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Abstract Very few previous investigations of respirable PM
have been undertaken in the city of Constantine, Algeria. In
general, air quality in Algeria and other Maghreb countries has
not been extensively studied because of the insufficient number
of researchers involved in this field and the unreliability of the
few air quality monitoring networks installed in Algeria. It is
therefore of utmost importance to address this problem in order
to estimate the concentration levels of PM10 and their origins.
The purpose of this study was to identify the different sources
of PM10 and some chemical elements (Pb, Cu, Zn, Fe, K, Ca,
Na, Mg) at a traffic site at Zouaghi, in the south of Constantine,
using different statistical methods: factor analysis (FA) to cate-
gorise the different trace elements according to their origin, and
the enrichment factor (EF) to identify terrigenous elements and
those having a marine origin. We also used back-trajectories
clustering to identify potential distant sources that contribute to
particulate pollution and metallic elements in our site.

Keywords PM10 - PM2.5 - Traffic site - Factor analysis -
Back-trajectories - Enrichment factors
Introduction

Motor vehicles strongly affect air quality within urban areas
(Pastuszka et al. 2010). Several studies have provided
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evidence that the exposure to high concentrations of aerosols
is associated with adverse health effects (Pateraki et al. 2012).
Multi-city extensive studies conducted in the United States
and in Europe reported positive associations between PM10
and death (Riickerl et al. 2011). In a multicentre study involv-
ing four European cities, consistent positive associations were
found between coarse particles central sites concentrations
and prevalence of respiratory symptoms (Karakatsani et al.
2012). Another particulate matter health study in China re-
vealed a 10 ug/m’ increase in 2-day moving-average PM10
was associated with a 0.35 % increase of total mortality,
0.44 % increase of cardiovascular mortality and 0.56 % in-
crease of respiratory mortality (Chen et al. 2012). In a study
that examines the relation of lung cancer incidence with long-
term residential exposures to ambient particulate matter, it was
established that a 10-pug/m’ increase in 72 months average
PM10 was positively associated with lung cancer (Puett et al.
2014). Moreover, adverse health effects may be caused by
mineral dusts originating from the Sahara (Morman and
Plumlee 2014).

Lim et al. (2012), in the framework of the WHO-driven
evaluation of the Global Burden of Disease, evidenced that
particulate atmospheric pollution is the fourth cause of
worldwide mortality in developing countries and the 11th
one in central Europe. REVHIHAAP (Review of evidence
on health aspects of air pollution) (WHO 2013) and
HRAPIE (Health risks of air pollution in Europe)
(Henschel and Chan 2013) evidenced that mean life expec-
tancy of European citizens is reduced by 9 months due to
increase on premature mortality due to cardiovascular, re-
spiratory and cerebro-vascular causes. These reports also
indicate that atmospheric particulate matter (PM) is the
main pollutant causing these health outcomes.

Studies on traffic-related airborne particulate matter, espe-
cially PM2.5, are scarce or even not available in many cities in
the developing world and particularly in Africa (Han 2006;
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Eliasson et al. 2009). This is in spite of the high levels of
atmospheric particulate pollution observed in African cities
(Val et al. 2013).

In the developing countries, the particulate matter forms
the major contributor to air pollution and hence the pressure
to understand its sources better. According to Liousse et al.
(2014), emissions from combustion of fossil fuels are ex-
pected to increase significantly in African cities in the near
future. Atmospheric particulate pollution is more severe in
developing countries than in developed countries because of
rapid urbanisation and a sudden expansion in the number of
vehicles. Petkova et al. (2013) reported that annual PM
levels in Northern Africa exceeded annual and 24 h WHO
guidelines, with annual PM10 levels exceeding 150 pg/m’
in different sites of Cairo while mean PM10 levels across a
network of four monitoring stations that was established in
Algiers ranged from approximately 38 to 129 pg/m’
between 2002 and 2003. Laid et al. (2006) reported that
the daily average level of PM10 at the Mustapha hospital in
downtown Algiers was 61 ug/m’ for the period extending
from 1 October 2001 to 30 September 2002. Winter was
characterised by a significantly higher average PM10 con-
centration than summer (74 vs. 48 pg/m?®). In a more recent
study, Bouchlaghem and Blaise (2012) reported annual av-
erage concentrations of 58, 80, 89, 90 and 87 pg/m’ in
Sousse, Bizerte, Sfax industrial site, Tunis and Sfax centre,
respectively.

The Mediterranean area is affected by natural mineral
dust transport from the Sahara (Rodriguez et al. 2007).
According to the study of Bouchlaghem et al. (2009), daily
PM10 levels recorded at seven monitoring stations in the
Tunisian coasts during dust episodes (up to 700 pg/m®) were
higher than the average levels during non-dust episodes (up
to 100 ug/m3).

Algerian cities are growing rapidly, offering employment,
better living conditions, access to universities, and other
living standards that are not available in rural areas. The
rapid urbanisation, however, has some environmental collat-
eral problems such as air pollution, congestion and imbal-
ance in fragile ecosystems. The results of a study carried out
in a residential area with heavy traffic in Constantine from
25 March 2010 to 24 May 2010 showed that the average
PM10 concentration was 49 pg m > (Terrouche et al. 2014).
PMI10 concentrations ranged from 7.59 to 159.4 pug m>.
Mean PM levels for days with African dust intrusions
reached 68 pg/m® for PM10, and for the rest of the days
45 pg/m’. Ali-Khodja et al. (2008) reported that dust storm
events from the Sahara led to a peak daily concentration of
total suspended particles (TSP) of 9591 pg/m’ in the town
of Didouche Mourad which is located 13 km north of
Constantine on 15 November 2002. Mean TSP concentra-
tions were 300 and 117 pg/m® with and without dust events,
respectively. The present study aims to investigate further
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the ambient air levels of atmospheric particulates in a heavy
traffic hotspot site in the vicinity of a roundabout.

Constantine has a population of 0.6 million (1,300,000
with the agglomeration), making it the third largest city in
the country after Algiers and Oran. The province of
Constantine has an area of 2,187 km? and contains seven
industrial areas of which three are under construction and 11
business parks. Industrial sources include food industry,
bricks and related clay products, cement manufacturing,
glass manufacturing, lime manufacturing, limestone and clay
quarries, pharmaceutical industry and mechanical industry.
The total area occupied by industrial areas and business
parks that has the province has now reached 1,000 ha.
Ongoing projects of the expansion of the existing parks
and the creation of new ones will, in the short-term, make
Constantine the province that has the largest business and
industrial parks in the country with a total area of over 2,
340 ha.

The vehicle fleet, at national level, is currently estimated at
8 million vehicles. According to the Ministry of Transport,
this number will increase to 21 million vehicles by 2025—
2030. Roads can no longer withstand the flow of vehicles that
is increasing rapidly. Road networks are becoming heavily
congested as never before within cities. Moreover, imported
vehicles do not meet any emission standard.

A study in 239 U.S. cities showed a PM2.5/PM10 ratio
between 44 and 71 %, while it is around 50 % in Cairo
(WHO 2006). PM2.5/PM10 ratio varies from 40 to 80 %
across Europe, by region and type of measurement site
(Querol et al. 2004). It is more significant when the particles
have an anthropogenic origin, especially in connection with
the production of fine particles of combustion. Conversely,
the PM2.5/PM10 ratio is lower in regions where the sources
of coarse particles are the most important as is the case in
our site where the PM2.5/PM10 ratio is of the order of 47 %
due to the significant contribution of resuspended coarse
particles.

The distribution of trace elements in the different particle
sizes may lead to estimation of sources of particles in the air.
Traffic, for example, is a major source of PM causing higher
levels of particles in urban air. A study of the size and com-
position of particles emitted by motor vehicles showed that
coarse particles are mainly composed of abrasion and resus-
pension particles (street dust, tire wear, break wear), although
the combustion process is the main source of fine particles
(Handler et al. 2008).

The main objectives of this study were: (1) to assess
the temporal variations of atmospheric particulates and
associated metallic elements; (2) to identify distant sources
of PM10 by calculating 3 days back-trajectories; (3) to
identify potential pollution sources of PM10, PM2.5 and
metallic elements based on factor analysis and cluster
analysis.
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Methods
Site description

The sampling site was located at the entrance to the
campus of the Faculty of Earth Sciences located at
Zouaghi, Constantine, nearby National Road 79, which is
one of the busiest traffic highways in the city of
Constantine, (36°22'N, 6°40'E, 640 m.a.s.l), Algeria
(Fig. 1). The sampling device was placed about 5 m
above the ground and about 6 m from the road. The
position of the sampling site was such that it could be
considered a traffic station because it is directly influenced
by vehicular emissions. Sampling was scheduled at
midnight.

Measurement of fine particulate matter

A portable low-volume air sampler Model Minivol TAS with
a rate of 5 I/min was used. Ambient air particulates were
trapped by a quartz filter (47 mm in diameter with a porosity
of 0.2 um). After each sampling interval, the collection media
were returned to the weighing laboratory and allowed to

Fig. 1 Fine particulate matter site sampling locations

equilibrate for 24 h in a dessicator before weighing to a
precision less than £0.01 mg using a Shimadzu balance (mod-
el AUWI120D). The initial weights were determined after a
similar period of desiccation.

Analysis of trace elements

Each filter was digested according to the method of Kuvarega
and Taru (2008). A Shimadzu-7000 AAS supporting an acet-
ylene flame was used to analyse metallic elements Fe, Na, Mg,
Ca, Zn and K, while Pb and Cu were analysed using polarog-
raphy (VA Computrace797). To minimise the effects of ma-
trices, the standard addition technique was used for the deter-
mination of all metals. The results of the analysis of ten blank
samples were used to estimate the element concentration
produced by the filter and sample preparation.

Factor analysis

Factor analysis attempts to identify underlying variables, or
factors, that explain the pattern of correlations within a set of
observed variables. The primary interest of this type of anal-
ysis is to replace the original variables, generally correlated
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with more easily treated uncorrelated variables (Dagnelie
1975). This technique tries to explain a set of data in a number
smaller than the number of starting dimensions. The technique
is to summarise the data-matrix with minimal and controlled
loss of initial information by a reduced number of factors as
differentiated as possible. This is a linear transformation
whose general pattern is written in the form:

Xi=ApnF1+ApFr+ ...+ A Fir + U;

with X as the variable,

F, the common factor,

U, single factor,

and A, coefficient used to combine k factors.

The data were processed using IBM SPSS Statistics 20.0
software. The main sources of PM10 were identified by
performing a Varimax rotation which has reduced the initial
number of variables to a lesser number of independent vari-
ables (factors) and which estimated values of the factors
(factor score) for each sample.

Results and Discussion

A total of 117 PM10 samples were collected every other day
from 23 March 2011 to 22 November 2011. Sampling was
scheduled at midnight in order to facilitate comparison be-
tween weekdays and weekends. Over this period, six daily
measurements were missing. Occasional failures of the battery
packs lead to gaps in the sampling schedule.

Moreover, 32 pairs of samples of PM10 and PM2.5 were
collected simultaneously at the same sampling location at
Zouaghi, Constantine, nearby the above-mentioned traffic site
at random dates between 23 December 2011 and 8 January
2013 in order to identify the associated meteorological and
source emissions characteristics.

Table 1  Statistical analysis of experimental results
Average  Minimum  Maximum  Standard deviation
(ng/m’)  (ug’)  (ugm’) (SD) (ng/m’)

PM10  80.42 14.52 161.84 32.03

Pb 0.90 0.01 4.75 0.67

Cu 0.45 0.01 5.56 0.63

Na 5.61 1.57 27.77 3.05

K 4.08 0.01 23.82 5.95

Ca 3.01 0.01 26.94 5.14

Mg 1.83 0.07 6.80 1.20

Fe 3.11 0.01 10.89 2.57

Zn 1.29 0.02 22.20 2.56

PM levels

Table 1 shows some statistics of the experimental dataset. The
minimum and maximum concentrations of PM10 were 14.52
and 161.84 pg/m’, respectively. The average daily concentra-
tion of PM10 (80.42 pg/m’) exceeds the annual limit of
40 pg/m’ value within the EU, and the WHO guideline value
of 20 pug/m’. It is however very close to the Algerian annual
limit of 80 pg/m>. Table 2 shows the Algerian and EU stan-
dard limits and the WHO guideline values for particulate
matter. The daily EU limit of 50 pg/m® was exceeded 85
times out of 117 samples which represents 73 % of the
sampling period. The Algerian limit is more permissive be-
cause African dust outbreaks are expected to contribute to the
increase of the daily PM10 concentration. Indeed, with the
help of satellite data, Meloni et al. (2007) located the heaviest
dust sources in Mauritania and Southern Algeria. They also
identified Tunisia, northern and central Algeria, Morroco and
Mali as the regions with the most frequent loading by using air
masses back-trajectories. The more stringent WHO guideline
value of 20 pug/m® may therefore be exceeded during Saharan
dust intrusions. Such a value seems hard to meet in a region
interested by the advection or resuspension of natural aerosols
as mineral dust (Gobbi et al. 2007). Moreover, the measured
PMI10 in our study site may partly be due to nearby tram
construction works and heavy traffic. This explains why,
during weekends, the daily PM10 concentration decreases
by 25 % compared with the average long-term concentration.
The high Pb concentration can be explained by the fact that
tetraethyl lead is still present in gasoline in Algeria.

During the study period implying simultaneous sampling
of PM10 and PM2.5, the average concentration of PM 10 was
105.2+53.7 ug /m’, while the average concentration of
PM2.5 was 57.8+39.6 ug/m’.

Table 3 shows a summary of statistical data regarding PM
concentrations, temperature, relative humidity and wind speed
during the sampling period. Daily average concentrations of
PM10 and PM2.5 vary between 10.9 to 193.2 pg/m® and 2.8
to 152.2 pg/m’, respectively. The variation of PM

Table 2 PM standard limits and guideline values

EU WHO Algerian limits

PMI10 40 pg/m® annual mean 20 pg/m’ annual 80 pg/m’ annual
mean mean
50 pg/m’ 24-h mean 50 pug/m’ 24-h 24-h mean not
not be exceeded mean available
more than 7 times
a calendar year
PM2.5 25 pg/m® annual mean 10 pug/m’ annual —
(to be met in 2010) mean
20 pg/m® annual mean 25 pg/m’ 24-h
(to be met in 2020) mean
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Table 3 Summary of

meteorological parameters and Parameter Temperature Humidity Wind speed Atmospheric pressure PM10 PM2.5

PM concentrations during the

study period (December 2011 to Unit °C % m/s mm Hg ug/m’ ug/m’

January 2013) N 35 35 35 35 32 30
Average 13.7 36.8 1.6 863.7 122.6 57.8
SD 45 17.8 0.9 107.0 53.7 39.6
Minimum 5.9 13.4 0.4 688.3 10.9 2.8
Maximum 22.6 86.0 34 939.9 3333 152.8

concentrations during the study period can be attributed to the
variation of traffic density and meteorological parameters.

The formation of secondary particles formed in the air from
precursor gases and favoured by high relative humidity is
another source of particles in the study area that could affect
the distributions of PM10 and PM2.5 (Kulshrestha et al.
2009).

PM10 and PM2.5 measured simultaneously exceed both
standard limits set by the EU and the WHO guidelines
(Table 2).

Factor analysis results

The factor analysis method was applied to identify likely
sources of particulate emissions. Four major anthropogenic
and natural emission sources were found accounting for
63.7 % of the variance (Table 4).

The first factor (F1) is strongly correlated with elements
from anthropogenic sources such as Zn (0.76), Cu (0.57) and
Ca (0.69). Thus, factor F1 was identified as anthropogenic
emissions.

F2 is correlated with crustal elements such as Fe (0.86) and
K (0.56). The factor was identified as soil dust.

F3 includes elements of marine source such as Mg (0.78)
and Na (0.6). It was identified as a marine source factor.

F4 is strongly correlated with Pb (0.95). This factor was
identified as an emission factor traffic.

Enrichment factors with respect to soil and seawater average
concentrations

The enrichment factor element (FE) was originally developed
to speculate on the origin of the elements in the atmosphere,
precipitation or seawater (Goldberg 1972; Chester and Stoner
1973; Zoller et al. 1974).

The enrichment of an element in the atmospheric aerosol
compared with a reference material can be measured through
the enrichment factor (EF), which is defined as follows:

EF = (X/R)samp1e/(X/R)reference

where X=element studied, R=normalising factor

The choice of the reference element is determined by its
stability and quantity (Guor-Cheng et al. 2006). For seawater,
the most appropriate reference element is sodium, even if it
can be associated with anthropogenic (waste incineration) or
terrigenous sources in urban areas (Gordon 1980; Brewer

Table 4 Varimax rotated factor

analysis with Kaiser Traffic site

normalisation for the traffic site

Element F1 F2 F3 F4
Pb 0.08 0.01 0.01 0.95
Zn 0.76 —0.05 —-0.03 0.06
Fe -0.18 0.86 0.01 0.15
Mg —0.15 —0.13 0.78 0.10
Ca 0.69 —0.01 0.4 0.07
K 0.36 0.56 —-0.03 -0.20
Na -0.20 —-0.38 0.60 0.24
Cu 0.57 0.13 -0.26 —0.05
Var % 20.2 154 15 13.4
Cum % 20.2 35.6 50.6 63.7
Origin Anthropogenic Soil resuspension Sea salt Traffic
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1975). In this study, Fe was the only element which can be
related to crustal elements.

The comparison of the PM 10 composition and the average
composition of the soils may help to identify which trace
elements are enriched in the aerosols with respect to the soils.

Enrichment factors in relation to soil and seawater average
concentrations were calculated for all elements analysed in the
total aerosol, namely K, Fe, Mg, Na, Ca, Cu, Zn and Pb
(Fig. 2). Mg shows a low enrichment factor with regard to
the sea concentration which indicates that it is of marine origin
(log (EF) <0.5). The enrichment factor for K with regard to the
soil concentration is also low (log (K)<0.4) indicating that it
originates mainly from the soil.

Elements Pb, Cu and Zn are extremely enriched in the
aerosols with a lesser extent with respect to Ca. These ele-
ments are derived from anthropogenic sources and cannot be
associated neither with the soil nor with the sea.

Trajectories calculation and clustering

Backward air trajectories arriving at our observation sites were
calculated using the web version of the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT-4) model. This
model is a system for computing air mass trajectories and
complex dispersion and deposition simulations (Draxler and
Hess 1998). In this study, we calculated 3 days back-
trajectories using the National Weather Service’s National
Centres for Environmental Prediction (NCEP) model data
available in NOAA’s Air Resources Laboratory (ARL) ar-
chives. The model output is a set of latitude—longitude coor-
dinates of the air parcel estimated position for every hour.

A single trajectory can be insufficient to represent the
transport history of a sampling volume even if it is small
(Stohl et al. 2002). It has been demonstrated that clusters of
back trajectories arriving at a specific location can serve as a
surrogate of different synoptic circulation patterns (Borge
et al. 2007).

Clustering is the division of data into groups of similar
objects (Berkhin 2006). Cluster analysis is a multivariate
statistical technique which involves splitting a data set into a
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Fig. 3 Mean 3-day back-trajectory for the main trajectory clusters at
Constantine

number of groups which need to be as homogeneous and as
distinctly different from each other as possible.

Trajectories arriving at 12:00 GMT at Constantine, the
midpoint of the sampling time used to collect air pollution
data, were analysed. Each measured pollutant concentration
was associated with its corresponding 72 h back-trajectory
arriving (ending) at Zouaghi campus, Constantine. The choice
of the 72-h back-trajectory length is supported by the lifetime
of the different secondary species (Abdalmogith and Harrison
2005). For each 3 days (72 h) trajectory, 72 x—y coordinates
(i.e. end points of the trajectory location at every hour) are
utilised as input variables for the clustering algorithm. One
hundred fourteen daily midday back-trajectories arriving at
Constantine between 23 March 2011 and 22 November 2011
were assigned to four clusters using an automated K-means
clustering algorithm.

The average back trajectory of each cluster is then calcu-
lated from its trajectory members. The average back trajecto-
ries for four clusters at Constantine are presented in Fig. 3.

The data set was split with relation to their origin (local,
seawater and desert) and their distance (fast, slow) (Table 5).

Table 5 Average concentrations of PM10 and other metallic elements
within each group (micrograms per cubic meter)

PMIO Pb Zn Fe Mg Ca K Cu Na

Group 4 109.62 0.79 0.65 3.69 1.74 1.72 157 025 6.17
(desert)

Groupl 82.59 0.74 1.28 2.67 141 2.76 3.12 045 4.86
(local)

Continent 96.11 0.77 097 3.18 1.56 2.24 235 0.35 5.52

Group 2 (fast 70.20 0.88 1.24 2.53 1.97 232 5.05 036 6.50
seawater)

Group 3 (slow 83.37 120 0.94 243 1.85 432 539 041 553
sea water)

Sea water 76.79 1.04 1.10 248 191 3.32 522 0.39 6.02
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Table 6 Matrix components after rotation (Varimax with Kaiser normalisation)

PM10

PM2.5

F4

F3

F2

F1

F4

F3

F2

Fl1

—-0.07
—-0.07
0.94

—-0.14
—0.13

0.00

—0.09
—0.16

0.04

0.89
0.91

0.00

—0.13
—-0.07
0.58

0.86
0.91

—0.08
—0.04
0.60
0.80

Pb

—0.04
—0.15
—0.03
0.11
0.87
0.59
0.14

Cd

—-0.09
—0.04
—-0.13
—-0.13
0.14
0.87

—-0.16
0.03

Cu

—0.28
—0.20

—-0.13
0.24

0.

0.84

—0.19

0.84
0.19

Mg

Fe

87

—0.07
0.67

—0.13
—0.20
0.42

-.017
—0.05
0.19
0.80

—-0.02
765
0.34

Na

0.45
0.06

-.019
-0.12
21.05
48.49

—0.26
0.22

Ca

-0.12
20.62
42.99

/n

14.09
79.47

16.88
65.37

27.44
27.44
Traffic

15.29
75.12

16.83
59.82
Crustal

22.38

Var %

22.38

Cum%

Crustal Polluted soils

Marine aerosol

Marine aerosol

Exhaust

Construction activities and break lining

Possible sources

Factor loadings greater than 0.5 are shown in bold

100 T T T T T T T 2.2

80 +

PM10 (ug/m’)
wind speed (m/s)

60 o
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Fig.4 The evolution of PM10 with atmospheric pressure and wind speed

The Saharan air mass intrusions are an important natural
mineral particulate source and account for an increase (10—
15 mg/m®) of the background PM10 levels for long periods
(Alastuey et al. 2005). Such masses not only carry high levels
of minerals of terrigenous origin such as Fe (Table 6), but they
also travel past numerous salt marshes located 50 km south of
the study site, such as Sebkhet Ezzemoul, Chott Tinsilt,
Sebkhet Djendli, sweeping NaCl laden air and resulting in
higher concentrations of Na.

Northerly air masses contain high concentrations of min-
eral elements such as Na (7 % higher than the average), Mg
(4 % higher than the average), K (28 % higher than the
average) and Ca (45 % higher than the average) which means
that the Mediterranean basin is a major source of such ele-
ments. Soil dust and industry are not the only sources of K and
Ca, respectively. These air masses also bring about anthropo-
genic elements such as Zn and Pb as they pass through the
industrial area of Didouche Mourad and busy roads north of
the city of Constantine.

Table 7  Average concentrations of metallic elements and PM2.5/
PMI10 ratios

PM10 (ug/m?) PM2.5 (ug/m?) PM2.5/PM10
PM 122.63 57.83 0.47
Pb 0.79 0.44 0.79
Cu 0.51 0.22 0.60
Ca 0.10 0.01 0.49
Na 0.82 0.35 0.49
Cd 0.06 0.03 0.36
Zn 1.07 0.10 0.37
Mg 133 0.60 0.45
Fe 2.36 0.61 0.34
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Fig. 5 Wind rose at Zouaghi, Constantine. a PM2.5<20 pg/m®, b PM2.5>20 pg/m’

The influence of atmospheric pressure and wind speed

Episodes of air pollution are often associated with anticyclon-
ic weather systems (Unal et al. 2011). Generally, high-
pressure systems can cause light winds and stable atmospheric
conditions. To illustrate the influence of wind speed and
atmospheric pressure on PM10, we calculated the mean con-
centrations of PM10 for different ranges of air pressure and
wind speed (Fig. 4). From this figure, we distinguish three
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different episodes. The first episode is characterised by a low
atmospheric pressure (<759 mmHg), with an average

Table 8 Average frequencies of calm and westerly winds

PM10 concentration <50 pug/m®  >50 pug/m®  >100 pg/m?
Frequency of calm winds 355 40.9 45.7
Frequency of westerly winds 1.5 3.5 3.7
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Fig. 6 Wind roses in Constantine. a All study period, b PM10<50 pg/m®, ¢ PM10>50 pg/m®, PM10>100 pg/m’

maximum wind speed of 2 m/s and an average PM10 concen-
tration of 71 ug/m> which is slightly lower than the average
value. The second episode is characterised by a low concen-
tration of PM10 (53 pg/m?) and a high atmospheric pressure
(769-771 mmHg) accompanied by moderate winds (1.5 m/s).
In the third episode, high concentrations of PM10 (95 pug/m?)
coincide with anticyclonic weather conditions (high air pres-
sure (767 to 769 mmHg) and weak winds (0.8 m/s).

Table 6 shows the results of factor analysis (FA) for PM2.5
and PM10 with possible types of sources. Four factors were

extracted from the data of PM2.5, which account for about
75.1 % of the total variance with factors F1 to F4 representing
22.4 %, 20.6 %, 16.8 % and 15.3 %, respectively.

F1 is defined by Mg and Zn and, to a lesser extent,
by Cu. This factor is related to brake lining particles
(Zn), tyre remains (Cu and Zn) (Rodriguez et al. 2004)
and construction activities of the nearby tramway mul-
timodal station (Mg) (Balasubramani et al. 2003). This
factor is considered to be representative of road dust
and break lining.
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Fig. 6 (continued)

F2 represented combustion sources as it is associated with
high loadings of Pb and Cd. Thus, the combustion factor
includes vehicular emissions.

F3 reflects a high burden of Fe and a moderate Cu load. Itis
therefore assigned to a crustal origin.

Factor F4 was characteristic of sea salt shown by a high
loading of Na whose origins can be the Mediterranean Sea at
the north and the numerous salt marshes to the south.

Four factors were extracted from the PM10 data that ac-
count for about 79.47 % of the total variance.
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F1 is correlated with Pb, Zn and Cd. These compounds
have been associated with vehicular releases, namely, exhaust
gases of vehicles, the normal wear of lubricants, tires and
mechanical parts.

F2 corresponds to high loads of Na and Mg. It is therefore
associated with marine pollution.

F3 is associated with Fe and Ca. It represents the erosion of
the earth’s crust.

F4 contains a high load of Cu and a moderate load of Ca
and can then be associated with the resuspension of road dust.
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Table 9 Average PM
concentrations in each group of Air mass type PM2.5  PM10  PMguse  Windspeed  Humidity  Temperature
backtrajectories ug/m’ m/s % °C
Group 1 South-slow 100.7 2154 137.8 1.9 46.7 15.1
Group2  North-Slow 44.1 75.3 52.8 1.3 33.1 15.1
Group 3 North-west-fast 42.1 136.1 103.3 1.8 34.0 124
Group4  North-fast 35.6 156.5 120.9 2.1 34.8 8.8
The PM2.5/PM10 ratio ratio found in our study is in the lower side of the bandwidth

The ratios of element concentrations in the fractions PM2.5/
PM10 are shown in Table 7. PM2.5/PM10 elements with a
ratio greater than 0.5 (mentioned in bold) are partitioned to the
PM2.5 fraction rather than the PM 10 one. Samples with less
than the detection limit were excluded in the calculation of
PM2.5/PM10 ratios.

As shown in Table 7, the percentage of PM2.5 in PM10
was 47.2 % which indicates that coarse particles originating
from road dust resuspension and abrasion processes are the
dominating fraction in particulate matter (Arkouli et al. 2010).
The ratio is lower than the mean value of 0.72 observed by
Artinano et al. (2004) in a study carried out in order to
characterise PM10 and PM2.5 fractions sampled at a repre-
sentative urban site in Madrid. In another study, results ob-
tained from the particulate matter (PM) data collected over the
1999-2008 period from representative urban traffic sites in the
Madrid air basin show that PM10 and PM2.5 mean annual
values were 39.6+6.0 and 19.4+3.2 ug/m’, respectively
(Salvadora et al. 2011). The corresponding ratio of 49 % is
in agreement with the value found in our site. Gomiscek et al.
(2004) reported the PM2.5 to PM10 ratios calculated for
various sites throughout Europe which vary from 40 % in
Canada to 68 % in Germany and local Central and Eastern
Europe, although comparison of the sites must be done care-
fully as they have distinct local features. The PM2.5 to PM10
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Fig. 7 Geometric centre of back-trajectories at 750 m above sea level.
The percentage of retro-trajectories in each group is also included

since 14 out of 15 European sites show ratios exceeding 49 %.
Finally, the annual mean PM2.5:PM10 ratio in the industrial
city of Bursa, the fourth largest city in Turkey, was 0.64
between May 2007 and April 2008 as average PM2.5 and
PM10 mass concentrations over the year were 53 and 83 pg/
m’, respectively (Kendall et al. 2011). Therefore, a less sig-
nificant proportion of PM10—47.2 % —is in the respirable
fine fraction (PM2.5) in our site.

The results show that the terrestrial and marine elements
(Fe, Ca, Mg, Na) are partitioned mostly to the PM10 frac-
tion. Zn and Cd are more abundant in the PM10 than the
PM2.5 because they are emitted more by a mechanical
process (tire wear and mechanical parts) than by the com-
bustion process. Lead and copper are partitioned to the
PM2.5 fraction. They are often in the form of fine particles,
which means that fuel combustion is the largest source of
these elements.

Wind direction and speed

Figure 5 shows that winds from the same direction, which
extends through National road 79, play a key role in the
concentration of PM2.5 in our site. They accumulate a large
number of pollutants emitted by vehicles before reaching the
site. This explains why PM2.5 levels greater than 20 pg/m®
were recorded when the wind comes from the South, SSO,
while in the days when the PM2.5 concentration is low
(<20 pg/m?), no wind from the S, SSO is recorded (Fig. 5a).

We also note that the frequency of calm winds is higher in
highly polluted days (PM2.5>20 ug/m®) that the days with
low pollution (PM2.5<20 pg/m®), because calm conditions
cause pollution stagnation at the emission point.

The strongest winds (>3.6 m/s) are often from SW (Sahara
region), which mean that these air masses are often loaded
with Saharan dust.

The frequency of westerly winds, the sector where the
tramway construction site is located, is proportional to the
concentration of PM10. More frequent westerly winds lead to
higher PM10 levels (Table 8; Fig. 6).

Table 9 shows the average concentrations of PM 10, PM2.5
and coarse PM10-2.5 at Zouaghi, Constantine, during the
occurrence of each transport path and the corresponding
weather during the sampling period.
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When PM concentrations are analysed according to the
type of group air mass, clear differences become apparent.

It can be found from Fig. 7 that groups 1 and 2 were
associated with a short distance transport, compared with
groups 3 and 4.

The group of slow North type is the most common and
least polluted, unlike air masses coming from the south
(group 1) which are significantly more polluted. These air
masses are associated with higher concentrations of PM2.5,
PM10 and coarse PM. High concentrations of coarse PM
should be associated with long-range transport of Saharan
particles. The occurrence of Group 2 was associated with
low wind speeds and a low concentration of coarse PM,
unlike other groups that are characterised by a higher wind
speed, accompanied by a high load of coarse PM, as trans-
port of this type of particles is strongly related to the wind
speed. As this speed increases, the transport capacity is
enhanced. The high concentration of PM2.5 in the slow
southeast group type can be associated with the transport
of pollutants from urban areas (traffic, industrial, fuel com-
bustion), knowing that there are two major urban centres,
the new city 8 km to the south and the city of El Khroub
10 km southeast.

Conclusions

PM10 concentrations were measured at a sampling traffic site
situated at Zouaghi, Constantine, between 23 March 2011 and
22 November 2011. The results presented in this work allow
us to conclude that PM10 and PM2.5 concentrations are
excessive in light of the WHO and the EU standards. The
latter seem hardly feasible in view of the contribution of
natural aerosols to ambiant PM levels. The average daily
concentration of PM10 (80.42 pg/m®) was observed for the
period extending from 23 March 2011 to 22 November 2011.
During the study period implying simultaneous sampling of
PM10 and PM2.5, the average concentration of PM10 was
105.2 ug /m’, while the average concentration of PM2.5 was
57.8 ug/m’. Therefore, the PM2.5/PM10 ratio was equal to
0.47. Sources of coarse particles are the most important due to
the significant contribution of resuspended coarse particles
and Saharan dust intrusions.

In this work, some statistical techniques have been
successfully used to identify and characterise PM10 and
PM2.5 sources. The application of Varimax rotated fac-
tor analysis, a multivariate technique, has allowed us to
qualitatively identify anthropogenic, soil resuspension,
sea salt and traffic as the main PMI10 sources, at a
traffic site in Constantine (Algeria).

Enrichment factors in relation to soil and seawater average
concentrations indicate that Mg is of marine origin and K

@ Springer

originates mainly from the soil while Pb, Cu and Zn are
derived from anthropogenic sources.

To identify external sources and their geographical origin,
air mass back-trajectories have been calculated with the
HYSPLIT 4 model. Results point at the Sahara desert as a
major source of PM10 and Fe. The contribution to Na results
from long-range transport of air masses originating from the
North (Mediterranean Sea) or from the South (salt marshes).

On the other hand, salt marshes located south of the study
station are identified as the path followed by dust plumes
originated in the desert region. They have been derived for Na.

The Mediterranean Sea has been identified as the major
source of Na, Mg, K and Ca. Iron is of crustal origin, either
from nearby sources such as the soil surrounding the site or
distant sources such as the Sahara to the south. Calcium and
potassium have also an anthropogenic origin. Anthropogenic
sources are related to the construction works of the tram on the
other side of the road along the measurement site. Zn, Cu and
Pb are derived from anthropogenic sources: traffic and indus-
try. Traffic is the major source of the high Pb levels observed
since gasoline still contains lead additives in Algeria.
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