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Abstract

Atmospheric CO2 is the most important greenhouse gas, causing global warming and climate
change. The global land tropics are the most sensitive part of the global carbon cycle and are
mainly responsible for global CO> variability. Lack of in-depth understanding of the underlying
drivers limits understanding of the future changes in the tropical carbon cycle, its interaction
with the climate system. This demands a thorough investigation for a better understanding of
the underlying drivers explained by observational data products, chemical transport modelling,
and statistical techniques. The objective of this thesis is to identify fundamental gaps in our
knowledge of understanding CO> variability and its drivers in the global tropics and South Asia
through the utilization of the state-of-the-art transport models and data products. Identifying
the gap areas, the following three objectives have been formulated for this thesis, (a)
Meridional propagation of CO> growth rate and flux anomalies from the tropics due to El Nifio-
Southern Oscillation (ENSO) (b) Characterizing regional hemispheric CO> variability in
satellites and global chemistry-transport model using aircraft measurements (c) Regional fire

dynamics and its contributions to carbon flux variability in South Asia.

The first chapter presents a comprehensive introduction to the global carbon cycle, followed
by brief discussions on different observational platforms of measuring atmospheric CO2 (in
situ and remote sensing), global top-down inversion modelling, and how they contribute to the
understanding of carbon concentration and flux variability, respectively. Next, it discusses
different natural climatic oscillations controlling CO> variability in global tropics, followed by
an in depth literature review that identifies existing research gaps in understanding the CO»
variability and its drivers across South Asia and global tropics. It also presents the motivation
behind each objective of the thesis, interconnection, and overall organisation of the thesis. The

second chapter of the thesis describes modelling methodology, different statistical techniques
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and datasets used to accomplish each objective of the thesis. It details the scientific steps of the
Bayesian-based top-down inversion modelling, different sets of prior CO> fluxes from bottom-
up models, and details about specific observations datasets (surface, aircraft, remote sensing

datasets).

The third chapter describes inter-annual variability of land CO> flux, atmospheric CO>
concentrations and their relationship with ENSO climatic modes across the latitude from
tropics to the high latitudes of both hemispheres. We have utilised CO; observations from 43
surface sites from NOAA's obspack co2 1 GLOBALVIEWplus v6.1 product and WDCGG
archive, as well as MIROC4-ACTM simulated fluxes for the period 2000 to 2019. The analysis
shows that the southern hemisphere global land tropics are most sensitive to the changes of
ENSO pattern. Results also revealed that an asymmetrical ENSO-CO; relationship exists
between the northern and southern hemispheres, which originates in the southern hemisphere
land tropics. It shows that the ENSO takes almost eight (four) months to impact the carbon
cycle of high latitudes in the northern(southern) hemisphere from the tropics. This lag suggests
a delayed teleconnection between ENSO and extratropical carbon flux responses. Among the
key tracers activated during ENSO events, fire emissions and biospheric fluxes play a dominant

role in driving these carbon cycle anomalies.

The fourth chapter is explored in two parts, Part-1: Investigates CO> variability using the latest
satellite measurements (GOSAT, OCO-2), and Part-2: diagnoses errors in a single chemistry
transport model (MIROC4-ACTM) through comparison with a multi-platform observations
dataset (surface, aircraft, remote sensing). The results from Part-1 show OCO-2 is better at
capturing regional scale variation of CO; as compared to the GOSAT. Part-2 describes the
advantage of precise surface-based (GLOBALVIEWplus), and aircraft CO> measurements as

“ground truth” over OCO-2 sampling location to assess MIROC4-ACTM transport model in



the altitude range of Earth’s surface to upper troposphere. In this study, MIROC4-ACTM
simulations, surface and aircraft observations (ATom, Amazon, and CONTRAIL projects)
considered as ground truth, and Orbiting Carbon Observatory-2 (OCO-2) XCO; are used
covering the period 2015-2021. Result shows MIROC4-ACTM simulation is able to capture
the zonal mean CO2 and XCO: concentration gradients within +1 ppm. MIROC4-ACTM and
ATom profiles show mean differences of —0.1+£0.48 and 0.01+£0.3 ppm over land and ocean,
respectively (p<0.05), and those are —0.34+1.07 and —0.2+0.51 ppm for OCO-2 XCO, sampled
at ATom profile locations. Altitude-wise analysis shows that CO: differences are concentrated
in the lower troposphere (0-2 km), where model outputs are strongly influenced by surface
fluxes. Over the Amazon, MIROC4-ACTM inversion does not have observations sites and
limited vertical coverage of aircraft profiles (~0-4 km), leading to poor ACTM and OCO-2
agreements. Over the airports in Asian megacities (i.e., emission hotspots), the model shows a
higher difference with CONTRAIL (—1.06+£0.58 ppm) than OCO-2 (—0.15+0.53 ppm). The
larger ACTM-CONTRALIL difference reflects MIROC4-ACTM’s coarse resolution (approx.
2.8°%2.8°), which limits its ability to capture urban fossil fuel emissions, while the smaller
ACTM-0CO-2 difference likely results from OCO-2’s limited sensitivity below the boundary

layer.

The fifth chapter describes fire emission during forest fire period and underlying dynamics
through analysis of climatic drivers, anthropogenic activity and fire impacts on regional carbon
budget in South Asia. Here, top-down inversion model NASA CMS-Flux output which
assimilates the MOPITT satellite retrieved XCO to optimize biomass burning emission from
GFEDA4.1s. Additionally, fire emission from two bottom-up models, global fire assimilation
system or GFAS and Quick Fire Emissions Dataset or QFED to compare differences with top-
down inversion. The fire dynamics and carbon flux variability over three fire prone key regions

in South Asia, Region-1 (southwestern Nepal, Uttarakhand), Region-2 (Central India), and
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Region-3 (Northeast India) for the period from 2010 to 2021is analysed. The results show a
high difference in fire emission between the CMS-Flux and bottom-up models in South Asia.
Further, this chapter focused on the significant fire events that unfolded in February, March,
and April (FMA) of 2021. We find high burned areas (5,000-10,000 km?), and fire carbon
emissions (0.3-4 TgC season™!) across these regions in FMA,2021 as compared to a
climatological mean from 2010-2020. Each of the three regions show distinct natural and
anthropogenic drivers that preceded the fires. In Region-1, snow induced soil moisture deficits
drive fire activity, leading to a subsequent decline in gross primary production (GPP). In
Region-2, human activities, likely cropland burning, contributed to forest fire. In Region-3, the
influence of climatic drivers is elusive, but the scattered distribution of burned areas suggests
human activity is the likely cause of forest fire. During FMA 2021, fire emissions in Region-1
(~4 TgC) showed twice the fossil fuel emissions (~2.2 TgC), while in Region-2 (~3.8 TgC), it
remained below fossil emissions (~16 TgC). In both regions, forests and croplands contributed
equally to fire emissions. In Region-3, fire emissions exceeded fossil emissions in 2012 (~4.7
TgC), 2013 (~6.18 TgC), and 2014 (~9.75 TgC) but remained lower in 2021 (~3.37 TgC), with
most emissions originating from forests. This analysis highlights the significant role of forest
fire in the regional carbon budget and the need for careful forest carbon management practices
to reduce their adverse impacts on the ecosystem. Finally, the sixth chapter summarizes the
main findings of the present thesis. In addition, it provides limitations/challenges and future

directions for the present research area.
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