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Abstract: The wildfires over the central Indian Himalayan region have attracted the significant
attention of environmental scientists. Despite their major and disastrous effects on the environment
and air quality, studies on the forest fires” impacts from a renewable energy point of view are lacking
for this region. Therefore, for the first time, we examine the impact of massive forest fires on the
reduction in solar energy production over the Indian subcontinent via remote sensing techniques. For
this purpose, we used data from the Moderate Resolution Imaging Spectroradiometer (MODIS), the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIPSO), the Satellite Application Facility on
support to Nowcasting/ Very Short-Range Forecasting Meteosat Second Generation (SAFNWC/MSG)
in conjunction with radiative transfer model (RTM) simulation, in addition to 1-day aerosol forecasts
from the Copernicus Atmosphere Monitoring Service (CAMS). The energy production during the
first quarter of 2021 was found to reach 650 kWh/m? and the revenue generated was about INR
(Indian rupee) 79.5 million. During the study period, the total attenuation due to aerosols and clouds
was estimated to be 116 and 63 kWh/m? for global and beam horizontal irradiance (GHI and BHI),
respectively. The financial loss due to the presence of aerosols was found to be INR 8 million, with the
corresponding loss due to clouds reaching INR 14 million for the total Indian solar plant’s capacity
potential (40 GW). This analysis of daily energy and financial losses can help the grid operators in
planning and scheduling power generation and supply during the period of fires. The findings of the
present study will drastically increase the awareness among the decision makers in India about the
indirect effects of forest fires on renewable energy production, and help promote the reduction in
carbon emissions and greenhouse gases in the air, along with the increase in mitigation processes
and policies.

Keywords: solar energy; PV energy production; energy losses; financial losses; forest fires; aerosol
and cloud impact

1. Introduction

Wildfires or forest fires can significantly influence the climate directly or indirectly,
and are a global issue. Further, wildfires significantly influence economic, social, ecological
and environmental damage, including in terms of adverse human health and mortality
rates, long-lasting impacts on air quality, and radiative forcing, and hence accelerate climate
change [1,2]. Wildfires and biomass burning are among the major important sources of
carbonaceous aerosols, greenhouse gases, ozone precursors, trace gases, and particulate
pollutant emissions in several regions, including Asia [3-13]. The impacts of forest fires and
biomass burning on aerosols, air pollution, and radiative forcing over northern India were
well documented in several earlier papers [3,9,14-23], and are hence not repeated here.
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In addition to the above, forest fires are among the ongoing climate crises due to
significant emissions of greenhouse gases. They have occurred more frequently and at a
massive scale in the northern part of India [9,24,25]. The air pollutants, greenhouse gases,
soot, and other aerosol particles emitted by massive forest fires absorb solar radiation,
which reduces the intensity of the light falling on solar panels, and hence reduces solar
PV power production [26]. The deposition of these aerosols significantly reduces solar PV
production, by ~30% to 50% [27-29].

Renewable/solar energy is one of the main goals for global sustainable development
and the mitigation policies for climate changes issues (e.g., forest fires). It is well known
that the main source of electricity production, particularly in India, is non-renewable energy.
This is mainly based on fossil fuel such as coal, oil, and natural gas, which contribute to
greenhouse gas emissions [30]. However, non-renewal energy resources are depleting
because of the increased demands for energy. Due to the rapid increase in the population,
urbanization, and industrialization, energy demands in India have increased significantly.
To implement economic development plans, appropriate energy planning is urgently
required to manage the increasing energy demands. In this context, renewable energy is one
of the major sources that can play an important role in securing a sustainable energy future
by reducing emissions, in addition to increasing the quantity of energy required for the
economic growth of a country [31-33]. Solar energy is one of the fast-growing components
in India, and in January 2010 the government initiated the well-known “National Solar
Mission (NSM)” or the “Jawaharlal Nehru National Solar Mission (JNNSM)”, with a target
of 20 GW solar energy production by 2022 [34]. This was later revised and increased to
100 GW of off grid-connected solar PV power, including 40 GW of off grid-connected
rooftop solar projects, by 2022. Progress details and an overview of renewable energy
development in the Indian subcontinent are presented in several earlier papers [35-39].

In the current analysis, the impact of massive forest fires on the solar power produc-
tion of India, and the associated financial losses, are estimated based on the solar plant
production capacity of 40 GW, generalized for the whole country. The energy pricing is
associated with feed-in tariffs in India, whereas the losses incurred due to intermittency of
solar energy causes a lag in the energy security of the country. Hence, the losses associated
with other factors, such as thick smoke aerosols from fires, need to be dealt with in the near
future to address other challenges. Despite the impacts of the monsoon and dust, which are
well understood as reported in previous studies [37-39], the analysis presented here is the
first to indicate the impact of fires on solar energy. To address the issues of rising energy
demand and associated climate change, and balance the energy demand with renewable
energy, the losses incurred due to fires should also be taken into account by the energy
management authorities. Hence, the electricity management authorities must take into
account the fires each year, in a similar manner as for the monsoon and dust transport. The
novelty and innovation of the current work is that a methodology that was previously used
for the clouds and dust aerosols, is applied here to forest fires. Furthermore, climate change
increases the incidence of forest fires, and thus also affects the solar energy production
industry. Therefore, continuous monitoring is needed in order to ensure the energy security
and grid stability during forest fires, which are increasing in number and are more intense
each year. In this paper, Section 2 presents the data and methodology used, while Sections 3
and 4 analyze the results and provide the conclusions.

2. Material and Methods
2.1. Material
2.1.1. Back Trajectories

The Uttarakhand state has significant natural renewable resources with which to
generate electricity. The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory
model) dispersion model [40,41] is used for the computation of air mass back-trajectories
during forest fires. In order to define the transport paths originally elevated in the north-
west area of India, five days of backward air mass trajectories ending at three different
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heights (500 m, 1500 m, and 3000 m agl (above ground level), respectively) over Nainital, at
08:00 UTC daily during the study period, were computed. The HYSPLIT model, driven
by the National Center for Environmental Prediction (NCEP)/National Center for Atmo-
spheric Research (NCAR) and Global Data Assimilation System (GDAS) meteorological
data at 1° x 1° resolution, was used for the trajectory calculations.

2.1.2. Aerosol Modelling

The Copernicus Atmosphere Monitoring Service (CAMS) is one of the European
commission services implemented by the European Center for Medium-Range Weather
Forecasts (ECMWEF) under the Copernicus program. The aerosol sources, physical processes
such as horizontal and vertical motion, and removal processes are included in the model.
The five species (which are treated as externally mixed) of tropospheric aerosols, namely;,
sea salt, dust, organic matter, black carbon, and sulfate, are included in the models, and
details are provided in earlier papers [42,43]. The emission component in CAMS reanalysis
is included via the use of the external emission inventories for anthropogenic, biogenic,
natural, and biomass burning sources; however, natural sources (sea salt and dust), in
addition to online parameterizations, are used to estimate their fluxes based on the model-
derived surface and near-surface variables [44,45]. The spatial resolution of the aerosol
optical depth at a 550 nm forecast used in the present study was 0.4° x 0.4° (spatial
resolution of the CAMS forecasts), whereas the temporal resolution of CAMS reanalysis
is 3 hourly. The use of the CAMS AOD and other details are described in several earlier
papers, and are hence not repeated here [36,42,46-49].

2.1.3. Aerosol Passive Remote Sensing

The Moderate Resolution Imaging Spectroradiometer (MODIS) is one of the key
instruments aboard the Terra (EOS AM) and Aqua (EOS PM) satellites. The Terra satellite
passes from north to south across the equator in the morning hours, whereas the Aqua
satellite passes south to north over the equator in the afternoon hours. In the present
work, we used collection 6.1. level-3 (1° x 1°) Terra and Aqua MODIS AODsg, values of
combined deep blue and dark target data over the India subcontinent [50-52]. To monitor
and specifically map the forest fires, remote sensing technology has played a vital role
during the past several decades [53,54]. The active fire detection and burnt area mapping
products are some of the commonly used satellite fire datasets. Further, the Earth Observing
System MODIS fire products are available since 2002, and fire products by the Joint Polar
Satellite System Visible Infrared Imaging Radiometer Suite (VIIRS) are available since
2012. The fire data in the present study were obtained from the Terra and Aqua MODIS
satellites, which detect fires in 1 km pixels using a contextual algorithm [53,54]. Further
detailed information on MODIS fire counts and their uses can be obtained from the Fire
Information for Resource Management System (FIRMS) and several earlier published
papers [3,4,9,21,24,25,55].

2.1.4. Aerosol Active Remote Sensing

To investigate the influence of fire plumes on the upper altitudes, the aerosol vertical
profiles were further studied using the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite, which is the first spaceborne polarization lidar, with data available
since April 2006 [56]. Due to the unavailability of standard products, the present study
utilized the CALIOP-based level 2 version 3.41 provisional aerosol profile products (vertical
and horizontal resolution: 60 m x 5 km, temporal resolution: 5.92 s) to examine the vertical
distribution of aerosols. We obtained the backscatter coefficient, extinction coefficient,
and particulate depolarization ratio for 532 nm and 1064 nm for the present study. The
hybrid extinction retrieval algorithms are used to retrieve the aerosol extinction profiles,
using the assumed lidar ratios appropriate for each aerosol type [57] and reported in the
CALIPSO level-2, 5 km aerosol profile product [58]. Additionally, the aerosol profiles with
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extinction quality control (QC) flags of 0 and 1 were considered in the analysis, which
helps to reduce some large errors due to the non-linear behavior of the aerosol optical
depth (AOD) retrievals [59]. The monthly mean profiles are obtained by averaging all the
available profiles from CALIOP tracks within a spatial window of 1° x 1° around the study
region due to low orbit receptivity and the narrow swath of CALIOP.

2.1.5. Cloud Monitoring

The Meteosat Second Generation (MSG) was launched under the European Organiza-
tion for the Exploitation of Meteorological Satellites (EUMETSAT) to ensure the continuity
of meteorological measurements from the geostationary orbits [60]. The MSG-2 satellites
are equipped with a Spinning Enhanced Visible and InfraRed Imager (SEVIRI), which
covers the region from —60° N to 60° N and —18.5° E to 101.5° E. The output data products
are provided with hourly temporal resolution and a spatial resolution of 3 km over the
nadir. In addition to the meteorological measurements, the MSG satellites provide cloud
microphysical properties, such as cloud optical thickness (COT), that we used for the RTM
simulation in the present study.

2.2. Methods
2.2.1. Radiative Transfer Model Simulation

To estimate the gridded GHI and BHI under the aerosol conditions, we performed
Radiative Transfer Model (RTM) simulations produced by libRadtran [61,62]. Based on
pre-calculated look-up tables, the fast version of the RTM was developed [63] and used in
the current work in order to reduce the computing time. In brief, the main input parameters
for the RTM simulations under clear sky conditions are the AOD, solar zenith angle (5ZA),
Angstrﬁm exponent (AE), single scattering albedo (SSA), total columnar ozone (TOC), and
columnar water vapor (WV) content, whereas for cloudy sky conditions, the fundamental
input parameters are SZA and the optical thickness of water and ice clouds (WCOT and
ICOT, respectively). All input parameters were set to climatological values, except the
critical ones which are the aerosol and cloud optical properties, to quantify the effect
on solar radiation and the subsequent PV energy production. The outputs of the RTM
simulation are the GHI and BHI, in the wavelength range from 285 to 2700 nm, for which we
used the SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer; [64]) radiative
transfer solver, with the pseudo-spherical approximation to generate the valid output for
SZA from 0 to 90°.

Further, the energy from the solar panel is significantly affected by meteorological
parameters, in addition to GHI, which is decomposed into BHI and diffuse horizontal
irradiance (DHI) components using the following equation:

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

For the effects of aerosols and clouds on GHI and BHI, we used the corresponding
aerosols and cloud modification factor (i.e., AMF and CMF, respectively) for better under-
standing of the impacts of aerosol and clouds, as observed by MODIS, CAMS, and MSG.
The AMF and CMF were obtained by using the following equations:

SSRaerosol

AMF = 2
SSRno aerosols ( )

SSR youd
CMF = —¢<%ud 3
SSRno cloud ( )

where SSRer0s01 aNd SSRjouq are the surface solar radiation (SSR; i.e., GHI and BHI) due
to the presence of aerosols and clouds, and SSRy¢ aerosol ad SSRyg cloud correspond to the
SSR under the clean/clear sky conditions simulated by the fast RTM [63].
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2.2.2. Financial Analysis

In the current work, the financial analysis was performed for the 40 GW of solar
power installed in the Indian subcontinent. The PV energy simulation was performed by
assuming a realistic efficiency of 16% based on PV material (i.e., silicon polycrystalline) and
shadowing effects of 4% from the surrounding region [36,39,65]. To perform the financial
analysis of solar energy production, the price of electricity generation in INR per kWh is
needed (1 INR = 0.013 USD). The PV output energy is converted into the price of electricity
by following earlier studies [36,37,39,66] and using the following equation:

Revenue (INR) = Energy produced (kWh) x Price of electricity <£\IWI;) )

In the present work, the price of electricity used in Equation (4) is taken as 2.9 INR/kWh
for India (https:/ /mercomindia.com/uttarakhand-generic-tariff-rooftop-solar/, last ac-
cessed on 1 October 2021) for projects up to 40 GW, and hence the financial losses are
calculated as:

FL = (EPMax — EPactual) X (Price of electricity) (5)

The FL is the financial loss in INR, EPyay 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
EP,ctual is the actual energy produced by assuming the AOD for clear sky conditions and
COD for cloudy conditions.

3. Results and Discussion
3.1. Identification of Forest Fire

India has suffered massive forest fires each year due to natural and anthropogenic
causes, with the main concentration in the hilly terrains of the western/central Himalayas
and the northeastern states. A large number of forest fires from November 2020 to June
2021 were reported in Odisha (51,968), Madhya Pradesh (47,795), Chhattisgarh (38,106),
Maharashtra (34,025), Jharkhand (21,713), Uttarakhand (21,497), Andhra Pradesh (19,328),
Telangana (18,237), Mizoram (12,864), Assam (10,718), and Manipur (10,475) [67]. Approxi-
mately 1300 hectares of forest area burned due to massive forest fires in 2021 in Uttarakhand
state [68]. Based on the Forest Survey of India report of 2019, a total of 277,758 forest fire
points were recorded from 2004 to 2017 across the country, and 2.56 lakh hectares of land
was affected by these forest fires [69]. Figure 1 shows the forest fire counts as detected by
MODIS on various days from January to April 2021. The total fire counts during January
2021 ranged from ~800 to 1690. The maximum fire counts were ~3000, 14,000, and 11,000,
respectively, for February, March, and April 2021. The most affected areas during the
winter months (i.e., January—February 2021) are northeast India, central India, the east
coast of India, and central Indian Himalayas. However, during March-April 2021, the most
commonly affected regions were the northern part of India, in addition to the dominant
fires in the foothills and central Indian Himalayan region. The natural causes of forest fires
are lightning, the friction of dry bamboo, stems of trees, and rolling stones. In addition to
these sources, favorable atmospheric conditions, such as high atmospheric temperatures
and low humidity, are more likely to lead to forest fire situations. The northern part of
India is mostly affected by biomass burning. It is observed that most of the detected spots
are in the Himalayan region [9,24,25,70,71], the Indo-Gangetic Plain, and the central part of
the country [3,4,8,71,72].
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Figure 1. Forest fires detected from MODIS sensors of the Aqua and Terra Satellites during January
to April 2021 on various days. The northern part of India is mostly affected by biomass burning.

Figure 2 shows the daily transport pathways of aerosols based on the five days
backward air mass trajectories simulated by the HYSPLIT model, ending over Nainital (a
high altitude remote location in the central Himalayan region) at three different altitudes
(500 m, 1500 m, and 3000 m ag], respectively), as described in Section 2.1. These trajectories
are color coded according to the altitude attained by the air parcel along the pathways
before reaching Nainital. Figure 2 clearly indicates that the majority of the back trajectories
are from the west and northwest part of the country, so the transport of dust from the
Thar Desert and arid regions in the west dominates, especially during the month of March-
April [73-76]. At Nainital (a high-altitude location in the central Himalayas), the air masses
are not significantly affected by the majority of the fire counts, which are in the east and
south directions (see Figure 1). Although several fire counts were spread over the Indian
subcontinent (Figure 1) during the study period, the air masses were quickly renewed,
hence indicating the low contribution of smoke to the total aerosol loading (Figure 3a).
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and 3000 m (i-1) above ground level) for a high-altitude remote location in central Himalayas (i.e.,
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Figure 3. The percentage contribution of BC aerosol optical depth to the total aerosol optical depth (a),
total backscatter coefficient (km~!, sr~1) for different aerosol types (b), and percentage contribution
of different aerosol types to the total backscatter coefficient (c).

Figure 3a shows the percentage contribution of BC aerosol optical depth to the total
aerosol optical depth, which was found to be within 2% to 7%. A decreasing trend is
observed in the percentage contribution of BC in the winter months from January to mid-
February, whereas it stays almost constant, at around 4.5%, until mid-March. A slight
drop to 3.5% is seen in March, before a further increase to 5% in April, with a decreasing
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trend beyond that to 2%. The percentage contribution of BC AOD was found to be above
5% during 9-31 January and 1-8 April, and to be as low as 2% at the end of April. The
violin box plot of different aerosol types to the total backscatter coefficient during the fire
period is shown in Figure 3b, whereas the percentage contribution of different aerosol types
during January to April 2021 is shown in Figure 3c. These figures indicate that the polluted
continental aerosols and the polluted dust are both contaminated or polluted by the smoke
and fires, as suggested by CALIPSO vertical profiles of the total backscatter coefficient (see
Figure 4; discussed later). Further, the pure dust is transported from the northwest part of
the country or west Asia, as indicated by the HYSPLIT back trajectories (Figure 2). This
takes into account the fact that the smoke is extremely high and is a complex mixture of
continental aerosols, dust, and smoke. The pure smoke comprises more than the pure dust
and pure continental aerosols, so the polluted continental aerosols and dust are indeed
polluted by smoke.
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Figure 4. Weekly mean vertical profiles of the total backscattering coefficient during January to April
2021. The color bars show the aerosol type.

Figure 4 shows the total backscatter coefficient and aerosol type variation with height.
It can be observed that the aerosol content mainly comprised dust, polluted continental
aerosols, polluted dust, and smoke during the period of January to April. Polluted dust was
found to be a dominant aerosol subtype followed by pure smoke and dust. The presence of
smoke, which polluted mostly dust and continental aerosol types during the study period,
was observed at various heights, with the majority being between 0.5 and 4 km. These can
be attributed to certain factors such as wildfires, industrial fires, campfires, fireplaces, and
biomass burning [77].

Figure 5 shows the variation in the weekly average AOD and BC AOD at 550 nm
from January to April. The mean AOD was found to vary between 0.02 and 0.04, with the
maximum AOD value reaching 1.6 [78,79]. However, the AOD value was found to be 0.3
in the beginning of March, which was the lowest value during the entire study period. The
AOD values in March and April were close to 0.6, indicating a high aerosol content in these
summer months. A maximum AOD of 1.6 was observed during 1-8 February, 9-16 March,
25-31 March, and 9-30 April, which is also evident from Figure 3a.
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Figure 5. Weekly average of AOD (a) and BC AOD (b) at 550 nm.

The fire count was observed to be high in March and early April, as observed from
Figure 1, which may have contributed to the high aerosol loading during this period. It was
also observed that, during this period, there were fire counts all over India that may have
contributed to the high aerosol contents. The mean BC AOD tended to vary between 0.01
and 0.03 [80], with maximum and minimum values being within the range of 0 to 0.07. A
sudden dip in the value of BC AOD was observed during the beginning of March, similar
to the AOD, as seen from Figure 5a. The BC AOD content was found to be high from
9 January to 25 February and 25 March to 8 April, reaching 0.7 (Figure 5b). The BC AOD
contribution was also found to be the highest during this period, as observed in Figure 3a.

Figure 6 presents the weekly average maps of AOD at 550 nm over the Indian subcon-
tinent using the dark target and deep blue combined products of MODIS Aqua and Terra
Satellites. The maps are from January to April 2021, and the red dots show the MODIS
fire counts. The AOD values are shown to be high all over the Indian subcontinent and
vary from 0 to 1.8. The regions with lower AOD values include the northwestern part,
which mainly represents the That desert and Kerala, towards the end of April. The MODIS
fire counts are shown to be spread across the entire Indian subcontinent. The temporal
distribution of the plots from January to April shows that the forest fires increased in
intensity with the receding winter (January and February) and incoming summer season
(March and April) in almost the entire Indian region [23,81,82]. However, in certain areas,
such as the Thar desert in the northwestern region, forest fires were not detected, which
may be because forest fires are historically infrequent in desert regions due to of the lack
of a continuous fuel bed to carry a fire [83]. In the southern area, Kerala and Tamil Nadu
showed no fire activity in January or April.
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and deep blue combined products of MODIS Aqua and Terra Satellites for the period of January
to April 2021. The red dots over the maps show the MODIS fire counts during the same period
under consideration.

3.2. Solar Radiation Effects

Figures 7 and 8 show the weekly average maps of GHI and BHI percentage attenuation,
which varied from 0 to 45% during the study period. A higher percentage attenuation is
shown in the Indo-Gangetic and central regions during the winter months of January and
February, and can be attributed to fog cover in the northern part of the subcontinent. The
months of March and April show significant reductions in GHI over all of the Indian region.
A significantly higher attenuation was seen for BHI over all of the Indian subcontinent
during the study period. During forest fires, the Himalayan regions and the IGP region are
impacted by the outflow of pollutants [84]. Forest fire behavior is governed by interactions
at different temporal and spatial scales, as shown in Figure 6, which tend to affect the GHI
and BHI levels, as shown in Figures 7 and 8 [85]. The GHI percentage attenuation was
high during the winter month of January, mostly in the northern part of the subcontinent.
This may be attributed to fog cover and aerosol content. Another probable reason may
be the forest fire in the Himalayan region and Indo-Gangetic plains, and the eastern part
of the region, as shown in Figure 6. The BHI percentage attenuation, which was as high
as 45%, was seen in several regions in January, mainly around the western region, the
Indo-Gangetic plains, and some of the eastern areas, and gradually increased with the onset
of the summer season until April.
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Figure 7. Weekly average maps of GHI percentage attenuation over the Indian subcontinent during

the period of January to April 2021.
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Figure 8. Weekly average maps of BHI percentage attenuation over the Indian subcontinent during
the period of January to April 2021.
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Figure 9 shows the variation in GHI, BHI, AOD, BC AOD, AMF, BC AMF, and CMF
as a function of the day and time of the day from January to April. Figure 9a shows that
the intensity of GHI increased from January to April, indicating the shift from winter to
summer months. The GHI values are shown to be low in the morning and evening hours,
and to reach a maximum around noon (that is, 06:30 UTC for the Indian region), during
which the GHI reached 1200 Wh/m? in March and April. The BHI values, as shown in
Figure 9b, do not follow a set pattern unlike in the case of GHI, but vary with a large amount
of fluctuation from January to April, with a maximum value of 700 Wh/m?. Figure 9c
shows the variation of AOD at 550 nm, and indicates the variation in AOD was mostly
between 0.2 and 0.4 throughout the day, although AOD also reached values up to 1.5 on
some days. A value as high as 1.5 is seen mostly in the evening hours. Figure 9d presents
the variation of BC AOD, which was found to vary within 0.04 during the daytime. The
AMF, as shown in Figure 9¢, was found to vary from 0 to 0.6 during most days, with a few
days showing values even reaching up to 1. Figure 9f shows the BC AMF, whose value
was found to vary from 0.93 to 0.97 in most of the cases. The variation in CMF, as shown
in Figure 9g, was found to vary from 0 to 1, where 0 indicates a cloudless scenario. The
early days of January experienced heavy cloud cover throughout the daytime. The CMF is
shown to be in the range of 0.4 to 0.7 during the morning hours of March and April.
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Figure 9. Weekly diurnal variation of GHI (a), BHI (b), AODs (c), BC-AOD (d), AMF (e), BCamr (f),
and CMF (g).
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Figure 10 shows the time-series plots of GHI, BHI, and AOD at 550 nm during the
study period. The AOD values are shown to vary in the range of 0.2 to 0.9. There were
fluctuations in the AOD during the study period, especially during March and April. The
GHI-based energy production is shown to increase more linearly, from 3500 to 8500 kWh
from the winter month of January to the summer month of April. During January, the GHI
values were within 5000 kWh, and in February it reached 5500 kWh. The summer months
of March and April showed a much higher GHI energy, of between 6000 and 8000 kWh.
However, the energy contribution from BHI increased abruptly during the same period,
with huge fluctuations between 2000 and 6500 kWh.
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Figure 10. Time-series plots of GHI and BHI on the primary y-axis and AODs5( nm on the secondary
y-axis.

Figure 11a shows the time-series plots of aerosol and cloud modification fractions
during the study period. The aerosol modification fraction was found to vary between
0.4 and 0.9, whereas the cloud modification fraction varied between 0.1 and 1. The AMF
values varied in the range of 0.5 to 0.7 in January and February, with a few values reaching
0.8 at the beginning of January and towards the end of February. The months of March and
April had AMF values in the range from 0.4 to 0.8. The CMF values were found to vary
between 0.8 and 1 in January and February, with some values going below 0.8 and a few
values as low as 0.1. The values in March and April are shown to vary between 0.4 and 1,
with some values going below 0.4 and some as low as 0.2.

The frequency distribution of AMF and CMF from January to April is depicted in
Figure 11b. The variation was found to be from 0 to 25% for AMF and 55% for CME. It can
be observed that the AMF values were dominated by values ranging between 0.5 to 0.8 [36],
which indicate heavy aerosol content during these months. The frequency of occurrence of
AMF was highest in the range of 0.5 to 0.8, and was within 5% for other values. However,
the frequency of occurrence of CMF values was found to be within 10% for all values
varying from 0 to 0.9, with the exception of 1, which had a frequency of occurrence of 55%.
This indicates that most of the days were cloud-free during this period.
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Figure 11. Time-series plots of aerosol modification (AMF) and cloud modification (CMF) fractions
during January to April 2021 (a), and frequency distribution of AMF and CMF during January to
April 2021 (b).

3.3. Solar Energy Effects

Figure 12 represents the time-series plots of percentage attenuation of GHI and BHI
in the presence of aerosols, black carbon, and clouds. In general, significantly more
fluctuations were found in the case of BHI than in that of GHI, as BHI is the scattered
component that is severely impacted by the atmospheric constituents. The GHI percentage
attenuation was found to be well within 10% and that in the case of BC was mostly within
1%. Moreover, in the presence of clouds, the fluctuations in the percentage attenuation
were greater and reached 40%. The BHI percentage attenuation in the presence of black
carbon was found to be within 4%, whereas it reached 20% in the case of aerosols. Clouds
were found to severely impact the BHI, with percentage attenuation reaching 40%. This
is because the diffuse fraction of the radiation increases due to scattering of the incoming
radiation in several directions other than the incidence direction [37,63,86].
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Figure 12. Time-series plots of percentage attenuation of GHIaeyos01s (@), BHIperos01s (P), GHIpc (c),
BHIpc (d), GHIjougs (e), and BHI¢uqs (f)- The shaded colors show the +1 standard deviations.

Figure 13 presents the variation in GHI and BHI under different atmospheric con-
ditions from January to April. It is shown that the GHI and BHI values under clear sky
conditions increased almost linearly with the days varying from the winter month of Jan-
uary to the summer month of April. A similar trend can be observed for the case of black
carbon, which did not have a significant impact on GHI and BHI. However, fluctuations
can be seen in the case of aerosols and clouds. The presence of aerosols in the atmosphere
caused fluctuations in GHI and BHI. These fluctuations can be observed to be less during
the winter months, whereas the fluctuations tended to be enhanced during April. The pres-
ence of clouds clearly increased the fluctuations in GHI and BHI, as shown in Figure 13g,d,
respectively. The fluctuations induced by the presence of clouds and aerosols were pro-
nounced during the entire period. Figure 13a shows that the GHI under clear sky conditions
varied between 200 and 400 W /m?, with a minimum value of 200 W/m? at the beginning of
January and a maximum value of 400 W/m? towards the end of April. Similarly, Figure 13b
shows that the BHI values varied between a minimum value of 200 W/m? at the beginning
of January and a maximum value of 400 W/m? towards the end of April. Figure 13c shows
that GHI values considering the effect of aerosols varied from 150 to 350 W /m?. The BHI
in the presence of aerosols showed slightly more fluctuations than GHI, with a variation
from 100 to 300 W/m?2, as shown in Figure 13d.

Figure 13e,f shows the GHI and BHI variations in the presence of black carbon, and it
can be observed that the variation was similar to that of the clear sky condition shown in
Figure 13a,b. This indicates that black carbon does not have a very significant impact on GHI
and BHI compared to other atmospheric components such as aerosols and clouds [87,88].
The combined effect of clouds and aerosols is shown in Figure 13g,h. The GH]I, in this case,
is shown to vary between 0 and 350 W/ m?2, and BHI varied from 0 to 300 W/m?, with
significantly more fluctuations than shown in Figure 13c,d, thus indicating the strong effect
of clouds on irradiances.
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Figure 13. Time-series plots of GHlcjear sky (), BHIclear sky (b), GHIaerosols (€), BHIerosols (d),
GHlIgc (e), BHIpc (f), GHIp¢ros01s Clouds (8) and BHIp¢ros01s Clouds (h), during January to April 2021.
The shaded color in each panels shows the 1 Standard Deviations.

Finally, Figure 14 presents the financial analysis of the impact of clouds and aerosols on
the solar energy production, which was quantified in terms of daily mean and total energy
losses (EL), financial losses (FL), and solar energy potential following the methodology
given elsewhere [36,39,65]. The figure refers to the total solar energy production in India,
which is 40 GW, and the results are generalized for the solar plant production of the
whole country. The total solar energy production during the study period was found to
be 650 kWh/m?. The daily solar energy production increased to 9 kWh/m? for GHI and
8 W/m? for BHI, with a slight linear increase from January to April. There were dips in
energy production at the beginning of January and February, and towards the end of April.
The energy loss due to the presence of clouds was found to be 116 kWh/m?, whereas it
was about 63 kWh/m? in the presence of the aerosols. The losses due to aerosols seem to
be within 2 kWh/m?, whereas in the case of clouds, the losses reached 7 kWh/m?2. The
revenue generated from solar energy utilization is about INR 79,548 million. The financial
loss was found to vary within 1.5 kWh/m? in the presence of aerosols and 700 kWh/m? in
the presence of clouds. The daily financial loss due to the presence of clouds was found
to be high during the beginning of January and February, reaching INR 400 million, and
increased to INR 700 million towards the end of April. This analysis of daily energy
and financial losses can help grid operators to plan and schedule power generation and
supply. A similar analysis was also presented in several earlier papers [36,39,89] for the
climatological conditions of India, which showed the percentage variation between the
maximum and minimum yield to be around 40%. In previous works [90,91], the authors
showed that detailed observations of the types of aerosol, their horizontal and vertical
distribution, and appropriate and more detailed measurements of atmospheric parameters,
can reduce the uncertainties in the radiative effects of clouds and aerosols.
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Figure 14. Financial analysis of the aerosol and cloud impacts on the produced solar energy during
January to April 2021. The impact was quantified in terms of daily mean and total energy losses,
financial losses, and solar energy potential.

4. Conclusions

The present study was the first attempt to study the impact of massive forest fires on
solar energy production over the Indian subcontinent via remote sensing techniques. For
this purpose, we exploited the Earth observation data and techniques in terms of passive
and active remote sensing, in conjunction with model simulations, in order to provide a
realistic representation of the atmospheric effects on solar energy production during the
period of the fires.

The high AOD values (up to 1.8) during the massive forest fire events led to attenuation
of GHI and BHI of ~0 to 45%. The air masses were renewed quickly, thus mitigating
the smoke contribution to the total aerosol loads, which were dominated by continental
pollution. By comparison, the clouds continued to be the prevailing attenuator for solar
irradiation, followed by aerosols (almost 50% of the cloud effect), resulting in financial
losses for total PV production at the country scale of INR 14.2 and 7.8 million, respectively.
In a region where the continental aerosols and dust are the most frequent aerosol sources,
smoke polluted these sources, thus minimizing the clean continental aerosols to 1.5%.
This highlights that smoke is the highest pure aerosol source (21.2%), followed by dust
(11.3%), which comes from the northwest. The remaining smoke aerosols contributed to the
continental and dust aerosols, increasing their percentages to 48.8% and 17.3%, respectively.

This analysis of daily energy and financial losses due to the direct and indirect effects
of forest fires on the production of solar plants can help grid operators to plan and schedule
power generation, and in the distribution, supply, security, and overall stability of power
production. The findings of the present study will drastically increase the awareness among
decision makers regarding the effect of forest fires on energy management and planning at
a country level. In addition, this research will support the mitigation processes and policies
for climate change and its direct and indirect impacts on sustainable development.
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