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A B S T R A C T   

Measurements of Saharan dust (SD) inputs are very scarce in the vicinity of the Saharan desert. This work aims to 
identify Saharan dust intrusions and evaluate their contribution to annual and daily PM10 at an urban back
ground site located in the city of Constantine in Algeria. A reliable identification of SD days was carried out using 
aerosol maps provided by BSC-DREAM model and the information provided by HYSPLIT air mass back trajec
tories. SD is mainly composed of mineral dust (MD) due to the proximity of the Sahara to the study site. MD was 
determined by chemical speciation analysis and was estimated on SD days and non SD days. The contribution of 
MD on SD days was about 50% higher than that observed on non SD days. The observed average PM10 con
centration during the study period was 56 ± 32.0 μg/m3. During SD days, the average PM10 concentration was 
70 ± 36.1 µg/m3. On average, the PM10 concentration increased by 17.05 ± 12.7 μg/m3 on SD days. SD events 
contributed between 0.6 and 41.5 µg/m3 to the daily PM10 concentrations, whereas the average contribution to 
the annual PM10 concentration was 7.2 ± 11.8 μg/m3 i.e., 12.8 ± 15.5%. After the extraction of the SD load, the 
annual WHO air quality guideline (AQG) was still exceeded. SD incursions led to an increase of most metal 
elements concentrations by a factor ranging from 1.05 to 3.33. Our results point out that SD outbreaks are quite 
frequent as they occurred 42.2% of the annual days.   

1. Introduction 

In North Africa, the Sahara is responsible for half of the MD emissions 
globally and is known as the major aeolian source of MD in the entire 
world (Aleksandropoulou and Lazaridis, 2013). Mineral dust is mainly 
Saharan dust because of the geographical proximity of the desert to 
northern Algeria (Bouet et al., 2019). Most of the SD is deposited in the 
region of generation. According to Naidja et al. (2018), out of 715.8 
million t originating from North Africa, 608.2 t was deposited over the 
continent. SD is transported every year towards North African countries, 
the Mediterranean Sea and south European countries (Barkan et al., 
2005). The proximity of the Algerian city of Constantine to the Sahara 
exacerbates the impact of desert dust events on ground level aerosol 
load. MD can be originated from other sources such as agricultural 

activities, local soil resuspension, construction or demolition works, 
driving over unpaved roads and traffic-induced resuspension (Denier, 
2000; Valido et al., 2018). The composition of PM10 is greatly affected 
by contributions from natural sources, with concentration levels spe
cifically high during episodes of SD intrusions (Jiménez et al., 2010). 
Effectively, dust may increase significantly the atmospheric levels of 
PM, adversely affecting air quality (Marconi et al., 2014). 

When MD is produced in big quantities, it generates dust storms 
which impact negatively air quality and human health (Maghrabi and 
Al-Dosari, 2016) and leads to damages to the flora and fauna, depending 
on its mineralogical composition (Schepanski, 2009). Dust storms cause 
harm to agricultural crops and a reduction in soil fertility. They produce 
atmospheric instabilities and affect chemical and biological ecosystems 
(Maghrabi and Al-Dosari, 2016) and also impact radiation and cloud 
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microphysics (Schepanski, 2009). 
Daily PM10 levels recorded at seven monitoring stations in the 

Tunisian coasts during desert dust episodes reached 700 μg/m3 and were 
much higher than the average levels during non-desert dust episodes (up 
to 100 μg/m3) (Terrouche et al., 2015). 

The size and shape of dust particles have a direct relation with their 
influence on environmental impacts. Primarily, the coarse particles are 
deposited near the source regions, but finer particles can be elevated 
6–7 km above the ground and transported by synoptic circulation sys
tems over long distances, up to thousands of kilometers and to different 
directions from their emission source (Gobbi et al., 2007; Thorsteinsson 
et al., 2011; Knippertz, 2014), often in large quantities (Goudie, 2014). 
This can be explained by the quick injections of dust particles into the 
free troposphere produced by strong winds and intense convective ac
tivity in arid regions (Gobbi et al., 2007). 

It has been demonstrated that MD aerosols contribute to the ex
ceedance of the daily mean WHO AQG of 50 μg/m3 for PM10 mainly due 
to episodes of SD outbreaks and also soil dust resuspension at local and 
regional scales (Perez et al., 2012; Salvador et al., 2013) in many Eu
ropean countries such as Spain (Rodriguez et al., 2001), Greece (Ger
asopoulos et al., 2006), Italy (Matassoni et al., 2011) and others. Thus, 
several studies investigated the influence of African MD on air quality, 
mainly on PM10 and PM2.5, in Mediterranean countries such as Tunisia 
(Bouet et al., 2019; Chtiouiet al., 2019; Kchih et al., 2015) and European 
cities (Rodrıǵuez et al., 2001; Querol et al., 2009; Remoundaki et al., 
2011; Aleksandropoulou and Lazaridis, 2013; Salvador et al., 2013; Pey 
et al., 2013; Kabatas et al., 2014). Intensity and frequency of dust out
breaks have been widely investigated in Southern European countries. 

Algeria is the largest African country encompassing a large fraction 
of the Sahara. The Algerian Sahara covers 2 million km2 which repre
sents 80% of the country and 25% of the total area of this great desert 
that crosses ten countries from Egypt to Mauritania. North Africa is 
among the most affected areas by global dust storms in the world and its 
desert is the largest contributor to the global dust burden (50–70%) 
(Guan et al., 2019). North African cities are more affected than Euro
pean ones by the transport and contribution of SD because of their 
geographical proximity to the Sahara. Nevertheless, very few studies on 
SD have been carried out in Africa (De Longueville et al., 2013). Mineral 

dust has never been the subject of research in Algeria. It is thus impor
tant to quantify the contribution of natural sources to PM10 for air 
quality assessment and in order to evaluate the effectiveness of air 
pollution control measures (Wang et al., 2018; Guan et al., 2019). 

For the first time, this work aims to assess the contribution of MD to 
the concentration levels and chemical composition of airborne PM10 as 
well as to the daily WHO AQG exceedances (WHO, 2016), at an urban 
monitoring site in the south of the city of Constantine during the period 
extending from January 2015 to January 2016. Moreover, it compares 
concentrations of PM10 and metallic elements on days with and without 
SD intrusions. A reliable identification of Saharan dust (SD) episodes at 
the study site was carried out based on BSC-DREAM images and HYS
PLIT (Hybrid Single Particle Lagrangian Integrated Trajectory Model) 
air mass back trajectories. Moreover, this study aims at determining the 
percentage of SD events and their contribution to the levels and chem
ical composition of PM10 during SD days and non SD days, in 
Constantine. 

2. Materials and methods 

2.1. Site description 

Algeria is a Northern African country with a coastline on the Medi
terranean Sea and a desert interior, the Sahara. Constantine is the third 
most important city of the country and is located in the North East with 
an area of 2197 km2 and 450,000 inhabitants (Fig. 1). Constantine has a 
warm Mediterranean climate with hot and dry summer. Its climate is 
characterized by a cold period (-2–12 ⁰C) with significant rainfall 
(500–700 mm/year) between October and March and a warm and rather 
dry period (25–45 ⁰C) between April and September. Constantine is 
situated between the Mediterranean Sea and the Sahara desert. During 
the cold period, predominant winds are north–north-westerly mainly 
due to the North Atlantic advection, while during the hot period, winds 
are south-south-easterly mainly due to Sirocco winds. 

The sampling site was located south of Constantine within the Fac
ulty of Earth Sciences at the Zouaghi area (36◦22′N, 6◦40′E, 721 m.a.s.l), 
about 200 m from National Road N◦ 79, which is one of the busiest 
traffic highways in the city (Fig. 1). The sampling device was located 

Fig. 1. Geographical location of Algeria and Constantine, the location of the sampling site and the volume air sampler used.  
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about 3 m above the ground, at an urban site fully exposed to winds and 
free all around of other obstacles (Remoundaki et al., 2011). 

2.2. PM10 sample collection 

Sampling was scheduled at midnight for 24 h every 6 days during one 
year from 15 January 2015 to 3 February 2016. A total of 64 samples 
were collected during the measurement campaign. A high volume air 
sampler (Tisch Environmental, model TE-6070) was used with a flow
rate in the range 1.04 – 1.24 m3/h. Hourly meteorological data from the 
nearby meteorological weather station of Ain-El-Bey which is located 
1.5 km to the south of the sampling site were used. PM10 samples were 
trapped by quartz microfiber filters (25 cm × 20 cm). Before and after 
each sampling interval, the collection media were humidity and tem
perature stabilized for 48 h before weighing them to a precision less 
than ± 0.01 mg using a Shimadzu balance (model AUW120D). 

2.3. Acid digestion procedure 

The acidic digestion procedure chosen was based on the method 
proposed by Querol, 2001. According to Kemmouche et al. (2017), this 
digestion procedure allows the highest recovery yields of most of the 
mineral part present in alumino-silicates rich filters. The samples were 
digested in an acidic mixture containing 1 mL HNO3 and 2 mL HF in 
closed PFA flasks at 90 ◦C for 8 h. After cooling, 1 mL HClO4 was then 
added. For complete evaporation, the PFA bombs were placed on a hot 
plate at 240 ◦C. The final dry residue was dissolved in 2.5 mL HNO3 and 
brought to 25 mL of distilled Milli-Q water. Blank concentrations were 
on average 3.6% (for major elements) and 5.4% (for trace elements). 
They were, of course, subtracted from sampler filter concentrations. 

2.4. Analytical techniques 

All the obtained solutions from PM10 and blank filters were analyzed 
by ICP-AES (IRIS Solutions Advantage Thermo TJA) for Al, Ca, Fe, K, Mg 
and Na and by ICP-MS ( X Series II Thermo) for Li, Be, Ba, Cu, Bi, Mn, S, 
P, V, Ni, Zn, Pb, Sr, Ti, V, Cr, Co, Ga, Ge, As, Se, Sr, Y, Zr, Nb, Sn, La, Ce, 
Pr, Nd, Sm, Cd, Gd, Dy, Hf, Ta, W, Th, U, Sb, Sc and Rb. To check the 
accuracy of the analytical procedure, a Nist 1633b (fly ash) mineral-rich 
reference material was subjected to the same digestion protocol and 
then analyzed. Extraction yields of metal elements ranged from 97% to 
117% (in most cases falling into the uncertainty given for them in the 
certifications. Such results can be considered very satisfactory in terms 
of elemental recoveries. All PM10 samples were analyzed for their 
elemental composition at IDAEA-CSIC laboratory in Barcelona. 

2.5. Determination of dust episodes 

In order to identify the days affected by Saharan dust intrusions in 
Constantine during the study period, we used the same methodology 
proposed and employed in several European studies (Escudero et al., 
2005, 2007a, 2007b; Querol et al., 2009; Pey et al., 2010, 2013a, 2013b; 
Salvador et al., 2014; Pandolfi et al., 2014; Stafoggia et al., 2016). Such 
an approach consists in identifying African dust intrusions for each 
sampling day at any location, regardless of their intensity. The meth
odology is based on a combination of modeling tools and meteorological 
information, by using: 

Aerosol maps: BSC-DREAM8b (Dust REgional Atmospheric Model) 
dust maps: https://ess.bsc.es/bsc-dust-daily-forecast);. Simulation with 
this system was carried out for all sampling days. 

Back-trajectories of air masses using the HYSPLIT model (HYbrid 
Single-Particle Lagrangian Integrated Trajectory) (HYSPLIT: https://r 
eady.arl.noaa.gov/HYSPLIT.php). 5-days back-trajectories were 
computed ending at 12 h GMT at altitudes of 750, 1500 and 2500 m.a.s. 
l. (above sea level), in order to examine the entire depth of the planetary 
boundary layer (PBL) (Matassoni et al., 2009). The three altitudes are 

appropriate for identifying SD transport events and correspond to 
transport at surface, boundary layer height and free troposphere 
(Aleksandropoulou and Lazaridis, 2013). Back-trajectories were used to 
support SD intrusions identified by BSC-DREAM8b. 

Potential Saharan dust (SD) transport events in Constantine were 
detected using the BSC-DREAM8b model maps providing information on 
ground dust concentrations and the HYSPLIT model for back-trajectories 
(Guan et al., 2019). 

BSC-DREAM8b maps were first evaluated and whenever they indi
cated the presence of SD. Then, back-trajectories were interpreted to 
confirm the transport of air masses from the Sahara. There was a good 
agreement between the transport patterns obtained from BSC-DREAM8b 
and air back-trajectories for all SD events. 

For some days, the presence of SD is not always reflected by back- 
trajectories or BSC-DREAM8b models simultaneously. This is due to 
the fact that SD is sometimes trapped in the atmosphere because of 
favorable meteorological conditions such as vertical stability, persistent 
anticyclonic conditions, lack of rainwater and very weak winds (Querol 
et al., 2009). In these cases, SD continues to affect PM10 levels often 
from 1 to 3 days after the intrusion before falling to the ground by dry or 
wet deposition (European Commission, 2011; Pey et al., 2013a, 2013b; 
Aleksandropoulou and Lazaridis, 2013). 

On a total of 64 days of the measurement campaign, 27 SD days were 
detected in the city of Constantine. Examples of back-trajectories and 
aerosol maps are shown in Fig. 2 for days with high SD inputs. 

2.6. Dust empirical equation 

There exists a variety of empirical methods for calculating the 
contribution of MD to PM from elemental constituents considered to be 
associated with crustal material (Loy et al., 2000; Denier, 2007; 
Remoundaki et al., 2011; European Commission, 2011; Rodríguez et al., 
2011; Miller-Schulze et al., 2015; Perrone et al., 2016). 

To investigate the mass contribution of MD to PM10 from elemental 
constituents usually associated with crustal origin, we converted the 
elements to their common oxide form using the model of Remoundaki 
et al. (2011), in Equation (1).  

Mineral Dust Oxide = [SiO2] + [Al2O3] + [Fe2O3] + [CaO + CaCO3] +
[K2O] + [MgO] + [TiO2]                                                                 (1) 

Silicon was not analyzed because the quartz filters are rich in this 
element. SiO2 was, however, estimated as follows: [SiO2] = 3 × [Al2O3] 
(Alastuey, 2005). 

To estimate the calcium levels in its most abundant forms (CaO +
CaCO3), Ca was multiplied by a factor of 1.95. [CaO + CaCO3] = 1.95 * 
[Ca] (Remoundaki et al., 2011). 

Mineral dust is mainly due to SD intrusions but it also results from 
the contribution of soil dust resuspension on a local scale (Perez et al., 
2012; Salvador et al., 2013). Local dust emissions can be significant due 
to the proximity of bare soil to the sampling site. Silty soil is only 300 m 
to the west and 600 m to the north and to the east of the study station. 

2.7. Enrichment factor 

In order to delineate the anthropogenic or crustal origins of trace 
metals in atmospheric aerosols, average enrichment factors (EF) with 
respect to Al have been estimated in PM10 at the monitoring site 
(Sudheer and Rengarajan, 2012). EF represents the ratio of elemental 
concentrations in the aerosol samples normalized to crustal concentra
tions. Al is commonly used as a crustal source indicator and EFx are 
calculated by using equation (2): 

EFx = (Cx/CAl)sample/(Cx/CAl)crust (2) 

Where Cx and CAl are concentrations of the element × and Al in 
samples and Cxcrust and CAlcrust are average crustal concentrations 
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Fig. 2. Saharan dust days detected by HYSPLIT and BSC-DREAM8b in Constantine on: a) 22/03/2015, b) 15/05/2015 and c) 01/09/2015.  
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(Taylor and McLennan, 1995). This calculation assumes that the 
contribution of anthropogenic Al is not significant at the sampling area. 
If EF approaches 1, crustal sources are predominant and generally a 
value > 5 indicates a large fraction can be attributed to anthropogenic 
sources. If EF exceeds 100, sources are mainly anthropogenic. 

3. Results and discussion 

3.1. Identification of Saharan dust days 

Table 1 summarizes some statistical data relating to SD events. The 
WHO 24-h AQG value was exceeded on 33 days, which is 51.5% of the 
sampling days. The number of measurement days impacted by SD was 
27 (class “b” in Table 1). Of these 27 dusty days, 19 exceedance days 
were identified as being impacted by SD. In other words, 14 exceedance 
days were identified in non SD days (class “d”). The number of violations 
due to SD input was 4 (class “e”). In other terms, the absence of SD 
would have resulted in acceptable daily PM concentrations. Class “f” 
days would still be exceedance ones even in the absence of SD. 

In approximately 40% of SD days, the estimated MD input to PM10 
was < 10 µg/m3 and the corresponding percentage contribution was in 
the range 2.3%-26.9%. 

3.2. Influence of SD outbreaks on PM10 and MD concentrations levels 

Table 2 reports the concentrations of PM10 and MD on SD days 
identified by the methodology described in section 2.5. Daily mean 
PM10 levels were > 30 µg/m3 in the 85% of the SD episodes and > 50 
µg/m3 in the 70% of these events. The total number of SD days identified 
throughout the whole year according to this methodology was 155 
(42.5% days/year) for a total number of 40 episodes/year. An episode 
encompasses all successive days with SD advections. For the same 
period, on a total of 64 sampling days, 27 days were affected by SD 
intrusions. The percentage of SD days was 42.2%. The latter was 
therefore representative of the whole year in terms of percentage of SD 
occurrences. During this campaign, thirty-three daily exceedances with 
regard to the WHO AQG (50 µg/m3) were detected. For the following 
dates : 20/02/2015, 19/8/2015, 25/8/2015, 18/9/2015 and 30/9/ 
2015, the modeled dust surface concentrations were overestimated in 
comparison with calculated MD. Such an overestimation has been re
ported by Monteiro et al (2015) for dust activity in Northern Algeria. 

The concentration profiles of PM10 and MD varied quite similarly 
(Fig. 3). MD affects and contributes significantly to PM10 concentra
tions. During SD days, daily percentage mass contributions of MD in 
Constantine varied from a minimum of 2.3% to a maximum of 62.8% to 
PM10 with an average of 24.2% as shown in Table 2 which also indicates 
elemental ratios. Throughout the whole year, the contribution of SD to 
the annual average PM10 concentration was 7.2 µg/m3. The sub
straction of SD solely during desert outbreaks would lead to a reduction 
of 12.83% of the annual PM10 concentration which would be 48.8 µg/ 
m3. 

Table 2 shows that air masses identified as Saharan dust incursions 
originate mainly from the SW and SE directions and less frequently in 
the NW, S and NE sectors. 

In Constantine, MD contributed 21.23% to PM10 in mass during the 

whole sampling period, 24.25% during SD intrusions and 17.52% in the 
absence of SD outbreaks (Table 3). The average concentration of MD 
during the whole sampling campaign was 11.89 µg/m3. The subtraction 
of the contribution of total MD representing mainly the sum of soil 
resuspension, long-range transport SD and traffic-induced resuspension 
would lead to an annual average PM10 concentration of 44.12 µg/m3. 
Such a value was 21.21% lower than the observed annual PM10 
concentration. 

On average, the PM10 concentration increased by 17.05 µg/m3 on 
SD days. Such a value was higher than the overall increase observed on 
SD days in the 11 European cities of the MED-PARTICLES project which 
reached 13.4 µg/m3 (Staffogia et al., 2016). 

3.3. PM10 and MD temporal variability and influence of meteorological 
parameters 

The observed average PM10 concentration during the study period 
was 56.0 μg/m3

. Minimum and maximum values were 5.0 μg /m3 and 
136 μg /m3 respectively. Such an average value was less than levels 
reported by Talbi et al. (2017) in Algiers, the capital of Algeria in 2015 
(61.38 µg/m3) and by Flores et al. (2017) in Istanbul (Turkey) in 2013 
(73.9 µg/m3) but higher compared to levels observed by Bouet et al. 
(2019) in Tunisia in 2015 (44 µg/m3) and by Diapouli et al. (2017) in 
2013/2014 in five Mediterranean European countries in Porto (34.6 µg/ 
m3), Barcelona (22.5 µg/m3), Milan (35.8 µg/m3), Florence (19.8 µg/ 
m3) and Athens (19.6 µg/m3). 

Fig. 3 shows the temporal variability of the average daily PM10 and 
MD concentrations as well as average daily precipitation during the 
sampling period. The WHO daily AQG of 50 μg/m3 is represented by a 
red line. 

The lowest observed PM10 concentrations coincided with the high
est precipitation rates during this period. PM10 concentrations 
exceeding 100 µg/m3 were observed on the following dates: 01/09/ 
2015 (107 µg/m3), 15/04/2015 (114 µg/m3), 03/05/2015 (128 µg/m3), 
15/05/2015 (126 µg/m3), 06/10/2015 (128 µg/m3) and 17/12/2015 
(136 µg/m3) whose MD contributions varied between 18.4% and 32.3%. 

The frequency of occurrence of SD within seasons was in descending 
order: summer (60%), autumn (40%), spring (37.5%) and winter (33%). 
Although summer events were more frequent, the highest average 
contribution of MD to PM10 was observed in spring, while the lowest 
was recorded in autumn. The mean contribution of MD to PM10 was 
12.1% in autumn but reached 28.8%, 27.5% and 23.5%, in spring, 
summer and winter respectively. There was no significant seasonality 
between summer and winter MD inputs (Fig. 4) as precipitation levels 
were exceptionally scarce during the rainy season in 2015 compared 
with the long term rainfall average which is of the order of 630 mm. 
According to Israelevich et al. (2002) and Schepanski (2009), the at
mosphere over North Africa is almost constantly loaded with a signifi
cant amount of MD in spring and summer. Referring to Israelevich, et al. 
(2002), it is natural that the spring and summer seasons have a more 
significant part of MD because the trajectory of transport of SD is in the 
direction of North Africa and the Mediterranean Sea. According to Dulac 
et al. (1997) the seasonal desert dust transport patterns of North Africa 
indicate a maximum desert load in the eastern Mediterranean basin 
during spring and in the central and western basin during summer. 

MD is always more or less present in PM even outside SD days. This is 
due to soil resuspension of MD and/or the persistence of SD in the air 
after outbreaks vanish due to certain meteorological conditions (2014;; 
Escudero et al., 2007b). 

Above-limit daily PM10 concentrations are reported in Fig. 3. The 
observed average PM10 concentration over the study period exceeded 
the WHO annual recommended limit value 

(20 µg/m3) by a factor of 2.75. This can, partly, be explained by the 
exceptional scarcity of observed precipitation during the study period as 
total rainfall amounted to only 199.5 mm. When the soil is dry and the 
meteorological conditions are favorable (low humidity and presence of 

Table 1 
Statistical data relating to Saharan Dust (SD) events.  

Total number of sampling days 64 

a. Number of violations 33 
b. Number of days affected by SD intrusions 27 
c. Number of SD days violations 19 
d. Number of violations in non SD days 14 
e. Number violations due to SD 04 
f. Number of violations not due to SD 29  
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winds), particles are resuspended into the atmosphere with dust aero
sols. Hourly average wind speeds and frequencies of winds blowing from 
16 directions taking into account only the SD days and non SD days are 
graphically represented in Fig. 5 (a, b) respectively. The frequency of 
east-south-easterly to west-south-westerly air masses likely to carry SD 
was 30% on SD days, while it was only 18.79% for non SD days. The 

influence of the sources in these directions was particularly pronounced 
on SD days. 

The concentration roses of MD shown in Fig. 6 (a, b) during SD days 
and non SD days can provide useful information into the distribution of 
emission sources around the sampling site. As this method does not 
discriminate local from distant sources, five-day back trajectories 
allowed identifying distant sources in the WSW wind sector in which the 
Sahara was a potential source of MD (Fig. 2, b and c). Backward air mass 
trajectories also indicate SD arriving at the sampling site in the WNW to 
NW wind sectors (Fig. 2, a and c). Fig. 6 shows clearly that the influence 
of emission sources in the ESE to WSW sectors are much greater during 
SD days compared to non SD days. Moreover, it corroborates the major 
influence reported in Table 2 of the NW and SW wind sectors. 

Table 4 summarizes the daily average values of temperature and 
wind speed on SD and non-SD days. The average ambient temperature 
was higher during SD days than non SD days. The frequent simultaneous 
increase in temperature levels with PM concentrations favours the 

Table 2 
PM10 and MD concentrations (µg/m3) during SD days identified by the HYSPLIT model, relative proportion of MD in PM10, air mass origins and elemental ratios.  

Date PM10* MD % contribution Air mass origins** Ca/Al Fe/Ca K/Ca Mg/Al (Ca + Mg)/Fe 

750 1500 2500 

15/01/2015  55.7  35.0  62.8 SW SW SW 9.8 0.07 0.03 0.36 14.6 
21/01/2015  29.6  16.5  55.7 SW SW SW 13.9 0.07 0.02 0.67 15.0 
20/02/2015  13.0  3.5  26.9 SE SE SE 11.1 0.10 0.05 0.86 10.8 
04/03/2015  54.0  26.1  48.3 SW SW SW 13.2 0.07 0.08 0.58 14.3 
22/03/2015  78.6  24.9  31.7 SE SE SW 3.2 0.18 0.09 0.34 6.2 
15/04/2015  114.2  36.9  32.3 SE NW NW 6.0 0.10 0.05 0.39 10.8 
03/05/2015  128.3  41.5  32.3 SE SW S 5.9 0.10 0.05 0.40 10.6 
15/05/2015  126.2  35.5  28.1 SE NE NE 6.0 0.10 0.05 0.40 11.2 
08/06/2015  78.6  22.1  28.1 SE SE SE 6.4 0.10 0.05 0.39 10.8 
14/06/2015  81.3  22.4  27.6 NW NW SW 4.8 0.14 0.06 0.33 8.8 
02/07/2015  33.6  9.7  28.9 SE SE NW 17.5 0.05 0.02 0.46 20.2 
26/07/2015  69.2  18.8  27.2 NW SE NW 5.5 0.12 0.06 0.29 9.0 
01/08/2015  46.9  12.4  26.4 SE SE SE 3.7 0.18 0.09 0.31 6.1 
19/08/2015  20.4  4.0  19.6 NW NW SE 5.1 0.14 0.07 0.32 7.4 
25/08/2015  5.0  0.6  12.0 NW SW SE 7.7 0.13 0.11 0.56 8.5 
01/09/2015  106.6  32.2  30.2 NE NE SW 2.5 0.23 0.11 0.26 4.90 
06/09/2015  64.5  15.4  23.9 S S S 2.5 0.26 0.13 0.32 4.3 
12/09/2015  69.3  21.4  30.9 SW SE NW 4.2 0.15 0.08 0.34 7.1 
18/09/2015  55.3  2.3  4.2 SE NW SE 0.6 0.66 1.77 0.35 2.5 
30/09/2015  43.3  1.0  2.3 SE SE SE 1.6 0.32 1.77 0.14 3.4 
06/10/2015  127.9  27.5  21.5 SW SW SW 1.0 0.58 0.16 0.19 2.1 
12/10/2015  60.0  3.8  6.3 SW SW SW 0.6 0.83 0.88 0.29 1.8 
18/10/2015  77.4  8.6  11.1 SW SW SW 4.0 0.16 0.10 0.36 6.9 
05/11/2015  49.9  3.0  6.0 S SE SW 0.4 1.51 1.77 0.07 0.78 
17/12/2015  135.9  25.0  18.4 SW SW SW 2.2 0.32 0.05 0.18 3.3 
29/12/2015  85.1  5.0  5.9 S SW S 10.1 0.16 0.04 0.12 6.5 
28/01/2016  88.9  5.0  5.6 S S S 12.3 0.12 0.03 0.14 8.5 
Average  70.32  17.04  24.2         

*Values in bold represent violations of WHO daily AQG 
**Elemental ratios are discussed in section 3.4. 

Fig. 3. Time series of the average daily PM10 concentrations with the temporal variability of the total MD and precipitation volumes for the study period.  

Table 3 
Average concentrations of PM10 and MD (µg/m3) during the whole campaign 
(SD days and non SD days).   

Number of 
days 

Average 
PM10 

Average MD 
concentration 

% MD/ 
PM10 

SD days 27  70.3  17.05  24.25 
Non SD days 37  46.8  8.2  17.52 
Whole sampling 

period 
64  56.0  11.89  21.23  
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Fig. 4. The average concentration of PM10 particles and MD depending on the season.  

Fig. 5. Wind roses for a) SD days and b) non SD days.  

Fig. 6. Concentration roses for SD days (a) and non SD days (b).  
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turbulence dynamics in arid areas (Rodríguezet al., 2002). According to 
Pederzoliet al. (2010), high air temperatures make the dust lifting and 
transport easier. The average wind speed observed at the nearby 
weather station was higher on non SD days. This implies that MD during 
non SD days was more of local origin while MD during SD days was 
associated with long-range transport of desert dust. 

The mean concentrations of crustal elements, with the exception of 
Ca, were ranked in the same way as MD as follows: spring > summer >
winter > fall (Table 5). Ca may have a mixed crustal and anthropogenic 
origin. 

Fig. 7 (a, b) shows the temporal variability of the daily concentra
tions of the studied metal elements. The latter were grouped according 
to their relative abundance in the earth’s crust. Al which is the most 
abundant metal was used for comparison purposes (Remoundaki, 2013). 
Although Ca originated from both natural and anthropogenic sources, its 
pattern of temporal variability was very similar to those of Al and Fe 
suggesting the likely predominance of its natural character. The simi
larity in the temporal trend of Al, K, Mg and Ti suggest that they had 
common crustal sources. 

3.4. Elemental ratios for Saharan dust source identification 

Elemental ratios are diagnostic tools usually used to identify regional 
differences in the composition of dust elements (Marconi et al., 2014) 
and also to estimate the profiles of possible sources, the origin of air 
masses and local source fingerprints (Arditsoglou and Samara, 2005; 
Kong et al., 2011). Several studies focused on elemental ratios between 
the elements Al, Si, Fe, Mg, K, Ca and Ti and the occurrence of SD in
trusions taking into consideration that Si and Al are the dominant ele
ments in North Africa (Marconi et al., 2014). 

According to Scheuvens et al. (2013), the most useful ratios for 
discriminating dust source zones are Ca/Al, Mg/Al, Fe/Al and especially 
the elementary ratio (Ca + Mg)/Fe which shows a pronounced north
–south gradient with the highest ratios in north-west Africa. While dis
tinctions between north-African source regions are not always clear-cut, 
dust source areas may be derived from northwestern and northeastern 
source regions for (Ca + Mg)/Fe > 2, from southern Algeria for (Ca +
Mg)/Fe = 0.6–1.2, from the sub-Saharan region for (Ca + Mg)/Fe < 0.85 
with the exception of some samples and from source regions in the east 
for (Ca + Mg)/Fe = 0.8–2.2. 

The Mg content in dust and soil is generally correlated with the Ca 
content. Thus, higher Mg/Al ratios and higher Mg enrichment factors 
(Mg/Al > 0.3) as well as Ca/Al ratios (>1.0) with high Ca enrichment 
factors have been reported for the Atlas region (Khiri et al., 2004; 
Moreno et al., 2006; Castillo et al., 2008). However, lower Ca contents 
(Ca/Al < 0.5) were analyzed in samples from central and southern 
Algeria and the Sahel zone (Scheuvens et al., 2013). 

According to Blanco et al. (2003), when the ratio Ca/Al is higher 
than K/Ca and Fe/Ca ratios, the most predominant source of dust is 
northwestern Sahara; otherwise, the main predominant source is central 

Algeria, Niger, Chad or Libya. The computed average elemental ratio 
Ca/Al in our site was higher than the computed average ratios K/Ca and 
Fe/Ca. Such a result implies that the city of Constantine was affected 
mainly by sources from northwestern Sahara. Such a tendancy is 
corroborated by the ratios (Ca + Mg)/Fe > 2 for all SD days, Mg/Al >
0.3 for most SD days and Ca/Al > 1.0 (Tables 2 and 6). Chiapello et al., 
(1997) also reported higher Ca/Al ratios and low K/Al and Fe/Ca ratios 
in dust originating from the north and west Sahara in comparison with 
dust from Sahel, south and central Sahara at Sal Island. 

According to Table 6, Al/Fe, Fe/Ca and K/Ca ratios were higher in 
days affected by Saharan desert dust, while Ca/Al was more significant 
in days not affected by SD. This result is in accordance with the findings 
of Bonelli et al. (1996), Marenco et al. (2006) and Nava et al. (2012). 

3.5. Enrichment factors and inter-species correlation 

Fig. 8 shows the enrichment factors of the main MD components in 
PM10. 

Elements Al, Fe, K, Mg and Ti were of crustal origin since their EFs <
5. Ca has a mixed origin since 100 > EF > 5. Potential sources of MD 
components are shown in Table 7. It is often difficult to separate be
tween soil dust and crustal elements as their composition is often quite 
similar. MD can be thought of being mainly composed of natural crustal 
components. Soil resuspension may include elements that originate 
partly from anthropogenic activities. This is the case for Ca which may 
derive from mineral industries such as cement and brick plants, con
struction and demolition works, vehicular emissions and steel plants 
(Bencharif-Madani et al., 2019). 

Table 8 shows the correlation coefficients between the major ele
ments constituting MD derived from the data during the whole sampling 
period. Elements Al, Fe, K, Mg, Ca and Ti were highly correlated and all 
of them correlated well with MD. 

The correlation of MD with various metal elements was best in the 
following descending order: Fe, Mg, Ti, Al, Ca, and K (0.67–0.98). Such 
strong correlations imply that these elements have a common crustal 
origin, which is consistent with their EF values. 

3.6. Enhancement of PM10 and associated metal elements during SD 
episodes 

MD particles are the typical dominant compounds of PM10 during 
SD outbreaks but the anthropogenic contribution may be significant. 
One of the main reasons for the increase of PM10 and associated metal 
elements concentrations is the decrease of the thickness of the PBL 
(planetary boundary layer) during dust outbreaks. According to 
Querolet al., (2019), PBL height is gradually reduced as the intensity of 
the dust outbreaks increases due to the lower incident radiation reaching 
the surface, thermal inversions or subsidence flows, thereby causing 
accumulation of anthropogenic local pollutants and promoting 
increased concentrations. Moreover, anthropogenic pollution sources 
such as traffic and industrial emissions may contaminate Saharan desert 
dust (Castillo et al., 2008). 

Heavy metals and arsenic are particulate-bonded inorganic pollut
ants released in the atmosphere by biogenic or industrial processes such 
as metallurgical process, garbage incineration and combustion of fossil 
fuels, mining activities, and many more. They can be long-range trans
ported and released in the ambient air through wind-blown dust (Pasias 
et al., 2013). MD can pick up and transport anthropogenic material 
pollutants as a result of particulate/pollutant aerosolization and the 
absorption of such materials as heavy metals (Goudie, 2014). Moreover, 
the resulting increase in airborne PM levels might be enhanced by the 
resuspension of soil dust in the presence of winds. 

Fig. 9 shows elemental concentrations in dusty and non dusty days. 
The concentrations of PM10 and most metal elements were enhanced by 
SD intrusions. The highest impact of SD intrusions was obviously 
observed on Al, Ca, Fe, K, Si and Ti which all represent the principal 

Table 4 
Average mean values of meteorological parameters on SD and no SD days.   

Temperature (◦ C) Average wind speed (m/s) 

SD days  18.81  3.1 
Non SD days  12.05  3.4  

Table 5 
Seasonal variability of MD mean crustal elements concentrations (µg/m3).  

Season A l Fe Ca K Mg Ti 

Winter  0.42  0.35  4.05  0.18  0.20  0.02 
Spring  0.76  0.48  4.90  0.23  0.32  0.04 
Summer  0.66  0.42  3.08  0.21  0.21  0.04 
Fall  0.41  0.28  0.89  0.15  0.08  0.02  
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components of crustal elements (Loy et al., 2000) usually used for 
computing MD concentrations. Potential tracers of MD in Barcelona 
were Fe, Cu, Ti, P, Mn, Ba, Sb, Zr, Cr whose concentrations in PM10-2.5 
increased during Saharan dust days (Perez et al., 2008). An increase of 
the concentrations of Ti, Rb, Nb, La, Ce and Nd in PM10 in the city of 
Cartagena in the south-east of Spain was reported by Negral et al. (2008) 
from February 25, 2004 to March 15, 2005. Elements which underwent 
an increase during Saharan dust advections in Tenerife, Canary Islands, 
from 2002 to 2008 included Ca, Fe, K, Mg, V, Ni, La, Co, Cr, Fe, K, Mg, 
Ca, Na, La, Ti, P, V, Mn, Sr, Co, As, Pb and Ni (Rodríguez et al., 2011). 
Formenti et al. (2008) observed higher mean concentrations for major 
elements Na, Mg, Al, Si, P, S, K, Ca, Ti, and Fe on days with more intense 
Saharan intrusions over Niger during winter (november–december 
2006) and august 2006. In addition to crustal elements, concentrations 
of toxic elements such as Cr, Ba, Mn, V, Mo, Se, Co, Cu, Cd, Zn, Ni and As 
have also increased during SD days. 

According to Querolet al., (2019), minerals typically present in 
desert dust in the form of aluminium silicates, carbonates, oxides, salts 
and phosphates are rich in Al, K, Mg, Fe, Na, Ca, Ti, S and P (ratios from 
1.23 to 2.94). In this study, rare earth elements underwent an increase 
ranging from 1.29 to 2.89. The concentrations of heavy elements clas
sified as priority pollutants such as Sb, As, Cd, Cr, Cu, Ni, Se, Zn and Pb 
also increased during SD intrusions. Metal elements concentrations 
increased by a factor ranging from 1.05 to 3.33 with the exception of Ba 
for which the ratio of concentrations was 16.97. However, metal ele
ments for which the ratios < 1 such as Na (Fig. 8a), Cs (Fig. 8d) and Tl 
(Fig. 8e) were not enriched by the presence of SD. 

Indeed, low correlation coefficients were noted between MD and Na 
(0.18), 

Cs (-0.18) and Tl (-0.04). Na is a marine aerosol and has a partial 
mineral origin while Ce is a clay-related element (Pey et al., 2013). Tl is 
a typical indicator of road dust (Perez et al., 2008). 

4. Conclusion 

This work focused on the contribution of MD to PM10 concentration 
levels at an urban site in Constantine, Algeria. The WHO’s 24-h guide
line value was exceeded on 33 days, that is 51.5% of the sampling 
period. Peak 24-h concentrations of MD contribution to PM10 reached 
136 µg/m3. To estimate the MD concentration, the dust “oxide” model 
was used based on the selection of the main elements found in the 
earth’s crust: Al, Si, Fe and Ca, as well as other significant constituents 
such as K, Mg and Ti. 

In order to identify the anthropogenic or crustal origin of MD con
stituents, average enrichment factors (EF) were estimated in PM10 at the 
monitoring site. Elements Al, Fe, K, Mg and Ti had a predominant crustal 
origin (EF < 5), excepted Ca which had a mixed MD source (EF > 5). 

MD exhibited significant positive correlations with all elemental 
mass concentrations suggesting a possibly common natural origin. 
Moreover, significant positive correlations were found between all ele
ments which are all soil-derived. In addition, the temporal variability of 

Fig. 7. Temporal variability of a) Al, Fe, and Ca and b) Al, K, Mg and Ti concentrations.  

Table 6 
Average elemental ratios computed from Constantine PM10 samples for days 
affected by Saharan desert dust (SDD) and days not affected by Saharan desert 
dust (NSDD).  

Ratios SDD (average) NSDD (average) 

Al/Fe 1.57 1.27 
Ca/Al 5.01 8.26 
Fe/Ca 0.13 0.1 
K/Ca 0.07 0.05 
Mg/Al 0.32 0.44 
K/Al 0.31 0.49  

Fig. 8. Enrichment factors of main MD components.  

Table 7 
Sources of metal elements in mineral dust (Bencharif-Madani et al., 2019).  

Elements Possible sources 

Ca, Al, Ti, Fe, Mg Crustal, soil dust resuspension 
K Crustal  

Table 8 
The correlation coefficients (r2) observed between major metal elements and the 
MD.   

Al Ca Fe K Mg Ti MD 

Al  1.00       
Ca  0.67  1.00      
Fe  0.98  0.74  1.00     
K  0.80  0.72  0.81  1.00    
Mg  0.88  0.86  0.89  0.83  1.00   
Ti  1.00  0.76  0.98  0.87  0.91  1.00  
MD  0.95  0.87  0.96  0.85  0.96  0.96  1.00  
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elemental concentrations showed similar behavior corroborating the 
high probability of the common crustal origin of PM10 constituents. 

Five-day back-trajectories using the HYSPLIT model and the pre
diction of dust surface concentrations through the BSC-DREAM8b 
model, helped to identify 27 sampling days as SD days. 

Low seasonal variability of contributions of MD was observed in 
spring, summer and winter, while autumn exhibited the weakest 
contribution. The frequency of SD events during sampling days 
amounted to 42.2%. The subtraction of the total MD would lead to PM10 
concentration of 43.8 µg/m3. Overall, MD contributed 11.89 µg/m3 to 

Fig. 9. Trace and major elements concentrations during SD days and non SD days.  
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the average PM10 concentration, while SD incursions led to an increase 
of 17.05 µg/m3 in MD concentrations during SD days and 7.2 µg/m3 

throughout the whole sampling campaign. 
19 days representing 29.7% of collection days were characterized by 

SD enhancing daily PM10 levels above the WHO daily AQG value. The 
contribution of MD (11.89 µg/m3) to PM10 (56 µg/m3) amounted to 
21.23% throughout the sampling period. 

The elemental ratios analysis showed that the city of Constantine was 
affected by SD from northwestern, southwestern and southeastern 
Sahara. Incursions of SD in the city of Constantine led to a remarkable 
increase of concentrations of all major elements and most trace ele
ments. The use of appropriate regional background data of PM10 is 
recommended to provide more reliable net SD intrusions. Additional 
sampling should be conducted particularly when dusty events are 
forecasted for a better characterization of Saharan dust contribution. 
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