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Abstract 

Aerosol particles in the submicron range and their physicochemical characteristics were 

investigated for the first time in Granada, southeastern Iberian Peninsula, during three intensive 

campaigns. The physical and chemical characteristics were analysed during two spring campaigns 

and one autumn campaign. New particle formation (NPF) events were found to be more frequent 

in spring than in autumn. The mean duration, growth rates and maximum diameters had ranges of 

5.3-13.2 hours, 2.4-4.0 nm h-1 and 35-47 nm, respectively. In addition, one shrinkage event 

occurred and had a duration of 2.2 hours and a shrinkage rate of -2.5 nm h-1. During a period of 

atmospheric stagnation conditions under the influence of mountain breezes, three consecutive NPF 

events occurred. The high frequency of the NPF events was attributed to higher temperature and 

radiation levels and lower relative humidity than during a previous day with similar stagnant 

conditions but no nucleation occurrence. According to correlation analysis, mineral components 

correlated with particle number in the Aitken mode, while metals and secondary inorganic aerosols 

correlated with particle number in the finer and larger fractions, respectively. Pollutants such as 

CO, NO2, NO and black carbon showed moderate and high correlations with particle number in 

the submicron fraction. To assess the impact of the particle number contribution according to 

sources, a new approach was introduced using black carbon concentrations, resulting in four major 

contributors: urban background, traffic, NPF and biomass burning. The proposed approach was 

validated by means of different models based on the aerosol spectral dependencies and chemical 

compositions that classify aerosol populations. Both the models and the proposed approach 

identified biomass burning and fossil fuel particles during the same periods, and the results showed 

good agreement. The proposed approach can guide future studies attempting to account for 

submicron particle contributions in other urban environments. 

 

Keywords: Submicron size distribution, Chemical composition, Source apportionment, New 

particle formation, Biomass burning, Traffic contribution.  
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1. Introduction 

The study of the effects of atmospheric aerosols on climate has attracted the attention of the 

scientific community, mainly as a result of the evidence revealed by the Intergovernmental Panel 

on Climate Change (IPCC, 2013). Atmospheric aerosols can affect the Earth’s radiative balance 

and global climate system directly by absorbing and scattering solar radiation or indirectly by 

changing the microphysical properties of clouds (e.g., Altaratz et al., 2014; Esteve et al., 2014). 

Thus, it is essential to measure the atmospheric aerosol properties for a better understanding of 

their effects on climate.  

Additionally, atmospheric aerosols have a considerable impact on human health (Lightly et al., 

2011), particularly particles in the finest size range (Oberdörster et al., 2005). Thus, these impacts 

have attracted scientific and policy-maker interest. For example, European legislation regulates 

the limit values of particulate matter with diameters below 10 and 2.5 microns (PM10 and PM2.5 

respectively) and gas pollutants by means of the European Directive 2008/50/EC 

(http://ec.europa.eu/environment/air/quality/legislation/existing_leg.htm). However, no 

regulations exist concerning the number concentration of ultrafine particles (UFPs, particles with 

diameters below 0.1 µm), although several studies have reported that UFP exposure is associated 

with morbidity and mortality (Pope et al., 2009), as well as respiratory and cardiovascular diseases 

(Pope and Dockery, 2006). Relative to PM10, UFPs can produce similar or greater increases in 

health risks because of their small size, large surface area and elevated number concentrations. 

UFPs dominate not only the particle number concentration but also the surface area, so they are 

likely to carry large concentrations of air pollutants, such as black carbon (BC), and reach 

cardiovascular target sites (Delfino et al., 2005). 

Granada is a non-industrialized medium-sized city surrounded by mountains. Levels of PM10 and 

NO2 eventually exceed the threshold limits governed by the European legislation. Furthermore, 

the levels are similar or even higher than those observed in large Spanish cities, such as Barcelona 

and Madrid. In Granada, levels of pollution are accentuated in the cold season (Patrón et al., 2017) 

due to the contribution of domestic heating (Lyamani et al., 2008) and emissions from the burning 

of agricultural waste in rural areas near the city (Titos et al., 2017). This situation has led 

authorities to establish measures to reduce pollution levels (Titos et al., 2015). 

A long-term monitoring program has been carried out in the urban area of Granada during recent 

decades to thoroughly study the atmospheric aerosol properties. The synergistic use of atmospheric 

aerosol measurements obtained in Granada from multiple platforms, sensors and instruments has 

allowed the characterization of the aerosols at surface level (Lyamani et al., 2008, 2010; Segura et 

al., 2014; Titos et al., 2012, 2014a, 2014b), in the vertical column-integrated atmosphere (e.g., 

http://ec.europa.eu/environment/air/quality/legislation/existing_leg.htm
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Pérez-Ramirez et al., 2013) and in the vertically resolved atmosphere via a lidar system (e.g., 

Alados-Arboledas et al., 2011; Bravo-Aranda et al, 2015; Córdoba-Jabonero et al., 2011).  

Nevertheless, details on the sub-micrometric range have not been examined until now in this site. 

New efforts to fill this data gap were carried out in Granada in recent years, and the primary 

objective of this work is to report the first aerosol measurements of particle number size 

distribution in the city of Granada. 

Many different sources and atmospheric processes contribute to UFP pollution. Specifically, in 

urban sites, exhaust and non-exhaust traffic-related emissions are important sources of primary 

particles and secondary particles (e.g., González and Rodriguez, 2013; Grigoratos and Martini, 

2015). Moreover, the topography of Granada favours the accumulation of particles in the cold 

season due to temperature inversions (Lyamani et al., 2008).  

New particle formation (NPF) or nucleation refers to the formation of new atmospheric particles 

detected at sizes greater than 3 nm, and their subsequent growth to approximately 100 nm in 1-2 

days (Boy and Kulmala, 2002). The mechanisms that influence NPF by nucleation of chemical 

species or meteorological variables are still uncertain, as reported in the literature (e.g., Kulmala 

et al., 2012). Other sources that contribute to the UFPs in Granada are fossil fuel (FF) emissions 

(primary and secondary particles) as a result of traffic activity and biomass burning (BB) (Titos et 

al., 2017).  

Previous studies have developed methodologies to apportion the different source contributions in 

urban sites (Ma and Birmili, 2015; Rodriguez and Cuevas, 2007). The introduction of new 

methodologies to separate contributions of sub-micron particles from different sources would be 

conducive to reducing emissions via action plans. 

In recent years, several approaches based on the spectral dependence of the absorption and 

scattering coefficients were developed in order to identify the sources of aerosols (e.g., Cazorla et 

al., 2013; Costabile et al., 2013). In particular, Sandradewi et al. (2008) developed an approach 

based on the spectral dependence of the absorption coefficients for the determination of 

carbonaceous matter contributions from BB and FF emissions. In this work, special emphasis is 

carried out to study the impact on the sub-micron particle size distribution for different aerosol 

sources. 

In this study, we analyse the sub-micron particle number measurements obtained in Granada 

during two spring campaigns and one autumn campaign in 2012-2013. The main goals of this 

study are (1) to report in detail the physical and chemical characteristics of sub-micron particle 

number concentrations, (2) to identify for the first time NPF and shrinkage events in Granada and 

analyse their frequency and physical properties, (3) to introduce a new method for estimating the 
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particle number contributions from urban background, traffic, NPF and BB sources and (4) to 

validate the method introduced in this article by applying different methods for identifying aerosol 

populations. 

 

2. Experimental setup 

2.1 Sampling site 

The city of Granada is located in southeastern Spain (37.16ºN, 3.61ºW, 680 m a.s.l.). Granada is 

a non-industrialized city with a population of approximately 240000 inhabitants (www.ine.es) 

located in a natural valley at the foot of the Sierra Nevada Mountains. Africa and the Mediterranean 

basin are approximately 200 km and 50 km, respectively, to the south. The main local aerosol 

sources are road traffic and domestic heating during wintertime (e.g., Titos et al., 2017). The main 

external aerosol source regions affecting the study area are Europe as a major source of 

anthropogenic pollution and North Africa as a principal source of natural dust (e.g., Lyamani et 

al., 2008). More information about the site is presented in previous studies (e.g., Lyamani et al., 

2008 and references therein). 

The IISTA-CEAMA (University of Granada, UGR) sampling station is located in the southern 

part of the city of Granada in a pedestrian street approximately 100 m from motor traffic. The main 

source of traffic emissions for this site is the principal highway of the city located approximately 

470 m to the west. Due to its location, this station is representative of urban background conditions. 

Air sampling for all the in situ instruments is obtained from the top of a stainless steel tube that is 

20 cm in diameter and 5 m in length located approximately 15 m above the ground (695 m a.s.l.) 

on the roof of the building (e.g., Lyamani et al., 2008). The UGR station has been in operation 

since 2005, and it is part of the ACTRIS network (http://actris2.nilu.no/).  

 

2.2. Aerosol sampling and experimental data 

Measurements reported in this study were collected at an urban background site in Granada in 

three experimental campaigns. The first spring campaign (SC-1) was performed in the period from 

12/04/2012 to 26/04/2012, the second spring campaign (SC-2) was performed from 22/04/2013 to 

09/05/2013, and the autumn campaign (AC) was performed from 16/10/2013 to 14/11/2013. The 

experimental data and the methods used in this study are described in detail below. 

 

2.2.1 Sub-micron particle number size distribution 

The sub-micron particle number size distribution was monitored with a Scanning Mobility Particle 

Sizer (SMPS) composed of an Electrostatic Classifier (TSI Mod. 3080) and a Condensation 

http://www.ine.es/
http://actris2.nilu.no/
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Particle Counter (TSI Mod. 3776) with 10-min temporal resolution. Data were obtained within the 

16.5-697.8 nm particle mobility diameter range using aerosol and sheath flow rates of 0.3 and 3.0 

l min-1, respectively. Data were compensated for losses by diffusion and multiple charges with the 

AIM software (version 9.0.0., TSI, Inc., St Paul MN, USA). Uncertainty in the measured 

concentration was assumed to be ± 10 % from 20 to 200 nm; above this size range, the uncertainty 

increased to 30 % (Wiedensohler et al., 2012). In this study, the measured particle number 

concentration was divided into three modes: nucleation mode, NNUC (16.5-30 nm), Aitken mode, 

NAIT (30-100 nm) and accumulation mode, NACC (100-697.8 nm). The total particle concentration, 

NTOT (16.5-697.8 nm), is the sum of the three modes. The ultrafine particle mode, UFP (16.5-100), 

refers to the sum of the nucleation and Aitken modes. 

 

2.2.2 Aerosol scattering and absorption properties 

Aerosol light scattering and backscattering coefficients, σsp and σbsp, respectively, were measured 

with an integrating nephelometer (TSI Mod. 3563) at three wavelengths: 450, 550 and 700 nm. 

The nephelometer drew the ambient air at a constant flow of 30 l min-1 with 5-min temporal 

resolution. Nephelometer data were corrected for truncation and non-Lambertian illumination 

errors using the method described by Anderson and Ogren (1998). The aerosol light absorption 

coefficient, σap, was measured at 1-min temporal resolution with a Multi-Angle Absorption 

Photometer (MAAP, Thermo Scientific Mod. 5012) at 637 nm (Müller et al., 2011). In addition, 

σap was measured with an AE31 aethalometer at 1-min temporal resolution (Magee Scientific, 

Aerosol d.o.o., Mod. AE31) at seven wavelengths – 370, 470, 520, 590, 660, 880 and 950 nm – in 

SC-2 and AC campaigns (Hansen and Novakov, 1984). For AE31 data compensation, we used a 

constant C0 value of 3.5 as recommended by ACTRIS (Titos et al., 2017; Zanatta et al., 2016). 

The aethalometer drew the ambient air at 4 l min-1. Neither absorption nor scattering measurements 

were performed with an aerosol size cut-off. BC concentrations were estimated at 637 nm (from 

MAAP data) and at 880 nm (from aethalometer data) using mass absorption cross sections of 6.6 

m2 g-1 for MAAP and 16.6 m2 g-1 for the aethalometer, as recommended by the manufacturer. 

Aerosol intensive properties, such as single scattering albedo, SSA, scattering Ångström exponent, 

SAE, and absorption Ångström exponent, AAE, were calculated from scattering and absorption 

coefficients as described by Sorribas et al. (2015). 

 

2.2.3 PM1 and PM10 samples and chemical characterization 

Two high-volume samplers with quartz fibre filters operating at flow rates of 30 m3 h-1 were used 

to collect PM10 (MCV, CAV-A/MSb) and PM1 (Digitel DHA-80) samples at the UGR station. 
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During SC-1, four 6-h PM10 samples and three 6-h PM1 samples were collected during a single 

24-h period (from 24/04/12 to 25/04/12). Due to technical problems, the PM1 filter from hours 9-

15 was not available. In SC-2, three simultaneous 24-h PM10 and PM1 samples were collected 

(26/04/13, 04/05/13 and 08/05/13). Finally, in AC, three 24-h PM10 samples (22/10/13, 30/10/13 

and 08/11/13) and two 24-h PM1 samples (30/10/13 and 08/11/13) were collected. The 24-h 

samples started at 07:00 UTC, while the 6-h samples started at 03:00 UTC. A complete chemical 

analysis was performed for all samples following the procedure of Querol et al. (2001) to 

determine major and trace elements. The organic carbon (OC) and elemental carbon (EC) mass 

concentrations were determined by means of a thermo-optical transmission method using a Sunset 

Laboratory OCEC Analyzer following the EUSAAR2 thermal protocol (Cavalli et al., 2010). An 

in-depth explanation of the procedure for chemical analysis determination and techniques is given 

by Querol et al. (2009). PM components were grouped as follows: minerals (sum of Ca, Fe, K, 

Mg, 𝐶𝑂3
=, SiO2, Al2O3); sea spray (Na, marine 𝑆𝑂4

= and Cl); EC; OM (OM = OC*1.6); secondary 

inorganic aerosols, SIA (𝑁𝐻4
+, 𝑁𝑂3

−and non-marine 𝑆𝑂4
=); and metals (sum of Li, P, Sc, Ti, V, Cr, 

Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Cd, Sn, Sb, Cs, Ba, La, Ce, Lu, Hf, Ta, W, Tl, Pb, Bi, 

Th). 

 

2.2.4 Gaseous pollutants and meteorological data 

Data on gaseous pollutants were obtained from the air quality network operated by the Andalusian 

Regional Government (Consejería de Medio Ambiente, Junta de Andalucía). These data were 

collected at the Palacio de Congresos air quality monitoring station, which is approximately 1 km 

from the IISTA-CEAMA research institute. The air sampling system was located approximately 

4 m above the ground (684 m a.s.l.) and the instrumentation was located inside an enclosure close 

to a road with motor traffic (approximately 80 m from the station). Concentrations of CO, NO2, 

NO, SO2, O3 and PM10 were measured with 10-min resolution. 

Meteorological data were obtained at reference station UGR. Wind speed, ws, and wind direction, 

wd, were measured by a wind monitor (R.M. Young Company, Mod. 05, 103). Temperature, T, 

was measured with a temperature sensor (ITC, Mod. MTHA1), and relative humidity, RH, was 

measured with a Vaisala sensor. As ancillary information, global solar radiation in the range 340 

to 2200 nm was measured with a pyranometer (Kipp & Zonen, Mod. CM-11). 

 

2.2.5 Planetary boundary layer height determination 
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Planetary Boundary Layer height (PBLH) was determined using temperature profiles measured at 

UGR with a Microwave Radiometer (MWR, RPG-HATPRO, Radiometer Physics GmbH) 

(Navas-Guzmán et al., 2014, Moreira et al., 2018a). The parcel method (Bravo-Aranda et al., 2017; 

Collaud-Coen et al., 2014; Holzworth, 1964) was used to obtain the PBLH in convective situations 

(during the day), and the temperature gradient method (Collaud-Coen et al., 2014; Stull, 1988) was 

employed to obtain the PBLH in stable conditions (during the night) (Moreira et al., 2018a).  

 

3. Methodology for data analysis 

 

3.1. Identification and properties for NPF events 

 

NPF events were classified into two groups: Class I, which consists of NPF events that are clear 

and strong with the typical ‘banana shape’ and whose subsequent formation and growth rates can 

be easily determined; and Class II, which consists of the rest of the NPF events, i.e., the ones with 

formation and growth rates that are difficult to evaluate (Dal Maso et al., 2005; Kulmala et al., 

2004; Sorribas et al., 2015). Thus, the following procedure was used to classify the NPF events. 

In the first step, 24-h colour maps were plotted to visualize the particle number evolution to 

identify possible NPF events. Then, we plotted the temporal evolution of the particle size 

distributions in the nucleation and Aitken size fractions (NNUC and NAIT, respectively). 

Additionally, all 10-min particle number size distributions were fitted with a bimodal log-normal 

function by means of the log-normal distribution function method (Hirsikko et al., 2012) to obtain 

the geometric mean diameter, Dg. Therefore, NPF events were identified when NNUC increased 

more than 1000 cm-3 during at least 1 hour together with an increase in diameter to ensure that the 

NPF is strong and clear (Sorribas et al., 2015). In this study, we focused on regional nucleation 

events that show the typical ‘banana shape’ over several hours (Class I).  

The growth rate, GR, the formation rate, J, and the condensation sink, CS, were computed. The 

GR is defined as the diameter rate of change due to particle population growth (in nm h-1). It was 

computed using the geometrical mean diameter of the nucleation mode (Eq. 1). 

𝐺𝑅 = ∆𝐷𝑔/∆𝑡 = (𝐷𝑔2 − 𝐷𝑔1)/(𝑡2 − 𝑡1)           (Eq. 1) 

where Dg1 and Dg2 are the geometric mean diameters at times t1 and t2, respectively. The GR was 

calculated for particle growth within the nucleation size range (GR16.5-30). 

The formation rate is defined as the newly formed particle production rate during a given time 

(e.g., Dal Maso et al., 2005) with units of cm-3 s-1. The formation rate was computed for particles 

in the size bin 16.5-30 nm (J16) following Dal Maso et al. (2005) using Eq. 2. 



 

9 
 

𝐽16 = 𝑑𝑁𝑁𝑈𝐶/𝑑𝑡 + 𝐹𝑐𝑜𝑎𝑔 + 𝐹𝑔𝑟𝑜𝑤𝑡ℎ = 𝑑𝑁𝑁𝑈𝐶/𝑑𝑡 + 𝐶𝑜𝑎𝑔𝑆𝑁𝑈𝐶 ∙ 𝑁𝑁𝑈𝐶         (Eq. 2) 

where NNUC is the particle concentration in the nucleation size fraction (16.5-30 nm); Fcoag is the 

loss of particles due to coagulation; and Fgrowth is the flux of particles out of the size range. 

Therefore, as particles rarely grow over 30 nm before a formation event ends, the Fgrowth can be 

neglected in Eq. 2 (Dal Maso et al., 2005). The variable CoagSNUC is the coagulation sink of 

particles in the nucleation size fraction. This variable can be determined using the particle number 

size distribution and the coagulation coefficient (Dal Maso et al., 2005; Kulmala et al., 2012; 

Sorribas et al., 2015). 

The CS term, which is proportional to the surface area density of an aerosol particle, denotes the 

ability of the particle size distribution to remove condensable vapour from the atmosphere. The 

CS values, with units of s-1, are obtained by integrating the measured particle number size 

distribution according to the method described in Kulmala et al. (2005) and Dal Maso et al. (2005) 

in Eq. 3. 

𝐶𝑆 = 2𝜋𝐷 ∫ 𝐷𝑝𝛽𝑚(𝐷𝑝)𝑛(𝐷𝑝)𝑑𝐷𝑝
∞

0
= 2𝜋𝐷 ∑ 𝛽𝑚(𝐷𝑝,𝑖)𝑖 𝐷𝑝,𝑖𝑁𝑖        (Eq. 3) 

where D is the diffusion coefficient of the condensing vapour (we used 0.104 cm2 s-1 for the 

condensable species H2SO4 (Kanawade et al., 2011)). The variable βm is the transitional correction 

factor for mass transfer considering a gas vapour molecule mean free path of 123 nm (Erupe et al., 

2010); Dp,i is the particle diameter in size section i; and Ni is the particle number concentration in 

the respective section. For this study, the CS was calculated for two periods: (1) from midnight 

until the hour before the event, CSb, and (2) only during growth, CSg. 

 

3.2 Aethalometer model 

Sandradewi et al. (2008) reported that the spectral aerosol absorption depends on the aerosol type. 

Hence, the particle absorption is wavelength dependent and composition dependent; these facts 

have led to the development of the ‘Aethalometer model’. This model allows the separation of 

carbonaceous matter from wood and traffic emissions (e.g., Ealo et al. 2016; Harrison et al. 2012) 

by means of the absorption coefficients (𝜎𝑎𝑝) and absorption Ångström exponent (AAE). The 

equations used for this purpose are as follows: 

𝜎𝑎𝑝(370 𝑛𝑚)𝑓𝑓/𝜎𝑎𝑝(950 𝑛𝑚)𝑓𝑓 = (370/950)−𝐴𝐴𝐸𝑓𝑓         (Eq. 4) 

𝜎𝑎𝑝(370 𝑛𝑚)𝑏𝑏/𝜎𝑎𝑝(950 𝑛𝑚)𝑏𝑏 = (370/950)−𝐴𝐴𝐸𝑏𝑏         (Eq. 5) 

𝜎𝑎𝑝(370 𝑛𝑚) = 𝜎𝑎𝑝(370 𝑛𝑚)𝑓𝑓 + 𝜎𝑎𝑝(370 𝑛𝑚)𝑏𝑏        (Eq. 6) 

𝜎𝑎𝑝(950 𝑛𝑚) = 𝜎𝑎𝑝(950 𝑛𝑚)𝑓𝑓 + 𝜎𝑎𝑝(950 𝑛𝑚)𝑏𝑏        (Eq. 7) 
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The absorption values for FF, i.e., 𝜎𝑎𝑝(370 𝑛𝑚)𝑓𝑓 and 𝜎𝑎𝑝(950 𝑛𝑚)𝑓𝑓, and BB, i.e., 

𝜎𝑎𝑝(370 𝑛𝑚)𝑏𝑏 and 𝜎𝑎𝑝(950 𝑛𝑚)𝑏𝑏, were computed following Eqs. 4-7. Titos et al. (2017) 

applied this approach and concluded that the most suitable AAE values for FF, AAEff, and BB, 

AAEbb, were 1.1 and 2, respectively. Therefore, we obtained the carbonaceous material, CM, for 

FF (CMff) and BB (CMbb) with Eqs. 8-9.  

𝐶𝑀𝑓𝑓 = 𝜎𝑎𝑝(950 𝑛𝑚)𝑓𝑓/𝑏(950 𝑛𝑚)           (Eq. 8) 

𝐶𝑀𝑏𝑏 = 𝜎𝑎𝑝(370 𝑛𝑚)𝑏𝑏/𝑏(370 𝑛𝑚)           (Eq. 9) 

where b is the mass absorption cross section. More details of the model are described in 

Sandradewi et al. (2008) and Titos et al. (2017).  

 

3.3. New method to quantify particle number concentration from different sources 

 

Previous studies found high correlations between particle number concentration and BC mass 

concentration in urban environments (e.g., Rodriguez et al., 2007; Rodriguez and Cuevas, 2007). 

Based on this relationship, we compared the BC mass concentration and the particle number 

concentration (N) for the three campaigns. Both BC and N showed a traffic-related pattern 

characterized by two simultaneous peaks, one in the morning and the other in the evening (e.g., 

Lyamani et al., 2011; Patrón et al., 2017). Therefore, the daily particle number values associated 

with that behaviour were mainly attributed to traffic. However, there were discrepancies between 

the pattern of BC and N. Specifically, although both BC and N showed two peaks, N also featured 

central peaks or elevated particle concentrations from midday to late at night. Hence, by analysing 

the differences between the daily patterns of BC and N, we can observe different possible 

contributions. After analysing the NPF events (Sect. 3.1) and the BB carbonaceous material (Sect. 

3.2), the elevated particle number values at midday were attributed to two major contributions: 

NPF and BB. BB contributions were only present during the second half of the autumn campaign 

(AC-2) and were evident at midday. Thus, we assumed that the particle number concentration at 

midday corresponded to BB sources during AC-2 and to NPF during SC-1, SC-2 and AC-1 (first 

half of the autumn campaign). There was one day in AC-2 with both NPF and BB contributions 

(11/11/13), but this day was excluded because it is not possible to distinguish between these 

contributions with this method. 

After comparing the particle number concentration with BC, CMff and CMbb calculated in Sect. 

3.2, the variations in particle number size distributions at the UGR station could result from three 

possible source contributions: (1) ‘traffic’ (Tr); (2) NPF and (3) BB. The rest of the particle 

contributions were regarded as ‘urban background’ (UB), which consists of the contributions 
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associated with short-range transport, representing the particles remaining from the diurnal 

variability during the previous day(s), and the contributions associated with long-range transport 

of particles from different origins. The proposed method provides an approach to compute the 

different particle contributions for the total, nucleation, Aitken and accumulation modes found in 

Granada on a daily basis. 

 

The methodology applied to obtain the source contributions has been carried out by means of 

different assumptions. It was assumed that each modal particle number concentration, indicated 

by ‘i’ (i.e., total, nucleation, Aitken or accumulation), was the sum of the contribution of UB, Tr 

and NPF or BB (Eq. 10).  

𝑁𝑖 = 𝑁𝑈𝐵,𝑖 + 𝑁𝑇𝑟,𝑖 + 𝑁𝑁𝑃𝐹 𝑜𝑟 𝐵𝐵,𝑖         (Eq. 10) 

To obtain the relationship between N and BC due to traffic contributions for each day, the 

following steps were performed: 

 

(Step 1) After comparing the daily patterns of BC and particle number, it was observed that from 

23:00-02:00 UTC, both remained nearly constant during the day; thus, it was assumed that 

negligible contributions were made by the various sources (Tr, NPF and BB) during that period. 

Therefore, NUB,i and BCUB were averaged for each day during those hours, obtaining one value for 

each day (this value was quite approximate since daily changes were nearly constant). 

 

(Step 2) From 05:00 to 06:00 UTC, BC and Ni concentrations were higher due to traffic activity. 

In addition, during this period, it was clear that the particle contribution was only due to Tr and 

UB contributions. Thus, the particle concentration at that time was averaged for each day and 

mode:  𝑁𝑇𝑟+𝑈𝐵,𝑖
5−6 (≡  𝑁𝑇𝑟+𝑈𝐵,𝑖) and 𝐵𝐶𝑇𝑟+𝑈𝐵

5−6 (≡  𝐵𝐶𝑇𝑟+𝑈𝐵). 

 

(Step 3) Finally, to obtain the relationship between NTr,i and BCTr, the contributions only due to Tr 

were computed from the differences, i.e., (NTr+UB,i - NUB,i) and (BCTr+UB - BCUB), obtaining one 

value per day. Then, for each campaign, the mean daily values of NTr,i and BCTr followed a linear 

relationship (Eq. 11) with R2 values within the interval [0.80, 0.97]. 

𝑁𝑇𝑟,𝑖 = 𝑁𝑇𝑟+𝑈𝐵,𝑖 − 𝑁𝑈𝐵,𝑖  = 𝑚𝑖 𝐵𝐶𝑇𝑟 = 𝑚𝑖  (𝐵𝐶𝑇𝑟+𝑈𝐵 − 𝐵𝐶𝑈𝐵)        (Eq. 11)    
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The BCUB and NUB,i values obtained for each day were assumed to be equal during every hour of 

the day due to the low variability. Then, the hourly BCTr due to traffic was computed by subtracting 

the hourly BCUB from the hourly experimental BC since BC is only due to Tr and UB.  

Once the slope, mi, was obtained (one value per campaign and mode; hence, 16 values in total), 

the BC mass concentration and particle number concentration from the Tr contribution can be 

computed for each hour by applying Eq. 12, using the hourly BCTr as a tracer element. The 

intercept was assumed to be zero since it was negligible in comparison with the concentrations 

obtained. This particle contribution is called the theoretical contribution of the Tr source, 𝑁𝑇𝑟,𝑖
𝑡ℎ𝑒 .  

𝑁𝑇𝑟,𝑖
𝑡ℎ𝑒 = 𝑚𝑖 ∙ 𝐵𝐶𝑇𝑟           (Eq. 12) 

Finally, the theoretical contribution to each modal particle concentration from Tr plus UB 

sources, 𝑁𝑖
𝑡ℎ𝑒 , was computed for each hour with Eq. 13. 

𝑁𝑖
𝑡ℎ𝑒 = 𝑁𝑇𝑟,𝑖

𝑡ℎ𝑒 + 𝑁𝑈𝐵,𝑖           (Eq. 13) 

Both particle number contributions due to NPF and BB (NNPF,i and NBB,i, respectively) were 

computed as the difference between the experimental particle number concentration, 𝑁𝑖
𝑒𝑥𝑝

, 

directly obtained by the SMPS data, and the theoretical values, as shown in Eq. 14. 

𝑁𝑁𝑃𝐹 𝑜𝑟 𝐵𝐵,𝑖 = 𝑁𝑖
𝑒𝑥𝑝 − 𝑁𝑖

𝑡ℎ𝑒           (Eq. 14) 

To assess the validity of these assumptions, the relative differences between the experimental 

concentration, 𝑁𝑖
𝑒𝑥𝑝

, and estimated concentration, 𝑁𝑖 (Eq. 10) considering the four particle source 

contributions were calculated for each campaign and mode using the equation [(𝑁𝑖
𝑒𝑥𝑝 − 𝑁𝑖) ∙

100/ 𝑁𝑖
𝑒𝑥𝑝]. The relative differences showed that the particle number concentration computed by 

means of this approach for each campaign overestimates the mean values of the experimental data 

by approximately 10-19 % for all modes. 

 

4. Results and discussion 

4.1. Overview of the campaigns 

4.1.1 Physical and chemical characteristics 

Fig. 1 shows box-whisker plots of the hourly average values of the different aerosol properties 

obtained at the UGR station during the three experimental campaigns. The statistical values of the 

physical properties are summarized in Table S1.  

The particle number concentrations measured in Granada showed large seasonal and inter-annual 

variability (Fig. 1a). The median ratios of the particle number concentrations for AC to SC-1, AC 

to SC-2 and SC-1 to SC-2 have been calculated for NNUC (1.3, 1.8, 1.4), NAIT (1.7, 1.9, 1.1) and 

NACC (2.4, 1.6, 0.7), respectively. Particle number concentrations in all modes were greater during 
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AC than during both spring campaigns, especially in the accumulation mode (Fig. 1a). In addition, 

the median values of the NNUC and NAIT concentrations were higher during SC-1 than during SC-

2; however, the NACC median concentration was greater during SC-2 than during SC-1 and 

presented higher variability (Fig. 1a). The differences between particle number concentrations 

obtained during the three campaigns could be associated with the differences in air mass transport, 

meteorological and synoptic conditions and local anthropogenic emissions. 

To compare the levels of particle number concentration at the UGR station with those in other 

cities, the UFP and NTOT concentrations were computed. The UFP and NTOT concentrations in 

Granada were similar to those in Madrid, Vienna and Budapest; lower than those in Pittsburgh, 

Helsinki, Athens, Amsterdam, Birmingham and Milan; and higher than those in Prague and Rome 

(Table 1).  

The σsp (550 nm) and SAE (450-700 nm) values obtained in SC-2 were higher than those obtained 

in SC-1, indicating increased fine particle contributions to the scattering processes in SC-2 (Fig. 

1a). The aerosol light absorption coefficient, σap, had similar median values in both spring 

campaigns, while these values were doubled in the AC campaign, indicating higher concentrations 

of absorbing particles in AC than in the spring campaigns (Fig. 1a). The AAE values were 

approximately 1 in SC-2, which is expected for BC particles, since UGR is an urban background 

station. In addition, in AC, the AAE values were greater than 1 and exhibited higher variability due 

to a significant contribution of organic compounds or dust (e.g., Park et al., 2018; Valenzuela et 

al., 2015). The information on the temporal evolution of all the physical properties discussed above 

is reported in Fig. S1 in the Supplementary Material. 

Figure 1b shows the chemical composition of the fine fraction, PM1, for each campaign. The PM1 

contributors from highest to lower were as follows: OM, 53-59 %; SIA, 17-30 %; EC, 11-16 %; 

minerals, 2-10 %; and sea spray, 1-6 %. These results were similar to those reported for the same 

site by Titos et al. (2012; 2014a). Due to the low mass concentration of metals compared with 

other compounds in the atmosphere, the percentage is negligible. However, metals are a source of 

information because they exhibit significant correlations with certain size fractions (discussed in 

Sect. 4.1.2).  

The concentrations of major chemical compounds were higher in AC than in both SC-1 and SC-

2. The compositions of the fine fraction were as follows: 1) the mineral and sea spray fractions 

were the highest in SC-1; 2) the OM and EC fractions were the highest in AC; and 3) the SIA 

fraction was the highest in SC-2. Notably, in the SIA group, 𝑁𝑂3
− was predominant in the fine 

fraction. In addition, the 𝑁𝐻4
+ contribution was also observed in the fine fraction due to its rapid 

reaction with atmospherically formed sulfuric and nitric acids that contribute to the fine particles 
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(Behera and Sharma, 2010). The information on the chemical contributions for each campaign and 

mode (coarse, PM10-1, fine, PM1 and PM10) and during a 1-day intensive monitoring period (6-h 

filters starting on 24/04/2012 at 03:00 UTC) is reported in Fig. S2 in the Supplementary Material. 

 

4.1.2 Size-resolved particles vs. chemical composition and air quality parameters 

 

The particle number concentrations in different size fractions (N16.5-20, N20-30, N30-50, N50-100, N100-

200, N200-300, N300-400, and N400-697.8.) were correlated with (1) the chemical composition of the PM1 

filters and (2) the air quality parameters. Table 2 shows the Pearson’s correlation coefficients, r, 

between the particle number concentrations in different size fractions and the chemical compounds 

(mineral, sea spray, OM, EC, SIA and metals) on the left and the air quality parameters (CO, NO2, 

NO, SO2, O3, PM10 and BC) on the right. Particle number concentrations were averaged for the 

same timeframes of (1) 24 and 6 hours and (2) 1-h resolution for all the campaigns since there 

were no significant differences in the correlation coefficients among the individual campaigns.  

 

Chemical composition 

 

Particle number concentration was measured in the interval 16.5-697.8 nm, whereas PM1 includes 

particles with diameters less than 1 µm. Thus, particles in the range 0.6978-1 µm are not counted 

in the particle number concentration. However, the count can be considered representative since 

the number of particles within the range 0.6978-1 µm is low in comparison with the number 

concentration of particles with smaller diameters. Minerals and metals did not show significant 

correlations as groups (Table 2, left). However, some of the compounds or elements within these 

chemical groups correlated significantly at the 0.05 confidence level with certain size fractions 

(see Table S2 in the Supplementary Material). For this reason, correlations with particle number 

size-resolved distributions will be discussed as either groups of chemical compounds or individual 

elements. 

Certain individual elements of the mineral group presented significant correlations with the 

number concentration in N16.5-20 (Fe), N30-50 (CO3
2-), N50-100 (K) and N100-300 (Ca). The mineral 

compounds in the fine fraction are likely to originate in mineral dust via local transport in Granada 

(Titos et al., 2014a). Moreover, mineral components (except Fe) normally correlate with particle 

numbers in the Aitken or accumulation modes. This pattern is consistent with the fact that particles 

in the upper range of the fine fraction are related to re-suspension processes. 
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The metal group in the fine fraction was also related to road dust sources (Titos et al., 2014a). 

Within this group, the elements normally correlated with the nucleation size fraction (N16.5-20), 

such as Fe, V, Mn, Sr, Sb, La and Ce, might originate from brake or vehicle wear (e.g., Adachi 

and Tainosho, 2004; Alves et al., 2015; Apeagyei et al., 2011; Harrison et al., 2003, 2012; Keuken 

et al., 2010; Mbengue et al., 2014; Sternbeck et al., 2002; Wahling et al., 2006). These elements 

are therefore traffic-influenced aerosols, and their particle number size distribution is 

predominantly in the low range of the fine fraction (Morawska et al., 1999). However, other 

elements, similar to those discussed above, are correlated with particle number in N16.5-30 (Cr and 

Hf), N20-50 (Cu), N30-100 (Zn and Rb), N100-400 (As), N>50 (Pb and Nb), N>100 (Zr) and N>400 (Sn and 

Y). All of these elements mainly originate from the wearing of vehicle brakes via abrasion rather 

than from combustion. 

The OM correlated significantly with the particle number in the Aitken and accumulation modes, 

and the EC correlated with all modes. The possible explanation is the following. OM is normally 

related to BB emissions, and EC is normally related to FF emissions. In addition, the EC presents 

similar correlations with BC since both are traffic-related particles (Table 2). In Sect. 4.2.2, the 

contribution of different sources to the different particle number modes in the fine fraction is given. 

The results show that BB (proportional to OM) presents higher particle number concentrations in 

the Aitken and accumulation modes, while Tr (proportional to EC) is a major contributor in all 

modes (Fig. 3). 

The SIA group is composed mainly of sulfate, ammonia and nitrate. Sulfate and ammonia 

correlated significantly (positively and negatively, respectively) with N30-50. Nitrate correlated with 

the Aitken and accumulation modes (N>50). Therefore, SIA compounds correlated with the upper 

range of the fine fraction and may be related to particles originating from regional re-circulation 

(Titos et al., 2014a). 

 

  Air quality variables 

The correlation among particle number size distributions and mass concentrations of different 

pollutants offers some insight into the origins of the particles in the different size ranges. Table 2 

(right) summarizes the Pearson’s correlation coefficients among particle number concentrations 

and gaseous pollutants for all the campaigns. The CO, NO2, NO and BC exhibited similar 

behaviours, i.e., high and moderate correlations with particle numbers in all modes. In particular, 

NO2 and CO showed stronger correlations for N20-200 and N>400; NO showed a stronger correlation 

for 30-100 nm than for the smallest particles; and BC showed the highest correlation for N30-100 

(Aitken mode). These pollutants are related to traffic exhaust; thus, the results confirmed the strong 
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relationship between pollutant emissions and fine particles (from nucleation mode and subsequent 

modes), which results in adverse effects on human health. This result corroborates previous finding 

showing that elevated concentrations of local NOx and CO where associated with the local 

vehicular traffic peak hours (Rahman et al., 2017). 

The SO2 emissions present moderate correlations with particle number for N>50 (Table 2-right). 

This secondary pollutant can be oxidized to sulfuric acid, which can condense on particles and 

increase their size from a few nanometres to larger diameters within the accumulation mode. 

Moderate negative correlations were found between N16.5-100 and O3. This result suggests an 

inverse relationship between particle number concentration and ozone, possibly indicating that the 

two have opposite diurnal cycles. Finally, PM10 presents higher correlations with particle number 

in the upper range of sub-micron particles. 

 

4.2 Diurnal patterns 

 

4.2.1 Characterization of NPF events 

 

During SC-1, SC-2 and AC, the number of NPF events (frequency) were 3 (21.4 %), 6 (35.3 %) 

and 2 (6.9 %), respectively (Table 3). The higher frequency in spring than in autumn is a common 

feature in many European cities (Manninen et al., 2010). The higher frequency of NPF during the 

spring campaigns in Granada might be explained by the higher amount of biogenic precursor gases 

and higher photochemical activity in spring than in autumn. 

Elevated pre-existing particles can decrease aerosol nucleation by scavenging newly nucleated 

particles and condensable vapour (Sorribas et al., 2015). Thus, higher CS results in lower formation 

rates, J16. Because of the higher concentration of particles during autumn than during spring (Fig. 

1), J16 reached its lowest value during AC, when the CS before the event, CSb, was higher. 

Therefore, the reason for the less frequent NPF events in autumn is likely because CS values are 

higher in autumn than in spring. 

The GR16.5-30 values obtained were in the range 1.75-7.45 nm h-1, with similar values in both spring 

campaigns and lower values in autumn (due to the higher CSg values in AC, Table 3). Therefore, 

the lower CSg values and the higher concentration of precursor gases during the spring (due to 

biogenic emissions) may enhance particle growth and explain the higher GR16.5-30 values observed 

in the spring campaigns.  

During SC-1, there was one ‘shrinkage event’ that lasted 2:10 h. The minimum Dg reached was 19 

nm. The shrinkage rate, which is calculated similarly to GR16.5-30 (negative value), was -2.5 nm h-
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1. This value was similar to that reported by Salma et al. (2016) for an urban site in Budapest (with 

values ranging from -4.8 to -2.3 nm h-1). Until now, the causes of shrinkage processes are 

unknown. Some explanations are based on changes in meteorological conditions or atmospheric 

vertical mixing, which lead to evaporation of previously condensed volatile and semi-volatile 

species from the particulate phase to the gas phase (Skrabalova et al., 2015; Yao et al., 2010).  

During atmospheric stagnation episodes, the accumulation of gas precursors might enhance the 

nucleation processes. A period with high pressure over the Iberian Peninsula and low pressure over 

the Atlantic Ocean led to atmospheric stagnation conditions over the Iberian Peninsula. By 

analysing the synoptic maps (not shown) corresponding to the three campaigns, a four-day 

stagnation period occurred from 6 to 9 May 2013 (in SC-2). Furthermore, one NPF event occurred 

each day from 7 to 9 May (Fig. 2). Some general features for all of the days were (1) a higher 

particle number concentration during the traffic rush hours (approximately 08:00 and 19:00 UTC) 

(Fig. 2a) and (2) mountain-valley breezes, i.e., wind coming from the east (mountains) at night 

and from the west (valley) during the day (Fig. 2c). The mountain breezes might have brought 

biogenic precursor gases from the mountains during the night, resulting in a subsequent increase 

in particle number when the sun rose. Similarly, Rahman et al., (2017) found that the wd pattern 

indicated the transport of precursors from different sources. 

During the last three days, the particle number concentration and Dg increased at approximately 

midday (Fig. 2a), indicating the growth of freshly nucleated particles. In addition, the maximum 

and minimum T were ~ 4 ºC higher (between 14 to 25 %) than that of the first day. Additionally, 

the maximum RH values at night during NPF events were, on average, 14 % lower than on the day 

without an event (Fig. 2b). 

Figure 2d shows the experimental global irradiance (black lines) together with the empirical total 

solar irradiance calculated for cloud-free conditions (red line). Following the procedure described 

in Piedehierro et al. (2014), the uncertainty lines of the modelled radiation were plotted in order to 

recognize the radiation ‘enhancement’ events that occur when the experimental radiation surpasses 

the upper uncertainty (upper red-dashed line) of the modelled radiation due to the presence of 

broken cloud fields close to the sun favouring reflections of solar radiation on the sides of the 

broken clouds. On the non-event day, the enhancement is slight, while on the following three days, 

the enhancement events are strong. Thus, strong global solar irradiance enhancements might have 

increased the photochemical activity that led to the NPF during the last three days. However, this 

phenomenon should be studied in more detail in future studies. 

 

4.2.2 Particle source contribution 
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The results obtained for each type of contribution after applying the methodology described in 

Sect. 3.3, are presented below. 

- UB contribution 

The total number particle concentration for UB, NUB,TOT, during the autumn campaign (AC-1 and 

AC-2) was on average (± SD) 7800 ± 3000 cm-3, while in both spring campaigns (SC-1 and SC-

2), it was 5000 ± 2300 cm-3, i.e., 36 % lower. Previous studies carried out in Granada showed that 

during the cold season, there was an increase in anthropogenic emissions in combination with 

lower mixing layer heights (Granados-Muñoz et al., 2012). Given that the particle number in the 

Aitken mode was predominantly associated with the UB source, NUB,AIT was examined in detail. 

Large differences in NUB,AIT existed between spring (SC-1: 2600 ± 1700 cm-3; SC-2: 2300 ± 1000 

cm-3) and autumn (AC-1: 3400 ± 1400 cm-3; AC-2: 4400 ± 2100 cm-3). However, BCUB was the 

same in both spring campaigns (~700 ng m-3) but higher in autumn (~ 1500 and 1800 ng m-3 in 

AC-1 and AC-2, respectively). Thus, differences between seasons might be explained by the lower 

emissions and higher PBLH during spring (leading to greater mixing) than during autumn 

(Granados-Muñoz et al., 2012; Moreira et al., 2018a, 2018b), when the PBLH is 56 % lower. In 

particular, the higher concentration of particles during AC-2 might be related to the BB 

contribution along with a shallower PBLH (Fig. 3a), which reduced the vertical mixing and thus 

favoured the accumulation of particles in the surface layer. 

 

- Tr contribution 

The diurnal pattern of traffic contribution shows two peaks (see Fig. 3 e-p red bars) that coincide 

with traffic rush hours. The peak in the evening (19:00 UTC) is lower than that in the morning 

(08:00 UTC), as seen in previous studies for BC (e.g., Lyamani et al., 2011). In general, the particle 

number concentrations due to traffic were more than 50 % higher in autumn than in spring and 

reached the highest values in AC-2. According to the contributions of different Tr sources to the 

different particle modes, the nucleation mode is likely to contain particles from primary emissions 

from traffic exhaust sources and/or non-exhaust sources, such as brake wear (see Sect. 4.1.2.). The 

results are in agreement with those obtained by Rahman et al. (2017) and Hama et al. (2017) who 

found that the total particle number was dominated by the nucleation and Aitken modes. Traffic 

particles in the Aitken and accumulation modes probably come from the same source as the traffic 

exhaust-related gases, such as CO, NO2, NO and BC (see Sect. 4.1.2.). 

 

- NPF contribution 
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During the spring campaigns, when NPF events occurred, the number size distribution for the NPF 

contribution in the nucleation mode, NNPF,NUC, presented on average 1300 ± 1200 cm-3. For AC-1, 

the particle number was 25 % less than that of the spring campaigns. Normally, the NPF events 

started at approximately 12:00 UTC and finished at 21:00 UTC (Fig. 3 i, and k) because of the 

higher photochemical activity during the most intense hours of sun. The higher particle number 

during the middle of the day which is associated with NPF events is consistent with previous 

studies in urban environments (e.g., Kulmala and Kerminen, 2008; Rahman et al., 2017). However, 

the NPF started at 11:00 UTC in SC-2 (Fig. 3 j), possibly due to earlier atmospheric mixing after 

sunrise during SC-2 than during the other campaigns, and was associated with PBLH behaviour 

(Fig. 3 b). Note that the PBLH percentiles peaked at 12:00 UTC in SC-2, while during SC-1 and 

AC-1, they peaked at 15:00 and 14:00 UTC, respectively (see Fig. 3 a-c); thus, the PBLH might 

influence the start of NPF events. 

 

- BB contribution 

BB events occurred during the entire SC-2 period. The highest particle number concentration was 

in the Aitken mode, followed by the accumulation and nucleation modes (Fig. 3, l, p, t). Hu et al. 

(2014) found that BB can produce higher levels of UFPs compared to Tr emissions although 

Rahman et al. (2017) did not find such activity. In AC-2, the differences between the peaks in the 

morning and evening were less than 10 %, probably due to the occurrence of BB and the smaller 

increase in the PBLH during autumn. 

 

4.3. Application of different approaches for aerosol typing 

 

This section links the aerosol optical properties, the chemical composition and the estimated 

particle number concentrations computed with the approach proposed in Sect. 3.3.  

Costabile et al. (2013) and Cazorla et al. (2013), (henceforth COS and CAZ, respectively), 

proposed different approaches to classify aerosol populations based on their spectral optical 

properties: absorption and scattering. Both approaches take into account the strong relationships 

between SAE and particle size and between AAE and chemical composition. In addition, SSA is a 

function of the scattering and absorption coefficients; thus, variations in the aerosol type might 

result in different SSA values for urban pollutants or BB particles (Bergstrom et al., 2007). 

 COS devised a paradigm based on scattering and absorption Ångström exponents, SAE (467-660), 

AAE (467-660), and SSA variations (dSSA=SSA660-SSA467). This scheme allowed the classification 

of aerosol populations by their predominant mode in a ‘region’. CAZ proposed a classification 
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scheme called the ‘Ångström matrix’ based on AAE (440-675) and SAE (440-675) for classifying 

the absorbing aerosol species and their mixtures. Both methods have been applied to confirm the 

presence of particles with BB and FF origins obtained by means of the approach described in Sect. 

3.2 during AC (for FF) and AC-2 (for BB). The pair of wavelengths used in this study are 450-

660 nm for AAE, SAE and dSSA since these wavelengths are close to those used in both approaches. 

Figure 4 links three types of information: 1) the classification scheme presented in COS, i.e., values 

of dSSA(660-450)·AAE(450-660) and SAE(450-660) are placed on the X and Y axes, respectively, 

and SSA(530) is indicated with shaded areas in both panels; 2) the carbonaceous material 

apportionment of CMff and CMbb (upper and lower panels, respectively) indicated in the colour 

scale and computed in Sect. 3.2; and 3) the estimated particle number concentrations NNUC,Tr and 

NACC,BB (upper and lower panels, respectively) computed in Sect. 3.3, indicated by dot size. The 

NNUC,Tr and NACC,BB concentrations are used since changes in dot size are more noticeable in those 

modes for Tr (CMff) and BB (CMbb), respectively, during AC (see Fig. 3).  

The inverse relationship between SAE (450-660) and dSSA (660-450)·AAE (450-660) is due to the 

common dependence of SAE and AAE with dSSA on particle size and composition, respectively. 

Thus, a negative slope exists regardless of the particle’s composition since scattering decreases 

faster than absorption with decreasing particle diameter.  

In COS, the biomass burning smoke mode (BBM in COS or BB in the present work) was in the 

region -0.15 < dSSA660-450·AAE450-660 < 0.1, SAE450-660 > 1.5 with SSA > 0.8, while the soot mode 

(STM in COS or FF in the present work) was in the region -0.2 < dSSA660-450·AAE450-660 < 0.2, 0 < 

SAE450-660 < 3 with SSA < 0.8. The dark-red dots in Fig. 4a correspond to FF, while those in Fig. 

4b correspond to BB. Hence, the regions predicted in COS are consistent with the presence of BB 

and FF obtained by applying the Aethalometer model and the approach presented in this study.  

By using the ‘Ångström matrix’ proposed in CAZ, which shows the dominant AAE vs. SAE 

regions, the same results were obtained, i.e., the CMbb maxima correspond to the ‘OC-dominated’ 

region, while the CMff maxima correspond to the ‘EC-dominated’ region (not shown). 

Based on the dot size in Fig. 4, the higher particle number concentrations in Fig. 4a are due to FF 

carbonaceous matter, while the higher particle number concentrations in Fig. 4b are due to BB 

(both in dark-red). Moreover, the larger dots indicate higher particle number concentrations. Thus, 

the approach proposed in this paper (Sect. 3.3) to estimate the particle number contributions is 

consistent with the CMbb and CMff maxima computed by means of the Aethalometer model (Sect. 

3.2) and with both models described in COS and CAZ that combine the spectral variations with 

the predominant aerosol populations. 
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5. Conclusions 

Aerosol particles in the submicron size fraction have been investigated during three intensive 

campaigns at an urban background station (Granada, Spain). The physicochemical characteristics 

were studied during two spring campaigns (SC-1 and SC-2) and one autumn campaign (AC). 

The particle number concentration was correlated with the chemical composition of PM1 and the 

air quality parameters for different size fractions. Particle number in the Aitken and accumulation 

modes exhibited a traffic-related behaviour. Therefore, particles in those size fractions may be 

mainly influenced by (1) direct traffic emissions in each separate mode and/or (2) the particle 

growth from diameters within the Aitken mode to the accumulation mode. Furthermore, the results 

are consistent with the predominance of carbonaceous material associated with BB and FF 

(directly related to OM and EC, respectively) in these modes. 

For the first time, NPF events in Granada were shown to have a higher frequency and particle 

growth rate (GR16.5-30) in spring than in autumn. The growth started at approximately midday with 

GR16.5-30 variations in the range 1.75-7.45 nm h-1. In addition, one shrinkage event was observed, 

with a particle shrinkage rate of -2.5 nm h-1. During a period of atmospheric stagnation conditions 

from 7 to 9 May 2013, three consecutive NPF events occurred in association with mountain 

breezes. This behaviour was associated with lower RH values and higher T and radiation values 

with respect to the first day, where no NPF occurred.  

A new approach was introduced to estimate the particle number contributions using black carbon 

concentration as a tracer, based on previous data analysis of the three campaigns. The variations 

in particle number size distribution could result from UB, Tr, NPF and BB sources. Moreover, the 

results showed that the particle number concentration in the Aitken mode was predominantly 

associated with UB and Tr; the particle concentration in the nucleation mode was associated with 

NPF, and the particle concentration in the accumulation mode was associated with BB. 

Additionally, the particle number in all modes was higher in autumn than in spring, possibly due 

to the lower PBLH, which favoured the accumulation of particles. 

Finally, based on the Aethalometer model, the BB and FF contributions were computed and 

compared with two different approaches for classifying aerosol populations and with the approach 

proposed in this article. The comparison of the four approaches, based on spectral properties, the 

estimated particle number concentration and chemical species, showed successful agreement 

among the results. 
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Table captions 

Table 1: 

Average measured UFP and NTOT concentrations (in cm-3) and diameter ranges (in nm) in different 

European cities. Period, diameter ranges and references are reported. 

Table 2: 

Correlation coefficients between size resolved numerical concentration and PM1 chemical 

compounds (left) and air quality variables (right). Significant positive and negative correlations at 

the 0.05 confidence level are marked in red and blue, respectively, in both panels. 

Table 3: 

Properties of the individual NPF events during the three campaigns. The total number of days for 

each campaign is indicated in parenthesis next to the campaign. Also, the mean ± standard 

deviation values for each campaign are indicated. The computed NPF properties are as follows: 

start and end time (tstart and tend, respectively), duration (Δt), formation rate (J16), growth rate 

(GR16.5-30), condensation sinks before and during the growth (CSb and CSg, respectively), the 

maximum concentration in the nucleation size fraction (Nmax) and the maximum geometric 

diameter reached during the growth (Dg, max) for each campaign.  
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Figure captions 

 

Fig. 1. (a) Box plots of NNUC, NAIT, NACC, NTOT, σsp (550 nm), σap (637 nm), SAE (450-700 nm) 

and AAE (370-950 nm) for the three campaigns. The points inside the box represent mean values; 

horizontal centre lines within the boxes represent medians; box limits indicate the 25th and 75th 

percentiles; and the whiskers indicate the 5th and 95th percentiles. (b) PM1 chemical composition 

of the reconstructed mass during SC-1, SC-2 and AC in %. 

Fig. 2. Case study in SC-2: 6-9 May 2013: (a) colour map of particle number concentration and 

geometric modal diameters indicated by points (first mode in black and second mode in grey), (b) 

temperature and relative humidity, (c) wind speed and direction, (d) experimental and empirical 

global solar radiation with their respective uncertainties. The colour map and geometrical 

diameters are plotted with 10-min temporal resolution, the meteorological parameters are hourly 

means, and the global solar radiation is plotted with 1-min resolution.  

Fig. 3. Diurnal evolution of particle number concentration in different size fractions and PBLH 

during SC-1 (first column), SC-2 (second column), AC-1 (third column) and AC-2 (fourth 

column). The colour of the bars shows the particle concentration contribution: black indicates 

urban background (UB); red indicates traffic; blue indicates new particle formation (NPF); and 

green indicates biomass burning (BB). Solid grey lines indicate the 50th percentile; dashed black 

lines indicate the 95th percentile (upper line); dashed white lines indicate the 5th percentile (lower 

line). 

Fig. 4. Scatter plots of the chemical paradigm within (a) the nucleation mode (NNUC,Tr) for CMff 

during AC and (b) the accumulation mode (NACC,BB) for CMbb during AC-2. Shaded areas indicate 

the experimental SSA (530 nm) interval values. The size of the dots indicates the particle number 

concentration.  
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TABLES 

Table 1 

City Period UFP  

(Diameter range) 

NTOT  

(Diameter range) 

Reference 

Helsinki, Finland Oct 2002 - Mar 2004 -- 12490 cm-3 

(7-3000 nm) 

Puustinen et al., 2007 

Athens, Greece Oct 2002 - Mar 2004 -- 20276 cm-3  

(7-3000 nm) 

Puustinen et al., 2007 

Amsterdam, Netherlands Oct 2002 - Mar 2004 -- 18090 cm-3  

(7-3000 nm) 

Puustinen et al., 2007 

Birmingham, U.K. Oct 2002 - Mar 2004 -- 18787 cm-3 

(7-3000 nm) 

Puustinen et al., 2007 

Milan, Italy Nov 2003 - Dec 2004 20666 cm-3  

(10-100 nm) 

25833 cm-3  

(10-800 nm) 

Rodriguez et al., 2007a 

Barcelona, Spain Nov 2003 - Dec 2004 14457 cm-3  

(10-100 nm) 

16811 cm-3  

(10-800 nm) 

Rodriguez et al., 2007a 

 Jul 2012 - Aug 2013 7500 cm-3  

(17.5-100 nm) 

-- Brines et al., 2015 

London, U.K. Apr 2004 - Apr 2005 9355 cm-3  

(10-100 nm) 

11409 cm-3 

(10-415 nm) 

Rodriguez et al., 2007a 

Budapest, Hungary Nov 2008 - Nov 2009 8400 cm-3  

(10-100 nm) 

10600 cm-3  

(10-1000 nm) 

Borsós et al., 2012b 

Prague, Czech Republic Nov 2008 - Nov 2009 6000 cm-3  

(10-100 nm) 

7300 cm-3  

(10-1000 nm) 

Borsós et al., 2012b 

Vienna, Austria Nov 2007 - Oct 2008 5900 cm-3  

(10-100 nm) 

8000 cm-3 

(10-1000 nm) 

Borsós et al., 2012b 

Madrid, Spain Jan 2007- Dec 2008 7000 cm-3  

(17.5-100 nm) 

-- Brines et al., 2015 

Rome, Italy Sep 2007-May 2009 5000 cm-3  

(17.5-100 nm) 

-- Brines et al., 2015 

Granada, Spain Apr 2012-May 2012 6800 cm-3  

(16.5-100 nm) 

7600 cm-3  

(16.5-697.8 nm) 

Present study 

 Apr 2013-May 2013 5800 cm-3  

(16.5-100 nm) 

6900 cm-3  

(16.5-697.8 nm) 

Present study 

 Oct 2013-Nov 2013 9900 cm-3  

(16.5-100 nm) 

11900 cm-3 

(16.5-697.8 nm) 

Present study 

a Computed from data in the article. 

b  Median values of daily atmospheric concentrations.  
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Table 2 

 
Diameter 

range Minerals 

Sea 

spray OM 

 

EC SIA Metals CO NO2 NO SO2 O3 PM10 BC 

16.5-20 0.37 -0.49 0.21 0.63 0.05 0.40 0.50 0.55 0.44 0.15 -0.40 0.19 0.58 

20-30 0.37 -0.63 0.35 0.63 -0.15 0.29 0.63 0.69 0.58 0.22 -0.54 0.31 0.75 

30-50 0.61 -0.14 0.57 0.37 -0.65 0.19 0.70 0.79 0.70 0.37 -0.64 0.44 0.85 

50-100 0.26 -0.14 0.85 0.94 0.26 0.53 0.71 0.78 0.69 0.55 -0.58 0.64 0.84 

100-200 -0.25 -0.62 0.69 0.82 0.68 0.26 0.62 0.63 0.55 0.53 -0.39 0.77 0.72 

200-300 -0.25 -0.36 0.63 0.76 0.73 0.22 0.58 0.55 0.48 0.47 -0.35 0.80 0.67 

300-400 0.03 -0.24 0.71 0.82 0.52 0.37 0.59 0.57 0.52 0.51 -0.44 0.81 0.71 

400-697.8 0.25 -0.18 0.79 0.85 0.28 0.36 0.65 0.64 0.60 0.49 -0.52 0.73 0.81 
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Table 3 

 
Campaign Day tstart 

(hh:mm) 

tend 

(hh:mm) 

Δt 

(hh:mm) 

J16 

(cm-3 s-1) 

GR16.5-30 

(nm h-1) 

CSb 

(s-1) 

CSg 

(s-1) 

Nmax 

(cm-3) 

Dg max 

(nm) 

 

 

SC-1  

(14 days) 

18/04/12 11:55 14:40 2.7 1.5 3.1 0.0055 0.0044 8500 24 

23/04/12 14:45 22:20 7.6 2.0 2.9 0.0054 0.0060 5300 40 

25/04/12 14:15 19:40 5.5 1.6 4.7 0.0085 0.0062 6800 41 

Mean ± 

SD  

 
13:40± 

01:30 

18:50±0

4:00 

5.3 ± 2.4 1.7 ± 0.3 3.6 ± 1.0 0.0065 ± 

0.0018 

0.0055 ± 

0.0010 

6900 ± 

1600 

35 ± 9 

 

 

 

 

 

 

SC-2  

(17 days) 

23/04/13 14:30 16:20 2 0.9 7.4 0.0079 0.0065 4200 30 

26/04/13 11:10 1:30 14 1.1 2.5 0.0065 0.0078 8100 53 

01/05/13 11:30 0:10 14 1.6 3.7 0.0055 0.0057 4600 55 

07/05/13 13:50 3:40 14 0.9 2.4 0.0111 0.0067 3700 35 

08/05/13 12:30 3:30 15 1.0 3.6 0.0112 0.0066 9100 58 

09/05/13 11:00 15:20 4 1.8 4.4 0.0100 0.0045 9000 23 

Mean ± 

SD 

 
12:25 ± 

01:30  

22:45 ± 

05:30 

11 ± 6 1.2 ± 0.4 4.0 ± 1.9 0.0087 ±  

0.0024 

0.0063 ± 

0.0011 

6500 ± 

2500 

43 ± 15 

 

AC  

(29 days) 

17/10/13 13:10 2:40 13.5 1.18 3.0 0.021 0.012 6200 57 

11/11/13 16:10 5:00 12.8 1.04 1.8 0.009 0.004 8500 36 

Mean ± 

SD 

 
14:40 ± 

02:10 

03:50 ± 

01:40 

13.2 ± 

0.5 

1.11 ± 

0.10 

2.4 ± 0.9 0.015 ± 

0.008 

0.008 ± 

0.006 

7400 ± 

1600 

47 ± 15 
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FIGURES 

 

 
Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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SUPPLEMENTARY MATERIAL 

 

Table S1: Mean, standard deviation (SD), median and percentiles 5th and 95th of particle number concentrations, σsp at 550 nm, σap at 637 (SC-1) 

and 660 nm (SC-2 and AC), SAE in the pair 450-700 nm and AAE in the pair 470-660 nm.  

 

 SC-1 SC-2 AC 

Variable (units) Mean SD Median P5 P95 Mean SD Median P5 P95 Mean SD Median P5 P95 

NNUC (cm-3) 3280  2230 2630 1020 7760 2460 1720 1930 680 6100 3930 2350 3430 1080 10120 

NAIT (cm-3) 3500 2300 2920 880 7680 3310 2260 2610 1270 8040 5920 3640 4880 2170 15790 

NACC (cm-3) 800 450 710 310 1750 1170 670 1060 410 2550 2090 1120 1730 370 7570 

NTOT (cm-3) 7580 4450 6670 2370 14550 6930 4250 5580 2710 15730 11940 6800 10480 4420 30600 

σsp  (Mm-1) 24 12 21 10 47 37 23 31 11 91 53 43 43 10 73 

σap  (Mm-1) 9 6 7 2 19 11 10 8 2 24 20 17 16 3 54 

SAE 1.5 0.3 1.5 0.9 2.0 1.9 0.3 1.9 1.3 2.3 1.8 0.3 1.8 1.8 2.2 

AAE -- -- -- -- -- 0.82 0.12 0.81 0.63 1.0 0.90  0.20 0.86 0.68 1.44 
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Table S2: Correlation coefficients of the individual compounds showing significant correlations at 0.05 confidence level. The values marked in blue 

show significant negative correlations while values in red show significant positive correlations. Also, the group of compounds is marked on the top. 

 Mineral Sea spray SIA 

Diameter 

range Ca Fe K CO3
= Na mSO4

2- Cl nmSO4
2- NO3

- 

16.5-20 -0.23 0.68 0.46 0.08 0.06 0.04 -0.50 0.02 0.22 

20-30 -0.08 0.59 0.52 0.22 0.31 0.19 -0.66 -0.16 0.05 

30-50 0.52 0.31 0.58 0.70 0.90 0.82 -0.25 -0.69 -0.26 

50-100 -0.59 0.39 0.69 -0.04 0.38 0.45 -0.21 0.04 0.70 

100-200 -0.65 0.13 0.34 -0.51 -0.06 -0.05 -0.55 0.50 0.84 

200-300 -0.64 0.12 0.25 -0.51 -0.17 -0.07 -0.28 0.55 0.90 

300-400 -0.49 0.27 0.47 -0.29 0.06 0.09 -0.15 0.34 0.90 

400-697.8 -0.35 0.35 0.57 -0.02 0.29 0.34 -0.22 0.09 0.80 

 Metals 

 V Cr Mn Cu Zn As Rb Sr Y 

16.5-20 0.64 -0.86 0.66 0.47 0.34 0.45 0.38 0.82 -0.39 

20-30 0.42 -0.87 0.60 0.63 0.46 0.22 0.45 0.50 -0.35 

30-50 -0.02 0.07 0.32 0.79 0.80 -0.43 0.63 0.32 -0.39 

50-100 0.38 -0.38 0.36 0.55 0.64 0.52 0.65 0.24 -0.51 

100-200 0.21 -0.54 0.06 0.21 0.18 0.76 0.26 -0.04 -0.31 

200-300 0.25 -0.52 0.07 0.17 0.13 0.77 0.20 0.06 -0.41 

300-400 0.36 -0.47 0.35 0.37 0.38 0.71 0.47 0.21 -0.57 

400-697.8 0.36 -0.43 0.49 0.60 0.59 0.51 0.61 0.29 -0.68 

 Zr Nb Sn Sb La Ce Hf Pb  

16.5-20 0.14 0.34 0.58 0.67 0.66 0.75 -0.79 0.50  

20-30 -0.02 0.45 0.56 0.51 0.53 0.61 -0.68 0.49  

30-50 -0.03 0.50 0.50 -0.08 0.19 0.05 -0.55 0.08  

50-100 -0.49 0.78 0.61 0.08 0.41 0.52 -0.46 0.75  

100-200 -0.82 0.83 0.29 -0.02 0.12 0.46 -0.12 0.83  

200-300 -0.79 0.80 0.30 0.01 0.09 0.40 -0.17 0.78  

300-400 -0.75 0.84 0.49 0.16 0.29 0.49 -0.46 0.88  

400-697.8 -0.64 0.85 0.64 0.20 0.33 0.46 -0.60 0.85  
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Fig. S1: Time series of dN/dlogDp (color maps; 10-min values) and hourly averaged NNUC, NAIT, NACC, σsp, σap, SAE and AAE during (a) SC-1 (2012), 

(b) SC-2 (2013) and (c) AC (2013). The wavelengths used are: 550 nm for σsp and 637 nm for σap (using MAAP absorption coefficients); the pair 

450-700 nm for SAE and 370-950 nm for AAE. Note that Y-axis scales are the same for SC-1 and SC-2 and X-axis is the date in format ‘dd/mm’. 
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Fig. S2: (a) PM10-1 (upper pie charts) and PM1 (bottom pie charts) chemical composition during SC-1 (left), SC-2 (middle) and AC (right) in %. (b) 

Bar chart of one day sampling (24/04/12 - SC-1) for: (left) PM10, (middle) PM10-1, (right) PM1. 


