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Introduction 
Anthropogenic emissions of aerosols in the atmosphere have 
increased historically affecting air quality, human health and 
regional radiative forcing (Seinfeld and Pandis, 2006). Soot 
or black carbon (BC) is considered a reliable indicator of air 
pollution at a regional scale (Streets et al., 2001). Because of 

its submicron diameter, BC is capable of provoking numerous 
respiratory diseases and impacting the cardiovascular system, 
penetrating deep into the lungs and being deposited on the 
pulmonary alveoli (Cheng et al., 2014). Black carbon plays a 
great role in the climate system and is responsible for direct and 
semi-direct effects on regional and global climate (Bond et al., 
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2013; Wang et al., 2015) as it absorbs solar radiation and affects 
the thermal stability of the atmosphere and precipitation 
(Jose et al., 2016). BC includes elemental carbon (EC, present 
as graphite), the dominant light absorbing material, that 
is generally co-emitted and coated by polycyclic aromatic 
hydrocarbons and humic-like substances or brown carbons 
(Andreae and Gelencser., 2006). 

In addition, once emitted into the atmosphere, BC is subject to 
atmospheric aging that leads to particles of aged BC that are 
internally mixed with soluble components such as sulfates or 
nitrates and also water soluble organics, which increase aerosol 
solubility (Jennings et al., 1996). Such particles (aged BC) can 
contribute to the number concentrations of cloud condensation 
nuclei (CCN) (Bahadur et al., 2012).

Furthermore, during rainfall the fresh BC, which is not 
hygroscopic, can be removed from the atmosphere by wet 
scavenging (below-cloud scavenging), while aged hygroscopic 
BC particles can be removed both by in-cloud and below-
cloud scavenging due to condensation of secondary inorganic 
aerosols on BC (Gadhavi and Jayaraman, 2010).

The physical and chemical properties of aerosols change 
significantly when BC is mixed with dust aerosols during dust 
events (Pu et al., 2015). The binding of organic pollutant particles 
with BC influences their transport and limits their bioavailability 
(Ali et al., 2014). It was proved that BC adsorbs strongly to 
pesticides, polyaromatic hydrocarbons (PAHs), biphenyls 
(PCBs) and polychlorinated dibenzo-p-dioxins (PCDDs), which 
can exacerbate water and soil pollution and human disease 
(Lohmann et al., 2005). BC can travel hundreds to thousands 
of kilometers in the atmosphere, but in sediments, it can live 
up to several millions of years (Masiello and Druffel, 1998). 
During monsoon season, low BC concentrations are associated 
with higher wind speeds and rainfall (Begam et al., 2016). The 
diurnal evolution of the atmospheric boundary layer (ABL) is 
a determinant factor for the variation of BC concentrations 
during the nighttime (Nair et al., 2007). The surface heating 
during the daytime increases the ABL height and results in a 
dilution of atmospheric aerosols in the ABL, thus decreasing BC 
concentration (Jose et al., 2016). In Algeria, similarly to other 
southern Mediterranean countries, no detailled studies of BC 
levels have been reported to date, to the best of our knowledge. 
The present study aims to document, for the first time, BC air 
pollution in Algiers through a full year of BC measurement 
performed at the observatory of Algiers from 1 June 2014 to 31 
May 2015.

Experimental
Description of the measurement site
The sampling station is located at the Scientific Observatory 
of Bouzaréah, Algiers at the Centre de Développement des 
Energies Renouvelables (CDER). The site is situated at 36.8°N, 
3.0°E, at 345m above the sea level in the highest Algiers plateau 
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and at about 1 km from the Mediterranean Sea coast. It is also 
located about 6 km to the north-west of the Algiers downtown 
and has no significant industrial and agricultural combustion 
activities surrounding the sampling site at a distance of several 
kilometers; however, there is a forest about 3 km to the west 
(see Figure 1).
 

Instruments

Aethalometer
From 1 June 2014 to 31 May 2015, continuous BC observations 
have been performed at a height of 3m above ground level using 
an aethalometer (model AE-33 of Magee Scientific, USA).

The aethalometer AE33 instrument measures the light beam 
attenuation in seven wavelengths (370, 470, 520, 590, 660, 880 
and 950 nm), operating with a flow rate of 5 L/min, a 1-minute 
measurement interval and an automatic zero calibration with 
an accuracy of 0.001 µgm-3. According to the manufacturer, the 
instrument sensitivity is 0.03 µgm-3 at 1 minute and its detection 
limit is 0.005 µgm-3 for a 1-hour mean. The aethalometer uses 
the patented Dual Spot method to compensate for the ‘spot 
loading effect’ and provides a real-time output of the ‘loading 
compensation’ parameter, which may provide additional 
information about the physical and chemical properties of 
the aerosol (aethalometer Model AE33, user manual). The 
aethalometer AE33 used in the present study is equipped with 
a sampling head, which has an inlet with a diameter allowing 
the entry of PM2.5. The BC measured in the present study was 
obtained by the following equation.

 (1)

where BCreported is the BC measured by the aethalometer, 
BCzeroloading is the BC measured by the instrument without loading 
effect, k is the loading compensation parameter, and ATN is the 
attenuation of light beam in the wavelength of measurement. 
The equations below are taken from the aethalometer 
model developed by Sciare et al., (2011). Aerosol absorption 
coefficients (babs) were obtained by equations 2 and 3.

 (2)

Figure 1: Location of investigated sampling site.
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 (3)

where 14.54 and 7.19 are the Mass Absorption Efficiency (MAE) 
in the two wavelengths, 470nm and 950nm, respectively, and 
are provided by the manufacturer. We used the measurements 
at 470nm in order to avoid the absorption by the dust at 370nm. 
The equations 4 to 7 enabled the calculation of the BCff (fossil 
fuel) and BCwb (wood burning).

 (4)

 (5)

 (6)

 (7)

where babs,λ is the light absorption coefficient at the wavelength 
λ (we used 950nm wavelength), babs,ff,λ is the light absorption 
coefficient for the BCff and babs,wb,λ is the light absorption 
coefficient of BCwb, αff and αwb are the Angstrom exponents 
for fossil fuel and wood burning in Algiers, respectively. The 
αff and αwb calculated by Sciare et al. (2011) were equal to 1 
and 2 respectively. The combination of these equations using 
dedicated software developed by Sciare et al. (2011) was 
applied for the calculation of BCff and BCwb. In addition to BC, 
biomass-burning aerosols contain a substantial fraction of 
organic substances, which absorb in the N-UV and blue part of 
the spectrum in contrast to the N-IR wavelength range, resulting 
in αwb larger than αff (Zotter et al., 2017). It is also important to 
mention that BC exists in mixed nature (from fossil fuel and 
wood burning at the same time).

A calculation of the mass absorption cross-section (MAC) has 
been performed in this study by using the following equation:

 (8)

where, S=spot size; t=time, C=multiple scattering parameter 
(Weingartner et al., 2003), σair=mass absorption crossection.
 

 (9)

where, Fout=measured flow, ζ= leakage factor. 

 (10)

Where, I0=reference signal and I=spot signal.

Meteorological data
Local meteorological parameters such as air temperature, 
relative humidity, wind speed and direction, atmospheric 
pressure and rain intensity were monitored by the CHEMS 
network of the CDER (composed of a weather and radiometric 
station) at 5-minute intervals using instruments situated near 
the aethalometer. 

Traffic informations
Two national roads exist near the site about 1 km to the north 
and about 2km to the east, and roads with light traffic are about 
200m to the south-east and 1.5 km to the west of the monitoring 
site. These roads can be sources of BC emissions. Algiers’s car 
fleet includes more than 1,400,000 vehicles of all categories, 
with 31.32% using diesel and 68.68% using petrol as of the end 
of 2014, and about 1 million cars coming daily from the other 
regions. The car fleet in Algeria is old (51.11% of vehicles’ age 
is greater than 20 years) (http://www.ons.dz/-Au-31-12-2014-.
html) and has more than 5,000,000 cars of all categories, with 
34.29% powered by diesel versus 65.71% by petrol. Almost all 
goods are transported by road. Algiers has also a train station, a 
harbor, an airport, and an industrial area situated at about 4, 5, 
25 and 20 km from the measurement site, respectively. 

Results and discussion
Monitoring of black carbon
One-year observations of BC, BCff and BCwb with hourly, diurnal, 
and seasonal evolutions allow better understanding of high 
pollution events due to the rush hour traffic emissions, wild 
fires, oil industry to the south, celebration events (coinciding 
with high BC emissions due to abusive use of pyrotechnic 
products) and long-range air pollution transport from Europe or 
neighboring countries. 

Black carbon variability
Figure 2 presents BC concentrations recorded at the scientific 
observatory of Bouzaréah (from 1 June 2014 to 31 May 2015), 
along with BCff and BCwb calculated for the site. The BC 
concentrations were recorded at 950 nm wavelength, and the 
missing data are indicated with blanks. The equal distance 
between the high peaks is explained by the moving of the tape 
roll when the attenuation (ATN) at 370 nm reaches 100 (Sciare 
et al., 2011), which leaves gaps of two to three minutes. BC and 
BCff concentration levels were high with several peaks reaching 
50.000 µgm-3, however, BCwb values were low and usually 
close to 0 µgm-3. The BC, BCff and BCwb mean concentrations 
were 1.113±2.030, 1.064±2.002 and 0.049±0.262 µgm-3, 
respectively. It is worth noting that the BCff represents 95.60% 
of BC total concentration mass, suggesting that the main BC 
pollution originated from fossil fuel (traffic and oil industry). 
It is important to mention that the main source of heating in 
Algiers and in Algeria in general is natural gas, which is also the 
principal source of electricity production (96%). Therefore, the 
predominant BCff emissions are diesel, gasoline and kerosene 
used in the transport sector.
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The monthly averages of BC varied between 0.759±0.669 and 
1.556±2.366 µgm-3 as presented in the Figure 3. The results are 
close to the previous ones presented in the Figure 2 with large 
standard deviation values due to the huge quantity of results 
treated in the present study. 

The daily peaks of BC exceeding 5.000 µgm-3 could be related to 
forest fires or a regional source (heating) which can be confirmed 
by the BCwb concentrations, e.g., on 29 August 2014, the mean 
concentration of BCwb from 02:00 to 09:00 was 0.450 µgm-3. On 4 
August 2014, BCwb mean concentration from 04:00 to midnight 
(00:00) was 0.180 µgm-3 and on 7 September 2014, BCwb mean 
concentration from midnight (00:00) to 15:00 was 0.055 µgm-3. 
The yearly percentage of BCff was very high (95.60%), compared 
to BCwb (4.40%). This result revealed that the main sources of BC 
in Algeria are local activities and road traffic rather than forest 
fires and cooking. 

These results could be of great importance for air quality 
management policy. The measured BC concentrations can 
be compared with literature data from other locations as 
presented in Table 1. The annual average of BC recorded at 
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the Algiers Observatory was much lower than that recorded in 
Anantapur (India), Prague (Czech), Athens (Greece) and Rome 
(Italy). In contrast, it was higher than measured values in Santa 
Cruz de Tenerife (Spain), Crete (Greece) and Finland. Chiloane et 
al., (2017) recorded BC mean concentrations ranging between 
0.7 and 1.4 µgm-3 in background sites and sites influenced by 
industrial activities and/or nearby settlements in South Africa.

A thorough investigation of BC variation in the present study 
is needed for a comparison and characterization in order to 
explain these findings. 

The highest seasonal mean concentrations of BC, BCff and BCwb 
were recorded in summer with 1.283±1.346, 1.217±1.431 and 
0.066±0.050 µgm-3, respectively, which could be explained by 
the scarcity of rains and winds on the one hand and the increase 
of visitors to the north of Algeria during summer holidays on the 
other hand. The high BCwb levels in summer are attributed to the 
forest fires recorded during that season.

The second most polluted season was the autumn, where 
mean concentrations reaching 1.209±1.149 µgm-3 for BC and 
1.177±1.151 µgm-3 for BCff  were recorded, explained by the 
intensive socioeconomic activity started after the summer 
holidays which is reflected by the traffic road  increase, however, 
the BCwb mean concentration was lower at 0.032±0.033 µgm-

3 due to the decrease of the magnitude of forest fires during 
this season, and the low use of wood burning in Europe. 
During winter, the mean concentrations of BC and BCff were 
lower than in autumn (1.023±1.189 and 0.933±1.177 µgm-3, 
respectively); however, the BCwb mean concentration was the 
highest at 0.090±0.055 µgm-3, which can be related to air masses 
originating from Europe and having a high BCwb load (due to 
domestic heating emissions).

During spring, the mean BC, BCff and BCwb concentrations were 
the lowest with 0.966±0.964, 0.956±0.874  and 0.010±0.021 µgm-

3, respectively, attributed to air masses coming mostly from the 
north-west, with low BCwb from Europe (low use of wood and 
coal for heating in spring), south, and local sources with a very 
high rate of BCff (98.96%) due to  petroleum industry and traffic.  

For the sake of comparison, Table 2 reports the seasonal 
variations of BC measured in this study and those reported in 
the literature.

The mean concentrations of BC recorded in the present study 
during summer was higher than those measured in Prague 
(Czech) and Mahabaleshwar (India). In contrast, the BC 
concentrations measured in this study were lower than mean 
concentrations documented for six large Brazilian cities. The 
results recorded in winter are higher than those measured in 
Paris and Toulouse, but lower than the mean concentrations 
obtained in Cairo (Egypt), Prague (Czech Republic) and six large 
Brazilian cities. For the spring season, the concentration levels 
were higher than those reported in Stockholm (Sweden), but, 
lower than the mean concentrations recorded in Prague and 

Figure 2: One-year of BC, BCff and BCwb measurements.

Figure 3: Variation of monthly BC averages and standard deviations 
during the year of measurement.
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Table 1: Comparison of [BC] (in µg m−3) measured in the present study and other concentrations reported in the literature.

Station Type of site BC Concentration Period Reference

Algiers (Algeria) Suburban 1.113±2.030 June 2014–May 2015 Present study

Hyderabad (India) Urban 15.91 March (2010–2012) (Jose et al. 2016)

Hyderabad (India) Urban 9.84 June (2010–2012) (Jose et al. 2016)

Anantapur (India) Semi-arid, Suburban 3.03 (Reddy et al., 2012)

Indian Himalayas Background 0.90±0.60 2005-2014 (Hooda et al., 2018)

Prague (Czech) Suburban 1.71 Sep 2009–Aug 2010 (Vodička et al. 2013)

Barcelona (Spain), Lugano 
(Switzerland), London, and North 
Kensington (England)

Urban background 1.7–1.9 2009 (Reche et al. 2011)

London, Marylebone (England) Urban traffic 7.8 2009 (Reche et al., 2011)

Bern (Switzerland) Urban traffic 3.5 2009 (Reche et al., 2011)

New York(USA) Urban 1.38 Jan–Feb 2004 (Venkatachari et al., 2006)

Mexico City(Mexico) Urban 3.4 Apr 2003 (Salcedo et al., 2006)

Hong Kong (China) Coastal rural 2.4 Jun 2004–May 2005 (Cheng et al., 2006)

Huelva (Spain) Urban background 0.7 2009 (Reche et al., 2011)

Santa Cruz de Tenerife (Spain) Urban background 0.8 2009 (Reche et al., 2011)

Finland Urban 1.71 Sep 2009–Aug 2010 (Saarikoski et al., 2008)

Baltic Sea Coastal rural 0.6 2008–2009 (Byčenkienė et al., 2011)

South of China Oceanic site 0.28–2.14 Daily BC averages (Wu et al., 2013)

Table 2: Comparison of seasonal [BC] (in µgm−3) measured in the present study and other values reported in the literature.

Station Type of site BC Concentration Season Reference

Algiers (Algeria) Suburban 1,283±1.346 Summer Present study

1,209±1.149 Autumn

1,023±1.181 Winter

0,966±0.964 Spring

Prague (Czech) Suburban 1.26 Spring (Vodička et al. 2013)

Prague (Czech) Suburban 0.87 Summer (Vodička et al. 2013)

Prague (Czech) Suburban 2.06 Autumn (Vodička et al. 2013)

Prague (Czech) Suburban 2.66 Winter (Vodička et al. 2013)

Six large Brazilian cities 2.30–7.10 Summer (De Miranda et al. 2012)

Six large Brazilian cities 4.0–13.1 Winter (De Miranda et al. 2012)

Stockholm (Sweden) Rural 0.36 Spring (Krecl et al. 2011)

Stockholm (Sweden) Street canyon site 5.39 Spring (Krecl et al. 2011)

Cairo (Egypt) 9.9 2004 Autumn (Mahmoud et al. 2008)

Cairo (Egypt) 6.9 2005 Spring (Mahmoud et al. 2008)

Paris (France) Suburban site 0.9 Winter (Laborde et al. 2013)

Toulouse, France Coastal urban 0.95 2005 Winter (Saha and Despiau. 2009)

Mahabaleshwar (India) Rural 0.303 Summer (Singla et al. 2019)
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Cairo. Finally, during autumn, the mean concentrations recorded 
in Algiers were lower than those measured in Prague (Czech). 
The difference between the seasonal mean concentrations of 
BC recorded in Algiers and other cities could depend not only 
on the national emissions related to wild fires, industry, and 
transport, but also on the long-range transport pathways which 
will be studied in the rest of the study. 

Figure 4 displays the seasonal variation of the daytime, 
nighttime and rush hour mean concentrations of BC, BCff and 
BCwb, during the studied one-year period. 

It shows that during the daytime, spring was the most polluted 
season with BC and BCff mean concentrations reaching up to 
1.427±1.045 and 1.405±1.043 µgm-3, respectively, followed by 
the summer season when concentrations of 1.320±0.958 µgm-3 
for BC and 1.241±1.504 µgm-3 for BCff were recorded. 

These high mean concentrations of BC with high rates of BCff 

reaching 98.46% in spring season can be explained by the 
decrease of rains, the increase of airflow from the south charged 
with BCff emitted by oil industry and the air masses coming from 
Europe. 
 
In summer, the rate of BCff concentration was less at 94.00% 
due to the wild fires emitting BCwb. The lowest mean BC and 
BCff concentrations were recorded in the winter season at 
0.985±1.409 and 0.982±1.401 µgm-3, respectively, which can be 
explained by the wet scavenging by the rain and the dispersion 
by winds. 

During nighttime, summer is the most polluted season by BC and 
BCff with concentrations of 1.254±1.306 and 1.183±1.306 µgm-3, 
respectively, followed by the autumn season with 0.902±0.779 
and 0.886±0.781 µgm-3, because of the increased use of cars 
during the night contrary to autumn and winter seasons. It is 
worth noting that the majority of the industries in Algeria work 
24 hours a day, leading to increased emissions of BCff by cars 
and machines during the night. 

As to BCwb, the highest mean concentrations were recorded 
during the summer followed by the autumn with 0.071±0.571 
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and 0.066±0.028 µgm-3 respectively, which is due to the forest 
fires in summer and wood burning coming from Europe in 
autumn with a scarcity of rains in Algeria. The lowest BCwb was 
observed in the spring with 0.003±0.194 µgm-3, which can be 
explained by the wet scavenging by rains and the dispersion by 
winds.

As the cooking and heating in Algeria is from natural gas, the 
BCwb measured in our study could be due to cooking and heating 
from Europe and from wild fires during the summer (both in 
Europe and in Algeria). The BCwb in the daytime was higher 
than BCwb at night during summer, autumn and spring, which 
is due to the fires recorded in Algeria in summer with a higher 
frequency and magnitude of spread during the day than at night 
and the low use of heating in Europe during spring and autumn. 
However, in winter, we recorded in Algiers a similar average of 
BCwb concentration in the daytime and in the nighttime, which 
could be explained by the long-range transport from Europe 
with a high use of wood and coal for heating and cooking during 
the day and the night.   

For the BC and BCff average concentrations in rush hours (07:00 
and 10:00), summer and autumn were the most polluted with 
1.672±1.297 and 1.528±1.167 µgm-3 for BC and 1.600±1.327 and 
1.518±1.171 µgm-3 for BCff, respectively. These concentrations, 
which were higher than the yearly average, can be explained by 
the citizens’ behavior during peak hours in Algeria: leaving work 
and school at the same time, and lunch between midday and 
13:00 for most citizens. The seasonal maximum levels of BCwb 
during rush hours (between 11:00 and 14:00) were recorded in 
summer and spring with 0.381±0.232 and 0.183±0.151 µgm-3, 
respectively, most likely associated with cooking activities in 
restaurants and wild fires. 

In Figure 5, we present the month-hour variation plot of BC 
during the period of measurement in Algiers as plotted by 
Hooda et al. (2018). The figure presents better the variation of 
BC depending on hours and months and completes the previous 
interpretations. It is clear that the BC peaks were observed in 
the summer during the rush hours. The BC concentrations 
during daytimes were very high during spring months, which is 

Figure 4: Daytimes, nighttimes and rush hours mean concentrations of 
BC, BCff and BCwb quarterly averages.

Figure 5: Month-hour plot of BC (µgm-3) during the year of measurement.
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in line with the previous interpretations. The figure summarizes 
what was presented previously and gives a more precise view of 
the hourly averages during the months studied.

Figure 6 shows the mean diurnal cycle of BC, BCff and BCwb 
concentrations during the studied period of one year. The 
diurnal cycle reflects the combined effect of variations in 
anthropogenic emissions, surface meteorology and ABL 
dynamics (Ramachandran and Rajesh, 2007). Targino and Krecl, 
(2017) reported that local traffic was by far the most important 
source of BC in street canyon in a mid-sized city in southern 
Brazil, with hourly mean concentration peaking during the rush 
hours at 5.840 µgm-3 in the morning at 06:00 and at 4.550 µgm-3 
in the afternoon at 18:00.

In the present study, the hourly mean concentrations of BC and 
BCff were higher than 1.300 µgm-3 between 08:00 and midday 
(12:00) with maximum concentration of 1.673 µgm-3 at 09:00, 
due to the high traffic. In contrast, the concentrations were 
as low as 0.718 µgm-3 for BC and 0.709 µgm-3 for BCff at 05:00. 
For BCwb, low hourly mean concentrations were recorded with 
two peaks at 08:00 and 09:00 reaching 0.079 and 0.058 µgm-

3, respectively, most likely related to the indoor and outdoor 
cooking and heating.

In Figure 7, a comparison of BC daily variability with the means 
of wind speed (ws) and recorded rainfall has been presented. 
An inversely proportional relationship between the wind 
speed and rainfall on the one hand and BC concentrations on 
the other hand was observed. A statistical study of daily data 
revealed a correlation between ws and rainfall increase and BC 
decrease, which is very clear in Figure 7. When ws was less than 
5 m.s-1, the BC decreased with a good correlation (correlation 
coefficient K=0.16); however, BC concentrations increased 
with the ws higher than 5 m.s-1. This result could be explained 
by the dispersion of BC pollution when winds are moderate. 
In contrast, the increase of BC when ws is higher than 5 m s-1 
could be due to the atmosphere disruption. Nevertheless, a 
relationship between rainfall and BC decrease was recorded, 
with a better correlation when rainfall is less than 3mm. BC 
dispersion by winds and the wet scavenging by rains can explain 
the decrease of BC. High wind speed may increase the vertical 
mixing thereby diluting particles among them black carbon in 

addition to the dispersion of BC by winds, which decreases the 
BC concentrations. Low atmospheric boundary layer height and 
low wind speeds during winter can be also attributed to high 
accumulation of BC aerosols (Begam et al., 2016). 
 
To study the relationship between the atmospheric boundary 
layer (ABL) and BC concentrations, Table 3 presents the 
averages of BC vs ABL height. Cheng et al. (2014) revealed that 
the BC mass concentrations decreased during the afternoon 
hours, due to the boundary layer dynamics and a lower car fleet 
volume. Begam et al., 2016, confirmed the inverse proportional 
relationship between the ABL level and BC concentrations. 
In the present study, it was observed that BC levels were high 
when the boundary layer was lower than 1000m, and decreases 
with the ABC height, which is explained by the pressure applied 
by the ABL on the air pollutants, decreasing the volume and 
increasing the concentrations. 

Sources of black carbon
Figures 8a,b,c,d show some pollution events (pollution from 
the Sahara, sport and religious celebrations, forest fires, long-
range transport from Europe as well as a day without cars). The 
hourly averages of BC, BCff and BCwb concentrations during 7 
September 2014 are displayed in Figure 8a. High levels of BC and 
BCff reach 9.043 and 8.996 µgm-3, respectively, between 09:00 
and 10:00. A high peak of BCwb reaching 0.133 µgm-3 between 
10:00 and 11:00 was also measured. These high levels of BCwb 
were attributed to the forest fires in Ain Defla in the south-west 

Figure 6: Mean diurnal cycle of mean BC, BCff and BCwb concentrations 
during the year of measurement.

Figure 7: BC daily variability with the wind speed (ws) and rainfall during 
the year of measurement.

Table 3: Variation of BC averages and Atmospheric Boundary Layer 
heights.

ABL (m) BC average (µg/m3)

1000 1.16

2000 1.10

3000 1.06

4000 1.05

5000 1.05
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of Algiers that occured during the same period, as cited by 
the Algerian Directorate General of Forestry, and affecting the 
region as confirmed by the air mass trajectories shown in Figure 
8b. The high levels of BC and BCff can be associated with other 
air masses coming from the petroleum industry in the Sahara 
(Figure 8b). 

Figure 8c displays the hourly averages of BC, BCff and BCwb on 
26 June 2014, when the national soccer team of Algeria came 
for the first time to the second round of the 2014 World Cup. 
High levels of BC and BCff were recorded during the night of 
26 June exceeding 7.000 µgm-3 between 21:00 and 23:00 with 
98.88% of the BC being BCff. This pollution has been produced 
by traffic emissions and excessive use of pyrotechnic products 
exacerbated during this particular celebration event. The hourly 
averages of BC, BCff and BCwb on 29 August 2014 are shown in 
Figure 8d. High peaks of BC and BCff reached up to 14.000 µgm-3 
between 20:00 and 21:00 and high levels of BCwb reached 0.715 
µgm-3 between 03:00 and 04:00 and 0.589 µgm-3 between 05:00 
and 06:00 with a daily mean concentration of 0.199 µgm-3.  

The Hysplit back trajectories (Figure 9a) corroborated the 
occurrence of huge forest fires in the east of Algiers (300 km 
away) in Bejaia and Jijel, as announced by the Director General 
of Forestry. The fires started on 27 August 2014 and the plume 
arrived at Algiers on 29 August 2014. The mean concentrations 
of BC and BCff between 20:00 and 21:00 were similar and very 
high (i.e., 14.953 µgm-3), suggesting the dominance of fossil fuel 
sources of BC after the extinction of the forest fires. Interestingly, 
Figure 9b compares the variation of BC in two successive 
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celebrations years of the Birthday of Muslim Prophet (Mawlid 
Enabawi) coincided with the nights of 2 January 2015 and 23 
December 2015. High levels of BC concentrations were recorded 
with peaks exceeding 9.000 µgm-3 on 23 December and 5.000 
µgm-3 on 2 January, and daily mean concentrations of 3.477 
µgm-3 on 23 December, and 0.559 µgm-3 on 2 January, occuring 
during tremendous use of pyrotechnic products. Seidel and 
Birnbaum (2015) reported an increase of the US-average mean 
hourly PM2.5 values reaching 21.000 µgm-3 21:00 to 22:00 during 
the celebration of the national independence day in the US (4 
July 1999-2013) and a decrease to zero by noon the day after 
(5 July 1999-2013). The authorities implemented a day without 
traffic road in the center of Algiers. This special case helps to 
assess to what extent the impact of traffic on BC emissions is 
important for BC levels in the Algiers city. Figure 9c presents a 
comparison of BC variations between an ordinary day (7 August 
2015) and a day without cars in Algiers (31 July 2015). 

A substantial drop in BC concentrations of between 47.3% and 
92.4% was observed during the day without cars relative to the 
days with cars, considering that the air mass sources are local 
during the ordinary (day with cars) day and from the south-west 
from the region having no oil industry, for the day without cars 
as shown in Figure 10. The BC average concentrations during the 
day and the night of this day without cars were 0.564 and 0.543 
µgm-3, respectively, representing 50% on the annual average, 
which demonstrates the role of car fleet in BC levels in Algiers.

Figure 8: Variation of BC, BCff and BCwb concentrations on polluted days (7 September, 26 June and 29 August 2014).
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Figure 10: Back trajectories confirming pollution events (31 July and 7 August 2015).

Figure 9: Variation of BC during pollution events (29 August 2014, 2 January, 23 December, 31 July and 7 August 2015). 
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Annual source apportionment of black carbon
Figure 11 displays the variation of wind origin at 500m above 
ground level at the measurement site based on 365 air mass 
back trajectories performed using the Hysplit model for the 
year of the measurements. These maps are important for the 
interpretation of the high peaks of BC air pollution and their 
emission sources. From July to September 2014, the westerly 
sector was the main sector of wind origin, with average 
frequency of occurrence of 25.80% in July, 48.38% in August and 
43.33% in September. In October and November 2014, the winds 
came mostly from the south with frequency of occurrence of 
45.16% and 60.00%, respectively. For December 2014, January, 
February and March 2015, the principal source of winds was 
from north-west with frequencies of 48.38%, 41.93%, 64.28% 
and 54.84%, respectively. April was characterised by southerly 
winds coming from the Sahara, with frequency of occurrence of 
40.00%. In May, the winds were local (29.03%), from the north-
east (22.58%) and the north-west (22.58%). 

The relationship between BC and the source apportionment 
of winds (measured by CHEMS network of CDER) for the four 
seasons of the measurement period is depicted in Figure 12. 
A filtering of the BC coming from the eight wind sectors has 
been performed. In summer, BC predominantly came from the 
west (23.94%), the south (24.89%) and the east (23.08%). The 
polluted air masses came from the west and north-west with 
mean concentrations reaching 5 µgm-3 for southerly airflow 
and 3 µgm-3 for westerly airflow; however, the air masses 
coming from the east were cleaner (concentrations below 1 
µgm-3). During the autumn, the predominant BC mass fraction 
directions were from the south (34.80%), the west (32.39%) and 
the east (12.96%), with BC mean concentrations reaching up to 
4 µgm-3 for the westerly and 3 µgm-3 for the southerly and the 
easterly sectors. In the winter, the prevailing air masses came 
from the west (34.40%), the south (19.97%) and the north-
west (13.10%). The BC mean concentrations coming from the 
west, the south and north-west reached up to 3, 3 and 2 µgm-3, 
respectively. In spring, BC mass fractions came mostly from the 
east (26.88%), the south (26.58%) and the west (22.88%). The 
BC mean concentrations reached up to 3 µgm-3 for the southerly 
and 2 µgm-3 for the easterly and the westerly sectors. Air masses 
rich in BC came from the west of Algiers. 

Figure 11: Wind sources map of the measurement site during one year of 
BC measurement.

Figure 12: Variation of BC versus the source apportionment of winds.
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During the wet period, high BC mean concentrations of 1.333 
µgm-3 were recorded in association with southerly winds 
(petroleum industry), followed by local winds with 1.238 µgm-3 
(car fleet) despite the wet scavenging of BC. The highest mean 
concentrations of BC recorded during the dry period were from 
the easterly (1.380 µgm-3) and westerly (1.377 µgm-3) directions, 
coinciding with the emissions from the fires, harbour and airport 
to the east and petroleum refinery to the west. 

Figure 13 displays a non-parametric wind regression analysis 
involving wind speed and source apportionment of winds 
(measured by CHEMS network of CDER) and BC concentrations, 
which could reveal more information on the source 
apportionment of BC. The mean concentration of BC was 0.725 
µgm-3 when ws was higher then 4 m s-1; however, it reached 
1.806 µgm-3 for ws lower than 2 m s-1, reflecting the dispersion of 
BC by winds. Figure 13 revealed also that the prevailing sources 
of BC were from the south, north-east and north-west with 
concentrations reaching up to 3.170 µgm-3 recorded when the 
wind speed was lower than 2 m s-1. However, despite southerly 
winds reaching 4 m s-1, high levels of BC of up to 3.170 µgm-3 
have been recorded from the southerly direction, suggesting the 
emissions from the oil industry. 

For a better understanding of the source apportionment of BC 
and its long-range transport pathways, a back trajectory cluster 
analysis has been performed. Hysplit 120-hour back trajectories 
arriving at the site every 6 hours for 365 days (from 1 June 2014 
to 31 May 2015) were carried out. The 6-hour time intervals were 
centered around midnight (00:00), 06:00, 12:00 and 18:00. The 
trajectories arriving at the site at a height of 500m A.S.L, were 
performed by the model Hysplit developed by NOAA (Figure 
14a) for the year of measurement. We defined six clusters (north-
east, north-west, south, east, west and local as performed by 
Kouvarakis et al. (2000). A percentage of wind sources for each 
one of the four intervals (00:00, 06:00, 12:00 and 18:00) was 
calculated, followed by the calculation of the average of BC, BCff 
and BCwb for each cluster during the four intervals. The north-
westerly direction was predominant with percentages reaching 
up to 69, 66, 65 and 62% at 18:00, 12:00, 00:00 and 06:00, 
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Figure 13: . Variation of BC versus wind speed and wind direction for the 
entire sampling period.

Figure 14: Variation of BC, BCff and BCwb concentrations with back 
trajectory cluster analysis.
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respectively, followed by the southerly direction with 15, 14, 13 
and 12% at 12:00, 06:00, 00:00 and 18:00, respectively. These 
results confirm that the prevailing winds during the year of 
study were north-westerly followed by the southerly. Figures 14 
b, c and d, display respectively the percentages of BC, BCff and 
BCwb for the wind directions of the same four intervals during 
the year of measurements. For the midnight (00:00) cluster, the 
highest BC and BCff mean concentrations were recorded from 
the west followed by the south with 1.417 and 1.402 µgm-3 for 
BC and 1.263 and 1.212 µgm-3 for BCff, respectively, which can 
be explained by the presence of the oil refinery of Arzew in the 
west and the oil industry (pumping, processing, storage and 
transport) in the south. The highest mean concentrations of BC 

and BCff observed for the 06:00 cluster came from the east and 
the north-east for BC with 1.336 and 0.994 µgm-3, respectively, 
and from the east and the west for BCff with 1.215 and 0.917 
µgm-3, respectively. The occurrence of such BC concentrations 
can be related to the harbor activities, the refineries to the 
east and west, the car fleet, and wood burning from Eastern 
Europe. With regards to the midnight (00:00) cluster, BC and BCff 
sources were mainly from the east followed by the west with 
concentrations of 2.354 and 2.200 µgm-3 for BC and 2.238 and 
2.156 µgm-3 for BCff, respectively, which can be due to the harbor 
activities and petroleum refineries of Bejaia and Skikda in the 
east and of Arzew in the west. 

Figure 15: . Backward trajectory frequency in summer (30 July- 
31 August) 2014 to Algiers site.

Figure 16: Backward trajectory frequency in autumn (September-
October) 2014.

Figure 17: . Backward trajectory frequency in winter (30 December 2014-
31 January 2015) to Algiers site.

Figure 18: Backward trajectory frequency in spring (26 March-30 April) 
2015 to Algiers site.
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For the 18:00 cluster, the predominant BC and BCff mean 
concentrations were recorded from the south and in association 
with local airflow with 1.942 and 1.696 µgm-3 for BC and 1.889 
and 1.683 µgm-3 for BCff, respectively, which can be due to the 
oil industry in the south and the local car fleet. For the case of 
BCwb at midnight (00:00), the highest mean concentrations were 
predominantly from the north-east at 0,090 µgm-3, which is 
double the previous average, due to wood burning in Europe, 
followed by from the south at 0,051 µgm-3, close to the yearly 
mean, due to wild fires in the south of Algiers.

As to the 06:00 and midday clusters, the prevailing sources 
of BCwb were to the east and the north-east with high means 
reaching up to 0.121 and 0.092 µgm-3, and 0.116 and 0.106 µgm-

3, respectively, explained by wood burning in Eastern Europe 
and Tunisia.   Finally, for the 18:00 cluster, the BCwb predominant 
mean concentrations were close to the annual average and 
came from the south with 0.053 µgm-3 due to cooking in the 
southern Algeria cities and from the west with 0,043 µgm-3, very 
likely derived from cooking in the western Algeria cities and 
from wood burning in Morocco.

For a better interpretation of the previous results, trajectory 
frequency maps were performed by the Hysplit model. Figure 

15 displays the trajectory frequency in summer (July-August), 
where winds came mainly from the north-east and north-west, 
which is in line with the previous results bringing BCff and BCwb 
emitted by fires and human activities.
 
Figure 16 presents the trajectory frequency map during autumn 
months (September-October) 2014. The prevailing winds were 
from the west, the south and the north-east, reinforcing the 
results presented in the meteorological map. 

Figure 17 displays the trajectory frequency map in winter 
(December 2014-January 2015). The predominant winds were 
from the west, the south and the north-east, reinforcing the 
results presented in the meteorological map (Figure 11). 
 
The trajectory frequency map during spring months (March-
April) 2015 is shown in Figure 18. The prevailing winds during 
spring were from the north-east, the north-west and the south, 
which is in line with the previous results.

Anthropogenic sources of BC
We further focus on the anthropogenic part of BC emissions. 
For this purpose, a comparison of the levels of BC recorded in 
Algiers, Athens, Crete and Tamanrasset (the GAW/WMO reference 
station of Askrem) was performed.

Figure 19 displays the mean concentrations of BC recorded in 
Askrem, a background station situated at 23.27°N, 5.63°E and an 
altitude of 2730 m a.s.l, from April and May 1997. In contrast to 
the mean BC concentration measured in Algiers during April-May 
2015, i.e., 0.936 µgm-3, the BC mean concentration recorded at 
the Askrem GAW station was 0.168 µgm-3. The BC concentrations 
in Algiers, which is heavily impacted by anthropogenic 
emissions, were 79.78% higher than at the Askrem background 
station. 
 
Figure 20 shows a comparison of BC recorded in Algiers, Athens 
and Finokalia, Crete (Greece) during the year of measurement. 
The measurement site of Thissio (Athens), is situated in a city 
near the Akropolis, which is a much-visited museum. The 
Finokalia station is a background site used as a reference for 
Greek and European stations, 80 km east of Heraklion (Crete). 
The monthly average of BC in the urban agglomeration of Athens 
were similar to those recorded in Algiers, except in November, 
December and January, when the average concentrations were 
for Athens and Algiers respectively 2.949 and 1.278, 3.819 and 
0.907 and 2.364 and 1.099 µgm-3. The high BC concentrations in 
Athens during winter could be due to wood burning for heating. 
The monthly mean BC levels observed at the background station 
of Finokalia, Crete varied mostly between 0.2 and 0.5 µgm-3 with 
an annual average of 0.314 µgm-3, which represents 20.36% and 
28.16% of the annual averages recorded in Athens and Algiers, 
respectively.

BC modelling
We further compare the observed BC with modelled results. 
For this, we used the TM4-ECPL global model developed by 

Figure 19: Comparison of BC concentrations at Algiers and Askrem 
stations.

Figure 20: Comparison of monthly average BC concentrations at Algiers, 
Athens and Crete sites.
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Figure 21: Variation of BCins and BCsol in January and April 2015 using TM4-ECPL global model.

Figure 22: Monthly average concentrations of BCins and BCsol in July and October 2014 modelled with TM4-ECPL.
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the University of Crete (Greece). The model, which has been 
described in detail by Daskalakis et al. (2015), accounts for 
multiphase chemistry as well as all major aerosol types, 
including carbonaceous aerosols, both insoluble (BCins) and 
soluble (BCsol) black carbon. The modelling of BCsol and BCins is 
important to follow the atmospheric concentrations of fresh 
insoluble BC (BCins) and the aged soluble BC (BCsol) that can 
be transported to the soil and ground water by wet scavenging. 
The results of the modeling are depicted in Figures 21 and 22 for 
July and October 2014 and January and April 2015, respectively. 
The months were chosen for a representative comparison of 
measured and modeled results for each month in the middle of 
each season. Figures 21a, b, c and d present the modeled BCins 
in January 2015, BCsol in January 2015, BCins in April 2015 and 
BCsol in April 2015, respectively. Figures 22a, b, c and d depict the 
modeled BCins in July 2014, BCsol in July 2014, BCins in October 
2014 and BCsol in October 2014, respectively. BCins and BCsol were 
higher in the center of Africa and the north of Europe, due to 
forest fires and wood burning. The modelled BCins and BCsol in 
Algiers were respectively 0.50 and 0.30 µgm-3 in July 2014, 0.50 
and 0.40 µgm-3 in October 2014, 0.40 and 0.40 µgm-3 in January 
2015 and 0.45 and 0.40 µgm-3 in April 2015. Therefore, the total 
modelled BC for the four months was 0.80, 0.90, 0.80 and 0.85 
µgm-3, respectively, which were very close to the mean measured 
BC concentration levels (0.745, 1.308, 1.108 and 0.917 µgm-3).  
 
In order to follow the variation of BCff and BCwb by using the model 
proposed by Zotter et al. (2016), a statistical study has been 
performed. This statistical study was based on replacing the 
Angstrom exponents αff=1 and αwb=2, used in the aethalometer 
model by αff=0.90 and αwb=1.682 proposed by Zotter et al. (2016), 
followed by a calculation of the new seasonal BC, BCff and BCwb 
average concentrations. A decrease of seasonal BCff of 9.15 
and 7.08% in winter and autumn, respectively, was calculated 
using the Zotter et al. (2016) model, compared to an increase of 
BCwb of 96.97 and 90.43% for spring and autumn, respectively. 
This result indicates that BCwb was undervalued by the model 
applied in our study, in contrary to the Zotter et al. (2016) model 
especially in spring and autumn.
 
Angstrom exponent
Another important factor for the characterization of the source of 
measured BC during the year of study is the Angstrom exponent 
(α). Favez et al., (2009) revealed a low spectral dependence of 
black carbon light absorption (α ~ 1), in contrast, it is much 
higher for other aerosol components, i.e. hematite and brown 
carbon. Sandradewi et al. (2008) recorded light absorption 
exponents of 1.1 for traffic and 1.8–1.9 for wood burning, 
calculated from the light absorption at 470 and 950 nm. Soni et 
al. (2011) observed minimum values of the Angstrom exponent 
during May and maximum values during the winter period 
(December and January), related to a gradual decrease in the 
coarse particle concentration from summer to winter months. 
The Angstrom exponent (calculated at 470 and 950nm) shown 
in Figure 23 varied mostly between 0.5 and 1.5 with an annual 

average of 1.07, indicating that the main source of BC during the 
year of measurement was from fossil fuel burning, in line with 
the findings presented in this investigation.

Mass absorption cross-section
The mass absorption cross-section (MAC) is also a good indicator 
of the source and the aging of BC particles. The MAC values are 
related to the aerosol mixing state, size, and morphology (Bond 
and Bergstrom, 2006), and increase with coating thickness or 
water at high relative humidity (Schnaiter, 2005). Laborde et al. 
(2013) revealed that the MAC average was ∼7.3 m2g−1 for traffic 
emissions due to refractory BC (rBC) cores wich are mainly 
uncoated and small. However, for the case of wood burning, 
the MAC average was ∼7.8 m2g−1 explained by thicker coating 
and bigger rBC core size. Higher average MAC (∼8.8 m2g−1) were 
recorded with aged aerosols because of the thicker coating 
compared to aerosols from traffic and wood burning (Schnaiter, 
2005). Cao et al. (2015) reported median MAC values of 20.0, 
33.7, 29.1 and 27.6 m2g-1 during the spring, summer, autumn 
and winter, respectively, in China. However, the seasonal means 
of MAC values recorded in Switzerland were much smaller with 
8.9, 9.5, 10.9, and 9.9 m2g-1 in spring, summer, autumn and 
winter, respectively (Lavanchy et al., 1999). The high MAC values 
recorded in China could be due to biomass burning, relatively 
large increase in the symmetrical particles and cluster-like 
structures emitted by motor vehicles, and the secondary and 
aged aerosols under high relative humidity (60–80%) and strong 
solar radiation.

In the present study, the seasonal means of MAC during summer, 
autumn, winter and spring were 10.97, 15.56, 30.27 and 17.12 
m2g−1, respectively. These high MAC values could be due to aged 
aerosols coming from Europe and secondary aerosols under 
high humidity and strong solar radiation, considering  that the 
seasonal relative humidity was 58.38, 61.78, 64.12 and 62.03% 
in summer, autumn, winter and spring, respectively. The highest 
monthly averages for MAC were recorded in February, December 
and March at 36.18, 30.54 and 26.92 m2g−1, respectively, when, 
relative humidity was high, reaching 63.94, 65.44 and 65.44%, 
respectively. The lowest MACs were recorded in July, September 
and October at 9.61, 1.75 and 11.88 m2g−1, respectively, with 

Figure 23: Daily variation of Angstrom exponent during the year of 
measurement at Algiers site.
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lower relative humidity of 58.00, 58.77 and 55.53%, respectively. 
This difference between the monthly variations in MAC could 
also be due to the clear skies in February and March especially, 
in contrast to the other months, and the wind in winter 
months bringing aged aerosols. July and September were also 
characterized by fresh aerosols due to wild fires as presented in 
the previous sections. 

Conclusions
Observations of BC, BCff and BCwb over one year of measurement 
were performed for the first time in Algeria in order to better 
understand the levels, the occurrence, the sources and the 
seasonal modulations of BC air pollution. Hourly, diurnal, and 
seasonal variations in BC levels have been investigated. BC 
sources were found to be associated with traffic, wild fires, and 
the oil industry in the south of Algeria. Celebration events and 
long-range transport of pollution from Europe and neighboring 
countries have also been  investigated.

The main source of BC pollution in Algiers city was found to be 
fossil fuel combustion accounting for 95.60% of the total annual 
mean BC levels, whereas BCwb contributed only 4.40%. 

The highest seasonal mean concentrations were recorded 
in summer and autumn at 1.283 and 1.209 µgm-3 for BC and 
1.217 and 1.177 µgm-3 for BCff, respectively. The lowest mean 
concentrations were recorded in winter and spring at 1.023 
and 0.966 µgm-3 for BC and 0.933 and 0.956 µgm-3 for BCff, 
respectively. 

For BCwb, the highest mean concentrations were reached in 
winter and summer at 0.090 and 0.066 µgm-3, respectively, due 
to the forest fires and long-range transport of air pollution from 
Europe. The lowest mean concentrations of BCwb were recorded 
in autumn and spring at 0.032 and 0.010 µgm-3, respectively.

The BC pollution predominantly came from the west of Algiers, 
probably associated with the petroleum refinery in Arzew (Oran) 
situated 400 km from Algiers. 

A source apportionment study of BC has been carried out for 
the wet and dry period of the studied year, followed by back 
trajectory cluster analysis for a better understanding of the long-
range transport pathways. The highest BC mean concentrations 
of 1.333 µgm-3 in the wet period were recorded in association 
with southerly winds, followed by local pollution contributing 
1.238 µgm-3 of BC. During the dry period, the highest mean 
concentrations of BC were observed in association with airflow 
from the East and West directions at concentrations of 1.380 
and 1.377 µgm-3 respectively. 

The mass absorption cross-section (MAC) and Angstrom 
exponent were used to investigate the source and the ageing of 
BC measured in the present study.  

The present study allowed a comparison of BC mean 
concentrations recorded in Algiers, Crete and Athens (Greece), 

and Tamanrasset (GAW/WMO reference station of Askrem), 
revealing that the anthropogenic emissions were 79.78, 90.26 
and 46.50% higher than at the Askrem background station for 
Algiers, Athens and Crete, respectively. 

The annual average BC concentration recorded at the Algiers 
Observatory (suburban site) was much lower than that recorded 
in Anantapur (India), Prague (Czech), Athens (Greece) and Rome 
(Italy), but was higher than values measured in Santa Cruz de 
Tenerife (Spain), Crete (Greece) and Finland.  
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