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H I G H L I G H T S  

• Positive Matrix Factorization was used to identify the Impact of the COVID-19 lockdown to PM10 sources a port-city area. 
• The reduction of PM10 from road traffic was limited to the COVID lockdown, while that from marine traffic is year-round. 
• The increase in the Saharan source compensates the reduction in PM10 caused by anthropogenic sources during the COVID year.  
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A B S T R A C T   

The objective of this study was to evaluate the effects that the COVID-19 lockdown had in the PM10 levels and 
sources in a city adjacent port where the transport of bulk materials is one of the main activities. For this, the 
2020 PM10 chemistry and sources will be compared to an annual baseline period of 2017-18 in the same area. 

A total of 337 samples were chemically analyzed (30 chemical species) and a positive matrix factorization 
model was used to identify major PM10 sources. A Mann-Whitney test was used to find statistically relevant 
differences between periods. 

The model identified 8 factors two of them directly related to port activities (Shipping emissions and bulk 
materials), one associated to road traffic, three linked secondary sources (aged sea salt, secondary nitrate, 
ammonium sulfate) and two natural sources including fresh sea salt and long-range transport from Saharan 
intrusions. 

Road traffic and Shipping sources show a significant reduction in the lockdown period. However, after this 
period, the road traffic source quickly recovered showing no differences on a yearly basis with the reference year. 
Only the Shipping emissions source were greatly reduced in 2020 compared to 2017-18. On the other hand, the 
influence of natural sources kept PM10 from reducing drastically during the lockdown year (2020).   

1. Introduction 

PM10 particles are a worldwide concern, with several studies high-
lighting health effects in humans (Cheng et al., 2013; Khaniabadi et al., 
2017; Sasmita et al., 2022) and particularly in children (Johnson et al., 
2021; Mahapatra et al., 2020; Nauwelaerts et al., 2022). A large number 
of studies in exposed human populations over decades show associations 
between prenatal exposure to fine particulate matter (PM) and adverse 
birth outcomes, respiratory disease, and adverse neurodevelopment 
(Johnson et al., 2021). Most International organizations (World Health 
Organization, European Environment Agency) and national organiza-
tions (United States Environmental Protection Agency), have set 

different limit values for key pollutants to protect the health of their 
citizens. These limits are used as targets for reducing emissions. Air 
quality measurement is essential to detect the exceedances of the daily 
limit value for PM10 set by Directive (2008)/50/EC (50 μg/m3), while 
the World Health Organization recommends a lower limit value for 
PM10 (15 μg/m3) (WHO; 2021). The identification of the main sources, 
in environments affected by the presence of industrial ports, contrib-
uting to PM has become necessary to reduce their negative impact on air 
quality (Cheng et al., 2013; Merico et al., 2017; Oduber et al., 2021; 
Pérez et al., 2016; Russo et al., 2018; Sasmita et al., 2022; Viana et al., 
2009; Wu et al., 2013; Zhou et al., 2015). 

Ports are very important to the global economy, as they facilitate 
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international trade and are considered to be major accelerators of local 
economic development by providing low-cost means of transporting 
goods with far away regions. In addition, they are very relevant to the 
growth of the cities in which they are located (Ma et al., 2021; Notte-
boom et al., 2022). However, maritime transport pollutes the sea and the 
air by emitting gases and particles. In the case of particles, the handling 
of bulk materials in ports contributes to increased levels of PM10 and 
PM2.5 in the area (Alastuey et al., 2007; Clemente et al., 2021; Pérez 
et al., 2016), however, identifying the bulk material source is often 
challenging due to its composition’s similarity to the soil, leading to it 
being labeled as a general mineral source. On the other hand, emissions 
from ships, mainly represented by combustion of fuel-oil have been well 
documented by different studies which found their contribution be-
tween 0.3% and 7% of the total PM10 (Alastuey et al., 2007; Amato et al., 
2009; Clemente et al., 2021; Ledoux et al., 2018; Merico et al., 2017; 
Pandolfi et al., 2010; Pérez et al., 2016; Viana et al., 2009). Traffic in the 
port area cannot be underestimated as most of the vehicles passing 
through the area are heavy duty vehicles carrying both bulk materials 
and containers. 

In 2020, the COVID-19 pandemic caused a 3-month lockdown that 
greatly reduced anthropogenic emissions, mainly those related to road 
traffic. This period has already been studied in detail to see what in-
fluence it has had on particulate levels (Gayen et al., 2021; Mill-
án-Martínez et al., 2021; Shukla et al., 2022). Many studies have focused 
on the effects of COVID-19 closures directly on the road traffic source, 
NOx or PM10 (Collivignarelli et al., 2020; Dantas et al., 2020; Massimi 
et al., 2022; Millán-Martínez et al., 2022; Sharma et al., 2020; Xu et al., 
2020). However, few studies have focused on the effects of the lock-
downs in port cities where maritime transport of goods and cruise ships 
are important contributors to PM10. 

The aim of this study is to evaluate the effects of the lockdown caused 
by the COVID-19 pandemic in the PM10 concentrations in a city adjacent 
to a port where the transport of bulk materials is one of the main ac-
tivities. To achieve this, two periods were studied in the same sampling 
area in Alicante (a city in the south-east of Spain), the full year of 2020 
and the period from March 2017 to February 2018 (hereafter referred to 
as 2017 and used as reference). A PMF model is used to study the effect 

the lockdown may have had on PM10 concentrations, composition and 
sources, as well as how emission patterns have changed during 2020. 

2. Materials and methods 

2.1. Measuring site 

The monitoring station, named TF (Tinglado Frutero), is located at 
the perimeter of the port of Alicante (38◦ 20′ 13″ N; 0◦ 29’ 48” O), be-
tween the bulk solids handling docks (D-11, D-13 and D-17) and the 
urban area of Alicante (Fig. 1). The distances from the sampling point to 
dock D-17 is 400m, 590m to D-13 and 740m to D-11. Moreover, the 
largest dock (D-17) is less than 600m away from the city boundary 
where a public school is located. The location of the sampling point was 
chosen at the boundary between the port and the urban area, in order to 
minimize proximity to emission sources while staying close to the resi-
dential part of the city. 

The port is the south-eastern window to the Mediterranean Sea of a 
semi-arid basin surrounded by mountains where the recirculation of 
pollutants is favored for most of the year (Clemente et al., 2022). The 
climatology is characterized by short and mild winters for two months 
(January–February), followed by a long warm period dominated by 
local thermal circulations and sea breezes (Santacatalina et al., 2011; 
Yubero et al., 2015). The annual precipitation is less than 300 mm (220 
mm in 2017 and 190 in 2020) and occurs in very few events. The 
number of days without precipitation, <0.1 mm, is greater than 300 
which enhances the existence of dry bare soils and facilitates particle 
resuspension. The high frequency of Saharan episodes is also common in 
the study area and could be variable between years. For instance, 60 
relevant episodes occurred in 2020 compared to 40 in 2017. In Fig. 2, 
the seasonal wind roses for the study periods show the seasonality of the 
winds and the low variation from year to year. With this wind regime, 
port emissions would affect the sampling point during periods of winter 
stability and, in the summer, during daytime hours with E-S winds (up to 
10 m/s) as well as during nighttime hours with light winds or stability. 
The number of days with high stability resulting in PM10 levels above 40 
μg/m3, was 23 in 2020 and 15 in the reference period. 

Fig. 1. Location of the measurement point (TF) and average wind rose (2020). The industrial area of the harbor of Alicante is shaded in red while the sports and 
leisure area is shaded in green. The docks where solid bulk materials are handled are shaded in purple. Figure adapted from Clemente et al., (2021). 
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The average annual amount of bulk materials handled in the Port of 
Alicante over the last 10 years was 1.28 ± 0.44 million tonnes. In 2020, 
1.4 million tonnes of bulk materials were handled, in comparison to the 
1.9 million tonnes recorded in 2017, the year with the highest bulk 
movement. (Autoridad Portuaria de Alicante, 2021). 

To mitigate the impacts that port activity may have on atmospheric 
particulate matter concentration, the Port Authority has implemented a 
monitoring system based on continuous PM measurements. Once certain 
thresholds are exceeded, various additional abatement techniques are 
activated alongside the existing barriers, such as the use of water can-
nons, and all activity is halted if the levels do not decrease. 

2.2. Sample collection and analysis 

During 2020 and 2017, a total of 156 and 181 PM10 samples were 
collected respectively on alternate days with a high-volume sampler 
(DIGITEL DHA-80) installed on the roof of an approximately 2.5m high 
freight container located at the monitoring site (TF). Sampling was 
performed using Munktell micro-quartz fiber filters (ø = 150 mm) and 
each filter was sampled for 24h starting at 00:00 on alternate days. 

Filters were conditioned in a room with controlled temperatures (20 
± 1 ◦C) and relative humidity (50 ± 5%) for 48h before each weighing. 
The mass of the collected particles was determined by the difference 
between the weight of the filter before and after the sampling. An 
electronic scale (Ohaus, Analytical Plus, AP250D) with 10 μg sensitivity 
was employed. 

The 337 samples were analyzed by ion chromatography (IC, Dionex 
ICS-1100), thermal optical transmission analysis (TOT, Sunset Labora-
tory, Inc.), inductively coupled plasma optical emission spectroscopy 
(ICP-OES, Optima 7300 DV) and ICP mass spectrometry (ICP-MS, 7700x 
Agilent) to quantify soluble ions, carbonaceous compounds and ele-
ments (major and trace). For that, filters have been fractioned, a water 
extraction was realized in the case of soluble ions and a (HNO3 + H2O2) 
digestion was realized for total metals. EC-OC has been conducted in a 
punch (1.5 cm2) of the filter. Carbonates were assumed to be those that 
complete the ionic balance (Yubero et al., 2010). A more detailed 
explanation of the analytical methodology followed and the detection 

limits can be found elsewhere (Clemente et al., 2021; Galindo, N. et al., 
2018; Galindo et al., 2018; Galindo and Yubero, 2017). 

Blank filters were analyzed with each batch of filters using the 
respective analytical techniques. The average concentration values for 
each species in the blank were subtracted from the concentration of the 
analyzed samples. The detection limit was obtained as 3 times the 
standard deviation of the blanks that correspond to the filter. 

2.3. PMF 

The Positive Matrix Factorization (PMF) technique (Paatero and 
Tapper, 1994) was employed to carry out the source apportionment at 
the monitoring site from the chemical composition of the analyzed 
samples, by means of the EPA (Environmental Protection Agency) PMF 
version 5.0. The PMF model is commonly used for PM source identifi-
cation and apportionment (Amato et al., 2009; Clemente et al., 2021; 
Jaeckels et al., 2007; Kim and Hopke, 2008; Kim et al., 2004; Larsen and 
Baker, 2003; Lee, E. et al., 1999; Lee, P. K. H. et al., 2003; Maykut et al., 
2003; Pandolfi et al., 2010). 

The data from the 2017 and 2020 periods were merged to help with 
the factor identification and to better compare changes in sources 
contributing to the PM10 study area. 

A total of 30 chemical species were used for the source apportion-
ment analysis, of which 11 were classified as strong (Cl− , NO3

− , NH4
+, 

Mg2+, Ca2+, Al, V, K, Fe, Na+ and EC) and 19 as weak (PM10, SO4
2− , 

C2O4
2− , Ti, Cr, Mn, Ni, Cu, As, Sr, Zr, Sn, Sb, Ba, La, Ce, Pb, and OC). 
This classification was done in two steps, the first one being mainly 

based on their signal-to-noise ratio (S/N; Paatero and Hopke, 2003). 
Species with a S/N > 2 were initially classified as strong while those 
with a S/N between 0.2 and 2 were classified as weak and those with a 
S/N < 0.2 were classified as bad. Of the species originally classified as 
strong, some were changed to weak because a low percentage of the 
samples were above the detection limit or to improve the stability of the 
Q factor. 

Concentration values below the detection limit were replaced by half 
the detection limit and missing values were replaced by the species 
mean value (Polissar et al., 1998). The uncertainty associated with each 

Fig. 2. Seasonal windroses for the study period. 2017 on the left, 2020 on the right. Calms are winds under 0.5 m/s.  
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concentration value was calculated using the equations proposed by 
Zabalza et al. (2006). 

A range of 5–10 factors were tested on the PMF, all runs were per-
formed with an additional 5% uncertainty. Diagnostic tests such as 
bootstrap (BS) and displacement (DISP) were performed to evaluate the 
rotational ambiguity, the uncertainty of the model and the stability of 
the solution. (Belis et al., 2014; Comero et al., 2009). 

2.4. Mann-Whitney test 

A Mann-Whitney test (α = 0.05) was applied to the different factors 
obtained by the PMF to compare the 2017 period with the 2020 period 
and to determine whether there were statistically significant differences 
between them. 

3. Results 

3.1. Average composition of PM10 

The average PM10 concentration in 2020, the COVID year, was 29.1 
± 17.8 μg/m3, which was not statistically different from the average 
obtained at the same sampling point in 2017 (Table 1). In 2020, the 
higher PM10 concentration was obtained on February 28th due to a 
Saharan intrusion where the concentration peaked at 175.9 μg/m3. The 
lower concentration, with a value of 7.8 μg/m3, was measured on 
December 5th with a strong Atlantic advection episode. 

The number of exceedances of the PM10 daily limit value established 
by Directive (2008)/50/EC (50 μg/m3) regulations was 7 and 8 days in 
2017 and 2020, respectively. Regarding the total number of sampled 
days, the percentage of exceedances, 4.5%, is similar in both periods. 

Table 1 summarizes the average composition of PM10 in 2020 and 
2017. In 2020, OC (4.7 μg/m3) is the major mass fraction followed by 
NO3

− (2.8 μg/m3), and SO4
2− (2.2 μg/m3). In 2017 the pattern was 

similar, 4.6, 2.4 and 2.6 μg/m3 for OC, SO4
2− and NO3

− respectively. Most 
of the samples have almost 100% of their values above the detection 
limit. Statistical analysis shows that there is a significant difference for 
V, Ni, Zr, Fe, Sb, Cr, Ti, EC and C2O4

2− in both periods. V and Ni are 
commonly associated with fuel-oil combustion and therefore this 
reduction could imply a decline in maritime transport. Fe, Sb, Cr and EC 
are usually related to road traffic (Amato et al., 2009; Maykut et al., 
2003) which showed an important reduction in 2020. Ti and Fe, on the 
other hand, are main tracers of Saharan intrusions. C2O4

2− is mainly a 
tracer of secondary processes (Huang et al., 2011; Zhou et al., 2015). 

The sum of the individual concentration for all the elements has been 
compared to the PM10 for both periods (2017, 2020). The calculated 
PM10 obtained by the chemical composition represents 80% and 82% of 
the total PM10 sampled, respectively. The missing 18–20% are related to 
aerosol-bound water, minor non-analyzed chemical components, non- 
measured oxygen in OC and metals and small instrumental errors 
(Cardoso et al., 2018; Santacatalina et al., 2010; Vecchi et al., 2008; Wu 
et al., 2013). 

The measured annual average PM10 concentration (29 μg/m3) is 
lower than other more industrialized ports in Spain such as Tarragona 
(40 μg/m3; Alastuey et al., 2007) or Barcelona (35 μg/m3; Pérez et al., 
2016). Compared to other European ports, the concentration is slightly 
higher than that of the Port of Calais, France (25 μg/m3; Ledoux et al., 
2018), and half of that of the lagoon in Venice, Italy (62 μg/m3, Merico 
et al., 2017). 

The port of Alicante has lower concentration of trace metals and 
main ions like SO4

2− and NH4
+ than larger ports such as Barcelona and 

Tarragona. The levels of V and Ni, are either lower than other ports or on 
the lower end, especially for 2020 (2–15.3 ng/m3, 1.9–7.3 ng/m3 for V 
and Ni respectively). Although elements related to fuel-oil combustion 
and therefore the number of ships docking at the port are relatively less 
significant than in larger ports, the concentrations of NO3

− , Na+, Cl− and 
Ca+ are of the same order compared to those ports (2.4–7.0 μg/m3, 

Table 1 
Summary PM10 concentration and chemical composition in the Port of Alicante. Maximum, minimum and mean concentrations of the 156 samples of the 2020 period 
and the 181 samples of the 2017 period with their standard deviation (SD) and the percentage of values above the detection limit (ADL).   

Species 2020 2017 

Mean Max Min SD ADL (%) Mean Max Min SD ADL (%) 

μg/m3 PM10 29.1 175.9 7.8 17.8 100% 28.5 120 5.8 15.7 100% 
Cl− 1.0 7.8 0.02 1.2 95% 0.93 5.2 0.06 0.82 96% 
NO3

− 2.8 12.7 0.14 2.2 99% 2.4 9.0 0.17 1.5 100% 
SO4

2- 2.2 6.4 0.40 1.3 99% 2.6 8.2 0.15 1.7 100% 
C2O4

2- 0.31 0.70 0.05 0.14 99% 0.20 0.6 <0.01 0.10 100% 
NH4

+ 0.22 5.8 <0.01 0.60 73% 0.22 2.1 <0.01 0.30 99% 
Fe 0.42 2.6 0.07 0.35 86% 0.30 1.4 0.05 0.23 100% 
Na+ 1.21 4.6 0.04 0.97 94% 1.1 4.3 0.11 0.75 98% 
Mg2+ 0.18 0.56 0.02 0.12 96% 0.16 0.5 0.03 0.09 100% 
Ca2+ 1.8 6.5 0.37 0.99 100% 2.1 11.3 0.22 1.6 100% 
K+ 0.35 3.3 0.07 0.32 99% 0.33 1.4 0.07 0.20 100% 
Al 0.32 4.2 0.05 0.47 99% 0.35 1.5 0.04 0.22 91% 
CO3

2- 1.4 5.9 <0.01 0.85 100% 1.8 11.4 0.07 1.7 100% 
OC 4.7 10.9 2.6 1.8 100% 4.6 13.5 2.2 1.9 100% 
EC 0.95 8.0 0.18 0.79 100% 0.73 2.9 0.15 0.40 100% 

ng/m3 Ti 10.8 49.2 1.0 9.3 99% 9.7 87.7 1.1 10.3 100% 
V 3.3 22.2 0.22 3.6 99% 7.9 50.4 0.45 7.0 100% 
Cr 3.0 34.7 <0.01 4.1 89% 4.2 18.5 1.81 3.2 59% 
Mn 6.5 47.5 1.2 6.0 100% 6.5 31.3 1.2 3.9 100% 
Ni 2.0 12.2 0.14 1.6 89% 3.8 17.1 0.60 2.8 94% 
Cu 8.8 35.2 1.2 6.1 99% 13.4 108 2.8 11.2 100% 
As 0.30 1.2 0.05 0.19 99% 0.35 1.1 0.07 0.22 70% 
Sr 7.5 34.6 1.8 5.6 99% 8.2 39.0 1.2 6.4 100% 
Zr 1.5 12.5 0.12 1.4 98% 4.2 20.4 0.78 3.7 54% 
Sn 1.7 6.3 0.22 1.2 99% 2.1 9.9 0.43 1.5 97% 
Sb 0.62 2.2 <0.01 0.40 99% 1.74 10.9 0.26 1.47 97% 
Ba 13.4 97.2 0.86 11.2 99% 15.0 85.6 3.54 11.1 88% 
La 0.33 7.3 0.05 0.63 99% 0.24 0.9 0.05 0.16 100% 
Ce 0.61 15.1 0.05 1.3 99% 0.42 1.7 0.08 0.3 100% 
Pb 3.1 14.7 0.1 2.6 99% 4.1 49.8 0.5 5.6 100%  
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0.69–1.9 μg/m3, 0.13–2.9 μg/m3 and 1.1–2.5 μg/m3 respectively; 
Alastuey et al., 2007; Amato et al., 2009; Pandolfi et al., 2010; Pérez 
et al., 2016; Strak et al., 2011; Wu, G. et al., 2013; Wu, S. et al., 2020; 
Žitnik et al., 2005). The levels of Na+ and Cl− more related with regional 
oceanic emissions and proximity to the sea shore also are in the range of 
Mediterranean ports (0.69–1.9 μg/m3, 0.13–2.9 μg/m3; Alastuey et al., 
2007; Amato et al., 2009; Pandolfi et al., 2010; Pérez et al., 2016; Strak 

et al., 2011; Wu, G. et al., 2013; Wu, S. et al., 2020; Žitnik et al., 2005). 
The OC/EC ratios were calculated from individual samples by sub-

tracting the carbon corresponding to carbonates from OC, resulting in 
values of 5.8 and 6.5 during 2020 and 2017, respectively. Additionally, 
it was observed that in 2017, the ratios were higher during the winter 
period compared to the summer period, indicating a greater biomass 
burning relative to traffic emissions in winter for (Szidat et al., 2006). 

Fig. 3. Chemical profiles of the identified PMF factors. Error bars show DISP-Min and DISP-Max.  
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3.2. Source apportionment 

To obtain which are the main sources contributing to the PM10 
concentration at the sampling point and to see how they have changed 
between the two study periods, a PMF is performed including the data 
from both periods. The merging of the two databases (2017 and 2020) 
allowed for a better identification of the factors and comparison among 
years. 

The stability of the Q value was checked for each number of factors 
while the suitability of the solutions was evaluated by focusing on the 
analysis of the scaled residuals, the observed versus predicted scatter 
plots and the G-space plots (Belis et al., 2014; Comero et al., 2009). The 
chosen solution consists of 8 factors, as adding a 9th factor would result 
in the splitting of the traffic factor into two nearly equal components, 
lacking any physicochemical significance. However, with 7 factors, the 
Saharan intrusion factor disappears and is distributed amongst the other 
factors. The highest stability of the Q was found with this number of 
factors. The scaled residuals were distributed between − 3 and +3 for 
almost all species. No factor swaps took place during DISP for dQmax 
values of 4 and 8. 

The chemical profiles of the identified PMF factors are shown in 
Fig. 3. Fig. 4 shows the temporal evolution of each factor contribution to 
PM10 in the two periods of study. For a better comparison, in the case of 
the 2017 period, January and February 2018 are represented as if they 
were from 2017. There was a good correlation between PM concentra-
tions simulated by PMF and the sum of the quantified components (R2 =

0.92) and 98% of the quantified PM10 was simulated in the analysis. 
Also, in Fig. 5, the PMF factor contribution (μg/m3) to PM10 annual 
average for 2020 and 2017 is compared. The significance of the differ-
ences between both periods will be addressed in a specific section. The 
different factors obtained from the PMF were: 

3.2.1. Bulk materials 
This source, which represents 21% of the annual average of PM10, is 

characterized mainly by Ca2+ (57%), with organic carbon (OC) (25% of 
explained variation) which includes carbonates and a mixture of almost 
all metals with a reasonable explained variation (10%–40%). This 
source includes limestone, clinker and gypsum, which are the materials 
most frequently transported in the Port of Alicante. The annual evolu-
tion of this source shows a baseline of around 5–10 μg/m3 with peaks 
corresponding to days when limestone was handled in the port. In 2017, 
those peaks were more frequent and of higher intensity. This source 
contributed 6.7 μg/m3 and 4.8 μg/m3 to total PM during 2017 and 2020, 
respectively. Other studies include this source in a more general mineral 
source which includes Saharan intrusions, soil resuspension or other 
mineral sources on top of bulk materials. These factors typically range 
between 7 μg/m3 and 10 μg/m3 (Alastuey et al., 2007; Clemente et al., 
2021; Pandolfi et al., 2010; Pérez et al., 2016). 

3.2.2. Shipping emissions: fuel-oil 
The contribution of this source to the PM10 is 5% and is mainly 

represented by two chemical components, V and Ni (75% and 60% of the 
explained variation respectively) with a ratio V/Ni = 2.6 and some SO4

2−

(12%). The ratio obtained is similar to that obtained in other articles for 
sources representing fuel-oil combustion from ships (Clemente et al., 
2021; Pandolfi et al., 2010; Pérez et al., 2016; Viana et al., 2009). 
Shipping emissions include both maritime transport of goods and rec-
reational vessels like cruise ships. This source would also include 
emissions from large freight ships traveling along the Mediterranean 
corridor located 40 km from the coast and, consequently, the sampling 
point. On many of the days when the contribution of this source is 
relevant, it can be seen, through an analysis of the back trajectories, that 
the air masses come from the east, i.e. from the Mediterranean. While 
during winter, prevailing winds from the NW direction restricted these 
emissions from reaching the monitoring area. 

3.2.3. Road traffic 
Road traffic contributes 13% to the PM10 mass concentration, rep-

resented by Cu (72%), Zr (46%), Sn (75%), Sb (55%) and Ba (48%), 
which are usually associated with brake and pad wear (Grigoratos and 
Martini, 2014; Pant and Harrison, 2013), and EC (69%), a clear marker 
of tailpipe exhaust (Megido et al., 2016; Sharma et al., 2014). As ex-
pected from this factor, weekdays have a significant higher contribution 
to PM10 than weekends (4.0 μg/m3 and 2.5 μg/m3 respectively) and 
levels are higher in winter periods (5.3 μg/m3) than in the summer (2.3 
μg/m3) mainly due to the reduction in the height of the mixing layer and 
the lower dispersive conditions of the atmosphere. Due to the COVID-19 
lockdown, traffic emissions were greatly reduced from March 15th to 
June 7th, and then began to slowly increase to reach levels similar to 
those at the beginning of the year. The effect of the COVID on the road 
traffic will be further investigated in a separate section. 

3.2.4. Aged sea salt 
Aged sea salt accounts for 16% of the total PM10 (4.5 μg/m3), mainly 

represented by Na+ (50%), C2O4
2− (62%), SO4

2− (57%) and Mg2+ (52%). 
The absence of Cl− , and the presence of sulfate and some nitrate can be 
explained by the reactions between the NaCl particles and the gases 
present in the atmosphere such as HNO3 and H2SO4 (Oduber et al., 2021; 
Song and Carmichael, 1999; Yubero et al., 2010). 

Higher values during the summer period due to the reactions being 
favored by higher temperatures, solar radiation, and long periods of sea 
breeze contributed to an increase in aged sea salt levels from 1.7 μg/m3 

and 2.7 μg/m3 in winter of 2017 and 2020 respectively to 7.3 μg/m3 and 
8.0 μg/m3 in the summer of 2017 and 2020. This source becomes one of 
the most important during the summer months, contributing 29% of 
PM10. 

3.2.5. Fresh sea salt 
This factor represents 10% of the annual average of PM10 and con-

tains mainly Na+ (46%), Mg2+ (33%) and Cl− (74%). This factor was 
identified as fresh sea salt because the ratio of Na+ to Cl− is 1.47, which 
is close to the stoichiometric ratio for NaCl (1.54). The Na/Mg ratio is 
8.9, which is also close to that of seawater (8.3; Yubero et al., 2010). 

This factor mainly differs from aged sea salt mainly due to the 
presence of Cl− . This means that this source is related to recently emitted 
sea spray that has not yet reacted with the nitric and sulfuric acids of the 
atmosphere. The days when this factor shows high levels correspond 
with strong advective episodes from the SE without recirculation of air 
masses. 

3.2.6. Saharan intrusion 
Saharan intrusion accounts for 16% of the total PM10 (4.5 μg/m3) 

and is mainly represented by metals such as Al (64%), Ti (51%) and Fe 
(51%). This factor, unlike most of the others, has an almost negligible 
contribution for most of the year, except on intrusion days when its 
concentration increases significantly. The intrusion days obtained by the 
PMF model have been confirmed by meteorological intrusion models 
and the use of back-trajectory analysis to confirm the origin of the 
source. 

3.2.7. secondary nitrates 
The secondary nitrates contributed to 13% of the total PM10 mass 

concentration and primarily consisted of NO3
− (62%), Ca2+ (18%) and K+

(22%). This factor mainly represents calcium nitrate and potassium ni-
trate, which can be the result of the neutralization of nitric acid by basic 
species, mainly calcium, which is predominant in the area. Due to the 
small amount of ammonia present in the atmosphere, nitric acid reacts 
with calcium and potassium carbonates conforming of this source. This 
factor could be related with NO2 emissions (HNO3 precursor) from road 
and maritime traffic. The days on which this factor has the highest levels 
correspond to accumulation episodes. During these episodes, which 
occur mainly in winter, nitric acid and basic species tends to accumulate. 
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Fig. 4. Temporal evolution of the contribution to PM10 of each factor in the two periods of study. 2017 dotted and 2020 continuous line. The shaded area represents 
the lockdown period. 
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In summer, at higher temperatures, the mixing layer is wider and 
stratified in the area of study, lowering the levels of nitrate aerosols 
(Navarro-Selma et al., 2022). 

3.2.8. Ammonium sulfate 
This factor represents only 5% of the total PM10 (1.3 μg/m3) and is 

very well defined, containing almost exclusively NH4
+(91%) and 

SO4
2− (9%). The low contribution of this factor is mainly due to the low 

availability of ammonia in the study zone. This is due to the few sources 
of ammonia present in the study area, thus indicating a possible regional 
origin of this source. 

4. Comparison between periods 

4.1. Lockdown effects at annual scale (annual differences) 

In this section, the concentrations of different sources will be 
compared between 2017 and 2020 for the entire year, including the 
prelockdown period, the lockdown period and the gradual recovery of 
activity. The objective is to evaluate the impact that the COVID-19 had 
on the PM10 average annual concentrations of the different sources. The 
average annual contribution of the factors, in both years are compared 
in Fig. 5. Factors with statistically significant differences are marked 
with an ‘*’. 

As has been already mentioned, the annual PM10 concentration ob-
tained for both periods was the same. Regarding the sources, a signifi-
cant difference was observed between the two periods for the Shipping 
emissions, Saharan intrusions, and Ammonium sulfate factors. (Fig. 5). 

In the case of the Shipping factor, the significant reduction (77%) is 
due to the abrupt drop in marine traffic, particularly in relation to the 
transport of passengers on cruise ships since the beginning of the year. 
The number of cruise ships docking at the port of Alicante decreased 
considerably, going from 43 cruises with 63.088 passengers in 2017 to a 
single cruise with 2.413 passengers in 2020. As can be seen in Fig. 4, 
sporadic emissions started to reappear with spring-summer E-SE winds 
and towards the end of the year with the relaxation of the COVID-19 
measures. On the other hand, this reduction is probably greater due to 
the effect of the IMO 2020 limiting the sulfur in fuel-oils to 0.5% m/m, 
which could lead to a more substantial reduction throughout the whole 
year 2020 as fuel-oil is the main fuel used by ships. 

The Saharan intrusion has a significant increase during 2020 
compared to the reference year (2017), doubling its concentration 
during 2020 and having a large impact during the months of January, 
February, October and November (Fig. 4). On the other hand, the 
Saharan intrusion episodes during 2017 have a more homogeneous 
distribution along the year. The increase of this factor is the main reason 
why the total PM10 concentration in 2020 remains similar to the refer-
ence year despite the measures taken during the pandemic. 

Although the reduction in the average ammonium sulfate source 
concentration is only 0.1 μg/m3, the difference compared to 2017 is 
significant. This is because the concentration patterns are different in 

2020 compared to 2017. As can be seen in Fig. 4, during 2020 the 
ammonium sulfate source consists of a few days of high concentration 
followed by periods where no ammonium sulfate was detected. During 
2017 on the other hand, days with moderate amounts of ammonium 
sulfate were more frequent. This source probably depends on medium to 
long range transport which would explain its temporal distribution. 

The annual difference in the Bulk Material factor (1.9 μg/m3) be-
tween both years was not considered significant according to the test. 
Bulk charge operations continued during the COVID period, indicating 
that most of the variation in the Bulk Material factor was attributed to 
changes in the port’s operational methodology and meteorology. No 
significant effects of the applied abatement techniques on this source 
were observed on an annual scale. Further measures are planned to be 
implemented in the port, as managing loading of most dusty materials in 
an enclosed facility and the use of containers for the transport of some 
pulverulent materials. 

4.2. The effects of the lockdown 

The lockdown effect was addressed by comparing the average 
contribution of the factors in the period from March to June 2020 
(lockdown period) with the same period in 2017. Fig. 6 shows the 
contribution of the 8 different factors during both March to June pe-
riods. In the Figure, factors with statistically relevant differences are 
marked with an ‘*’. 

Unlike at the annual scale, Traffic sources exhibited significant re-
ductions during 2020 lockdown period (39% reduction). On the other 
hand, Shipping emissions sources remained significant both during the 
lockdown period (84%) and throughout the entire year. During the 2020 
lockdown period there were no cruises reaching the port and therefore 
the contribution of Shipping emission sources decreased dramatically. 
Maritime transport of goods, on the other hand, did not show such a 
reduction as it was mainly raw matter needed for local industry. 

To emphasize on the effect of the COVID-19 lockdown on traffic, the 
2020 daily evolution of the traffic source has been plotted with the NO2 
levels and the daily number of cars on the largest and closest main road 
to the sampling area (Fig. 7). 

The reduction in cars observed in the COVID period coincides with 
the temporal evolution of the traffic factor and also with the daily NO2 
levels. During the COVID period, the OC/EC ratio reversed the annual 
trend saw in section 3.1 and exhibited the highest values of the year, 
aligning with the reduction in traffic emissions. The rapid recovery of 
the number of cars after the lockdown explains the significant differ-
ences within the year 2020 (lockdown period and the whole year). 
However, as we saw in the previous section, even though the number of 
cars was 28% lower than in 2017, there was no reduction in the PM10 
levels associated with the traffic factor in 2020. This would indicate that 
meteorology may play a key role in compensating for reductions in 
sources. An increase in the number of accumulation episodes, for 
example, would compensate for a significant reduction in the number of 
cars on the road. 

Fig. 5. PMF factor contribution in the two years of study (μg/m3). The bars represent the standard deviation of the factor.  
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4.3. Comparison of sources causing PM10 daily exceedances of 50 μg/m3 

As mentioned before, the annual mean in 2020 and the number of 
exceedances of the daily limit value of 50 μg/m3 are very similar to that 
of the reference year (7 in 2020 and 8 in 2017). Fig. 8 shows the 
contribution of the factors influencing PM10 concentration levels on 
exceedance days in 2020 and during the reference period. The anthro-
pogenic factors traffic and bulk material, and Saharan intrusion factor 
are presented separately and secondary sources or sources with a minor 
contribution are shown grouped together. As can be seen, the contri-
bution of the sources to the excess days differs significantly between the 
two years. 

The contribution of the Saharan factor to the annual average was 6.1 
μg/m3 in 2020 compared to 3.2 μg/m3 in 2017. In a scenario with no 

Saharan intrusions, the threshold limit would not be exceeded on any 
day, i.e. the 7 exceedances of this limit would disappear. If the same is 
done for 2017, only half of the exceedances would disappear (4 out of 8), 
indicating the importance of anthropogenic sources (as handling of bulk 
material) that considerably contribute to PM10 exceedances, especially 
in 2017. 

If the same type of analysis is performed with the source related to 
bulk movement, a reduction of the exceedances from 8 to 1 in 2017 is 
achieved. Only two exceedances could be avoided in 2020 by reducing 
this source. The reduction of the bulk source contribution in the daily 
exceedances in 2020 is mainly related to the implementation of miti-
gation measures and not directly to the pandemic itself. Fig. 4 shows the 
change in temporal evolution in both years, highlighting the disap-
pearance of concentration peaks due to the complementary abatement 

Fig. 6. PMF factor contribution during the lockdown months compared to the same months in the period 2017 (μg/m3). The bars represent the standard deviation of 
the factor. 

Fig. 7. a) NO2 at the closest air quality station, b) PMF traffic factor and c) Daily number of cars during 2020. The shaded area represents the lockdown period.  
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techniques and a halt in activity when concentrations exceeded a certain 
threshold. 

In a scenario with a drastic reduction in the traffic source, two of the 
excess days in both years could be avoided. This indicates that the 
impact of the traffic source on daily exceedances has not changed be-
tween 2020 and 2017 and that the significant reduction of this source 
during the lockdown months has not affected the number of exceedances 
in 2020. 

5. Conclusions 

A source apportionment with PMF was performed to quantify the 
effect COVID-19 had in PM10 particle levels at the port-city boundary of 
Alicante. The mean PM10 concentration in 2020, COVID year, was 29.1 
± 17.8 μg/m3, not statistically different from the mean obtained at the 
same sampling point during the reference period. Likewise, the number 
of days above 50 μg/m3 was very similar. 

Among the sources related to port activity, only the source repre-
senting fuel-oil burning emissions experienced a significant reduction 
(84% reduction during the lockdown period and 77% reduction 
throughout the whole year). This reduction was primarily due to the 
decrease in the number of ships arriving at the port during the pandemic 
and, to a lesser extent, the implementation of IMO 2020 regulations. 
However, the source representing bulk material handling emissions 
showed no variation in both periods. The application of complementary 
mitigation techniques by the port authority has resulted in a reduction in 
the number of exceedances despite no change in the average annual 
contribution. 

In the case of the traffic source, in 2020, the difference in the con-
centration between the lockdown period and the same months in 2017 is 
39%. This reduction coincides with a reduction in the number of cars 
circulating close to the sampling station and with a reduction in the NO2 
concentrations. However, the traffic source does not show any differ-
ence in the port on an annual scale contributing 3.6 μg/m3 and 3.7 μg/ 
m3 during 2017 and 2020 respectively. Despite the reduction of this 
source during the lockdown, concentrations increased for the remainder 
of the year, offsetting the effect it could have had on an annual scale. 

Reductions caused by the pandemic have been compensated by 
natural and secondary sources such as Saharan intrusion, fresh sea salt 
and aged sea salt, which combined increased from 36% to 51% of PM10 
concentration from 2017 to 2020. Therefore, in absence of the COVID- 
19 effect PM10 levels would have been higher in 2020 than in the 
reference year. 
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