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• Aerosol size distributions in a port 
environment has been studied. 

• The possible origin of particle size dis
tributions of inorganic ions is explained. 

• The impact of port activities on aerosol 
size distributions is analysed. 

• Seasonal changes of aerosol size distri
butions are evaluated.  

A R T I C L E  I N F O   

Handling Editor: Volker Matthias  

Keywords: 
Port 
Bulk materials 
Aerosol size distributions 
Ionic composition 
Harbour emissions 

A B S T R A C T   

Water-soluble ions were analysed in size segregated aerosol samples collected in the port of Alicante (South
eastern Spain) during summer and winter using a multistage cascade impactor. Seasonal variations in the size 
distributions of the analysed components and the influence of bulk materials handling (loading/unloading and 
stockpiling) at the docks were investigated. The size distributions of SO4

2− , NH4
+ and K+ were characterized by 

prominent peaks in the condensation and droplet modes, both in summer and winter, while those of Ca2+, Na+, 
Mg2+ and Cl− had a main peak centred at ~4 μm. Although oxalate size distributions were similar during both 
seasons, the fraction of coarse-mode oxalate increased in summer most likely as a result of volatilization and 
repartition processes or reactions of oxalic acid with coarse alkaline particles. Nitrate size distributions were 
dominated by a coarse mode; however, during winter, modal peaks in the submicron size range were also 
observed due to favourable conditions for the formation of fine-mode NH4NO3. Harbour activities had a sig
nificant impact only on the concentrations of calcium, particularly in the coarse fraction, during both summer 
and winter.   

1. Introduction 

Atmospheric aerosol is a complex mixture of inorganic substances 

and hundreds of different organic compounds (Seinfeld and Pandis, 
2016). In the last decades, there has been increased interest in the study 
of aerosol chemical composition and size distribution since the health 
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and environmental effects of atmospheric particulate matter (PM) 
depend on these properties (Cassee et al., 2013; Mahowald et al., 2014). 
On the other hand, the chemical composition and size of atmospheric 
PM provide information about the emission sources and atmospheric 
processes generating primary and secondary aerosols, respectively 
(Galindo et al., 2021; Hu et al., 2013; Yue et al., 2008). Finally, aerosol 
size and composition also play an important role in the transport and 
removal processes, atmospheric chemistry, radiative effects, and cloud 
formation processes (Bian et al., 2019). 

A major fraction of PM consists of water-soluble inorganic com
pounds, mainly secondary inorganic ions (sulfate, nitrate and ammo
nium) (Galindo et al., 2020; Squizzato et al., 2013). These species, 
formed from the photochemical oxidation of gaseous precursors (SO2, 
NOx and NH3), are related with visibility impairment (Zhou et al., 2012) 
and may also play a key role in aerosol acidity, determining its effects on 
human health, ecosystems and materials (Squizzato et al., 2013). On the 
other hand, primary inorganic components can also make up a signifi
cant contribution to atmospheric PM, especially crustal species, such as 
calcium (Galindo et al., 2020; Shahid et al., 2019), and major sea salt 
components (Na+ and Cl─) (Chan et al., 2000; Bhugwant et al., 2013). 

The multimodal distribution of atmospheric aerosol components as a 
function of particle size varies depending on their sources and atmo
spheric conditions (Huang et al., 2016; Taiwo et al., 2014). For this 
reason, it is important to study aerosol size distributions in different 
environments in order to identify source signatures of components 
contributing to atmospheric PM. Cascade impactors have been widely 
used for the determination of aerosol mass size distributions in both 
work places and ambient air (Crespo et al., 2012; Gupta et al., 2008; 
Huang et al., 2016; Segalin et al., 2017; Smolík et al., 2003). These 
devices allow the collection of size segregated aerosols onto filters for 
subsequent determination of the mass, chemical and/or physical prop
erties (Cuccia et al., 2013; Engling et al., 2009, Samara, 2017). 

Port-related activities are known to be an important source of at
mospheric PM and can have a strong impact on local air quality at 
coastal sites (Sorte et al., 2020; Viana et al., 2014). PM emissions can be 
due to both maritime transport and the activity at the docks (Clemente 
et al., 2021; Nunes et al., 2017; Pérez et al., 2016). In spite of this, there 
are few works regarding the impact of harbour-related activities on 
aerosol mass size-distributions (Merico et al., 2020) and, to the best of 
our knowledge, there is not any study related to the size distribution of 
aerosol components. 

This work is focused on the determination of the size distributions of 
water-soluble ionic species at the harbour of Alicante (southeastern 
Spain). The port is an important sector of the local economy and rep
resents a significant source of atmospheric aerosols, accounting for 
about 40% of PM10 levels (Clemente et al., 2021). The selected sampling 
site was on the border between the port and the city, in an area acces
sible to pedestrians. The results of this study would be helpful to discern 
specific aerosol sources based on their particle size distributions, pro
pose effective mitigation strategies to improve air quality in the area, 
and reduce adverse effects of harbour activities on human health, 
particularly for the people who live in nearby areas. 

2. Materials and methods 

2.1. Measurement site 

The sampling site was located within the maritime port of Alicante. 
The city is located on the Mediterranean coast of Spain (38◦20′12.6 “N 
0◦29′48.2 “W) and has an area of about 200 km2 and a population of 
331,577 inhabitants. The area is characterized by a Mediterranean 
climate, with mild winters and dry warm summers. A full description of 
the sampling point and the main features and facilities of the port can be 
found in Clemente et al. (2021). 

The sampler was placed less than 400 m from the main bulk material 
(limestone and gypsum mainly) loading and unloading docks and 500 m 

from the nearest inhabited area. Operations with other materials such as 
fertilisers, woodchips, rubber and wheat are also carried out at other 
docks located further away. The location of the sampling point and the 
main docks can be found in Fig. 1. Wind roses for the summer and winter 
periods are also shown. During summer the wind regime was dominated 
by the sea breeze circulation (S-SE), while during winter the prevailing 
wind blew from the SE and NW directions. 

It is important to highlight that particle dispersion does not only 
occur during loading and unloading operations, but also during the 
stockpiling of the materials on the days prior to the arrival of the ships. 

2.2. Sample collection and analysis 

A total of 168 size-segregated PM samples were collected during 
summer and winter seasons (14 sampling days x 12 stages). The first 
sampling period was from 20 July to 7 August 2018 (summer), while the 
second sampling period was from 22 February to 7 March 2019 (winter). 
A 12-stage Dekati low pressure impactor (DLPI) was used to collect 
particles ranging from 30 nm to 10 μm (0.045, 0.086, 0.153, 0.231, 
0.343, 0.591, 0.796, 1.06, 1.66, 2.68, 4.08, and 8.50 μm) (Maenhaut 
et al., 1996; Crespo et al., 2012). A 25 mm diameter Nucleopore® pol
ycarbonate membrane filter with a flow rate of 11 L min− 1 was used in 
each stage. 

PM concentrations were determined according to the procedure 
described in EN 12341. Each filter was stored in a humidity (50 ± 5%) 
and temperature (20 ± 1 ◦C) controlled room for 48 h before and after 
sampling, and then weighed on a Mettler Toledo® XP 105 balance with a 
sensitivity of 10− 5 g. The mass concentration of each filter was obtained 
using the gravimetric method. After weighing, the sampled filters were 
kept in a refrigerator at 5–8 ◦C until analysis by ion chromatography. 

Filters were extracted with 4 mL Milli-Q water under sonication for 
30 min. The concentration of anions (Cl− , NO3

− , SO4
2− and C2O4

2− ) was 
obtained by analysis with a Dionex DX-120 chromatograph, equipped 
with an AS11-HC ion exchange column (4 × 250 mm) and an ASRS-300 
suppressor (4 mm). A 10 mM sodium hydroxide solution with a flow rate 
of 1 mL min− 1 was used as eluent. Cations (Na+, K+, Ca2+, Mg2+ and 
NH4

+) were analysed with a Dionex ICS-1100 chromatograph equipped 
with a CS12A ion exchange column (4 × 250 mm) and a CSRS-300 
suppressor (4 mm). For this analysis, 20 mM methanesulphonic acid 
at a flow rate of 0.7 mL min− 1 was used as eluent. More details about the 
IC analytical procedures can be found in Galindo et al. (2018). The 
detection limits (determined as three times the standard deviation) in μg 
m− 3 were: Cl− 0.01; NO3

− 0.06; SO4
2− 0.05; C2O4

2− 0.002; Na+ 0.01; K+

0.01; Ca2+ 0.02; Mg2+ 0.001; NH4
+ 0.02. 

Carbonate concentrations were estimated from the ionic balance, 
assuming that the anion deficit corresponds exclusively to this ion 
(Galindo and Yubero, 2017). This deficit occurred in the coarse fraction, 
and therefore CO3

2− data are only available for PM above 1 μm. 
The experimental results for each analyte were inverted into smooth 

size distributions by the computer program MICRON (Cuccia et al., 
2010; Maenhaut et al., 1996; Salma et al., 2005). The inverted data were 
fitted by log-normal distributions so that the mass concentrations, geo
metric mean aerodynamic diameters (GMAD), and geometric standard 
deviations (GSD) of the different modes were obtained for each size 
distribution. 

A statistical test (Kruskal-Wallis test) was used to identify significant 
differences between the seasonal concentrations of the analysed 
compounds. 

3. Results and discussion 

3.1. Average mass size distribution of particulate matter 

The average mass size distribution for the whole measurement 
period is presented in Fig. 2. The size distribution of atmospheric 
aerosols at the sampling site was multimodal, each mode representing 
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different sources or formation pathways. The five modes found in this 
study were defined as: Aitken (<0.1 μm), condensation (between 0.1 μm 
and 0.5 μm), droplet (between 0.5 μm and 1 μm), coarse (between 1 μm 
and 5 μm), and Very Large Particles (VLP; > 5 μm). All modes were 
present in the whole set of samples collected during the study period, 
except the Aitken mode that was detected in 57% of the samples due to 
the limitations of the analytical procedures. 

The Aitken mode (0.08 μm; 5% of the total concentration) most 
likely resulted from freshly emitted particles and from the growth of 
nucleation mode particles (Bernardoni et al., 2017; Dioni et al., 2020). 
Condensation-mode particles (~0.3 μm; 36% of the total concentration) 
could be either freshly emitted aerosols from combustion sources or 
secondary aerosols formed from gas-phase reactions (Bernardoni et al., 

2017; Bian et al., 2014), whereas heterogeneous and aqueous-phase 
reactions are recognized as the main production pathways of particles 
in the droplet mode (~0.7 μm; 20% of the total concentration) (Wang 
et al., 2012; Wang et al., 2021). Finally, coarse particles (including VLP, 
39% of the total concentration) could be generated by mechanical 
processes (sea-salt, soil dust, tire and break wear, loading and unloading 
activities at the docks) or correspond to aged sea-salt and dust particles 
(Bian et al., 2014; Seinfeld and Pandis, 2016). 

3.2. Average size distributions of water-soluble ions 

Table 1 summarizes the characteristics of the different modes for 
each ion. The modes found more frequently during the measurement 

Fig. 1. Location of the sampling site within the port of Alicante. Summer and winter wind roses during the study period were plotted using the Openair (Carslaw and 
Ropkins, 2012). 

Fig. 2. Average aerosol mass size distribution and mode retrieval. In red, histogram of the cascade impactor experimental data; in light blue (dashed line), data 
inversion by the program MICRON; and in grey, blue, green and orange dots, the main modes of the distribution. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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period were considered as the main modes for each species. The geo
metric mean aerodynamic diameter (GMAD), geometric standard devi
ation (GSD) and contribution of each mode to the total concentration of 
each ion (%total) are shown. The frequency (FREQ.) of occurrence for 
each mode was calculated considering the number of days on which the 
mode appeared. 

Ammonium, calcium, potassium and chloride had a mode peaking at 
around 100 nm, which can be either large Aitken or small condensation 
mode. This mode contributed less than 10% to the average mass con
centration of these ions. The presence of the Aitken mode for K+ was 
most likely due to anthropogenic emissions such as those from biomass 
burning and other combustion sources (Bernardoni et al., 2017; Klee
man et al., 2000; Ooki et al., 2002). Ammonium chloride is formed from 
the reaction of gaseous NH3 and HCl to initially form gaseous NH4Cl that 
can change to the solid phase by homogeneous nucleation or conden
sation onto existing particles (Nadeau et al., 2003). The formation of 
particles of ammonium chloride in the Aitken mode has been reported in 
previous studies (Saarikoski et al., 2012; Wang et al., 2015a). Regarding 
Ca2+, it was mainly found in particles larger than 1 μm, as expected from 
its crustal origin. In fact, the size distributions of calcium in some urban 
environments do not even show a peak in the fine mode (Bernardoni 
et al., 2017; Taiwo et al., 2014). Taiwo et al. (2014) suggested that fine 
mode calcium may be emitted from industrial activities such as steel 
manufacturing. However, tunnel studies have documented a 
non-negligible contribution of calcium to particles in the submicron size 
range (Alves et al., 2015). Taking into account that there are no in
dustries in the vicinity of our sampling site, fine calcium was most likely 
released from road dust and/or port activities. Very large particles were 
detected for calcium and carbonate, which is in agreement with the 
results of previous studies (Bernardoni et al., 2017). In the case of 
chloride, the peak in the very large mode is an artifact of the fitting 
procedure of the experimental data. This artifact was most likely due to 
differences in chloride depletion as a function of particle size. Marine 
aerosols can change quickly due to reactions of NaCl with acidic species 
(mainly HNO3 and H2SO4) releasing Cl− as gaseous HCl (Ghosh et al., 
2020). Chloride depletion depends on the size of sea salt particles and 
generally decreases with increasing particle size (Ghosh et al., 2020; Yao 
et al., 2003). Our findings show that the loss of chloride was lowest for 
the first stage of the impactor, and this led to the appearance of a very 
large mode for Cl− but not for Na+ and Mg2+. 

Fig. 3 shows average size distributions for the analysed ions during 
the whole measurement period. The elements that contributed most to 
the condensation and droplet modes were SO4

2− , NH4
+ and, to a lesser 

extent, K+ and C2O4
2− . On the other hand, NO3

− , Ca2+, Na+ Cl− and 
Mg2+ were mainly distributed in the coarse mode. These results are in 
line with other studies performed at coastal sites (Aswini and Hegde, 
2021; Bougiatioti et al., 2013). 

3.2.1. Marine ions (Na+, Cl− and Mg2+) 
Sea salt aerosols are formed at the ocean surface by bubble-bursting 

and jet drops, and predominate in the coarse fraction (Bian et al., 2019; 
Feng et al., 2017). The size distributions of sea salt components at our 
sampling location had a prominent mode in the coarse fraction at ~4 
μm, reflecting the proximity of the site to the Mediterranean Sea. This 
mode accounted for around 80% of the Na+ and Mg2+ mass concen
trations. Similar findings were obtained at other coastal sites (Do et al., 
2021; Feng et al., 2017; Taiwo et al., 2014). Sodium and magnesium also 
had a small peak in the droplet mode (~0.5 μm), which is consistent 
with previous works (Taiwo et al., 2014). Fine-mode sodium has been 
associated with anthropogenic sources rather than sea salt emissions; 
therefore, the contribution of the droplet mode to the total mass of so
dium can be comparable to that of the coarse mode in urban areas where 
local anthropogenic emissions of Na+ are significant (Huang et al., 2016; 
Zhao et al., 2011). In this study, the correlation between Mg2+ and Na+

concentrations in the size bins below 1.06 μm (R2 = 0.79) points to a 
prevalent marine origin for both ions in the fine fraction. Ta
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Fig. 3. Average size distributions for water-soluble ions and mode retrieval. In red, histogram of the cascade impactor experimental data; in blue (dashed line), data 
inversion by the program MICRON; and in yellow, grey, orange, blue and green dots, the main modes of the distribution. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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The average size distribution for Cl− was different from that of Na+

and Mg2+. As explained above, an additional peak at ~9 μm was 
observed as a result of chloride depletion being dependent on the par
ticle size. Hence, we can conclude that the maximum in the very large 
mode is not a real peak and that the chloride distribution does not reflect 
the sea salt size distribution. 

3.2.2. Secondary water-soluble ions (SO4
2− , NO3

− , NH4
+ and C2O4

2− ) 
Sulfate and ammonium showed a practically bimodal distribution in 

the submicron size range, with peaks in the condensation and droplet 
modes. The condensation mode (peaking at ~ 0.3 μm) contributed 
around 50% to the total mass concentrations, while the droplet mode 
(with an average aerodynamic diameter of ~0.6 μm) accounted for 
approximately 30%. These modes have already been described in pre
vious studies (Cabada et al., 2004; Guo et al., 2010; Zhuang et al., 1999) 
and correspond to two different formation pathways. The condensation 
mode for SO4

2− was suggested to originate from the gas-phase oxidation 
of SO2 followed by gas-to-particle conversion (Seinfeld and Pandis, 
2016), while the droplet mode results from the aqueous-phase oxidation 
of SO2 in cloud and fog droplets mainly by H2O2 and by transition metals 
catalysed oxidation (Wang et al., 2021). Other processes that may 
explain the formation of droplet-mode sulfate include condensation and 
coagulation of smaller particles and the growth of the condensation 
mode by addition of sulfate and water (Guo et al., 2010). The dominance 
of particles in the condensation mode at our sampling site indicates that 
the formation of secondary sulfate during the study period was mainly 
from gas-phase reactions, most likely because sampling was performed 
on sunny days without low clouds (Plaza et al., 2011; Zhuang et al., 
1999). The mode diameters of ammonia in the condensation and droplet 
size ranges were the same as those of sulfate, indicating that both ions 
coexist in these particles. Ammonium in fine particles is formed from the 
reactions of gaseous ammonia with acidic species such as H2SO4, HNO3 
and HCl. Since ammonium sulfate is more stable than the other 
ammonium salts, NH3 prefers to react with sulfuric acid or sulfate. The 
slope of the linear regression line between SO4

2− and NH4
+ concentra

tions (in μeq m− 3) in the 0.153–0.343 μm and the 0.591–1.06 μm size 
ranges was 0.95 (R2 >0.93), pointing to the formation of (NH4)2SO4 in 
both modes. 

Sulfate showed a minor peak in the coarse mode at 3.4 μm, which 
accounted for 17% of the total sulfate. This peak has been commonly 
observed in several previous studies (Do et al., 2021; Plaza et al., 2011; 
Taiwo et al., 2014; Zhao et al., 2011; Zhuang et al., 1999) and results 
from the reaction of SO2 or H2SO4 with coarse calcium and sodium 
particles. Coarse NH4

+ was found in all samples, although it contributed 
less than 5% to the total ammonium mass concentration. 

Nitrate showed a trimodal distribution; however, unlike sulfate, its 
average size distribution was dominated by coarse mode particles (3.8 
μm), accounting for 80% of the total nitrate mass concentration. Coarse- 
mode nitrate is mainly formed from heterogeneous reactions of nitric 
acid with mineral dust and/or sea salt particles (Dasgupta et al., 2007; 
Hodzic et al., 2006). Two small peaks were obtained in the fine size 
range with average diameters in the condensation (0.3 μm) and droplet 
(0.7 μm) modes, similarly to other studies (Cabada et al., 2004). Nitrate 
in the condensation mode is generated by the gas-phase oxidation of 
NOx to HNO3, which then reacts with ammonia to form NH4NO3. On the 
other hand, the formation of the droplet-mode nitrate may be the result 
of heterogeneous-phase reactions or the growth of condensation-mode 
ammonium nitrate particles (Cabada et al., 2004; Wang et al., 2021). 
Fine NH4NO3 is highly unstable and tends to decompose into gaseous 
nitric acid and ammonia under high temperatures and low relative hu
midity conditions. In addition, its formation is favoured at high NH3 
concentrations, when there is sufficient ammonia to neutralize both 
H2SO4 and HNO3 (Do et al., 2021; Wang et al., 2015b). This may be the 
reason why nitrate size distributions differ depending on the meteoro
logical conditions and the characteristics of the study area. As just 
mentioned, at our sampling site nitrate was mainly distributed in the 

coarse size fraction, in accordance with several previous studies (Bar
baro et al., 2019; Bougiatioti et al., 2013; Plaza et al., 2011; Taiwo et al., 
2014; Zhuang et al., 1999). This is most likely because ammonia levels 
are low in the study area and the formation of ammonium nitrate is 
limited by the availability of ammonia (Clemente et al., 2022). In 
contrast, other works have reported a higher abundance of nitrate in 
fine-mode particles (Cabada et al., 2004; Zhao et al., 2011). 

Oxalic acid is the most abundant dicarboxylic acid in atmospheric 
aerosols, with most of it existing as oxalate. It can be directly introduced 
into the atmosphere by biogenic and anthropogenic sources, although 
the secondary formation of oxalate through photochemical oxidation of 
volatile organic compounds is thought to be the main source of this 
anion (Bian et al., 2014; Zhou et al., 2015). The size distribution of 
oxalate was similar to that of sulfate, although the peak in the coarse 
mode (40% of the total oxalate) was larger than those in the conden
sation (35%) and droplet modes (20%). Trimodal distributions for ox
alate have been identified in previous studies (Bian et al., 2014; Huang 
et al., 2006). In contrast, other works have reported bimodal size dis
tributions with peaks in the submicron and coarse size ranges (Bardouki 
et al., 2003; Laongsgri and Harrison, 2013; Zhao and Gao, 2008). 
Regardless the number of mode peaks, oxalate size distributions are 
usually dominated by a large droplet mode. The formation of oxalate in 
the droplet mode has been attributed either to in-cloud processes or 
gas-to-particle formation (Zhao and Gao, 2008). When the formation 
pathway of droplet-mode oxalate is dominated by in-cloud processes, 
oxalate shows a good correlation with sulfate (Huang et al., 2006; 
Laongsgri and Harrison, 2013). The correlations between these two ions 
at our sampling site will be discussed in the next section. The 
condensation-mode oxalate is thought (Ooki et al., 2002) to be the result 
of the photochemical oxidation of gaseous precursors with OH radicals 
and ozone, followed by condensation of the formed oxalic acid onto 
existing particles (Bian et al., 2014; Kawamura et al., 2007; Laongsgri 
and Harrison, 2013). Regarding coarse-mode oxalate, it may be formed 
from the reaction of gas-phase oxalic acid with sea-salt and/or soil 
aerosols (Bardouki et al., 2003; Huang et al., 2006; Kawamura et al., 
2007). The size distribution of oxalate at our sampling site points to 
gas-phase reactions as the main pathway for oxalate formation. The 
dominant peak in the coarse mode may be attributed to the high con
centrations of alkaline particles of sea salt and soil origin. 

3.2.3. Crustal species (Ca2+ and CO3
2− ) 

Similarly to previous studies, calcium showed a multimodal size 
distribution, with peaks in the submicron and supermicron size ranges 
(Bian et al., 2014; Park and Yu, 2019). However, Ca2+ predominated in 
the coarse fraction (85%) since it is mainly derived from crustal CaCO3. 
The coarse mode (4.3 μm) contributed 72% to the total Ca2+ and the 
very large mode (~13 μm) accounted for a minor fraction (13%). 
Fine-mode calcium (the sum of the Aitken, condensation and droplet 
modes) contributed only 15% to the total Ca2+ concentration. 

During the sampling days, no Saharan dust event was recorded, 
suggesting that local emissions were the main source of coarse Ca2+ at 
the sampling site. From the size distribution of carbonate, it can be 
deduced that calcium in the very large mode was found as CaCO3, 
whereas in the coarse mode it was associated, in addition to carbonate, 
with nitrate and sulfate. 

3.2.4. Soluble potassium (K+) 
The size distribution of potassium was characterized by multiple 

modes since K+ can be emitted by a wide variety of sources including 
biomass burning, combustion processes, sea-salt, soil emissions and 
biogenic sources (Bougiatioti et al., 2013; Do et al., 2021; Kleeman et al., 
2000; Zhao and Gao, 2008). Potassium was mainly distributed in the 
fine fraction, following the general pattern observed in many other 
studies (Barbaro et al., 2019; Bernardoni et al., 2017; Bian et al., 2014; 
Bougiatioti et al., 2013; Do et al., 2021). The condensation (0.3 μm) and 
droplet (0.6 μm) modes dominated the size distributions of potassium, 

B. Navarro-Selma et al.                                                                                                                                                                                                                        



Chemosphere 294 (2022) 133693

7

with a similar contribution to the average K+ concentration (37% and 
32%, respectively). These fine-mode peaks are attributed to anthropo
genic sources, mainly biomass burning but also other sources such as 
cooking or even traffic (Almeida et al., 2005; Wang et al., 2014). Po
tassium in the coarse mode peaked at 2.9 μm, and contributed nearly 
20% to the total K+. Coarse potassium is associated with mineral dust, 
sea salt and biogenic emissions (Bougiatioti et al., 2013; Do et al., 2021). 

3.3. Seasonal variation of size distributions 

Most of the water-soluble components showed similar mass size 
distributions during summer and winter (i.e. the modal peaks were the 
same and the relative contribution of each mode was similar during both 
seasons), although for some species winter and summer concentrations 
were statistically different (Table 2). Only nitrate and oxalate size dis
tributions followed a different pattern during both seasons, as will be 
discussed below. 

Sulfate concentrations were higher in summer than in winter, as 
previously reported for the study area (Galindo et al., 2011, 2020). This 
was due to the higher production rate of H2SO4 from the photochemical 
oxidation of SO2 during the warm season. The subsequent reaction of 
sulfuric acid with ammonia to form (NH4)2SO4 can explain the increase 
in ammonium concentrations from winter to summer. 

The seasonal cycle of soluble potassium was characterized by higher 
concentrations in winter than in summer. As shown in the previous 
section, potassium was mainly distributed in the submicron fraction, 
indicating that K+ mainly originates from combustion sources. There
fore, the increase in potassium concentrations during the cold season 
may be attributed to higher emission rates from sources and the lower 
mixing layer height. This seasonal cycle has been previously observed at 
other sites (Bian et al., 2014; Galon-Negru et al., 2018). 

Sodium and magnesium concentrations were slightly higher in 
summer as a result of the prevalence of sea breezes during this season, 
although the seasonal differences were lower than those found in pre
vious works performed in the study area (Galindo et al., 2011, 2020) due 
to the proximity of the sampling site to the sea shore. In contrast, a 
decrease in chloride concentrations from winter to summer was found 
(although this decrease was not statistically significant due to the high 
standard deviation in Cl− concentrations). The reason is that chloride 
depletion is larger in summer due to the higher ambient temperature 
(Galindo and Yubero, 2017). 

Calcium concentrations were higher in winter than in summer. The 
results of previous works performed carried out in the study area indi
cate that the seasonal cycle of Ca2+ varies depending on the sampling 
site and meteorological conditions. In the absence of precipitation and 
Saharan dust intrusions, winter concentrations can be higher than those 
registered in summer, possibly due to a decrease in the mixing layer 
height during the cold months (Galindo et al., 2011; Galindo and 
Yubero, 2017). Otherwise, calcium levels tend to be larger during 
summer as a consequence of increased dust resuspension and a higher 
frequency of African dust outbreaks (Galindo et al., 2013). 

During the study period, the total concentration of oxalate was 
similar in summer and winter. However, when the concentrations of the 
submicron and coarse fractions were calculated separately, some dif
ferences were found. Fine oxalate concentrations were higher in winter 
than in summer (0.12 vs 0.09 μg m− 3, calculated as the sum of the 
impactor stages below 1.06 μm), while the opposite was observed in the 
coarse fraction (0.06 vs 0.09 μg m− 3, calculated as the sum of the 

impactor stages above 1.06 μm). The increase in the concentrations of 
coarse-mode oxalate during summer is clearly seen in Fig. 4. This sea
sonal cycle can be explained by the intense photochemical activity 
favouring the formation of gaseous oxalic acid followed by condensation 
onto coarse alkaline particles or sea salt. It has also been suggested that 
supermicron oxalate particles may be the result of evaporation of oxalic 
acid from the smaller-size particles followed by condensation onto 
larger particles due to their higher alkalinity (Bian et al., 2014). This 
may be a reason for the decrease in the concentrations of submicron 
oxalate during summer. The results of the correlations between oxalate 
and sulfate concentrations in the submicron fraction point to different 
formation pathways in summer and winter, at least in the droplet mode. 
Fairly good correlations between both ions were observed in the 
0.153–0.591 μm size bins, both in summer and winter (R2 of 0.48 and 
0.71, respectively), probably indicating that oxalate in the condensation 
mode was formed from gas-phase reactions followed by condensation 
or/and by heterogeneous reactions on particle surfaces. On the other 
hand, the mass concentrations of oxalate and sulfate in 0.591–1.06 μm 
showed a strong correlation in winter (R2 = 0.74), and no correlation in 
summer (R2 = 0.04). These results suggest that oxalate in the droplet 
mode was formed by in-cloud processes during winter and by 
gas-to-particle conversion during the summer season, in line with the 
findings of Zhao and Gao (2008). They observed a good relationship 
between oxalate and sulfate in 0.32–0.56 μm only when the average 
temperature was below 20 ◦C. During our study period, the average 
daily temperature was between 28 and 31 ◦C in summer, and between 
14 and 18 ◦C during winter. 

The average size distributions of nitrate during summer and winter 
were significantly different (Fig. 5). During the winter season, NO3

−

showed a trimodal size distribution, with peaks in the submicron and 
coarse size ranges. Coarse nitrate concentrations were higher than those 
of the submicrometric fraction due to the low ammonia levels in the 
study region. 

As mentioned in the previous section, nitrate in the condensation and 
droplet modes is in the form of ammonium nitrate generated by gas- 
phase or heterogeneous reactions, respectively. It is well known that 
the partitioning of NH4NO3 between the gas and aerosol phase is shifted 
to the particle-phase under low ambient temperatures. Thus, the thermal 
decomposition of particulate NH4NO3 in summer explains why nitrate 
had a unimodal supermicron size distribution during this season. 

To gain insight into the formation of coarse-mode nitrate, the mass 
concentrations of nitrate for the impactor stages above 1.06 μm were 
correlated against the excess of sodium and calcium, defined as the 
fraction of Na+ and Ca2+ not bound to chloride and carbonate, respec
tively (Nicolás et al., 2009a). Correlations were performed separately for 
winter and summer (Fig. 6). During summer, most of the nitrate was in 
the form of NaNO3 as a result of the reaction of HNO3 with sea salt (R1). 
This indicates that chloride depletion can be largely attributed to the 
formation of coarse-mode nitrate, as reported in several previous works 
(Barbaro et al., 2019; Bian et al., 2014; Ghosh et al., 2020; Zhao and 
Gao, 2008; Zhuang et al., 1999). The Ca2+/Na+ equivalent ratio during 
summer, although lower than in winter, was higher than unity (1.8), 
indicating that calcium was the dominant alkaline ion in coarse parti
cles. Therefore, the reaction between nitric acid and sodium chloride 
seems to be more dependent on the ambient temperature than on the 
relative proportion of sodium and calcium. The results of the correlation 
analysis show that a significant fraction of coarse NO3

− was associated 
with Ca2+ during winter, suggesting that the reaction of nitric acid with 

Table 2 
Mean concentrations of water-soluble species (μg m− 3) during summer and winter calculated as the sum of all stages of the DEKATI impactor.   

Cl− NO3
− SO4

2– C2O4
2– Na+ NH4

+ K+ Mg2+ Ca2+

Summer 0.47 2.09a 4.91a 0.17 0.85 1.69a 0.28a 0.17 1.32a 

Winter 0.75 3.26 2.59 0.19 0.78 0.98 0.52 0.15 2.43  

a Seasonal differences were statistically significant at the 95% confidence level. 
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Fig. 4. Average size distributions of oxalate and mode retrieval during winter and summer. In red, histogram of the cascade impactor experimental data; in blue 
(dashed line), data inversion by the program MICRON; and in yellow, grey and orange dots, the main modes of the distribution. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Average size distributions of nitrate and mode retrieval during winter and summer. In red, histogram of the cascade impactor experimental data; in blue 
(dashed line), data inversion by the program MICRON; and in yellow, grey and orange dots, the main modes of the distribution. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Relationship of coarse-mode nitrate with the excess of sodium and calcium during summer and winter.  
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soil particles (R2) was the main pathway for coarse-mode nitrate for
mation during the cold season. The percentages of chloride depletion 
from coarse-mode sea salt aerosols, calculated using the Cl− /Na+ ratio in 
sea water (Ghosh et al., 2020), are in agreement with the previous 
outcomes since the extent of chloride deficit was higher in summer 
(67%) than in winter (47%). A similar seasonal pattern for chloride 
depletion was obtained in other works (Bian et al., 2014).  

HNO3 (g) + NaCl (s) → NaNO3 (s) + HCl (g)                                  (R1)  

2 HNO3 (g) + CaCO3 (s) → Ca(NO3)2 (s) + HCl (g)                          (R2)  

3.4. Influence of port activities on size distributions 

As mentioned in Section 2.1., fugitive PM emissions can occur during 
both loading/unloading of cargo vessels and stockpiling of bulk mate
rials at the docks. In order to evaluate the impact of such activities on the 
concentrations and size distributions of the analysed species, we first 
identified those days with and without port activities. For the study 
period, there were activities at the docks (either loading/unloading of 
ships, transporting or stockpiling of dust materials) during one day in 
summer and two days in winter. Then, we verified that not Saharan dust 
event was registered in order to discard any significant external influ
ence on aerosol size distribution and composition (Nicolás et al., 2009b, 
2020). Finally, the average concentrations of the studied components on 
the days of the study period with and without materials movement were 
calculated separately for winter and summer (Table 3). 

The activities of loading/unloading, transporting and stockpiling of 
bulk materials at the docks had a clear impact on Ca2+ levels during both 
summer and winter. The concentrations of soluble calcium on days with 
bulk materials movement were more than double those on days without 
these port activities during both seasons. Calcium emissions were most 
likely in the form of CaCO3, as can be deduced from the increases in 
carbonate concentrations. Potassium levels showed a minor increment 
on days with harbour activities compared with calcium, which could 
suggest the presence of potassium salts in dust particles. However, this 
possibility is unlikely because the increase in K+ concentrations was 
comparable or even higher in the submicron fraction. For the remaining 
ions, a clear influence of port activities was not observed since variations 
in their concentrations on days with and without bulk materials 
handling were different in summer and winter. 

Fig. 7 presents mass size distributions for calcium on days with and 
without bulk port activities during summer and winter. It can be 
observed that, although mass concentrations on days with harbour ac
tivities were higher for all the stages, the most significant increases in 
Ca2+ concentrations were generally found in the supermicron fractions, 
specifically on the tenth stage (mean diameter 2.68 μm). 

4. Conclusions 

Size distributions of water-soluble aerosol components (Cl− , NO3
− , 

SO4
2− , C2O4

2− , Na+, K+, Ca2+, Mg2+ and NH4
+) were determined at the 

port of Alicante during summer and winter. Sulfate and ammonium were 
mainly distributed in the submicron size range, with peaks in the 

condensation and droplet modes, suggesting the formation of (NH4)2SO4 
through both gas-phase and aqueous-phase reactions during summer 
and winter. Oxalate showed a trimodal size distribution with peaks in 
the submicron and coarse ranges. However, a higher proportion of 
coarse-mode oxalate was observed in summer, probably due either to 
the reaction of oxalic acid with sea-salt and soil derived particles or to 
volatilization and recondensation processes. Good correlations between 
oxalate and sulfate were observed in the condensation mode, pointing to 
similar formation pathways. In contrast, droplet-mode oxalate and sul
fate were well correlated only in winter, suggesting that the formation 
mechanisms of oxalate in the droplet mode depend on the ambient 
temperature. Although the size distributions of nitrate were character
ized by a dominant peak in the coarse range, two peaks in the fine mode 
were also observed in winter as a result of the formation of submicron 
NH4NO3 under low temperatures. The results of correlation analyses 
indicate that coarse-mode NO3

− was mostly generated from the reaction 
of nitric acid with soil dust during winter and sea-salt during summer. In 
fact, the formation of NaNO3 is mainly responsible for the significant Cl−

depletion. 
Harbour activities (including stockpiling of bulk materials at the 

docks, transport, and loading/unloading of ships) had a significant in
fluence on the levels of soluble calcium. Total Ca2+ concentrations were 
more than twice higher on days with bulk materials handling than on 
days without materials movement during both summer and winter. 
Although the increase in calcium levels was observed in general for all 
the stages of the impactor, the highest increment was found for particles 
on the stage with a cutoff diameter of 2.68 μm. These results indicate 
that the storage and handling of bulk materials outdoors can have a 
significant impact on air quality in the area. Therefore, measures to 
minimize fugitive emissions from these activities should be taken. These 
measures could include outdoor storage limitations (through the 
building of warehouses) and proper loading/unloading methods. Other 
mitigation actions to be considered are: addition of water to the area of 
the pile being worked, use of misters and/or dry fogging systems, and 
daily road sweeping to minimize road dust resuspension. The tempo
rarily suspension of operations under breeze conditions that can favour 
dust transport to the city, or under highly stable atmospheric conditions 
leading to the accumulation of pollutants in the surroundings of the port 
area, should also be contemplated. 
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Table 3 
Mean concentrations of water-soluble species (μg m− 3) on days with and without activities at the docks (loading/unloading of vessels and/or stockpiling of bulk 
materials) calculated as the sum of all stages of the DEKATI impactor.   

Cl− NO3
− SO4

2– C2O4
2– CO3

2– Na+ NH4
+ K+ Mg2+ Ca2+

Winter With port activities 0.72 3.35 3.24 0.23 1.07 0.66 1.12 0.56 0.15 4.05 
Without port activities 0.75 3.23 2.33 0.17 0.45 0.86 0.93 0.50 0.16 1.78 

Summer With port activities 0.83 1.50 3.38 0.17 0.91 0.85 0.88 0.36 0.16 2.86 
Without port activities 0.41 2.19 5.17 0.15 0.38 0.85 1.82 0.27 0.18 1.06 

*Seasonal differences were statistically significant at the 95% confidence level. 
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the work reported in this paper. 

Acknowledgements 

We thank the Alicante Port Authority (APA) and Bergé Marítima S.L. 
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Orlando, S., Alebić-Juretić, A., Zubak, V., Mifka, B., Contini, D., 2020. Comparison of 
the impact of ships to size-segregated particle concentrations in two harbour cities of 
northern Adriatic Sea. Environ. Pollut. 266, 115175. 

Nadeau, P., Berk, D., Munz, R.J., 2003. Ammonium chloride aerosol nucleation and 
growth in a cross-flow impinging jet reactor. Aerosol Sci. Technol. 37, 82–95. 

Nicolás, J.F., Galindo, N., Yubero, E., Pastor, C., Esclapez, R., Crespo, J., 2009a. Aerosol 
inorganic ions in a semiarid region on the southeastern Spanish Mediterranean coast. 
Water Air Soil Pollut. 201, 149–159. 
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