ABSTRACT

Clouds and aerosols are among the most critical components of the Earth’s climate system,
regulating both the radiative and hydrological budgets through their individual effects as well
as their complex interactions. While the IPCC ARG6 report highlights progress in reducing
uncertainties in aerosol-cloud interactions (ACI) and their impacts on Earth’s radiative
balance, many of the underlying processes remain unresolved due to their highly nonlinear
nature. This thesis investigates key challenges faced by both the observational and modeling
communities in quantifying ACI and explores their implications for radiative forcing estimates

over South Asia using a global climate modeling framework.

A major focus of this work is the role of meteorology in shaping model-simulated ACI. Using
the Community Atmosphere Model version 5 (CAMS), which forms part of the Community
Earth System Model (CESM), specialized simulations were conducted in which model-
predicted meteorology was replaced with GEOSS5 reanalysis data or selectively constrained
through nudging techniques. These experiments were designed to evaluate uncertainties in ACI
over the northern Bay of Bengal (NBoB), a region characterized by frequent low-level clouds
and high aerosol loading during winter. Analysis revealed that CAMS5 overestimates the first
indirect effect (FIE), leading to enhanced evaporative cooling of smaller droplets, a reduction
in available moisture, and a spurious negative second indirect effect (SIE) that is inconsistent
with observations. Nudging specific humidity improved SIE estimates by stabilizing the
boundary layer and sustaining shallow cloud growth through continuous moisture supply. In
contrast, nudging horizontal winds improved aerosol transport but also enhanced the influx of
fine-mode absorbing black carbon (BC), which amplified semi-direct effects through
additional atmospheric heating, stronger instability, and enhanced evaporation. These results
highlight serious deficiencies in model-simulated specific humidity and demonstrate its central
role in improving the representation of shallow cumulus and stratocumulus cloud ACIs, which

remain a major source of uncertainty in estimates of aerosol-induced cooling.

The thesis then turns to aerosol-induced cloud invigoration effects, which represent fast
adjustments of clouds in response to aerosol perturbations under conditions of high convective
instability and moisture abundance. Although widely studied using observations and mesoscale
models, the strong coupling of these processes with large-scale circulation necessitates their

examination using global models. CAMS simulations revealed that the representation of



convective invigoration is highly sensitive to horizontal resolution: while coarse (~2°)
simulations failed to reproduce key signatures, finer resolutions (1° and especially 0.5°)
captured the dynamical, thermodynamical, and microphysical responses more realistically.
These results demonstrate that studying aerosol-induced convective invigoration requires the

use of high-resolution global models with horizontal grid spacing of 0.5° or finer.

Building on this, species-specific perturbation experiments were performed to disentangle the
roles of sulfate, BC, and dust aerosols in shaping mid- and high-level cloud properties during
the Indian Summer Monsoon (ISM). Results revealed a clear size—composition dichotomy.
Larger, absorbing aerosols such as BC and dust primarily influenced cloud vertical structure
by altering the atmospheric dynamical and thermodynamical environment, ultimately
deepening convective towers and enhancing upper-level cloud development. In contrast,
smaller, hygroscopic sulfate aerosols acted as efficient cloud condensation nuclei, being readily
transported to higher altitudes but leading to cloud stratification and shallowing due to the
formation of numerous small ice particles under weakened updrafts. These distinct pathways
resulted in different magnitudes and signs of radiative forcing associated with fast cloud

adjustments to aerosol perturbations.

To the best of the author’s knowledge, this is the first systematic effort to isolate deficiencies
in model-simulated meteorology as a source of uncertainty in ACI representation and to
examine species-specific invigoration and suppression mechanisms using a high-resolution
global climate model. The findings highlight the critical role of meteorology (especially
specific humidity), spatial resolution, and aerosol size—composition diversity in shaping ACI
responses. By elucidating the feedback pathways through which aerosols influence cloud
microphysics, macrophysics, and atmospheric energetics, this thesis advances the scientific
understanding of aerosol-cloud—climate feedback over South Asia and provides new insights

for reducing uncertainties in estimates of aerosol radiative forcing.
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