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H I G H L I G H T S  

• First WSON measurements and PMF source apportionment at urban/rural sites in Cyprus. 
• Water-soluble ON/TN ratios circa 20% with small seasonal and inter-site variability. 
• Higher WSON during summer at the background site, larger urban increments in winter. 
• Regional secondary WSON sources dominant at the background EMEP site (≈60%). 
• Notable WSON contribution (35%) of vehicular emissions at the traffic site.  
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A B S T R A C T   

This study aims to characterize the variability and sources of water-soluble organic nitrogen (WSON) in aerosol 
over Cyprus in the Eastern Mediterranean. Measurements of PM10 particles were conducted during the calendar 
year of 2011 at two sites, located at a roadside location in Nicosia (urban traffic) and in the rural area of Agia 
Marina Xyliatou (regional background). Filter samples were analyzed for water-soluble total nitrogen (WSTN), 
nitrate and ammonium, to determine WSON. Additional analyses were performed, for water-soluble organic 
carbon (WSOC), organic and elemental carbon (OC and EC), major ions and trace metals. Annual mean WSON 
concentrations of 0.20 and 0.16 μgN m− 3 were determined at the urban traffic and regional background sites, 
respectively. The organic fraction of WSTN was about 20%, with limited inter-site and seasonal variability. 
Distinct seasonal patterns were observed at the two sites, with warm-period concentrations being significantly 
higher at the regional background site, while the enhanced local emissions during winter at the traffic site 
smoothed out the observed variability. Mean WSON/WSOC ratios of 0.09–0.12 were calculated at the two sites, 
with the two parameters being weakly correlated. A roadside WSON enhancement was verified, although 
moderate on an annual basis (9%). However, concentrations in Nicosia were more than one time higher than the 
background during winter. The observed temporal and inter-site variability highlighted the necessity of source 
apportionment, which was performed using Positive Matrix Factorization (PMF) modeling, utilizing the 
analytical datasets at the two sites. In this way, the estimated contribution of regional transport of processed 
aerosols was found to be more pronounced at the regional background site (59% vs. 38%), while a sizeable input 
(35%) was linked to vehicular emissions at the traffic site. An additional anthropogenic impact, probably related 
to biomass burning, was estimated at both sites (16%), while contributions of natural sources like mineral dust 
(4–8%) and marine aerosol (2–3%) were smaller.  
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1. Introduction 

Nitrogen compounds are generally recognized as key components of 
atmospheric aerosol (Duce et al., 1991; Galloway et al., 2003). Their 
availability in ambient and deposited particles drives aerosol impacts in 
various aspects, ranging from ecosystem productivity and climate forc
ing to air quality and health effects (Fowler et al., 2015). From studies on 
the budget, characteristics and impacts of atmospheric nitrogen, the 
Eastern Mediterranean has emerged as a focal region. As an 
ultra-oligotrophic, low-nutrient, low-chlorophyll marine ecosystem 
with limited riverine inflows, the nutrient input is disproportionally 
affected by atmospheric deposition (Guerzoni et al., 1999; Krom et al., 
2004). The relative abundance of nitrogen in atmospheric aerosol leads 
to phosphorus-limited productivity characterized by anomalously high 
N/P molar ratios (Markaki et al., 2010). 

The sources and processing of inorganic nitrogen (IN) compounds in 
aerosols have been studied early on and are well characterized (Russell 
et al., 1983). However, this is not the case for organic nitrogen (ON) 
aerosols, although they have been reported to comprise a notable frac
tion of total aerosol nitrogen at various locations worldwide (Cape et al., 
2011). As with any fraction of organic aerosol (OA), the study of organic 
nitrogen in the particle phase is highly complex. The diversity of its 
primary sources, gaseous precursors and multiphase chemistry lead to a 
large number of ON products. These include, inter alia, urea and primary 
reduced N-compounds, such as amines, amino-acids and peptides, as 
well as oxidized forms like organo-nitrates (Cornell et al., 2011). 
Nitrogen-containing aromatic structures, like nitro-PAHS (polycyclic 
aromatic compounds) and nitro-phenols are of particular importance, 
due to their enhanced toxic, carcinogenic and mutagenic potential 
(Harrison et al., 2005; Özel et al., 2010). 

Since a substantial portion of bioavailable ON compounds is water- 
soluble (Fowler et al., 2015), the analytical determination of 
water-soluble organic nitrogen (WSON) concentrations in aqueous so
lutions is most frequently used in ON studies (Cornell et al., 2003; 
Jickells et al., 2013). Highly bioavailable WSON can significantly inflate 
the previously considered amounts of deposited nitrogen and further 
impact marine biogeochemical cycling (Matsumoto et al., 2018). In the 
atmosphere, certain WSON compounds can contribute to new particle 
formation and growth, through the participation in ternary nucleation 
and heterogeneous reactions (Qiu and Zhang, 2012; Debevec et al., 
2018). Species such as free amino acids of marine biogenic origin, can 
promote the activation and growth of cloud droplets, thus being impli
cated in climate forcing (Li et al., 2013). Moreover, certain secondary 
and humic-like ON substances are light-absorbing and are categorized in 
brown carbon, wielding an additional effect in the radiative budget 
(Booyens et al., 2019). 

Due to the multitude of effects exerted on ecosystems and the 
climate, a large part of the research on organic nitrogen aerosols has 
been focused on remote areas that are representative of concentration 
levels and processes on regional scales (Cornell et al., 2001; Mace et al., 
2003a; Miyazaki et al., 2011). In the Eastern Mediterranean, the prop
erties of organic nitrogen, both in the aerosol phase and in wet deposi
tion, have been examined at coastal regional background sites on Crete, 
Greece (Violaki and Mihalopoulos 2010; Violaki et al., 2010) and in 
Southern Turkey (Mace et al., 2003b). Results have highlighted the 
combined influence of marine aerosols and transported dust, but also of 
combustion-sources on a regional level. However, several studies con
ducted in cities around the world have also illustrated an important 
input from urban sources (Duan et al., 2009; Rastogi et al., 2011), 
highlighting the need to apportion local vs. regional contributions. 

Chen and Chen (2010) were among the first to attempt source 
identification for WSON, at a coastal site in Taiwan using factor analysis, 
while more refined results were made available through the application 
of positive matrix factorization (PMF) modeling (Chen et al., 2010). Yu 
et al. (2017) explored for the first time the spatial variation of quantified 
WSON sources across a densely populated metropolitan region 

(Guangzhou, Pearl River Delta). They reported important contributions 
from less-frequently considered anthropogenic WSON sources, such as 
oil combustion emissions and biomass burning (BB). Receptor modeling 
was also implemented by Liu et al. (2019) in Beijing, to quantify WSON 
source contributions and highlight their link with the inflammatory 
potential of fine particles. 

In the Eastern Mediterranean area, Nehir and Koçak (2018) applied 
PMF modeling on a dataset of water-soluble ion concentrations to assess 
WSON sources in PM10 at a coastal site (Erdemli, Southern Turkey). 
Their results indicated a prevalence of anthropogenic sources, both 
regional and local. Overall, aerosol sources in this particular region – the 
Levantine basin – have not been fully characterized. The few results 
currently available in Cyprus have demonstrated that while air quality 
can be heavily aggravated during long-range dust transport episodes 
(Middleton et al., 2008; Achilleos et al., 2014), notable contributions to 
aerosol formation from local sources – both anthropogenic and biogenic 
– should be anticipated (Debevec et al., 2017; Pikridas et al., 2018). 

In this work, we present experimental results obtained in Cyprus 
over a 1-year period, where daily-collected PM10 filter samples were 
analyzed to determine WSON concentrations. Measurements were con
ducted at two sites of contrasting typology (urban traffic and regional 
background, respectively), allowing for the assessment of the urban 
roadside enhancement in observed concentrations. Filters were addi
tionally analyzed for an array of chemical constituents and tracers, 
permitting a thorough characterization of their associations with 
organic nitrogen. The large analytical dataset was utilized in a receptor 
modeling framework using PMF analysis, in order to apportion the main 
aerosol sources and estimate their respective contributions to WSON 
concentrations at the two sites. To our knowledge this is the first effort in 
Europe to quantify the spatial and temporal variability of WSON sour
ces, using data from yearlong measurements simultaneously conducted 
at contrasting sites that are impacted by either long-range transport or 
urban traffic emissions. 

2. Methodology 

2.1. Study area and sampling sites 

Cyprus is the third largest island in the Mediterranean, lying in the 
northern Levantine Basin (Fig. 1). The climate type in Cyprus is 
Mediterranean/Semi-arid, with long dry summers (May–September) 
and mild wet winters. Peak summer temperatures inland typically 
exceed 40 ◦C, while temperature levels rarely fall below zero during 
winter. Under the influence of cyclonic activity centers in the Mediter
ranean region, winds flow mainly from SW-W directions during the cold 
season (Maheras et al., 2004). In the stable conditions of the dry period, 
while seasonal synoptic-scale winds from N-NW directions prevail, the 
effect of mesoscale circulations becomes more pronounced, driven by 
the large surface temperature gradients. Local topography also plays an 
important role, with circulations being constrained by two mountain 
ranges, Troodos (1952 m) and Kyrenia (1024 m), in the central and 
northern parts of the island, respectively. In the area between – the 
Mesaoria plain – prevailing winds in the W-E axis are occasionally 
intensified due to funneling effects (Pashardes and Christofides, 1995). 
Regarding the geographic origin of long-range transported pollution 
over Cyprus, the long-term (1997–2015) source-region analysis of Pik
ridas et al. (2018) has established the prevalence of polluted air masses 
from the northern sector (mainly Turkey and Eastern Europe, with a 
mean annual frequency of 68%), over air masses associated with dust 
transport from the southern sector (North Africa and Middle East, 19%) 
and clean marine air masses from the west (Mediterranean, 8%). 

Nicosia, the capital of the Republic of Cyprus and the most populous 
city on the island (ca. 320,000), is found in the central part of the 
Mesaoria plain. The city experiences the typical increased traffic con
ditions of a metropolitan area, albeit with a relatively low circulation of 
heavy commercial vehicles. Although detailed emission inventories for 
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residential heating in the area are not available, both heating oil and 
firewood are known to be used (Georgiou et al., 2020). There are no 
significantly large point sources in the urban area, with the major in
dustrial installations on the island (3 oil-fired power plants, 2 cement 
works) situated on the southern coast (at a distance of 40–50 km to the 
S-SE of Nicosia). 

Field measurements were conducted at two sites (indicated in Fig. 1). 
The first (NIC-TRA), a roadside traffic site (35.1519N, 33.3478E, 176 a. 
s.l.), was located in the area of Strovolos in Nicosia, at a distance of 10 m 
from a primary road with dense traffic and frequent congestion during 
rush hours. NIC-TRA, as part of the regulatory air quality monitoring 
network in Cyprus, was the site reporting the highest PM10 levels during 
the year leading up to the study period and has continuously recorded 
mean annual concentrations exceeding the EU annual limit value of 40 
μg m− 3, between 1998 and 2010 (Pikridas et al., 2018). 

The second site (Cyprus Atmospheric Observatory - CAO) is located 
near (1 km) the village of Agia Marina Xyliatou. This regional back
ground site (35.0380N, 33.0578E, 532 a.s.l.) is placed on a foothill of 
Troodos mountain, in an area surrounded by shrubland and coniferous 
forests. Local anthropogenic emissions in the direct vicinity of the site 
are minimal (Debevec et al., 2018). The site is part of the Global At
mospheric Watch (GAW) and the ACTRIS research infrastructure, and is 
integrated in the network of the Co-operative programme for monitoring 
and evaluation of the long-range transmission of air pollutants in Europe 
(EMEP, name by which the site will be henceforth referred as). The 
inter-site distance is 28 km and the area between the two sites is char
acterized by agricultural activity (mainly cereal and feedstock cultiva
tion) and several livestock production plants. 

Summary data regarding the meteorological parameters (wind 
speed, temperature, precipitation) during 2011 in the area of measure
ments are provided in Table S1. Wind-rose frequency plots are presented 
for the two sites in Figure S1a. Wind speeds are notably higher on 
average at the EMEP site, with strong winds not only from the W-NW 
sectors, as it is common in the area, but also from eastern directions. 
Conversely, the NIC-TRA site was characterized by low-wind conditions. 
Pollution roses displaying frequencies of binned PM10 hourly concen
trations (TEOM) are shown in Figure S1b. Both sites present the highest 

PM10 levels under winds traversing the Mesaoria plain from the west. 

2.2. Sample collection and preparation 

At the EMEP (regional background) site, PM10 aerosol samples were 
collected on Quartz-fiber filters (150 mm diameter, Whatman, Merck 
KGaA, Darmstadt, Germany) with a reference-equivalent (CEN 12341) 
high-volume aerosol collection system (Digitel model DHA-80, Digitel 
Elektronik AG, Volketswil, Switzerland), sampling at a rate of 30 m3 h− 1. 
At the NIC-TRA (Nicosia traffic) site, PM10 aerosol samples were also 
collected on Quartz fiber filters (47 mm diameter, Macherey-Nagel 
GmbH & Co. KG, Dueren, Germany), again using a reference- 
equivalent sequential sampler (Leckel model SEQ 47/50, Sven Leckel 
GmbH, Berlin, Germany), at a low-volume flow rate of 2.3 m3 h− 1. A 
high degree of comparability for measurements between the two types 
of reference-equivalent samplers (low volume Leckel and high volume 
Digitel) has been reported for sites in Cyprus (Pikridas et al., 2018). 

Quartz filters were pre-combusted at 550 ◦C for 6 h, to minimize 
contamination by organic substances. They were weighted pre- and 
post-sampling with an analytical microbalance (model XP26C, Mettler 
Toledo LLC, Columbus, OH, USA), following equilibration in stable 
temperature (20 ± 1 ◦C) and humidity (50 ± 5%) conditions specified by 
the CEN 12341 protocol (Pikridas et al., 2018). Next, they were shipped 
to the University of Crete (Laboratory of Environmental Chemical Pro
cesses, Department of Chemistry) for chemical analysis, where they 
were stored at 4 ◦C and analyzed within the following two months. 

PM10 samples were acquired on a daily basis (24-hr, midnight to 
midnight) over an entire calendar year (January to December 2011). At 
EMEP, 339 PM10 samples were sampled, of which 129 were analyzed for 
water-soluble total nitrogen (WSTN), with the respective numbers at 
NIC-TRA being 358 and 189. The number of same-day samples from the 
two sites analyzed for WSTN was 88, evenly distributed around the year. 
Blank filter samples were also collected and analyzed following exactly 
the same procedures. They were used to perform blank corrections for 
all quantified components and also for the determination of the un
certainties used as input in the source apportionment analysis. 

Fig. 1. Geographical location of Cyprus in the Eastern Mediterranean region (a,b) and of the two samplings sites in Cyprus: EMEP (regional background site in Agia 
Marina Xyliatou) and NIC-TRA (urban traffic site in Nicosia). Close overviews of the two sites are presented in the two lower panels (c: EMEP, d: NIC-TRA). 
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2.3. Chemical analysis 

To determine the concentrations of water-soluble total nitrogen 
(WSTN), water soluble organic carbon (WSOC) and major water-soluble 
ionic species (including NO3

− and NH4
+, which were required for WSON 

calculations), part of the filter sample was extracted in an ultrasonic 
bath, for 45 min in 20 ml of ultra-pure grade water (18.2 MΩ). Before the 
analysis for water-soluble species, the extracts were filtered using sy
ringe filters (0.45 μm pore size). 

A Total Organic Carbon analyzer (TOC-VCSH Analyzer, Shimadzu 
Corporation, Kyoto, Japan) coupled with a Total Nitrogen module 
(TNM-1, Shimadzu Corporation) was used to determine WSTN as well as 
WSOC concentrations. The operating principle for TN measurements is 
based on catalytic combustion-oxidation (Pt catalyst, 720 ◦C), followed 
by chemilluminescence detection of NO produced from the decompo
sition of nitrogen compounds (Miyazaki et al., 2014; Chen et al., 2018). 

The carrier gas (high-purity dry air) first sweeps CO2, produced in 
the combustion tube during the oxidation step, into a non-dispersive 
infrared detector (NDIR), where water-soluble total carbon (TC) is 
quantified. Inorganic carbon (mainly carbonate carbon) contained in the 
aqueous solution is also measured at the detector following acidification 
and sparging of CO2, and is subtracted from water-soluble TC to obtain 
WSOC concentrations. For the total nitrogen (TN) quantification, the 
stream is carried to the nitrogen module, where it is mixed with ozone. 
Its reaction with NO generates NO2 molecules at an excited state (NO2*). 
The excess energy, emitted as light when NO2* relaxes to its ground 
state, is measured by a chemilluminescence detector with a photo
multiplier tube. 

WSON was calculated as the difference between WSTN and the total 
nitrogen contained in inorganic species (NO3

− and NH4
+) which were 

determined by ion chromatography (IC). Concentrations of nitrite ions 
(NO2

− ) have been invariably found below ion chromatography detection 
limits and were not considered further in the present study. Negative 
WSON concentrations (6.2% and 7.4% of samples at EMEP and NIC- 
TRA, respectively) were included in mean value calculations as zero 
(Mace et al., 2003b; Violaki and Mihalopoulos, 2010). Standard solu
tions were prepared using high purity (≥99.5%, Fluka, Honeywell In
ternational Inc., Charlotte, NC, USA) reagents (KNO3, potassium 
hydrogen phthalate and Na2CO3/NaHCO3). 

Ion chromatography (IC) analysis was applied to determine the 
concentrations of water-soluble inorganic nitrogen (WSIN) ions (NO3

− , 
NH4

+) and other major ionic species (Cl− , Br− , NO3
− , HPO4

2− , SO4
2− , 

C2O4
2− , Na+, NH4

+, K+, Mg2+ and Ca2+). A Dionex DX-500 system 
(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used, with an 
AS4A-SC column and an ASRS-I suppressor operating in auto- 
suppression mode for anions, and a CS12-SC column with a CSRS-I 
suppressor for cations (Bardouki et al., 2003; Paraskevopoulou et al., 
2014). 

In addition to water-soluble species, samples were analyzed for 
organic carbon (OC), elemental carbon (EC) and elemental (trace metal) 
composition. Concentrations of OC and EC were determined by thermal- 
optical analysis, according to the EUSAAR-2 protocol (Cavalli et al., 
2010), using a Sunset analyzer (Sunset Laboratory Inc., Portland, OR, 
USA). Concentrations of the secondary OC component (SOC) at EMEP 
were estimated using the EC-tracer method (Turpin and Huntzicker, 
1995), with the season-specific 5% lowest percentile of measured 
OC/EC ratios, selected as the primary OC/EC ratios (Kaskaoutis et al., 
2020). Concentrations of major (Al, Ca, Fe) and trace (Ti, V, Cr, Mn, Ni, 
Cu, Zn, As, Cd, Pb) elements were determined using inductively-coupled 
plasma mass spectrometry (ICP-MS, NexION 300X, PerkinElmer Inc., 
Waltham, MA, USA), following acid microwave digestion (Theodosi 
et al., 2010). 

2.4. WSON source identification and apportionment 

Positive Matrix Factorization (PMF) analysis (Paatero and Tapper, 

1994), using the chemical speciation dataset, was applied for the iden
tification and apportionment of WSON sources at the two sites. Although 
the PMF approach is regularly followed for the attribution of sources to 
total aerosol mass, as a weighted regression scheme it has been similarly 
utilized for the apportionment of identified source contributions to 
specific aerosol components as well (e.g. organic and black carbon) 
[Briggs et al., 2016; Srivastava et al., 2018]. PMF analysis on chemically 
speciated data for WSON source apportionment has only recently been 
implemented, with results being reported by Chen et al. (2010), Yu et al. 
(2017), Nehir and Koçak al (2018). and Liu et al. (2019). 

Positive matrix factorization was applied on a dataset of 18 aerosol 
components, including OC, EC and selected ions and trace elements. The 
EPA PMF 5.0 software (Norris et al., 2014), based on the multilinear 
engine (ME-2) program (Paatero et al., 1999) was used. A total of 101 
and 119 (24-h integrated) samples where WSON has been determined 
along with all other aerosol components were included in the PMF 
analysis for EMEP and NIC-TRA, respectively. Samples for which at least 
one type of analysis (OC/EC, IC, ICP) was missing were excluded from 
the PMF dataset. Samples with negative WSON values (less than 7% of 
analyzed samples) were also excluded. Given the contrasting site types, 
separate PMF models were run for each one. Multiple runs with a 
varying number of factors were performed while monitoring the changes 
in the ratio Q/Qexp of observed/expected values of the Q objective 
function (small decreases in the ratio by increasing number of factors is 
an indication of redundancy) [Comero et al., 2009]. Information on the 
Q/Qexp trends for models with different number of factors are presented 
in Table S2. Only solutions with factors for which a meaningful physical 
characterization was feasible were retained. 

The general PMF methodological approach followed here is 
described in more detail in Grivas et al. (2018) and Theodosi et al. 
(2018). In brief, uncertainties were calculated based on analytical 
detection limits and precision for aerosol components (Norris et al., 
2008). Data points with concentrations below detection limits were 
substituted by one half of the detection limit and were assigned 5/6 of 
the respective detection limit as uncertainty (Polissar et al., 1998). For 
WSON, since it is calculated as the difference of total WSTN and WSIN, 
its uncertainty was propagated (Nehir and Koçak, 2018; Grivas et al., 
2018) from the respective calculated uncertainties (as the square root of 
the sum of squared uncertainties). The selection of species for the PMF 
analysis was based on the signal-to-noise (S/N) ratio (Paatero and 
Hopke, 2003). Species for which the S/N ratio was smaller than 0.5 were 
excluded from the PMF analysis, while those with ratios between 0.5 and 
2 had their uncertainty tripled (Table S2). WSOC and oxalate as well as 
Ca2+ were also excluded, to avoid double counting with OC and 
elemental Ca, respectively (Reff et al., 2007). A value of 12% was 
selected as additional modeling uncertainty to encompass unaccounted 
errors and variations in source profiles, leading to more stable solutions 
(Hasheminassab et al., 2014). Rotational ambiguity and random errors 
were assessed using the displacement (DISP) and bootstrap (BS) pro
cedures, respectively, which are embedded in the EPA PMF software 
(Paatero et al., 2014). The specific model parameters and diagnostics for 
the selected solutions at the two sites are presented in Table S2, ac
cording to the reporting guidelines presented by Brown et al. (2015). 

2.5. Ancillary data and data analysis 

The distributions of all analytical data were tested for normality 
(Shapiro-Wilk test), to decide upon the use of parametric (t-tests, paired 
t-tests, ANOVA) or non-parametric (Mann-Whitney, Wilcoxon, Kruskal- 
Wallis) tests, in order to evaluate the statistical significance (p) of dif
ferences between independent samples, paired samples and multiple 
groups, respectively. Auxiliary data on concentrations of regulated 
pollutants (NOx, CO, O3, SO2, PM10, PM2.5) and of meteorological pa
rameters were used at the two sites, to characterize the factors con
trolling the temporal variability of WSON and validate externally the 
identified sources. For the assessment of long-range influences on 
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concentrations and source contributions, five-day back trajectories, 
arriving at the EMEP site every 12-h, were obtained using the Hybrid 
Single Particle Lagrangian Integrated Trajectory model (HYSPLIT). 
Consequently, the airflows to Cyprus, were classified by trajectory 
analysis in 7 classes, based on their apparent source region (Kouvarakis 
et al., 2000; Kleanthous et al., 2014; Debevec et al., 2017). To study the 
effects of ground-level circulation on smaller spatial scales, bivariate 
(wind speed-direction) polar plots for concentrations and conditional 
probability functions (CPF) were constructed, as described by Uria-
Tellaetxe and Carslaw (2014), using the OpenAir package of the R 
software. 

3. Results and discussion 

3.1. Characterization of WSON concentrations 

Descriptive statistics for WSON and other WSTN components (NO3
− , 

NH4
+) in PM10 particles, sampled during the year of measurements 

(2011) at the two sites, are presented in Table 1. Concentrations of 
WSON are expressed in units of μgN m− 3, throughout the text. A detailed 
comparison of mean observed WSON levels (and their contributions to 
WSTN) with the recent literature is provided in Table S3. 

The annual mean concentration of WSON at EMEP was 0.16 ± 0.13 
μgN m− 3, with a daily maximum of 0.52 μgN m− 3. The mean value is 
close – although somewhat lower – to those observed in PM10 at coastal 
regional background sites in the Eastern Mediterranean. At the Finokalia 
site on the island of Crete, Violaki and Mihalopoulos (2010) reported 
mean WSON concentrations of 0.24 μgN m− 3 during 2005–2006, while 
Nehir and Koçak (2018) at the Erdemli site in Southern Turkey recorded 
a higher annual mean of 0.33 μgN m− 3 in 2014–2015. It appears that 
background WSON concentrations may exhibit considerable spatial 
variability within the same region (as in the present case for the Eastern 
Mediterranean). Although inter-annual differences cannot be excluded 
here, the comparison between studies in Southern Turkey (Erdemli) 
conducted 15 years apart (Mace et al., 2003b; Nehir and Koçak, 2018) 
did not produce important differences (spring averages of 0.41 μgN m− 3 

in 2000 and 0.39 μgN m− 3 in 2014–2015). A potential factor leading to 
lower WSON concentrations in Cyprus might be the unusually low fre
quency and intensity of dust transport during the year of measurements 

(only one day with PM10 exceeding 150 μg m− 3 at EMEP), with a lack of 
the usually very intense summer dust episodes (Middleton et al., 2008; 
Pikridas et al., 2018). Nevertheless, the regional background of WSON in 
the Eastern Mediterranean remains much higher (from two-fold to one 
order of magnitude) than at remote insular locations in the Atlantic and 
Indian Oceans (Violaki et al., 2015; Altieri et al., 2016), highlighting the 
major contribution of continental against marine emissions. 

Moderately higher WSON concentrations were observed at the urban 
traffic site (NIC-TRA), with an annual mean of 0.20 ± 0.14 μgN m− 3, 
although the upper range (daily maximum of 0.56 μgN m− 3) was com
parable to that observed at EMEP, implying that roadside conditions 
were not sufficient to induce extreme WSON levels. Overall, WSON 
levels measured in Nicosia were comparable to those reported by long- 
term studies in urban areas of the United States and Japan, but 
considerably lower than levels observed in polluted Chinese megacities, 
where long-term average WSON concentrations up to several μgN m− 3 

have been documented (Wang et al., 2013; Ho et al., 2015; Chen et al., 
2019), mostly due to massive anthropogenic emissions on both regional 
and local levels. Generally, studies presenting WSON measurements at 
roadside locations remain scarce, while the urban vs. regional back
ground relationships have not been well characterized so far. Rastogi 
et al. (2011) reported urban levels comparable to NIC-TRA, at a down
town site in Atlanta and a similar absence of a significant urban 
enhancement compared with a rural-background site. Results for an 
urban vs. forested site-pair in the Yamanashi Prefecture, Japan (Mat
sumoto et al., 2014), showed urban levels similar to NIC-TRA, but with a 
larger urban increment. Other studies have also reported limited urban 
vs. rural background contrasts (e.g. Montero-Martinez et al., 2014, in 
the area of Emilia Romagna, Italy) or even higher levels at rural sites 
close to large urban agglomerations (Yu et al., 2017, in the Pearl River 
Delta, China). 

Organic compounds accounted for about one-fifth of WSTN at both 
sites (18% at EMEP and 19% at NIC-TRA), with WSON/WSTN display
ing moderate variability (the 95◦ percentile of the ratio at both sites was 
below 0.4). The monthly concentration patterns of WSTN and its com
ponents are displayed in Fig. S2, with the WSON/WSTN contributions 
being fairly stable among seasons at both sites (mean seasonal ratios 
ranging between 16 and 24%). The mean WSON contribution (%) 
calculated at EMEP was between those reported at regional background 
sites in Crete (13%; Violaki and Mihalopoulos, 2010) and in the Mersin 
province, Turkey (29%; Nehir and Koçak, 2018). Mean WSON/WSTN 
fractions in the order of 20% and small urban vs. regional contrasts have 
also been reported in areas like Bologna, Italy and Kofu, Japan (Mat
sumoto et al., 2014; Montero-Martinez et al., 2014), although a wide 
range of WSON/WSTN (10–45%) mean ratios has been documented at 
various urban sites for PM2.5 samples (e.g. Rastogi et al., 2011; Ho et al., 
2015). The results indicate that ON is an important component of the 
nitrogen cycle throughout the year in the Eastern Mediterranean, sug
gesting the benefits from its incorporation in relevant atmospheric 
chemistry-transport and deposition models (Kanakidou et al., 2020). 

The WSON component drives a substantial amount of WSTN vari
ability (21–43%), as inferred by the coefficients of determination in 
Fig. S3. It is, however, weakly correlated with its ionic nitrogenous 
counterparts (probably with the exception of ammonium at EMEP). The 
ammonium ion, mainly through its participation in the regionally 
transported ammonium sulfate appears to control total aerosol nitrogen 
(r2: 0.72, 0.78, at NIC-TRA and EMEP, respectively) [Bardouki et al., 
2003; Sciare et al., 2008]. On the other hand, while comprising large 
fractions of WSTN (33–43%), nitrate was not strongly correlated with 
WSTN (r2: 0.09, 0.34 at NIC-TRA and EMEP, respectively). In general, 
such daily correlation patterns, have been reported by other studies, 
indicating not only the diversity of WSON emissions but also their 
changing intensity and evolution on seasonal and diurnal scales (Rastogi 
et al., 2011; Matsumoto et al., 2014). 

The mean WSON/WSOC mass ratio was calculated at 0.12 ± 0.09 
and 0.09 ± 0.06 at EMEP and NIC-TRA, respectively, with maximum 

Table 1 
Nitrogen species in PM10 aerosol samples collected at two sites in Cyprus (EMEP 
and NIC-TRA), from January to December 2011: Statistical summary of water- 
soluble organic nitrogen (WSON), NO3

− - N, NH4
+ - N and water-soluble total 

nitrogen (WSTN) concentrations (μgN m− 3).  

EMEP (Agia Marina Xyliatou), number of samples: 129  

WSON NO3
− - N NH4

+ - N WSTN 

Arithmetic mean 
(standard error) 

0.16 
(0.01) 

0.30 
(0.02) 

0.45 
(0.02) 

0.91 
(0.04) 

Standard deviation 0.13 0.19 0.25 0.41 
Median 0.13 0.25 0.42 0.88 
Range 0.00–0.52 0.02–1.23 0.02–0.95 0.14–1.95 
Interquartile range 0.07–0.23 0.18–0.39 0.25–0.63 0.58–1.22 
10◦ – 90◦ 0.03–0.35 0.12–0.53 0.10–0.84 0.40–1.53 
Relative contribution to 

WSTN (%) 
18 33 49  

NIC-TRA (Nicosia), number of samples: 189  
WSON NO3

− -N NH4
+ - N WSTN 

Arithmetic mean 
(standard error) 

0.20 
(0.01) 

0.46 
(0.02) 

0.40 
(0.02) 

1.05 
(0.03) 

Standard deviation 0.14 0.21 0.31 0.38 
Median 0.17 0.41 0.35 0.99 
Range 0.00–0.56 0.10–1.29 0.01–1.42 0.37–2.27 
Interquartile range 0.10–0.28 0.33–0.54 0.19–0.54 0.79–1.27 
10◦ – 90◦ 0.01–0.38 0.23–0.87 0.06–0.87 0.61–1.57 
Relative contribution to 

WSTN (%) 
19 43 38   
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daily values not exceeding 0.40. The mean values are in the range of N:C 
ratios in organic aerosols that is typically reported by relevant studies (e. 
g. Yu et al., 2017) and with the same urban-to-regional increasing 
pattern. Although it is difficult to characterize chemically the WSON 
compounds based on ON/OC ratios, these results certainly indicate an 
important continental enrichment against marine background aerosols 
(Facchini et al., 2008). The seasonal variability of the WSON/WSOC 
ratio at NIC-TRA was not statistically significant (p = 0.06), however, at 
the regional background site the mean ratios were significantly higher 
during spring and summer (p < 0.01). A similar seasonal pattern was 
reported by Chen et al. (2018) in the forested environment of the Ap
palachian Mountains, where the spring-summer increase has been 
attributed to increased biogenic emissions combined with secondary 
aerosols. It is interesting that this increase at EMEP came in parallel with 
the significant warm-period (May–October) increase of WSOC concen
trations, indicating that secondary processing could enhance the inclu
sion of nitrogen in secondary organic aerosols (Montero-Martinez et al., 
2014; Yu et al., 2017). 

WSON and WSOC were not outright correlated on an annual basis (r 
= 0.37, at both sites), indicating differences in the relative importance of 
sources and their seasonal dependence (Chen et al., 2018). The 
water-soluble OC component was dominant (comprising 58% and 80% 
of OC, at the urban and background sites, respectively), mostly indi
cating the importance of secondary aerosol processing (Sciare et al., 
2008; Paraskevopoulou et al., 2014). In view of this, the weak overall 
WSON–WSOC association suggests the additional contribution from 
primary and less-aged ON emissions. 

3.2. Temporal variability of WSON and controlling factors 

The seasonal variation of mean WSON concentrations at the two sites 
is displayed in Fig. 2, while a breakdown of levels by air mass sector is 
provided in Table S4. At the regional background site, the seasonal 
variability was statistically significant (p < 0.01), with the mean con
centration in summer (0.29 μgN m− 3) being notably higher than in 
winter (0.10 μgN m− 3) and in the two transition seasons (0.14 μgN m− 3). 
The summer period was dominated by air masses from the northern 
sector (with a 93% frequency), which transport processed organic 
aerosols deriving from combustion and biogenic emissions in Turkey 
and Eastern Europe (Lelieveld et al., 2002; Sciare et al., 2008). Air 
masses from the northern sector were also frequent during the rest of the 
year (65%), however, aerosol rainout and scavenging in the wet period 
should be effective mechanisms for removal of soluble ON compounds 

(Altieri et al., 2016). While during summer there was virtually no 
rainfall (0.7 mm in total) in the vicinity of EMEP, the mean WSON 
concentration during days with rainfall in the other months was 
significantly decreased (0.09 μgN m− 3 against 0.18 μgN m− 3 during 
clear days, p < 0.01). 

The importance of large-scale transport and aging mechanisms on 
WSON levels is also implied by the significant correlations (Table S5) 
registered with secondary aerosol components like non sea-salt sulfate 
(nss-SO4

2-) and oxalate (r: 0.58 and 0.42, respectively). The formation of 
these ions is driven by both heterogeneous and photochemical mecha
nisms, which promote ON levels as well (Ervens et al., 2011; Jickells 
et al., 2013). Moreover, WSON was positively associated with the daily 
maximum temperature (r = 0.49) and the daily mean O3 concentration 
(r = 0.38), as were sulfate and oxalate, suggesting the photochemical 
formation of ON products during warm conditions, through the reaction 
of nitrogen oxides and volatile organic compounds (VOCs). At the same 
site, which is surrounded by vegetation, Debevec et al. (2017) have 
reported on the local emissions and the temperature dependence of 
biogenic VOCs, such as isoprene and a-pinene, whose oxidation products 
have been reported in literature to correlate well with organic nitrogen 
(Miyazaki et al., 2014). 

The enhanced formation of secondary organic nitrogen during the 
photochemical season is further indicated by the similarities between 
WSON and OC, WSOC monthly variabilities (Fig. 3). Although statisti
cally significant, year-round correlations (Table S5) of WSON with OC (r 
= 0.47), WSOC (r = 0.37) and SOC (r = 0.55) were moderate, as it is 
frequently reported (Rastogi et al., 2011; Matsumoto et al., 2014; Chen 
et al., 2019). Apart from other regional sources (e.g. dust and marine 
aerosols), the apparent additional contributions of primary ON particles 
could be also related to local wind systems prevailing in the area that 
carry to the site biogenic ON particles from the surrounding woodland 
(Miyazaki et al., 2014). 

The intra-annual profile of WSON at the traffic site in Nicosia was 
markedly different, since the seasonal variability (Fig. 2) was not found 
statistically significant (p = 0.65), with only a small increase during 
summer (14%), compared to the other seasons combined. As a result, 
WSON concentrations at NIC-TRA were higher than at EMEP during all 
seasons except summer, when urban emissions minimize (Mouzourides 
et al., 2015) and the regional/photochemical influence is enhanced (see 
above). As it appears in Fig. 4, WSON levels at the urban location 
generally track the monthly variability of EC and also of OC, WSOC, 

Fig. 2. Seasonal variation of mean (±one standard error of the mean) water- 
soluble organic nitrogen (WSON) concentrations at the two sites, during the 
calendar year of 2011. 

Fig. 3. Monthly variation of mean water-soluble organic nitrogen (WSON) 
concentrations, in comparison with carbonaceous components (organic carbon 
– OC, water-soluble organic carbon – WSOC) at the regional background site. 
Error bars correspond to one standard error of the mean. A line denoting 
monthly average values of recorded 24-h total rainfall amounts is overlaid. 
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during the colder half of the year (November–April). In this period, daily 
concentrations of WSON at the traffic site co-varied fairly well with 
indicators of combustion emissions such as the carbonaceous compo
nents EC, OC (r = 0.68, 0.66, respectively) and primary gaseous pol
lutants like NOx, CO (r = 0.69, 0.68, respectively). Moreover, in this 
period, mean WSON concentrations were higher (23%) during working 
days as opposed to weekends when traffic emissions diminish. The 
indicated substantial cold-period input from urban emissions should 
also include residential biomass burning as evidenced by the significant 
cold period correlation (r = 0.51) with K+ (Ye et al., 2017). 

3.3. Inter-site variability and urban enhancements 

The mean difference between the two sites during common WSON 
measurement days was 9% (higher at NIC-TRA). Inter-site differences 
for pairwise comparisons of WSON concentrations were not statistically 
significant on an annual basis at the 0.05 level (p = 0.18), although they 
were significant (p < 0.01) during the cold period, when the average 
concentration was higher at NIC-TRA by 65%. The overall inter-site 
correlation for WSON was statistically significant (p < 0.01) but mod
erate (r = 0.48), further indicating the contrasts between sources at the 
two sites. 

To study the potential enhancement of WSON concentrations at the 
roadside site, the “Lenschow approach” (Lenschow et al., 2001) was 
followed, by assuming that WSON at the traffic site is the sum of a 
“regional” component (WSON measured at the EMEP site) and an 
“urban + traffic” component, calculated as the concentration difference 
between NIC-TRA and EMEP (hereafter referred as Δ-WSON). The 
“urban + traffic” enhancements for other traffic-related particle and 
gaseous pollutants (Δ-EC, Δ-CO, Δ-NOx) were likewise calculated. The 
monthly variability of these enhancements is displayed in Fig. 5, with 
evident similarities in the seasonal cycles for WSON and the other pri
mary pollutants. High “urban + traffic” contributions were observed in 
the winter period, along with a large decrease during the summer 
months. This monthly pattern of “urban + traffic” enhancements (from 
Agia Marina Xyliatou to Nicosia) has also been observed for PM10 and 
PM2.5 in previous studies (Achilleos et al., 2014; Pikridas et al., 2018). 
Apart from local dispersion dynamics (stagnation at Nicosia in shallow 
boundary layer conditions during winter), the seasonal difference in the 
enhancement can be ascribed to the summer reduction of urban emis
sions, along with increased biogenic emissions from the surrounding 
forest at the background site. When comparing Δ-WSON with the 

enhancements for the other traffic-related pollutants on a daily basis, the 
associations become less obvious (Fig. S4). Nonetheless, the statistically 
significant correlation coefficients, ranging in 0.5–0.6, provide an 
indication that the contribution of combustion-related emissions to 
urban WSON concentrations should be acknowledged. In fact, vehicular 
exhaust emissions are lately being recognized as a measurable source of 
ON compounds in urban areas (Yu et al., 2017; Liu et al., 2019). 

The analysis of wind effects on observed WSON levels and “urban +
traffic” enhancements can provide a broad idea for their local and sub- 
regional spatial variability and suggest small-scale transport patterns. 
Bivariate polar plots, which associate wind direction and speed with 
WSON concentrations at NIC-TRA and EMEP, are presented in Fig. 6a 
and b. Higher WSON levels can be seen (especially at NIC-TRA) under 
stronger-than-average winds from the western sector, which channel 
polluted continental air masses through the entrance of the Mesaoria 
plain (Pashardes and Christofides, 1995). This westerly incremental 
effect has been observed also for PM10 particles in Nicosia (Mouzourides 
et al., 2015). Moreover, low-wind conditions appear to favor the accu
mulation of locally produced WSON at NIC-TRA (where plots strongly 
localized at the center were produced for all traffic pollutants; not 
shown). At EMEP, in accordance with its regional background character, 
sectors linked to high WSON concentrations were more widely 
dispersed, although transport from the north of the site, under favorable 
wind circulation cannot be ruled out, as it has been demonstrated by 
Debevec et al. (2017) for VOC emissions. Conversely, the polar plot for 
Δ-WSON (Fig. 6c), shows an omnidirectional increase around the center 
at low-to-moderate winds, consistent with the pattern of the respective 
EC enhancement (Δ-EC, Fig. 6d), which clearly demonstrates the 
dominant effect of local urban emissions, under low-wind conditions 
(Grivas et al., 2018; Stavroulas et al., 2019). 

3.4. Source apportionment of WSON 

The contribution of resolved sources to the aerosol components 
included in the PMF analysis is displayed in Fig. 7, while the respective 
fractional contributions of sources to WSON mass are given in Table 2. 
The monthly variability and CPF plots for contributions of selected 
sources are provided in supplementary Fig. S6 and Fig. S7, respectively. 
Detailed information on parameters and performance of selected PMF 
solutions are gathered in Table S2. The temporal variability of WSON 
concentrations was adequately reconstructed by models at both sites, 
with r values of 0.85 and 0.83 at EMEP and NIC-TRA, respectively, and 

Fig. 4. Monthly variation of mean water-soluble organic nitrogen (WSON) 
concentrations, in comparison with carbonaceous components (organic carbon 
– OC, elemental carbon – EC, water-soluble organic carbon – WSOC) at the 
urban traffic site. Error bars correspond to one standard error of the mean. 

Fig. 5. Monthly variation of the “urban + traffic” enhancement for water- 
soluble organic nitrogen (Δ-WSON), in comparison with the respective en
hancements for traffic-related pollutants: elemental carbon (Δ-EC) and 
CO (Δ-CO). 
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unaccounted mass fractions of approximately 5%. 
At both sites, sources related to regional secondary processing, ma

rine aerosol and mineral dust were identified, along with a K-rich factor 
most likely related to biomass burning. Additionally, at the regional 
background site, a fossil fuel combustion source was extracted, while at 
the urban traffic site two sources related to vehicular emissions and 
traffic-related dust resuspension, respectively, were isolated. The traffic- 
related dust factor, characterized by the presence of mineral elements 
together with markers of brake and tire wear (Fe, Cu, Zn, Pb) was not 
associated with WSON and its contribution profile is included sepa
rately, in supplementary Fig. S5. The obtained solutions were robust, as 
evaluated by the displacement (no factor swaps, very low % dQ change) 
and bootstrap methods (97–100% and 99–100% of correct factor map
ping, at NIC-TRA and EMEP respectively). The base solution obtained 
for NIC-TRA was rotated using an FPEAK value of − 0.4 to achieve a 
clearer separation between factors in the G-space plots (Paatero et al., 
2002). The spatiotemporal variability of each resolved factor and their 
contribution to WSON is discussed below. 

Regional secondary aerosol: This factor is characterized by high 
contributions to sulfate and ammonium ions. It was identified in both 
PMF solutions and was well-correlated among sites (r = 0.70), appar
ently being spatially effective over Cyprus, which is consistent with its 
transboundary character. Trace elements of anthropogenic origin were 
also associated with the factor. Their long range transport from distant 
sources along with the processed aerosol mixture, is frequently reported 
for sites in Southeastern Europe (Grivas et al., 2018). During days with 
continental air masses arriving from the north (mainly N, NW) there was 
an 85% increase in the factor contributions, compared with air masses 
from the southern-western sectors. The source profile was characterized 
by large OC/EC ratios (up to 9.5 at EMEP), indicating the high degree of 
atmospheric processing. Moreover, the WSON/OC ratios (up to 0.2 at 

EMEP) were the highest among sources apportioned at both sites, sup
porting a link between secondary processing and nitrogen abundance in 
organic aerosols. The source contributions were significantly enhanced 
(shown in Fig. S6 for EMEP) during the warm period (p < 0.05), simi
larly to secondary aerosol components (e.g. WSOC). The factor 
contributed heavily to WSON levels at the background site (59%), while 
also recording the highest contribution at the urban site (38%). 
Regionally processed aerosol has been consistently identified as a source 
in WSON apportionment studies. For the regional background of the 
Eastern Mediterranean, Nehir and Koçak (2018) have estimated a 
comparably large (42%) contribution of secondary aerosol sources to 
WSON for PM10 

Marine aerosol: The factor is identified by the presence of chloride, 
and contributes considerably also to concentrations of the magnesium 
ion in the source profile. The inter-site correlation was high (r = 0.87), 
indicative of a common source. CPF plots (Fig. S7) for both sites indicate 
higher contributions from the W-NW sector, where the distance from the 
northern coast of Cyprus is smaller and stronger inflows are more 
frequent. The factor’s contribution to WSON was very small at both sites 
(2–3%) and close to the 5% contribution reported by Nehir and Koçak 
(2018) in Erdemli Southern Turkey, 180 km NW of Nicosia, near the 
Mediterranean coast. Achilleos et al. (2016) have also found sea-salt 
contributions of 2% and 11% in fine and coarse PM, respectively, in 
Nicosia, along with high inter-site correlations over Cyprus. The pres
ence of organic nitrogen in marine aerosols has been mainly linked to 
reduced N compounds of biological origin. The source apportionment 
analysis of Chen et al. (2010) reported a strong association of the sea-salt 
factor with low molecular weight ON compounds (e.g. free 
amino-acids). Also, in coastal Crete, Violaki and Mihalopoulos (2010) 
determined a combined contribution of about 3% for free amino acids 
and methylamine, to WSON measured in PM1. 

Fig. 6. Bivariate (wind speed, wind direction) polar plots for water-soluble organic nitrogen (WSON) concentrations at NIC-TRA (a) and EMEP (b), and for “urban +
traffic” enhancements of WSON (Δ-WSON, c) and elemental carbon (Δ-EC, d). Plots for Δ-WSON, Δ-EC based on wind data as measured at the urban site. All plots 
calculated from days with concurrent WSON measurements at the two sites. Radial axis (ws: wind speed) in m s− 1. 
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Mineral dust: The factor, characterized by high contributions to 
mineral elements (Al, Ca, Fe, Ti) was determined at both sites. The 
impact of dust in Cyprus, from local resuspension but also due to out
breaks of transported dust, has been extensively documented (e.g. 
Achilleos et al., 2014). Moreover, increased soil resuspension (Pikridas 
et al., 2018) during the dry period may combine with the occasional LRT 
dust intrusions, explaining the observed temporal variability of the 

factor at the background site (Fig. S6). The comparative assessment of 
CPF plots (Figure S7) between the two sites supports the possibility for 
local dust contributions, given the limited impact of LRT dust during the 
study year. It has to be noted though, that the warm/cold period dif
ference was significant (p < 0.01) only at the background site, indicating 
the more local character of the source in the absence of intense dust 
transport episodes. The average contribution of the factor to WSON was 
moderate, lower at the urban (4%) than at the background (9%) site. 
Mineral dust as a source of WSON has been well-established in the 
Eastern Mediterranean (Violaki et al., 2010), with Nehir and Koçak 
(2018) attributing 10% of PM10 WSON to crustal material. Transported 
dust can also act as a platform to convey ON compounds from distant 
areas (Shi et al., 2010). Yu et al. (2017) reported variable contributions 
of dust to WSON in PM2.5, in the Pearl River Delta, ranging between 9 
and 29%, while a 24% contribution of fugitive dust was found in Beijing 
by Liu et al. (2019). 

K-rich aerosol: The factor, dominated by water-soluble potassium 
(thus, characterized as K-rich) and to a lesser extent by OC and EC, can 
be cautiously attributed to biomass burning. Biomass burning has been 
shown to be a potent contributor to urban fine particles in Cyprus, ac
counting for 14–20% of PM2.5 on an annual basis (Achilleos et al., 2016). 
The average contribution of the factor at NIC-TRA during winter was by 
41% higher (p = 0.06) compared to the rest of the year, indicating a 
possible input of biomass burning for heating purposes. This was not 
observed at the regional background site, which could be comparatively 
more affected by regionally transported plumes. Contributions at EMEP 
were enhanced during July–August and peaked in early September 
(Fig. S6), consistent with findings from multi-year observations in the 
Eastern Mediterranean, regarding the transport of emissions from agri
cultural waste burning in the Black Sea region (Sciare et al., 2008). 
Indeed, air mass trajectories from the northern sectors were associated 
with 68% higher contributions at EMEP, on average. The lack of an 
inter-site correlation (r = 0.25) between the contributions of the factor 
probably suggests local contribution of domestic heating during winter 
in Nicosia. The CPF plot of K-rich source contributions at NIC-TRA 
(Fig. S7) further indicates the locality of the source, possibly related to 
BB emissions in the area of Nicosia. The K-rich factor contributed about 
16% of WSON at both sites. The emission of numerous ON compounds, 
including nitro-phenols, amides and N-heterocyclic compounds, from 
biomass burning has been documented experimentally (Simoneit et al., 
2002; Iinuma et al., 2007) and the importance of the source has emerged 
by most of the relevant field studies. Large, location-dependent, con
tributions of biomass burning to WSON in PM2.5 (8–51%) were reported 
in South China by Yu et al. (2017), while Liu et al. (2019) in Beijing 
estimated a mean contribution of about 8%. Chen et al. (2010) also 
presented a PMF-resolved biomass-burning factor in Taiwan. 

Vehicular emissions (at the roadside site): At NIC-TRA, the factor 
associated with vehicular emissions contributed significantly to WSON 
concentrations (35%). The source profile is characterized by high 
loadings on OC and EC, which are found in tailpipe emissions, as well as 
on Cu and Zn originating from automotive wear (brakes, tires) [Lough 
et al., 2005; Grivas et al., 2018]. The OC/EC ratio in the factor was 1.6, 
which is reasonable for direct emissions from the mainly 
gasoline-powered fleet in Cyprus. The factor correlated well with 
traffic-related gaseous pollutants (r = 0.63 and 0.72 with NO2 and CO, 
respectively). The local character of the vehicular source is also indi
cated by the CPF plot in Fig. S7, with maximum contributions being 
associated with low-wind conditions, indicating the stagnation effect for 
freshly produced emissions from traffic (Masiol et al., 2017). In accor
dance to the variation of urban emissions in Nicosia (Fig. 4), the mean 
contribution of this source decreased markedly (54% lower, p < 0.01) 
during the summer period (Fig. S6). Vehicular emissions accounted for 
35% of WSON concentrations, an important contribution, close to the 
mean vehicular contribution to PM2.5 WSON (45%) reported by Yu et al. 
(2017) for a roadside site in Guangzhou. The respective contribution 
presented by Chen et al. (2019) in Beijing was smaller (13%), however, 

Fig. 7. Explained variance of sources identified by Positive Matrix Factoriza
tion Analysis (PMF) at the EMEP (blue bars) and NIC-TRA (grey bars) sites. 
Error bars for 5◦ – 95◦ percentiles from 100 bootstrap resamples. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Table 2 
Contribution (%) of sources to water-soluble organic nitrogen (WSON) con
centrations, as estimated by Positive Matrix Factorization (PMF) analysis, at the 
two sites. Pearson correlation coefficients for inter-site comparisons of contri
butions are also provided, for factors of common characterization.   

EMEP NIC-TRA Inter-site correlation 

(% of WSON) (% of WSON) 

Regional secondary 59.3 38.2 0.70* 
Marine aerosol 2.9 2.3 0.87* 
Mineral Dust 9.4 3.8 − 0.18 
K-rich 16.5 15.8 0.25 
Vehicular emissions – 35.0 – 
Fossil fuel combustion 6.4 – – 
Unaccounted 5.5 4.9  

* Significant at the 0.01 level. 
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when sampling at a height of 30 m. Regarding the potential composition 
of traffic-derived WSON, particle-bound amines have been recognized as 
an important component of traffic emissions, with their contribution 
even accounting for a respectable fraction of total organic mass (Gilar
doni et al., 2009). Perrone et al. (2016) reported considerable amounts 
of alkylamines (ca. 50 ng m− 3) in particles sampled at traffic sites in 
Milan, Italy. The presence of amine-rich particles in vehicular emissions 
has also been assessed by laboratory studies (Sodeman et al., 2005; 
Toner et al., 2006). 

Fossil fuel combustion (at the background site): The remaining 
factor identified at the background site had a very low contribution to 
WSON (6%). It is characterized by increased loadings in EC and OC and 
to a lesser extent to elements contained in emissions from oil combustion 
(mainly Pb). The factor was uncorrelated (r = 0.14) with the vehicular 
source identified at Nicosia. Consequently, it is very unlikely to be 
related to urban vehicular emissions directly transported to the site. It 
was also differentiated from the regional secondary source by an 
absence of sulfate, by a relative absence of seasonality and air mass 
history dependence, and by a lower OC/EC ratio (4.3 compared to 9.5) 
indicating a smaller degree of atmospheric processing. The factor should 
be attributed to fossil fuel combustion emissions in the general vicinity 
of the site, as indicated by the significant correlation with SO2 (r = 0.43). 
As a result, transport from point sources should also be considered in this 
factor, such as from the oil-fired power plants to the south-east of the 
site. Such local transport has been documented by Debevec et al. (2017) 
for anthropogenic VOCs at the same site and by Achilleos et al. (2016) 
for PM at multiple locations in Cyprus. In fact, the CPF plot (Fig. S7) 
indicates a larger probability of high contributions for strong winds from 
the E-SE of the site, an axis for which transport processes across Cyprus 
have been documented (Kleanthous et al., 2014). In general, the emis
sion of WSON from oil combustion has received little attention, with Yu 
et al. (2017) recently reporting important contributions of heavy oil 
combustion to WSON in the Pearl River Delta area (in the range of 
8–12%). 

4. Conclusions 

This study presents one of the first attempts to study the factors 
controlling the variability and sources of water-soluble organic nitrogen 
(WSON) at contrasted locations in the Eastern Mediterranean, on both 
spatial and temporal scales, for a time-extended (1-year) period. At
mospheric sampling at monitoring sites of completely different typology 
(urban traffic vs. rural background) allowed for a direct estimation of 
the contribution of local anthropogenic emissions. While a clear urban/ 
traffic influence was evidenced by both the examination of temporal 
variation and the source apportionment, the overall inter-site difference 
in WSON concentrations was a mere 25% on an annual basis (9% if only 
the concurrent samples were considered). Similar urban against regional 
background patterns have been found for WSON in large metropolitan 
areas around the world, emphasizing the importance of transport and 
secondary processing mechanisms on both regional and local scales. 
Considering the identified controlling factors - that include air mass 
history, meteorology, atmospheric chemistry, and both anthropogenic 
and natural emissions - it appears that WSON shares the complexity of 
fine particles and organic aerosol in terms of source multiplicity and 
secondary influences. The participation of WSON to total soluble ni
trogen was around 20% on average, with limited inter-site and seasonal 
variability and also being comparable with global model estimations for 
soluble ON/TN in deposition over the Eastern Mediterranean (Kanaki
dou et al., 2012). The “Lenschow approach” revealed almost equivalent 
“urban + traffic” and regional contributions to WSON during the cold 
period, confirming the importance of traffic emissions, while the con
tributions of regional aerosols became more important during summer. 

The source apportionment study identified that regional secondary 
contributions (long-range transport, atmospheric processing) accounted 
annually for about 60% and 40% of WSON at the regional background 

and urban sites, respectively, with a significant inter-site correlation. At 
the same time, a vehicular contribution exceeding 30% was found at the 
roadside location. Natural primary sources had small contributions, 
with mineral dust impacts being limited during the year of measure
ments (<10%) and marine aerosols having a very weak signal (2–3%). 
However, the lack of specific aerosol tracers for biogenic emissions did 
not allow the PMF models to account for the variability of additional 
natural ON sources (e.g primary biogenic). Detailed and size-resolved 
chemical speciation of WSON and availability of additional organic 
tracers, utilized in a PMF framework, can improve WSON source char
acterization. Meanwhile, the evolution of advanced aerosol mass spec
trometric techniques for the characterization of the numerous ON 
groups and compounds (Altieri et al., 2009) appears very promising, as 
it can also lead to source apportionment with sub-daily resolution, 
which is an important scale of variability for the assessment of rapid 
chemical processes. Until these methods become more accessible, 
additional filter-based receptor modeling studies in different settings 
would be rather useful to further our understanding of WSON sources 
and their relative contributions. 
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