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A B S T R A C T

This paper compares three attenuation models for the distinct meteorological conditions of India and assesses
the feasibility of using the satellite data to calculate the slant path extinction coefficient and the slant path
transmissivity of the lower atmosphere. The attenuation models are compared for the sites of Pune, Kanpur,
and Jaipur. The AERONET data is used with REST2 to model the direct normal irradiance and the total
optical depth. The results indicate that the three models give similar transmissivity values for low aerosol
concentrations. As the aerosol concentrations increase, the difference in the slant path transmissivity as
calculated by two of the models increases with respect to the third reference model.

The slant path transmissivity comparison shows that for AERONET AOD at 550 nm (AOD550) less than
0.3, the relative error in the transmissivity values estimated by two of the compared models with respect
to the third model is not higher than 10 % for Pune, 18 % for Kanpur, and 12 % for Jaipur. The mean
relative error in the slant path transmissivity values obtained from the reference model using MODIS data
with respect to the values obtained using AERONET data is 4.8 %, 10.2 %, and 9.2 % for Pune, Kanpur, and
Jaipur, respectively. A difference of 0.2 between AERONET AOD550 and MODIS AOD550 values resulted in a
difference of 0.05–0.08 between the transmissivity values calculated by the reference model using AERONET
AOD550 and using MODIS AOD550 for the three sites.
1. Introduction

In a central receiver solar thermal plant, solar radiation is reflected
by the heliostats (mirrors) and concentrated on a receiver placed on the
top of a tower. In its pathway, the reflected solar radiation interacts
with different atmospheric components such as air, water vapour, and
aerosol particles. Because of these atmospheric components, scattering
and absorption of the solar radiation take place, thereby reducing its
intensity. The more the distance between the heliostat and the receiver,
the higher will be the attenuation.

Accurate modelling of slant path atmospheric attenuation of solar
radiation in central receiver solar thermal plants is a major chal-
lenge (Hanrieder, 2016). Static models have been developed to estimate
this attenuation (Vittitoe and Biggs, 1978; Leary and Hankins, 1979;
Kistler, 1986; Vittitoe and Biggs, 1981). Some of the models have been
modified (Belhomme et al., 2009; Buck, 2011; Ballestrìn and Marzo,
2012) and are being used in the efficiency calculation of heliostat
fields. There are also attenuation models which take site−specific in-
puts such as aerosol optical depth (AOD), precipitable water vapour

∗ Corresponding author.

amount (Pitman and Vant-Hull, 1982; Tahboub et al., 2013; Polo et al.,
2016a; Elias et al., 2016), and direct normal irradiance (DNI) at ground
level (Sengupta and Wagner, 2012; Hanrieder et al., 2016). Hanrieder
et al. (2017) presents a detailed summary of the various attenuation
models.

The slant path attenuation of solar radiation in a central receiver
solar thermal plant depends on the concentration of aerosol particles,
the amount of water vapour, and the number of air molecules present
between the heliostat and the receiver. Gueymard et al. (2017) and
Elias et al. (2017) showed that air molecules and water vapour result
only around 2 % to 3 % of attenuation in the solar radiation between
heliostat and the receiver. Thus, most of the attenuation of solar radia-
tion is because of the aerosol loading present in the pathway of heliostat
and receiver. The attenuation models, as discussed by Hanrieder et al.
(2017), may give different results for different atmospheric aerosol
loading as most of the models are developed by considering site-specific
inputs. Thus, it is necessary to examine the reliability of these atten-
uation models for different atmospheric conditions. Hanrieder et al.
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Nomenclature

Abbreviations

AERONET Aerosol robotic network
AOD Aerosol optical depth
AOD550 Aerosol optical depth at 550 nm
DNI Direct normal irradiation
MBE Mean bias error
MODIS Moderate resolution imaging spectrora-

diometer
MRE Mean relative error
REST2 Reference evaluation of solar transmit-

tance, 2 bands

Symbols

𝑎, 𝑏 Model coefficients
𝑔 Acceleration due to gravity [ms−2]
ℎ Altitude [m]
𝐻 Scale height of atmosphere [m]
𝑝 Pressure [hPa]
𝑅𝑠 Specific gas constant [J kg−1 K−1]
𝑇 Temperature [K]
𝑇𝑟 Transmissivity
𝑢𝑛 Nitrogen dioxide amount [Dobson unit]
𝑢𝑜 Ozone amount [Dobson unit]
𝑤 Precipitable water vapour amount [mm]
𝑥 Distance [m]

Greek symbols

𝛼 Ångstrom exponent
𝛽 Extinction coefficient [m−1]
𝜆 Wavelength [nm]
𝜏 Optical depth
𝜃𝑧 Solar zenith angle [◦]

Subscripts

ang Ångstrom
ext Extinction

(2017) has compared several models for Almeria, Spain. The static
models – DELSOL3 (Kistler, 1986), MIRVAL (Leary and Hankins, 1979),
STRAL (Ahlbrink et al., 2012), HFLCAL (Schwarzbözl et al., 2009),
and Ballestrìn and Marzo (2012) – gave a constant result over a chosen
period of time for a particular slant range. However, the models by Polo
et al. (2016a), Pitman and Vant-Hull (1982), Sengupta and Wagner
(2012), and Tahboub et al. (2013) are dependent on the time of the day
as aerosol concentration may vary with respect to time. Their results
differed from each other for the same set of inputs.

The slant path extinction coefficient is an important parameter
for atmospheric attenuation calculation in the pathway of heliostat to
receiver. However, it is difficult to obtain the slant path extinction
coefficient near ground. So, AOD, an integrated parameter over the
whole vertical column is used for slant path atmospheric attenuation
calculation. On the other hand, ground measured data for AOD is not
available for all sites. In place of the ground data, satellite data can be a
feasible alternative. There is significant research on the use of satellite
data to calculate the solar irradiance at ground level (Polo et al.,
2014). The use of satellite AOD for modelling attenuation however
has attracted attention only recently (Carra et al., 2020). Reanalysis
1043

models, CAMS and MERRA-2 can also be used, as they are assimilated
MODIS data. Gueymard and Yang (2020) compared MODIS retrieved
AOD and reanalysis models CAMS and MEERA-2 and reported the
substantial differences in AOD550 mainly because of the elimination
of cloud interference.

In this study, we compare three attenuation models (Tahboub et al.,
2013; Polo et al., 2016a; Hanrieder et al., 2016) for three sites in
India using the AERONET data (Holben et al., 1998). These three sites
have different atmospheric and geographic conditions, i.e. altitude,
aerosol concentration, precipitation, and humidity. The satellite data
MODIS AOD (Remer et al., 2005) is also used to calculate the slant
path attenuation. The transmissivity values obtained using the ground
data are compared with those obtained using the satellite data in order
to evaluate the feasibility of using the satellite data for attenuation
calculations in the pathway of heliostat to receiver in central receiver
solar thermal plants.

The rest of the paper is structured as follows. Section 2 presents
a detailed description of the compared attenuation models, the data
sources, and the methodology. Section 3 presents the results and dis-
cussion from the study. Section 4 concludes the paper.

2. Methodology

For the comparative analysis, the sites of Pune (18.5◦ N, 73.8◦ E,
altitude 595 m), Jaipur (26.9◦ N, 75.8◦ E, altitude 450 m), and Kanpur
(26.5◦ N, 80.2◦ E, altitude 123 m) are considered. Pune is situated in a
asin surrounded by uplands and hills. The weather is dry (Gadgil and
horde, 2005). Jaipur is located in the semi-desert land of Rajasthan
nd thus it has hot summers and cold winters (Tyagi et al., 2011).
anpur is among the most polluted cities in India. Located in the Ganga
asin, it is hot and dry in summer and cold in winter (Chakraborty
nd Gupta, 2009). According to the Köppen climate and classification,
une and Jaipur are classified as type BSh, i.e. hot semi-arid climate,
nd Kanpur is classified as type Cwa, i.e. monsoon-influenced humid
ubtropical climate (Geiger, 1954). The attenuation models by Tahboub
t al. (2013), Polo et al. (2016a), and Hanrieder et al. (2016) are used
or comparison. For brevity, these models are referred to as model
1, model M2, and model M3, respectively, in the rest of the paper.
he model by Tahboub et al. (2013) uses the ground measurement of
NI to model the attenuation. In the model by Polo et al. (2016a),

ive different aerosol load conditions have been selected to model the
ttenuation. The maximum AOD at 550 nm (AOD550) considered in
eriving the model by Polo et al. (2016a) is 0.72.

The models M1 by Tahboub et al. (2013) and M2 by Polo et al.
2016a) in this comparison do not consider the vertical aerosol parti-
les distribution in the atmosphere, which plays a significant role in
he modelling of the slant path atmospheric attenuation. The aerosol
oading in the atmosphere changes with respect to the altitude, and so
oes the vertical extinction coefficient. Thus, using the average verti-
al extinction coefficient profile of aerosol loading in the attenuation
odels may not give an accurate result. López et al. (2017) showed

hat different vertical aerosol profiles will lead to different solar energy
osses in slant path attenuation calculation. Therefore, the site depen-
ent vertical extinction coefficient factor should also be considered in
he modelling of attenuation. The model M3 by Hanrieder et al. (2016)
onsiders the vertical distribution of aerosol loading by using two
onstants 𝑎 and 𝑏. Therefore, these three models (Tahboub et al., 2013;

Polo et al., 2016a; Hanrieder et al., 2016) have been chosen for this
study as they are derived using different approaches. This comparison
enables to comment not only on the suitability of these models for
different aerosol concentration regions but also on the methodology
used for deriving the correlations used in these attenuation models. A
study on the validation of model M3 for three different sites in Spain
and Morocco is shown by Hanrieder et al. (2019). The study resulted
below 5 % of mean bias error with respect to a reference data set. So,
we are assuming that the model M3 is the most accurate transmissivity
model in the light of work done by Hanrieder et al. (2019) and hence
we are considering model M3 as a reference model to compare other
two models. The detailed methodology employed in this study is shown

in Fig. 1.
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Fig. 1. Methodology of comparative analysis.
2.1. Data sources

The ground and satellite AOD data are taken from AERONET (Hol-
ben et al., 1998) station and MODIS, respectively, whereas for DNI,
REST2 model (Gueymard, 2008) is used. These are elaborated in Sec-
tions 2.1.1 to 2.1.3.

2.1.1. AERONET
AERONET (AErosol RObotic NETwork) is a world-wide distributed

network for measuring atmospheric aerosol properties and consists of
ground-based sun photometers (Holben et al., 1998). It reports the
spectral AOD at different wavelengths. However, it does not provide
1044
AOD550, which may be calculated using the following relation (Singh
et al., 2017):

AOD550 = AOD500
( 550
500

)−𝛼
, (1)

where, 𝛼 is the Ångstrom exponent for wavelength range 440 nm to
870 nm. If AOD500 is not available, then AOD at 675 nm can be
considered as suggested by Singh (2018). The values for AOD550 may
also be estimated using other methods, e.g. a quadratic polynomial
interpolation method as suggested by Gueymard and Yang (2020). The
obtained AOD550 values from the two methods (Singh et al., 2017;
Gueymard and Yang, 2020) have negligible differences with an average
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difference of 2.3 %, 1.03 %, and 0.88 % for the considered data points
for Pune, Kanpur, and Jaipur, respectively.

2.1.2. MODIS
Ground measured AOD is not available for all possible sites on

earth. Thus, satellite data can be an alternate solution to provide
the AOD values for the atmosphere. Multi-angle Imaging Spectrora-
diometer (MISR) and Moderate Resolution Imaging Spectroradiometer
(MODIS) are the satellite platforms that provide AOD (Zhong and
Kleissl, 2015). The satellite data can be used to calculate DNI at the
earth surface (Polo et al., 2016b). Terra and Aqua satellites on-board
a spectroradiometer, commonly known as MODIS, for measuring total
vertical AOD of the atmosphere (Remer et al., 2005). Terra overpasses
the equator at +5 UTC and Aqua passes equator at +8 UTC. MODIS has
36 spectral bands. The AOD data is available in 10 km × 10 km and
3 km × 3 km grid resolutions. In addition to AOD, MODIS also measures
the precipitable water vapour amount. In this study, MODIS collection
6.1 products (Wei et al., 2019) for the year 2015 have been used.
‘‘Corrected_Optical_Depth_Land’’ variable of MOD04_3k (3 km × 3 km
grid data) is used to obtain the AOD at 470 nm, 550 nm, and 660 nm.

2.1.3. Modelled DNI data
Because of the unavailability of the measured DNI at the three sites,

it is necessary to find a different way to obtain the DNI values for
the three sites. For this purpose, REST2, a solar radiation model for
predicting clear-sky irradiance (Gueymard, 2008), is used to obtain the
DNI values for the three sites. For DNI calculation, the model takes
atmospheric inputs of pressure, water vapour amount, ozone thickness,
nitrogen dioxide amount, Ångstrom exponent 𝛼 in two wavelength
regions (below 700 nm and above 700 nm), Ångstrom turbidity coeffi-
cient 𝛽ang (AOD at 1000 nm), and solar zenith angle. It is a two band
model. In our study a single value of 𝛼 is selected for both the bands.
𝛼 and 𝛽ang are used in REST2 model to calculate the AOD:

AOD𝜆 = 𝛽ang𝜆
−𝛼 , (2)

where AOD𝜆 is the AOD at wavelength 𝜆, 𝛽ang represents the amount of
aerosol present in the atmosphere in the vertical direction at 1000 nm
and 𝛼 signifies the size distribution of the aerosol particles. A higher
value of 𝛼 implies a higher ratio of small particles to large particles.
Typically, 𝛼 varies between 0 and 4, and 𝛽ang varies between 0.0 and
0.5 (Iqbal, 1983).

For 𝛼 and 𝛽ang, a linear fitting of logarithmic AOD and the corre-
sponding logarithmic wavelength is done using Eq. (2):

lnAOD𝜆 = ln 𝛽ang − 𝛼 ln 𝜆. (3)

For calculating the pressure, Eq. (4) is used (Seinfeld and Pandis,
1998):

𝑝 = 𝑝0e−ℎ∕𝐻 , (4)

here, 𝑝 is the site pressure in hPa, 𝑝0 is the pressure at sea level in
Pa, ℎ is the altitude of the site in m, and 𝐻 is the scale height of the
tmosphere in m. Scale height is the height at which pressure reduces
o 1∕𝑒 times the sea level pressure. 𝐻 is calculated by (Seinfeld and
andis, 1998):

=
𝑅𝑠𝑇
𝑔

, (5)

here 𝑅𝑠 is the specific gas constant in J kg−1 K−1, 𝑇 is the ambient
emperature in K and 𝑔 is the acceleration due to gravity in ms−2. 𝑇

is obtained from the Weather Underground weather database (TWC,
2020).
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2.2. Transmissivity models

2.2.1. Model M1
A correlation was developed by Tahboub et al. (2013) for modelling

the slant path extinction coefficient. This model relates the vertical at-
mospheric optical depth with the slant path extinction coefficient. The
model was validated using ground measured data. The experimental
setup was established at the Jabal Hafeet mountain in the United Arab
Emirates (UAE). In this experiment, four pyrheliometers were placed at
different altitudes between 340 m and 1035 m above mean sea level to
measure the DNI. The measured data was temperature corrected and
calibrated.

Using regression, the relation between the slant path extinction
coefficient (𝛽ext) and the vertical optical depth of the atmosphere (𝜏)
was obtained. This relation is shown in Eq. (6).

𝛽ext = 0.23𝜏 + 0.022 (6)

Model M1 takes total vertical optical depth as an input which is
derived using REST2 in this work.

2.2.2. Model M2
Polo et al. (2016a) presented a sensitivity study on the modelling

of the slant path atmospheric attenuation of solar radiation using the
libRadTran radiative transfer model. Six AERONET stations (Birdsville,
El Arenosillo, Railroad-Valley, Jaipur, Tamanrasset, Solar Village) rang-
ing from clear to hazy atmospheric conditions were considered as
an aerosol input. The polynomial fit of the obtained results of the
attenuation calculated using the libRadTran was done as a function of
the distance 𝑥 (in km) between heliostat and receiver, also known as
the slant range:

𝑇𝑟 = 1 − (𝑎1𝑥3 + 𝑎2𝑥
2 + 𝑎3𝑥 + 𝑎4), (7)

where 𝑇𝑟 is the transmissivity and the coefficients 𝑎1, 𝑎2, 𝑎3, and 𝑎4 are
the third order polynomial function of AOD550. As the model by Polo
et al. (2016a) is formulated in a polynomial form, it allows for an
easy implementation in both ray-tracing and performance assessment
tools (Polo et al., 2017). The input for this model i.e. AOD550 is derived
from Eq. (1) using AERONET data.

2.2.3. Model M3
Hanrieder et al. (2016) improved the model by Sengupta and Wag-

ner (2012) by using more site-specific inputs. In the model by Hanrieder
et al. (2016), two additional parameters 𝑎 and 𝑏 are derived which
depend on the vertical aerosol extinction profile and the precipitable
water vapour content in the atmosphere. The slant path extinction
coefficient is given as:

𝛽ext = 𝑎
[

− ln
(

DNI
DNIclean,sim

)

⋅ cos 𝜃
]

+ 𝑏, (8)

here 𝜃 is the solar zenith angle, DNIclean,sim is calculated DNI for no
erosol condition, 𝑏 is the offset of the model in km−1 and 𝑎 is the slope
n km−1. The constants 𝑎 and 𝑏 are different for different precipitable
ater vapour concentrations (Hanrieder et al., 2016).

The model by Hanrieder et al. (2016) requires the calculation of
oefficients 𝑎 and 𝑏 for each site. The same approach, as used by Han-
ieder et al. (2016), is also used in this study to calculate 𝑎 and 𝑏 using
he libRadtran radiative transfer model (Mayer and Kylling, 2005). For
he aerosol extinction height profile, the LIVAS global climatology data
s used for the three locations (Amiridis et al., 2015). The LIVAS profile
or Pune, Kanpur, and Jaipur is shown in Fig. 2. It may be observed
rom Fig. 2 that Kanpur has the highest aerosol loading in the lower
km region above the ground level among the three sites.

The values of 𝑎 and 𝑏 for the three sites for different precipitable
ater vapour content (𝑤) are given in Table 1. From Table 1, it may
e observed that 𝑎 is nearly constant for all the sites, whereas 𝑏 varies

ith 𝑤. As mentioned in Section 2.1.3, the REST2 model is used to
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Fig. 2. LIVAS vertical aerosol height profile.

Table 1
Parameters 𝑎 and 𝑏 for the three locations Pune, Kanpur, and Jaipur as required by
the model M3 (Hanrieder et al., 2016) to calculate the extinction coefficient.
w Pune Kanpur Jaipur

(mm) a
(km−1)

b
(km−1)

a
(km−1)

b
(km−1)

a
(km−1)

b
(km−1)

0 0.674195 0.008564 1.010814 0.008809 0.780956 0.008626
10 0.674204 0.025562 1.010822 0.025351 0.780963 0.025419
20 0.674206 0.029507 1.010823 0.029167 0.780966 0.029308
30 0.674208 0.032289 1.010825 0.031827 0.780967 0.032040

alculate DNI and DNIclean,sim for ‘with aerosol’ and ‘without aerosol’
onditions, respectively. For the comparison of transmissivity values
alculated from the model M3 with respect to the other two models,
ll the inputs of REST2 model are taken from the AERONET station. 𝛼
nd 𝛽ang are derived using Eq. (3).

Model M3 is used to calculate the transmissivity using satellite data.
he transmissivity values calculated using satellite data is then com-
ared with the transmissivity values calculated using AERONET data
o assess the feasibility of using satellite data in place of ground-based
ata. However, in the comparison of transmissivity values calculated
sing MODIS data with respect to transmissivity values calculated using
ERONET data, Ångstrom exponent 𝛼 and Ångstrom turbidity coeffi-
ient 𝛽ang are not directly available in MODIS data. From collection 6,
ngstrom exponent for land is not being reported. The relation given
y Eq. (9) is used for calculating 𝛼 using MODIS AOD data (Zhong and
leissl, 2015).

= −
ln

AOD𝜆2
AOD𝜆1

ln
𝜆2
𝜆1

(9)

Three possible combinations of the available AOD and the corre-
ponding wavelength are used to estimate the value of 𝛼. In order to
btain a single value of 𝛼 for the solar spectrum wavelength range, the
verage of the three 𝛼 values at 470 nm, 550 nm, and 660 nm is used
n this study. For calculating 𝛽ang, AOD550 is considered as (Zhong and
leissl, 2015):

ang = AOD550 𝜆𝛼 . (10)

The other inputs for the REST2 model (water vapour amount, ozone
mount, nitrogen dioxide amount) are taken from the AERONET data.
ater vapour amount can also be calculated using an empirical relation

iven by Gueymard (1993).
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Fig. 3. Frequency distribution histogram plot of AERONET AOD550 for Pune, Kanpur,
and Jaipur.

2.3. Statistical parameters for comparative analysis

The statistical parameters used for the comparative analysis are
given by:

Mean bias error (MBE) = 1
𝑁

∑

𝑁
(𝑇M3 − 𝑇q) (11)

ean relative error (MRE) = 1
𝑁

∑

𝑁

(||
|

𝑇M3 − 𝑇q
|

|

|

)

𝑇M3
(12)

2 = 1 −
∑

𝑁 (AERONET AOD550 − MODIS AOD550)2
∑

𝑁 (AERONET AOD550 − ⟨AERONET AOD550⟩)2
(13)

here 𝑇 is the transmissivity. The subscript of 𝑇 denotes the models
hat are used to calculate the transmissivity. Here 𝑞 stands for M1,
2, and M3,sat. M3,sat is model M3 with satellite data. 𝑁 is the total

umber of data points.

. Results and discussion

.1. Analysis of AOD levels and sources

.1.1. AOD550 levels at each location
The AERONET AOD550 for Pune, Kanpur, and Jaipur is compared

n Fig. 3 using data from 2015 and a frequency distribution histogram
lot. For this comparison, 6340, 7656, and 9282 data points are se-
ected for Pune, Kanpur, and Jaipur, respectively. Kanpur is relatively
igher aerosol loaded than Pune and Jaipur (Fig. 3). Kanpur is an
rban-industrial city in the Ganga basin. With the increase in indus-
rialization and urbanization, the pollution and aerosol loading also
ncreased in Kanpur (Singh et al., 2004). It may be observed from Fig. 3
hat the number of counts for AOD550 greater than 1 is significantly
ess for Pune and Jaipur compared to Kanpur. For Pune and Jaipur,
ost of the frequency distribution peaks occur between 0.2 and 0.7.

or Jaipur, maximum number of AOD550 data points lie between 0.25
o 0.5. The maximum number of count for Pune lies near the AOD550
alue of 0.25. While for Kanpur, it is well distributed over the range
f 0.25 to 1. The mean AOD550 value for Pune, Kanpur, and Jaipur is
.43, 0.59, and 0.42, respectively.

.1.2. Comparison of AOD550 from AERONET and MODIS
The comparison of AERONET and MODIS data for AOD550 for

une, Kanpur, and Jaipur is shown in Fig. 4. The coefficient of de-
ermination R2 for Pune, Kanpur, and Jaipur is 0.74, 0.77, and 0.64,
espectively. R2 tells the extent to which any variable can be predicted
y some independent variable. Although Kanpur is highly aerosol
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Fig. 4. Comparison of AERONET and MODIS AOD550 values.
loaded, it also has the highest R2 (0.77) which means that 77 % of
the total variation in MODIS AOD can be explained by the linear
relationship between AERONET AOD and MODIS AOD.

3.2. Comparison of transmissivity using AERONET AOD data

The comparison of the transmissivity values estimated using the
three models for Pune, Kanpur, and Jaipur is shown in Fig. 5. For this
comparison, a total of 6340, 7656, and 9282 data points are taken
from AERONET data set of year 2015 for Pune, Kanpur, and Jaipur,
respectively. From Fig. 5, it may be observed that the three models
predict similar results for some range of inputs, while at other times,
model M1 and M2 differ from model M3 significantly. These similarities
and differences are mainly because of the dependency of the models
on AOD, as each model takes aerosol concentration as an input in
different ways. This dependency is highlighted in Fig. 6, which shows
the transmissivity estimated using the three models with AOD550 for
Pune, Kanpur, and Jaipur. For AOD550 less than 0.3, the relative error
in the transmissivity values estimated by the models M1 and M2 with
respect to model M3 is less than 10 % for Pune, 18 % for Kanpur, and
12 % for Jaipur. Models M1 and M2 calculate similar transmissivity
values for AOD550 less than 0.4. However, as AOD550 increases, the
difference between the transmissivity values estimated by models M1
and M2 with respect to model M3 also increases.
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The results from the model M2 differ more rapidly with respect
to model M3 as the model was developed for AOD550 values up to
0.80, beyond which the model may result in extremely high attenuation
as it is a third order polynomial of AOD550. The model M1 results
in higher transmissivity values for all the data points for all the sites
(transmissivity values for the three regions range from 0.80 to 0.95).
The model M2 shows a large drop in the transmissivity values for
AOD550 greater than 1. For Pune, models M1 and M2 do not differ
much from model M3 for AOD550 less than 0.8. For Kanpur, for
some data points where AOD550 is less than about 0.45, models M1
and M2 estimate similar results whereas the model M3 gives lower
values. Similarly, for some data points where AOD550 ranges between
0.7 and 1.1, models M2 and M3 estimate similar values while the
model M1 gives higher values. Models M1 and M2 also have significant
differences from model M3 for those data points (Fig. 6(b)) where
AOD550 is greater than 1.2. For Jaipur (Fig. 6(c)), all the models
calculate similar transmissivity values for AOD550 less than 0.4. The
difference in transmissivity values calculated by model M2 and model
M3 is significantly low for AOD550 less than 0.9. For AOD550 greater
than 1.0, models M1 and M2 have significant differences from model
M3 for Jaipur. It may be observed that even for large values of AOD550,
the transmissivity values obtained from model M1 do not decrease
much. For example, for AOD550 equal to 1.7, the transmissivity values
estimated by models M2 and M3 are −0.23 and 0.36, respectively,
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Fig. 5. Transmissivity comparison using the three models with respect to the day of the year. A total of 6340, 7656, and 9282 data points of year 2015 are selected for Pune,
Kanpur, and Jaipur, respectively.
whereas model M1 gives a transmissivity of 0.74. For low AOD550
(less than 0.6), the model M2 estimates higher values of transmissivity
than those obtained from the model M3 (maximum difference about
0.1). After a certain value of AOD550 (for Pune around 0.7, for Kanpur
around 0.9, and for Jaipur around 0.85), the model M2 estimates lower
transmissivity values than the model M3. From Figs. 6(b) and 6(c),
it may be observed that the model M2 results negative transmissivity
values for high AOD550 values (greater than 1.6). It may be concluded
from this that the model M2 has a certain limit of AOD550, after which
it may not be reliable for the estimation of transmissivity. The mean
error analysis of model comparison for transmissivity values is given in
Table 2. The MBE for the three sites is negative for both the models
M1 and M2 in comparison to model M3 which indicates that over
the chosen period of time, models M1 and M2 estimate transmissivity
higher than the model M3. The MRE of model M2 is the highest for
Kanpur. It is because for Kanpur, the number of count for AOD550
values greater than 1.6 is the highest and model M2 estimates negative
transmissivity for AOD550 greater than 1.6.

The outputs from the models M2 and M3 decrease rapidly with
respect to the increase of aerosol optical depth, whereas the output
from the model M1 is not highly sensitive to aerosol optical depth.
From the results of the three sites, it may be noted that there is a
threshold value of AOD550 below which the model M2 estimates the
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Table 2
Mean error analysis of attenuation models.

Sites MBE
(M3–M1)

MBE
(M3–M2)

MRE (%)
(M3–M1)

MRE (%)
(M3–M2)

Pune −0.077 −0.029 10.24 5.96
Kanpur −0.196 −0.085 33.07 19.99
Jaipur −0.106 −0.059 15.14 9.98

transmissivity higher than model M3. The model M2 however has a
limitation. For Kanpur and Jaipur, it resulted in negative transmissivity
values for AOD550 greater than 1.6. This limitation is because the
maximum AOD550 considered in deriving the model M2 was 0.72.
The model M2 therefore could be used for AOD550 values less than
0.72. Within the range of applicability, the model M2 works in high
agreement with the model M3.

3.3. Sensitivity study of model M3 to AOD variations

In this study, AERONET and MODIS Terra satellite data for the
year 2015 is considered. The months of March, April, May, October,
November, and December were selected for this study as AERONET
provides uniformly distributed data for these months. The data for the
other months is affected by the rainy and the winter seasons. Since
Terra passes equator at +5 UTC, the AERONET data used in this study is
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Fig. 6. Transmissivity comparison using the three models with respect to AOD550. A total of 6340, 7656, and 9282 data points of year 2015 are selected for Pune, Kanpur, and
Jaipur, respectively.
also taken at the same time with a time window of ± 30 min. The data
set used in this study are taken from the intersection of the database of
AERONET and MODIS for the selected months. For Pune, Kanpur, and
Jaipur, total 105, 85, and 84 data points of the year 2015 are used,
respectively.

The comparison of the obtained transmissivity values using the
AERONET and the MODIS data for Pune, Kanpur, and Jaipur with the
model M3 is shown in Fig. 7. For Pune, the MBE is small (0.002). For
Kanpur and Jaipur, except for some points, the deviation in transmissiv-
ity values using MODIS data with respect to using AERONET data is not
significantly high. The MRE is 10.2 % for Kanpur and 9.2 % for Jaipur.
Another comparison of difference in transmissivity values calculated
using MODIS data and AERONET data, with respect to difference in
MODIS AOD550 and AERONET AOD550 for Pune, Kanpur, and Jaipur
is shown in Fig. 8. The maximum difference in transmissivity values
obtained using the MODIS data with respect to using the AERONET
data for Pune, Kanpur, and Jaipur are 19.6 %, 79.6 %, and 47.6 %,
respectively. The corresponding differences in the AOD550 values are
119.4 %, 43.3 %, and 46.9 %. However, the average values of MRE
given in Table 3 are not significantly large for the three sites. For
Kanpur and Jaipur (Figs. 8(b) and 8(c)), most of the data have less than
0.1 difference in transmissivity values calculated using MODIS data and
using AERONET data. It may be observed from Fig. 8 that the difference
1049
Table 3
Mean error analysis with model M3 using AERONET and MODIS data.

Sites MBEsat MREsat (%)

Pune 0.002 4.8
Kanpur 0.011 10.2
Jaipur −0.017 9.2

of 0.2 in AERONET AOD550 and MODIS AOD550 resulted in only
about 0.05 to 0.08 difference in transmissivity values using AERONET
AOD and MODIS AOD data. Regression analysis between the difference
in transmissivity values calculated using MODIS data with respect to
using AERONET data and difference in AERONET AOD550 and MODIS
AOD550 is also done and the results can be seen in Fig. 8. The slope
of these regressions for Pune, Kanpur, and Jaipur are 0.286, 0.22, and
0.278 respectively. The differences in the slopes are not significantly
high but it is mainly due to the different vertical aerosol profiles used
by model M3 for the three sites.

The results indicate that for low aerosol concentration, i.e. AOD550
less than 0.3–0.4, the MRE is not higher than 5 % (10 % for Kan-
pur), and as the concentration increases, the difference between the
transmissivity values using AERONET data and using MODIS data also
increases.
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Fig. 7. Transmissivity comparison of satellite (MODIS) and AERONET data using model M3. Here ‘Transmissivity Model M3’ and ‘Transmissivity Model M3 sat’ are transmissivity
values from model M3 using AERONET AOD and MODIS AOD, respectively. For Pune, Kanpur, and Jaipur, a total of 105, 85, and 84 data points of year 2015 are used, respectively.
The comparative analysis of satellite (MODIS) AOD550 with
AERONET AOD550 presents an alternative towards using satellite data
for slant path atmospheric attenuation calculation in central receiver
solar thermal plants. The results indicate that the transmissivity values
estimated using the satellite data for low and moderate aerosol con-
centrated areas (Pune and Jaipur) is better than that for the highly
aerosol concentrated areas (Kanpur). This is because the satellite AOD
product for 550 nm shows a relatively good match with the ground
measurement for Pune and Jaipur. For Kanpur, the deviation is also
not significantly high, except for some higher AOD550 values. Kanpur
shows a relatively constant difference between satellite (MODIS) AOD
and the ground (AERONET) AOD values, and therefore also in the
transmissivity values.

4. Conclusion

This study aimed at assessing the sensitivity of the attenuation
models for different atmospheric conditions. The study also aimed at
evaluating the feasibility of using satellite data to estimate the slant
path attenuation in the lower atmosphere. Three attenuation mod-
els, Tahboub et al. (2013) - model M1, Polo et al. (2016a) - model M2,
and Hanrieder et al. (2016) - model M3, were considered and assessed.
Three AERONET sites (Pune, Kanpur, and Jaipur) were considered.
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For comparison of attenuation models, year 2015 is considered. The
AOD550 comparison for the three sites shows that Pune and Jaipur
have relatively lower AOD550 (most data points lie in the range of
0.2–0.7) than that of Kanpur (range 0.25–1). Satellite (MODIS) AOD550
and AERONET AOD550 values were compared for the three sites. The
comparison of AOD550 from AERONET and MODIS showed R2 value
of Kanpur (0.77) higher than that of Pune (0.74) and Jaipur (0.64).

The comparison of the attenuation models suggest a large differ-
ence in the output of the models for high aerosol concentrations. The
model M1 is not highly sensitive to the aerosol concentration in the
atmosphere whereas the model M2 differs significantly from model M3
for AOD550>1. In the second comparison, satellite data was used to
estimate the transmissivity values for the three sites using the model
M3. Then, the transmissivity values obtained using the AERONET
data and the satellite (MODIS) data are compared for the three sites.
The mean relative errors in the transmissivity values calculated using
MODIS data with respect to using AERONET data for Pune, Kanpur,
and Jaipur are 4.8 %, 10.2 %, and 9.2 % respectively. Interestingly,
the MBE (in the transmissivity values using MODIS AOD from using
AERONET AOD) for Pune is very low (0.002), but Jaipur (−0.017) has
a higher value than Kanpur (0.011) which means that for Jaipur, model
M3 calculates higher transmissivity using MODIS AOD data compared
to using AERONET AOD data. Thus, for Jaipur, for most of the data
points MODIS AOD has lower value compared to the AERONET AOD.
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Fig. 8. Comparison of absolute difference of transmissivity values obtained using model M3 for AERONET and MODIS data vs absolute difference of AERONET AOD550 and
MODIS AOD550.
In conclusion, models M1 and M2 give similar results compared to
model M3 within 5 % MRE for AOD550 values less than 0.3. As the
AOD550 value increases, the results from the models M1 and M2 have
large differences from model M3. For highly aerosol concentrated areas,
the suitability of these models is still a question. There is a need for
experimental validation of these models for sites with varied aerosol
concentration and composition. The study also suggests that satellite
AOD can be an alternative for calculating slant path atmospheric
attenuation in the lower atmosphere. However, a prior correction of
the satellite AOD data is recommended for high aerosol loaded areas.
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