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Abstract: We examine the impact of atmospheric aerosols and clouds on the surface solar radiation
and solar energy at Nainital, a high-altitude remote location in the central Gangetic Himalayan
region (CGHR). For this purpose, we exploited the synergy of remote-sensed data in terms of ground-
based AERONET Sun Photometer and satellite observations from the MODerate Resolution Imaging
Spectroradiometer (MODIS) and the Meteosat Second Generation (MSG), with radiative transfer
model (RTM) simulations and 1 day forecasts from the Copernicus Atmosphere Monitoring Service
(CAMS). Clouds and aerosols are one of the most common sources of solar irradiance attenuation
and hence causing performance issues in the photovoltaic (PV) and concentrated solar power (CSP)
plant installations. The outputs of RTM results presented with high accuracy under clear, cloudy
sky and dust conditions for global horizontal (GHI) and beam horizontal irradiance (BHI). On an
annual basis the total aerosol attenuation was found to be up to 105 kWh m−2 for the GHI and
266 kWh m−2 for BHI, respectively, while the cloud effect is much stronger with an attenuation of
245 and 271 kWh m−2 on GHI and BHI. The results of this study will support the Indian solar energy
producers and electricity handling entities in order to quantify the energy and financial losses due to
cloud and aerosol presence.

Keywords: aerosols; clouds; solar energy production; financial losses; central Gangetic Himalayan
region; high altitude; aerosol optical depth; global horizontal irradiance; beam horizontal irradiance

1. Introduction

Renewable energy has drawn increasing attention in scientific research and had
significant evolution over the last two decades [1–5]. It has seen intense promotion by
governments in many countries and produces an important share of the total energy
production, focusing on the reduction both of the growing carbon dioxide emissions,
and regional air pollution, particularly carbonaceous aerosols from fossil fuel burning
and anthropogenic activities [1,6–10]. Solar energy, which is one of the most abundant
renewable energies, can be very useful for many aspects such as generating electricity for
commercial or industrial use. The study of solar energy measurement and its mapping at
the surface level is very important not only for renewable energy but also on environmental
pollution, agriculture, and hydrology as well as climate change [11]. Therefore, the wide
range of solar energy uses and technology requires detailed study. Photovoltaic (PV) power
generation is an important step in this direction and it demands research in this field; due to
the large variability in the available solar resources, a detailed comprehensive study of its
spatiotemporal behaviour is needed. The efficiency of PV power generation is also sensitive
to various atmospheric parameters of the location where the installation of solar panels is
made. In addition to dust, cloud presence is another key determining factor in determining
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the energy efficiency as clouds absorb and scatter solar radiation in the short-wave and
re-emit it in the long-wave into space, therefore contributing to the greenhouse effect [12].

Further, it is well known that the effects of atmospheric aerosols, clouds, and dust
on solar radiation that reaches the Earth’s surface has received great attention as changes
in the amount of solar radiation have a profound implication on the surface radiation
budget and the hydrological cycle [13]. The solar radiation that reaches the Earth’s surface
is subjected to reflection, scattering, and absorption by air molecules, aerosols, clouds,
and dust in the atmosphere. Clouds block most of the direct radiation, whereas aerosols
also affect the amount as well as the lifetime of clouds. Therefore, accurate knowledge of
all these processes is a very complex and challenging task. Over south Asia, the aerosol
burden is high due to large sources of local dust, long-range transport from the deserts
in Asia and Africa, smoke plumes from biomass burning (i.e., crop residue burning,
agricultural waste burning, etc.), and lots of anthropogenic pollution [14–20]. The large
aerosol burden results in haze and intense scattering and absorption of solar radiation,
and effects on the Himalayan climate changes, cryosphere, and Indian summer monsoon
circulation [21–24]. These aerosols and pollutants have a significant influence on the climate
system directly by affecting the Earth’s radiation budget through scattering and absorption
of solar radiation or indirectly by changing cloud microphysical properties [13,25,26].
The scattering and absorption of the incoming solar radiation by the aerosols, dust, and
clouds have significantly reduced the surface solar radiation (SSR) reaching the Earth’s
surface [8,27–29]. Such a reduction in SSR is expected for the attenuation of both the
global horizontal irradiance (GHI) and the beam horizontal irradiance (BHI) recorded
on the Earth’s surface. The reduction of GHI and BHI will reduce the efficiency of solar
power plants located at large photovoltaic (PV) installations to generate electricity. The
effects of aerosols, dust, and clouds on solar energy resources are not well understood and
quantified in detail, particularly in India. Therefore, due to their significant importance
in the amount of solar radiation reaching the Earth’s surface and their effects on climate
change, the evaluation of their impact on solar energy resources for energy purposes is
of special interest [30]. The efficiency of PV energy production largely depends on the
higher solar irradiance, clear sky (cloud-free) with thin aerosols or dust concentrations. In
the absence of clouds, aerosols are the main source attenuating the SSR. Such locations
are generally located at high-altitude remote sites. In this case, the present site has many
advantages due to its high altitude and location far away from any major anthropogenic
sources of pollution.

The present study deals with the application of a remote sensing and RTM-based
model over the central Himalayan region, which is one of the regional background sites and
influenced significantly by the densely populated and heavily polluted Indo-Gangetic Plain
region. Further, the site experiences extreme dust storms during the pre-monsoon/spring
months and significant rainfall during the Indian Summer Monsoon seasons [17,31–34].
Therefore, this provides a unique opportunity to analyze and study the effects of aerosols
and clouds on solar radiation and photovoltaic power production.

Due to the recent unprecedented industrialization/urbanization, a large and dense
population, economic growth, and rapidly increasing demands of energy, particularly in
countries such as India and China, there has been an increase in emissions of aerosols and
pollutions [35–37]. Further, the population of India is increasing at a rapid rate and in 2030,
India will be the world’s most populous country with 1.5 billion people compared to the
current population of ~1.4 billion with a population density of 464 per km2 [2,38]. This
demands a large amount of energy. Therefore, to meet this energy demand it is necessary
to know the availability of solar energy resources over the region.

In the current work, the analysis was performed by calculating the 5-year aerosol
optical depth (AOD) and cloud optical thickness (COT) climatology over the Indian sub-
continent from MODIS, CAMS, and MSG and quantifying its impacts on GHI and BHI
for the period 2008–2012. Finally, for the first time in India, we performed a brief financial
analysis for a hypothetical scenario of a 1 MW system to quantify the impact of aerosols
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and clouds’ presence on the solar energy production from a PV and CSP system and on
the daily, monthly, and annual revenues under climatological conditions. In Section 2, we
present the experimental site’s details and data used. Section 3 describes the methodology
and techniques used followed by results and discussion in Section 4, which describes the
solar power and energy results including the financial analysis for the aforementioned
scenarios, and lastly in Section 5 we present our conclusions.

2. Experimental Site and Data
2.1. Experimental Site

The Uttarakhand state has huge natural renewable resources to generate electricity.
Due to cold and sunny weather conditions, the region is quite suitable for installing solar
energy, in spite of its huge hydropower potential of about 20,236 MW out of which only
3594.85 MW has been harnessed [39]. The average solar radiation received in the state is
1300 K Wh m−2 which is equivalent to the solar potential energy of about 4077 MW in the
document of Uttarakhand Renewable Energy Development Agency [40].

The experimental site, the Aryabhatta Research Institute of Observational Sciences
(ARIES; 29.4◦ N, 79.5◦ E), Manora Peak Nainital as shown in Figure 1, is a high-altitude
(1958 m above mean sea level) remote location in the central Gangetic Himalayan region
(CGHR). This site is far away from any urban cities or any major anthropogenic pollution
source and hence considered as a better regional representative background site [16,41–44].
It is a unique site to study the regional environment, particularly the interactions between
the natural and anthropogenic aerosols, cloud-aerosol interaction, air pollutants, and hence
climate change. Nainital (well known as the Lake City of Uttarakhand state) is at about
2 km aerial distance from the observation location and does not host any major pollution
source such as industry, urbanization, etc. About 35 km to the south of Nainital are located
Haldwani and Rudrapur which host small-scale industry. Towards its northeast are the
high-altitude mountains of the Himalayan region, and low-altitude mountains lie towards
the North West. The densely populated and highly polluted Indo-Gangetic Plain (IGP)
region towards the south serves as a major possible pollution source for this site, other
than its local pollutant source which is mainly automobile exhaust [16,42–44]. In general,
the present site can be considered as a pristine mountainous site and further details about
the observational site are presented elsewhere [45–47], and hence are not repeated here.
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2.2. Data Used
2.2.1. AERONET Sun Photometer

The AERONET measurements presented in the current work were carried out at
ARIES, Manora Peak Nainital. The details of the instrumentation, data acquisitions, cal-
ibrations, etc are presented in several earlier papers [48–53] and hence are not repeated
here. In general, the typical uncertainty in AOD retrieval under cloud-free conditions is
±0.01 for λ > 400 nm and ±0.02 for shorter wavelengths [54]. In the current work, the daily
averaged data, which are cloud-screened and quality assured [50,55,56], were used.

2.2.2. Model Forecasts

The Copernicus Atmosphere Monitoring Service (CAMS) is one of the European
commission services implemented by the European Center for Medium-Range Weather
Forecasts (ECMWF) under the Copernicus program. The CAMS is based on Monitoring
Atmospheric Composition and Climate (MACC) which is used to estimate the near-real-
time daily global forecasts of aerosol optical depth at 550 nm for up to 5 days [57,58].
The basic parameters include dust, organic carbon, black carbon, sulfate AOD, and sea
salt. The temporal and spatial resolution of AOD data retrieved from MACC is 1 h and
0.4◦, respectively.

2.2.3. Satellite Observations

MODIS (MODerate Resolution Imaging Spectroradiometer) is a key instrument aboard
the Terra and Aqua satellites, viewing the whole Earth’s surface every 1–2 days. The MODIS
Terra and Aqua satellites acquire the data in 36 spectral bands. In the current work, the
collection 6.1 Level 3 (1◦ × 1◦) Terra and Aqua MODIS AOD550 values following the
dark target [59] and the deep blue approach were used over the Indian subcontinent [59].
Further, several studies [52,60,61] have showed a satisfactory agreement between the
MODIS and AERONET AODs. The MODIS AOD falls within the expected uncertainty
of ±0.05 ± 0.15 × AOD over land [59]. The error involved in the MODIS C6.1 AOD550
retrievals is in the range of ±(0.05 + 15%) over land and ±(0.04 + 10%) over the ocean [62].

MSG is a geostationary meteorological satellite equipped with a Spinning Enhanced
Visible and Infrared Imager (Meteosat-8/SEVIRI) that covers the region from −60◦ N to
60◦ N and −18.5◦ E to 101.5◦ E. The data products are provided in a hierarchical data
format with a hourly temporal resolution and spatial resolution of 3 km over the nadir.
MSG provides cloud microphysical parameters such as cloud optical thickness (COT) and
cloud effective radius [63].

The Surface Solar Radiation Data Set–Heliosat (SARAH) provided the solar surface
irradiance (SIS) or global horizontal irradiance (GHI), surface direct normalized irradiance
(BHI) from the visible channels of MVIRI (Meteosat Visible Infra-Red Imager) and SEVIRI
instruments on-board the geostationary Meteosat Satellites.

3. Methodology
3.1. Radiative Transfer Model

In the present study, we used the Radiative Transfer Model (RTM) simulations pro-
duced by libRadtran [64,65] for estimating the gridded GHI and BHI under the aerosol and
cloud conditions. A fast version of RTM was developed by [66] based on pre-calculated
look-up tables. The major input parameters for the RTM simulations under clear sky condi-
tions by libRadtran models are the AOD, solar zenith angle (SZA), Ångström exponent
(AE), single scattering albedo (SSA), total ozone column (TOC), and columnar water vapor
(WV). Under cloudy sky conditions, the main input parameters are SZA and TOC along
with an optical thickness of water and ice clouds (WCOT and ICOT, respectively). The
outputs of the RTM simulation are the GHI and BHI, which cover the wavelength range
from 285 to 2700 nm used the SBDART radiative transfer solver [67] with pseudo-spherical
approximation to generate the valid output for SZA from 0 to 90◦. The model simulation
was performed using the band parameterization method based on the correlated-K approx-
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imation [68], along with aerosol and cloud determination which was performed based on
the default available aerosol models [69].

The energy generated from the solar panel is affected by the number of meteorological
parameters and also by the GHI, which decomposed into BHI and diffuse horizontal
irradiance (DHI) components under the following equation:

GHI = DHI + BHI × Sin(Solar elevation) (1)

For the quantification of the aerosols, dust, and clouds’ effect on GHI and BHI, we
additionally used the corresponding aerosol, dust, and cloud modification factors (i.e., AMF,
DMF, and CMF, respectively) for more generalized results and for a better understanding
of the individual and combined (aerosol and cloud) impact. The AMF, DMF, and CMF are
described by the following equations:

AMF = SSRaerosol/SSRno_aerosol (2)

DMF = SSRdust/SSRno_dust (3)

CMF = SSRcloud/SSRno_cloud (4)

The SSRaerosol, SSRdust, and SSRcloud correspond to the surface solar radiation (GHI and
BHI) under aerosol, dust, and cloud effect, respectively, while the SSRno_aerosol, SSRno_dust,
and SSRno_cloud correspond to the radiation under clean (from aerosol or dust) and clear
(from clouds) sky conditions as simulated by the fast RTM [66]. We note that for the CMF
the aerosol effect is activated in order to quantify the individual effect of clouds.

3.2. Financial Analysis

The financial analysis was performed by simulating a hypothetical scenario of a PV
and a CSP system with nominal power of 1 MW assumed to be installed in CGHR following
the methodology described in [70]. During the estimation of PV energy production, we
assumed that the PV material (which is silicon polycrystalline) has an efficiency of 16% and
a shadowing effect of 4% from the surroundings [71]. Therefore, the remaining efficiency
of 80% has been converted to PV output energy based on the nominal power and electricity
converter technology and AC/DC efficiency. To perform the financial analysis of PV and
CSP energy production, there is a need for electricity generation price in INR per kWh
(1 INR ≈ 0.013 USD). The PV as well as the CSP output energy is converted into the price
of electricity as follows the earlier energy by [70,71]:

Revenue generated (INR) =
Energy produced (kWh)× Price o f electricity

(
INR
kWh

) (5)

The price of electricity used in the above equation (Equation (2)) taken as 2.9 INR/kWh
for India [72] for projects up to 1 MW and hence the financial losses are calculated as:

FL = (EPMax − EPactual)× (Price o f electricity) (6)

The FL is the financial loss in INR, EPMax is the maximum energy produced in kWh
by assuming the atmosphere to be clean/clear i.e., the AOD and COD must be zero and
the EPactual is the actual energy produced by assuming the AOD for clear sky conditions
and COD for cloudy conditions.

4. Results and Discussion
4.1. Clear-Sky Effect on Solar Energy

Since aerosol absorbs and scatters the incoming solar irradiance in the visible (0.38–0.78 µm)
spectrum, the solar energy which strikes the solar cell is subjected to loss in the absorp-
tion/reflection of the incoming irradiance. 30% of the total energy coming from the sun
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is either reflected or absorbed by the clouds, oceans, and landmasses [73]. The diffused
solar radiation (attributed due to the absorption, reflection, or refraction) produced a lower
percentage of photo-electricity than the direct radiation [74]. Therefore, it is desirable to
harness the remaining 70% of solar energy, subject to different sky conditions.

Figure 2a shows the five-year (2008–2012) climatological mean AOD at 550 nm over
the Indian subcontinent using the dark target and deep blue combined product of MODIS
(Terra and Aqua). The AOD was found to range from 0.01 to 1.65, indicating the strong
presence of aerosols throughout the study period. The higher AOD can be attributed to
the significant transport of dust from the western region [17,32,33,75], which is the largest
arid region extending from the Thar Desert to the Saharan Desert, located in sub-tropical
hot climatic conditions. The higher AOD during the summer (July–August) months can
be explained by moderate BHI values. However, high BHI during November–December
is somewhat strange when considering the moderate AOD values during the same time.
Similar to aerosols, patterns are observed in the GHI and BHI percentage attenuations
(Figure 2b,c). Here, the percentage attenuation was estimated by the RTM calculations
using the AOD as input and then compared with the clean and clear sky conditions
with aerosols set to zero. The range of GHI percentage attenuation was found to be 0 to
14%, whereas the corresponding BHI percentage attenuation values vary from 0 to 20%.
These results are quite similar to the previous results which are comparable with a similar
approach [70,71]. The results are quite important data for irradiance attenuation over the
Indian subcontinent region [76–78]. The climatological monthly mean GHI over the Indian
subcontinent is dominated from 16–20% as seen in Figure 2b, indicating that the high AOD
during the months of July-August can be explained by moderate attenuation of BHI values
(12–15%) over Nainital. However, the high attenuation in BHI values (14–16%) during
November-December over the study region is somewhat strange when considering the
moderate AOD values during the same time, as shown in Figure 2a,c. There are many
studies demonstrating an impact of aerosols on the attenuation of solar irradiance over
South Asia by 10–25% [79,80].

The aerosol concentrations in northern India are not only from wind-blown dust but
also from anthropogenic sources such as biofuel, burning of biomass, and fossil fuel com-
bustion that emit organic and elemental carbon [81,82]. It is reported that fine particulate
matter (PM2.5) in northern India is dominated by non-dust species which often exceed the
minimum health standard limits given by the WMO [83].

Figure 3 shows the seasonal frequency histogram of daily CAMS AOD at 550 nm, GHI,
and BHI during Figure 3a winter (December–January–February), Figure 3b spring (March–
April–May), Figure 3c summer (June–July–August), and Figure 3d autumn (September–
October–November). During winter, ~70% of the AOD values fall in the range of 0.0 to 0.2,
whereas during spring and summer, ~40–50% of the AOD values fall in the range from 0.0
to 0.4. Similar frequency distribution of spectral AOD obtained from the Multi-Wavelength
Solar Radiometer (MWR) is shown in an earlier paper [45]. Similar to AOD, the peak
frequency (40% & ~35%) of GHI and BHI are 4000 Wh m−2 and 3000 Wh m−2, respectively,
during winter. A high value (~8000 Wh m−2, and 5000 Wh m−2) of GHI and BHI with a
frequency of 25–40% is recorded for the spring and summer seasons (See Figure 3), whereas
the frequency of occurrence of high values of GHI and BHI are lower in the autumn season.
The high frequency of AOD (AOD less than 0.5) is associated with low BHI and GHI values
(less than 3000 Wh m−2) during winter, while the low frequency of AOD (AOD more than
0.5) is associated with high BHI and GHI values (more than 3000 Wh m−2).
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The validation of various simulated parameters such as AOD, GHI, and BHI are
examined with the observation data from MODIS and AERONET Sun Photometer data
for the study region. It is found that the observed AOD from MODIS and AERONET data
show an almost similar coefficient of determination (R2 = 0.43–0.52) with the simulated
AOD data using CAMS as shown in Figure 4a,b. Additionally, Figure 4 shows a 95%
confidence band, intercept of the linear regression. On the other hand, the simulated GHI
and BHI data show good agreement with the data obtained from MODIS and with the
coefficient of determination 0.77 to 0.97 as shown in Figure 4c–f.
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Figure 5, shows the scatter plots obtained from the multi-sensor aerosol products
sampling system [84] (MAPSS) of the MODIS satellite AOD at 550 nm compared to the
coincident ground-based AOD measured by CIMEL Sun Photometer AERONET [85].
These data points are free from outlier (as the percentage of the outliers represent less than
0.5% of the data) spanning the 5 years of 2006–2010. The spanning of 5 years includes
~55 K coincident values together with the ~168 values recorded locally at the Nainital site.
The coefficient of determination between the MODIS satellite and the ground-based AOD
are 0.81 and 0.86 (see Figure 5) along with low root mean squared errors of 0.09 and 0.10
for global and Nainital, respectively. In both cases, the high frequency of occurrence ranges
from 0 ≤ AOD ≤ 0.4, which is similar to other studies over Europe [28] and India [86].

4.2. All-Sky Effect on Solar Energy

Figure 6 shows, in the form of contour plots, the GHI, BHI, and percentage attenuation
under all sky and clear sky conditions in Nainital during the period under consideration,
i.e., 2008–2012. The peaks of GHI and BHI, around 300–1100 W m−2 and 300–800 W m−2,
respectively, are observed during 3–8 UTC for the multi-year data. On the other hand, the
seasonal peak occurred during spring-summer with a minimum during autumn-winter
seasons as seen in Figure 6. However, the summer season is also affected by the Indian
summer monsoon clouds as presented in [86].
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Figure 6. Contour plots of the all sky GHI (a) and BHI (b) in Nainital as simulated by the RTM using
as inputs the CAMS AOD and the MSG COT. Percentage attenuation of GHI (c,d) and BHI (e,f) under
all sky (c,e) and clear sky (d,f) conditions during 2008–2012.
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Figure 7a presents the COT climatology as calculated by the MSG datasets for the region
of India. The summer months are followed by the monsoon clouds and the subsequent high
COT average values. The autumn-winter months are characterized by less COT (Figure 7a).
The cloud effect on GHI and BHI in terms of percentage attenuation was depicted in Figure 7b,c,
respectively. The BHI presents higher attenuation levels than GHI especially in the northern
part of India as a results of the Himalayan subtropical highland climate and the subsequent
predominance of clouds. The higher COT during the monsoon period is also reflected in the
higher attenuation levels of both GHI and BHI, indicating the necessity for such climatological
analysis for better solar planning and management taking into account the impact of aerosol
and cloud.
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period of 2008–2012, and (b,c) GHI & BHI solar energy percentage attenuations relative to the cloud free simulations.

Figure 8a presents the monthly average fluctuation of the AMF, DMF, and CMF in
Nainital as well as the percentage attenuation of GHI in Figure 8b and BHI in Figure 8c
under all sky and clear sky conditions. The low values of AMF and DMF are a result of the
high values of AOD which are observed during the spring and summer months. These
values could be attributed to the transport of anthropogenic aerosols from the adjacent
IGP region and dust from the west Asian region [17,52,75]. In particular, the low values
of DMF are visible during dust storms where the CAMS AOD is able to reach values of
up to 1.5 to 2. The DMF is significantly decreased and reaches up to 0.3 during the dust
episodes. The variation of AOD is quite similar to the earlier studies reported by several
investigators [41,43]. The CMF values are found to be mostly within the range of 0.6 to
0.9 with a lot of fluctuation around the monsoon months every year that corresponds to
heavy cloud cover over the region during the monsoon season. The overall percentage
attenuation of GHI is ~10% with a certain peak due to some dust storms. On the other
hand, the percentage attenuation of BHI is comparable to ~30% in most cases. The average
GHI percentage attenuation due to the presence of clouds shows high percentage variation
from about 20–65%, and the corresponding BHI percentage attenuation is found to vary
from again 30–70% with many more fluctuations than GHI.

Figure 9 shows the seasonal variation in percentage attenuation of GHI and BHI under
clear sky and all sky conditions. The median of GHI percentage attenuation is found to be
around 10% in all seasons for clear sky conditions with slightly more range in summers.
However, there is a variation in the median of GHI percentage attenuation under all sky
conditions with a more abrupt behaviour during summers. In case of BHI, the median of
the percentage attenuation is found to close to 30% for clear sky conditions while again it
shows an abrupt behaviour under all sky conditions, especially during summers, which
can be attributed to the presence of heavy dust and cloud activities during these months.
The seasonal mean values of AOD, AMF, DMF, CMF, GHI and BHI over Nainital can be
found in Table A1 of the Appendix A.
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Figure 8. Monthly average values of the AMF, DMF, and CMF (a). Percentage attenuation of the monthly GHI (b) and DNI
(c) under clear sky and all sky conditions.

Remote Sens. 2021, 13, x FOR PEER REVIEW 14 of 21 
 

 

 

  

Figure 8. Monthly average values of the AMF, DMF, and CMF (a). Percentage attenuation of the 
monthly GHI (b) and DNI (c) under clear sky and all sky conditions. 

Figure 9 shows the seasonal variation in percentage attenuation of GHI and BHI un-
der clear sky and all sky conditions. The median of GHI percentage attenuation is found 
to be around 10% in all seasons for clear sky conditions with slightly more range in sum-
mers. However, there is a variation in the median of GHI percentage attenuation under 
all sky conditions with a more abrupt behaviour during summers. In case of BHI, the me-
dian of the percentage attenuation is found to close to 30% for clear sky conditions while 
again it shows an abrupt behaviour under all sky conditions, especially during summers, 
which can be attributed to the presence of heavy dust and cloud activities during these 
months. The seasonal mean values of AOD, AMF, DMF, CMF, GHI and BHI over Nainital 
can be found in Table A1 of the Appendix A. 

 
Figure 9. Seasonal percentage attenuation in GHI (a,b) and BHI (c,d) under clear and all sky condi-
tions. The boxes represent the 25th and 75th percentiles, while the in-box lines represent the median 
and the upper and lower whiskers the maximum and minimum attenuation values. 

  

0.0

0.2

0.4

0.6

0.8

1.0

2008      2009       2010      2011       2012       2013

M
od

ifi
ca

tio
n 

fa
ct

or

 AMF
 DMF
 CMF(a)

80
70
60
50
40
30
20
10

0

2008      2009       2010      2011       2012       2013

G
H

I P
er

ce
nt

ag
e 

A
tte

nu
at

io
n

 GHIClear Sky   GHIAll Sky

(b) 80
70
60
50
40
30
20
10

0

2008      2009       2010       2011       2012      2013

BH
I P

er
ce

nt
ag

e 
A

tte
nu

at
io

n

 BHIClear Sky    BHIAll Sky

(c)

Figure 9. Seasonal percentage attenuation in GHI (a,b) and BHI (c,d) under clear and all sky conditions. The boxes represent
the 25th and 75th percentiles, while the in-box lines represent the median and the upper and lower whiskers the maximum
and minimum attenuation values.

4.3. Economic Impact

Figure 10a,b shows the financial analysis results for Nainital, a high-altitude remote
location in the central Himalayan region, on the hypothetical 1 MW system by following
the methodology given in several earlier papers [70,71]. Here, the economic and energy
impact was quantified in terms of monthly means, total energy losses (EL), financial losses
(FL), and solar energy potential. The annual PV and CSP energy potential for Nainital
is 2308 kWh m−2 and 2769 kWh m−2, respectively. The corresponding annual revenue
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is 8.47 million INR and 6.66 million INR, respectively, for PV as well as CSP. The energy
losses due to total aerosols (i.e., AOD) are 539 kWh m−2 in the case of GHI and high values
(344 kWh m−2) in the case of BHI. The corresponding energy losses due to dust AOD
are 278 kWh m−2 and 183 kWh m−2, respectively, and those due to cloud optical depth
(COD) are 876 kWh m−2 and 806 kWh m−2, respectively. In the case of CSP systems, the
annual aerosols, dust, and clouds impact on the produced solar energy are much larger
(266 kWh m−2, 136 kWh m−2, and 271 kWh m−2, respectively, as the BHI/BHI are more
affected than the GHI [28].
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Figure 10. Financial analysis of the aerosol, dust, and cloud impacts on the produced solar energy from CSP (a) and PV
(b) installations with nominal power of 1 MW in the region. The impact was quantified in terms of monthly mean and total
energy losses, financial losses, and solar energy potential.

The economic impact for PV as well as CSP shows an annual FL of 1.05 million INR
and 1.55 million INR, respectively, due to the total AOD (Figure 10). The corresponding FL
due to dust and clouds are 0.56 and 2.47 million INR, respectively, for PV whereas the FL
in the case of CSP are larger at 0.8 and 2.53 million INR, respectively, for dust and clouds
(see Figure 10b). The annual revenues are of the order of 8.47 million INR and 6.66 million
INR, respectively, for the cases of PV and CSP plants (Figure 10). This FL corresponds to
the annual operating and maintenance costs of such a 1 MW system at Nainital, in the
central Himalayan region [28,70,87]. These costs include the general inspections, cleaning
of the systems, mechanical maintenance, mirror cleaning, checking of various components
such as inverters, mounting/tracking storage, local taxes, site security, and administration
costs [87,88]. The monthly generated energy increases from 210 kWh m−2 to 290 kWh m−2

and 170 kWh m−2 to 260 kWh m−2 from January to May, respectively, for the case of PV
and CSP, then it decreases to a minimum of 150 kWh m−2 and 120 kWh m−2, respectively,
for PV and CSP in the month of July (see Figure 10). A similar energy reduction between
0.7 % and 13% in GHI and 3% to 41% are seen in the case of BHI with maximum values
during the spring due to the frequent dust storms over Egypt [70].

5. Summary and Conclusions

Recently, solar energy generation has been widely used in developing countries
such as India, as they have a sufficient amount of solar resources; however, there is less
development of small and medium PV and CSP systems (e.g., rooftop installations) for
solar energy production. To achieve large-scale development of a solar system requires
proper planning, and therefore there is a need to estimate the solar potential. In the current
work, we studied the impact of aerosols and clouds in the production of solar energy for
the first time over the central Himalayan region. The AOD, COT, and dust AOD are used
as the main input parameters to the RTM and the effects on solar radiation and energy
are revealed in the current study. The range of GHI percentage attenuation varied from
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0 to 20% during clean and clear sky conditions over the Indian subcontinent. However,
the attenuation increases to moderate from 16 to 20% during the seasonal AOD peak in
July-August, followed by lower energy production levels. These results are consistent with
10–25% attenuation over South Asia from the work reported by several authors [71,86].
From the study of multi-year data, the estimated diurnal peaks of CAMS, GHI, and BHI
exhibit around 300–700 Wm−2 during 5–6 UTC during the spring-summer season. Further,
low and high attenuation of GHI are observed during autumn-winter and spring-summer,
respectively. However, due to the prevailing monsoon cloud, a high attenuation of GHI is
observed during the spring-summer seasons.

A strong presence of aerosols and comparable cloud presence was seen throughout the
study period with AOD ranging from 0.01 to 1.65, which can be attributed to the significant
transport of dust from the western region. The higher AOD was observed during the
summer (July–August) months. The range of GHI percentage attenuation was found to
be 0 to 14%, whereas the corresponding BHI percentage attenuation values vary from 0 to
20%, indicating the sensitivity of the direct component of the radiation to the aerosol load
in the atmosphere. The validation of simulated AOD, GHI, and BHI was done with the
observation data from MODIS and AERONET and it was found that the AOD data from
MODIS and AERONET showed an almost similar coefficient of determination (R2 = 0.43
to 0.52) with the simulated AOD data using CAMS. Further, the simulated GHI and BHI
data show good agreement with the data obtained from MODIS, with a coefficient of
determination of 0.77 to 0.97. The economic impact of total AOD on PV and CSP shows an
annual FL of 1.05 million INR and 1.55 million INR, respectively and the corresponding FL
due to dust and clouds are 0.56 and 2.47 million INR, respectively, for PV whereas the FL
in the case of CSP is greater than 0.8 and 2.53 million INR, respectively, for dust and clouds.
The annual revenues were found to be of the order of 8.5 million INR and 6.7 million INR,
respectively, for the cases of PV and CSP plants.

The results of this study will support the Indian solar energy producers and the
electricity handling entities for efficient transmission and distribution system operations,
grid stability optimization, and highlighting the effect of aerosols and clouds on energy
planning and overall production. The next step is to connect the solar energy production
levels and distribution with the consumption at selected local administrative units across
India and quantify the aerosol and cloud effects into the solar forecasting and energy
trading principles for a decentralized energy ecosystem.
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Appendix A

Table A1. Seasonal mean values of AOD, AMF, DMF, CMF, GHI and BHI over Nainital.

Seasons

Aerosol Optical Depth at 550 nm
AMF ± SD DMF ± SD CMF ± SDMODIS

Mean ± SD
CAMS AOD
Mean ± SD

CAMS Dust
Mean ± SD

Aeronet AOD
Mean ± SD

Winter 0.25 ± 0.16 0.30 ± 0.12 0.14 ± 0.05 0.39 ± 0.23 0.74 ± 0.08 0.74 ± 0.08 0.89 ± 0.15
Spring 0.46 ± 0.23 0.47 ± 0.18 0.28 ± 0.11 0.36 ± 0.22 0.64 ± 0.11 0.64 ± 0.11 0.90 ± 0.12

Summer 0.55 ± 0.34 0.55 ± 0.27 0.23 ± 0.18 0.35 ± 0.17 0.60 ± 0.14 0.60 ± 0.14 0.60 ± 0.24
Autumn 0.27 ± 0.20 0.34 ± 0.15 0.15 ± 0.07 0.38 ± 0.23 0.72 ± 0.09 0.72 ± 0.09 0.85 ± 0.18

Global horizontal Irradiance (KWh m−2) Beam horizontal Irradiance (KWh m−2)

All Sky ± SD Clear Sky ± SD Clean Sky ± SD All Sky ± SD Clear sky ± SD Clean Sky ± SD

Winter 222.84 ± 74.26 267.80 ± 43.11 287.58 ± 43.38 176.96 ± 64.43 208.67 ± 40.75 278.67 ± 35.31
Spring 281.49 ± 78.71 311.46 ± 58.57 337.83 ± 56.26 253.20 ± 79.66 293.61 ± 51.49 325.24 ± 55.84

Summer 179.06 ± 90.33 313.91 ± 59.99 364.81 ± 49.01 146.99 ± 84.20 304.86 ± 54.97 321.17 ± 61.22
Autumn 239.67 ± 87.64 299.13 ± 68.79 316.77 ± 74.60 191.79 ± 72.82 253.95 ± 68.20 307.43 ± 71.28
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