN is an essential parameter affecting aerosol–cloud interactions,
ACI. The radiative forcing associated with the indirect effect of aerosols
through ACI (−0.55 ± 0.63 Wm−2) is larger than the direct effect of
aerosol through aerosol–radiation interaction (−0.27 ± 0.50 Wm−2)
(Intergovernmental Panel on Climate Change, 2014). In addition, the
uncertainty associated with the indirect aerosol forcing remains high
and is significantly larger than that associated with the direct aerosol
forcing (Intergovernmental Panel on Climate Change, 2014). Despite
the considerable efforts aimed at better understanding ACI during the
last few years, the uncertainty associated with the radiative forcing
due to ACI has not decreased significantly (Seinfeld et al., 2016). Reduc-
ing this uncertainty is crucial for increasing our confidence in predic-
tions of global and regional climate models (Intergovernmental Panel
on Climate Change, 2014). One of the leading causes of this uncertainty
is a lack of broad knowledge about particle sources and how particles
evolve to become effective CCN (Fanourgakis et al., 2019). Thus, the
quantification of CCN concentrations, their spatial variability, the identi-
fication of their sources and the characterization of the relevant aerosol
properties involved in the activation process of aerosol particles as CCN
are critical aspects to reduce this uncertainty (Crosbie et al., 2015;
Paramonov et al., 2015; Schmale et al., 2018).

The ability of aerosol particles to act as CCN at a certain supersatura-
tion (SS) depends on the particle size and chemical composition
(e.g., Seinfeld and Pandis, 1998). CCN are particles that are either di-
rectly emitted (i.e., primary particles) into the atmosphere from both
anthropogenic (Duan et al., 2018) and natural sources (Després et al.,
2012) or aerosol particles that have undergone growth processes and
possibly chemical transformations in the atmosphere. These smaller
particles may originate from atmospheric new particle formation
(NPF), anthropogenic combustion or other emission sources (Chen
et al., 2019; Paasonen et al., 2018).

In addition to primary particles, regional NPF events have been iden-
tified as an important mechanism producing CCN (Merikanto et al.,
2009). The total particle number concentration in regional background
conditions, aswell as in the global troposphere, is very likely to be dom-
inated by NPF (O'Dowd et al., 2002). Several studies have investigated
the impact of NPF on CCN (Dameto de España et al., 2017; Gordon
et al., 2017; Kalkavouras et al., 2019; Kerminen et al., 2012; Leng et al.,
2014; Rose et al., 2017). According to Merikanto et al. (2009), 45% of
global low-level cloud CCN originates from NPF, and 35% of the remain-
ing CCN are formed in the free and upper troposphere. Gordon et al.
(2017) pointed out that NPF produces around 50% of CCN at low super-
saturations. However, the contribution of NPF to CCN concentration is
highly dependent on the environment where it takes place, since NPF
variability and intensity varies strongly from one environment to an-
other (Kerminen et al., 2018). At urban sites, NPF can enhance the
CCN population between 20 and 40% at low or medium SS values
(Dameto de España et al., 2017; Leng et al., 2014). However, at remote
sites (e.g.,mountain stations) NPF can be themajor CCN source, increas-
ing the CCN concentration up to 250% (Rose et al., 2017).

Urban areas are important sources of aerosol particles, especially of
ultrafine particles (particles with diameter < 100 m) due to the great
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variety of emission sources. Because of this, high CCN concentrations
have been observed in urban areas (Burkart et al., 2011; Che et al.,
2016; Ren et al., 2018; Zhang et al., 2017) despite the fact that aerosol
particles in urban areas are usually less hygroscopic (Burgos et al.,
2019; Titos et al., 2014a). However, although the concentration of parti-
cles able to act as CCN is high in urban areas, the CCN activation effi-
ciency is lower than in less polluted environments (Cheung et al.,
2020; Cubison et al., 2008; Kim et al., 2014; Schmale et al., 2018).
While the highest CCN concentrations are observed in urban environ-
ments, mountain sites are also important for the investigation of CCN
properties since they are located at the height where atmospheric con-
ditions favor the formation of clouds.Mountain sites are often located in
the free troposphere, however, in some circumstances the high altitude
sites can be influenced by polluted air injected from lower altitudes. For
example, Asmi et al. (2012) have reported the important impact of an-
thropogenic emissions from Clermont-Ferrand town on CCN properties
measured at Puy de DômeMountain. Therefore, to have a broad knowl-
edge of CCN properties, research is needed in both urban environments
and at mountain sites that can be at times under the influence of urban
emissions during specific circumstances.

Unfortunately, CCN measurements are carried out at relatively few
sites, in contrast to aerosol physical and optical properties, such as par-
ticle number size distribution and aerosol scattering and absorption co-
efficients, that are routinely measured at many locations around the
world within international measurement networks such as NFAN
(NOAA Federated Aerosol Network) (Andrews et al., 2019) or ACTRIS
(Aerosols, Clouds, Trace gases Research Infrastructure) (Laj et al.,
2020; Wiedensohler et al., 2012). Thus, developing empirical models
that use these more commonly measured aerosol properties as proxies
of NCCN could contribute to improve our understanding of the spatial
and temporal variability of CCN data and, hence, reduce indirect aerosol
forcing uncertainty. To evaluate this, collocated measurements of CCN
and aerosol properties at different sites with distinct aerosol properties
and different atmospheric conditions may be of great use in improving
parameterizations of CCN.

Different approaches have been proposed for the parameterizations
of CCN activity based on aerosol optical properties (e.g., Jefferson, 2010;
Shen et al., 2019). Jefferson (2010) showed that using aerosol optical
properties as proxies to estimate NCCN provided satisfactory results at
several remote sites. This empirical model was able to estimate the
measured CCN concentration within ±50% at higher concentrations,
while at low CCN concentrations themodel overestimated CCN concen-
trations (Jefferson, 2010). The parameterizations showing the best
agreement between predictions and measurements (ratios between
0.95 and 1.05) use aerosol parameters directly related to particle activa-
tion as CCN, such as aerosol size distribution, size-resolved chemical
composition and mixing state (Che et al., 2017; Ervens et al., 2010;
Ren et al., 2018; Zhang et al., 2020). However, these aerosol properties
are not routinely available at many sampling sites relative to the avail-
ability of optical properties, which limit the application and usefulness
of these CCN parameterizations.

Most CCN studies are carried out for short time periods during spe-
cific measurement campaigns with special conditions, such as fog
events (Hammer et al., 2014; Motos et al., 2019), Saharan dust episodes
(Weger et al., 2018), biomass burning events (Bougiatioti et al., 2016;
Chen et al., 2019; Wu et al., 2017) or polluted conditions (Duan et al.,
2018), among others. Other studies are focused on long-term data sets
from a specific experimental site (Crosbie et al., 2015; Burkart et al.,
2011; Jurányi et al., 2011; Dameto de España et al., 2017). Alternatively,
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some studies provide an overview of CCN measurements at different
sampling sites around theworld in order to characterize the spatial var-
iability of CCN activity (Paramonov et al., 2015; Schmale et al., 2018). To
date, studies that perform a joint analysis of CCN from multiple, inter-
connected sampling sites and investigate how they are related are
scarce (Zhang et al., 2017).

In this study, the combined analysis of CCN concentrations, aerosol
size distributions and aerosol optical propertymeasurements at two ex-
perimental stations located in very different environments in south-
eastern Spain is presented. The two sites are an urban background sta-
tion located in the city of Granada (680m a.s.l.) and an alpine station lo-
cated in Sierra Nevada mountain range, at 2500 m a.s.l., 21 km south-
east of Granada. We first characterize the activation properties of aero-
sol particles at these two sites, and assess the impact of local pollution
from the Granada urban area on the Sierra Nevada aerosol activation
properties.We then estimate the contribution of NPF events to CCNcon-
centration at the Sierra Nevada station. Finally, we test the predictions
of CCN concentration using two different empirical models to develop
a simple parameterization of CCN activity at each site.

2. Measurements and instrumentation

2.1. Experimental sites

The study was carried out in south-eastern Spain, and the measure-
ments were performed at AGORA observatory (Andalusian Global Ob-
servatory of the Atmosphere). AGORA includes two completely
different experimental stations: an urban background station located
in the city of Granada (37.18°N, 3.58°W, 680m a.s.l., UGR), at the Anda-
lusian Institute for Earth SystemResearch (IISTA-CEAMA), and an alpine
station located in Sierra Nevada mountain range at the Albergue
Universitario (37.10° N, 3.39° W, 2500 m a.s.l., SNS). The stations are
separated horizontally by a distance of 21 km and the difference in
height is approximately 1820m. Both stations are situated in the central
European time zone (i.e., local time is UTC ± 1 h and UTC ± 2 h during
the daylight saving time period). These stations are part of ACTRIS
(Aerosol, Cloud and Trace gases Research Infrastructure, http://actris.
eu) (Pandolfi et al., 2018) and are included in the NOAA FederatedAero-
sol Network, NFAN (Andrews et al., 2019). While local sources
impacting each site are described below, the twomajor external aerosol
sources affecting the study area are anthropogenic pollution from the
European continent and Saharan dust from North Africa (Lyamani
et al., 2005; Valenzuela et al., 2012).

Granada is a medium-size city with a population of 232.208 (www.
ine.es, 2018), which increases up to 530.000 if the whole metropolitan
Fig. 1. Data coverage of the instruments used in this study for t
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area is considered. The city is situated in a natural basin surrounded
by mountains with summit elevations between 1000 and 3400 m a.s.l.
Granada is a non-industrialized city and one of the Spanish cities that
suffers from pollution problems (Casquero-Vera et al., 2019) The main
local aerosol source is road traffic, including bothmotor vehicle exhaust
and re-suspension of particulate material from the roadways (Titos
et al., 2014b). Inwinter, domestic heating and biomass burning for agri-
cultural waste removal are additional sources of anthropogenic pollu-
tion (Lyamani et al., 2010; 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 par-
ticles near the surface (Lyamani et al., 2012) and may cause environ-
mental and human health problems.

Sierra Nevada exhibits wide climatic diversity, with big thermal os-
cillations due to the altitudinal breadth, latitude and the complex topog-
raphy of the terrain. The alpine measurement station experiences
strong insolation, with relatively arid conditions, due to the west-east
orientation of the mountain range. Due to its high altitude, the aerosol
particles over SNS station are often representative of the pristine free
troposphere conditions, especially in winter and night time. During
summer, SNS station is frequently influenced by transport of pollutants
from Granada city to Sierra Nevada station as a result of mixing layer
growth and the activation of the mountain-valley breeze phenomenon
as well as NPF events at midday (De Arruda Moreira et al., 2019;
Casquero-Vera et al., 2020).

2.2. Aerosol sampling and instrumentation

Air sampling for all instruments was obtained from the top of a
stainless steel tube, 20 cm diameter and 5 m length at UGR (Lyamani
et al., 2008), and 10 cm in diameter and 2.5 m in length at SNS
(Bedoya-Velásquez et al., 2018). At both stations, inside the stainless
steel tube there are several stainless steel pipes, which provide sample
air to the different instruments. All measurements reported here refer
to ambient conditions and were performed without aerosol size cut.
The instruments used in this study are briefly described below and
data coverage of the instruments is shown in Fig. 1. The measurement
campaign at UGRwas fromOctober 2018 toMay 2019,while at SNS sta-
tion the measurement campaign covers the summer season (from June
to August of 2019).

2.2.1. CCN measurements
In order tomeasure polydisperse CCN number concentrations at dif-

ferent supersaturations (SS), a Continuous-Flow Streamwise Thermal-
Gradient CCN chamber (DMT, model CCN-100) (Roberts and Nenes,
he studied period from October of 2018 to August of 2019.

http://actris.eu
http://actris.eu
http://www.ine.es
http://www.ine.es
Image of Fig. 1
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2005) was connected to the inlet with a total flow rate of 0.5 lpm and
9:1 sheath-to-sample flow ratio. The CCN counter (CCNC) was cali-
brated at the beginning and at the end of the measurement period fol-
lowing the ACTRIS guidelines (available in http://actris.nilu.no/
Content/SOP) and performing SS scans. Both calibrations provided satis-
factory results and showed little deviation in the calibration from the
beginning to the end of the campaign. The main SS values used in this
study were 0.2, 0.3, 0.4, 0.5, 0.6 and 0.9% at the urban site and 0.17,
0.25, 0.30, 0.40, 0.50 and 0.7% at the high-altitude site. A complete
cycle covering the whole SS spectrum lasted 1 h, taking 10 min at each
SS value. The temporal resolution of the CCN measurements was
1min. To guarantee the data quality we follow the ACTRIS standardized
protocol for CCN measurements and data processing (available in
http://actris.nilu.no/Content/SOP). Following this protocol, the CCN
data have been filtered as follows. In the first step, only data with SS
above the 1st percentile and below the 99th percentile have been
taken into account for each SS setpoint value. Then for each SS value,
we compute the mean and the standard deviation (STD). Secondly,
data above and below 1.5 times the STD are flagged as invalid and are
not further used for the study. Normally the first and last points in
each SS step are the points that do not satisfy the criteria because the su-
persaturation conditions in the growth chamber are not yet stable.

2.2.2. Aerosol size distribution measurements
Sub-micron aerosol size distribution in the mobility diameter range

10–514 nmwere measured with 5-min temporal resolution by a Scan-
ning Mobility Particle Sizer (SMPS, TSI 3938) composed of an electro-
static classifier (TSI 3082) and a Condensation Particle Counter (CPC;
TSI 3772) using aerosol and sheath flow rates of 1.0 and 5.0 lpm, respec-
tively. Total aerosol concentration in the SMPS size range (referred here
as NCN) was inferred by integrating the aerosol number size distribu-
tion. The quality of the SMPS measurements was assured by frequently
checking the flow rates, performing 203 nmPSL calibration andwith in-
situ intercomparison (ACTRIS Round Robin Tour), following the ACTRIS
and GAW recommendations (Wiedensohler et al., 2012).

From the size distribution measurements, it is possible to calculate
the geometric diameter. It is the diameter below which half of the
total aerosol concentration is found and is used as a proxy of aerosol
size. It can be obtained from the SMPS measurements from its mathe-
matic definition as follows:

0:5 � NCN ¼
ZDgeo

Dmin

dN
dlogD

ð1Þ

In our case the Dmin is the lower limit of the SMPS which is 10 nm.

2.2.3. Aerosol optical measurements
Aerosol light scattering (σsp) and backscattering coefficients (σbsp)

were measured with an integrating nephelometer (TSI, model 3563) at
three wavelengths 450, 550 and 700 nm. The nephelometer operated at
a flow rate of 15 lpm. The correction proposed by Anderson and Ogren
(1998) has been applied to account for the angular truncation and non-
idealities of the light source (deviations from a Lambertian distribution
of light). Nephelometer datawas collectedwith a time resolution of 1min.

The absorption coefficient of particles (σap) at 637nmwasmeasured
using a Multi-Angle Absorption Photometer (MAAP, Thermo Scientific
model 5012). This instrument is the most reliable filter-based instru-
ment for aerosol absorption coefficient measurements (Petzold and
Schönlinner, 2004). The MAAP uses a constant flow rate of 16.7 lpm
and provides 1-minute values. Black Carbon (BC) concentrationwas ob-
tained from MAAP measurements by dividing the measured σap(637
nm) by the mass absorption cross section of 6.6 m2 g−1 (Müller et al.,
2011).

Several optical parameters, which provide information related to
aerosol size and composition, have been inferred from the
4

aforementioned aerosol optical property measurements. The Backscat-
ter Fraction (BSF) is defined as the ratio between the backscattering
(σbsp) and scattering (σsp) coefficients at the same wavelength
(450 nm in this study):

BSF ¼ σbsp

σ sp
ð2Þ

This parameter acts as a proxy of the predominant particles' size in
the aerosol population (i.e. higher values of BSF are related to a predom-
inance of smaller particles). The scattering Ångström exponent (SAE),
which characterizes the wavelength dependence of σsp, is another
proxy for the particle mean size. It was calculated according to the fol-
lowing equation for λ1 = 550 and λ2 = 700 nm:

SAE550−700 ¼ logσ sp λ1ð Þ− logσ sp λ2ð Þ
log λ2ð Þ− log λ1ð Þ ð3Þ

SAE takes values around 2when the scattering process is dominated
by fine particles, while it is close to 0 when the scattering process is
dominated by coarse particles (Seinfeld and Pandis, 1998). BSF and
SAE are sensitive to different parts of the aerosol size distribution
(Collaud Coen et al., 2007); BSF is more sensitive to particles in the
lower part of the accumulation mode while SAE responds to the upper
part of the accumulation mode and the coarse mode. Finally, the single
scattering albedo (SSA) is defined as the ratio between the scattering
and extinction (σep = σsp + σap) coefficients and provides information
about the predominance of scattering or absorbing particles, which in
turn is related to the composition of the particles. The scattering coeffi-
cient at 637 nm was calculated using the SAE550–700 according to
Ångström's law in order to estimate the SSA at the same wavelength
as the absorption measurement.

3. Data analysis and determination of activation parameters

In this section,we present a brief overview of the fundamentals of κ-
Köhler theory and the methodology used to calculate the critical diam-
eter and the κ parameter. We then present the procedure followed to
estimate the concentration of CCN from other aerosol properties such
as aerosol optical properties or size distribution parameters.

3.1. κ-Köhler theory

The activation of a particle to a cloud droplet at a given SS depends
on its dry diameter (Ddry) and chemical composition. Classical Köhler
theory (Köhler, 1936) describes the equilibrium saturation ratio (S;
S = SS-1) over a solution droplet in terms of its diameter. The Köhler
model takes into account the Kelvin curvature effect, related to particle
size, and the Raoult effect, capturing the influence of particle chemical
composition. This theory is applied to an individual droplet. In order
to simplify the Raoult effect, Petters and Kreidenweis (2007) proposed
the use of a single hygroscopicity parameter κ to describe the depen-
dence of water activity on solution concentration for a given chemical
composition. For atmospheric aerosols, the values of the hygroscopicity
parameter range from0 in the case of non-hygroscopic particles to up to
1.3 in the case of hygroscopic salts. Joining both approaches resulted in
the κ-Köhler model, which expresses the equilibrium saturation as a
function of the droplet diameter, D:

S ¼ D3−D3
dry

D3− 1−κð ÞD3
dry

exp
4σ s=aMw

RTρwD

� �
ð4Þ

where ρw andMw are the density and the molar mass of water, respec-
tively; R is the universal gas constant, T is the absolute temperature and
σs/a is the surface tension of the solution-air interface (assumed to be

http://actris.nilu.no/Content/SOP
http://actris.nilu.no/Content/SOP
http://actris.nilu.no/Content/SOP
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Eq. (4) represents the equilibrium curve of SS(D) for a particlewith a
given dry diameter and hygroscopicity parameter. This curve has a
global maximum and the maximum SS value is called the critical super-
saturation (SScrit). Therefore, Eq. (4) provides a relationship between
dry diameter of the particle, the hygroscopicity parameter and the crit-
ical supersaturation. Note that Dcrit is defined for a specific particle with
known dry size and chemical composition at a certain SS value. In the
following section themethod used for determining the critical diameter
and hygroscopicity parameter in the case of polydisperse aerosol is
explained.

3.2. Calculation of the critical diameter Dcrit and the hygroscopicity param-
eter κ

In the case of polydisperse measurements, an effective Dcrit can be
calculated by considering both the measured particle number size dis-
tribution and the CCN measurements at a fixed SS value and assuming
a sharp activation cut-off, which is associated with internally mixed
aerosol (Jurányi et al., 2011):

NCCN SSð Þ ¼
Z Dmax

Dcrit SSð Þ

dN
d logD

d logD ð5Þ

The particle number size distribution is integrated from its upper
limit to the diameter at which the integral value equals the simulta-
neously measured NCCN(SS).

The hygroscopicity parameter is specific for each particle and is re-
lated to its chemical composition. However, it is very common and use-
ful to associate an effective value of the hygroscopicity parameter with
the whole population of aerosol particles of a specific environment. In
order to estimate κ of a particlemixturewith different chemical compo-
sition, Petters and Kreidenweis (2007) proposed a simplemixing rule in
terms of the hygroscopicity parameter of each species and their corre-
sponding volume fraction. This approximation gives a successful expla-
nation of observations (Bougiatioti et al., 2009, 2016; Rose et al., 2010;
Wang et al., 2010). Unfortunately, chemical compositionmeasurements
are not always available, especially with high time-resolution, which
limits the use of this approach in many cases (including the cases stud-
ied here).

Alternatively, the effective hygroscopicity parameter can be re-
trieved using κ-Köhler theory from aerosol size distribution and CCN
concentration measurements (Jurányi et al., 2011). We first derived
Dcrit(SS0) obtained from Eq. (5), where SS0 is the predefined instrument
supersaturation. Subsequently, we substitute Ddry with the derived Dcrit

(SS0) in Eq. (4), and vary the κ value until themaximum SS of the Köhler
curve equals SS0. In thisway, the correspondingκ is inferred. These CCN-
derived κ values quantify the effective hygroscopicity of activated parti-
cles in the CCNC and show a dependency on SS.

3.3. Estimating NCCN(SS) from other aerosol properties

The main parameterization of CCN spectra, which is the curve that
relates NCCN with SS, is the power law derived by Twomey (1959):

NCCN SSð Þ ¼ C � SSk ð6Þ

where C and k are empirical fit parameters. The C parameter represents
the CCN concentration at SS=1% and tracks aerosol concentration var-
iation. Thus, high values of C parameter are typically found in polluted
areas with high load of aerosol particles, while low values of C are char-
acteristic for remote sites (Jefferson, 2010). The k parameter is a dimen-
sionless exponent and gives information about the steepness of the CCN
spectra. Therefore, an aerosol population dominated by hygroscopic or
big aerosol particles would have flat CCN spectra and low values of k,
while steep CCN spectra and high k values are related to hydrophobic
or ultrafine particles, which would need higher SS to activate as CCN.
5

For that reason, the k parameter indicates the nature of the particles in
terms of particle activation and takes values from 0.3 to 1.2, depending
on the site-specific aerosol characteristics (Hegg et al., 1991).

In order to estimate CCN concentrations at a given SS (without mea-
surements of the CCN spectra), C and k parameters in Eq. (6) were pa-
rameterized by other aerosol properties which are commonly
measured and can act as proxies of relevant aerosol properties that de-
termine the particle activation as CCN. Since the C parameter is related
to aerosol loading, the scattering properties of particles were selected
to correlate with C. The backscatter fraction (BSF), acting as a proxy of
the particle size, was used to parameterize C. However, because the C
parameter is highly influenced by aerosol concentration, therefore, the
C parameter was normalized by σsp in order to eliminate this depen-
dence. The value of σsp can be used as a proxy of aerosol concentration,
as proposed by Jefferson (2010). Single scattering albedo (SSA), acting
as a proxy of the hygroscopicity of aerosol because absorbing particles
are related to non-hygroscopic particles, was selected to parameterize
k, following the approach in Jefferson (2010). However, in this study
we have not limited the analysis to PM1 and SAE > 1 as Jefferson
(2010) did.

In addition to the aforementioned parameterization using aerosol
optical properties, in this study we propose the use of other aerosol
properties to parameterize C and k parameters. In this second case, C
was correlated with aerosol number concentration above 80 nm (N80,

effective CCN sizes) and kwas correlatedwith Dgeo, which is directly re-
lated to particle size. Note that the ability of particles to activate as CCN
is dominated, mainly, by particle size.

Themethodology that we follow to calculate C and k from either the
optical or the physical properties consists of first fitting Twomey's law
(Eq. (6)) to each hourly CCNC cycle across all SS to determine the values
of C and k. Fig. S1 shows an example of the CCN spectra at bothmeasure-
ment stations, UGR and SNS, during a SS cycle and the inferred fit pa-
rameters according to Twomey's law. This process is repeated for each
SS cycle. Then, the inferred values of C and k parameters are related to
the corresponding aerosol parameter using a linear least squares fit.
This allows us to expressC and k as linear functions of the corresponding
aerosol parameter in the following manner: C = f(Y) and k = g(Z),
where f and g are linear equations in terms of aerosol parameters Y
and Z, respectively. To build the model, the dataset has been split ran-
domly in two subsets: the first one is used to build the model and the
second one to check its performance.

4. Results and discussion

In this section, we present the results showing the CCN activation
properties at urban and high-alpine stations. We first provide a general
characterization of CCN concentrations and activation properties to-
gether with other aerosol properties at both environments.We next an-
alyze the diurnal variability of CCN properties at both sites aimed at
identifying the sources and processes affecting CCN properties at these
two different environments. Due to the interest in the contribution of
NPF to CCN and the high frequency of NPF events at the high-alpine sta-
tion during the measurement period, we then analyze the contribution
of NPF to CCN concentrations. Finally, we explore two empirical models
for predicting CCN concentrations from other aerosol measurements.

4.1. Characterization of aerosol and CCN activation properties

Table 1 and Fig. 2 summarize the main aerosol properties observed
at the urban (UGR) and high-alpine (SNS) sites. The statistics shown
in Table 1 are based on all data available at each site while, in Fig. 2,
data are split into seasons. The mean andmedian values of aerosol con-
centration at UGR over the whole study period was around
1.2·104 cm−3 and 9400 cm−3, respectively, which are typical values
for polluted urban environments (Che et al., 2016). NCN at UGRwas sig-
nificantly higher in winter than in spring and summer, likely due to



Table 1
Mean values (±std, standard deviation), median values (μ50) and percentiles 25th (μ25) and 75th (μ75) of the total aerosol concentration (NCN), fresh Aitkenmode particle concentration
(N10–50), geometric diameter (Dgeo), backscatter fraction (BSF), single scattering albedo (SSA), scattering Ångströmexponent (SAE) andBCmass concentration for thewholemeasurement
period of each instrument. For UGR values in parentheses refer to coincident measurements with the CCNC (from October 2018 to May 2019).

Site UGR SNS

Variable Mean ± std μ50 μ25 μ75 Mean ± std μ50 μ25 μ75

NCN (cm−3) 12000 ± 9000 9400 6100 15000 2600 ± 2700 1700 800 3200
(13500 ± 10000) (10000) (6300) (17500)

N10−50(cm−3) 7000 ± 6000 5400 3100 8900 1600 ± 2200 700 300 180
(8100 ± 7000) (6200) (3600) (10000)

Dgeo (nm) 43 ± 14 41 32 51 62 ± 23 61 45 76
(43 ± 15) (40) (32) (51)

BS F (450 nm) 0.16 ± 0.06 0.15 0.13 0.16 0.14 ± 0.07 0.13 0.12 0.15
SSA (637 nm) 0.70 ± 0.10 0.72 0.62 0.79 0.92 ± 0.04 0.93 0.90 0.95
SAE550−700 2.1 ± 0.8 2.2 1.8 2.4 1.5 ± 0.6 1.6 1.0 1.9
BC (μg/m3) 2.0 ± 2.0 1.3 0.7 2.5 0.2 ± 0.1 0.2 0.1 0.3

(2.3 ± 2.4) (1.4) (0.8) (2.9)
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additional anthropogenic aerosol sources such as domestic heating and
predominance of weak winds and lower atmospheric boundary layer
heights (Lyamani et al., 2012). As expected, during the summer, SNS ex-
hibits a much lower particle concentration than UGR (mean value of
2600 cm−3 at SNS compared with a mean value of 9400 cm−3 at
UGR). The aerosol concentration at SNS is higher compared to other
European mountain stations like Schneefernerhaus station at Zugspitze
(2650m a.s.l. in German Alps) with amedian value of 1000 cm−3 in the
diameter range from 10 to 600 nm for the period 2004–2007 (Birmili
et al., 2009), or Jungfraujoch (3580 m a.s.l. in central Swiss Alps) with
annual median CN concentrations of 320 cm−3 in the diameter range
from 16 to 570 nm (around 600 cm−3 during summer) (Jurányi et al.,
2011). However, at a lower-altitude mountain site (Puy de Dôme,
France, 1465 m a.s.l), particle concentration ranged from 3200 to
4000 cm−3 during summer in the diameter range from 10 to 500 nm
(Venzac et al., 2009). The observed particle concentration at mountain
sites is highly influencedby the altitude of the sampling site and the sea-
son. Our analysis at SNS only covers the summer season, which is the
Fig. 2. Seasonal variation of aerosol concentration (NCN), fresh Aitkenmode concentration (N10–

Mean values (black dots), median values (red lines), 25th–75th percentiles (blue boxes) and m
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period when the aerosol concentration achieves its maximum due to
the high NPF event frequency and the transport of pollutants from Gra-
nada city to Sierra Nevada station as a result of mixing layer growth and
mountain-valley breeze transport (Casquero-Vera et al., 2020). The con-
centration of particles in the diameter range 10–50 nm (N10–50, fresh
Aitken mode particles), which are difficult to activate at low SS, repre-
sent more than 50% of total aerosol concentration at both sites during
both experimental campaigns (Table 1).

There are also differences in the calculated intensive optical proper-
ties at the two sites, indicating the presence of different aerosol types at
both sites (Table 1). The aerosol population is dominated by scattering
particles at SNS, with SSA value close to 1, while at UGR the mean SSA
of 0.7 reveals the strong contribution of absorbing particles. High SAE
values at UGR indicate a large predominance of small particles in the
urban area while the relatively low SAE values observed at SNS indicate
an increased contribution of large particles to the total aerosol popula-
tion over this remote station. This difference in SAE values between sta-
tions is partly due to the different measurement period at both sites
50), geometric diameter (Dgeo) and BCmass concentration at UGR and summer data at SNS.
aximum-minimum values (whiskers) are presented.

Image of Fig. 2
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(winter-spring at UGR and summer at SNS). The relatively low summer
SAE values at SNS are associated with the increased frequency of Saha-
ran dust intrusions over the study area (Valenzuela et al., 2012). BSF
values at UGR (mean value of 0.16) are slightly higher than at SNS
(0.14), also indicating the presence of larger particles at SNS that back-
scatter radiation less effectively than small particles. Using Dgeo as a
proxy for aerosol size distribution, Fig. 2 suggests that SNS is character-
ized during summer by the presence of larger particles (mean Dgeo of
62 nm) than those present at UGR during (mean Dgeo remains below
50 nm in all seasons). Dgeo at SNS also exhibits high variability which
suggests changes in aerosol sources and strength. This is consistent
with the SAE values in Table 1 and can be explained by the higher influ-
ence of small freshly emitted particles at UGR compared to SNS and the
seasonal impact of dust at SNS.

The BC concentrations observed at the two sites are very different,
with BC at SNS station approximately an order of magnitude lower
than at the urban UGR station (Table 1 and Fig. 2). BC is considered a
good tracer of road traffic emissions (Lyamani et al., 2011; Reche et al.,
2011). The high BC mass concentrations at UGR are mainly linked to
the significant impact of local anthropogenic emissions, primarily
from road traffic (Lyamani et al., 2011). BC mass concentrations at
UGR are in the range of those observed at other European urban sites
(Reche et al., 2011), showing higher BC concentrations and variability
during winter compared to spring and summer. In contrast, the low
BC concentration at SNS reflects the low influence of anthropogenic
emissions at this remote site. SNS station exhibits slightly higher BC
concentrations than other European mountain stations probably due
to the larger influence of anthropogenic pollutants transported from
Granada city to SNS station. The SNS BC values are slightly lower than
Fig. 3. Mean values (black dots), median values (red lines), 25th–75th percentiles (blue box
fraction (AF), Dcrit and κ at UGR and SNS for all data. All measurements and inferred paramete
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those obtained at La Parva (2800 m a.s.l) in the Andes mountain range
during the summer of 2015 where BC mass concentration reached
values between 0.3 and 0.5 μg/m3 (Gramsch et al., 2020). Even higher
BC concentrations have been observed at similar high altitude stations
in the Himalayan mountain range, such as Astore (2600 m a.s.l) and
Skardu (2680 m a.s.l) stations where BC concentrations were around
1.5 μg/m3 during August of 2017 and 2.0 μg/m3 during September of
2017, respectively (Zeb et al., 2020). The high BC concentrations re-
ported in theHimalayan study are due to thehigher influence of anthro-
pogenic activities compared to those affecting SNS. The study of Ripoll
et al. (2015) carried out at Montsec (1570 m a.s.l.) in the pre-Pyrenees
in eastern Spain showed that the mean BC value was 0.2 μg/m3 during
summer 2011, which is more similar to the BC concentration measured
at SNS.

The CCN-related parameters at the two sites also exhibit significant
differences. Fig. 3 shows the results for both stations in terms of CCN
concentration (NCCN), activation fraction (AF), critical diameter (Dcrit)
and hygroscopicity parameter (κ). CCN concentration wasmuch higher
at UGR than at SNS. Mean values of NCCN at SS = 0.5% for SNS and UGR
were 820 ± 600 and 2500 ± 2000 cm−3, respectively. UGR exhibited a
higher variability in NCCN (wider interquartile range) than at SNS due to
the large variability of the source emissions (mainly of anthropogenic
origin) affecting UGR (Fig. 3). CN and CCN concentrations at UGR
show their maximum values during winter (mean winter values of
NCN ~2·104 cm−3 and NCCN ~ 5000 cm−3) compared to spring (mean
spring values of NCN ~ 104 cm−3 and NCCN ~ 1600 cm−3) due to addi-
tional emission sources (as domestic heating) and formation of thermal
winter inversions that contribute to high aerosol concentrations close to
the surface during winter (Lyamani et al., 2012). During winter time,
es) and maximum-minimum values (whiskers) of CCN concentration (NCCN), Activation
rs are obtained at SS = 0.5%.

Image of Fig. 3
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NCCN concentrations at UGR are higher than those observed in Paris
(2248 cm−3 at SS = 0.5%; Jurányi et al., 2013) and similar to those
values observed in big cities such as Beijing during fresh pollution con-
ditions (4982 cm−3 at SS = 0.46%; Gunthe et al., 2011) or Seoul
(5323 cm−3 at SS= 0.6%; Kim et al., 2014). CCN concentrations at SNS
are also higher than those observed at a comparable mountain site
like Jungfraujoch (313 cm−3 at SS= 0.47%; Jurányi et al., 2011).

The mean critical diameters, Dcrit(SS = 0.5%), obtained at UGR and
SNS for thewhole periodwere 91 and 66 nm, respectively. At a constant
SS, a smaller Dcrit is expected for more hygroscopic particles. Therefore,
the larger Dgeo and smaller Dcrit(SS= 0.5%) observed at SNS compared
to UGR suggest that the aerosol particles at SNS are more hygroscopic
and thus can be activated more easily than those at UGR. Also, the acti-
vation fraction (AF) at a specified SS relates the particles that have been
activated to the total amount of particles. Low values of AF at SS=0.5%
(Fig. 3) were observed at UGR, with an interquartile range of 0.13 to
0.28 and a median value of 0.20. Higher values were obtained at SNS,
with an interquartile range of 0.29 to 0.62 and a median value of 0.47.
The high Dcrit and the high fraction of non-hygroscopic particles (low
value of SSA) at UGR may explain the low AF values observed at this
site. At UGR, characterized by low AF (values extending below 0.1),
the BC concentrations were high (maximum values were close to
9 μg/m3), whereas at SNS the opposite relationship occurs (i.e., low BC
concentrations and higher AF were observed). This is consistent with
fresh emitted BC being associated with small and non-hygroscopic par-
ticles. In addition, the AF shows much more variability (wider inter-
quartile range) at SNS, despite the narrow interquartile range of NCCN.
This might be due to the significant changes in aerosol size distribution
during the study period at SNS, as evidenced by Dgeo variability (Fig. 2).
Casquero-Vera et al. (2020) found that NPF events are very frequent at
SNS during summer time, which enhances the total number concentra-
tion of particles and shifts the size distribution towards smaller sizes.
This phenomenon together with the aerosol transport from Granada
city to SNS can contribute to the large variability observed in AF at SNS.

Inferring the hygroscopicity parameter κ fromCCNand size distribu-
tion measurements (see Section 3.2) allows us to quantify the overall
hygroscopicity of activated particles, which provides qualitative infor-
mation on the bulk aerosol composition. The estimated mean value of
κ at SS = 0.5% was 0.08 ± 0.03 at UGR (ranging from 0.05 to 0.09),
and 0.22± 0.09 at SNS (ranging from 0.11 to 0.27). This result is consis-
tentwith theDcrit behavior described previouslywhich suggested lower
Table 2
Summary of activation parameters for eachmeasurement location. For all studies listed, the hyg
addition, relevant information about the campaigns are listed in the table.

Site location Period SS (%) NCCN (cm−3)

Urban
Vienna, Austria Interannual 0.50 820
Hong Kong, China Spring 0.50 1815
Paris, France Winter 0.50 2248
Granada, Spain Winter/spring 0.50 2500
KORUS-AQ, South Korea Spring 0.60 3373
Seoul, South Korea Interannual 0.60 5323
Beijing, China Summer 0.46
Aged pollution 8830
Fresh pollution 4980

Rural/remote
Princess Elisabeth station, Antarctica Summer 0.50 177
Amazon Basin, Brazil Annual 0.47 883
Noto Peninsula, Japan Autumn 0.52 –
Cape Fuguei, Taiwan Spring 0.54 1689
Finokalia, Crete Summer 0.51 2003
Yangtze river delta, China Annual 0.45 6271

Mountain
Jungfraujoch, Switzerland Summer 0.57 313
Sierra Nevada, Spain Summer 0.50 820
Puy de Dôme, France Summer 0.51 200–2000
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hygroscopicity at the urban site compared to the high-alpine site. The
higher variability of κ observed at SNS compared to UGR (see Fig. 3)
may be explained by the higher variability in aerosol properties at SNS
which is affected by (i) air masses from different origins, (ii) NPF events
that significantly affect the size distribution and (iii) the influence of at-
mospheric boundary layer (ABL) dynamics that transport pollutants
from the Granada area to Sierra Nevada. In contrast, aerosol particles
at UGR are strongly dominated by local sources, especially road traffic,
leading to an overall non-hygroscopic aerosol. Relatively lower mean
values of κ are observed at UGR in winter season (κ = 0.06 ± 0.01)
compared to spring (κ=0.09± 0.02) (not shown here). Previous stud-
ies at UGR have shown the low hygroscopicity of aerosol particles at this
site due to the predominance of absorbing particles composedof species
such as BC and organic matter, especially during winter (Titos et al.,
2014b; Burgos et al., 2019). The mean κ parameter at SNS is higher
than at UGR but it is below 0.3, which is the typical value associated
with continental background aerosol (Andreae and Rosenfeld, 2008),
suggesting there is an impact of anthropogenic aerosol at SNS as well.

Table 2 shows a comparison of NCCN, AF, Dcrit and κ values from the
literature and those obtained in this study for SNS and UGR. Compared
with the studies listed in Table 2, among the urban sites, UGR is charac-
terized by the lowest κ parameter and one of the highest Dcrit values,
demonstrating the hydrophobic nature of aerosol particles at UGR dur-
ing winter and spring seasons, and consequently low activation capac-
ity. Results obtained at SNS are consistent with those values reported
at Jungfraujoch (3580 m a.s.l.) and Puy De Dôme (1465 m a.s.l.) during
summer (Table 2), with very similar AF, Dcrit and hygroscopicity param-
eter values.

4.2. Diurnal evolution patterns

In the previous section, overall differences in activation properties in
relation to other aerosol properties between the two sites were
discussed. Here we evaluate the impact of temporal patterns, specifi-
cally the diurnal cycle of CCN. Analyzing the diurnal evolution of the ac-
tivation properties of aerosols can be useful for understanding the
sources and transformation processes at the urban and high-mountain
sites. Fig. 4 shows the diurnal evolution of aerosol size distribution,
NCCN, NCN, BC, AF, SSA, Dcrit andDgeo at both stations. Note that the scales
in Fig. 4 are different for UGR and SNS to allow better visualization of the
diurnal patterns and NCCN and NCN are both referred to the left Y axis in
roscopicity parameter corresponds to theparameter calculated fromCCNmeasurements. In

AF (−) Dcrit (nm) κ (−) Diameter range Reference

0.13 162 – 13–929 Burkart et al. (2011)
0.57 56 0.31 7–300 Meng et al. (2014)
– 76 0.11 10–413 Jurányi et al. (2013)
0.21 91 0.08 10–514 This study
0.31 – 0.22 >10 Kim et al. (2018)
0.30 – – 10–414 Kim et al. (2014)

3–800 Gunthe et al. (2011)
0.74 59 0.31
0.25 74 0.18

0.51 – – >3 Herenz et al. (2019)
0.74 77 0.13 10–450 Pöhlker et al. (2016)
– 60 0.24 – Iwamoto et al. (2016)
0.59 54 0.22 13–736 Cheung et al. (2020)
0.80 – 0.34 20–460 Bougiatioti et al. (2011)
0.62 62 0.28 20–300 Che et al. (2017)

0.53 68 0.17 16–570 Jurányi et al. (2011)
0.47 66 0.22 10–514 This study
– 65 0.22 10–400 Asmi et al. (2012)



Fig. 4.Diurnal patterns of aerosol size distribution, NCCN, NCN, AF, SSA at 637 nm, Dcrti and Dgeo obtained at UGR station (left panels) and SNS station (right panels). NCCN and NCN are both
referred to the Y axis on the left in Fig. 4c and d.
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Fig. 4c and d for a better comparison. BC has been used here as tracer of
road traffic emissions and SSA as an estimation of the relative contribu-
tion of absorbing particles (mainly BC) to the total aerosol load.

The mean diurnal evolution of the aerosol size distribution at both
sites is shown in Fig. 4a and b. The aerosol concentration at UGR is dom-
inated by particles below 100 nmduring thewhole day. Between 06:00
and 09:00 UTC and 18:00 and 21:00 UTC, during the traffic rush hours,
the particle concentration increased noticeably in all sizes, but espe-
cially in the diameter range from 10 to 50 nm. At SNS, we can observe
a completely different behavior of the aerosol size distribution. Before
12:00 UTC, at SNS particles are mainly confined in the size range
20–200 nm and are characterized by low number concentration. At
around 12:00 UTC a clear mode of particles between 10 and 50 nm ap-
pears. From 12:00 UTC and onwards, this mode grows to larger sizes
and then decreases in intensity throughout the rest of the day. This pat-
tern suggests that NPF events occurring atmidday influence the aerosol
size distribution at SNS.

As can be seen in Fig. 4c, the BC diurnal pattern is characterized by
two maxima at UGR during traffic rush hours while, at SNS, BC is char-
acterized by a maximum at midday associated with the upslope trans-
port of pollutants from Granada area to SNS (Fig. 4d). At both sites,
NCN and NCCN exhibit similar patterns to BC. At UGR, the diurnal evolu-
tion of NCN shows two maxima during the day coinciding with traffic
rush hours (peak values were (2.0 ± 1.3)·104 and (1.8 ±
0.9)·104 cm−3 at 7:00 and 19:00 UTC). NCCN also exhibits two maxima
with peaks values of 4200± 3000 and 2800± 2000 cm−3 but at differ-
ent time: 9:00 and 19:00UTC. The delay observed between themorning
peaks of NCCN and NCNmight be caused by the fact that particles emitted
by road traffic with diameter below the Dcrit are able to grow to larger
diameters above Dcrit in the following hours (particles reach around
90 nmat 10:00UTC), and act as CCN. Also, oxidation of emitted particles
9

can affect the aerosol hygroscopicity leading to higher NCCN. This is sup-
ported by the observed increase in κ (Fig. 5) in coincidence with NCCN

after traffic rushhours. The combination of both processes could explain
the delay observed between the morning peaks of NCCN and NCN. The
lack of such a time delay between the evening peaks NCCN and NCN

may be due to differences in the observed aerosol properties for the
morning and eveningperiods. As a consequence of the diurnal evolution
of NCN and NCCN, AF at UGR shows two minima during the day at 7:00
and 19:00 UTC. SSA diurnal evolution also shows twominima that coin-
cidewith the AFminima, denoting an increase in the contribution of ab-
sorbing particles (mostly hydrophobic particles) that are not activated.
It is interesting to note that the AF diurnal range (difference between
the maximum and minimum values) increases with SS. This behavior
is likely due to the fact that outside of traffic rush hours, higher SS values
result in higher CCN concentration; however, during traffic rush hours
the same SS increase in the instrument rarely increases CCN concentra-
tion due to the high concentration of ultrafine and BC particles, which
are extremely difficult to activate even at high SS. Dgeo values at UGR
also exhibit a diurnal pattern with two minima at traffic rush hours,
with values below 40 nm. In urban environments, road traffic emissions
are the main source of ultrafine particles. These two Dgeo minima, then,
are likely attributed to newly formed particles due to emission of pre-
cursor gases by road traffic. Conversely, the Dcrit diurnal pattern shows
twomaxima for all SS values that coincide with the Dgeo minima during
traffic rush hours. The Dcrit peaks during traffic rush hours are related to
the emission of aerosol particles with a more hydrophobic chemical
composition (such as BC). Even if the diameter of these recently emitted
particles is above the Dcrit, these particles are unable to activate due to
their chemical composition and hygroscopicity properties. This leads
to an increase in the Dcrit valuewhen it is calculated using Eq. (4) (back-
ward integration of the aerosol size distribution).

Image of Fig. 4
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At SNS, the diurnal behavior is completely different (Fig. 4). NCN and
NCCN at SS = 0.5% exhibit a maximum between 13:00 and 14:00 UTC
with mean values around 6500 ± 4000 and 1300 ± 800 cm−3, respec-
tively. The BC diurnal pattern, used as a proxy of anthropogenic pollu-
tion at SNS, has its maximum earlier, at 12:00 UTC. This increase in BC
at midday is associated with the diurnal evolution of the ABL and up-
slope transport of pollutants from the valley to the high mountain sta-
tion. As Moreira et al. (2020) showed using microwave radiometer
and ceilometermeasurements, theABL height in Granada starts increas-
ing in the morning and achieves its maximum at midday, reaching the
SNS station height at midday during the summer. In addition to the in-
crease in height of the ABL over Granada, the westerly winds that pre-
dominate during the day at SNS favor the transport of pollutants from
the valley to the mountain (Casquero-Vera et al., 2020). NCN, NCCN and
BC start increasing at around 8:00 UTC, but as mentioned before, the
maximum is achieved later for NCN andNCCN than for BC. This timing dif-
ference between BC and NCN suggests an additional source of NCN other
than transport fromGranada to Sierra Nevada. Unlike at UGR, at SNS the
AF and SSA do not follow the same diurnal pattern. The SSA minimum
occurs earlier (at 12:00UTC) than the AFminimum (14:00UTC). There-
fore, the increase in the relative contribution of absorbing particles
might not be the main factor controlling NCCN and AF at SNS. The Dgeo

diurnal pattern shows a sharp decrease at midday (between 12:00
and 14:00 UTC) which is associated with the high frequency of NPF
events that occur at midday during summer (Casquero-Vera et al.,
2020). Although the transport of anthropogenic particles from Granada
area also may affect Dgeo, the sharp Dgeo decrease observed and the
shorter duration of this decrease (as compared with the BC increase)
suggests that NPF events might be the main source of particles at SNS
at midday.

Dcrit does not show a clear diurnal pattern at SNS, except at SS =
0.25%, the lowest SS studied. At this SS, there is a wide increase from
08:00 UTC and onwards, with a maximum around 14:00 UTC. This in-
crease in Dcrit may be associated with the lower hygroscopicity of the
predominant particles at this time of the day, which are a combination
of particles transported upslope from the Granada urban area and
newly formed particles after growth (Casquero-Vera et al., 2020). The
different behavior of Dcrit with different SS values is interesting. At
higher SS, Dcrit is roughly constant throughout the day, in contrast to
the behavior of Dcrit at lower SS. At lower SS, there are particles which
are less hygroscopic that do not activate while those particles are able
Fig. 5. Diurnal pattern of kappa parameter at UGR and SNS at SS = 0.5%.
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to activate at higher SS. At midday, the transport of particles could
lead to overall lower aerosol hygroscopicity as shown in Fig. 5. Note
also the increase in BC mass concentration and decrease in SSA at
midday.

Fig. 5 shows the diurnal cycle of the hygroscopicity parameter κ. The
hygroscopicity parameter is a proxy for the size and chemical composi-
tion of thewhole population of activated particles. At UGR, κ shows two
diurnal minima associated with road traffic emissions (Fig. 5). During
traffic rush hours, κ decreases due to the increase of non-hygroscopic
particles and UFP concentration (mainly nucleation and fresh Aitken
mode particles). There is a decreasing trend of κ as SS increases (not
shown). This is because the less hygroscopic particles are activated
when SS increases; κ approaches 0.05 during traffic rush hours. At
SNS, during the first and last hours of the day, κ has values around
0.25. At 10:00 UTC, κ starts to decrease coincident with the increase ob-
served in BC concentration and the decrease in Dgeo. κ achieves its min-
imum at 12:00 UTC with a value of 0.16 (Fig. 5). This is consistent with
changes in aerosol chemical composition and size due to NPF and the
transport of aerosols fromGranada city to Sierra Nevada leading to a re-
duction of κ value.

These results suggest that the two main aerosol sources influencing
activation properties of aerosols at SNS during summer are newly
formed particles due to nucleation events and the transport of pollut-
ants from Granada. As these two processes seem to occur simulta-
neously around midday, our observations reflect the joint effect of
both processes. In order to understand the behavior of activation prop-
erties duringNPF events, in the following sectionwe analyze the contri-
bution of NPF to CCN in Sierra Nevada.

4.3. Contribution of NPF to CCN in Sierra Nevada

To perform this analysis, we classified by visual interpretation the
number aerosol size distributions measured at SNS as NPF events,
non-events, undefined and bad-data days following the procedure pro-
posed by Dal Maso et al. (2005). During the measurement campaign at
SNS 67 NPF events, 16 undefined events and 13 non-events days were
observed. However, not all NPF events showed the typical “banana
shape” associated with particle growth. Following Rose et al. (2017)
criteria, only those NPF events referred as type I, i.e. with clear particle
growth from smallest sizes, were selected to investigate the contribu-
tion of NPF events on CCN concentrations. Type II events aremore irreg-
ular and may be interrupted in certain size ranges (Rose et al., 2017),
and in bump type events the growth of newly formedparticles is not ob-
served (Hirsikko et al., 2007; Yli-Juuti et al., 2009). Therefore, we fo-
cused our analysis on type I events and selected the 15 clearest NPF
events. Mean diurnal evolution of the aerosol size distribution is
shown in Fig. S2 for event and non-event days. During event days we
can observe a clear growth of particles from the lowest diameter
(10 nm), which appear around 12:00 UTC, to larger diameters (around
70 nm) during the rest of the day until 21:00 UTC. During non-event
days the aerosol size distribution is characterized by particles in the
range 20–200 nm and after 12:00 UTC the particle concentration in-
creases in the diameter range between 20 and 80 nm which is related
to the vertical transport of particles from the urban area.

Fig. 6 shows the comparison of thediurnal evolution of NCCN, NCN, AF,
Dcrit and Dgeo at SNS during NPF event (solid line) and non-event (dash
line) days. There is a clear difference in all variables investigated be-
tween event and non-event days. This difference is large during the day-
time hourswhile during the evening there is no difference betweenNPF
and non-event days. As expected, N10–20 and N20–50 are the variables
most affected by NPF events. Changes in their diurnal patterns are no-
ticeable starting at 10:00 UTC, when the nucleation process tends to ini-
tiate. N10–20 and N20–50maximum concentrations duringNPF events are
approximately 8 times higher than the corresponding values during
non-event days. N10–20 reaches its maximum at around 12:00 UTC
while N20–50 reaches it 2 h later, due to particle growth. N50–100 is also

Image of Fig. 5


Fig. 6.Diurnal patterns of (a) and (b) NCN for different diameters ranges, (c) geometric diameter, (d) NCCN at different SS, (e) activation fraction and (f) critical diameter at 0.50%. Solid lines
represent the average diurnal pattern for days classified as NPF event days and dash lines for non-event days at SNS station.
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affected by NPF - it does not show a sharp increase as is seen for N10–20

and N20–50; rather it shows a constant gradual increase during the
morning and afternoon until N50–100 reaches its maximum value at
15:00 UTC. N100–500 is the size range least affected by NPF, exhibiting
the lowest difference between event and non-event days of all particle
size ranges. However, this is the size range that is expected to have
the most influence on the CCN concentration and activation properties
at low SS. As we can see in Fig. 6b and d, N100–500 and NCCN at SS =
0.25% follow similar trends with maxima at 15:00 UTC.

NPF clearly contributes to the increase in NCCN starting at 10:00 UTC,
although its contribution is controlled by the SS. It is interesting to note
that the difference between NCCN at SS=0.25% and SS=0.50% is larger
during NPF event days. For example, the highest value of the ratio be-
tween NCCN during event and non-event days is 1.9 at SS = 0.25%
(14:00 UTC) and 3.1 at SS = 0.5% (13:00 UTC). This suggests that the
contribution of NPF can be an important source of CCN in Sierra Nevada
especially at high SS. NPF events also affect the values of Dcrit, Dgeo and
AF. These parameters show smoother diurnal patterns during non-
event days than during event days (Fig. 6). Dcrit seems to be less influ-
enced by NPF events but showing a slight increase starting at
10:00 UTC during NPF event days (around 80 nm) compared to non-
event days (around 60 nm). The diurnal pattern of Dgeo and AF are
very similar, with a marked decrease during NPF event days from
10:00 UTC and onwards, reaching their minimum at 12:00 UTC. This
evolution is explained by the behavior of N10–20 and N20–50. As the con-
centration of newly formed particles increases suddenly due to nucle-
ation, Dgeo exhibits a sharp decrease reaching its minimum value
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(32 nm) at 12:00 UTC. AF has a minimum at the same time (AF =
0.15 at 12:00 UTC) due to the high concentration of very small particles
that do not activate. After reaching the minimum, AF and Dgeo start to
increase their values due to particle growth during the second half of
the day. During non-event days, N10–20 and N20–50 (typically related to
anthropogenic sources), show a smooth increase starting at 12:00 UTC
(Fig. 6a). This and the subsequent decrease observed in AF and Dgeo

are associated with local and transported pollution from the Granada
urban area (Fig. 6c and e).

In order to estimate the contribution of NPF to CCN, isolated from
other sources like transport of pollutants from Granada, we use the
methodology proposed by Rose et al. (2017). This method quantifies
the contribution of NPF to CCN by calculating the CCN enhancement
(ΔNCCN) from the comparison of NCCN prior to the nucleation event
and the maximum during the event. As proposed by Rose et al.
(2017), ΔNCCN during non-event days accounts for all CCN sources ex-
cept NPF events, while ΔNCCN during event days accounts for both con-
tributions. Subtracting one from the other, we can infer the contribution
of NPF to CCN alone (ΔCCNNPF). This method assumes that the pre-
existing particle concentration in the CCN size range at the measure-
ment site is similar during event and non-event days (Rose et al.,
2017). That appears to be the case at SNS based on Fig. 6a and b
where the solid and dashed lines tend to overlap in the time period
prior to the start of nucleation at 10:00 UTC.

The contribution of NPF to CCN in Sierra Nevada, according to Rose
et al. (2017) methodology, was 115% and 175% at SS = 0.25% and
SS = 0.5%, respectively. This suggests that NPF plays an important role

Image of Fig. 6


Table 3
Relative contribution of NPF to CCN activity at different locations (ΔCCNNPF). In Rose et al.
(2017) study CCN concentrations were not directly measured, it is marked with an aster-
isk. Information specifying if an individual event from long-term dataset with the maxi-
mum contribution is taken into account is also specified in the table.

Site location Type SS
(%)

ΔCCNNPF

(%)
Reference

Shanghai, China Urban 0.20 17 Leng et al. (2014)
0.60 88

Vienna, Austria Urban 0.50 38 Dameto de España
et al. (2017)Max 0.50 143

Finokalia,
Greece

Remote/marine Max 0.35 88 Kalkavouras et al.
(2019)Max 0.52 94

Melpitz,
Germany

Remote 0.40 66 Wu et al. (2015)
0.60 69

Chacaltaya,
Bolivia

Mountain – 100–250 Rose et al. (2017)*

Sierra Nevada,
Granada

Mountain 0.25 115 This study
0.50 175
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in the CCN budget at SNS, and, indeed,might be themajor CCN source at
higher SS. Table 3 summarizes the relative contribution of NPF to CCN at
different sites compared to Sierra Nevada. For the comparison, it is im-
portant to bear inmind that there are several indirect approaches to es-
timate NPF contribution to NCCN without actual in situmeasurements of
CCN (e.g., estimating Dcrit from chemical composition data or just as-
suming a Dcrit above which all particles activate). A lower relative con-
tribution of NPF to CCN concentrations was observed at remote
environments like Finokalia in Crete and Melpitz in Germany. Our esti-
mations at SNS are similar to results reported by Rose et al. (2017) for
Chacaltaya Mountain in Bolivia (5240 m a.s.l) where the NPF contribu-
tion to CCN ranges from 100% to 250% assuming a Dcrit of 100 or
50 nm, respectively. In more polluted urban environments like Shang-
hai and Vienna, the NPF relative contribution to CCN is lower due to
the impact of anthropogenic emissions. Dameto de España et al.
(2017) pointed out that NPF could also be a measurable, but not very
frequent source of CCN in urban environments.

4.4. Predictions of NCCN from ancillary measurements

In this section, we present the results of estimating CCN concentra-
tions from aerosol properties that are more frequently measured than
CCN concentrations at most atmospheric observatories (Pandolfi et al.,
2018; Schmale et al., 2018). The results of applying Twomey's law
(Eq. (6)) following the methodology presented in Section 3.3 are
shown in Table 4. This table shows linear fit parameters (slope of the
fit and, in parentheses, the R2 coefficient) of Twomey's law C and k pa-
rameters and aerosol optical and size distribution parameters. The re-
sults are compared with those from other sites around the world
(Jefferson, 2010). The R2 coefficients obtained for UGR and SNS are sim-
ilar to those reported by Jefferson (2010) at different sites (rural, urban
andmarine), although in general the correlations are relatively low, es-
pecially the correlation between k and SSA. The normalized parameter
C/σsp, which is related to inverse aerosol scattering efficiency, increases
with BSF (meaning higher contribution of fine particles) and the slopes
Table 4
Coefficients of linearfits between aerosol parameters and Twomey's law parameters. Each
value represents the slope of the fit (the R2 value is given in parentheses).

Site location C/σsp vs BSF C vs N80 k vs SSA k vs Dgeo

Oklahoma, USA 1610 (0.50) – −3.78 (0.38) –
Black Forest, Germany 1430 (0.64) – −3.07 (0.20) –
Graciosa, Portugal 937 (0.33) – −2.24 (0.23) –
Hefei, China 1450 (0.22) – −1.73 (0.07) –
Granada, Spain 1358 (0.40) 0.99 (0.83) −0.33 (0.03) 0.005 (0.05)
Sierra Nevada, Spain 2183 (0.49) 1.03 (0.77) −3.52 (0.09) 0.006 (0.12)
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have positive values. Jefferson (2010) suggests that higher values of the
slope of C/σsp vs BSF can be related to higher contribution of particles
with low scattering efficiency (i.e. organic matter, carbonaceous aero-
sols), while lower values of the slope are associated with a predomi-
nance of particles with higher scattering efficiency such as inorganic
aerosols. Alternatively, using N80 to parameterize C, instead of BSF, re-
sults in significantly better R2 values. Note that C is related to the CCN
concentration at SS = 1%, therefore, C will increase when N80 does. At
SNS, the calculated slope is higher than at UGR, which means that
changes in N80 will have a bigger effect on the NCCN estimates.

Parameterizing k is more challenging, because it is difficult to relate
it to other physical or optical properties of the particles. This is reflected
in the table showing that the R2 values are lower for all sites for this pa-
rameterization, with no correlation (R2 < 0.15) at both Granada and Si-
erra Nevada. Fitting k vs SSA yields negative slopes because, as
absorbing particle concentration increases, changes in NCCN with SS
are lower, principally at low SS. It is caused by absorbing particles like
BC that remain non-activated at all SS values. Remote sites with low
concentration of BC particles and relatively high SSA, such as Oklahoma,
Black Forest or Sierra Nevada, show the highest absolute values of the
slope. Conversely, sites influenced by pollution, with lower SSA, are as-
sociated with lower absolute values of the slope (i.e., Hefei and Gra-
nada). Using the alternative approach proposed in this study to
parameterize k based on size distribution measurements (Dgeo) does
not result in better correlations than those observed with the Jefferson
(2010) approach. Despite Jefferson (2010) limiting the study to
SAE > 1 and PM1 particles, fit parameters at UGR and SNS are within
the range of values reported in Jefferson (2010) as can be seen in
Table 4.

In order to evaluate the ability of the two empirical models to esti-
mate CCN concentrations at Granada and Sierra Nevada, we determined
the empirical coefficients using 50% of data and used the remaining data
for evaluation. In order to diminish any possible seasonal pattern that
might appear in building the model, especially in UGR, we split the
data randomly in two subsets, one set is used to build the model and
the other one to test it. Fig. 7 shows the validation of the empirical
model proposed by Jefferson (2010) applied to the UGR and SNS
datasets. The model provides satisfactory results for Granada. The aver-
aged ratios of predictions vs measurements are: 1.24 at 0.3% and 1.14 at
0.9% SS. At UGR the slopes are close to 1 and the R2 values are close to 0.8
indicating that themodel can explain themeasurements. The dispersion
of data remains roughly constant as SS increases. The model does not
show a clear bias due to different values of SSA because data are distrib-
uted uniformly according to their SSA value (Fig. 7). At SNS, the model
does not provide satisfactory results. Mean values of predictions versus
measurement ratios show that this method overestimates the CCN
measurements (1.45 for SS= 0.25% and 1.54 for SS = 0.7%). The slope
and R2 coefficients are very low in this case and there is wide dispersion
of the data because the model is unable to estimate NCCN at SNS when
there is a high value of the SSA (Fig. 7). Additionally, neither the slope
nor the R2 values improve significantly for higher SS values. Since
there is no correlation between the k parameter and SSA, the model is
not able to reproduce the observed changes in the SSA.

The alternative empirical model based on N80 andDgeo provides bet-
ter results at the two stations, except at low SS value at SNS (Fig. 8). At
UGR, this model also provides satisfactory results with values of the
slope relatively close to 1 and R2 close to 0.8. The averaged ratio of pre-
dictions andmeasurements (1.23 at 0.3% and 1.27 at 0.9% SS) were sim-
ilar using this model and the Jefferson (2010) model. At UGR, high CCN
concentrations are directly related to large values of the Dgeo. Also this
model based on N80 and Dgeo is better at reproducing the observations
at SNS. In this case, the ratio of predictions vs measurements was 1.24
and 1.29 for SS= 0.25% and 0.7%, respectively. The slope and R2 values
show a large improvement at high SS (0.99 and 0.81, respectively) com-
pared to low SS (0.54 and 0.38, respectively). As mentioned in
Section 4.2, SNS is highly influenced by NPF events and vertical



Fig. 7.Correlations between calculated vsmeasuredNCCN for UGR (left panels) and SNS (right panels) at two supersaturations, color-coded as a function of single scattering albedo (SSA) at
637 nm. Least squares fit and 1:1 line are shown on each graph.

Fig. 8. Correlations between calculated and measured CCN at UGR (left panels) and SNS (right panels), color-coded as a function of Dgeo. Least squares fit and 1:1 line are shown on each
graph.
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transport of particles from UGR occurring at midday. These two phe-
nomena could contribute significantly to N80, but at SS = 0.25% barely
contribute to NCCN. However, at higher SS=0.7% these two phenomena
contribute to NCCN and themodel reproduces measurements much bet-
ter than at lower SS (Fig. 8). As can be seen in Fig. 8 for SNS, lowvalues of
Dgeo (bluish colors) deviate from the 1:1 line and are more disperse.

Using empirical models, which parameterize Twomey's power law
parameters in terms of aerosol properties to predict NCCN remains a dif-
ficult challenge. The two empirical models used here are not able to re-
produce the measurements in all cases at the two sampling stations;
however, it appears that the empirical model based on physical aerosol
properties provides a better approach for predicting CCN. The empirical
model based on aerosol optical properties provided satisfactory results
at UGR, but showed low correlations at the mountain station between
calculated and measured NCCN (R2 < 0.4).

5. Conclusions

This study analyzes thefirst CCN in-situmeasurements performed in
the Iberian Peninsula. Measurements were carried out at two different
sampling stations: an urban background station (UGR, 680 m a.s.l.) lo-
cated in the city of Granada and an alpine station (SNS, 2500 m a.s.l.)
that is influenced by emissions from the urban area. Measurements of
CCN concentration, aerosol light scattering, backscattering and absorp-
tion coefficients and black carbon mass concentrations were obtained
for the period from October 2018 to end of May 2019 at UGR and
from June to end of August 2019 at SNS. Also, measurements of aerosol
size distribution in the diameter range 10–514 nm were measured for
the period from October 2018 to end of August 2019 at UGR and from
June to end of August 2019 at SNS.

AtUGR, theNCCNmeanvalue at SS=0.5%was 2500±200 cm−3 and
themean value of NCN in the diameter range of 10–514 nmwas around
13,000± 9000 cm−3 with Dgeo= 45 nm; consistentwith typical values
of urban environments. Because theDcrit at all SS values remained above
Dgeo and was associated with high concentration of BC particles, which
are highly non-hygroscopic particles, UGR exhibited extremely low AF
(at SS=0.5% AF is around 0.21± 0.11) similar to other urban environ-
ments. CCN-derived κ values averaged during thewhole UGR campaign
ranged from 0.05 to 0.01 at SS = 0.50%. The low κ value is associated
with the high contribution of BC particles with low hygroscopicity (κ
close to 0), showing the lowest к values during winter (from December
to February) when the BC concentration peaks. The diurnal evolution of
aerosol particles at UGR is driven by local emissions, mainly road traffic.
During traffic rush hours, NCN achieved its maximum values
(19,900 cm−3 at 7:00 UTC and 18,300 cm−3 at 19:00 UTC). According
to our results, CCN activity at UGR is clearly controlled by local emis-
sions. Due to anthropogenic sources NCCN can double its background
value during the day (around 2000 cm−3 at SS = 0.5%), achieving a
maximum value of 4200 ± 3000 cm−3 at SS = 0.5% at 9:00 UTC. BC
mass concentration showed two distinct maxima in coincidence with
traffic rush hours. A decrease in AF and κ was observed during traffic
rush hours, demonstrating the lower hygroscopicity and activation ca-
pacity of fresh traffic emissions.

At SNS, themean value of NCCN at SS=0.5% was 820± 600 and NCN

was around 3000±2800 cm−3 with Dgeo= 62 nm. SNS exhibits higher
AF values (AF is around 0.5 at SS= 0.5%) than are found for UGR, and a
more hygroscopic aerosol (theκ parameter is typically in the range from
0.1 to 0.3 at SS = 0.50%). The diurnal evolution of BC mass concentra-
tions at SNS exhibited a maximum around 12:00 UTC, associated with
transport of pollutants from the urban area to Sierra Nevada due to
the increase in the height of theABL and upslope transport of pollutants.
AF, κ and Dgeo show a clear minimum around 14:00 UTC. At the same
time, NCCN at SS = 0.5% and NCN exhibited their maximum values:
1300 ± 800 cm−3 and 6600± 4000 cm−3. The observed diurnal cycles
at SNS are attributed to the joint effect of ABL vertical transport of par-
ticles fromGranada urban area to SNS andNPF during nucleation events
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in SNS. Clear differences were observed between non-event and NPF
event days. The contribution of NPF to NCCN at SNS was estimated to
be 175% at SS=0.5%, suggestingNPF is themajor CCN source at this site.

Different approaches were tested to estimate NCCN from ancillary
measurements at both sites. The high diversity in aerosol sources and
processes affecting both environments could not be captured in one
simple model. At UGR, characterized by high aerosol concentrations
with high contribution of absorbing and non-hygroscopic aerosols
such as BC, both models provided satisfactory results. In contrast, at
SNS, which is characterized by low aerosol concentrations with low
contribution of absorbing particles and large impact of NPF events, the
new scheme proposed here based on N80 and Dgeo provided better re-
sults, especially at high SS values. At low SS both models were unable
to satisfactorily simulate the observations, probably due to the fact
that the models are not able to reproduce the changes in aerosol prop-
erties during NPF events.

In summary,we demonstrated that CCNactivity is driven byprimary
sources, mostly anthropogenic emissions, at an urban site while NPF
events have a high impact on CCN concentration during summer time
at a highmountain site. Moreover, this study highlights the need to con-
sider these two mechanisms to develop a better CCN parameterization.
This study points out the need to develop experimental campaigns to
assess specific questions such as the role that the origin of NPF events
(biogenic or anthropogenic, local or regional) may play in CCN concen-
trations, as well as long-term studies aiming to characterize CCN activa-
tion properties throughout the year, especially at SNS. Furthermore,
additional measurements such as chemical composition and size-
resolved measurements of CCN will allow a better understanding of
the joined effects of ABL injections and NPF events and may help in
identifying limitations of the simple models used here.
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