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ABSTRACT

Atmospheric aerosols, fine particulate matter suspended in the air, are among the most
influential and uncertain components of the Earth’s climate system. Their ability to perturb the
radiative energy balance through both direct interactions with solar and terrestrial radiation and
indirect effects via cloud microphysical processes is particularly significant in regions of
intense anthropogenic activity. South Asia, home to some of the highest aerosol concentrations
globally, has emerged as a key region for understanding how aerosols shape regional climate
dynamics, influence monsoon variability, and contribute to long-term changes in surface and
atmospheric energy budgets. Motivated by the complex interplay between emissions, radiative
effects, and climate response in this region, the present thesis undertakes a comprehensive
investigation into the contribution of major anthropogenic aerosol species, namely black
carbon (BC), sulfate, and organic carbon (OC), to aerosol and cloud radiative forcing over
South Asia, with a primary focus on India. The study systematically assesses aerosol-induced
perturbations to the Earth's radiation budget across multiple timescales, encompassing present-
day assessments, historical trends, and future projections under Shared Socioeconomic
Pathways (SSPs). This is achieved using a combination of simulations from advanced global
climate models (CAMS and CAM6) and a multi-model evaluation framework, with emphasis
on component-wise (ERFari, ERFaci, ERFrgs), vertical (top of atmosphere, surface,
atmospheric column), and spectral (shortwave, longwave, net) disaggregation, as well as

species-specific attribution of radiative forcing.

Model simulations for the present-day decade (2005-2014) reveal that anthropogenic aerosols
exert a significant net cooling effect at the top of the atmosphere (TOA), with CAMS estimating
a TOA ERF of —1.21 W/m? and CAMG6 indicating an even more pronounced cooling of —2.39
W/m?. These negative forcing values are accompanied by considerable surface solar dimming,
with surface ERF reaching as low as —10.6 W/m? in CAMS5 and —10.93 W/m? in CAM6. The
atmospheric column, by contrast, exhibits net absorption of +9.38 W/m? and +8.54 W/m?,
respectively, reflecting strong shortwave absorption primarily attributable to black carbon. This
vertical redistribution of energy, concentrated especially over the Indo-Gangetic Plain, results
in enhanced lower tropospheric stability and reduced convective activity. Incorporating the
high-resolution SMoG-India emission inventory significantly alters these results, shifting

CAMS5’s TOA ERF from negative to nearly neutral (+0.07 W/m?), and CAM6’s ERF to a less



negative value (—1.39 W/m?), while simultaneously increasing atmospheric absorption in both
models. These results underscore the critical role of emission inventory resolution and spatial

accuracy in shaping modeled radiative outcomes and interpreting regional climate signals.

To attribute forcing to specific aerosol types, species-tagged CAM6 simulations for the year
2014 were performed. Black carbon emerges as the dominant warming agent at TOA with a
net ERF of +1.19 W/m?, while inducing a surface dimming of —3.9 W/m? and atmospheric
absorption of +5.09 W/m? These effects stem almost entirely from aerosol-radiation
interactions (ERFar1), with only modest cloud responses. Conversely, sulfate aerosols induce
a strong cooling effect, with TOA ERF of —2.32 W/m? and surface ERF of —5.08 W/m?,
accompanied by limited atmospheric absorption of +2.76 W/m?. The sulfate-induced cooling
is driven largely by aerosol—cloud interactions (ERFac1), which increase cloud droplet number
concentrations, reduce droplet sizes, and enhance cloud albedo and longevity. Organic carbon
exhibits intermediate radiative behavior, with a TOA ERF of —3.10 W/m? and modest
atmospheric and surface effects, reflecting its dual scattering and weakly absorbing properties
and its moderate impact on cloud microphysics. These species-specific diagnostics provide
crucial insight into the divergent roles of different aerosol types in shaping the regional

radiation budget and hydrometeorological dynamics.

Extending the analysis back in time, simulations using CAM6 and CMIP6 historical emissions
reveal that between 1900 and 2014, the net TOA ERF over India intensified from —0.38 W/m?
to —2.49 W/m?, largely due to increased sulfate emissions. The ERFacr component of sulfate
alone deepened from —0.54 W/m? to —3.76 W/m? over this period, as industrial activity
accelerated and emissions rose steeply. Black carbon-induced ERFari grew more slowly,
resulting in a moderate TOA warming contribution, yet it significantly altered atmospheric
heating, which increased from +0.5 W/m? in 1900 to +9.5 W/m? by 2014. Notably, BC
accounted for more than 75% of this increase in atmospheric absorption. These trends mirror
historical shifts in surface radiation, cloud properties, and rainfall patterns, including enhanced
cloud water paths and reduced surface insolation, which together contributed to regional

hydrological changes and potential weakening of the monsoon system.

Future projections using SSP-based CAM6 simulations depict divergent trajectories for aerosol
forcing under different emissions pathways. Under SSP3-7.0, where emissions remain high
due to continued fossil fuel use and limited regulation, TOA ERF remains strongly negative (—

2.5 W/m?), surface dimming intensifies (—12 W/m?), and atmospheric heating persists at
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elevated levels (~+10 W/m?) throughout the century. In contrast, SSP1-2.6, an aggressive
mitigation scenario, drives both TOA and surface ERF toward near-neutrality and reduces
atmospheric absorption to near zero by 2100. SSP5-8.5 shows intermediate behavior, with
strong aerosol effects persisting until mid-century and then declining sharply. A key result
across all scenarios is the persistence of black carbon as a major contributor to atmospheric
heating and sulfate as the primary driver of cooling through ERFaci. The simulations also
suggest a short-term warming rebound, especially under strong mitigation, resulting from rapid

sulfate declines that reduce aerosol masking of greenhouse gas—driven warming.

Collectively, the findings of this thesis underscore the species-specific, spatially
heterogeneous, and temporally dynamic nature of aerosol-induced radiative forcing over South
Asia. Sulfate aerosols are identified as the primary cooling agents, mainly via cloud-mediated
pathways, while black carbon exerts a powerful warming influence through direct absorption
and stabilization of the lower atmosphere. Organic carbon, although less dominant, contributes
to both radiative scattering and modest cloud effects. These results highlight the importance of
vertically resolved and spectrally disaggregated diagnostics in understanding aerosol—climate
interactions and demonstrate how the choice of emission inventory and model physics can
substantially affect simulated outcomes. The combined use of multiple models, emission
inventories, and ERF decomposition methods provides a more physically consistent and
regionally relevant picture of aerosol-climate interactions than previously available in the

literature.

In advancing the scientific frontier, this research calls for future efforts to address several
outstanding challenges. These include linking aerosol forcing to regional energy imbalances
and precipitation suppression, isolating semi-direct effects and rapid adjustments induced by
absorbing aerosols, incorporating natural and mixed-aerosol regimes, and employing fully
coupled Earth system models to capture feedback on ocean—atmosphere dynamics.
Furthermore, improved integration of satellite and in situ observations into climate model
evaluation is needed to constrain uncertainties in forcing estimates, especially in the vertical
domain. Addressing these knowledge gaps will be critical for improving regional climate
projections, guiding effective mitigation strategies, and developing comprehensive climate—air
quality policy frameworks for South Asia, a region where the stakes for environmental

sustainability, public health, and economic resilience are extraordinarily high.
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