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Abstract
Transitioning to renewable energy is essential for a sustainable future, and nations set
ambitious targets to decarbonize their energy systems. Among the renewables, solar energy has
seen remarkable growth, with India now ranking fifth globally in solar power capacity and

aiming for 100 GW of installations.

Despite this progress, the solar photovoltaic industry faces several challenges pertaining to
technology, economics, environments and installation. Effective photovoltaic deployment
requires thorough resource assessments, as surface solar radiation—the key factor for
photovoltaic system—is influenced by atmospheric aerosols. These aerosols can attenuate
incoming solar radiation or accumulate on the panels, thereby reducing photovoltaic
generation. Regions like China, India, and the Middle East, which have high particulate matter
pollution, are witnessing booming investments in solar energy, making it crucial to address
aerosol impacts on solar potential. Further, the solar radiation undergoes significant long-term
variations through the change in aerosols and clouds, known as 'global dimming and
brightening,” which affect photovoltaic production. Understanding these changes and their
impact on the growing photovoltaic sectors is vital, especially for India's national-scale
deployment, which must consider appropriate land type, ecosystem preservation, and

environmental factors.

Additionally, the expansion of solar energy requires a thorough evaluation in the context of
climate change to demonstrate its potential for a low-carbon economy. The electricity
generated by photovoltaic panels is influenced by the amount of sunlight received on the
surface, while the efficiency of the panels is affected by climatic factors including ambient

temperature and surface wind speed. Furthermore, changes in cloud and aerosol patterns are



anticipated to modify the radiation, posing new challenges for the long-term planning and

management of solar energy resources.

On the light of above research gaps, the current thesis aims to assess the impact of air pollution
on solar energy resources over India as a case during present and future climates, using

satellites, climate models, and in-situ data.

Firstly, the thesis identifies 60% of the Indian landmass as an effective solar-rich area based on
the 18 years (2001-18) of annual global horizontal irradiance availability. However, India lost
29% of its resources due to the staggering air pollution between 2001 and 2018. Furthermore,
the loss in photovoltaic output across the different panel configurations ranges from 12% to
41%, resulting in a loss of 245-835 million USD annually. Additionally, the successful
implementation of clean air policies would allow India to generate 6-16 terawatts of surplus
energy per year, translating to 325-845 million USD, equivalent to the cost of these policies.
Furthermore, mitigating air pollution would accelerate India's progress towards achieving its
solar energy target at a lower installation capacity, avoiding additional expenditure for solar
energy infrastructure expansion. The 2" part of the thesis also reports that 29.3% of the Indian
landmass is suitable for effective photovoltaic deployments based on the appropriate land
constraints on top of the radiation availability. However, this resource is declining at -0.21%
per year due to aerosol-induced solar dimming, translating to a loss of 6,902 km? of land
(considering India’s total geographical area of ~3.287 million km?), leading to a cumulative
loss of 50 gigawatts (GW) of solar potential (using the land-use photovoltaic factor of 7.5 MW
km), equivalent to 75 terawatt-hours (TWh) of generation (using 1.44 GWh of generation per
MW plant). Finally, this thesis explores the future potential of solar energy resources in India
around mid-century, based on two plausible scenarios that account for varying degrees of air

pollution mitigation and climate actions. Both scenarios predict a decline in photovoltaic



potential, with a national average decrease ranging from -2.3% to -3.3%. The reduction in
potential is expected to be more pronounced in the scenario with moderate air pollutant
mitigation and climate action compared to the scenario with strong air pollutant mitigation but
weaker climate actions. This future decrease in potential is primarily attributed to changes in
solar radiation, followed by changes in temperature and wind speed. Additionally, rising
ambient temperatures in both scenarios will increase cell temperatures, thereby reducing cell
efficiency and overall performance. Higher cell temperatures are projected under the weak

climate action scenario compared to the intermediate climate action scenario.

This dissertation is an attempt to bridge the gap between atmospheric and renewable energy
sciences by considering India as a case. Firstly, the thesis addresses the impact of air pollution
on solar energy resources at Indian power grid scale and highlights the key benefits in-terms
of surplus electricity India could have anticipated by implementing clean air policies with the
solar expansions. This additional energy, coupled with health benefits from air pollution
reduction, suggests a significant ‘win-win' opportunity. Secondly, the thesis maps the Indian
solar resources based on surface solar radiation and land availability criteria and estimates the
impact from persistent dimming on photovoltaic generations. It also distinguishes key regions
(and the existing solar parks) within the Indian landmass that are sensitive to either aerosols or
clouds linked with the observed trend. Finally, the work investigates the promise of future
photovoltaic potential during mid-century by considering two plausible future scenarios for
India. It stresses the impact of change in radiation for the drop of potential and reports the
negative influence of increasing temperature on cell efficiency and hence performances.
Overall, these findings offer valuable insights for site selection, managing weather and climate
variability, energy storage, and selecting cell materials, aiding energy planners and
policymakers in maximizing power generation. However, the thesis can be extended to
quantify the valuable information using high resolution spatio-temporal data to estimate
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energy-surplus and deficit at desired scale. In conclusion, the outcomes of the thesis and the

continued efforts in this field will be beneficial for transitioning to low carbon society in future.
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The shaded area of the respective colors represents the data range between the 75" and 25™
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Figure 2.16 Average monthly mean aerosol impact over Indian landmass for the year 2001
to 2018 over horizontal flat surface configuration. (a) absolute aerosol ‘“atmospheric
attenuation” impact, (b) percentage aerosol “atmospheric attenuation” impact, (c¢) absolute
surface “soiling impact”, (d) percentage surface “soiling impact”. The absolute impact during
pre-monsoon (April through early June) can be attributed to dust storms over IGP and crop-
burning (April-May, October-November) over North, East, and North-East India
(Venkataraman et al., 2006; Lau et al., 2009). .......cccooiiiiiiiiiiiieiiiie e 41
Figure 2.17 The eighteen-year (2001-18) annual average. (a) daily mean of total radiation
on all three-panel configurations, (b) the percentage contribution of direct and diffuse radiation
in total radiation over the horizontal flat surface configurations. .............ccccovviiiiiiiiiiicnnnn, 43
Figure 2.18 The eighteen-year average of tracking advantage (TA) of total radiation. (a)
spatial distribution percentage tracking advantage of fix, single and dual w.r.t horizontal flat
surface. (b) spatial distribution of percentage tracking advantage of single and dual w.r.t fix
tilted configuration. (c) The bar plot of TA w.r.t horizontal flat surface and (d) w.r.t fixed-tilt
orientation over the Indian power grids. Northern and western power grid experience the
highest TA, and southern grid experiences the lowest TA..........c.ccccooviiiiiiiii, 45
Figure 2.19 Seasonality of direct and diffuse radiation under different atmospheric
conditions over Indian regional power grids for the year 2001 to 2018. The y axis is kWh
m~day! and the x-axis is months. AS: all-sky, NA: no aerosol sky radiation....................... 47
Figure 2.20 Box plot of daily mean total aerosol impact across the regional power grids

over various solar panel settings. Each box ranges from the first quartile (Q1) to the third
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quartile (Q3), with a median. The IQR is the interquartile range (Q3-Q1); the upper whisker
and lower whisker extend to the last datum less than Q3 + 1.5 IQR, the first datum greater than
Q1 —1.5IQR, respectively. Beyond the whiskers, data are considered as outliers and are plotted
as individual red + points. Green circles represent mean values. Different solar panel settings
like horizontal flat surface (Horz), fixed tilted panel (fix), single-axis tracker (single), and dual-
axis trackers (dual) are also depicted abOVE. .......ccceviiviiiiiiiiiii 48
Figure 2.21 The Bar chart of radiation metrics for eighteen years annual mean over five
regional power grids and India as a whole. (a) bar chart of absolute and relative loss of per
day GHI due to “atmospheric attenuation” effect. (b) a bar chart of absolute and relative loss
of per day GHI due to “soiling effect”. (c) bar chart of absolute and relative loss of per day GHI
due to total aerosol effect. (d) the baseline GHI with respect to which the relative loss has been
computed. Here, the relative soiling loss over the horizontal flat surface (Horizontal) takes care
of the total dry depositional fluxes, including sedimentation and turbulent fluxes, and other
panel configurations consider only turbulent flUXes. .........c.ccoviiiiiiiiiiii s 49
Figure 2.22 The bar plot of expected gain in radiation if various air pollution mitigation
scenarios have been implemented. (a) PMUY, (b) NCAP, and (c) WHO-AQG. Each box
contains three plots: the bottom-most is the base-year clear-sky radiation [kWh m™ per day],
in the middle the absolute gain in radiation [kWh m™* per day], and topmost is the relative gain
[in %] w.r.t the base-year clear sky radiation (at the bottom). For PMUY and NCAP, benefits
in radiations are obtained by considering both “atmospheric attenuation” and “soiling impact,”
and absolute gains are shown with black-bordered bars. For WHO-AQG, we only consider
atmospheric attenuation impact as the AOD (in WHO-AQG) is too low to have any impact on
SOTIIIE. 1. 51
Figure 2.23 The bar plot of solar electricity generation and cumulative solar installed

capacity over the Indian regions from the FY 2013-14 to 2022-23. (a) Actual solar electricity
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generation (in TWh year!) from the FY 2013-14 to 2019-20 (in yellow) and projected
generation from FY 2020-21 to FY 2022-23 (yellow with hatch). (b) Actual cumulative solar
installed capacity (in GW) from the FY 2013-14 to 2019-20 (in dark yellow) and projected
cumulative capacity from FY 2020-21 to FY 2022-23 (dark yellow with hatch). Each
generation bar in (a) is grouped into three bars. The blue generation bar shows the generation
which can be achieved by avoiding the two decades of average existing pollution level.
Similarly, the cyan bar in (a) shows the generation that can be anticipated through the
implementation of both PMUY and NCAP. Likewise, each installed capacity bar in (b) is
grouped into three bars. The dark blue and dark cyan bars are the corresponding installed
capacity of the generation with blue and cyan respectively in (2). ......cccooerreeriiniieiieiieennns 55
Figure 2.24 The Single Scattering Albedo (SSA) from MERRA-2. (a-c) The six-year
climatology from 2001 to 2018. and the eighteen-year climatology in (d). This shows there is
negligible variation I SSA. .......ooiiiiii s 58
Figure 2.25 The eighteen-year average of daily mean of direct radiation and Aerosol
impact over horizontal flat surface configuration. (a) direct radiation, (b) aerosol impact on

direct radiation, (c) percentage aerosol impact on direct radiation...........cccccevcevrieiiiiiniennnn, 59

Chapter 3

Figure 3.1 Spatial trend and correlation illustration. (a-b) Comparison of spatial trends
between SARAH-E vs CERES SYN-1-deg monthly datasets for the period of 2001-16. (c) The
spatial correlation (colour bar represents R2) between SARAH-E and CERES SYN-1-deg,
stippled at 95% confidence. (d) The point correlation over the Indian landmass between
SARAH-E and CERES SYN-1-deg. The colour bars (d) represent the dot density, and the dot
density in the red colour is higher than that in the blue colour. ............cccooeiiiiiiiiiiiiee, 70
Figure 3.2 The flowchart shows the research plan of the current study. The study examines

two aspects namely ‘Global dimming and brightening’ and its ramifications to ‘Solar
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photovoltaic resources’. Firstly, investigating the roles of aerosols and cloud pertaining to the
dimming and brightening of global horizontal irradiance and its components (direct and
diffuse). In addition, the analyse on the influence of dimming and brightening on solar
resources by identifying likely land criteria for photovoltaic installations............ccccoevveiinenns 72
Figure 3.3 Procedural steps for land availability criteria for ground mounted and roof top
SPV installations. (a) GHSL-2015, (b) MODIS NDVI (2018), (c¢) Land criteria for ground-
mounted SPV set up, (d) Land criteria for roof-top SPV set up, (e) Land criteria for combined
(ground-mounted and roof-top) SPV set up. (f) geo-bubble map for India’s existing solar parks
at five regional power grids (Northern, Southern, Western, Eastern and North-eastern). ....... 74
Figure 3.4 The eighteen-year (2001-18) climatology and trends of All-Sky, Clear-Sky, and
No-Aerosol-Sky (NAER) surface radiation over India. (a) The climatology (in Wm™). (b)
Spatial trends (in Wm y!) of the above surface fluxes during the period. The stipple in (b)
shows the 95% significance level based on Student’s t-test. ........cccovviiiiiiiiiiiicii 77
Figure 3.5 Cumulative Distribution Function (CDF) of trends in All-Sky, Clear-Sky and
No-aerosol-Sky (NAER) radiations (a), during 2010-18 (b) and during 2001-18 (c) over
Indian landmass. The seasonal CDF of All-Sky, Clear-Sky and No-aerosol-Sky (NAER) during
2001-18 over Indian landmass (d-g). The number in percentage in respective colours show the
percentage area over Indian landmass experiencing dimming. The numbers in right hand side
within each CDF box give the mean =+ standard deviation value. The vertical dotted lines within
each CDF box show the mean value. DJF: December-February, MAM: March-May, JJA: June-
August, SON: September-INOVEMDET. ........c.coiiiiiiiiiiicii e 79
Figure 3.6 Yearly mean changes of All-Sky, Clear-Sky, No-aerosol-Sky (NAER)
radiations, Aerosol impact (Aero. Impact), Cloud impact (Cld. Impact), AOD and Cloud
fraction (Cld. Frac) during 2001-18 over Indian landmass. The All-Sky radiation broadly

follow the patterns of NAER-Sky radiation patterns. This is evident from the CDF of All-Sky
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and NAER-Sky radiation. Further, cloud fraction and AOD mainly drive the pattern of NAER-
Sky and Clear-Sky radiation respectively. Also, AOD and cloud fraction govern the aerosol
impact and cloud IMPact TESPECLIVELY. ...eivviiiiiiiiiiie i 80
Figure 3.7 The eighteen-year (2001-2018) seasonal climatology (in Wm?) and trend (a) of
All-Sky, Clear-Sky and No-Aerosol-Sky (NAER) surface radiation over India. (b) Spatial
trends (in Wm™2y™!) of the above surface fluxes during the period. The stipple in (b) show the
95% significance level based on Student’s t test. DJF: December-February, MAM: March-May,
JJA: June-August, SON: September-NOVEmMDET. .........ccccviiiiiiiiiiici s 81
Figure 3.8 Boxplot of trends in All-Sky, Clear-Sky, No-aerosol-Sky, Aerosol Impact and
Cloud Impact. Each box ranges from the first quartile (Q1) to the third quartile (Q3), with a
median. The IQR is the interquartile range (Q3-Q1); the upper whisker and lower whisker
extend to the last datum less than Q3 + 1.5 IQR, the first datum greater than Q1 — 1.5 IQR,
respectively. Beyond the whiskers, data are considered as outliers and are plotted as individual
red + points. White circles represent mean values. Units are illustrated at bottom right corner
of each box. ANN: Annual, DJF: December-February, MAM: March-May, JJA: June-August,
SON: September-NOVEMDET. ........c.cciiiiiiiiiiieii i 82
Figure 3.9 (a) The eighteen-year (2001-2018) annual climatology (in Wm2) of direct and
diffuse components of All-Sky, Clear-Sky and No-Aerosol-Sky (NAER) surface radiation
OVEE INIA. ... 84
Figure 3.10 Spatial trends in Direct (left column) and Diffuse (right column) radiation of
the variant surface fluxes from 2001 to 2018 (in Wm2 y). (a) All-Sky. (b) Clear-Sky and
(c) NAER-Sky. The stipple in the above Figure shows the 95% significance level based on
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Figure 3.11 The eighteen-year (2001-2018) climatology and spatial trend over India

landmass. (a) The climatology of Aerosol-impact (Wm™), Cloud-impact (Wm?), Aerosol
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Optical Depth (AOD), and Cloud fraction over India. (b) Spatial trends of the above quantities
during the period (in the same order). The stipple in (b) shows the 95% significance level based
O STUACNE’S TSt ...eiieieiee sttt b e e e sn e e e b e e e n e e nnneaneennne s 87
Figure 3.12 The eighteen-year (2001-2018) seasonal climatology. (a) Aerosol impact and (c)
Cloud impact at surface over India (in Wm™). The spatial trends (in Wm™ y™) of (b) Aerosol
impact and (d) Cloud impact during the period. The stipple in (b, d) show the 95% significance
level based on Student’s t test. DJF: December-February, MAM: March-May, JJA: June-
August, SON: September-NOVEMDET. ........c.ccoiiiiiiiiiii s 89
Figure 3.13 The eighteen-year (2001-2018) seasonal climatology and spatial trend. (a)
AOD and (b) total cloud fraction over India. Spatial trends of AOD (c) and total cloud fraction
(d) during the period. The stipple in (c, d) show the 95% significance level based on Student’s
t test. DJF: December-February, MAM: March-May, JJA: June-August, SON: September-
INOVEITIDET. ...ttt ettt ettt et e ae e e bt e bt et e ek e e e b e e e be e e et e nan e et e e abe e e nneenneeannis 90
Figure 3.14 The eighteen-year (2001-2018) annual climatology of various species’ AOD.
(a) BC, (b) OC, (c) Dust and (d) Sulfate. The stipple in above plots show the 95% significance
level based On StUAENE’S £ ST, ...viivieiiieiiieiie et 91
Figure 3.15 The eighteen-year (2001-2018) seasonal spatial trends of cloud fraction of various
levels of clouds such as High, Mid and Low levels. The stipple in above plots show the 95%
significance level based on Student’s t test. The classification of high, mid, and low-level
clouds is based on International Satellite Cloud Climatology Project (ISCCP)
recommendations. DJF: December-February, MAM: March-May, JJA: June-August, SON:
SeptemMbBEr-INOVEIMDET. .....ccviiiiiiiiiiiiii e 92
Figure 3.16 Solar photovoltaic potential across the Indian power-grids. (a) Power grid-
wise distribution of percentage landmass concerning Total Geographical Area (TGA),

Utilizable landmass, Solar Photovoltaic potential land (SPV) and Solar Photovoltaic potential
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land (SPV): avoiding aerosol induced losses. (b) same as (a) but over entire Indian landmass.
(c) Distribution of percentage landmass concerning the role of individual aerosol, clouds, and
both on the observed dimming/brightening over the power-grids and India. (d) Trends in GHI
over the SPV potential regions across the power-grids and India. The vertical line refers
standard deviation. (e¢) GHI (light green), GHI: Avoiding aerosol impact (light orange) and
percentage increase in radiation (blue square) over the power grids and India. The vertical lines
with respective colours refer standard deviation. ..........cccccvviiiiiiiiie i 93
Figure 3.17 Indian State and Union Territories (UTs) specific illustration of solar
photovoltaic potential and Global Horizontal Irradiance (GHI) distributions. (a)
Percentage contribution of each state towards the Total Geographical Area (TGA) of India. (b)
Probable utilizable land for roof-top and ground-mounted installations based on NDVI and
GHSL criteria. GHSL includes High-Density Urban (HDU), Low-Density Urban (LDU),
Rural, and No-settlement layers. (c) Percentage contribution of each state towards utilizable
land for SPV set-up. (d) GHI climatology, (¢) GHI (> 5kWh m™ per day), (f) GHI: avoiding
18-yrs of aerosol burden over the probable utilizable land. (g) Percentage contribution of each
state towards SPV hotspots. (h) Percentage contribution of each state towards SPV hotspots
avoiding aerosol loading. (i) Percentage contribution of each state towards SPV hotspots
considering avoiding aerosol load and baseline scenario (obtained as (h) minus (g)). Dark grey
in (g-1) Figures over the states indicates no availability of SPV potential area. Green colour
over states on (1) indicates all places within those states are SPV potential areas, and cyan over
Sikkim on (i) indicates no change in SPV potentiality due to low GHI with very low aerosol
loading. The blue color percentage in (a-i) is summative of the identified areas w.r.t. the TGA
of India. (j) state-wise mean GHI, (k) state-wise mean GHI: avoiding aerosol burden, (1)

Percentage increase in GHI w.r.t. mean GHI (baseline scenario). The red color on (j-k) is the
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all-India average GHI, and 11% in (1) is the all-India average increase in GHI considering
avoiding aerosol load and baseline scenario (obtained as (k) minus (j) divided by (j)). ......... 96
Figure 3.18 Spatial distribution of trend in All-sky irradiance. (a) Trends of All-sky
irradiance over the utilizable land across the Indian power, (b) Dimming of All-sky irradiance
due to increasing Aerosol-impact, (¢) Dimming of All-sky irradiance due to increasing Cloud-
impact, (d) Dimming of All-sky irradiance due to increasing impact of both Aerosol and
Clouds, (e) Brightening of All-sky due to decreasing Cloud-impact, (f) Geo-bubble plot over
the existing Indian solar parks (nos:38) encompassing the magnitude of Trends and governing
factors responsible to that trends. ‘Cloud Decrease’ is responsible for brightening and
happening over the solar parks at North-eastern power grid. ..........cccoooviiiiiiiiieneniec e 97
Figure 3.19 The Cumulative Distribution Function (CDF) of various irradiance such as
All-sky, Clear-sky, No-aerosol-sky (NAER) (a-c) over Indian landmass. The CDF of Aerosol-
impact, Cloud-impact, AOD and Cloud fraction over the Indian land mass (d-g) are depicted.
The CDFs are calculated for every year using yearly mean data. The years are colour coded to
highlight the yearly variation. Clearly the All-sky, Clear-sky and NAER-sky are undergoes
decreasing from 2001 to 2018. Additionally, AOD and Aerosol-impact shows increasing
pattern while Cloud fraction and Cloud -impact show decreasing pattern. The distinct
decreasing pattern of Clear-sky and All-sky are concomitant with the increasing pattern of AOD
and Aerosol-impact. (h) The bar plot of percentage (%) land for SPV potential from 2001 to
2018 over Indian land mass along with the trend line in dark brown (decreasing in nature)..98
Figure 3.20 The table shows percentage contribution of state-wise statistics for Total
Geographical Area (TGA), Utilizable area for SPV set-up, land for the SPV potential and land
for the SPV potential upon avoiding aerosol impact. Units of all the above metrics are in %.
The states which have no SPV potential area but upon avoiding aerosol impact have some SPV

potential area are shaded in light saffron color. The sum of TGA, Utilizable land, SPV potential
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land and SPV potential land upon avoiding aerosol impact give the statistics for India as a
whole and shown in shaded blue-grey table. .........cccooviiiiiiiiiiii 99
Figure 3.21 The Scatter plot of Aerosol-impact vs AOD (Left column) and Cloud-impact
vs Cloud fraction (Right column). The exponential of AOD and cloud fraction in defining the
above terms supports the Beer’s law in radiation. These terms give the optical effectiveness of
per unit change of the controlling factors (i.e., aerosol loading and cloud fractions) in blocking
the radiation reaching to the surface. DJF: December-February, MAM: March-May, JJA: June-
August, SON: September-NOVEMDET. .........ccciiiiiiiiiii i 100
Figure 3.22 The climatology and spatial trends of AOD induced Aerosol-impact and
Cloud fraction induced Cloud-impact. (a) The seasonal variation of AOD induced Aerosol-
impact climatology, (b) spatial trend and (c) Cloud fraction induced Cloud-impact climatology,
(d) spatial trend. (e-f) The annual climatology of AOD induced Aerosol-impact and Cloud
fraction induced Cloud-impact and (g-h) spatial trend. DJF: December-February, MAM:
March-May, JJA: June-August, SON: September-November. The observed aerosol impacts
during the pre-monsoon period (April to early June) can be attributed to the presence of dust
storms across the Indo-Gangetic Plain. Furthermore, there is a notable increase in aerosol-
induced dimming at forest fire hotspots (i.e., over central Himalaya, north-east and central
IIUAIQ). ettt n e r e 101
Figure 3.23 Indian State and Union Territories (UTs) specific illustration of Global
Horizontal Irradiance (GHI) at fixed tilted panels. (a) GHI-Fixed tilted climatology of each
state for 2001-18. (b) GHI-Fixed tilted climatology of each state, avoiding aerosol impact for
the period of 2001-18. (c) Percentage increase in GHI of each state considering avoiding
aerosol load and baseline scenario. (¢) Table showing the state-wise statistics. In (e), the states
which are experiencing brightening are highlighted with light saffron colour. The all-India

average is shown in (a-d) in deep brown COlOUL. ........ccocovviiiiiiiiiiiiic 104
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Chapter 4

Figure 4.1 Future emissions over India according to various SSPs. Out of the five SSPs,
SSP1 proposes a sustainable, greener world, which is deemed unrealistic given current socio-
economic trends and is therefore discarded. SSP585 anticipates significant air pollution
mitigation but weak climate actions. In contrast, SSP245 predicts moderate levels of both air
pollution mitigation and climate actions. Mid-century projections show a substantial decrease
in BC, OC, NOx, and SO2 under SSP585 (strong air pollution mitigation efforts), alongside a
significant increase in CO2, reflecting weak climate actions. SSP245 also forecasts a decrease
in BC, OC, NOx, and SO2, though at moderate levels, with a corresponding moderate increase
in CO2, indicating intermediate air pollution mitigations and climate actions. SSP3 and SSP4
fail to accurately model future emissions for India and are thus discarded...............c.co.... 112
Figure 4.2 Comparison of surface solar irradiance between MME and CERES SYNI1deg
during 2001-14. (a) annual and seasonal climatology for MME, (b) same for CERES, (c)
spatial Root Mean Square Error (RMSE) between MME and CERES, (d) point correlation
between MME and CERES. The colour bar in (d) represent dot density, and red colour signifies
higher density than BIUE. .........c.occiiiiiiiiii 115
Figure 4.3 Comparison of surface solar irradiance between MME and IMD station
observations. (a) Heatmap shows the climatology of individual models, IMD and CERES
observations. (b) IMD stations network. The climatology of the individual GCMs and MME
(1985-2014) are compared with reported climatology (1971-2010) from the IMD stations. The
climatology is taken from Soni et al., 2012. Models and MME captures the primary features of
1adiation ACTOSS the STATIOMNS. ....ciueiiiieiiiiiiie ittt see e e sbe e nne e 116
Figure 4.4 Baseline and future change in PV potential on an annual basis. (a) Percentage
change in PV potential (APV Pot) and due to changes in radiation (APVPot_Rad), temperature

(APVPot_Temp), and surface winds(APVPot_Wind). (b) typical boxplot shows the APV Pot,
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APVPot_Rad, APVPot_Temp and APVPot_Wind over Indian landmass for two scenarios
(SSP245 and SSP585). (c) Statistics of APVPot, APVPot_Rad, APVPot_Temp and
APVPot_Wind across five power grids. (d) Indian power grids. The stippled in spatial
distribution of APVPot, APVPot_Rad, APVPot_Temp and APV Pot_Wind shows statistically
significant change with more than 80% model agreement (see section 4.2.8). The APV Pot is
expected to decline and mainly driven by change in radiation followed by temperature and
A4 016 £ TSIt I PSP UPP PP 124
Figure 4.5 Seasonal variation of baseline and future change in PV potential. (a) Percentage
change in PV potential (APVPot) and due to changes in radiation (APVPot_Rad), temperature
(APVPot_Temp), and surface winds (APVPot_Wind). (b) typical boxplot shows the APVPot,
APVPot_Rad, APVPot_Temp and APVPot_Wind over Indian landmass for two scenarios
(SSP245 and SSP585). The seasons ‘DJF’, ‘MAM’, ‘JJA’ and ‘SON’ stands for winter, pre-
monsoon, monsoon and post-monsoon. The stippled in spatial distribution of APV Pot,
APVPot_Rad, APVPot_Temp and APVPot_Wind shows statistically significant change with
more than 80% model agreement (see Section 4.2.8). .......coeviiiiieriiniiene e 125
Figure 4.6 Change in radiation (ARad), temperature (ATemp) and surface winds
(AWind) with respect to baseline for SSP245 and SSP585. The seasons ‘DJF’, ‘MAM’,
‘JJA’ and ‘SON’ stands for winter, pre-monsoon, monsoon and post-monsoon. The stippled in
spatial distribution of ARad, ATemp, and AWind shows statistically significant change with
more than 80% model agreement (see section 4.2.8). The drop in ARad is substantial in SSP245
as compared to SSP585, the increase in ATemp is more in SSP585 as compared to SSP245.
However, AWind shows spatially heterogeneous change. .............ccocevveiinieniienincneeienn 127
Figure 4.7 Baseline and future change in AOD, Cloud fraction, Cloud-impact and Clear-
sky radiation on an annual basis. Left column shows the baseline climatology and middle

two columns show the change with respect to baseline. The stippled in spatial distribution of
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AAOD, Aclt, Acloud impact and Arsdscs shows statistically significant change with more
than 80% model agreement (see section 4.2.8). The extreme right boxplots show all India
variation of those change for two scenarios (SSP245 and SSP585). Cloud impact is defined as
rsdscs minus rsds. The increase in AAOD is concomitant with the decrease in Arsdscs while
patterns of Aclt drive the Acloud IMPACE. .......c.cccveviiiiiiiiiii e 128
Figure 4.8 Baseline and future change in AOD (a), Cloud fraction (b), Clear-sky radiation
(c) and Cloud-impact (d) on seasonal basis. Extreme Left column in each of (a-d) shows the
baseline and changes with respect to the baseline are on right. The stippled in spatial
distribution of AAOD, Aclt, Acloud impact and Arsdscs shows statistically significant
change with more than 80% model agreement (see section 4.2.8). .......cccevvveriiiiriiniiiinnnns 129
Figure 4.9 Baseline (Tcell) and change in average daily maximum cell temperature
(ATcell). Extreme left panel shows the baseline annual and seasonal climatology. Two
columns in the middle show the spatial change with respect to the baseline. The stippled in
spatial distribution of AT cell show statistically significant change with more than 80% model
agreement (see section 4.2.8). The extreme right boxplots show all India variation of those
change for two scenarios (SSP245 and SSPS585). ... 137
Figure 4.10 Baseline and future changes in Neffective, Ncontinuous,and NdayTcell > 45°C. The
extreme left column shows the baseline of the above variables. The middle two panels show
the future changes of the variables. Stippling has been done as per see section 4.2.8. The
extreme right boxplots show all India variation of those change for two scenarios (SSP245 and
N 5o TSRS RPR PR 139
Figure 4.11 Identified key regions based on aerosol and cloud characteristics. Mainly, three
key regions such as north-east (red circle) and south-west region near Kerala coast (blue circle)
dominated by decrease in cloud fraction, while north-west (yellow circle) dominated by

increase in cloud fraction. The satellite-derived all-sky trends matches well with the change in
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all-sky in SSP585. Most parts of the nations are dominated by aerosols except those identified
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