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Under a cloudless sky atmospheric turbidity causes attenuation of solar radiation reaching the earth’s
surface. The Linke’s turbidity factor (TL) and the Ångström’s turbidity coefficients (b) are the most fre-
quently used atmospheric turbidity indices. TL and b are a key input for several models that assess the
solar radiation under clear skies. In this paper, the Linke and Ångström turbidities were obtained from
radiometric and meteorological data recorded in the Sahara desert area of Adrar region, Algeria, during
October 2012–May 2015. It is observed that there is a high correlation between atmospheric turbidity
caused by aerosols and meteorological parameters. A comparison has also been carried out with results
acquired in Ghardaïa and Tamanrasset regions. In addition to verify the appropriateness of the theoretical
Linke turbidity factor formula presented in Algerian solar atlas, the monthly mean theoretical values are
compared with the experimental monthly average values.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fossil fuels and especially the natural gas is the largest source of
electricity production in Algeria. The environmental problems
caused by the use of fossil fuels are well known: air pollution,
greenhouse gases and aerosol production (Almasoud and
Gandayh, 2015). In the last years the electricity consumption has
increased with the rapid growth in the residential, commercial
and industrial sectors. Renewable energy resources especially solar
energy offer interesting opportunities for facing this important
increase. This strategic is motivated by the huge potential in solar
energy in the south of Algeria. (Marif et al., 2014) have shown that
the mean yearly sunshine duration varies from a low of 2650 h on
the coastal line to 3900 h. It becomes necessary for Algeria to
exploit this important resource for facing the important increase
in the electricity consumption. Solar radiation data is generally
important for the optimal design of the solar systems. Many
approaches have been proposed in several studies to estimate
the solar radiation around the world such as empirical, intelligent
neural network and satellite models. To estimate the solar radia-
tion in Algeria appropriate methods can be found in the literature.
The first correlations for estimating solar radiation in Algeria were
proposed by Capderou in the Algerian solar atlas since 1987
(Capdrou, 1987), who developed theoretical approach based on
the attenuation effect of the Earth’s atmosphere to estimate the
instantaneous direct and diffuse solar radiation on a completely
clear day conditions. (Yaiche et al., 2014) created a solar radiation
map in Algeria from sunshine duration for all sky types. They found
that the relative error is less than 7% between measured and com-
puted values. (Mefti et al., 2003) have estimated the global solar
radiation incident on an inclined surface in any site of Algeria using
monthly mean daily sunshine duration measurements, in this
model the discrepancies observed between the estimated and
measured values run from 10% to 35%. In order to correlating
monthly mean daily diffuse solar radiation (Boukelia et al., 2014)
studied the performance of ten empirical models based on the ratio
of monthly mean daily sunshine records to monthly daily mean
daylight hours and on the ratio of monthly mean daily global solar
radiation data to monthly mean daily extraterrestrial solar radia-
tion at six Algerian stations: Algiers, Constantine, Ghardaia, Bechar,
Adrar, and Tamanrasset. This study finds that the quadratic and
cubic equation which based on global solar radiation data per-
formed the best accuracy. (Behar et al., 2015) compared the perfor-
mance of seventeen clear-sky solar radiation models under
Algerian climate to select the more accurate one for estimating
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the direct solar radiation, their results show that the ASHRAE
model can offer more precise information about direct normal irra-
diation in Algeria. Six combined empirical models and a Bayesian
neural network (BNN) model have been used by (Yacef et al.,
2014) to estimate daily global solar radiation from air temperature
on a horizontal surface in Ghardaïa city. After testing, the com-
bined models appear to be more helpful than BNN. Based on the
intelligent artificial neural network (ANN), two models have been
proposed by (Mellit et al., 2005, 2006) to predict the daily global
solar radiation with a sufficient accuracy for any location in
Algeria.

Many solar radiation models for clear day refer to the Link tur-
bidity factor and the Ångström turbidity coefficient. These two
parameters describe the optical thickness of the atmosphere due
to both the absorption by the water vapor and the absorption
and scattering by the aerosol particles (Eltbaakh et al., 2012). A
review of the literature showed that TL and b can be obtained from
several methods. In the clear-sky Algerian solar atlas model, Cap-
derou was derived an empirical equations based on the theoretical
approach of Perrin et al. (1982) in order to estimate the Link factor
in any locations in Algeria. Kasten (1980, 1966) presented a simple
calculation methodology to facilitate the experimental determina-
tion of the Link turbidity factor where the pyrheliometric measure-
ments of the direct normal solar irradiation (DNI) on the horizontal
plane are known. To determine the Ångström turbidity coefficient,
(Pinazo et al., 1995) and (Louche et al., 1987) used the solar irradi-
ance data and the transmittance of aerosols. (Cucumo et al., 1999)
developed a general calculation model using experimental data of
beam solar irradiation on the horizontal plane and a method devel-
oped by Pinazo for the determination of TL and b respectively .By
means of the proposed methods, it will be possible to evaluate
the Linke factor and the in any areas. For example, the Louche
and Pinazo methods were employed by (Danny et al., 2002) to
obtain the Ångström coefficient in Hong Kong. In addition, the Link
factor was computed using the original Kasten method and the
approach developed by (Dogniaux, 1974). In Tunisia, Kasten pyrhe-
liometric method and the empirical formula developed by Dogni-
aux have been used to examine TL and b by (Trabelsi and
Masmoudi, 2011) in Kerkennah Island.

In the Sahara desert of Algeria, the Linke factor and the
Ångström coefficient are a very convenient approximation to
model the atmospheric absorption and scattering of the extrater-
restrial radiation because cloudless skies predominate in these
regions. There are only two sites in the Algerian Sahara where
the atmospheric turbidity indices are known Ghardaïa and Taman-
rasset. TL and b were obtained and studied by (Djafer and Irbah,
2013) in Ghardaïa using Kasten approach and Dogniaux formula.
The monthly mean values of the Link turbidity factor were esti-
mated by (Diabaté et al., 2003) in Tamanrasset using the approach
proposed by Aguiar in 1995, reported in the European Solar Radia-
tion Atlas (ESRA). The purpose of the study is to increase the
knowledge on TL and b turbidity indices in Algeria, the long-term
measurements are used in this work to estimate these two indices
in Adrar town.
2. Data collection

The data used in this study have been recorded every one or ten
minute at the New Energy Algeria station (NEAL) installed at the
rooftop of the research unit in renewable energies in the Saharan
medium (URERMS) located in Adrar (latitude North 27�530, longi-
tude East 0�170 and 264 m above the sea level). Adrar town is fac-
ing like most cities in the south of Algeria (Fig. 1), it has a total area
of about 427300 km2. His climate is characterized by very high
temperature exceeding 45 �C and an intense solar radiation with
a maximum of 1000W/m2, measured on the horizontal surface
in long summer season. Winter is short and characterized by very
low precipitations. Also, winds are very common throughout the
whole year.

The NEAL station shown in Fig. 1, houses many radiometric and
meteorological sensors. The Direct normal solar irradiation mea-
surements were recorded using a solar tracker with a pyrheliome-
ter. In addition, two pyranometers take global and diffuse
measurements of solar irradiance on horizontal surface. The ambi-
ent temperature and the relative humidity, both measured with a
same probe. The air pressure data were recorded by a barometric
pressure sensor and the wind speed by an anemometer. The radio-
metric data referred to this study regard clear sky conditions, 686
clear days are selected from October 2012 to May 2015. The cloud-
less sky criteria used by (Cucumo et al., 1999) are adopted. The
ratio of diffuse irradiance to global irradiance should be less than
1/3 and the direct normal irradiance is greater than 200W/m2.

The daily average values of the meteorological parameters at
Adrar during 2014 are presented in Fig. 2. The figure indicate that
the mean daily ambient temperature varies from a maximum
around to 44 �C in summer season (June–August) and a minimum
around to 5 �C in winter season (December–February). The mean
daily relative humidity varies from a maximum around to 80% in
winter and a minimum around to3% in summer. In this year, the
amount of the mean daily pressure is in the region of 985 hPa
and the maximum value of the daily average wind speed is
recorded in summer, this value exceeding 10 m/s.

3. Mathematical formulations

In this research, the experimental Linke turbidity factor (TLE)
and Ångström coefficient have been calculated using a method
developed by Kasten and Dogniaux’s formula respectively, which
have been well described in previous papers.

The expression of TLE is given by the following equations:

TLE ¼ TLk

1
dRaðmAÞ

1
dRkðmAÞ

ð1Þ

TLK is the atmospheric Link turbidity factor under clear sky accord-
ing to Kasten, dRk is the Rayleigh integral optical thickness given by
the same author and dRa is the integral optical thickness given by
(Louche et al., 1986) and adjusted by (Kasten, 1996):

TLk ¼ ð0:9þ 9:4 sinðhÞÞ � ln I0e
In

� �
ð2Þ

1
dRkðmAÞ ¼ 9:4þ 0:9mA ð3Þ

1
dRaðmAÞ¼6:5567þ1:7513mA�0:1202m2

Aþ0:0065m3
A�0:00013m4

A

ð4Þ
where h is the sun elevation angle (in degrees), e is the Sun–Earth
correction distance. I0 and In are respectively the sun constant
(1367W/m2) and the direct normal solar radiation (in W/m2). The
atmospheric air masse mA is depends on the sun elevation angle
and local air pressure P (in Pascal), the value of mA is given by:

mA ¼ P
101325

sinðhÞ þ 0:15ðhþ 3:885Þ�1:253
h i�1

ð5Þ

The Ångström coefficient was calculated by using Eq. (6)
(Dogniaux, 1974):

b ¼
TLE � hþ85

39:5 expð�wpÞþ47:4 þ 0:1
h i
16þ 0:22wp

for 5� < h < 65� ð6Þ



Fig. 1. Geographical location of Adrar (right part) and NEAL station instruments (left part).

Fig. 2. Daily average variation of meteorological parameters during 2014 in Adrar.
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The precipitable water thickness wp (in cm) is given as:

wp ¼ 0:493
/
T
exp 26:23� 5416

T

� �
ð7Þ

where T is the ambient temperature (in Kelvin) and / is the relative
humidity in fractions of one.

The theoretical Linke turbidity factor TLC has been calculated
then through the formulation proposed by (Capdrou, 1987).

TLC ¼ 2:4� 0:9 sinuþ 0:1Að2þ sinuÞ � 0:2Z

� ð1:22þ 0:14AÞð1� sinhÞ þ ð0:89Þ Z þ ð0:9þ 0:4AÞð0:63Þ Z
ð8Þ

A ¼ sin
360
365

ðn� 121Þ
� �

ð9Þ

Where Z is the location altitude (in km), u is the site latitude (in
degree) and n is the number of days in the year

4. Results and discussion

The previous equations have been implemented into a simple
MATLAB software application, in order to calculate the turbidity
factors in Adrar as well as the hourly, daily and monthly average
values. The evolution of wind speed, turbidity factors and cloudless
sky factor (ratio of diffuse irradiance to global irradiance) for
cloudless day in June 9, 2014 are presented in Fig. 3. It is displayed
that the clear sky conditions used in this study eliminate the early
morning and near to sunset turbidity indices. The figure shows the
trend similarity of the two turbidity indices TL and b.

In addition, the exam of the wind speed evolution in this day,
show that the increase in atmospheric turbidity may result from
increases in wind speed which can transport and elevate sand par-
ticles because Adrar region has vast areas of desert sand. The peak
is observed in the afternoon when velocity exceeds 7 m/s, this
result is similar to that found by (Trabelsi and Masmoudi, 2011;
Chaâbane, 2008) in Tunisia.

The daily average variation of TL and b during the period 2012–
2015 are shown in Fig. 4. In this figure, provide the observation
that the daily mean turbidity factors show fluctuations along the
year. The daily mean Linke and Ångström factors varies from 2 to
8 and from 0.001 to 0.23 respectively with the highest values in
summer, lowest values in winter season and middle values in
spring and autumn .Summer months in Adrar are characterized
Fig. 3. Cloudless sky and turbidity factors (right part) and wi
by the higher ambient temperature and lower relative humidity
(Fig. 2) gives as a result low cohesion of the sand particles. The
stronger wind speed can transport sand and dust particles cause
in this way an increase in the turbidity factors values. Also, the
minimum values recorded in winter may result from increases in
relative humidity and decreases in ambient temperature.

In summary, as discussed above, the turbidity fluctuation can be
influenced by the meteorological conditions and local air pollution
sources such as desert dust from the Sahara, fossil fuels exploration
or volcanic aerosol, as documented by (Adeyefa et al., 2000; Zakey
et al., 2004).

The frequency of occurrence for the turbidity indexes were
computed and plotted in Fig. 5. It can be observed that the most
frequent values of the Linke factor being between 2 and 5. The
statistics shows that 48.1% values are less than 3, 48.24% are
between 3 and 5, and that only 3.62% exceed 5. For the Angström
turbidity coefficient, 16.18% of the values are less than 0.02,
70.52% are between 0.02 and 0.14, and that 6.7% exceed 0.14. These
results are in agreement with those obtained by (Djafer and Irbah,
2013) in Ghardaïa city (latitude North 32�370, longitude East 3�770

and altitude 450 m), this can be explained by hot weather and Sir-
occo winds that characterize the two locations. Djafer and Irbah
obtained that at 39.8% of the cloudless days, TL values are less than
3 and about 47.5% of the Linke factor values are between 3and 5.
For the Angström coefficient, 75.4% of the values are between
0.02 and 0.15.

The series of the monthly average Link turbidity factor values
(TLm) obtained in Adrar, Ghardaïa and Tamanrasset (latitude North
22�780, longitude East 5�520 and altitude 1377 m), are reported in
Table 1. From which it could be observed that the monthly average
values of the three sites have the similar behavior with a big degree
of variability within three month (October–December) between
Adrar and Ghardaïa values and those of Tamanrasset. The monthly
Linke factor over Adrar and Ghardaïa recorded minimum values in
January (2.35 and 2.1, respectively) and maximum values in July
(4.6 and 4.9, respectively). However, in Tamanrasset the lowest
and highest values have been recorded respectively for February
(2.6) and October (4.7). This can be explained either by the high
elevation of Tamanrasset (1377 m) or by the difference between
Aguiar procedure used in Tamanrasset and Kasten method used
in Adrar and Ghardaïa for assessing the Linke factor. Similarly,
the monthly average values of the Ångström turbidity (bm) calcu-
lated in Adrar and Ghardaïa are given in Table 2. It should be noted
that bm reaches its lowest in January (0.015 and 0.03), then
nd speed evolution (left part) for a typical cloudless day.



Fig. 4. Daily average values of turbidity factors computed at Adrar.

Fig. 5. Frequency distribution of turbidity factors computed at Adrar.
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increases fairly up to (0.128 and 0.16) in July over Adrar and Ghar-
daïa respectively. The results indicate high values in summer
months than in winter months, in agreement with Bilbao et al.
(2014), who estimated the monthly average values of the
Ångström turbidity in a rural area of Castilla y León region, Spain
during the period 2010–2012. The minimum and maximum bm
are between 0.04 and 0.16 occurring in January and June
respectively



Table 1
Monthly average values of the Link turbidity factor.

Month Adrar (2012–2015) Ghardaïa (2004–2008) [19] Tamanrasset (1995–1999) [20]

2012 2013 2014 2015 Mean

J – – 2.45 2.26 2.35 2.1 2.7
F – 2.68 2.66 3.22 2.85 2.7 2.6
M – 3.04 3.02 2.72 2.92 3.1 3.2
A – 3.43 3.02 3.69 3.38 3.9 3.3
M – 3.16 3.67 4.06 3.63 4.2 3.2
J – 3.87 4.12 – 3.99 4.5 3.9
J – 4.14 5.07 – 4.6 4.9 4
A – 3.41 4.46 – 3.93 4.8 4.4
S – 3.88 4.33 – 4.1 4.4 4.5
O 3.24 3.57 3.9 – 3.57 3.7 4.7
N 2.54 2.51 2.74 – 2.59 2.8 3.5
D 2.23 2.78 2.36 – 2.45 2.4 3.7

Table 2
Monthly average values of the Ångström turbidity.

Month Adrar (2012–2015) Ghardaïa (2004–2008)

2012 2013 2014 2015 Mean

J – – 0.004 0.026 0.015 0.03
F – 0.047 0.044 0.071 0.054 0.052
M – 0.056 0.056 0.041 0.051 0.072
A – 0.072 0.054 0.095 0.073 0.107
M – 0.061 0.084 0.1 0.081 0.117
J – 0.098 0.106 – 0.102 0.13
J – 0.098 0.159 – 0.128 0.16
A – 0.061 0.113 – 0.087 0.13
S – 0.082 0.118 – 0.1 0.13
O 0.057 0.081 0.1 – 0.079 0.09
N 0.026 0.032 0.038 – 0.032 0.057
D 0.021 0.043 0.024 – 0.029 0.047

Table 3
Comparison of the Linke factor between experimental and theoretical result.

Month Capderou Error exp vs Capderou (%)

Adrar Ghardaïa Tamanrasset Adrar Ghardaïa Tamanrasset

J 2.24 2.04 1.81 4.68 2.85 32.96
F 2.28 2.09 1.85 20 22.59 28.84
M 2.46 2.27 1.99 15.75 26.77 37.81
A 2.73 2.54 2.18 19.23 34.87 33.93
M 3.03 2.83 2.39 16.52 32.61 25.31
J 3.27 3.07 2.56 18.04 31.77 34.35
J 3.39 3.19 2.65 26.30 34.89 33.75
A 3.36 3.15 2.63 14.50 34.37 40.22
S 3.18 2.96 2.49 22.43 32.72 44.66
O 2.89 2.67 2.28 19.04 27.83 51.48
N 2.59 2.38 2.06 0 15 41.14
D 2.35 2.15 1.89 4.085 10.41 48.91
Average 15.05 25.56 37.78
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Finally, the validation of the correlation presented by Capderou
was done by comparing the theoretical Link monthly average val-
ues calculated by Eq. (8) and the experimental monthly average
values obtained in Adrar, Ghardaïa and Tamanrasset (Table 3).
The analysis of the error show that Capderou formula underesti-
mate the Linke turbidity factor, the mean deviation for Adrar,
Ghardaïa and Tamanrasset are respectively 15.05%, 25.56% and
37.78%. This can be explained considering the relationship
between the Link factor and the local meteorological conditions.
This relationship is not presented in Capderou equation. Further-
more, minimum and maximum errors were observed in Adrar
and Tamanrasset respectively, this observation shows that this for-
mula is more suitable for the calculation of the Link factor in the
case of low altitudes.
5. Conclusions

In the present paper, a software application has been developed
based on original Kasten method and the equation suggested by
Dogniaux in order to calculate the hourly, daily and monthly mean
of two turbidity factors for the first time in Adrar. To reach this
goal, 31 months (2012–2015) radiometric and meteorological data
measured at research unit in renewable energies in the Saharan
medium were used. The analysis of the results demonstrates that
the Linke and Ångström turbidities are strongly correlated with
the meteorological parameters (wind speed, ambient temperature
and relative humidity). The statistics shows that 96.34% of the
Linke factor values are below 5 and 86.7% of the Ångström coeffi-
cient values are below 0.14. High values were observed in summer,
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the increase of the turbidity coefficients in this season is an indica-
tion for increasing atmospheric pollution level due to the meteoro-
logical conditions and desert sand that characterize the Algeria
Saharan regions.

In the other hand, the comparison between the monthly Linke
turbidity factors fined in Adrar, Ghardaïa and Tamanrasset showed
that the Ghardaïa and Adrar values differ from those of Tamanras-
set because Ghardaïa altitude is approaching that of Adrar. From
the validation of Capderou Linke turbidity formula, it was noticed
that Capderou formula is suitable in the case of low altitudes;
hence to have significant validation an experimental validation in
other site in Algeria is necessary.
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