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Abstract: The proposed approach based on compositional data analysis was applied on simultaneous
measurements of the mineral element concentrations of PM10 and PM2.5 from a typical suburban
site with and without a Saharan event. The suburban site is located in the city of Rome. The selected
mineral elements were Al, Si, Ca, Fe, Ti, Mg, and Sr. The data relating to these elements are reported
in a previous study. The considered elements are mainly related to mineral matter. The proposed
approach allows statistically validating that the mineral element concentrations of PM during days
with a Saharan event differ from those without a Saharan event in terms of mineral element compo-
sition and size distribution. In particular, the results showed that the compositional data analysis
applied to simultaneous measurements of mineral element concentrations of PM10 and PM2.5 is a
helpful technique that can be used to study environmental sites affected by natural sources such as
Saharan events. Moreover, the presented technique can be handy in all those conditions where it is
important to discriminate whether the occurrence of an exceedance or a violation of the daily limit
value established for PM could also be due to natural sources.

Keywords: compositional data analysis; natural sources; PM10; PM2.5; Saharan event; mineral elements

1. Introduction

Aerosol particles, also known as particulate matter (PM), have been known to play
a central role in air quality and public health [1–5]. Respirable aerosol particles with an
aerodynamic diameter smaller than 10 µm (PM10) are of particular interest because they
can easily penetrate and be deposited in specific regions of the respiratory tract, delivering
to the body a wide variety of elements and chemical compounds which, to some extent, are
related to PM toxicity [6,7]. A considerable body of evidence has shown “lines that connect”
PM exposure to cardiovascular and respiratory diseases [8]. In the light of the aforesaid
effect of PM on public health, international and governmental institutions have issued
recommendations and regulations regarding the levels of PM into the air [9,10].

The EU directive on environmental air quality and cleaner air for Europe (Directive
2008/50/EC) [11] establishes annual and daily limit values for PM mass concentration (i.e.,
40 µg/m3 and 20 µg/m3 for PM10 and PM2.5, respectively) as well as a number of permitted
annual limit exceedances/violations for the PM10 daily limit value (i.e., not exceeding the
daily value of 50 µg/m3 more than 35 days per year). However, the exceedances/violations
due in part or in whole to the contribution of natural sources of PM (that can be assessed but
not controlled e.g., “atmospheric re-suspension or transport of natural particles from dry regions”)
can be subtracted from the total amount of recorded annual exceedances/violations when
assessing compliance with established limit values. Indeed, the atmospheric re-suspension
and transport of natural particles from dry regions over the Mediterranean Sea toward
the European continent in a Saharan event [12–14] represents the natural source that most
frequently influences PM in Europe [15]. Saharan event intrusions are relatively short time
events that can last from a few days to about a week [16–18]. These events have been
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recorded in South, Central, and Western Europe over the last few decades [19], resulting
in an effect of mineral dust on air quality, which has become the objective of a number of
studies in literature adopting different approaches in the European context [20–22] and
worldwide [23].

Broadly speaking, the identification of the possible natural and/or anthropic source
contributions to PM is a starting point for the evaluation of the impact of PM on the
environment and the public health as well as for the development and implementation of
policies aimed at mitigating the levels of PM into the air. A meta-analysis conducted on
studies performed across Europe identified diverse natural and anthropogenic sources of
PM linked to specific chemical elements and compounds. These, such as SO4

2−, NO3
−,

and NH4
+ were mainly linked to secondary aerosol, and the elements V and Ni were mainly

linked to fuel–oil combustion. Moreover, the group of elements such as Na, Cl, and Mg
were mainly linked to marine sources and sea spray, whereas the group of elements Al, Si,
Ca, Fe, Ti, Mg, and Sr were considered as mainly linked to re-suspension, city dust, crustal
material, road dust, and African dust (mineral elements) [24]. The above reported links
between chemical elements or compounds and the PM sources were due to similarities that
could be observed among the PM sampled from several similar environmental sites with a
comparable PM load [25]. Nevertheless, the identification of the contribution of different
sources of mineral matter to PM such as desert dust, fugitive dust, dust from arable lands,
and demolition/construction activities poses a challenging problem, as these sources are
characterized by the same range of chemical elements [26].

The evaluation of the contribution of the different sources of mineral matter to PM
can be a central issue when assessing compliance with EU PM limit values [24]. In the
last two decades, there has been an increasing scientific interest in simultaneous mea-
surements of PM10 and PM2.5. These size fractions can be divided into PM coarse size
fraction (i.e., particles with aerodynamic diameters between 2.5 and 10 µm) and fine size
fraction (i.e., particles with an aerodynamic diameter below 2.5 µm). The coarse size frac-
tion can mainly be formed through processes of dispersion as disintegration, abrasion,
and resuspension, whereas PM fine size fraction can mainly be formed through processes
of condensation/reaction as combustion and gas-to-particle conversion processes [27–30].
PM10 and PM2.5 simultaneous measurements have been performed on a variety of charac-
teristic sites such as urban (e.g., traffic point, kerbside, roadside, background), suburban,
rural, industrial, superstation, specific episodes, remote places, and dry arid sites. These
successful applications demonstrate that the assessment of these PM size fractions was
an effective and consistent tool in the characterization of emission from different possible
sources of PM [31–46].

This preliminary study investigates the application of compositional data analysis on
simultaneous measurements of mineral element concentrations of PM10 and PM2.5 on a
European site affected by a Saharan event. Compositional data are quantitative descriptions
of proportions of some whole and consist of vectors whose components sum to a constant
c. The statistical analysis of compositional data began with Aitchison [47,48] and has
since undergone several developments and many practical applications, leading it to be
considered as a consolidated technique [49–54]. The main objectives of this study are to
apply the tools provided by compositional data analysis to evaluate the physical–chemical
variations in mineral elements of PM due to a Saharan event in an environmental site and
provide a possible handy approach to statistically validate whether the occurrence of an
exceedance or of a violation of the established daily limit value for PM could also be due to
natural sources.

2. Materials and Methods

We performed the simultaneous measurement of the concentrations content of the
mineral elements Al, Si, Ca, Fe, Ti, Mg, and Sr in PM10 and PM2.5 in a suburban background
site located in Rome with and without a Saharan event. The data presented in this study
are as reported in Matassoni [38] (p. 739). The data are relating to several days.
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These measurements were conducted in winter, and the sampled PM was analyzed
using a Particle-Induced X-ray Emission. The data validation of the Saharan event was
performed as reported in the relating literature [38].

Two sets of compositional data were considered: a set of compositional data relating
to the elements measured in days with the contribution of the Saharan event to the PM
and a set of compositional data relating to the elements measured in days without the
contribution of the Saharan event to the PM. The average values were considered.

The next section contains a concise description of the methods applied in the presented
study. The statistical software used is R (R software) [55].

2.1. Compositional Data and Sample Space

The components of a compositional data vector are positive numbers that sum to a
constant c. The sample space of compositional observation x with two components is the
unit simplex

S2
c =

{
x = (x1,x2)

∣∣xj > 0, j = 1, 2; x1 + x2 = c
}

. (1)

PM10 and PM2.5 simultaneous measurements were decomposed in terms of relative
fractions as coarse, see Equation (2), and fine, PM2.5, mass concentration as originally
proposed by Lundgren [31]

PM10−2.5 = PM10 − PM2.5. (2)

These size fractions were converted into compositions based on weight proportions
following the strategy suggested in Aitchison [56]

x = (x1,x2) = (PM10−2.5/PM10, PM2.5/PM10)%. (3)

The compositional variables of this vector x are non-negative and sum to a constant
c = 100; see Equation (1). The compositional dataset related to the simultaneous sampling of
PM10 and PM2.5 of the mineral elements Al, Ti, Si, Ca, Mg, Fe, and Sr is concisely reported
as a matrix X, with r rows (r = 7) representing the mineral elements and j columns (j = 2)
representing the coarse and the fine size fractions in %, see Equation (4).

X =



(PM10−2.5/PM10)Al (PM2.5/PM10)Al
(PM10−2.5/PM10)Ti (PM2.5/PM10)Ti
(PM10−2.5/PM10)Si (PM2.5/PM10)Si
(PM10−2.5/PM10)Ca (PM2.5/PM10)Ca
(PM10−2.5/PM10)Mg (PM2.5/PM10)Mg
(PM10−2.5/PM10)Fe (PM2.5/PM10)Fe
(PM10−2.5/PM10)Sr (PM2.5/PM10)Sr


% (4)

2.2. Transformation of Compositional Data

In order to perform statistical analysis of compositional data, an approach based on
log-ratios transformation of x is required. The compositional data are transformed into
coordinates using ilr (isometric log-ratio) transformations [57]. Thus, the composition of a
considered element can be represented as a real number,

ilr =
1√
2

ln(x1/x2) =
1√
2

ln(PM10−2.5/PM2.5). (5)

The compositional variables of the vector x were transformed into ilr for each con-
sidered element (i.e., Al, Ti, Si, Ca, Mg, Fe, and Sr). The transformed data are concisely
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reported as a vector Y; see Equation (6). Two sets of ilr data were considered for days with
a Saharan event and days without a Saharan event.

Y=



ilrAl
ilrTi
ilrSi
ilrCa
ilrMg
ilrFe
ilrSr


(6)

The isometric log-ratio, ilr, could be inversely transformed by:

x = (x1,x2) =
(

exp
(√

2ilr
)

/
(

exp
(√

2ilr
)
+ 1
)

, 1/
(

exp
(√

2ilr
)
+ 1
))

%. (7)

2.3. Centre and Perturbation Difference

The center of a two-part compositional dataset is defined as Equation (8).

g = C(g1,g2), where gj =

(
n

∏
i=1

xi,j

) 1
n

, j = 1, 2 (8)

where C was the closure operation for a vector z = (z1,z2) defined as below in Equation (9).
This operation divides each component of the vector z by the sum of its components, hence
scaling the vector to the constant c [58].

C(z) = (cz1/(z1 + z2), cz2/(z1 + z2)) (9)

The perturbation operation is defined as perturbation p applied to a composition x,
which produces composition v = p⊕ x, with v, x, and p vectors in S2

c [56].

v = C(p1x1, p2x2) (10)

The perturbation difference is defined as perturbation p to which a change can be
attributed as p = x 	 y, whatever the processes involved, with p, y, and x, vectors in
S2

c [59]. The perturbation difference is calculated as in Equation (11).

p = C(x1/y1,x2/y2) (11)

2.4. Testing Hypothesis of Normal Distribution and Atypicality Indices

The test hypothesis of normal distribution of Y, see Equation (6), was performed using
the Anderson–Darling, Cramer–von Mises, and Watson tests as in Aitchison [48] (p. 143).

In order to identify possible outliers, atypicality indices were evaluated. The atypicality
indices range from 0 to 1. The compositions with values of atypicality close to zero are close
to the center of the distribution, while the compositions with values of atypicality close
to 1 have an extremely atypical composition. In this study, compositions with atypicality
indices above 0.95 were considered atypical. Further details can be found in Aitchison [48]
(p. 173).

2.5. t-Test about Two Means and Correlation Test

The objective was to test whether the two samples relating to days with a Saharan
event and days without a Saharan event differed significantly in their means or whether
they could be considered as belonging to the same population. The t-test was applied to
the log-ratios transformed dataset Y (see Equation (6)) relating to days with a Saharan
event and days without a Saharan event. Moreover, the correlation coefficient between
the above-mentioned isometric log-ratios relating to days with a Saharan event and days
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without a Saharan event was calculated and used as a measure of linear association between
the two considered compositions. A correlation test was used in order to evaluate whether
the calculated correlation coefficient differed significantly from zero [60,61]. Statistical
power analysis was performed as in Cohen [62].

3. Results and Discussion

In order to evaluate the possible physical–chemical variations in mineral elements of
PM due to a Saharan event, a compositional data analysis was applied to two compositional
datasets of a suburban background site (with and without the contribution of Saharan
event) [38]. The values for the element measured in days with the contribution of the
Saharan event were Al = 0.76, Si = 1.78, Ca = 0.80, Fe = 0.43, Ti = 0.053, Mg = 0.36, Sr = 0.008,
and Al = 0.41, Si = 0.93, Ca = 0.29, Fe = 0.235, Ti = 0.028, Mg = 0.144, Sr = 0.005 for PM10 and
PM2.5, respectively. The values for the element measured in days without the contribution
of the Saharan event were Al = 0.32, Si = 0.81, Ca = 0.89, Fe = 0.47, Ti = 0.024, Mg = 0.21,
Sr = 0.006 and Al = 0.029, Si= 0.072, Ca = 0.031, Fe = 0.031, Ti = 0.006, Mg = 0.038, Sr = 0.001
for PM10 and PM2.5, respectively. The unit of measurement is mg/m3. The results are
shown with respect to PM2.5/PM10.

The PM2.5/PM10 ratios for the considered elements in days without a Saharan event
are displayed toward lower values of the diagram ranging between about 3.5% and 24% and
with a mean value of about 11%. In days without a Saharan event, the coarse size fraction is
the dominant component (Figure 1). Whereas the PM2.5/PM10 ratios relating to days with
a Saharan event are displayed between 36% and 62%. The mean value of the PM2.5/PM10
ratio is about 50%. In days with a Saharan event, the coarse and the fine size fraction are
comparable components. The two means are clearly separated; however, in order to prove
that the two datasets are statistically distinct, a statistical analysis is necessary [49]. The two-
part compositional dataset for days with a Saharan event and days without a Saharan
event was transformed into ilr coordinates, and their normality was tested. Moreover,
the atypicality indices were evaluated for the two considered compositional datasets to
exclude possible atypical compositions.
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with a Saharan event is at about PM2.5/PM10 = 50.32% with the 95% C.I. (43.24%, 55.96%). The mean
relating to days without a Saharan event is at about PM2.5/PM10 = 10.74% with C.I. (6.03%, 17.67%).

3.1. Normality Tests and Atypicality Indices

The numerical results relating to the normality tests are shown in Table 1. These results
are compared with critical values reported in the literature [63]. The distribution of ilr for
days with a Saharan event follows a normal distribution at a significance level between
5% and 10%. In contrast, the distribution of ilr for day without a Saharan event follows a
normal distribution at a significance level greater than 15%. Therefore, the hypothesis of
normality cannot be rejected for each dataset.

Table 1. Normality tests of ilr for the two considered datasets.

Dataset Anderson–Darling p Cramer–Von Mises p Watson p

without Saharan event 0.2245 >15% 0.0375 >15% 0.0373 >15%

with Saharan event 0.4987 >10% 0.0996 >10% 0.0973 [10–5%]

The atypicality indices evaluated for the considered elements relating to days with a
Saharan event and days without a Saharan event are reported in Figure 2. All the evaluated
indices are below 0.95; thus, non-atypicality can be observed.
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3.2. t-Test about Two Means and Correlation Test

The t-test was used to test whether there is a difference between the mean of ilr
relating to days without a Saharan event and that of ilr relating to days with a Saharan
event. The results show (see Table 2) that the two means above reported must be regarded
as clearly distinct. The power of the t test was >90%. This inequality between the two means
indicates that the considered mineral elements are distributed differently between coarse
and fine size fractions (see Figure 3). Mineral elements are more abundant in the fine size
fraction in the dataset relating to days with a Saharan event. This result can be explained
considering that the PM size fractions relating to days with a Saharan event and the PM
size fractions relating to days without a Saharan event have undergone different processes
of either addition or subtraction of mineral matter. The processes of addition/subtraction
of mineral matter either enriched the PM2.5 size fraction, depleted the PM10 size fraction,
or induced both effects. These possible processes are highlighted by the differences in the
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means of the two considered compositions. In order to evaluate whether there exists a
linear association between isometric log-ratios relating to days with a Saharan event and
days without a Saharan event, a correlation test was used. The results show (see Table 2)
that the correlation coefficient between the above-mentioned isometric log-ratios cannot
be considered significantly different from zero. Thus, the hypothesis of linear association
between the two compositions is rejected. This suggests that the two datasets related
to days with a Saharan event and days without a Saharan event have to be regarded as
clearly distinct with respect to their mineral element compositions. A related point to
consider is that between compositions, only positive correlations can be deemed relevant:
the correlation test was one-tailed.

Table 2. t-test about two means and correlation test.

Hypothesis Test Value Critical Value Degree of Freedom Significance

µwith Saharan event = µwithout Saharan event t = 6.655 tc = 1.841 8.69 0.0001
Correlation coefficient = 0 r = 0.39 rc = 0.55 5 0.1935

Pollutants 2022, 1, FOR PEER REVIEW 7 
 

 

days without a Saharan event, a correlation test was used. The results show (see Table 2) 

that the correlation coefficient between the above-mentioned isometric log-ratios cannot 

be considered significantly different from zero. Thus, the hypothesis of linear association 

between the two compositions is rejected. This suggests that the two datasets related to 

days with a Saharan event and days without a Saharan event have to be regarded as 

clearly distinct with respect to their mineral element compositions. A related point to con-

sider is that between compositions, only positive correlations can be deemed relevant: the 

correlation test was one-tailed. 

Table 2. t-test about two means and correlation test. 

Hypothesis Test Value Critical Value Degree of Freedom Significance 

μwith Saharan event = μwithout Saharan event t = 6.655 tc = 1.841 8.69 0.0001 

Correlation coefficient = 0 r = 0.39 rc = 0.55 5 0.1935 

The lack of linear association between the isometric log-ratios relating to days with a 

Saharan event and days without a Saharan event suggests that the two measured PM 

could have different origins. 

 

Figure 3. Distribution of data for isometric log-ratios. The mean of ilr relating to the compositional 

dataset of days with a Saharan event is at about 0.01 with the 95% C.I. (-0.17, 0.19). The mean of ilr 

relating to the compositional dataset of days without a Saharan event is at about 1.5 with the 95% 

C.I. (1.05, 1.95). 

Figure 3 reports the isometric log-ratio for the considered elements. The mineral ele-

ment concentrations of PM are more dispersed for days without a Saharan event than for 

days with a Saharan event. This difference is highlighted from the isometric log-ratio and 

can be attributed to the different sources of mineral matter that concern days without a 

Saharan event and days with a Saharan event.  

Figure 3. Distribution of data for isometric log-ratios. The mean of ilr relating to the compositional
dataset of days with a Saharan event is at about 0.01 with the 95% C.I. (−0.17, 0.19). The mean of ilr
relating to the compositional dataset of days without a Saharan event is at about 1.5 with the 95% C.I.
(1.05, 1.95).

The lack of linear association between the isometric log-ratios relating to days with a
Saharan event and days without a Saharan event suggests that the two measured PM could
have different origins.

Figure 3 reports the isometric log-ratio for the considered elements. The mineral
element concentrations of PM are more dispersed for days without a Saharan event than
for days with a Saharan event. This difference is highlighted from the isometric log-ratio
and can be attributed to the different sources of mineral matter that concern days without a
Saharan event and days with a Saharan event.
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The selected elements are representative of mineral matter and related sources in an
European context [24]. Mineral elements can be related to many sources of mineral matter
such as road dust, dust from arable lands, desert dust, etc. The elements considered are
representative of different mineral sources. Al, Si, Ti, and Fe are possibly related to mineral
sources involving several clay minerals and quartz, which are indicative of a possible
Saharan event contribution, whereas Ca, Sr, and Mg are possibly related to mineral matter
involving either local or regional sources of re-suspended soil. As such, the distribution of
the mineral elements in days with a Saharan event possibly reflects the mineral element
concentrations of the local PM affected by the Saharan event. Further details about the
geochemistry are reported in [38].

To evaluate the nature and level of the difference between the element concentrations for
days with a Saharan event and days without a Saharan event, the perturbation difference [56]
is calculated between the centers of the two compositional datasets. The center for the two
compositions are (49.68, 50.32)(with Saharan event)% and (89.26, 10.74)(without Saharan event)% for
days with a Saharan event and days without a Saharan event, respectively. The perturbation
difference is (10.62, 89.38)(with Saharan event)-(without Saharan event)% suggesting that, relatively,
the Saharan event has largely enhanced the fine size fraction. This result together with the
statistical difference highlighted and reported above are in agreement with studies that
have shown how the long-range transport of dust can influence the fine size fraction of
PM [29,64–66].

4. Conclusions

The analysis of compositional data applied to PM simultaneous measurements pro-
vides a possible statistical validation of the hypothesis that during days with a Saharan
event, there are important physical–chemical changes to the simultaneous size-segregated
PM. These changes are highlighted by the presence of two different datasets (days with
a Saharan event and days without a Saharan event), which are clearly distinct in com-
position. Therefore, during the Saharan event, at ground level, possible mechanisms of
addition and/or subtraction of mineral matter with different origins take place within the
size-segregated fractions of PM. These mechanisms (a) have led to the variation of the
elemental composition on size-segregated PM fractions, (b) have modified the distribution
of the considered mineral elements within the size-segregated PM fractions, and (c) have
mainly enhanced the fine size fraction of PM.

The compositional analysis applied to the mineral element concentrations of PM10
and PM2.5 simultaneous measurement is an effective technique that can be used to study
environmental sites affected by a Saharan event. The presented pilot study relates to a
suburban environmental context for which the reported approach has been evaluated.
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