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For development, installation, and examining the performance of solar energy devices, it is necessary to have knowledge of solar 
radiation. Solar radiation gets attenuated by factors such as optical thickness, water content, and aerosols, etc. All these factors 
are expressed in terms of Linke turbidity (LT). In this study, an attempt is made to assess the Linke turbidity values through a 
calculative approach. Linke turbidity is a key input for several models that assess solar radiation under clear skies. The Linke 
turbidity for each month at every location of India was estimated using the MATLAB program. The value obtained from the 
MATLAB program was further validated by measured values taken from the SoDa site and Linke turbidity maps were 
generated using Surfer software. These generated maps show year around mean value of each Indian location. As observed from 
developed Linke turbidity maps, LT value is high in summer (April – June) and lower in winter (October – February). The value 
of LT lies in the range of 1 – 4.1 during the winter season while it increases to cover a range of 4.6 – 6 in the summer season. 
 

1. INTRODUCTION 
With a population of over one billion people, India is 

dealing with issues such as a rapidly rising economy and 
massive energy demand [1 – 3]. India, on the other hand, has 
a large solar potential, with 300 clear bright days a year. 
Harnessing available solar energy in efficient way can 
improve energy deficit scenario [4 – 6]. Even, the Indian 
Energy Portal predicted that if 10 % of the land were used for 
harnessing solar energy, the installed solar capacity would be 
at 8,000 GW, or around fifty times the current total installed 
power capacity in the country [7]. A number of initiatives 
have been taken by many government agencies to encourage 
the usage of solar energy technology for electricity 
production [8]. Therefore, in order to promote solar power, 
Government has launched National Solar Mission which 
aims at achieving total installed solar capacity of 100 GW by 
2022 [9]. Consistent solar irradiation primarily require for 
optimal design and performance assessment of solar related 
energy conversion system like photovoltaic, solar thermal 
systems, etc. [10, 11]. Consecutively solar irradiation gets 
attenuated as it traverses from upper atmospheric layer to 
ground and absorbed at different wavelengths by numerous 
components in the different way. Physical properties and 
number of aerosols is used to determine the level of pollution 
and hence can give information on diffuse and direct solar 
radiation. Atmosphere is said to be turbid when aerosols are 
present in it. Aerosols present in the atmosphere make it 
turbid. Aerosols is having a radius of 10–3 to 102 µm [12]. It 
may be of terrestrial origin (industrial smoke, pollen, 
volcanic eruptions, meteoric dust, sandstorms, forest fires 
and agricultural and slash burning), or of marine origin (from 
salt crystals, ocean spray and nuclei of hygroscopic salt on 
which water has condensed). According to Iqbal (1983) rain 
and snow does not come under aerosols while water 
suspended particles along with fog lie on the borderline of 
the classification of aerosol particles [13] Turbidity produced 
by aerosols is expressed in factor called Linke turbidity 
factor. Elminir describe it as index of number of clear and 

dry atmospheres that would be necessary to produce the same 
attenuation of extra-terrestrial radiation as is produced by the 
real atmosphere [14] study of atmospheric turbidity is 
important for purposes of meteorology, ecology, climatology 
and monitoring of atmospheric pollution. 

Solar radiation is scattered and absorbed by aerosol 
particles present in atmosphere [15]. Basically, the study of 
aerosols is done on a clear day when there is no cloud 
cover. A clear day has the clearness index between 0.7 and 
0.9 [16]. The diffuse irradiation component gets altered by 
presence of clouds, which makes determining LT no more 
reliable. Therefore, overcast sky must not be considered 
while calculating LT [17]. Hence in this study, only clear 
days are considered.  

India’s solar potential is quite impressive. Solar radiation 
gets attenuated by factors such as optical thickness, water 
content, and aerosols, etc. Gases like ozone, carbon dioxide, 
water vapor and Sulphur dioxide absorb most of the 
radiation [18]. This attenuation is predicted by one common 
factor, i.e., Linke turbidity, which is linked to the aerosols, 
that are basically gases, suspended particles in air. Aerosols 
and clouds attenuated the solar radiation when it passes 
through earth’s atmosphere. It is observed that maximum 
radiation is achieved when aerosols are minimum and vice 
versa [14] . While installing photovoltaic (PV) and thermal 
system LT factor plays an important role.  High value of LT 
factor indicates more diffuse radiation and less direct 
radiation. Therefore, solar photovoltaic system and 
concentrating solar thermal power generation system will 
be effective by an increase or decrease of LT factor. It is 
important to estimate the quantity of aerosols present as it 
affects the availability of solar radiation reaching to the 
earth surface. However, limited studies related to 
determining TL are available.  Few studies gives value of 
atmospheric turbidity that too for only few sites  [18]  Only 
a few authors presented research on determining LT values, 
and they did so for nations other than India [19, 22]. Even 
several authors have addressed the unreliability of clear sky 
models when using average turbidity information rather 
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than locally obtained values. Thus the purpose of the study 
is to increase the knowledge on TL turbidity indices all 
over India which is helpful in determining the performance 
of photovoltaic and solar heating systems,  Thus, maps of 
monthly mean values of Linke turbidity factors are 
generated for all India's territory using Surfer software 
based on SODA project data [23]. The monthly variation of 
LT on representative maps are validated with a calculative 
approach using developed MATLAB program based on 
long-term measurements of solar radiation (covering a 
period of 10 years). 

2. NECESSITY TO DETERMINE LINKE 
TURBIDITY FACTOR 

The atmospheric turbidity has great importance in 
climatology, in pollution studies and to predict the potential 
of solar energy [24]. An increase in LT value testifies 
increase in level of pollution at that place [25]. For selecting 
a site for installation of solar PV system and concentrating 
solar power systems, data of solar irradiation is necessary, 
which get attenuated by atmosphere. As a result, this 
attenuation factor must be computed correctly. Aerosol 
particles have a direct impact on the direct normal irradiance 
(DNI), which is a vital component for constructing 
concentrating power plants. In general, the local diffuse 
horizontal irradiance (DHI) get increased and DNI decreases 
by the increase in scattering caused by aerosols under clear 
skies [26]. Mostly concentrating solar system are projected in 
arid or desert areas as these areas have low cloudiness. While 
predicting accurate direct normal irradiation, Linke turbidity 
is an essential input. Gueymard presented review of 24 
models for predicting relation for determining clear sky DNI 
with respect to Linke turbidity addressing several critical 
issues including: instrument error, impact of model 
performance, propagation of errors due to incorrect 
perceptible water, elimination of cloudy conditions [27].  

3. DATA COLLECTION 
Average monthly data for direct normal irradiance (DNI) 

from year 2006 to 2013 was collected from Indian 
Meteorological Department (IMD). IMD provided solar 
radiation data for all weather conditions, but after analyzing 
data clear sky were selected for consideration. Because Linke 
turbidity is computed for clear skies, the acquired data was 
filtered to only include values that corresponded to clear skies. 

4. DETERMINATION OF LINKE TURBIDITY: 
METHODOLOGY 

To determine the Linke turbidity a calculative approach 
was used as described by Marif [19]. Solar radiation is 
mainly influenced by Linke turbidity Factor (LTF), and it 
specifies scattering and atmospheric absorption of solar 
radiation under clear sky. Atmospheric optical densities in 
clean, dry, humid, and hazy conditions are indicated by this 
factor. In other words, LTF is the number of clean dry air 
masses that would result in the same extinction then real 
hazy and humid air [28]. Its value varies with locations; 
however, the differences are correlated with altitude. 

There are numbers of models available, which can be 
used to determine Linke turbidity. However, Louche model 
is globally used for its higher efficient results [29]. 

Therefore, in the present study Louche equation was used 
to determine LT. Louche equation requires DNI, Solar 
constant, Rayleigh optical thickness and optical air mass as 
an input to determining LT. Therefore, this model is 
adopted for calculations [29]: 

( )expN O L A RI I T m= ⋅ε ⋅ − ⋅ ⋅δ  (1)

Therefore, TL can be found out using solar constant (I0), 
Direct Normal Irradiation (IN), relative optical air mass 
(mA) and Rayleigh’s optical thickness (δR): 

TL =
ln IO − ln IN + lnε

mA ⋅δR

, (2)

where δR is Rayleigh’s optical thickness, which is optical 
thickness of a pure Rayleigh scattering atmosphere, per unit 
area mass along a specified path length; I0 is solar constant = 
1 367 W/m² [28]; mA is the relative optical air mass, which 
depends on Zenith angle θz and actual pressure at place. 

Calculation of LT requires calculation of solar 
declination, solar hour angle, solar elevation angle, relative 
optical air mass and extra-terrestrial solar radiation. 
Therefore following equations are used for calculating LT 
[30]. Calculation of solar declination can be done using 
below mentioned: 

 
( )

( )
sin

0.3978 sin 1.4 0.0355 sin 0.0489 ,p pN N

δ =

⎡ ⎤= ⋅ − + ⋅ −⎣ ⎦
 (3) 

with:  N p = 2 ⋅ π ⋅ N / 365.25 . (4) 

Calculation of solar hour angle can be done by 

( )0.261799 12tω = ⋅ − . (5)

Solar elevation angle can be done using latitude, hour 
angle, declination angle: 

( ) ( ) ( ) ( ) ( ) ( )sin cos cos cos sin sinsγ = ϕ ⋅ δ ⋅ ω + ϕ ⋅ δ , (6)

where δ is declination angle, φ is latitude of place and ω is 
hour angle. 

Calculation of relative optical air mass was done using 

( ) ( )
0

1.6364
/

s in 0.50572 6.07995
A

cor cor
s s

p pm
γ γ

−=
+ ⋅ + (7)

The p/p0 component in eq. (7) is correction for given 
elevation z [m]: 

p / p0 = exp −z /8434.5( ) . (8)

Calculation of integral Rayleigh optical thickness 
depending on its value can be done by: 

• if mA ≤ 20 

( ) ( ) ( )
( ) ( )

1 2

3 4

6.6296 1.7513 0.1202

0.0065 0.00013 ,

R A A

A A

m m

m m

δ − = + ⋅ − ⋅ +

+ ⋅ − ⋅
 (9)

• if mA> 20 

δ R( )−1 = 10.4 + 0.718 ⋅ mA( ). (10)
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The calculation of extra-terrestrial solar radiation G0 was 
done using: 

( )'. 1 0.03344 cos 0.048869o oG I j⎡ ⎤= + −⎣ ⎦ , (11)

where the day angle j’ is in radians and N is the day number. 
The calculation of DNI (W/m²) from direct radiation IB 

(W/m²) can be calculated using: 

( )IN IB/sin s= γ . (12)

Hence after the calculation of various affecting 
parameters Linke turbidity factor was calculated by:  

TL =
1

mA ⋅δR( )
⋅ ln

IO ⋅ε
IN

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ . (13)

 

To ease the calculation method, eq. (1) to eq. (13) was 
programmed in MATLAB to calculate TL at any location, 
and program works as depicted through flowchart (Fig. 1), 
with successful execution of MATLAB program LT file was 
attained as an output file. This file is given as one of the 
inputs for Surfer software. Surfer software was used to create 
turbidity maps for the entire year in India. Surfer is a grid-
based mapping program that interpolates irregularly spaced 
XYZ data into a regularly spaced grid. The application of 
Surfer is to create a grid-based map from an XYZ data file. 
Surfer software needs 3 files for creating a grid file, i.e., 
latitude file, longitude file and elevation file of India. 
Latitude file consists of 8°4’ to 37°6’ North, which further 
includes loop to increment longitude value from 68°7’ to 
97°25’ East. The Data command requires three columns of 
data: one column for latitude, one column for longitude, and 
one column for elevation. Following the entry of a grid file 
and a Linke turbidity file, contour maps were generated. 

 
Fig. 1 – Flow chart for calculating TL factor using MATLAB program. 

 

5. RESULTS AND DISCUSSIONS 
Louche Linke turbidity model is function of direct normal 

irradiance, Rayleigh’s optical thickness, and Rayleigh 
scattering atmosphere. Linke turbidity for clear sky was 
calculated from above equations using various parameters for 

eight years, i.e., 2006 to 2008 for all the Indian states as 
direct radiation was used as provided by IMD. 

5.1. VALIDATION 

To perform validation, calculated values of LT were 
compared with measured value. Solar Radiation Data 
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(SoDa project website) was used for measuring Linke 
turbidity values. SoDa uses photos from Meteosat 
geostationary satellites to give real-time and forecast LT 
values. Values taken from SoDa site were considered as 
measured values. SoDa website needs latitude, longitude, 
and elevation of location for measuring Linke turbidity 
values for the whole year. Calculated LT value was 
compared with measured value from SoDa site. Locations 
like Jaipur, Kolkata, New Delhi, and Mumbai were selected 
for performing validation. Calculated LT values for all 4 
cities were compared from measured values. Graphs were 
plotted to determine errors for 4 locations as shown in 
Fig. 2. To increase the confidence in the calculated values, 
statistical analysis was also performed to check errors.  

 
 

 

The root mean square error RMSE indicator 

 RMSE =
1

m

1

n
ei

2

i=1

n

∑ ,  (14)

where n is number of measured and computed values, 
denoted by mi and ni (i = 1 to n), respectively 

ei = mi − ci , (15)

was used to determine accuracy (Table 1). The mean 
value of measured values is given by 

m =
1

n
mi

i=1

n

∑ . (16)

 

 

Table 1 
RMSE values for different location of India 

Location RMSE (%) 
Jaipur  0.60  
Mumbai  0.87  
Kolkata 0.78  
New Delhi 0.75  

If RMSE lies in range of 0,1-1,0, it specifies good 
agreement between calculated and measured values as 
suggested by [31]. Therefore, the above calculative approach 
can be used to determine LT for any place in India. 

5.2. LINKE TURBIDITY FILE  

Since it is difficult to know which observation is closer 
to truth, averages of two values were used for mapping 
purpose. Finding minimum error between calculated and 
measured values, a file consisting of mean Linke turbidity 
value for whole India at every location was created. Mean 
values, i.e., average values between measured and 
calculated values were considered as an input file for Surfer 
software. As a result, the maps generated depict average LT 
values for India as a whole. 

 
Fig. 2 – Validation graph between measured and calculated LT values. 
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5.3. MAPS OF LINKE TURBIDITY 
Maps of LT were generated after verification and 

performing error analysis (Fig. 3 to Fig. 14). As observed 
from various Linke turbidity maps, LT value is high in 
summer (April – June) and lower in winter (October – 
March). The value of LT lies in range of 1 – 4.1 during 
winter season while it increases to cover range of 4 – 6 in 
summers. Table 2 shows some parameters indicators for 
various degrees of atmospheric cleanliness. 

Table 2 
Parameters for various degrees of atmospheric cleanliness [32] 

Atmosphere Linke turbidity Visibility (km) 
Pure Rayleigh 
Atmosphere 1 340 

Clean, warm air 2 28 
Turbid, moist, warm air 3–4.1 11 
Polluted atmosphere 4.2–6 < 5 

 
Seasonal variation: India has three seasons: winter from 

October to March, hot summer from April to June, rainy 
season: July to September. As the season changes there is 
change in daytime temperature and prevailing winds.  

Linke turbidity maps for winter season from month 
October to March are shown in Fig. 3 to Fig. 8. It can be 
observed that LT is lower in winter season. Winter is followed 
by low aerosol concentration and passage of western 
disturbances. Low aerosol content accounts due to lower 
temperature inversion. Turbidity is lower in winter season due 
to absence of dust and desert storm. As a result, the chilly and 
less humid climate remains during the winter season. Linke 
turbidity is a significant metric for assessing air pollution, as 
well as the key control parameter for the reduction of solar 
radiation reaching the earth's surface under clear skies. 

As observed in all maps of winter season (Fig. 3 to 
Fig. 8), southern states like Karnataka, Tamil Nadu, Kerala 
receives maximum LT in winter season. Linke turbidity is 
lowest in states like Jammu & Kashmir and Arunachal 
Pradesh. LT value increases in states like Rajasthan, New 
Delhi, and Bihar. Direct normal irradiance has logarithmic 
relation with LTF while diffuse irradiation is directly 
proportional to LTF. States having high vales of Linke 
turbidity will have high value of diffuse irradiation. 

Summer season is observed in India during April to June 
months. While Linke turbidity is higher in summer months 
in range of 4–6 due to existence of high dust storm and high 
particle flux. Atmosphere convection increases due to 
higher temperature inversion is summer season. LT maps 
for summer season are shown in Fig. 9 to Fig. 11. DNI 
which is a critical component for developing concentrating 
power plant is directly influenced by aerosol particles. In 
general, the local Diffuse Horizontal Irradiance (DHI) gets 
increased and DNI decreases by the increase in scattering 
caused by aerosols under clear skies. Mostly concentrating 
solar system is projected in arid or desert areas as these 
areas have low cloudiness. When it comes to forecasting 
the irradiance of direct normal irradiation with accuracy, 
the input of Linke turbidity is critical. 

The observed values are lower than the previous values 
presented by Narain and Garg [18], due to the reason that in 
this study only clear sky days are considered. The study 
done by Narain and Garg presented LT values for all days 
(cloudy and clear days). Linke turbidity for summer season 
lies in range of 4.6 to 6, which shows major portion of India 
is polluted [32]. 

LT maps for monsoon season are as shown in Fig. 12 to 
Fig. 14. The temperature of surface drops from pre monsoon 
to monsoon season. Increase in cloudiness is observed in 
summer Monsoon. In upper troposphere temperature gradient 
is higher as compared to lower troposphere. Pre-Monsoon 
season is marked by clear sky and increase in solar radiation 
and hence increase in Linke turbidity value. LT values are 
high in rainy season showing peak in August. More is value 
of LT; less is value of clearness index. High value in August 
leads to trapping of pollution in boundary layer, causing 
environmental problems. High Linke turbidity also accounts 
for increase in diffuse irradiation. More Increased turbidity 
causes an increase in aerosol particles, which scatter light 
more and hence enhance diffuse irradiation. It can be seen 
from various maps that LT is highest in these months which 
increases turbidity of air and decreases the visibility, hence 
affect environmental quality of cities. The higher the value of 
LT, the more solar radiation will be scattered and absorbed.  

  

Fig. 3 – LT map of October month over India. Fig. 4 – LT map of November month over India. 
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Fig. 5 – LT map of December month over India. Fig. 6 – LT map of January month over India. 

 

  

Fig. 7 – LT map of February month over India. Fig. 8 – LT map of March month over India. 

 

  

Fig. 9 – LT map of April month over India. Fig. 10 – LT map of May month over India. 
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Fig. 11 – LT map of June month over India. Fig. 12 – LT map of July month over India. 

 

  

Fig. 13 – LT map of August month over India. Fig. 14 – LT map of September month over India. 

6. CONCLUSIONS 
This work proposed model for determining LT from DNI 

for clear sky conditions. No information is available related 
to LTF for clear sky in Indian climatic conditions. 
Therefore, this developed model calculates LTF for clear 
sky in Indian climatic conditions and hence maps are 
generated which presents LT values at every location. LT 
values were than validated by values measured by SoDa 
site. Error analysis was also performed between measured 
and calculated values. RMSE and MBE were found in 
permissible range. LT value is high in summer (4.6 – 6) and 
lower in winter (1 – 4.1) as observed by generated maps. 
Further the Linke turbidity factor is of specific importance 
for the calculation of beam and diffuse solar radiation in a 
determined locality. Thus, it is important to determine LT 
values before installing any solar PV and solar 
concentrating power plant. Therefore, atmospheric turbidity 
is not only an important factor for monitoring the air 
pollution, but it is significant in meteorology, climatology 
and for designing of solar energy systems. 

Received on January 31, 2020 
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