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Abstract: Insufficient data on the chemical composition of PM2.5 and its emission sources in the
southwestern (SW) Mediterranean area has been identified. Ambient PM2.5 samples were collected
in an urban area of Tetouan city, northern Morocco. Chemical mass closure calculations and positive
matrix factorization were performed for the comprehensive dataset of PM2.5 chemical analyses.
Mass closure improved when multipliers (1.2 and 0.23, respectively) were used for the conversion
of organic carbon (OC) and calcium ion (Ca2+) into particulate organic matter (POM) and mineral
dust masses, respectively. The mass closure model performed well in this SW Mediterranean region,
with a significant correlation (r2 = 0.97) obtained between gravimetrically measured and chemically
determined PM2.5 mass. The one-year average concentration of PM2.5 was 17.96 µg/m3, and the major
chemical components were POM (34%), secondary inorganic aerosol (SIA) (28%), and black carbon
(18%), while unidentified mass was 4%. The mass concentration and most of the chemical components
of PM2.5 showed clear seasonal variations, with a summer-high and winter-low pattern for SIA, dust,
and BC. In the winter months, POM was the dominant component. Source apportionment analysis
revealed that PM2.5 emission sources, regarding their typical tracers, were ammonium sulfate (SO4

2−,
NH4

+, K+, NO3
−), road traffic and biomass burning emissions (OC, BC), fresh sea salt (Cl−, K+,

NO3
−), aged sea salt (Mg2+, Na+, Ca2+), and oxalate-rich (oxalate, NO3

−) factors. Further, it is hoped
that these findings help to improve the scientific understanding of SW Mediterranean aerosols.

Keywords: urban aerosols; PM2.5; chemical characterization; source apportionment; southwestern
Mediterranean area; northern Morocco

1. Introduction

A complete aerosol chemical characterization is strongly linked to highly relevant
topics such as climate change, cloud formation, and health effects [1,2]. This characteri-
zation may be divided into two parts: a physical (mass concentration, size distribution,
aerosol shape, microstructure, and the measurement of pressure, temperature, and relative
humidity) and a chemical (composition of the gas phase, the particle collective, and a
single particle) part [3]. The investigation of aerosol chemical composition is of special
interest since it reflects the differences in source contributions and varies with the pollution
sources and prevailing meteorology [2]. In the Mediterranean region, numerous studies
have been performed to analyze the composition of atmospheric aerosols as a function of
mass concentration [4], seasonal variation [5,6], and size [7–9], and to achieve mass closure
on the chemical species for the total collected aerosol mass [10–12].

Sciare et al. [13] reported that the aerosol mass closure (or mass reconstruction) ex-
periment would provide a comprehensive picture of the chemical composition of aerosols
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in Mediterranean areas affected by various pollution sources including dust, sulfate, and
carbonaceous aerosols. This approach aims to characterize the particulate matter (PM)
mass from gravimetric measurements and its reconstruction from the sum of chemical
components as obtained by exhaustive chemical analyses [14], with assumptions to account
for the unmeasured species in both organic and inorganic compounds (i.e., hydrogen and
oxygen associated with organic carbon (OC), geological minerals, and liquid water) [15].
These unmeasured compounds may be estimated by applying multipliers to several of the
measured species. Chow et al. [14] summarized eleven PM mass reconstruction equations
and their key chemical components. Guinot et al. [16] proposed a revisited PM mass
reconstruction method to estimate particulate organic matter (POM) and mineral dust con-
tent from OC-to-POM and Ca2+-to-dust conversion factors, respectively. They suggested
that this filter-based protocol can be applied to urban and suburban sites. Nevertheless,
a discrepancy between measured and reconstructed PM mass was reported and primarily
associated with (1) the adsorption of organic vapor on quartz fiber filters, (2) the evapora-
tion of volatile ammonium nitrate and semi-organic compounds, and (3) the retention of
the bound water during the weighing process [14,17].

Another good method for additional insights regarding aerosol sources is the appli-
cation of the positive matrix factorization (PMF) source apportionment method based on
factor analysis with non-negativity constraints. It is widely employed as a reference model
for source apportionment for atmospheric aerosol [18–20]. The most important feature
of the PMF is the ability to attribute the observed concentrations to their major emission
sources with little to no reliable information about sources that contribute to PM levels at
a receptor site, as well as the potential to integrate uncertainties associated with sample
measurements in the input dataset. However, Souto-Oliveira et al. [21] and Bove et al. [22]
reported some limitations of this model such as sensitivity to collinearity of sources with
similar chemical profiles.

In the past few years, several studies have addressed different aspects of atmospheric
aerosols in the African side of the Mediterranean region, such as spatio-temporal varia-
tions [23–25], chemical characterization [11,26,27], and aerosol transport pathways [28–31].
However, regarding studies on both the western and eastern Mediterranean, the south-
western (SW) Mediterranean is relatively understudied with a clear lack of investigations
addressing chemical characterization. This study contributes to filling this gap. Based
on Tetouan city located in northern Morocco, SW Mediterranean, this study aimed (1) to
understand the characteristics of PM2.5 and its chemical composition; (2) to identify the
emission sources and contributions using the PMF model; and (3) to estimate the OC-to-
POM and Ca2+-to-dust ratios by applying the reconstructed mass balance method, since
they appear to be a proxy for the aerosol origin and ageing in the Mediterranean basin.
The outcomes of this study are expected to provide valuable information on the chemical
composition of PM2.5 and therefore improve the emission inventories in northern Morocco.
In addition, this information is likely to provide reliable constraints for predicting PM2.5
pollution using chemical transport models.

2. Materials and Methods
2.1. Sampling and Aerosol Chemical Analyses

For a year, from May 2011 to April 2012, continuous aerosol sampling was conducted
in Tetouan city, about 1.5 km west of the historical city center, the Médina (Figure 1). De-
tailed descriptions of the sampling procedure and analyses of PM10 and PM2.5 (particulate
matter < 10 µm and <2.5 µm in diameter, respectively), elemental carbon (EC), organic
carbon (OC), and water-soluble inorganic (WSI) aerosol concentrations were presented
in Benchrif et al. [28]. Briefly, each sample of PM10 and PM2.5 were sampled on 47 mm
diameter Teflon filters (Zefluor, Pall Co., Port Washington, WA, USA) for the gravimet-
ric and soluble inorganic ion analyses and 47 mm diameter quartz fiber filters (QM/A,
Whatman Inc., Middlesex, UK) for the quantification of the aerosol carbon content. PM
cut-off cyclones (model 2000-30ENB, URG Corp., Chapel Hill, NC, USA) operating at
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1 m3/h were used for PM10 and PM2.5 collections. In accordance with EN-12341, PM
masses were measured gravimetrically against blank filters under constrained temperature
and relative humidity. Loaded and unloaded filters were conditioned for 48 h at below 30%
relative humidity before weighing in a Mettler microbalance (UMT3, Mettler Toledo Inc.,
Greifensee, Switzerland) with 1 µg sensitivity. The PMcoarse (diameters from 2.5 to 10 µm)
mass concentrations were calculated by the arithmetic difference of the PM10 and the
corresponding PM2.5 mass concentrations. The uncertainty in the gravimetric measurement
was typically of the order of 20 µg, which represents an average uncertainty of 2.0% and
3.8% for PM2.5 and PM10 measurements, respectively. Filter samples were stored in a dark
and cool environment until they were analyzed.
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Figure 1. Sampling site (35.57◦ N, 5.36◦ W) for measurement of the atmospheric aerosols in Tetouan
city (red square), located in the Mediterranean region (bottom panel), close to the historical city
center of Tetouan (upper right panel) and in an urban area (upper left panel). Note the different
scales of the maps.

Carbonaceous aerosol (OC and EC) concentrations were analyzed following the two-
step combustion protocol developed by Cachier et al. [32]. Uncertainties in the BC and
OC measurements corresponded to 4.5% and 7.6%, on average, for our EC and OC mass
concentrations. The anions (SO4

2−, NO3
−, Cl−, C2O4

2−) and cations (Na+, NH4
+, K+,

Mg2+, Ca2+) were analyzed on a DIONEX® (model DX-600, Dionex, Sunnyvale, CA, USA)
ion chromatograph equipped with a reagent-free system (automated eluent generation and
self-regenerating suppression). The concentrations of all ionic species were systematically
corrected for procedural blanks which comprised blank filters and analytical reagents.
Averaged uncertainty in the analysis of the major inorganic ions was of the order of
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10 ppb, which represented less than 1% (0.05 µg/m3) of uncertainty in each atmospheric
ion concentration for our field campaign.

The elemental composition analysis in some selected filters was performed for deter-
mining the 20 following elements: Al, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br,
Rb, Sr, and Pb. Extracted solutions were analyzed using a total reflection X-ray fluorescence
spectrometer (TXRF), model S2-Picofox (Bruker AXS Microanalysis GmbH, Germany). For
quantitative analysis, gallium was added as an internal standard to estimate elemental con-
centrations. After pipetting 10 mL of the digested filter sample onto a siliconized quartz glass
carrier and drying under an infrared lamp, the sample was then subjected to a 1000 s TXRF
analysis. To track background contamination, a blank filter was analyzed. The blank values
were subtracted from the analyzed values. The accuracy of the analysis was assessed using
a standard reference material (SRM, 2783 Air particulate on Filter Media-NIST). The relative
deviation of the measured concentrations from the reference values ranged from 2 to 14%.

2.2. Aerosol Chemical Closure Methodology

Aerosol chemical closure was achieved using a mass balance methodology based on
reconstructed aerosol mass from six representative chemical components, including (1) water-
soluble inorganic species or ions; (2) particulate organic matter (POM); (3) black carbon (BC);
(4) mineral matter, often referred to as dust material or crustal material; (5) sea salt; and
(6) non-determined (nd) or remaining mass, representing other unidentified components.
Thus, the reconstructed mass equation takes the following form in Equation (1):

mreconstructed = ∑[mBC, mPOM, mions, mdust, msalt, mnd ] (1)

Notwithstanding that each component estimated for the reconstruction aerosol mass
equation can derive from numerous sources, sprinkling sources often predominate. As
reported, for instance, by Chow et al. [14], some fugitive dust sources include salts, which
would be included in the salt fraction. However, sulfates and nitrates, which react with
salt, would be accounted for in the inorganic ion fraction. Looking beyond merely de-
scribing the aerosol mass closure, such a mass balance approach may achieve true closure
when the gravimetric mass measurement agrees with the sum of the identified chemical
species (mreconstructed). The various calculations and assumptions used for the aerosol mass
reconstruction are described in the next sections.

• Sea salt component estimation:

The mass of the sea salt is characterized by six major ions: four cations—sodium
(ss-Na+), magnesium (ss-Mg2+), calcium (ss-Ca2+), and potassium (ss-K+)—and
two anions—chloride (ss-Cl−) and sulfate (ss-SO4

2−) [33]. In the present study, the
[Mg2+]/[Na+] ratio of 0.17 (in both aerosol size fractions) is similar to the one of
0.12 reported by Seinfeld and Pandis [34] for seawater, which suggests that sea spray
was the main source for both elements. The obtained results showed good correlations
between Na+ and Cl− in coarse fraction (r2 = 0.76; n = 89), although a poor agreement be-
tween our mass ratio [Na+]/[Cl−] of 1.26 ± 1.41 and the one of 1.8 reported for seawater [34].
Reduction in this ratio as reported by Genga et al. [33] is the consequence of the reaction
of acidic gases (primarily nitric and sulphuric acid) with NaCl particles and subsequent
volatilization of HCl. This probably means that the marine contribution in this site was
aged [35], and it is not possible to use only [NaCl] to describe [sea salt]. Indeed, sea salt
concentration may be calculated through the following Equation (2):

[Sea salt] = [Na+] + [ss-Cl−] + [ss-Mg2+] + [ss−K+] + [ss−Ca2+] + [ss−SO4
2−] (2)

Based on sea water composition, [ss−SO4
2−] is estimated as total [Na+] times 0.252,

[ss-Ca2+] as total [Na+] times 0.038, [ss-K+] as total [Na+] times 0.036, sea salt magnesium
as total [Na+] times 0.12, and [ss-Cl−] is calculated as total [Na+] times 1.8 [34].
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• Inorganic ions:

To estimate contributions from inorganic ions, the sum of non-sea-salt sulfate
(nss-SO4

2−), NO3
−, and NH4

+ was estimated [14,36]. Zhang et al. [37] also included
K+ (a marker for biomass burning) as an additional inorganic ion. The non-sea-salt sul-
fate (nss-SO4

2−) fraction of the total sulfate was estimated by subtracting the fraction of
ss-SO4

2− from the total SO4
2−. Accordingly, inorganic ion concentration can be calculated

as follows in Equation (3):

[inorganic ions] = [nss-SO4
2−] + [NO3

−] + [NH4
+] + [nss-K+] (3)

• Carbonaceous fractions, BC and OC:

BC and OC concentrations were determined in the total quartz filter samples that were
collected as discussed before in detail. It is worth noting that, according to Watson et al. [38], BC
concentrations and the ratio of OC/BC vary with the carbon analysis method. Moreover,
Sciare et al. [39] showed that BC from the thermo-optical method (Sunset Carbon Analyzer
Instrument) correlates well with non-sea-salt potassium (nss-K+), indicating that it is
associated with biomass burning, although BC from the 2-step thermal method [32] is
correlated with non-sea-salt sulfate (nss-SO4

2−), considered as a tracer for fossil fuel
combustion. Here, we shall not attempt to argue for or against whether the influence
of the method is contradicted by our findings. Sciare et al. [13] reported that both protocols
led to similar chemical mass closure results, whereas the selected carbon analysis protocol
for these two methods influenced the BC concentration with a difference on average of 33%.
For our case, we have used the concentration obtained from the 2-step thermal method.

• POM calculation:

It is customary to estimate particulate organic matter (POM) concentrations from
organic carbon mass by multiplying an OC-to-POM conversion factor (k) derived by
measuring the average molecular weight of organic compounds per carbon weight. Turpin
and Lim [40] advocated using an OC-to-POM conversion ratio of 1.6 ± 0.2 for urban
aerosols and 2.1 ± 0.2 for non-urban (aged or more oxygenated) aerosols. In this work, the
calculation of k was performed following Guinot et al.’s [16] methodology. While varying
the k from 1.2 to 2.3, the correlation coefficient (r2) between reconstructed (sum of BC,
POM, sea salt, mineral dust, and inorganic ion concentrations) and weighed PM2.5 mass
concentration did not change significantly (0.95 < r2 < 0.97). Mass closure regression slopes
were forced to zero. The correlation coefficient for the scatter plot with the 1.2 conversion
factor (i.e., POM = 1.2 × OC) was 0.97, although the slope was 0.88 ± 0.02, implying almost
no bias between gravimetric and reconstructed PM2.5 mass concentrations. In comparison,
the use of the k factor of 1.4, usually taken for urban aerosols, overestimated gravimetric
PM2.5 mass with an average of 5%.

• Dust calculation:

Various methods have been used for estimating mineral dust concentrations [16,39,41–43].
The widely used equations are documented in Chow et al. [14]. In our samples, dust
concentrations were quantified using two approaches suggested by Guinot et al. [16] and
Malm et al. [44]. The first chemical closure method was based on reconstructed aerosol
mass from BC, OC, ions, Ca2+ concentrations, and weighed aerosol mass. It was based
on two hypotheses applied separately to the main components of the fine and coarse
fractions: (1) The first hypothesis aimed to solve the chemical composition in the fine mode
where the particulate organic matter (POM) was the dominant component. The POM
content was estimated from the OC-to-POM conversion factor (k) which corresponded
to the ratio of organic mass to organic carbon [POM] = k × [OC]. As discussed above,
in this study the k factor was estimated to be 1.2. (2) The second hypothesis concerned
the coarse mode which was dominated by dust. The mineral dust content was estimated
from the Ca2+-to-dust conversion factor (f ) obtained by performing a linear regression
between Ca2+ concentration and the missing mass (difference between the reconstructed
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and weighed mass). The f factor is represented by the slope of this regression, while
the intercept accounts for the presence of calcium, nitrate, and/or sulfate in the coarse
fraction. Although the aerosol mass concentration in coarse mode (PMcoarse or PM10–2.5)
was estimated through the subtraction of PM2.5 from collected PM10, large uncertainties for
species concentrations were noticed. Then, the application of Guinot et al.’s [16] approach
to the calculation above led to a very high chemistry sum compared to the weighed PMcoarse
mass. Mineral dust in PMcoarse was then calculated with Malm et al.’s [42] method, as
shown in Equation (4):

[mineral dust] = 2.2[Al] + 2.49[Si] + 1.63[Ca] + 1.94[Ti] + 2.42[Fe] (4)

However, regarding PM2.5, the conversion factor was, for this study, found to be
f = 0.229 and intercept = +1.04, where [mineral dust] = [Ca2+]/0.229.

All the elements needed for this equation (Equation (4)), except silica (Si), were determined
using total reflection X-ray fluorescence. Silica concentrations were estimated from aluminum
following the relationship [Si] = 2.03 × [Al] as reported in Chiapello et al. [45]. In this vein,
and for quality assurance purposes, an inter-comparison between ion chromatography (for
water-soluble ions) and X-ray fluorescence (for the total elements) analysis results (using
logarithmic scales) was carried out as shown in Figure S1. For the analyzed samples dataset,
a very good correlation coefficient (r2 = 0.92 for PM2.5 and r2 = 0.89 for PM10) and slope
(almost 0.8 for both fractions) were obtained.

2.3. Positive Matrix Factorization (PMF) Model

Receptor-based source apportionment techniques have become significant tools for
estimating the sources of atmospheric particulate matter (PM) [46,47]. Positive matrix fac-
torization (PMF), one of the receptor models, is a method for modeling PM data based on
factor analysis with non-negativity constraints. Thus, the factor elements were constrained
as no sample can have a substantially negative factor contribution [20,48,49]. The most
important feature of PMF is that it has the potential to integrate variable uncertainties
associated with sample measurements. The measured concentrations and the correspond-
ing uncertainties were used for the application of the PMF source apportionment method
which can find the primary sources of PM without prior knowledge of the sources. The
uncertainty associated with each measured concentration was estimated as the sum of the
analysis uncertainty and 1/3 of the detection limit. Values below the detection limit were
replaced with half the detection limits and their uncertainties were set at 5/6 of the detec-
tion limits. Missing values were replaced by the geometric mean of the measured values
and the corresponding uncertainties were set to 4 times this geometric mean [50]. Another
important aspect of PMF is the introduction of error estimates (or weights) associated with
the input data. This allows problematic data such as outliers or below-detection values to
be fed into the model with appropriate weight, avoiding the rejection of such data [49]. The
U.S. Environmental Protection Agency (US-EPA) PMF5.0 software [20,51] was used in the
current study to achieve the PM source apportionment. Further details of this model have
been documented elsewhere [20,45,52–54] and are summarized below.

The PMF technique fundamentally resolves the mass balance between the measured
species concentrations and source emissions as a linear combination of factors p, species
profile f of each source, and the amount of mass g contributed to each sample, according to
Equation (5):

Cij =
(
∑p gip × fpj

)
+ eij (5)

where Cij is the concentration of species j measured on sample i, and eij is the residual (the
difference between the measured value and the value fitted by the model) of the model for
the j species measured on sample i. p is the number of factors (sources) that contribute to
the measured concentrations. gip is the relative contribution of the factor p to the sample i,
and fpj is the concentration of the species j in the factor profile p.
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The goal of the model is to find the gip, fpj until a minimum value of the object function
Q (Equation (6)) for a given p-value is found. Q is defined as:

Q = ∑m
j=1 ∑n

i=1

[
e2

ij

u2
ij

]
= ∑m

j=1 ∑n
i=1

[
Cij − ∑

p
k=1 gik × fkj

uij

]2

(6)

where uij is the uncertainty of the jth species concentration in sample i, n is the number of
samples, and m is the number of species [51].

2.4. Settings and Diagnostics for a PMF Optimum Solution

In the current study, the input database for the PMF source apportionment analysis
included 12 chemical elements (BC, OC, Na+, NH4

+, K+, Mg2+, Ca2+, Cl−, NO3
−, SO4

2−,
and C2O4

2−) that were detected in the 89 samples. Table 1 presents the species and their
uncertainties used to feed the input dataset for PMF analysis. The three diagnostic tests
(bootstrap (BS), displacement (DISP), and bootstrap–displacement (BS-DISP)) offered by
PMF 5.0 software were used to evaluate the stability of the solution. Table S1 summarizes
the settings and diagnostics used for PMF analysis for PM2.5 datasets. PM2.5 mass was
set as a total variable to evaluate the contribution of the identified factors to the collected
data. All the scaled residuals were between −3.0 and 3.0. Extra modeling uncertainty was
adjusted to 20%. No constraints were introduced simultaneously.

Table 1. Input variables and uncertainties used in the EPA PMF 5.0 analyses.

Carbonaceous Species Inorganic Ions Organic Markers

Species BC EC Na+, NH4
+, K+, Mg2+,

Ca2+, Cl−, NO3
−, SO4

2− Oxalate Levoglucosan,
Glucose

Uncertainties (µg/m3) 0.15 0.40 0.05 0.01 <0.001

Regarding PM2.5 data, the Qtrue/Qexpected ratio was calculated and found to be
1.27 (i.e., Q theoretical differed by 27% from the Q resulting from the analysis). The
BS was run with 400 bootstraps and a minimum correlation r-value of 0.6. BS findings
demonstrated that most of the species were well modeled, with a reproducibility of >97%
for all factors, while the first factor was mapped in 94% of the runs. The EPA PMF 5.0 user
guide suggested that a mapping of bootstrap factors to base factors over 80% indicates that
the BS uncertainties can be interpreted, and the number of factors may be appropriate [51].
For a 0.0001 %dQ change and a very low Q decrease (<0.1%), displacement analysis (DISP)
revealed no factor swaps. The largest observed drop in Q during DISP was <0.0001%. For
the BS-displacement analysis, all relevant variables for factor identification were selected to
be displaced, as shown in Table S1. The %dQ change was <0.01%.

Regarding the results of BS mapping, DISP swaps, and BS-DISP analyses, it can be
concluded that the best solution for the base run was obtained using five factors with extra
modeling uncertainties of 20%. The determination of the optimal number of factors that
match significant sources with a physical meaning was achieved by analyzing different
parameters as summarized in Table S1. The observed and PMF-modeled PM2.5 concen-
trations showed strong correlations (slope = 0.90 and r2 = 0.79) indicating a good fit that
accurately characterized the real contribution of the PM2.5 sources in the study area.

3. Results
3.1. Aerosol Chemical Mass Closure
3.1.1. Overview of PM2.5 and Its Chemical Components

The purpose of this section is to compare the PM2.5 mass concentration and its major
constituents measured in Tetouan city to data obtained from the literature for different
locations in the Mediterranean region, as given in Table 2. For instance, the PM2.5 mass
concentrations at our sampling site in Tetouan, Morocco, (17.96 µg/m3) were higher than
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the mean PM2.5 reported by Veld et al. [55] at a rural site in Montseny, Spain (5.55 µg/m3),
observed by Lemou et al. [11] at coastal rural areas in Bou-Ismail, Algeria (12.3 µg/m3),
and obtained by Almeida et al. [8] at suburban areas in Lisbon, Portugal (14 µg/m3).
It can additionally be noted that the PM2.5 mass concentrations in Tetouan were in the
same range as those obtained at Brindisi harbor (Italy) regarding the prevailing wind
direction from an urban industrial area (16 µg/m3) [30], at a background location in
Crete (Greece) (17.41 µg/m3) [39], and urban background areas in Marseille (France)
(19.6 µg/m3) [56]. Nonetheless, the PM2.5 mass concentration of our site is largely lower
than the values reported by Pérez et al. [57] in urban areas in Barcelona, Spain (29 µg/m3).
Putaud et al. [58] stated that PM2.5 concentrations in most parts of southern Europe range
from 3 to 35 µg/m3, while in urban areas they are around 20 µg/m3. Overall, the average
PM2.5 concentrations show a decreasing trend moving from the urban environment to
the background atmosphere and then to the suburban and rural environments. These
differences emphasize the characteristics of the studied sites and the influenced factors of
fine aerosols including, among others, emission sources, meteorological conditions, and air
mass trajectory heights and pathways.

Table 2. Major constituent contributions in % (µg/m3) to PM2.5. The values are expressed as percent-
age average (%) while the values in the brackets show the µg/m3. The values for Putaud et al. [58]
identified only the average chemical composition (in %) in 14 southern European sites. n.d. stands
for the unidentified component; SIA stands for secondary inorganic aerosols (nss-sulfate, nitrate,
and ammonium); n.a.: not available; * estimated from the percentage of nss-sulfate; ** nss-sulfate;
*** calculated using a conversion factor of 2.1 to convert OC into POM.

Present
Study

14 Southern
European
Sites [58]

Barcelona
(Spain)

[57]

Bou-Ismail
(Algeria)

[11]

Montseny
(Spain)

[55]

Brindisi
Harbor

(Italy) [33]

Crete
Island

(Greece)
[39]

Lisbon
(Portugal)

[8]

Marseille
(France)

[56]

May 2011–
Apr 2012 1996–2007 2003–2006 2012–2013 2018 Jun–Oct

2012
26 Jul–23
Aug 2001 2001 Jul 2011–

Jul 2012

Urban Urban Urban Rural
(Coastal) Rural Urban

industrial
Background
(150 m a.s.l) Suburban Urban back-

ground

PM2.5 17.96 3–35 29 12.3 5.55 16 17.41 14 19.6

Sea salt 6 (1.14) 6 2 (0.5) 10 (1.36–2.53) n.a. 3(0.6) (0.22) 5.4 2.3 (0.33)

Ammonium 6 (1.09) n.a. 5 (1.4) 5 (1.10) 9 (0.50) 16(2.8) n.a. 5.7 7.5 (1.5)

Nitrate 6 (1.04) 7 9 (2.7) 4 (1.02) 10 (n.a.) 2(0.3) (0.07) 6.4 8.5 (1.7)

Sulfate 17 (2.99) 15 16 (4.6) 25 (3.09) * 19 (1.11) ** 20(3.6) ** n.a. 18 10.9 (2.2) *

SIA 28 (5.05) n.a. 30 (8.7) 34 (5.03) 38 (n.a.) 38 (6.7) (8.06) 30.1 27 (5.4)

POM 34 (6.04) 23 (9) 50 (1.74) 50 (2.83) 33 (6) (6.13) *** 30 42 (8.6)

Mineral dust 9 (1.65) 11 16 (4.8) 7 (1.52) 7 (0.38) 22 (4) (0.54) 8.7 19 (n.a.)

BC 18 (3.24) 8 (2.3) 6 (0.83) 3 (0.15) 3 (0.5) (1.18) 6.8–18 10 (1.8)

n.d. 4 (0.75) - 18 (5.3) - - 1 (0.2) (1.02) n.a. n.a.

At a similar PM2.5 concentration range measured in this study (16–19 µg/m3), atmo-
spheric particulates were mainly made up of POM in Tetouan (Morocco) (34%, 6.04 µg/m3),
Brindisi harbor (Italy) (33%, 6 µg/m3), Crete (France) (6.13 µg/m3), and Marseille (France)
(42%, 8.6 µg/m3). Conversely, in Brindisi harbor (Italy), secondary inorganic ions were
a major aerosol component (at 33%, 6.7 µg/m3), whereas in Tetouan and Marseille (France)
they only made up 29% (6.7 µg/m3) and 27% (5.4 µg/m3) of the PM2.5 mass, respectively.
Another substantial difference between these aerosol mixtures is the contribution of sea
salt, which represented 6% (1.14 µg/m3) of the PM2.5 mass in Tetouan, 2.3% (0.33 µg/m3)
in Marseille (France), and 3% (0.6 µg/m3) in Brindisi harbor (Italy). Finally, the min-
eral dust also showed greater differences between the sites (9%, 3.24 µg/m3 in Tetouan;
22%, 4 µg/m3 in Brindisi harbor; 19% in Marseille; and 0.54 µg/m3 in Crete). Even with
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distinct rates, POM and SIA were the two main aerosol components, suggesting the dual
character of the PM2.5 origins as local and regional.

In terms of f (Ca2+-to-dust) and k (OC-to-POM) conversion factors, Table 3 presents
the obtained values in the current study compared with former studies at various locations.
The determined f and k values are within the range of values provided in the literature.
Guinot et al. [16] reported an OC-to-POM ratio of 1.4 for urban (Paris, France) and 1.6 for
pre-urban (Florence, Italy) aerosols. Moreover, Adon et al. [59] defined POM at Abidjan
(Côte d’Ivoire), an urban African site, as 1.8× OC. The Ca2+-to-dust ratio is found to vary
in the 0.07–0.20 range in European urban areas, in the 0.007–0.015 range in Abidjan [59],
and in a larger range in Beijing (0.07–0.16) [16]. In our case, the OC-to-POM ratio is
found to be 1.2, and the f value is of the order of 0.229. Guinot et al. [16] has argued
that, for the Beijing experiment, f values reflect competing contributions from long-range
transported dust and local dust induced by resuspension. They found that high desert
dust influence shifts f to smaller values, whereas significant local dust inputs move f
to higher values. Further details on determining the f and k factors are discussed in
Section 2.2. In this methodology, the f factor may be addressed as a proxy for mineral
dust origin with variations understood as the source signature, while the k factor seems
to be a relevant proxy for particle origin and ageing [16]. Thus, the mass closure of fine
and coarse aerosol fractions is achieved on average with an efficiency of 96% and 111%,
respectively. Figure S2 illustrates the consistency between the weighed and reconstructed
masses of PM2.5 and PMcoarse for the Tetouan experiment. The datasets show that the
aerosol mass reconstructed from chemical species masses is largely consistent with the
entire mass determined by gravimetric measurements. The difference among PM size
fractions and between reconstructed and weighed masses representing the non-determined
component (n.d.) is discussed in the next section.

Table 3. Comparison of k (OC-to-POM conversion factor) and f (Ca2+-to-dust conversion factor)
estimation results with different field experiments. The table is ordered according to k values. * Coarse-
mode mass closure efficiency using f ; ** fine-mode mass closure efficiency where f fine = f coarse;
*** OC-to-POM conversion factor (k) is arbitrarily fixed to 1.8; — data unavailable.

Location Type Study
Period Ca2+-to-Dust Conversion Factor, f OC-to-POM Conversion Factor, k Reference

f Intercept,
b r2 n % Coarse

Closure * r2 n k % Fine
Closure ** r2 n

Tetouan,
Mo-

rocco
Urban May 2011–

Apr 2012 0.229 +1.04 0.52 41 111.8 0.96 51 1.20 95.6 0.97 84 This
work

Paris,
France Urban Jun 2004–

Jul 2005 0.150 +0.39 0.67 20 99.7 0.78 20 1.40 99.1 0.89 25 [16]

Florence,
Italy Urban Jul 2002–

Jun 2003 0.120 +0.33 0.56 44 99.6 0.73 46 1.50 97.9 0.85 41 [16]

Gonesse,
France

Peri-
urban

Sept 2004–
Jul 2005 0.072 +0.19 0.90 26 99.3 0.77 26 1.60 98.7 0.86 30 [16]

Beijing,
China Urban 9–27 Aug

2004
0.069–
0.085

+0.007–
+0.77

0.79–
0.98 10–27 99.4–106.7 0.88–

0.96 11–24 1.50–
1.70 99.0–99.9 0.87–

0.99 12–27 [16]

Beijing,
China Urban 10–31 Jan

2003
0.055–
0.082

+0.43–
+1.07

0.78–
0.94 14–29 97.5–99.8 0.85–

0.95 20–28 1.55–
1.85 99.2–99.6 0.85–

0.96 19–28 [16]

Abidjan,
Côte

d’Ivoire
Urban Wet season

(2015, 2016)
0.015–
0.15 0.9 - - - - 1.8

*** - - - [59]

Abidjan,
Côte

d’Ivoire
Urban Dry season

(2016, 2017)
0.006–
0.07 - 0.9 - 1.8

*** [59]

Athens,
Greece Urban 16 Mar–19

Apr 2010 - - - - - - - 1.8 73 - 15 [60]
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3.1.2. Mass Closure and Differences among PM Size Fractions

Figure 2 depicts the mean picture of the collected particulate matter over the 12 months
and the relative abundance of the different components of the identified chemical mass
compositions of PM2.5 and PMcoarse. As shown in Figure 2, the chemical compositions of the
two aerosol size fractions are not similar, indicating their different origins and atmospheric
lifetimes [61]. All analyzed components are present in both PM2.5 and PMcoarse but mineral
dust and sea salt contribute more to the coarse fraction, whereas POM, BC, and SO4

2− con-
tribute more to the fine fraction. Putaud et al. [62] indicated that PM constituents’ relative
contributions to PM mass reflect changes in emission sources and processes that control
aerosol compositions. Moreover, aerosols can change their size and chemical composition
by the coagulation of particles of different origins and by condensation products resulting
from gas-phase reactions [63,64].
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a 12-month average of the Tetouan experiment.

The most abundant components in PM2.5 were POM (34%), BC (18%), and SO4
2−

(17%), all adding up to 69% of the mass. In the PM2.5 fraction, mineral dust still represents
a significant component (9%), higher than sea salt (6%), NO3

− (6%,), and NH4
+(6%).

The estimated PMcoarse is largely dominated by mineral dust (25%) and sea salt (20%),
which together account for 45% of the total coarse mass. Remarkably, POM (15%) is
a fairly abundant coarse component. This important contribution could be explained by
the interaction of mineral dust particles which provide a reactive surface for secondary
aerosol formation from the intense anthropogenic group of acidic gas precursors (SO2,
HNO3, and volatile organic compounds (VOCs)). These interactions favor the formation of
a very significant coarse fraction for SO4, NO3, and POM [16,65]. NO3

− contribution in
the coarse fraction was found to be 13%. Putaud et al. [62] suggested that the presence of
sea salt may induce NO3

− to shift towards the aerosol coarse mode. Dasgupta et al. [66]
stated that the presence of aerosolized sea salt may enhance the formation of coarse NO3

−

in the form of, for example, sodium nitrate (NaNO3) or calcium nitrate (Ca(NO3)2) instead
of fine particle ammonium nitrate (NH4NO3) or ammonium chloride (NH4Cl). Further, the
pie chart figures provide evidence that sea salt contribution on a yearly basis was about
20% in PMcoarse, while its presence was rarely detected in PM2.5 (accounting for about
6% of the total mass). This result suggested that sea salt was unlikely to contribute to
submicron-sized aerosols.

Lastly, these findings are supported by our previous aerosol transport pathways
study [28] which underlined that Tetouan aerosols have mixed origins competing between
local carbonaceous aerosols—with a marked contribution from urban and biomass burning
sources—and the fresh traffic and maritime vessel aerosols.
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3.1.3. Seasonal Variability of the Reconstructed PM2.5 and PMcoarse

The outcomes of the mass closure exercise on a monthly basis are shown in Figure 3. Re-
garding the role of local carbonaceous species found in the fine aerosol fraction of the inves-
tigated area, high POM concentrations were observed in January and February, accounting
for 9.65 and 9.77 µg/m3, respectively. This abundance of organic matter throughout the
October–February cold period was likely due to lower temperatures (Table S3) that favored
the aerosol particle phase of organic compounds and low boundary layer heights that
induced accumulation of gaseous precursors and acceleration of secondary organic aerosol
formation [67]. In addition, seasonal activities can also contribute to the increase in POM in
winter. However, significant amounts of mineral dust were registered over the summer
period, ranging from 2.07 µg/m3 in July to 3.03 µg/m3 in September. Ion concentrations
also show a summer maximum with monthly averages reaching 6.71 and 7.51 µg/m3 in
June and September, respectively, indicating a large contribution from photochemistry.
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PMcoarse mass concentrations were lower in colder months, which are characterized by
high relative humidity and a high ventilation coefficient, as shown in Table S3. Despite the
lower PMcoarse mass concentrations, the mineral dust contributions in winter (20%) were
similar to or lower than those in spring (20%) and summer (22%). The lowest contribution
was recorded during autumn (17%). Furthermore, with a few exceptions during the winter
months (December to February) when sea salt concentration (contribution in %) was lower
(1.78 µg/m3 (14%) on average), mineral dust (2.32 µg/m3 (20%)) and SIA (3.04 µg/m3

(19%)), including nss-SO4
2−, NO3

−, and NH4
+, were the most abundant species in coarse-

mode aerosols. The inorganic aerosol formation was more prevalent in all the summer
months, leading to high SIA and dust contributions which averaged 3.74 µg/m3 (24%) and
2.27 µg/m3 (17%), respectively, indicating the significant contribution of the dust matter to
the PMcoarse. The contribution of SIA to PMcoarse was 26% on average, with nitrate being
the major component (13%). Sea-salt sulfate origins contributed to approximately 5% of the
total measured sulfate in this study, which is not included in the SIA category. The highest
contribution was in summer, decreasing through autumn and tending to be lowest during
winter and spring. Maximum values were observed in September (5.09 µg/m3 on average),
whereas the minimum values were in November (1.96 µg/m3) and December (1.86 µg/m3).

3.1.4. Non-Determined Mass

As mentioned earlier, the gravimetric measurements were compared to the recon-
structed PM mass concentrations (Figure S2). In the different size fractions, the results
were highly correlated, with r2 values of 0.96, and 0.97 for PM2.5, and PMcoarse, respec-
tively. The contributions of the non-determined components ranged from 0.67 to 0.89%.
Tian et al. [68] concluded that this contribution increased as the size fractions increased.
This unidentified mass is usually attributed to the amount of water associated with aerosol
particles [2] and/or to approximations associated with both inorganic species (sulfate and
nitrate) and the composition of crustal matter [69], as well as to random and possibly
systematic errors [70]. The PMcoarse reconstructed mass is slightly higher than weighed
mass because of calculation uncertainties. Thus, according to Sciare et al. [39], the total
uncertainties in mass reconstruction derived from chemical analysis can be estimated by
error propagation. Accordingly, the obtained relative uncertainty is of the order of 20%.

3.2. Source Apportionment of PM2.5: Source Profiles and Seasonal Variation

As discussed previously, the PMF model was run numerous times with varied factor
numbers (4–8) to determine the most physically meaningful solution and the best model
diagnostics (Table S1). The Q values, scaled residuals, and consequent source profiles were
investigated. Five factors were obtained during the whole year, including: (1) ammonium
sulfate, (2) road traffic and biomass burning emissions, (3) fresh sea salt, (4) aged sea salt,
and (5) oxalate-rich factors. The PM2.5 concentrations predicted by the PMF correlated
well with the measured ones (slope = 0.90 and r2 = 0.79), indicating that the PMF analysis
results were reasonably accurate. Figure 4 illustrates the distinguished source profiles,
whereas Figures 4 and 5 depict annual average source contributions (in %) from each PMF-
resolved source to PM2.5 mass concentrations and their time variation, respectively. Table
S2 show factor profiles (concentration and percentage of species total) obtained from the
PMF analysis. Figure S3 presents seasonal mean contributions (in %) of the identified source
to PM2.5 mass concentrations. PMF-resolved sources and their specific tracers are summarized
in Table 4. The sections that follow discuss each source element and its contributions in detail.
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Figure 4. PM2.5 factor profiles obtained by PMF model using the BC, OC, and chemical concentrations
in Tetouan for the 2011–2012 period. Blue bars show the normalized concentration of the species
(µg/m3) in the factor, while the red dots show the percentage of that species in the factor.
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Table 4. Summary of PMF-resolved sources and their specific tracers.

Factor Identified Factors Specific Tracers

1 Ammonium sulfate SO4
2−, NH4

+, K+, NO3
−

2 Road traffic and biomass burning OC, BC
3 Fresh sea salt Cl−, K+, NO3

−

4 Aged sea salt Mg2+, Na+, Ca2+

5 Oxalate-rich factors Oxalate, NO3
−

Factor 1 is characterized by high contributions of sulfate (SO4
2−), ammonium (NH4

+),
and potassium (K+), which is recommended as a fingerprint for ammonium sulfate [71].
This source constituted as high as 29.4% of the total PM2.5 mass concentrations on an
annual basis, accounting for 5.17 ± 3.94 µg/m3 (Figure 5). The average concentration ratio
between SO4

2− and NH4
+ in this factor is 2.16, which is consistent with the stoichiometric

ratio for ammonium sulfate (i.e., 2.78 by mass). This means that the SO4
2− is mainly in the

form of (NH4)2SO4. This factor contains an important contribution from nitrate (32.1%).
Manousakas et al. [72] reported that the presence of nitrate (NO3

−) in the source profile
suggests that this factor is present in general inorganic aerosols rather than exclusively
secondary sulfates. In addition, the concentrations of the SO4

2− and NO3
− species show a

low correlation (r = 0.37, p-value < 0.0004) as displayed in Figure S4, and they are likely to
be apportioned in separate factors (Factor 5). The contributions of this factor were highest
during summer (35.7% of total PM2.5) (Figures 6 and S3), which is quite common for other
Mediterranean locations such as Msida station (Malta) [71] and Florence (Italy) [73]. The
secondary aerosol component in this factor, sulfate, results from photochemical interactions
with atmospheric SO2, and the enhancement of photochemistry in the warm season favors
these reactions [73]. The slow oxidation of SO2 to SO4

2− led to sulfates being part of aged air
masses and hence more associated with transported and regional than local pollution [72].
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The road traffic and biomass burning emissions factor (Factor 2) is dominated by
high contributions of black carbon (BC, 64.1%) and organic carbon (OC, 64.3%) with
the presence of a trace amount of calcium (Ca2+, 21.5%) and potassium (K+, 19.2%).
This factor is found to contribute the most among all the identified factors to the PM2.5
mass concentrations, accounting for 5.89 ± 3.34 µg/m3 (or 33.5%) of the total PM2.5 on
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an annual basis. This factor showed a weak seasonality with clear winter and autumn-high
patterns of 32.8% and 29.7%, respectively. The substantial proportion of BC could not
be explained by direct emissions from traffic exhausts, which implied that it originated
from other combustion sources such as biomass burning, waste burning, and forest fires.
However, numerous studies have confirmed that OC and BC were the most abundant
species in vehicle exhaust [74,75]. The low OC/BC ratio of 1.81 in the source profile, close
to values found in urban areas, such as Milan (1.3) [76] and Metz (1.4) [77], suggests a rela-
tively high contribution from traffic emissions and primary common combustion sources
(e.g., combustion and resuspension of combustion particles). For instance, the OC/BC
ratio values documented for various European cities showed OC/BC ratios of less than
2 at curbside sites, 2–9 at urban background sites, and increasing with decreasing fresh
anthropogenic emissions, reaching values above 10 at rural sites [78,79]. Nevertheless, the
presence of K+ in this source profile, a strong marker element of biomass burning, indicates
possible mixing with other sources including local biomass burning [80]. Since the contri-
butions of K+ in the factor profile is low (19.2%), this mixing uncertainty should have had
only a minor effect on the estimated factor concentrations. In contrast, 21.5% of Ca2+ was
apportioned to this factor, implying the contribution of traffic emissions via resuspension of
combustion particles. Indeed, Ca2+ in an urban setting can arise from a variety of sources,
including building activities and global resuspended dust from numerous activities (from
biomass burning and traffic) [81]. Since ship emissions have an impact on the Tetouan site,
as illustrated in Benchrif et al. [28], we could not rule out the possibility of contributions
from shipping emissions. Conversely, the difficulty in identifying accurate sources linked
with this factor reflects the fact that, despite the large dataset, distinctive source tracers are
lacking in the input data.

The third source factor is assigned as fresh sea salt. It accounts for 18.4%
(3.23 ± 3.66 µg/m3) of PM2.5 mass, with high explained variations for Cl− (89.0%), K+

(33.5%), NO3
− (30.7%), and Na+ (11.8%). Its significantly higher Cl−/Na+ ratio (5.7) com-

pared to sea water (1.8) indicates significant ageing, but it still had a substantial contribution
from Cl− unlike aged sea salt (discussed in Factor 4 section). Hien et al. [82] stated that
a high Cl−/Na+ ratio suggests that other sources of chloride may have existed but were
not resolved by the sea salt factor in the PMF model. It is noteworthy that the sampling
site location, somewhat far from the coast (about 10 km), is likely to receive fresh marine
contributions. Moreover, this factor also includes NO3

− and OC, accounting for 54.2% of
the species sum. The presence of nitrate suggests that sodium nitrate was formed on sea
salt particles during aerosol transport from the sea as a consequence of the substitution
of chloride by nitrate [83,84]. The contribution from OC in this factor indicates that fresh
sea salt is mixed with anthropogenic plumes, while the lack of ammonium indicates that
nitrate has been neutralized by sodium. The peak seasonal mass contributions of fresh sea
salt sources were seen in the winter (48.0%). This might be linked to high sea breezes or
favorable weather conditions for sea salt formation and transport to the study area.

Factor 4 represents aged sea salt. In contrast to fresh sea salt, this factor contributed
more to a large number of species—Mg2+ (81.7%), Na+ (77.8%), and Ca2+(54.7%)—in
addition to providing a negligible contribution to Cl−. The Mg2+ to Na+ mass concentration
ratio was around 0.18, which is very close to the expected value of 0.12 based on sea water
composition [34]. In contrast, the observed Cl−/Na+ ratio of 0.11 differs from the estimated
value of 1.8 for fresh sea salt, revealing a strong Cl− shortage compared to the original
sea water composition. The observed minimal loadings of chloride in this factor, while
sulfate was overabundant, resulted from an ageing process in the atmosphere by acid–base
interactions between particulate sea salt and acidic compounds (e.g., nitric and sulfuric
acid) [15,77,81]. The high SO4

2−/Na+ ratio of 2.74 (0.084 in sea water) clearly supports
this assumption. This source factor accounted for 16.41% (2.89 ± 2.28 µg/m3) of the total
mass of PM2.5 on an annual scale. A strong seasonality was observed in this factor, with
up to 41.3% of the total PM2.5 mass on average in summer (Figures 6 and S3), which
may reflect the seasonality of air mass origins. This latter assumption is supported by a



Atmosphere 2022, 13, 1701 16 of 21

high sulfate/BC ratio (1.4) indicating inputs from sulfur-rich sources, especially from ship
emissions. Moreover, Pérez et al. [85] stated that, although sulfate is often associated with
regional and long-range transport, its enhanced contributions at an urban site indicate a
major intra-urban formation.

One of the originalities of this study is the identification of oxalate-rich factors that
have been assumed to be mostly composed of secondary organics. This source factor
accounted for 2.3% (0.42 ± 0.44 µg/m3) of the total mass of PM2.5 on an annual scale. It
is dominated by oxalate (91.7%), the most prevalent dicarboxylic acid in the atmosphere,
which contributes greatly to secondary organic aerosol [77]. Oxalate can be produced sec-
ondarily from photochemical oxidation of anthropogenic, biogenic, and biomass burning
emissions [86,87], whereas the primary traffic emissions are reported as low [88]. This
factor tended to be higher in the winter months (47.6% of total PM2.5) than in summer
(4.4% of PM2.5), reflecting the less abundant photochemical production of oxalate in sum-
mer. The presence of an amount of NO3

− (23.0%) indicates the contribution of secondary
aerosols. A good correlation was found between oxalate and NO3

− in winter (r = 0.72,
p-value < 0.00001), providing evidence that vehicular emission was a major secondary
source for these two compounds in Tetouan. In fact, the atmospheric precursors of NO3

−

and oxalate are among the tracers of vehicular exhausts, namely, NOx and volatile organic
matter (VOCs), respectively. In addition, Tetouan aerosol oxalate showed a strong cor-
relation with nss-sulfate in winter (r = 0.84, p-value < 0.03). Jiang et al. [89] argued that
the relationships of aerosol oxalate with the two source-indicating species, nss-SO4

2− and
NO3

−, could provide a hint to the secondary formation pathways of aerosol oxalate. On the
other hand, the low correlation between oxalate and K+ (r = 0.35, p-value < 0.0004) confirms
that the combustion of fossil fuels probably took over biomass burning in the contribution
of oxalate in this factor [90]. Further, the average oxalate/K+ ratio of 1.19 appeared to be
largely higher than the reported values for oxalate measured directly in biomass burning
plumes (0.03–0.1) [91], indicating a secondary formation of oxalate.

On the other hand, a noticeable seasonality of the PMF-resolved factor contribu-
tions was observed from the previous PMF analyses. With about 48% of the PM2.5 mass
during winter and less than 8% and 5% during summer, the fresh sea salt and oxalate-
rich factors, respectively, showed the strongest seasonality among all factors identified
(Figures 6 and S3). However, ammonium sulfate and aged sea salt factors can contribute to
a significant amount of PM2.5 during the summer months, with an average contribution of
35.7% and 41.3%, respectively. Conversely, the road traffic and biomass burning factor does
not present a clear seasonality pattern.

4. Conclusions

A one-year PM2.5 chemical characterization and source apportionment study were
carried out in the southwestern Mediterranean urban area of Tetouan city, northern Mo-
rocco, Chemical characterization was achieved using chemical mass closure calculations
for the fine size fraction. The PM2.5 chemical components were categorized into inorganic
ions, particulate organic matter (POM), black carbon (BC), mineral dust, and sea salt. Our
findings highlight that Tetouan aerosols have mixed and coexisting sources in which the
fine fraction originates primarily from anthropogenic secondary sources. Overall, mass
closure exercise reveals that POM (34%), SIA (28%), BC (18%), and to a lesser extent dust
(9%) contribute the most to PM2.5. The typical Ca2+-to-dust conversion factor in northern
Morocco is estimated to be 0.229, while the ratio of converting organic carbon to particulate
organic matter is 1.2. The percentage contribution of POM regarding the fine aerosol mass
is in agreement with other study sites in the Mediterranean area, while secondary inorganic
aerosols (which were 5.05 µg/m3 on average over the entire campaign) are about a factor
of 1.2–1.7 lower.

A comprehensive dataset of chemical analyses was used to estimate the relative
contribution of the main PM2.5 sources with the application of positive matrix factor-
ization (PMF). The modeled and observed PM2.5 concentrations show high correlations
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(slope = 0.90 and r2 = 0.79) indicating a good fit, which describes well the real contribution
of the PM2.5 sources in the study area. To support the stability of the PMF optimum solution,
three diagnostic tests (bootstrap, displacement, and bootstrap–displacement) were com-
pleted. One of the originalities of this study is the identification of a factor that is assumed
to be mostly composed of secondary organics, recognized here as oxalate-rich factors. PMF
analyses identified five source-related factors contributing to PM2.5 mass at Tetouan, which
were named according to their characteristic tracers, including ammonium sulfate (SO4

2−,
NH4

+, K+, NO3
−), road traffic and biomass burning emissions (OC, BC), fresh sea salt (Cl−,

K+, NO3
−), aged sea salt (Mg2+, Na+, Ca2+), and oxalate-rich factors (oxalate, NO3

−). We
concluded that both the ammonium sulfate and road traffic and biomass burning factors
were the dominant sources, representing 62.9% of the PM2.5, followed by fresh sea salt
(18.4%), aged sea salt (16.4%), and oxalate-rich factors (2.4%). A clear seasonality pattern
was noticed among the different identified PMF-resolved factors. During the summer
months, a high contribution of ammonium sulfate and aged sea salt was observed, together
with the road traffic and biomass burning factor from early autumn (September) until
winter (end of February). In winter, the fresh sea salt and oxalate-rich factors present im-
portant contributions from fresh marine contributions mixed with anthropogenic plumes
and secondary aerosols (vehicular exhausts), respectively.

Finally, this study showed that the PMF source apportionment and mass closure
results are highly correlated. Both techniques concluded that secondary aerosols such as
ammonium sulfate, organics, and black carbon account for the largest drivers of the fine
aerosol size fraction in northern Morocco. This indicates that the complementarity of the
chemical mass closure and positive matrix factorization is very useful in the identifica-
tion of emission source contributions for PM2.5 levels and compositions. Although the
identification of distinct seasonal patterns of the source factors was achieved, which could
be explained by various sources and meteorological conditions, the objective of a future
study could be focused on the parameters influencing the picture of the aerosols of the
SW Mediterranean area and their regional or local characteristics in connection with the
prevailing meteorological conditions.
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(upper panel) and PM10 (bottom panel) fractions; Figure S2: Consistency between the weighed and
the reconstructed masses of the fine mode (k = 1.20 and f = 0.229) (upper panel) and the coarse
mode (k = 1.20) where mineral dust was estimated with Malm et al.’s [42] method (bottom panel);
Figure S3: Temporal evolution of the identified PM sources contributed to PM2.5 levels during the
study period; Figure S4: The correlation coefficients (r) between several source-indicating species
in PM2.5 in Tetouan; Table S1: Summary of EPA PMF 5.0 settings and output diagnostics for receptor
modeling of Tetouan PM2.5; Table S2: Factor profiles (concentrations of species and % of species total)
obtained from the PMF analysis for the PM2.5 dataset; Table S3: Monthly average of temperature (◦C),
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coefficient (m/s2) derived from daily measurements at Tetouan city. Meteorological data records were
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from the sampling site (http://www.tutiempo.net, accessed in 2018). Boundary layer height (BLH) was
estimated using the HYSPLIT™ model (Version 5.0) by running Meteorological Profile. The ventilation
coefficient was defined as the product of boundary layer height and wind speed.
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