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ABSTRACT

The absorption of shortwave radiation by aerosols is predominantly caused by black carbon
(BC), which can significantly affect atmospheric stability, circulation, and the hydrological
cycle. Driven by concerns over air quality, public health, and global warming, a reduction in
BC emissions is anticipated in the coming decades. This shift is of particular significance in
South and East Asia, regions identified as aerosol hotspots, where large populations and the
reliance on the Asian summer monsoon (ASM) make them especially susceptible to changes

in aerosol dynamics.

This thesis comprehensively analyzes the climatic responses to a global phaseout in BC
emissions under the SSP3-7.0 scenario. Utilizing simulations from three distinct climate
models within the Coupled Model Intercomparison Project Phase 6 (CMIP6) experiment—
UKESM1.0-LL, MIROC6, and MPI-ESM1.2-HAM—this study spans the period from 2015 to
2054 (and to 2094 for UKESM1.0-LL) to project global, regional, and seasonal anomalies. The
focus is on examining the responses in Aerosol Absorption Optical Depth (AAOD), near-
surface temperature, vertical mass flux, vertical air temperature, precipitation, and their

interdependencies across each model.

The results reveal significant inter-model differences. MIROC and MPI-ESM exhibit weaker
responses to BC emission reductions, aligning closely with the ASM’s typical behavior. In
contrast, UKESM projects a robust decrease in precipitation over India, counter to
expectations, attributed to reduced convective activity. This variance in responses
emphasizes the challenges in climate modeling, mainly due to the poorly constrained nature
of aerosol absorption and the complex mechanisms driving the Asian climate system. The
thesis provides insights into the potential impact of climate policies aimed at mitigating BC

emissions.
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1 Introduction

This section provides necessary background information to emphasize the importance of

studying climate response to mitigations in black carbon emissions.
1.1 BACKGROUND

According to the Sixth Assessment Report (AR6) presented by the Intergovernmental Panel
on Climate Change (IPCC), it is an undeniable fact that human actions have caused global
warming of about 1.1°C since the pre-industrial era (IPCC, 2021). This is primarily due to
greenhouse gas (GHG) emissions caused by energy consumption, land use, and lifestyles. To
achieve the goal of limiting global warming to 1.5°C, substantial measures to reduce the
emission of GHGs are needed (Millar et al., 2017). This action may also significantly reduce
emissions of anthropogenic aerosols, which are often co-emitted with GHGs (Samset, B. et al.,

2018).

Aerosols are tiny particles suspended in the atmosphere. They have an essential role in the
global and regional climate system, as they can warm and cool the atmosphere depending on
their composition and optical properties (Shindell et al., 2008). On a global scale, it is
estimated that aerosol emissions have counteracted almost one-third of the global warming

due to GHGs (IPCC, 2013; Ramachandran et al., 2022).

With the onset of industrialization in the 1850s, aerosol emissions surged globally. In
response to evidence of the adverse effects of air pollution on public health and the
environment, western governments took measures to reduce emissions in the late 1970s and
1980s (Fowler et al., 2020; Rao, Shilpa et al., 2017). Meanwhile, South and East Asian
economies emerged as significant sources of aerosol emissions, driven by rapid economic
growth and expanding populations (Lund et al., 2023; Mosley, 2014). India and China have
become the largest source of anthropogenic aerosols and their precursors in the last few
decades (Li, Z. et al., 2016). While China has recently made significant advances in reducing
emissions, India's emissions continue to increase, creating a so-called dipole emission pattern

(Li, C. et al., 2017; Ramachandran et al., 2022).



Anthropogenic aerosols have been causing changes in climate patterns across South and East
Asia for an extended period. Their influence may surpass that of the steadily rising
concentrations of GHGs, particularly in affecting precipitation (Lau, W. K. M., 2016; Samset
et al., 2019). The apparent sensitivity of anthropogenic aerosols to the hydrological cycle is
twice that of GHGs (Kloster et al., 2010; Salzmann, 2016; Samset et al., 2016), and the
response of global mean precipitation to aerosol perturbations can have a more rapid effect

on shortwave transmissivity and, thus, a substantial influence on radiative energy imbalance

(Andrews et al., 2010; Liepert & Previdi, 2009; Liu, L. et al., 2018).

Figure 1.1: Air pollution over the India Gate in central New Delhi, October 2023 (photograph by Sebastian Navdahl).

Sulfate aerosols can scatter shortwave radiation, ultimately contributing to cooling the
Earth's surface. In contrast, black carbon (BC) aerosols are known for absorbing both solar and
terrestrial radiation, leading to localized atmospheric heating while initially cooling the
surface (Ramanathan & Carmichael, 2008). Driven by concerns over air quality, public health,
and global warming, significant and rapid changes in aerosol emissions are expected in the
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coming decades. The effects of these changes on regional and global climate and weather
patterns are uncertain, especially regarding the role of BC. Since South and East Asia alone
contribute to approximately 45% of global anthropogenic BC emissions (Klimont et al., 2017),

conducting a thorough study of this region is crucial.
1.2 MOTIVATION AND OBJECTIVE

The dipole emission patterns of aerosols in Asia alter the aerosol-radiation-cloud radiative
forcing (RF), potentially triggering atmospheric reactions and regional anomalies. These
shifts can have consequences extending beyond the Asian aerosol source region, affecting
climate, chemical reactions, and cloud formation (Ramachandran et al., 2022; Samset et al.,
2019). The South and East Asian regions are particularly vulnerable to future changes due to
their dependence on the Asian summer monsoon (ASM), which may also be modified. This
weather phenomenon holds significant socioeconomic importance for the region, particularly

India and China, representing over one-third of the world's population (Li, Z. et al., 2016).

BC emissions, which are responsible for roughly 60% of the overall aerosol absorption in
current global climate models (Sand, M. et al., 2021), are projected to decrease rapidly in India
and China in the following decades as they are a target for emission control (R6nkko et al.,
2023; Streets et al., 2013). Regulating these particles to protect human health and climate
may have unintended consequences for the climate, such as altered surface temperature and
precipitation rates, as demonstrated by previous studies (e.g., Acosta Navarro et al. (2017);
Bond et al. (2013); Rotstayn et al. (2013); Wilcox et al. (2020)). On a global scale, the expected
climate impacts from mitigating aerosol burden are projected to be insignificant, considering
the increasing dominance of RF from GHGs (Samset, 2016). However, at a regional level, these

reductions may yield noteworthy ramifications.

In this thesis, we examine the implications of BC emissions on climate, delving into the
complexities and uncertainties involved in mitigating them. Model projections of the
influence of BC emissions on climate include numerous spatial and temporal uncertainties
(Samset, B. H. et al., 2018; Wilcox et al., 2020). The climate dynamics of South and East Asia,
regions particularly vulnerable to climate change (Samset et al., 2019), are shaped by a

complex interplay of atmospheric, oceanic, and terrestrial processes (Li, J. et al., 2022; Zelinka



et al., 2020). This complexity is further compounded by the Asian monsoon season, leading

to varied projections across different climate models.

This thesis aims to assess the impact of phasing out BC emissions on key climate variables -
namely aerosol absorption optical depth, near-surface temperature, precipitation, vertical
temperature, and vertical mass flux - utilizing three distinct CMIP6 global climate models:
UKESM1.0-LL, MIROC6, and MPI-ESM1.2-HAM. The models are analyzed under a
modification of the future scenario SSP3-7.0, where global BC emissions are rapidly reduced,
considering global, regional, and seasonal implications. The focus is mainly on India and
China, regions where the repercussions of such changes are most critical. This research seeks
to elucidate the potential enhancement of changes in these climate variables and draws
contrasts between the outcomes from different models. By examining the effects of BC
emission mitigation and the discrepancies among models, this thesis endeavors to inform
future adaptation and mitigation strategies in the region and contribute to validating and

improving climate models.



2 Theory

This thesis section presents background information and theory regarding the climate system,
aerosols properties, aerosol absorption, black carbons climate interactions, black carbon

emissions in Asia, and Earth system models and climate projections.
2.1 THE CLIMATE SYSTEM

In 1901, Herbertson clearly distinguished between weather and climate, stating that "Climate
is what we expect, weather is what we get" (Herbertson, 1901, p. 118). Weather is the
constantly changing state of the atmosphere, characterized by temperature, wind,
precipitation, clouds, and more. This weather results from rapidly developing and decaying
weather systems, such as mid-latitude low- and high-pressure systems with their associated
frontal zones, showers, and tropical cyclones (Baede et al., 2001). On the other hand, climate
refers to the typical weather patterns of a specific geographic area, including the statistical
average and its fluctuations over a defined period, typically 30 years, and location (Boucher,
2015b). The climate is dynamic and can shift from one season to another, year after year, and

even over extended periods, like during the Ice Ages.

The climate involves the atmosphere, land surface, hydrosphere, cryosphere, and biosphere.
Each component shapes the climate system (see Fig. 2.1), while their interactions further
influence the different climates. Earth's climate can be categorized into zones based on
climate variables better to understand the diverse climatic conditions in various regions. One
classification system commonly used is the Koppen-Geiger climate system (Koppen, 1936). It
provides a simplified explanation based on precipitation and temperature that divides
climates into tropical, arid, temperate, cold, and polar zones (Peel et al., 2007). Various
factors, such as latitude, proximity to the sea, vegetation, and topography, contribute to
climate variability within these zones (Baede et al., 2001). Furthermore, external factors like
atmospheric composition, solar radiation, and volcanic activity can also impact the balance

of energy within our atmosphere (Beck et al., 2018).
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Figure 2.1: Schematic representation of the components (bold writing), processes, and interactions (thin arrow) of the

global climate system and some aspects that may change (bold arrows). The figure is taken from Baede et al. (2001).
2.1.1 THE ATMOSPHERE

The atmosphere and the ocean are among the most essential components of the climate
system (Boucher, 2015b). The air moves horizontally and vertically, creating weather patterns
and shaping climate properties. The atmosphere mainly comprises nitrogen and oxygen,
which make up 99% of its volume. The remaining 1% includes trace gases, the most significant
being argon, carbon dioxide, water vapor, ozone, and methane (Ramachandran, 2018). The
Earth's atmosphere comprises several distinct layers extending from the surface to the top of
the atmosphere (TOA). These layers are the troposphere, stratosphere, mesosphere, and
thermosphere. With increasing altitude, air density and pressure decrease while temperature

varies (Boucher, 2015b), as shown in Figure 2.2.
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Figure 2.2: Visualization of the different distinct layers in the atmosphere, with the line showing the approximate

temperature (K) for different pressure levels (hPa) and altitudes (km). The figure is taken from Mohanakumar (2008).

The troposphere is the layer of the atmosphere closest to the Earth's surface. It contains the
majority of the atmosphere's mass and water vapor, which is responsible for cloud formation
(National Geographic, 2023). As air ascends through this layer, it cools, resulting in
convection. The stratosphere is a distinct layer that begins at the tropopause and extends up
to approximately 50 km altitude. In this layer, the temperature rises while the air density
decreases. The ozone layer is situated within the stratosphere (Boucher, 2015b). Further, the
temperature decreases with altitude as it enters the mesosphere up to about 90 km, reaching

the thermosphere, where the temperature increases until the TOA.

The Earth's energy balance is established by the amount of incoming and outgoing radiation
in the TOA (IPCC, 2021). As solar radiation enters, reflected shortwave radiation and
terrestrial longwave radiation exit the atmosphere. In a steady-state climate, the incoming
and outgoing radiation components are in equilibrium, although fluctuations arise from both

internal climate variability and anthropogenic forcing, causing energy imbalance (Brown et



al., 2014; Palmer & McNeall, 2014). The presence of gas molecules or particulate matter in
the atmosphere causes solar radiation to be absorbed or scattered but allows both solar and
terrestrial radiation to pass through. Changes in the abundance of these forms of matter can

impact the Earth's energy balance and atmospheric stability (Boucher, 2015b).

The radiation from the sun, while interacting with Earth’s surface and atmosphere, helps
determine the vertical profile of atmospheric temperature and, therefore, its stability or
instability. As air ascends or descends vertically, it cools or heats; these changes in
temperature relative to altitude are called adiabatic processes, and they determine the state
of the atmosphere (Almethen & Aldaithan, 2017). Air descending from the atmosphere
creates high atmospheric pressure, resulting in clear skies and predictable weather
conditions. Conversely, when air ascends, it generates low atmospheric pressure, which
causes the air to cool and condense into water vapor, leading to cloud formation and an

increased probability of precipitation.

2.1.2 THE HYDROLOGICAL CYCLE

Despite its small presence, comprising only about 0.25% of the total atmospheric mass, water
plays a fundamental role in the climate system (Stevens & Bony, 2013). Water movement is
tracked throughout the different components of the Earth's climate system through the

intricate hydrological cycle (Chahine, 1992).

Figure 2.3 illustrates the water evaporation process from both ocean and continental surfaces.
The water then undergoes multiple cycles of condensation and evaporation in the atmosphere
before eventually returning to Earth as precipitation. Water vapor (gas phase) is present in
the atmosphere and can be found in clouds containing both liquid and solid water phases. The
interaction between water vapor, clouds, and solar and terrestrial radiation is significant.
Additionally, biogeochemical cycles, such as carbon, nitrogen, and sulfur, impact the
atmosphere's chemical composition and the marine and terrestrial ecosystems (Boucher,

2015b).
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Figure 2.3: Schematic of the hydrological cycle in the climate system. The figure is taken from Boucher (2015Db).

Precipitation can take the form of rain, snow, or graupel. Various factors influence
precipitation, including global warming, changes in land use, human water consumption, and
atmospheric composition (Tang, 2020). Globally, precipitation is constrained by the
atmospheric energy balance, such that the latent and sensible heat fluxes are balanced by net
atmospheric radiative cooling (Allen & Ingram, 2002; Pendergrass, Angeline G. & Hartmann,
2014; Richardson et al., 2018). Hence, the response of precipitation to climate forcing can be
split into two phases: the fast response, a rapid adjustment of the troposphere and
stratosphere to the direct change in energy balance caused by a climate forcing agent (e.g.,
GHGs, aerosols), and the slow response, which is driven by the change in surface temperature
(Andrews et al., 2010; Bala et al., 2010; Richardson et al., 2018; Samset et al., 2016). Various
climate change drivers perturb the TOA, atmospheric, and surface energy balance in distinct
ways. Aerosols, for example, scatter and absorb radiation in the atmosphere, making them
influential factors in all these energy balances. Consequently, they are estimated to be
essential in disturbing the regional hydrological cycle (Andrews et al., 2010; Ramanathan et

al., 2001).



2.1.3 CLIMATE CHANGE

Climate change refers to significant and long-lasting variations in the climate's mean state or
variability (Baede et al., 2001). While natural factors like solar irradiance and volcanic
eruptions have historically played a role in global climate changes (Zhang, 2020), human
activities such as the burning of fossil fuels, deforestation, industrial processes, and
agricultural practices have become significant contributors to greenhouse gas (GHG)
emissions (Yoro & Daramola, 2020). These emissions alter the Earth’s energy balance and
cause global warming (Trenberth, 2018), which has significant implications for the climate.
There is compelling evidence of rapid climate change, including ocean warming and
acidification, ice melting, rising sea levels, and increased extreme weather events such as

heatwaves, wildfires, extreme precipitation, and flooding (UNCCS, 2019).

Accurately assessing the impact of changes in the Earth's atmosphere is crucial in measuring
global warming and climate change. Radiative forcing (RF) is a valuable tool for estimating
these changes, which is expressed in Watts per square meter (Wm?) (Myhre
et al., 2013; Boucher et al., 2013; Forster et al., 2016). Essentially, RF refers to the
perturbation of the global energy balance caused by a change in the climate system before any
response in temperature or other climate processes takes place (Samset, 2016). These
perturbations can arise from natural and anthropogenic sources, including changes in the
concentration of well-mixed GHGs like CO,, CHs, N,O, and SF¢ (Collins, W. D., 2019). The
respective RF of these GHGs for 2010-2019 are 0.8 Wm™, 0.5 Wm?, 0.1 Wm™, and 0.1 Wm?,
relative to 1850-1900 (Forster, P. et al., 2021). In addition to these factors, other perturbations

arise from aerosol burdens, land use characteristics, solar activity, and volcanic eruptions.

The global warming observed has been attributed to the presence of these GHGs in the
atmosphere, contributing to a range of 1.0°C to 2.0°C. However, aerosols have partially offset

global warming by contributing to a cooling of about 0.0°C to 0.8°C (IPCC, 2023).
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2.2 AEROSOLS

Aerosols refer to a collection of particles that are suspended in the atmosphere (Samset,
2016). These particles vary in their physical, chemical, and optical properties, and they can be
found from the Earth’s surface up to the top of the atmosphere (TOA) at an altitude of about
40 km (Carslaw, 2022a). Aerosol particles impact many aspects of the environment, such as
air quality and weather patterns. The term aerosol, which refers to the particles and the

suspending gas, is frequently used in this thesis in its plural form to mean ‘aerosol particles.’

Aerosols can exist in liquid, solid, or mixed phase states and range from a few nanometers to
several tens of micrometers. Due to the significant heterogeneity in aerosol sources, their
atmospheric concentration varies. They have a relatively short lifetime of a few hours to a few
weeks, which depends on their size, chemical composition, the location of emission, and

season (Boucher, 2015a).

2.2.1 AEROSOL CLASSIFICATION

Characterizing individual aerosols is difficult due to the unpredictable variability of their
amount and properties. Instead, it is helpful to describe a population of aerosols. This thesis
uses Boucher's (2015a) classification of atmospheric aerosols: primary, secondary, and by

origin.

Primary aerosols, such as sea spray, mineral dust, or smoke from incomplete combustion or
forest fires, are emitted directly into the atmosphere. Secondary aerosols form through the
condensation of atmospheric components, such as sulfate from industrial discharges or
volcanic sources, rather than originating from direct particulate emissions (Ramachandran,
2018). We also differentiate between natural and anthropogenic origin. The natural sources
include emissions from the ocean, soils, vegetation, fires, and volcanoes. Examples are salt
particles from sea spray and mineral dust swept up by winds and soot from wildfires. On the
other hand, anthropogenic aerosols are generated by human activities such as the combustion
of fossil fuels, biofuels, industrial activities, and domestic activities. The primary
anthropogenic aerosols are sulfate and nitrate compounds, organic aerosols, and BC (Samset,

2016).
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2.2.2 PHYSICAL PROPERTIES OF AEROSOLS

This section introduces aerosol particles' physical, chemical, and optical properties and their

spatial distribution and variability.

Understanding aerosol concentration and chemical composition in the atmosphere goes
beyond identifying their sources. Once airborne, aerosols are subject to a variety of processes,
such as transportation and dry deposition due to global wind patterns, wet deposition due to
precipitation, convection due to temperature, and condensation, dissolution, and coagulation
due to humidity, see Figure 2 for an example with BC. These processes cause aerosols to have
a spatially and temporally heterogeneous concentration and distribution in the atmosphere

(Boucher, 2015a; Carslaw, 2022b).

Aerosol concentrations typically range from 100-1000 cm, with most particles measuring 10-
200 nm in diameter (Carslaw & Pringle, 2022). Concentrations also vary vertically, where they
are generally more common in the atmospheric boundary layer than in the troposphere
(Boucher, 2015a). Aerosols in the troposphere include sea salt, mineral dust, nitrate, sulfate,
and organic and black carbon. Meanwhile, the stratosphere primarily contains sulfate
aerosols. The aerosol concentrations vary according to closeness to their emission source,

region, altitude, and season (Ramachandran, 2018).

It is essential to determine the optical properties of aerosols to understand their impact on
the Earth’s radiation budget. In the visible spectrum, scattering is the dominant interaction
between radiation and aerosols (Kokhanovsky, 2008). However, some aerosols also can absorb

radiation.
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2.2.3 AEROSOLS-RADIATION INTERACTIONS

Atmospheric aerosols significantly impact the climate by causing RF directly through
scattering and absorbing radiation in the atmosphere, thus altering the planetary albedo
(Twomey, 1977). They have an indirect effect by acting as cloud condensation nuclei (CNN)
or ice-nucleating particles (INPs), altering cloud properties such as reflectivity and lifetime
through microphysical processes (Li, J. et al., 2022). Aerosols can also modify cloud properties
without directly acting as CNN and INPs. This is called the semi-direct effect, whereby they
absorb solar radiation, increasing the ambient air temperature. This, in turn, results in the
evaporation of cloud droplets (Rao, Sofiya & Dey, 2020). Moreover, aerosols can deposit on

snow and ice surfaces, indirectly altering the Earth’s albedo (see Fig. 2.4).

These effects can be grouped into three types of interactions: aerosol-radiation interactions
(ARI), aerosol-cloud interactions (ACI), including both indirect and semi-direct effects, and
aerosol-surface interactions. This thesis focuses on ARI and the semi-direct effects of ACI and

how they affect Earth’s climate, especially precipitation, in response to a reduction of

absorbing aerosols.
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Figure 2.4: Overview of radiative effects of absorbing (dark grey dots) and scattering (light grey dots) aerosols and their

interactive effects. This figure is taken from Li, ]. et al. (2022).

Aerosol scattering and its effect on climate is the ARI best understood. Shortwave radiation
is scattered in various directions by mainly sea salt, sulfate, and nitrate aerosols, resulting in
a cooling effect on the climate system by reflecting more radiation (Li, J. et al., 2022;
Ramanathan et al., 2001). However, high surface albedo and clouds can mitigate this effect

(Liao & Seinfeld, 1998; Thorsen et al., 2020). Aerosols have unique directional scattering and
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polarization properties. Non-spherical particles scatter light more efficiently and exhibit
shape-dependent polarization. In global climate modeling, aerosols are generally considered
homogeneous spheres (Li, J. et al., 2022), and optical processes, size distributions, growth,
and aging factors are considered (Mann et al., 2014). Differential equations describing the
interactions of incoming shortwave radiation with aerosols in the atmosphere are solved
based on Mie theory (Samset, 2016). Aerosol absorption is a phenomenon in which certain
aerosols, predominantly black carbon, absorb incoming shortwave radiation (Bond et al.,

2013). This is presented more thoroughly in section 2.3 of this thesis.

The changes in global aerosol abundances caused by anthropogenic activities alter the natural
aerosol radiative effect (Carslaw, 2022a). Quantifying the RF caused by aerosols within the
climate system is achieved through the use of aerosol effective radiative forcing (ERF), which
is defined as the change in TOA flux following a perturbation within the climate system
(Forster, P. M. et al., 2016). The IPCC AR6 has used observational and modeling evidence to
estimate a 1750 to 2015 global mean aerosol ERF of -1.3 (-2.0 to -0.6) Wm? (medium
confidence), and the ERF due to ARI to be -0.3 °+ 0.3 Wm™ (5-95 % credible interval) (IPCC,
2021).

The presence of additional atmospheric aerosols leads to an increase in the scattering and
absorption of radiation. This, in turn, alters the Earth's radiative balance, consequently
impacting the climate (Li, J. et al., 2022). For instance, it changes the vertical temperature
profile of the atmosphere, thereby triggering rapid atmospheric adjustments that can affect
atmospheric stability, relative humidity, and, consequently, cloud formation (Bond et al.,

2013).
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2.2.4 AEROSOL MEASUREMENT TECHNIQUES

Accurately estimating aerosol RF requires comprehensive information on their loadings,
optical properties, and microphysical characteristics (Bellouin et al., 2013). Given aerosols'
significant inhomogeneous spatial and temporal variability, remote sensing is an important
method to obtain insight into this information (IPCC, 2013; Ramanathan et al., 2001; Shin et

al., 2019).

Remote sensing is the measurement of an object's characteristics from a distance using
ground-based or satellite-based methods. Passive remote sensing categorizes observations of
natural electromagnetic radiation into extinction/scattering of solar radiation and
absorption/emission of terrestrial radiation. For example, measurements of solar radiation
extinction in the visible spectrum can be retrieved using sun photometers or spectrometers.
Observations in the infrared range provide insights into vertical absorption and emission in
the atmosphere (Boucher, 2015c), as well as measurements of aerosol absorption via in situ
instruments at long-term surface stations and during aircraft field operations (Samset, B. H.

et al,, 2018).

The Aerosol Robotic Network (AERONET) is an example of a ground-based monitoring system
that utilizes sun-sky radiometers to provide long-term observations of Aerosol Optical Depth
(AOD) and Aerosol Absorption Optical Depth (AAOD), among other parameters (Holben et
al., 1998; Holben et al., 2001; Shin et al., 2019). AOD, derived from the solar radiation reflected
into space, is the height integral of the aerosol extinction coefficient. AAOD is retrieved from
observations of the column aerosol loading of absorbing aerosols, which can be ambiguous if
multiple types of absorbing aerosols, such as BC, BrC, and mineral dust, are present in a mixed

aerosol plume (Shin et al., 2019).
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2.3 ABSORBING AEROSOLS

Due to their diverse chemical and optical compositions, various aerosols can absorb
shortwave radiation in the atmosphere. Amongst these, BC stands out as the primary
contributor. While brown carbon (BrC) and mineral dust can absorb UV radiation, their
absorption ability becomes insignificant beyond 600 nm (Bergstrom et al., 2007; Samset, B.
H. et al., 2018). The ability of an aerosol particle to absorb radiation depends on size, optical

properties, and morphology (Samset, 2016).

In contrast to the global mean aerosol RF, aerosol absorption leads to a positive RF in the
climate system. It heats the particles and emits longwave heat radiation to the ambient air,
contributing to atmospheric warming. Several factors influence the impact of absorption,
including surface albedo, cloud cover, location, and altitude. At the surface, the cooling effect
still dominates as aerosol heating occurs higher in the atmosphere (Satheesh & Ramanathan,

2000).

Absorbing aerosols' vertical distribution is also crucial in determining their radiative impact,
especially in sparsely reflective surfaces and clear skies. When located at higher altitudes, they
have a more pronounced warming effect (Haywood & Ramaswamy, 1998; Li, ]. et al., 2022).
However, a lower layer of aerosols on highly reflective surfaces can lead to a more significant

warming effect (Mishra et al., 2015).

The extent to which aerosols absorb shortwave energy in the atmosphere is subject to high
uncertainty. It can be inferred through an inversion of measurements from sun-sky
photometers at AERONET stations, although this method has limitations and uncertainties
(Giles et al., 2012; Samset, 2022). The uncertainties primarily arise from the fact that
observations of aerosol absorption are still essentially unconstrained, as current photometric
satellite sensors lack the necessary capability to measure it with accuracy (Samset, 2022;

Samset, B. H. et al., 2018; Sand, M. et al., 2021).
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2.3.1 CHARACTERISTICS OF BLACK CARBON

This thesis focuses on black carbon (BC) in soot and its impact on the climate system. BC is
formally defined as an ideally light-absorbing substance composed of carbon (Petzold et al.,

2013).

BC emissions are a result of the incomplete combustion of mainly fossil fuels (diesel and coal)
but also biofuels (wood, dung, and crop residue) and biomass (deforestation and crop residue
burning) (Andreae, Meinrat O. & Crutzen, 1997). BC has a representative mass absorption
cross-section (MAC) value of 7.5 m’g at a wavelength of 550 nm (Samset, B. H. et al., 2018),
dependent on whether it is freshly generated or aged and coated. BC particles near their
source typically have a primary spherule diameter of 10-50 nm, with fractal dimensions of
1.5-2.2 (Liu, D. et al., 2020). This refractory aerosol type has a high vaporization temperature,
reaching nearly 4000 K (Bond et al., 2013).

BC particles vary in shape and structure depending on their source of origin and the
combustion temperature (Andreae, M. O. & Gelencsér, 2006; Mikhailov et al., 2006).
Following their emission, BC particles undergo physical and chemical transformations as they
age and interact with other atmospheric components, which result in morphological and
hygroscopic changes. The lifetime of BC particles and the atmospheric conditions to which
they are exposed induce spatial and temporal variations in their optical properties (Samset,
B. H. et al., 2018). It is primarily removed from the atmosphere through wet or dry deposition
(Bond et al., 2013).

BC particles are not as effective as cloud condensation nuclei (CCN) when freshly emitted due
to their hydrophobic nature. But, as they age and accumulate soluble mass, they grow and
become more hygroscopic, enhancing their CCN activity (Bond et al., 2013). They are
generally found close to their emission source in mixed aerosol plumes, along with other

particles typically co-emitted with BC (Petzold et al., 2013).

Anthropogenic sources of BC are mainly concentrated in urban areas and tropical regions
where solar irradiance is the highest (Ramanathan & Carmichael, 2008). The dome effect of
BC in these regions interacts with the planetary boundary layers, leading to extreme haze

pollution (Ding et al., 2016), which often occurs in megacities like Beijing or New Delhi (see
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Fig. 1.1). Nevertheless, these emissions are not confined to these regions and can be

transported long distances.

BC particles are among the most significant aerosol species that contribute to the aerosol
direct effect on the climate with their unique ability to absorb visible light (Samset, B. H. et

al., 2018). BC also contributes to the aerosol semi- and indirect effect (Bond et al., 2013).

2.3.2 BLACK CARBON INFLUENCE ON CLIMATE PROPERTIES

BC is known to be the second-largest warming agent in the atmosphere, immediately after
GHGs (Chen et al., 2023). Over the last decades, it has become clear that absorbing aerosols
significantly impacts global and regional climate, particularly the hydrological cycle
(Ramanathan et al., 2001). Figure 2.5 shows an illustration of the various ways in which BC

interacts with and affects the climate system.

BC has opposing effects of adding energy to the atmosphere but initially reducing it at the
surface, unlike the greenhouse effect of CO; that leads to a positive RF of the atmosphere and
the surface (Ramanathan & Carmichael, 2008). BC alters the RF through complex processes,
ultimately contributing to a net reduction in planetary albedo (Mikhailov et al., 2006; Moorthy
et al., 2005). These processes include the absorption of solar radiation reflected by the
surface-atmosphere-cloud system (direct effect) and dry and wet deposition on snow and ice.
When BC particles are located above clouds, they may also interact with reflected radiation,
which causes the average aerosol absorption to increase with altitude. However, below a thick

cloud, aerosol absorption is weakened (Bond et al., 2013).
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Black Carbon (BC) Aerosol Processes in the Climate System
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Figure 2.5: Schematic overview of the primary BC emission sources, how it is distributed in the atmosphere, and

the processes and effects in the climate system. This figure is taken from Bond et al. (2013).

Additionally, soot inside cloud drops and ice crystals (indirect effect) can decrease the albedo

of clouds by enhancing absorption by droplets and ice crystals. The mentioned processes
result in a positive forcing at the TOA, subsequently increasing atmospheric heating. It is

important to note that BC initially cools the surface due to its ability to function as an aerosol

mask (Ramanathan & Carmichael, 2008). But over time, the warm air in the atmosphere flows

downwards, resulting in BC having a net warming effect on the surface.

BC can also alter cloud properties without occupying the cloud droplets and ice crystals (semi-

direct effect). This effect can occur in two distinct ways. Firstly, BC can heat the ambient air

while reducing radiation that reaches the surface. This stabilizes the atmosphere and lessens

convection, lowering the potential for cloud formation. Secondly, BC can increase
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atmospheric heating and reduce the relative humidity, which hinders the formation of clouds

and may promote cloud evaporation (Myhre, 2013).

The BC-induced atmospheric heating tends to slow down the hydrological cycle (Pendergrass,
A. G. & Hartmann, 2012; Ramanathan & Carmichael, 2008; Ramanathan et al., 2001). The
process, known as rapid precipitation change, suppresses precipitation formation and alters
cloud formation (Sand, Maria et al., 2020). This is due to the competition between the latent
heat released during condensation and the atmospheric heating rate resulting from the
absorption of aerosols (Samset, 2022). Furthermore, these effects may trigger a positive

feedback loop of aerosol climate effects by decreasing aerosol wet deposition.

Temperature gradients between BC-polluted regions and their surroundings also cause
climatic effects, which ultimately can cause shifts in regional circulation patterns (Li, J. et al.,
2022), such as the Asian monsoon (Bollasina et al., 2014; Menon et al., 2002). BC has been
proposed to contribute to inducing latitudinal gradients in tropospheric heating over the
Asian region during the pre-monsoon season, also called the “Elevated heat pump” effect
(Lau, K. M. et al., 2006), which may result in changes in arrival and duration of the ASM (Das
et al., 2020; Lau, K.-M. & Kim, 2006).

2.4 SOUTH AND EAST ASIAN CLIMATE CHARACTERISTICS AND BC EMISSION

TRENDS

As previously stated, anthropogenic aerosol emissions over Asia have changed rapidly in
composition and spatial distribution in the last decade (Samset et al., 2019). The primary
sources of BC emissions in East Asia are attributed to coal-burning industries, followed by
traffic and biomass burning (Ramachandran & Rupakheti, 2022). Meanwhile, traffic and
burning biomass and refuse are significant sources of BC emissions in South Asia, with
industrial activities following closely (Klimont et al., 2017). The considerable decrease in East
Asia has caused a dipole pattern to form over Asia, while South Asia has experienced an
increase (Ramachandran et al., 2022). The rapid change witnessed is attributed to the
combined effects of population and economic growth and greater energy consumption, which
contribute to increased emissions. However, cleaner technology and fuels reduce emissions

(Bond et al., 2013).
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2.4.1 THE ASIAN MONSOON

Monsoon climates are defined by distinct wet and dry seasons, a reversal of seasonal winds,
and a sudden onset of seasonal monsoon rainfalls (Lau, W. K. M., 2016). The Asian monsoon
is an extensive atmospheric circulation system that arises from the seasonal solar heating
cycle over Asia, creating a temperature gradient between the land and ocean (Li, Z. et al.,
2016). During boreal summer, the Asian monsoon carries heat and moisture across the Indian
Ocean and the tropical western Pacific to the Indian subcontinent and southeastern Asia, even
up to northern China and Japan (Cheng et al., 2016). The seasonal differences in precipitation
occur due to the land-sea gradient and the influence of northeasterly and southwesterly
winds. These are caused by surface turbulent heat fluxes, as well as latent heating from rainfall
and deep convection (Li, Z. et al., 2016; Ramachandran et al., 2020; Wang & Ding, 2008). The
circulation system is also distinguished by the unique influence of the Tibetan Plateau (Wu,
G. et al., 2012), which plays a significant role in driving the circulation of the monsoon and
the convergence of moisture patterns. Elevated thermal and mechanical forcing from the
plateau contributes to the system's characteristic features, such as its timing and duration

(Yanai & Wu, 2006; Ye & Wu, 1998).

The Asian monsoon displays a sensitivity to many factors: GHGs, the interhemispheric
temperature gradient, the position of the intertropical convergence zone (ITCZ), and the
atmospheric wave pattern over Eurasia (Polson et al., 2014; Wilcox et al., 2020), as well as

local and remote aerosol variations (Bollasina et al., 2014; Undorf et al., 2018).

The ITCZ is an essential component of the climate system near the equator. A narrow region
of rising air and intense precipitation characterizes it. It plays a significant role in shaping the
Asian monsoon system and contributes to a substantial portion of global rainfall. Its
movements are influenced by the seasonal cycle of solar insolation and cause oscillations
north and south across the equator, closely linked to monsoon circulations (Bordoni &
Schneider, 2008). Moisture convergence from the cooling northerly and southerly trade winds

that collide near the equator drives the ITCZ (Byrne et al., 2018).

The rainfall provided by the ITCZ and monsoon plays a crucial role in sustaining agriculture,
energy, industry, and local water resources in Asia, and almost half of the world's population

is dependent on it (Bollasina et al., 2011; Herbert et al., 2022).
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2.5 EARTH SYSTEM MODELS AND CLIMATE PROJECTIONS

Climate models are essential for researchers to simulate and quantify uncertainties in the

intricate dynamics of the Earth's climate on a global and regional scale (Guilyardi et al., 2013).

Global Climate Models (GCMs) are sophisticated mathematical representations replicating
Earth's climate system by considering its major components, such as the atmosphere, ocean,
and land surface (Ganopolski, 2019). These models employ a three-dimensional grid of cells
to emulate the physical characteristics of the climate system, including atmospheric
circulation, temperature, and precipitation, among other factors (Randall et al., 2007).
Furthermore, the model's components exchange heat, water, and momentum fluxes,

interacting as a coupled system.

Initially, climate models solely described physical processes in the atmosphere, ocean, and
land surface. However, factoring in geochemical, biochemical, and biological processes is
essential for precise future projections. Accurate carbon cycle, atmospheric chemistry, and
ice sheet modeling are also critical (Ganopolski, 2019). The most comprehensive method for
studying climate change involves earth system models (ESMs) incorporating all these

components.

2.5.1 CMIP6

The Coupled Model Intercomparison Project (CMIP) was launched twenty years ago by the
World Climate Research Programme's (WCRP) Working Group on Coupled Modelling
(WGCM). Over six phases (CMIP6), it has grown into a significant multi-model research
initiative that has become an essential component of climate change assessments (IPCC,

2013).

The primary objective of the CMIP is to enhance the understanding of the Earth's global
climate system. This is achieved by designing, distributing, and analyzing past, present, and
future global climate model simulations. This further assesses model performance and
provides future projections by quantifying perturbations. Using idealized experiments (MIPs),
such as the Aerosols and Chemistry Model Intercomparison Project (AerChemMIP), is a

valuable approach to enhancing understanding of model responses (Eyring et al., 2016).
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AerChemMIP, endorsed by CMIP6, aims to assess the impacts of aerosols and their precursors
on climate and air quality, particularly for near-term climate forcers (NTCFs) (Collins, W. ]. et
al., 2017). This is accomplished through targeted simulations with climate models that
quantify the climate effects of interactive aerosols and atmospheric chemistry. AerChemMIP
further aims to examine the surface temperature and precipitation changes associated with
future NTCF mitigation efforts, focusing on experiments on aerosols and their global and

regional effects (Collins, W. J. et al., 2017).

2.5.2 SHARED SOCIO-ECONOMIC PATHWAYS (SSPS)

The experiments in AerChemMIP are built upon Shared Socio-economic Pathways (SSPs)
created from socioeconomic and climate conditions (O'Neill et al., 2016). The SSPs involve
varying levels of pollution control — weak, medium, and strong - that progress differently for
high, medium, and low-income countries (refer to Table 2.1). These levels correspond to
different approaches to adhering to the current legislation emission (CLE) and maximum
technically feasible reduction (MTFR) (Rao, Shilpa et al., 2017). CLE denotes emission factors
that rely on implementing current environmental legislation up to 2030 and sufficient
institutional support. Meanwhile, MTFR represents emission factors that presume the
complete adoption of "best available technology" by 2030, without regard for cost but with

consideration of the economic lifespan of technologies.
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Table 2.1: Qualitative framework for pollution control in the SSPs, taken from Rao, Shilpa et al. (2017).

Policy Policy targets Technological Related Key
strength innovation SSP characteristics
of SSPs

High income Medium and low-

countries income countries

Strong Aim for much Comparatively quick Pollution control SSP1, Sustainability
lower catch-up with the technology costs drop ~ SSP5. driven.
pollutant developed countries. substantially with
levels than control performance
current increasing.
targets.

Medium Lower than Catch-up with the Continued modest SSP2. Middle-of-the-
current developed countries, technology advances. road scenario.
targets. but not as quick as in

the “Strong” case.

Weak Regionally Trade barriers and/or Lower levels of SSP3, Fragmentation,
varied policies. institutional technological advance  SSP4. inequalities.
limitations overall.

substantially slow
progress in pollution

control.

This thesis focuses on the future scenario SSP3-7.0 (see Fig. 2.6), also known as “Regional
Rivalry,” which is a baseline case with a Representative Concentration Pathway (RCP) level of
7.0 Wm™ by 2100 and no climate mitigation policy (Fujimori et al., 2017). The RCPs contain
different emissions projections for all long- and short-lived climate forcers, including aerosol
and their precursors (Westervelt et al., 2015). SSP3-7.0 has the highest level of SLCFs and
“Weak” levels of air quality control measures (Collins, W. J. et al., 2017; Rao, Shilpa et al.,
2017), which makes it suitable for detecting significant signals. Weak pollution controls

assume delays in implementing CLE and make little progress towards MTFR.
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Figure 2.6: An illustration of (a) Black carbon (Tg), (b) sulfur dioxide (Tg), and (c) carbon dioxide emissions over East
Asia for different SSPs, with the bright red line representing our chosen scenario SSP3-7.0. (d-f) Emissions over South
Asia and (g-i) global emissions. The East Asian region covers 20-40 °N and 100-120°E, and South Asia covers 5-25°N
and 55-95°E. The figure is taken from Wilcox et al. (2020).
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3 Methods

This study aims to use ESMs to assess the impact of a rapid phaseout of BC emissions on
various climate variables in a future scenario. Additionally, it seeks to evaluate discrepancies
among the models. Three distinct Earth System Models (ESMs), namely UKESM1.0-LL,
MIROC6, and MPI-ESM1.2-HAM, will be employed for this purpose. Anomalies in global,
regional, and seasonal variables are visualized, including Aerosol Absorption Optical Depth
(AAOD), near-surface air temperature (tas), precipitation (pr), vertical mass flux (omega), and
air temperature (ta). The study emphasizes the potential impact of a phaseout of BC emissions
on precipitation patterns in South and East Asia, particularly concerning the progression of

the ASM.
3.1 MATERIALS AND EXPERIMENT

The globally gridded datasets are provided in netCDF format and are categorized into two
experiments based on the SSP3-7.0 scenario pathway, namely SSP3-7.0-SST and SSP3-7.0-
SST-lowBC. From here, they are referred to as ssp370 and ssp370-lowBC. The ssp370 scenario
sits in the upper end of the range of future forcing pathways in the coming decades (see Fig.
2.6), characterized by unmitigated forcing, increased aerosol emissions, and a medium to high
range of GHG concentrations (O'Neill et al., 2016; Rao, Shilpa et al., 2017; Riahi et al., 2017).
The ssp370-lowBC scenario has the same settings and climate mitigation measures but is
perturbed by the maximal feasible reductions of air quality policy measures for BC.
Differences in climate, ERF, chemical composition, and air quality between the two scenarios
will be solely due to these measures (Collins, W. ]. et al., 2017). The aerosol emissions are from
Rao, Shilpa et al. (2017), and Lund et al. (2020). All available data are used for each

experiment.
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The ssp370 and ssp370-lowBC scenarios have distinct datasets for each climate model.
Furthermore, each climate model has specific datasets for the variables AAOD, tas, pr, omega,
and ta, which are analyzed in this study. Table 3.1 overviews the variables and their attributes

in the different climate models !.

Table 3.1: An overview of the simulation variables and their attributes. Necessary updates or clarifications are

summarized in the "comments" section. When an attribute is changed in the dataset, the old attribute is listed before the

forward slash, and the new attribute is listed after.

Variable Long name Standard name Coordinates Units Comments
abs550- Ambient Aerosol Atmosphere Time, longitude 1 AAOD at
aer Absorption absorption optical (degrees east), wavelength 550
Optical Thickness depth due to latitude (degrees nanometers
at 550nm ambient aerosol north)
particles
tas Near-Surface Air Air temperature Time, longitude K (Kelvin)/ Near-surface is
Temperature latitude,  height °C (Celsius) usually 2 meters.
(meters)
pr Precipitation Precipitation flux ~ Time, longitude, Kg m? s! / Includes both
latitude mm day! liquid and solid
phases.
ta Air Temperature Air Temperature Time, longitude, K (Kelvin)/ 19 plev (pressure
latitude, plev  °C (Celsius) levels), positive
(pressure: Pa) downwards.
Wap/ Omega (=-dp/dt) Lagrangian Time, longitude, Pas! Measured at an
omega tendency of air latitude, plev altitude of 850
pressure/vertical and 250 hPa,
mass flux positive
upwards.

! Access additional information on the datasets from each climate model through the Earth System Grid Federation (ESGF)
search page (https://aims2.1lnl.gov/search) or by using the ‘further_info_url' global attribute in each CMIP6 netCDF data file.
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3.2 MODELS

The analysis is conducted using output data from three different Earth System Models (ESMs)
that are a part of the CMIP6 experiment. These models are the United Kingdom Earth System
Model 1.0 - Low Resolution (UKESM1.0-LL), which was released in 2018, as well as the Model
for Interdisciplinary Research On Climate version 6 (MIROC6) and Max Planck Institute Earth
System Model version 1.2 with HAM aerosol model (MPI-ESM1.2-HAM), both of which were
released in 2017.

The models’ attributes are summarized in Table 3.2. All models are run with prescribed sea
surface temperatures (SSTs), or fSST, which means that sea surface temperature and sea ice
are held constant at observed levels, and the ocean does not dynamically interact with the
atmosphere in the models. Aerosols are computed from emissions, while GHGs have

prescribed concentrations.

Table 3.2: ESMs participating in CMIP6 and in this thesis and their specifications. Column 1: Sponsoring institution(s).
Column 2: Model names. Column 3: Model version. Column 4: Horizontal grid resolution, model resolution, number of

vertical levels, grid top. Column 5: Atmosphere and aerosol component. Column 6: Main reference(s).

Resolution  (km),
Institution, Atmosphere

(lon x lat), Number Main
Country, or Model Version and Aerosol

of levels (L) and reference(s)
Region component

Top (km)
MOHC, Met Office  UKESM1.0- 3.1 140 km, (1.875° x MetUM- (Sellar et al., 2019)
Hadley Centre, UK  LL 1.25°), 85 L, Top 85 HadGEMS3-

km GA7.1, UKCA-

GLOMAP

MIROC MIROC6 6 120 km, (1.4° x 1.4°), CCSR AGCM, (Tatebe et al.,
Consortium, 81 L, Top 80 km SPRINTARS 2019)
JAMSTEC, AORI,
NIES, R-CCS Japan
HAMMOZ- MPI- HAM2.3 170km, (1.9° x 1.9°), ECHAMS®.3, (Mauritsen et al.,
Consortium ESM1.2- 47 L, Top 80 km HAM2.3 2019), (Neubauer
Switzerland, HAM etal., 2019)
Germany, UK,
Finland
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To generate statistical information for sensitivity studies, modeling centers conduct
experiments using one model with slightly different settings. This set of runs is called an
"ensemble” and is categorized into four indices: realization_index (r), initialization_index (i),
physics_index (p), and forcing index (f). These indices distinguish runs of a single CMIP6
experiment that have undergone different perturbations. In this experiment, UKESM's

ensemble is labeled "rlilp1f2", while MIROC and MPI-ESM are labeled "rlilp1f1".

3.3 SIMULATION DETAILS

The simulations run with the AerChemMIP experiment setup and diagnostics, and the data

for the perturbed scenario is generated by the Asia-Pacific Integrated Modeling (AIM) group.

The two future scenario experiments begin in January 2015, and they run to December 2054
(December 2094 for UKESM1.0-LL), following the ssp370 and ssp370-lowBC scenarios for
WMGHG (well-mixed GHGs: methane, nitrous oxide, halocarbons) and BC emissions. This
period is selected because it is expected to show the most extensive divergence in air quality

policies and the most significant reductions in aerosol (Collins, W. J. et al., 2017).

For both the ssp370 scenario and ssp370-lowBC scenario, the simulation calculates the mean
over 20-year intervals for the climate variable in question. The anomalies are derived by
subtracting the mean of ssp370 from the mean of ssp370-lowBC and then visualized by
plotting them on map projections. Curtain plots are utilized for the vertical temperature
projections. Plotting and visualizing these anomalies allows for a thorough analysis of

interconnections between variables and model comparison.

The analysis is based on a detailed examination of climate variables' anomalies, evaluated
with maps at three distinct levels - global, regional, and seasonal. This approach enables a
nuanced understanding of climate dynamics and seasonal variability. The scope of the
regional analysis is focused on South and East Asia, covering the geographical region that
expands from 65°E to 130°E and from -10°S to 40°N. The analysis of seasons zeroes in
December to February (DJF) and June to August (JJA) to observe the seasonal shifts in the

monsoon.
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3.4 DATA PROCESSING AND STATISTICS

Jupyter Notebook, running with Python version 3.11.4, is used extensively for data processing
and visualization ? (see Appendix A). A statistical significance test is performed to ensure the
robustness of observed trends. Specifically, the annual means of the ssp370 and ssp370-lowBC
datasets undergo a student’s t-test to determine that the differences at each grid point are
statistically significant at the 95% confidence level. Significant differences are highlighted as
small grey dots on the maps, while non-significant grid points are not visually emphasized.
This approach is utilized for all variables except AAOD, as this variable demonstrates too
many statistically significant differences. Here, the non-significant points are highlighted.
The main objective of this methodology is to distinguish regions of significant change from

those with less robust evidence.

2 The code is available from: https://github.com/julnav2010/Master-Thesis-Navdahl/tree/main
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4 Results

This section presents the key results of the simulations. From here, the models are referred to
as UKESM, MIROC, and MPI-ESM, and using the term "significant" indicates statistical

significance, not magnitude.

UKESM1.0-LL MIROC6 MPI-ESM1.2-HAM
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Figure 4.1: The ssp370 scenario regional mean JJA-mean absolute precipitation (mm day ') for 2015-2034 and 2035-
2054 (additional 2055-2074 and 2075-2094 for UKESM). The region focuses on India and China, covering the
geographical area that expands from 65 °E to 130 °E and from -10°S to 40 °N. From the left column to the right, UKESM,
MIROC and MPI-ESM.
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Figure 4.1 presents the summer monsoon season's absolute precipitation for the ssp370
scenario in each model by regional mean JJA-mean. This plot explains how this season's
expected average precipitation trends are distributed over South and East Asia, facilitating

more straightforward comparisons for later.

The left, middle, and right columns display projections from UKESM, MIROC, and MPI-ESM,
with each panel representing a 20-year mean. Most figures utilize the same layout for the rest

of the results section.

There is consistency in expected precipitation patterns across models but with varying
intensity levels. The anticipated precipitation remains concentrated across the Arabian Sea,
Northern India, the Bay of Bengal, the Tibetan Plateau, and the South and East China Sea. It
is important to note that no t-test was conducted as the data was directly plotted from the

models.
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4.1 AEROSOL ABSORPTION OPTICAL DEPTH (AAOD) RESPONSE

The analysis of all the models indicates a global decrease in AAOD in response to rapid
reductions in BC emissions (see Fig. 4.2), with UKESM and MPI-ESM exhibiting a

comparatively stronger signal. Conversely, MIROC displays only minor indications of the

same.
UKESM1.0-LL MIROC6 MPI-ESM1.2-HAM
2015-203 2015-2034
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Figure 4.2: Global mean annual-mean AAOD anomalies at 550 nm for 2015-2034 and 2035-2054 (additional 2055-
2074 and 2075-2094 for UKESM). From the left column to the right, UKESM, MIROC and MPI-ESM. Non-significant

trends are highlighted.

All models' most significant AAOD anomalies are over Asia, particularly India and China (Fig.
4.2, 4.3). UKESM and MPI-ESM also show decreases in AAOD over the Sub-Saharan region in
Africa.
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Figure 4.3: Regional mean annual-mean AAOD anomalies at 550nm for 2015-2034 and 2035-2054 (additional 2055-
2074 and 2075-2094 for UKESM). From the left column to the right, UKESM, MIROC and MPI-ESM. Non-significant

trends are highlighted.

A comparison of the regional mean for the models shows that it is evident that all three
models concur on the decrease in AAOD within specific regions. Still, they differ on the
magnitude of the change. Notably, the models indicate the reduction in Northern India and
below the Tibetan Plateau, as well as Eastern China and around heavily populated and

polluted cities such as New Delhi and Beijing.

The seasonal mean AAOD anomalies are shown in Figure 4.4, with the winter season (DJF)

leading the most significant response for all models.
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Figure 4.4: Seasonal mean AAOD anomalies at 550nm for 2015-2034 and 2035-2054 (additional 2055-2074 and 2075-
2094 for UKESM). The first two rows represent UKESM results. The last two rows represent MIROC (left) and MPI-ESM

(right) results. The rows represent seasons (DJF, JJA), and the columns represent corresponding intervals. Non-
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significant trends are highlighted.

4.2 NEAR-SURFACE AIR TEMPERATURE (TAS) RESPONSE

Figures 4.5 and 4.6 show the global mean and regional mean near-surface temperature

anomalies in response to the AAOD changes presented in the previous section.

The models suggest that mitigating BC has a limited impact on global-mean near-surface air

temperature evolution. Nevertheless, the observed effects include some regional and seasonal

temperature responses.
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Figure 4.5: Global mean annual-mean tas anomalies for 2015-2034 and 2035-2054 (additional 2055-2074 and 2075-
2094 for UKESM). From the left column to the right, UKESM, MIROC and MPI-ESM. Significant trends are highlighted.

The different models indicate varying patterns and magnitudes of regional mean temperature
anomalies due to the mitigation of BC (Fig. 4.6). UKESM predicts significant warming over
substantial areas in India and surrounding Beijing, while other regions of China, notably the
Tibetan plateau and South China, experience a cooling effect. Meanwhile, MPI-ESM suggests
a similar warming in India, with significant changes in the Northwest and a marked rise in
temperature over Eastern China. MIROC, on the other hand, predicts a significant cooling
trend over most areas in India and China during the first interval (2015-2034), followed by a

warming over China and a further cooling in India in the next (2035-2054).

36



UKESM1.0-LL MIROC6 MPI-ESM1.2-HAM

20152034 o 2015-2034 2015-2034
1.0 \J@//\q}ﬁ )
W
\A i -
I gt
2035-2054 -
0.5 ld? : jj
= v
i ¢
\V B
_ 0 A%
& \;J ¢
00 o |
3
-0.5

2075-2094

L1 _;gi;-' jh‘j
Y ® 4

Figure 4.6: Regional mean annual-mean tas anomalies for the 2015-2034 and 2035-2054 (additional 2055-2074 and
2075-2094 for UKESM). From the left column to the right, UKESM, MIROC and MPI-ESM.

Seasonal variations have a noticeable impact on the results (see Fig. 4.7). According to
UKESM, the winter season in the Tibetan plateau experiences a lot of noise. UKESM also
projects a cooling in India and significantly Eastern China until 2074, followed by a warming
in both regions by 2094. During the summer, there are significant patterns: cooling over the
Tibetan plateau and Eastern China (except over Beijing, which remains relatively unchanged)

and a steady temperature increase over India.
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MIROC projects a significant cooling over China and Northern India in winter, followed by
warming over most of China and Southern India by 2054. During the summer, MIROC predicts
a significant cooling in the area around New Delhi and the Tibetan plateau, a slight warming
around Beijing by 2054, followed by significant warming in the west Tibetan plateau, and

cooling in most of India except the southern areas.

UKESM1.0-LL
2015-2034, DJF 2035-2054, DJF 2055-2074, DJF 2075-2094, DJF

= - B
- e e ]
- “ﬁ

T

2055-2074, JJA

s

Atas (°C)

“-

-1.0

MIROC6 MPI-ESM1.2-HAM

2015-2034, DJF 2035-2054, DJF 2015-2034, DJF 2035-2054, DJF

o
o
Atas (°C)

-1.0

Figure 4.7: Seasonal mean tas anomalies for 2015-2034 and 2035-2054 (additional 2055-2074 and 2075-2094 for
UKESM). The first two rows represent UKESM results. The last two rows represent MIROC (left) and MPI-ESM (right)

results. The rows represent seasons (DJF, JJA), and the columns represent corresponding intervals.

MPI-ESM projects a cooling in East China by 2034, followed by a significant rise in
temperature during the winter in West India, North China, and East China by 2054.
Conversely, by 2054, a marked cooling is expected during the summer in India and China,

apart from New Delhi's surrounding area.
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4.3 VERTICAL MASS FLUX (OMEGA) RESPONSE

Figure 4.8 depicts the regional mean anomalies in vertical mass flux (omega) at a pressure
level of 850 hPa in the South and East Asian regions as a response to reductions in BC
emission. The anomaly is calculated by inverting the sign of omega values, making a positive

value indicative of upward motion.

UKESM shows an anticipated increase in the mean omega over most of continental India and
across the South and East China Seas, promoting ascending air. In contrast, UKESM projects
a significant decrease in omega over Northern India, the Arabian Sea, the Bay of Bengal, and

Eastern China, promoting decreased ascending air.

The projections from MIROC and MPI-ESM present somewhat mixed anomalies. Both models
indicate an increase in omega over the Indian Ocean and Southern India, suggesting enhanced
upward air currents. For China, these models produce a lot of noise and no noticeable

significant trends.

As depicted in Figure 4.9, the seasonal analysis highlights notable variations in omega at 850
hPa across the different models and seasons. During the summer, UKESM exhibits trends like
those observed in the regional mean plot but with a notable amplification of increased omega
over the Indian Ocean. Conversely, UKESM projects a significant decrease in omega over the

coastal areas of India, the Bay of Bengal, and Eastern China during the winter season by 2094.
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Figure 4.8: Regional mean annual-mean omega anomalies (Pa s™) measured at 850 hPa for 2015-2034 and 2035-2054
(additional 2055-2074 and 2075-2094 for UKESM). From the left column to the right, UKESM, MIROC and MPI-ESM.

MIROC and MPI-ESM show amplified seasonal patterns. Both models indicate a rising trend
in omega over Northern and Southeast India for the summer season. The winter projections
from MPI-ESM are characterized by considerable variability but tend to exhibit declining
omega over continental India and China. MIROC, on the other hand, projects a significant
pattern of decreasing omega in Northern India and Eastern China by 2054 as a response to

mitigating BC emissions.
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Figure 4.9: Seasonal mean omega anomalies (Pa s*') measured at 850 hPa for 2015-2034 and 2035-2054 (additional
2055-2074 and 2075-2094 for UKESM). The first two rows represent UKESM results. The last two rows represent MIROC
(left) and MPI-ESM (right) results. The rows represent seasons (DJF, JJA), and the columns represent corresponding

intervals.

A seasonal simulation is also conducted at a pressure level of 250 hPa (Fig. 4.10). According
to the simulation, by 2054, UKESM projects decreased omega over India, while MIROC
suggests increased omega higher in the atmosphere. MPI-ESM predicts similar results to

those at 850 hPa.
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Figure 4.10: Seasonal mean omega anomalies (Pa s™) measured at 250 hPa for 2015-2034 and 2035-2054 (additional
2055-2074 and 2075-2094 for UKESM). The first two rows represent UKESM results. The last two rows represent MIROC
(left) and MPI-ESM (right) results. The rows represent seasons (DJF, JJA), and the columns represent corresponding

intervals.
4.4 VERTICAL AIR TEMPERATURE (TA) RESPONSE

Figures 4.11 and 4.12 are curtain plots that show the mean vertical air temperature (ta)
anomalies in the East and West Asia region as a response to a rapid reduction in BC emissions.
Figure 4.11 covers the latitude of India and the Indochinese Peninsula, while Figure 4.12
includes the area further above India, including the Tibetan Plateau and China. The left,
middle, and right columns display projections from UKESM, MIROC, and MPI-ESM, with each
panel representing a 20-year mean. Each subplot's x- and y-axis represent longitude and

pressure level (Pa).
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Figure 4.11: Regional mean annual-mean ta anomalies (°C) for pressure levels O to 100000 Pa in the atmosphere.
Latitude and longitude are sliced to cover 8-30 °N and 65-135 °E, respectively. The intervals cover 2015-2034 and 2035-
2054 (additional 2055-2074 and 2075-2094 for UKESM). From the left column to the right, UKESM, MIROC, and MPI-
ESM.

The longitudes covering India (approximately 68-85°) are projected to experience increased
surface warming and further tropospheric cooling by UKESM. MPI-ESM also indicates
increased surface warming by 2034, followed by increased tropospheric temperatures. On the
other hand, MIROC projects mixed responses but generally decreased surface temperatures
that continue higher in the troposphere. All models agree on the increased stratospheric

heating.
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Figure 4.12: Regional mean annual-mean ta anomalies (°C) for pressure levels O to 100000 Pa in the atmosphere.
Latitude and longitude are sliced to cover 30-45 °N and 65-135 °E, respectively, to cover the region, including China.
The intervals cover 2015-2034 and 2035-2054 (additional 2055-2074 and 2075-2094 for UKESM). From the left column
to the right, UKESM, MIROC, and MPI-ESM.

The models suggest that the latitudes covering the Tibetan Plateau and China have more
decisive responses to reductions in BC emissions. UKESM anticipates an increase in surface
temperatures over the longitudes of the Tibetan Plateau and Beijing (approximately 115-
120°), succeeded by enhanced cooling in the troposphere and heating in the stratosphere by
2074. MIROC displays comparable patterns, apart from projecting decreased surface
temperatures. Conversely, MPI-ESM indicates an initial decrease in surface and tropospheric
temperatures, followed by increased surface temperatures over East and West China and

further troposphere cooling by 2054.



4.5 PRECIPITATION (PR) RESPONSE

Identifying consistent global precipitation patterns in response to reduced BC emissions is
challenging. However, we can observe those near the Equator and the typical intertropical

convergence zone (ITCZ) location (see Fig. 4.13).
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Figure 4.13: Global mean annual-mean pr anomalies (mm day™) for 2015-2034 and 2035-2054 (additional 2055-2074
and 2075-2094 for UKESM). From the left column to the right, UKESM, MIROC and MPI-ESM. Significant trends are
highlighted.

Precipitation changes across the South and East Asian region show noteworthy trends (see
Fig. 4.14). UKESM shows regional mean precipitation is projected to decrease for India and
China. By the southern slope of the Tibetan Plateau, over the Arabian Sea, and the Bay of

Bengal, UKESM predicts significant trends of declining precipitation.
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MIROC anticipates increased precipitation over India by 2054, little change over China, and
decreased precipitation over the South China Sea. MPI-ESM indicates decreased precipitation
over continental India and China. There is an observed increase in precipitation over the

Indian Ocean for all models.
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Figure 4.14: Regional mean annual-mean pr anomalies (mm day™) for 2015-2034 and 2035-2054 (additional 2055-
2074 and 2075-2094 for UKESM). From the left column to the right, UKESM, MIROC and MPI-ESM.
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Regarding the seasonal mean precipitation simulations, all climate models concur on drier
winter seasons in the region by 2054 (see Fig. 4.15). UKESM anticipates mainly decreases in
precipitation over land, while MIROC and MPI-ESM predict the opposite. UKESM projects
robust declines in precipitation in the summer season, especially over North India, Northeast
China, the Arabian Sea, and the Bay of Bengal in the coming decades. However, Southeast
China and the Tibetan Plateau exhibit increased precipitation projections. MIROC projects
significantly increased precipitation over India and eastern China by 2054 and a robust
decrease over the South and East China Sea. MPI-ESM initially projects similar results to those

from UKESM, followed by results more like those from MIROC by 2054.

UKESM1.0-LL

2015-2034, DJF 2035-2054, DJF 2055-2074, DJF 2075-2094, DJF

15

-0.5

S
Apr (mm day~?)

-1.0

-15

MIROC6 MPI-ESM1.2-HAM
2035-2054, DJF 2015-2034, DJF 2035-2054, DJF

2015-2034, DJF

1.5

| o
=3 °

w

Apr (mm day~?)

-1.0

=15

Figure 4.15: Seasonal mean pr anomalies (mm day?) for 2015-2034 and 2035-2054 (additional 2055-2074 and 2075-
2094 for UKESM). The first two rows represent UKESM results. The last two rows represent MIROC (left) and MPI-ESM

(right) results. The rows represent seasons (DJF, JJA), and the columns represent corresponding intervals.
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The examination of seasonal mean precipitation can be facilitated using a percent-change
plot (see Fig. 4.16). The models suggest that winter precipitation will decrease by 2054/2094
due to reductions in BC emissions. While UKESM anticipates a significant reduction, MIROC
and MPI-ESM indicate a rise in summer monsoon precipitation, consistent with the absolute

precipitation projections (Fig. 4.15).
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Figure 4.16: Seasonal mean pr anomalies (%-change) for 2015-2034 and 2035-2054 (additional 2055-2074 and 2075-
2094 for UKESM). The first two rows represent UKESM results. The last two rows represent MIROC (left) and MPI-ESM

(right) results. The rows represent seasons (DJF, JJA), and the columns represent corresponding intervals.
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5 Discussion

Over the past decades, South China has encountered increased summer floods, while North
China has faced more frequent droughts. Meanwhile, China and India have undergone
moderate surface cooling, contrasting with the warming trend observed in the rest of the
world (Menon et al., 2002). This section delivers an overview of our results and establishes a
connection between the findings and climate patterns witnessed throughout Asia.
Subsequently, we will delve into the significance of these discoveries, including their impact

on the Asian monsoon, limitations, uncertainties, and avenues for future research.
5.1 SUMMARY OF GLOBAL AND REGIONAL RESPONSES

All three models - UKESM, MIROC, and MPI-ESM - project global decreases in AAOD in
response to reduced BC emissions. The most significant changes will occur in South and East
Asia (see Fig. 4.2, 4.3) and are most noticeable in the “aerosol hotspot” areas around New
Delhi and Beijing, which is consistent with their status as significant sources of aerosols and
their precursors (Ramachandran et al.,, 2022). The strong responses align with our
experimental setup, which contrasts the ssp370 scenario, featuring the highest level of SLCFs
and weak levels of air quality control measures (Fig. 2.6), with the ssp370-lowBC scenario,

which is perturbed by strong levels of air quality control measures for BC.

The mitigation of BC emissions has a limited global impact on the near-surface temperature
(Fig. 4.5), which supports the findings of Stjern et al. (2017). Fig. 4.6 shows that by 2054, India
and China will experience warming and cooling trends, likely due to model internal variability
causing arbitrary patterns. Little response on near-surface temperature is expected, as our

simulation setup uses fSSTs.

Identifying trends of change in regional mean vertical mass flux across Asia in response to
reduced BC emissions poses a challenge due to the somewhat mixed signals from MIROC and
MPI-ESM (Fig. 4.18). However, the projections presented by UKESM are significant and
indicate decreased ascending air over Northern India, the oceans surrounding India, and

Eastern China, while increased ascending air is projected over most of continental India by
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2054. Decreased ascending air implies increased atmospheric pressure and reduced
convective activity, promoting atmospheric stabilization. Increased ascending air, conversely,

suggests a more dynamic and unstable atmosphere.

Mitigation of BC in the atmosphere is expected to induce surface warming and weaken
atmospheric radiative heating (Takemura & Suzuki, 2019). Figures 4.11 and 4.12 depict that
the models mostly agree with this anticipation. All models project decreasing temperatures
in the troposphere and a rise in temperature in the stratosphere - with UKESM displaying a
more marked response over the Tibetan Plateau (Fig. 4.12). Conversely, MPI-ESM suggests
surface temperature increases and tropospheric heating for India and Eastern China, while

the upper troposphere has a cooling effect.

UKESMs’ vertical temperature change over India is worth noticing (Fig. 4.11). Projections
indicate that temperatures increase up to 800 hPa by 2054, affecting the planetary boundary
layer, which is the most turbulent region of the atmosphere. The observation is that removing
BC from the atmosphere increases surface warming, which consequently spreads upwards to
the lower atmospheric layers. The projections from UKESM and MIROC generally enhance
atmospheric temperature patterns (see Fig. 2.2). Meanwhile, MPI-ESM presents somewhat
contradictory results. This may be attributed to the lower MPI-ESM model resolution, the

number of vertical levels, and its simplified treatment of BC relative to the other models.

Global precipitation patterns remain mostly unchanged except for regions near the equator
and ITCZ, where the response varies (Fig. 4.13). These regions tend to be responsive to climate
change (Byrne et al., 2018). Reducing BC emissions is anticipated to increase regional mean
precipitation, as previous research has found that BC has a drying effect on precipitation (e.g.,
Samset et al. (2016)). Nevertheless, the regional response varies among the models (Fig. 4.14).
UKESM projects significantly reduced precipitation over most of India and China, whereas
MIROC indicates increased precipitation over India. MPI-ESM suggests minimal overall
change. All models concur on responses characterized by a dipole over the Indian Ocean, with

increased precipitation south of the Equator and decreased north of it.
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5.2 SEASONAL VARIATIONS INFLUENCING RESPONSES

Based on Figure 4.4, it is evident that the changes in AAOD vary across different seasons, with
winter displaying the most robust response to a reduction in BC emissions. This can be
attributed to several factors related to atmospheric conditions, emission patterns, and
regional climate dynamics. During winter, the atmosphere tends to be more stable with less
vertical mixing, and the boundary layer is lowered due to cooler temperatures, leading to the
accumulation of aerosols (Ansari & Ramachandran, 2023). In addition, winter presumably
experiences more emissions due to increased domestic heating and biomass burning, and
lower precipitation levels reduce the rate of BC wet deposition. The Tibetan Plateau's
topographical features, including temperature inversions, impact atmospheric circulation,
trapping pollutants and limiting their dispersion, resulting in heightened AAOD for this area

during winter (Zhao et al., 2019).

Conversely, summer experiences higher temperatures, leading to unstable atmospheric
conditions, a higher planetary boundary layer, and vertical mixing and dispersion are more
common. The ASM circulation also influences the summer climate in the region, bringing
changes in wind patterns, humidity, and precipitation levels, which impact BC distribution
and lifetime due to wet deposition (Ramachandran & Rupakheti, 2022). These factors, alone

or in combination, could contribute to the observed seasonal variations in AAOD anomalies.

The seasonal mean near-surface temperature response to a reduction in BC emissions varies
between models and locations (see Fig. 4.7). The projections are characterized by significant
patterns for UKESM, especially during the summer. MIROC and MPI-ESM, on the other hand,
have contradictory responses. The models mostly agree on increased surface temperatures
over India by 2054 for the winter season. However, the models notably disagree on whether

the temperature increases or decreases over East China.

According to previous research, it has been found that BC does not have a significant impact
on near-surface air temperatures (e.g., Stjern et al. (2017)). This is due to the climate system's
rapid adjustment and an increase in low-level clouds due to fSSTs. However, reducing BC
emissions is expected to result in less atmospheric heating and decrease low-level clouds
while increasing middle- and high-level clouds (Takemura & Suzuki, 2019). These combined

effects likely cause a gradual change in near-surface air temperatures rather than an
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immediate or marked temperature increase. This is likely the case for UKESM’s projection

(Fig. 4.7).

As mentioned, the atmosphere tends to be more stable in the winter, resulting in a gradual
change in surface temperature. On the other hand, the summer season is characterized by
instability, and the surface temperature shows early signs of rapid changes. The ASM also
contributes towards aerosol removal during the summer, which may allow more shortwave
radiation to pass through to the surface, further contributing to the surface warming patterns
over India. But this does not explain the surface cooling experienced in China. Hence, we

attribute it to internal variability.

The seasonal mean vertical mass flux anomalies highlight increased and decreased ascending
air variations for the different pressure levels in response to reduced BC emissions (see Fig
4.9,4.10). Nonetheless, certain continental variations remain discernible. By 2054, the models
predict primarily decreased ascending air at the 850 hPa pressure level during winter,
particularly in China, likely due to the atmospheric stability typical for this time of year.
UKESM and MIROC models exhibit dipole anomalies in India, with stabler atmospheric
conditions in the north and less stable in the south. For the 250 hPa pressure level, both
models project unstable atmospheric conditions, although they are not statistically

significant.

Regarding the summer season, UKESM and MIROC project large variations in the patterns for
both pressure levels by 2054, which is expected with extra turbulence. There is a clear pattern
of decreased ascending air at 850 hPa over the Indian coast of the Arabian and Laccadive Sea
for UKESM. On the other hand, the East Coast of India experiences unstable atmospheric
conditions, which is also the case for MIROC. Higher up in the atmosphere, at 250 hPa, UKESM
projects mainly stabilization over the same areas, while MIROC expects an unstable
atmosphere. The Indian Ocean is generally characterized by less stable atmospheric
conditions for all models. MPI-ESM projects overall vague responses, which can be attributed

to MPI-ESM's model resolution and number of vertical levels.

Upon examination of the seasonal mean precipitation plots, it is apparent that the models
exhibit varying responses to mitigating BC emissions (see Fig. 4.15). The absolute

precipitation change projection during the winter monsoon remains largely unaffected across
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continental India and China for all models. Nevertheless, the models suggest a slight decrease
in precipitation in Northern India and Eastern China by 2054. As for the summer season, the
response varies between models. UKESM projects a decrease over most of India and East
China, MPI-ESM initially exhibits a decrease followed by increases in precipitation, and
MIROC projects precipitation increases over the exact locations. A percentage change
projection is also generated for comparative analysis (Fig. 4.16). Nevertheless, it is noteworthy
that such projections may be prone to misinterpretation as the areas and seasons that
typically experience low precipitation levels can show significant deviations. Precipitation

and the ASM are discussed further in section 5.4.

5.3 INTERCONNECTIONS AMONG THE CLIMATE VARIABLES

This section examines the response of climate variables in each model to the reduction in BC

emissions while also analyzing the interconnections between the variables.

Reduced BC emissions may trigger a feedback loop that leads to a more dynamic atmosphere
with enhanced cloud formation, contrary to the expected outcome of increased BC. However,
the climate in South and East Asia is intricate due to other aerosols, monsoon systems, and
diverse topography, further complicating the matter. Moreover, the response of climate

models to these elements may vary, causing model disagreement.

UKESM projections show robust decreases in AAOD in North India, the Tibetan Plateau, and
East China (Fig. 4.3, 4.4). In response, the troposphere cools over these areas (Fig. 4.11, 4.12),
and the surface temperature increases in North India and Northeast China. Conversely, it
decreases over the Tibetan Plateau and Southeast China (Fig. 4.6, 4.7). Removing BC results
in a marked tropospheric cooling over the Tibetan Plateau and Southeast China (Fig. 4.12).
This leads to unstable atmospheric conditions with increased convective activity (Fig. 4.8-

4.10), which may explain the increased precipitation (Fig. 4.14, 4.15).

The surface warming over India and Northeast China is expected to cause atmospheric
instability. Nevertheless, UKESM projects a decrease in precipitation in these areas (Fig. 4.14,
4.15). We attribute this to the convective activity at 250 hPa (Fig. 4.10), depicting overall
stabilization for both areas. The patterns of stabilizing atmospheric conditions are observed

over the Arabian Sea and the Bay of Bengal. These are the areas where precipitation usually
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occurs (Fig. 4.1). These findings indicate that for UKESM, convective activity primarily

controls the precipitation response to a reduction of BC.

MIROC, on the other hand, projects increased precipitation over Northern India and a slight
response in China (Fig. 4.14, 4.15). The difference between MIROC and UKESM is the level of
the decrease in AAOD, where MIROC shows weaker responses (Fig. 4.3, 4.4). This indicates
that MIROC may be less sensitive to BC reductions. Consequently, the projections show
surface temperature decreases (Fig. 4.6, 4.7) and increased temperatures higher in the
atmosphere (Fig. 4.11, 4.12), leading to convective activity and an unstable atmosphere over

Northern India (Fig. 4.8-4.10).

MPI-ESM projects little overall change in precipitation but indicates slightly increased levels
over India and China (Fig. 4.14, 4.15). It projects robust decreases in AAOD over North India
and East China (Fig. 4.3, 4.4). As a response, increased surface warming (Fig. 4.6, 4.7) and
planetary boundary layer warming are observed over both areas (Fig. 4.11, 4.12). We observe
some signals of increased rising air over Northern India and East China by 2054 (Fig. 4.8-4.10),
which calls for unstable atmospheric conditions and increased precipitation over these

regions.

All models agree that the Indian Ocean will experience increased precipitation (Fig. 4.14,
4.15). This corresponds to the vertical mass flux over the same area, indicating instability (Fig.
4.8-4.10). While this change may be attributed to mitigated BC emissions, it is essential to
note that fSSTs also play a role, and the models do not factor in the dynamic interplay between

the ocean and atmosphere.

5.4 THE INFLUENCES OF REDUCING BC EMISSIONS ON THE ASIAN SUMMER

MONSOON

Numerous studies have demonstrated the important role of aerosols in driving precipitation
changes (e.g., Wu, P. et al. (2013), Menon et al. (2002); Wilcox et al. (2013)), as increased
anthropogenic aerosols have been observed to contribute to the weakening of the ASM in the
latter half of the 20th century (Bollasina et al., 2011; Polson et al., 2014; Song et al., 2014).
Moreover, researchers have studied the impact of rapid reductions of anthropogenic aerosols

on global and ASM precipitation. Wilcox et al. (2020) conducted one such study. The research
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shows that strict air quality measures can increase global and ASM precipitation relative to
historical observations from 1980-2014. This study also indicates that the influence of
anthropogenic aerosols on precipitation patterns diminishes toward the end of the 21st

century as GHGs become more dominant.

The current study differs in focusing solely on the climatic impacts of BC emissions,
disregarding other aerosol species and GHGs. Previous studies have demonstrated how
increased BC forcing can significantly influence the ASM, but their conclusions differ. Some
studies have indicated weakening (e.g., Lau, K. M. et al. (2006), Lau, K.-M. and Kim (2006)),
while other studies indicate increased precipitation due to BC (e.g., Chung and Ramanathan
(2006), Ramanathan et al. (2005), Meehl et al. (2008)). Generally, the effects of increased BC
on the ASM have been suggested to be inconsistent due to their strong dependency on

differences in land or sea low-level thermal feedback (Xie et al., 2020).

The models and results of the current study also display inconsistency in response to reduced
BC emissions. From the JJA-mean precipitation analysis in Figure 4.15, it can be observed that
MIROC and MPI-ESM models generally reproduce enhanced responses to those associated
with the ASM (see Fig. 4.1). These responses include the initiation of the monsoon over the
central and southern parts of the Indochinese Peninsula, southwesterly winds bringing
moisture from this area and the South China Sea to Southeast China. Northeast China will
experience enhanced drought, and unstable atmospheric conditions over the Tibetan Plateau
will also cause increased precipitation over this area. These results suggest that BC emissions
may not be a significant driver of the ASM in these models, indicating that other forcing
agents dominate. It should also be noted that only MIROC produces statistically significant

results for precipitation out of these two models.

UKESM, on the other hand, projects significantly reduced precipitation levels over India,
which is the opposite of what was initially expected. This is also despite the projection of
surface warming (Fig. 4.7) and the resulting enhanced land-sea gradient. This discrepancy is,
however, related to the slow response, which is not accurately represented with the use of
fSSTs. Previous studies have also found that decreased carbonaceous aerosols and continued

sulfate increases can weaken the South Asian monsoon over time, as this induces atmospheric
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cooling (Das et al., 2020). We can also relate UKESM's response to a reduced semi-direct effect

and altered convective activity, as explained in section 5.3.

UKESM also projects increased precipitation by the southern slope of the Tibetan Plateau,
although the area is seemingly subject to stable atmospheric conditions (Fig. 4.8-4.10). This
is primarily attributed to the unstable atmosphere above the Plateau. It has been proposed
that increased amounts of absorbing aerosols near the surface of this area could enhance its
“heat-pump” effect by intensifying convection and, thus, precipitation (Zhao et al., 2019).
Reducing BC is, therefore, expected to reduce additional atmospheric heating, leading to less
deep convection and precipitation and weakening the semi-direct effect. Nonetheless, the
"heat pump" effect still dominates in the models' projections. Due to its elevation, the Tibetan
Plateau heats up more during the day than the surrounding areas. It creates a low-pressure
area as warm air rises and draws in humidity from the Indian Ocean (Ye & Wu, 1998). When

lifted, the moist air cools and condenses to form clouds and precipitation.

Based on a recent study conducted by Xie et al. (2020), the ASM’s response to BC indicates a
correlation between increased levels of BC and enhanced ASM precipitation due to increased
upper-level atmospheric temperature over Asia. This suggests that lowering BC emissions
would have a contrasting effect, though this was solely significantly observed in UKESM and

not in MIROC and MPI-ESM.

As mentioned, the ASM activity is influenced by a range of factors, some of which are external
and others internal. These include the Tibetan Plateau, SSTs, other atmospheric constituents,
and atmospheric circulation variability. The variations among models projecting the
monsoon's behavior are likely attributed to their ability or inability to factor in these

mechanisms.

5.5 COMPARISON AND EVALUATION OF UTILIZED ESMSs

This section discusses the three ESMs utilized in this analysis, focusing on their suitability for

projecting climate responses to reductions in BC emissions.

Using three different climate models to study the effects of reducing BC emissions provides
unique insights into how each model interprets atmospheric processes and feedback

mechanisms. Nevertheless, the approach presents challenges, such as diverse outcomes,

56



resource requirements for running simulations, and accurate interpretation of each model's
output. Additionally, focusing specifically on BC emissions in each model may not capture the
models’ ability to interact with other atmospheric constituents, which limits the
understanding of broader climate system responses. Therefore, utilizing three separate
models is a valuable but complex approach to examining the individual and variable responses

of the climate system to BC reduction.

The models utilized in this thesis exhibit both advantages and disadvantages when employed
to study aerosols. UKESMs' high vertical layering allows for detailed atmospheric process
simulation, especially in the upper atmosphere (Sellar et al., 2019). MIROC's higher resolution
provides more complex spatial data for regional analysis and comprehensively represents
atmospheric processes (Tatebe et al., 2019). MPI-ESM is suitable for studying the interactions
between BC and climate. Nevertheless, its coarse resolution and limited number of vertical
layers may hinder its ability to capture fine-scale regional variations (Mauritsen et al., 2019).
UKESM delivers a comprehensive atmosphere analysis and generates the most robust outputs
with distinct patterns of change. However, its precipitation responses are generally sensitive
to convective activity. MIROC's higher spatial resolution for regional analysis appears to
produce more intricate outputs at the regional level but contains more random noise. Still, it
is less sensitive to BC changes than the two other models. Lastly, MPI-ESM provides
somewhat vague and noisy outputs, and trends are more challenging to identify. Examples
that capture these differences in model characteristics are Figure 4.14, where regional-mean
annual-mean precipitation anomalies are simulated, and Figure 4.8, where regional-mean

annual-mean vertical mass flux anomalies are simulated.

fSST simulations help identify rapid adjustments to aerosol concentrations, such as fast
changes in atmospheric heating profiles and lapse rates, alterations in relative humidity
profiles, and shifts in cloud and precipitation patterns. However, they are not ideal for surface
temperature adjustments, and precipitation responses over the oceans exhibit quite noisy
patterns. Coupled system effects, on the other hand, can have an impact on clouds,
circulation, monsoon patterns, and precipitation response, but on a much slower time scale
dependent on surface temperature and with more apparent and evident responses (Wilcox et
al., 2023). Therefore, fSST simulations are preferred to observe response patterns from rapid

adjustments and are utilized in this study.
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5.6 LIMITATIONS AND UNCERTAINTIES

When delivering a thesis on the intricate subject of aerosols, it is essential to acknowledge
that the narrative presented needs to be more encompassing and has limitations. This

selectiveness has resulted in notable uncertainties.

Determining the exact impact of BC is a multifaceted process that demands meticulous
analysis of numerous factors to ensure that climate models can accurately isolate BC's
influence. This involves utilizing precise measurement techniques to account for BC's spatial
and temporal variability and observing how changes in atmospheric conditions affect the
particle's optical properties. Current global climate models may also underestimate or
overestimate the surface BC mass and BC absorption efficiency and how temperature changes
are distributed vertically due to the oversimplification of complex BC microphysical and
mixing properties (Chen et al., 2023; Xie et al., 2020), and thus may provide inconsistent
responses. Global average absorption by BC remains challenging for climate models to
estimate (Samset, B. H. et al., 2018). Consequently, the true impact of reducing BC cannot be

determined with a high degree of accuracy.

Another challenge is identifying the mechanisms that cause the observed changes,
particularly as BC is involved in various climatic interactions. To simplify the analysis, we
concentrate only on direct and semi-direct effects and disregard indirect effects and BC

deposition.

The Tibetan Plateau, a region important for the Asian monsoon dynamics, presents specific
uncertainties in this analysis. UKESM and MIROC provide limited data for this area, while
MPI-ESM generates noisy or inconsistent patterns, complicating interpretation. Moreover,
excluding pre- and post-monsoon seasons from the seasonal analysis limits our
understanding of the scope of the ASM response. Additionally, the study does not consider
seasonal-mean vertical air temperature due to time constraints, which could provide

additional insights into the response during the summer monsoon season.
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The study is limited to a single future scenario, SSP3-7.0, often considered a worst-case
scenario. While this approach helps magnify changes for easier identification, it may also
exaggerate realistic changes. Moreover, the analysis does not account for aerosol composition
changes (SSA) or other atmospheric components (other aerosols, GHGs) and how they affect

the atmospheric heating rate.

This thesis's significant challenge is the uncertainty resulting from the models' limitations,
especially in projecting the ASM. Relying on only three climate models, each with just one run
has resulted in arbitrary patterns arising from internal variability, hindering accurate
monsoon projections. The monsoon is already influenced by a complex interplay of
thermodynamic and dynamic mechanisms that vary significantly across different models
(Monerie et al., 2021). Enhancing the robustness of these projections would require
incorporating additional models with a higher average of ensemble members, which would
mitigate this uncertainty (Deser et al., 2020). However, this approach was not feasible due to
time constraints. Lastly, the limited data availability for MIROC and MPI-ESM, extending only

to 2054, restricts the ability to validate climatic patterns as effectively as with UKESM.

5.7 RECOMMENDATIONS FOR FUTURE RESEARCH

In the context of climate research, South and East Asia hold particular importance due to their
status as significant aerosol and precursor sources and the profound influence of the Asian
monsoon. Therefore, further exploration into the climate responses to reductions in BC
emissions in Asia is essential. Such studies are crucial to understanding the complex
mechanisms underlying these responses and assessing whether mitigating BC emissions in

Asia poses a climate risk, which is still uncertain.

To advance our understanding of the climatic effects of BC forcing in climate modeling, it is
essential to prioritize research that reduces associated uncertainties. This can be achieved by
improving measurement and observational techniques for aerosols, minimizing the
uncertainty in AAOD retrieval. To achieve accuracy in estimations, it is recommended that a
range of realistic perturbations of BC emissions be evaluated rather than restricting the focus
solely to extreme scenarios. Additionally, it is advisable to include the analysis of aerosol
surface deposition and ACI to comprehensively understand the relevant factors contributing

to the phenomenon under examination. A multi-model ensemble approach should also be
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used to reduce uncertainties surrounding internal variability and the complex internal and
external mechanisms that influence the ASM, ultimately leading to a more precise

understanding of potential climate impacts.

Efforts focused on deepening our comprehension of BC’s role in the climate system,
particularly in the climatically intricate regions of South and East Asia, will have the potential

to contribute to more effective climate policies and strategies.
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6 Conclusions

This thesis delves into the responses from a future phaseout of global BC emissions on
different climate variables, with precipitation responses as the primary focus. The analysis
examines the anomalies between the SSP3-7.0 and SSP3-7.0 low BC scenarios with three
distinct ESMs in fixed-SST mode for 2015-2034 and 2035-2054 (up to 2094 for UKESM).
Furthermore, the study highlights the most significant climate responses in South and East

Asia and establishes possible correlations with the Asian Summer Monsoon (ASM).

The results reveal that a rapid reduction in BC emissions significantly reduces regional mean
AAOD and generally reduces tropospheric heating rates for all models. Nonetheless, regional
mean and seasonal mean surface temperature, vertical mass flux, and precipitation responses

vary depending on the model employed.

Our observations indicate that MIROC and MPI-ESM projects enhanced responses similar to
those associated with the ASM by 2054. This suggests that the role of BC-induced shortwave
absorption in driving ASM weather patterns may not be significant for these models and that
other factors may be the primary contributors. However, this study could not include the
effects of sea-surface temperature change, which could affect this conclusion. Interestingly,
UKESM projects significant reductions in precipitation over India by 2054, which can be linked
to reduced convective activity and semi-direct effects due to the atmospheric cooling

associated with BC removal.

The findings of UKESM for India suggest a potentially unforeseen climate impact of reducing
BC emissions. The absence of BC in the atmosphere could lead to surface warming and
tropospheric cooling, stimulating a turbulent vertical mass flux at 850 hPa. However, there is
less convective activity at 250 hPa, resulting in less precipitation. Therefore, additional
investigations incorporating these effects with ASM circulation mechanisms are necessary to

provide a more comprehensive understanding of this phenomenon.
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In conclusion, this thesis offers valuable insights into possible climatic responses arising from
a future rapid phaseout of BC emissions across South and East Asia. Nevertheless, the
variations observed between the models employed in this experiment emphasize the
necessity for additional research into monsoon mechanisms regarding BC and adopting a

multi-model ensemble approach to minimize the effects of internal variability.
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APPENDIX A

Software

Table A.1: Python modules utilized for data simulation and visualization.

Module Name Version Purpose of use
cartopy 0.22.0 Used for mapping, geographic projections, and
plotting spatial data

cftime 1.6.2 Handling time formats used in climate data

datetime 3.11.1 Managing and manipulating dates and times

matplotlib 3.8.0 Plotting and visualizing data

numpy 1.24.4 Array and numerical processing

pandas 1.5.3 Data analysis and manipulation

scipy.stats 1.10.1 Statistical analysis, Students t-test

xarray 2023.8.0 Handling multi-dimensional arrays and datasets

zarr 2.16.1 Handling large, compressed, n-dimensional arrays
Hardware

The simulations were performed on resources provided by Sigma2 - the National
Infrastructure for High Performance Computing and Data Storage in Norway. ®

Table A.2: NIRD Technical Specifications.

Cluster NIRD DL

Storage media NL-SAS
Performance 66 GB/s

Capacity 25PB
Interconnect Balanced 200 Gbit/s
Protocol nodes 5 x 50 Gbit/s

3 More information regarding NIRD and Sigma2 can be found here:

https://documentation.sigma2.no/files_storage/nird Imd.html
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