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Abstract

The highly populated South Asian region is facing rapid economic growth and urbanization. Here, both climate- and
health-affecting atmospheric agents such as light-absorbing aerosols black carbon (BC) and brown carbon (BrC), trace
gas carbon monoxide (CO), are often found in relatively high levels compared to in other regions. However, atmospheric
chemistry-transport/climate models are unable to fully capture the extent of the abundance of BC, CO, and BrC in the
regional atmosphere during winter. The Thesis aims to address potentially important uncertainties that may be contributing
to the model-observation offset — uncertainties in the ambient optical properties of BrC, uncertainties in the relative
source contributions of BC (biomass burning vs. fossil fuel combustion) and CO (direct emission-derived vs. atmospheric
chemical oxidation-derived), uncertainties in the regional lifetime and absolute emission fluxes of BC. For the Thesis work,
field sampling was conducted at three sites, megacity Delhi (key source region), the Bangladesh Climate Observatory—
Bhola Island (BCOB; receptor site for the highly-polluted Indo-Gangetic Plain) and the Maldives Climate Observatory—
Hanimaadhoo Island (MCOH; receptor site for wider South Asia).

The light-absorptivity of water-soluble BrC is found to decrease by ~84% during transport of haze from source-to-
receptor regions i.e., Delhi-to-BCOB-to-MCOH — much greater than estimated in chamber studies and accounted in
models. Atmospheric photochemical oxidation is found to be a likely driver for the loss of water-soluble BrC light-
absorption in the S Asian outflow (with an estimated bleaching rate of 0.20:£0.05 day ') (Paper I). Radiocarbon (A'*C)-
based source apportionment of BC aerosols shows a stark similarity in the relative contributions of fossil (~50%) and
biomass sources (~50%) at BCOB as well as at MCOH, suggesting a regional homogeneity in BC source contributions.
However, a distinct stable isotopic fingerprint (8"°C) of BC in the N Indian Ocean is found to be arising from a small
yet significant contribution (upto 10%) from C,-biomass burning in peninsular India (region south of 23.4°N) (Paper
II). Comparison of source-segregated observed and emission inventory-driven modeled BC concentrations indicates
regional offsets in the anthropogenic emission fluxes of BC in emission inventories—overestimated fossil-BC in the Indo-
Gangetic Plain and underestimated biomass-BC in peninsular India (Paper II). Dual-isotope (5"°C, §'%0)-based source
apportionment of CO shows a significantly large contribution (~80%) from direct emissions of primary sources (biomass
burning and fossil fuel combustion) in South Asia, in contrast to modeled CO budget (Paper I1I). The BC-to-CO ratio in
South Asia is found to be higher, by a factor of 2-3, than in other polluted regions such as in East Asia during winter. The
regional lifetime and emission flux of BC are estimated to be 8+0.5 days (higher than values used in models) and ~2.4+1
Tg/yr (significantly higher than estimated in current emission inventories), respectively (Paper 1V).

Taken together, for convergence between models and observations in wintertime South Asia, 1) the ‘dynamic’ nature of
BrC light-absorption should be considered in models, ii) improvements in emission information of BC and CO are needed
for better-simulating concentrations. Controls on activities such as open burning (such as agricultural crop residue burning,
domestic burning of wood and dung as fuel) in South Asia could enable a reduction in BC, CO, and BrC, thereby leading
to improved air quality and paving the way for achieving some of the key sustainable development goals outlined by the
United Nations.

Keywords: South Asia, Air Pollution, Short-Lived Pollutants, Atmospheric Abundance, Model-Observation Mismatch,
Radiocarbon, Stable Isotopes.
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Abstract

The highly populated South Asian region is facing rapid economic growth and
urbanization. Here, both climate- and health-affecting atmospheric agents
such as light-absorbing aerosols black carbon (BC) and brown carbon (BrC),
trace gas carbon monoxide (CO), are often found in relatively high levels
compared to in other regions. However, atmospheric chemistry-transport/
climate models are unable to fully capture the extent of the abundance of BC,
CO, and BrC in the regional atmosphere during winter. The Thesis aims to
address potentially important uncertainties that may be contributing to the
model-observation offset — uncertainties in the ambient optical properties of
BrC, uncertainties in the relative source contributions of BC (biomass burning
vs. fossil fuel combustion) and CO (direct emission-derived vs. atmospheric
chemical oxidation-derived), uncertainties in the regional lifetime and
absolute emission fluxes of BC. For the Thesis work, field sampling was
conducted at three sites, megacity Delhi (key source region), the Bangladesh
Climate Observatory—Bhola Island (BCOB; receptor site for the highly-
polluted Indo-Gangetic Plain) and the Maldives Climate Observatory—
Hanimaadhoo Island (MCOH; receptor site for wider South Asia).

The light-absorptivity of water-soluble BrC is found to decrease by ~84%
during transport of haze from source-to-receptor regions i.e., Delhi-to-BCOB-
to-MCOH — much greater than estimated in chamber studies and accounted
in models. Atmospheric photochemical oxidation is found to be a likely driver
for the loss of water-soluble BrC light-absorption in the S Asian outflow (with
an estimated bleaching rate of 0.20+0.05 day ') (Paper I). Radiocarbon
(A™C)-based source apportionment of BC aerosols shows a stark similarity in
the relative contributions of fossil (~50%) and biomass sources (~50%) at
BCOB as well as at MCOH, suggesting a regional homogeneity in BC source
contributions. However, a distinct stable isotopic fingerprint (§'3C) of BC in
the N Indian Ocean is found to be arising from a small yet significant
contribution (upto 10%) from Cs-biomass burning in peninsular India (region
south of 23.4°N) (Paper II). Comparison of source-segregated observed and



emission inventory-driven modeled BC concentrations indicates regional oft-
sets in the anthropogenic emission fluxes of BC in emission inventories—
overestimated fossil-BC in the Indo-Gangetic Plain and underestimated
biomass-BC in peninsular India (Paper II). Dual-isotope (8'°C, §'%0)-based
source apportionment of CO shows a significantly large contribution (~80%)
from direct emissions of primary sources (biomass burning and fossil fuel
combustion) in South Asia, in contrast to modeled CO budget (Paper III).
The BC-to-CO ratio in South Asia is found to be higher, by a factor of 2-3,
than in other polluted regions such as in East Asia during winter. The regional
lifetime and emission flux of BC are estimated to be 8+0.5 days (higher than
values used in models) and ~2.4+1 Tg/yr (significantly higher than estimated
in current emission inventories), respectively (Paper 1V).

Taken together, for convergence between models and observations in winter-
time South Asia, 1) the ‘dynamic’ nature of BrC light-absorption should be
considered in models, ii) improvements in emission information of BC and
CO are needed for better simulating concentrations. Controls on activities
such as open burning (such as agricultural crop residue burning, domestic
burning of wood and dung as fuel) in South Asia could enable reduction in
BC, CO, and BrC, thereby leading to improved air quality and paving the way
for achieving some of the key sustainable development goals outlined by the
United Nations.



Sammanfattning

Snabb ekonomisk tillvdxt och urbanisering &r utmaningar for den tatbefolkade
Sydasatiska regionen. Héar finner man ofta hdga koncentrationer av
klimat- och hélsopaverkande substanser som ljusabsorberande sotaerosoler
(Eng. black carbon — BC); bruna aerosoler (Eng: brown carbon, BrC) och
kolmonoxid (CO). Atmosféarskemi- och klimatmodeller har dock svérigheter
att replikera observationerna i denna region. Den hér avhandlingen syftar till
att undersoka potentiellt viktiga osdkerheter som bidrar till skillnaderna
mellan observationer och modeller — osdkerheter niar det géller de
ljusabsorberande egenskaperna av BrC; osdkerheter kring utslappskéllorna till
BC (biomassa vs fossil forbrinning) och CO (direkta utslapp vs bildning i
atmostféren); samt osékerheterna kring den atmosfariska livstiden och absoluta
utsldppen for BC. Féltprovtagningar genomfordes pd tre olika platser: i
centrala Delhi (viktig utslédppsregion); vid Bangladesh Climate Observatory—
Bhola Island (BCOB; som integrerar utsldppen fran den kraftigt fororenade
regionen Indo-Gangetic Plain, IGP); samt Maldives Climate Observatory—
Hanimaadhoo Island (MCOH; som integrerar utslédppen for Sydasien i stort).

Ljusabsorption av vattenlosligt BrC visar sig minska med ~84% under
atmosfarisk transport fran kéllregioner (Delhi) till de integrerande stationerna
(BCOB och MCOH) — en siffra som dr mycket hogre &n fran uppskattningar
frén laboratorieexperiment eller modeller. Fotokemisk oxidation i atmosféren
ar troligen en viktig drivkraft for denna process (med en uppskattad
blekningshastighet av 0.20+£0.05 dag™!) (Paper I). Kol-14-baserad
kéllbestimning av BC aerosoler visar att bidragen frin fossila- (~50%) och
biomassbranslen (50%) ar mycket lika vid bada stationerna BCOB och
MCOH, vilket tyder pa en homogen fordelning av killor 6ver regionen.
Déremot, har BC vid stationen 1 norra Indiska Oceanen en distinkt stabil
kolisotopsignatur (8'*C) som tyder pé ett litet men viktigt bidrag fran
forbranning av Cys-vixter fran sodra (soder om 23.4°N) Indiska
Subkontinenten (Paper II). Jimforelser av kéllsegregerade koncentrationer
av BC fran modeller och observationer visare pa regionala skillnader i
ménskliga utsldpp i emissionsinventarier — Overskattade over IGP och



underskattade 6ver den sddra subkontinenten. (Paper II). Killbestimning
baserat pd dubbla isotoper (8'°C, 8'0) visar att CO frdn Sydasien
huvudsakligen kommer frén direkta utslipp (~80%, som forbrénning av
biomassa och fossila brénslen) - i kontrast mot modelluppskattningar. (Paper
II). Kvoten mellan BC till CO i sydasien dr en faktor 2-3 hogre 4n i andra
fororenade regioner som tex Ostasien. Den regionala atmosfériska livstiden
for BC uppskattas till 8+0.5 dagar (vilket dr hogre &n virden frén
atmosfirsmodeller) och utslédppsflodena uppskattas till ~2.4+1 Tg/yr (vilket dr
hogre dn virden fran emissionsinventarier. (Paper IV).

Sammantaget visar den har avhandlingen att for att uppna konvergens mellan
modeller och observationer bor: i.) den ’dynamiska’ aspekten av BrCs
ljusabsorbans tas med i modeller. ii.) uppskattningarna av utslépp av BC och
CO forbattras for att uppna en bittre precision i simulerade koncentrationer.
Minskade utslépp frén 6ppen forbrénning (till exempel eldning av grodorester,
vedeldning eller torkat godsel) i Sydasien skulle leda till minskade méngder
av BC; CO och BrC och dirmed forbattrad luftkvalitet och darmed en vég
framat for att uppna hallbar utveckling inom ramen fér FNs Milleniemal.
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Objectives of the Thesis

Overarching

The overall objective of this Thesis is to provide isotope-based observational
constraints on the relative contribution of the sources of BC and CO, as well
as on the atmospheric processing of the optical properties of BrC in the
wintertime South Asian atmosphere. These constraints are aimed at reducing
the model-observation offset in estimating the atmospheric abundance of BC,
CO, and BrC in the region.

ii.

The specific objectives are as follows:

To investigate the evolution of the light-absorption properties of water-
soluble BrC (WS-Br(C) in a ‘source-to-receptor’ system using samples
collected during the South Asian Pollution Experiment 2016 (SAPOEX-
16), at megacity Delhi and at two regional receptor sites: the Bangladesh
Climate Observatory—Bhola island (BCOB) and the Maldives Climate
Observatory—Hanimaadhoo island (MCOH). Identify the period of
synoptic transport connecting the 3 sites using air mass back trajectory
cluster analysis and fractional cluster contributions. Perform carbon
isotope-based analysis to study the atmospheric processing of WS-BrC
and constrain the bleaching rate of WS-BrC in the South Asian outflow
(Paper I).

To perform dual-carbon isotope-based source apportionment of BC
aerosols collected during SAPOEX-16 field campaign, at BCOB and
MCOH. Compare observation-constrained source-segregated BC
concentrations at MCOH with predictions from bottom-up BC emission
inventories coupled to a transport model. Investigate and identify potential
sources, sources regions causing the model-observation mismatch
(Paper II).

vii



iii.

1v.

viii

To perform dual-isotope-based investigation of the origin of South Asian
continental CO, for samples collected at MCOH during the South Asian
Pollution Experiment 2018 (SAPOEX-18) field campaign. Constrain
primary- vs secondary-CO source fractions for the continental CO
(Paper III).

To observationally constrain the lifetime and emission fluxes of BC in
South Asia using online BC and CO measurements for 3 successive
winters (2017-2020) from the receptor observatory MCOH. Establish the
ABC/ACO ratio (with background correction) for the South Asian outflow
and compute BC lifetime using a statistical approach. Develop an inverse
model coupling back trajectories, ABC/ACO ratio time series data and
lifetime, and compute the absolute emission fluxes of BC. Compare with
current emission inventory-based BC flux estimates for South Asia
(Paper IV).
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1. Introduction

Environmental challenges such as air pollution, global warming, and
climate change, transform the ecosystems and influence several aspects such
as livelihood, health, and well-being. The Paris Agreement on Climate
Change, ratified by over 50 world nations, came into effect in November
2016' with an aim for global response to limit the global mean temperature
increase above preindustrial levels to well below 2°C by 2100. Furthermore,
there is an initiation to pursue efforts meanwhile to further ‘bend the curve’ to
below 1.5°C!. However, recent evidence suggests that under the present
Nationally Determined Contribution pledges, global warming could indeed
surpass the 1.5°C target®. Therefore, it is essential to expand our focus of
climate action from a greenhouse gas (GHG)-only lens to include other agents
that can provide benefits for both climate as well as for sustainable
development.

Short-lived climate pollutants such as black carbon (BC) hold an important
role as they affect climate, environment, and health®. In addition, there are
other short-lived species that also exert climate and health effects and share
similar source profiles as that of BC — carbon monoxide (CO) and brown
carbon (BrC)*¢. These atmospheric pollutants are found in elevated levels in
the emission ‘hotspot” region of South Asia®!'. Focussing on BC, CO, and
BrC together in this regional set-up may enable identifying the commonality
of sources, investigating the effects of atmospheric processes, and providing
a scientific underpinning for mitigation measures.

Access to clean air and freshwater, as well as climate change mitigation,
are all at the heart of the Sustainable Development Goals outlined by the
United Nations'?. However, we currently face several major challenges in the
environmentally stressed South Asian region with over 1.5 billion
inhabitants'®!!. During winter, severe air pollution measured as atmospheric
particulate matter- PM,s (< 2.5 pm in diameter) is seen in several parts of S
Asia'. Here, the PMys levels have been found to often exceed the World
Health Organisation (WHO) standards (25 pg m) by an order in magnitude'®.



A combination of several factors including cultural practices (e.g., domestic
burning of wood and dung as fuel, open crop residue burning), rapid
urbanization, population growth, and seasonally distinct meteorology leads to
such extremely high levels of PM,s'.

Of particular interest is the Indo-Gangetic Plain (IGP; Figure 1a) region,
which experiences the highest loadings of PM, 5. This can be attributed to
the several collocated emission sources, unique features such as location and
topography, population density, and socio-economic development'> 5. A
thick and grey-brownish haze, referred to as the Atmospheric Brown Cloud
(ABC), forms over the IGP and spreads over the N Indian Ocean during the
wintertime continental outflow driven by the NE monsoon system!®!7 (Figure
1b). The ABC (a noxious cocktail of particles e.g., BC, BrC, and gases e.g.,
CO) has had a deleterious effect on air quality/human health'®. ABCs have
also been implicated for causing regional warming, disturbance in the
precipitation patterns affecting freshwater supply, and poor agricultural yields
in the region'®'*?’, Taken together, this makes South Asia a climatically
vulnerable region from BC-, CO-, and BrC-induced effects, which pose an
existential threat for sustainable development in the region.

Many of the world’s most polluted cities are located in the IGP'4, however,
sparsely distributed air pollution monitoring networks and few ground-based
observations'*!> have limited the understanding of BC, CO, and BrC in the
region, and S Asia in general. Here, atmospheric chemistry-transport/climate
models show a lack of convergence with observations in terms of estimating
the atmospheric abundance of BC, CO, and BrC during winter®2!?2, The key
unifying goal of my Thesis is to address the uncertainties that may contribute
to the model-observation offset in wintertime South Asia:

1. uncertainties in the effect of atmospheric processing on the light-
absorption of BrC

il. uncertainties in the relative source contributions of BC (biomass
burning vs. fossil fuel combustion)

1. uncertainties in the relative source contributions of CO (primary-CO
vs. secondary-CO)

iv. uncertainties in the lifetime and absolute emission fluxes of BC

This work, therefore, contributes towards expanding the current state of
knowledge of BC, CO, and BrC using field-based observations in one of the



most polluted regions in the world during the high loading winter period
(Figure 1). The findings of this Thesis contribute to an improved scientific
ground for developing mitigation policies as well as for modeling climate, air
quality, and health impacts in South Asia.
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Figure 1 (a) Map depicting the average aerosol optical depth (AOD) at 550
nm during January - March 2016 (period of this study Paper I, II) over the
South Asian region. The location of the study sites megacity Delhi, and two
regional receptor sites — the Maldives Climate Observatory—Hanimaadhoo
Island (MCOH) and the Bangladesh Climate Observatory—Bhola Island
(BCOB) are shown. The arrows (green) represent the general air mass
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transport pathways during this NE monsoon season. The Indo-Gangetic Plain
(IGP) region (spreading between western Pakistan and eastern Bangladesh),
and the Peninsular Indian region (south of 23.4 °N) are shown. (b) The haze
of pollutants referred to as the ‘Atmospheric Brown Cloud (ABC)’ as seen
from space over the IGP region and outflow to the Bay of Bengal on 5"
January 2016 (during the period of the sampling campaign at BCOB). The
AOD data was obtained from NASA Moderate Resolution Imaging
Spectroradiometer (giovanni.gsfc.nasa.gov/giovanni/) and the image in
(b) was obtained from EOSDIS Worldview (worldview.earthdata.nasa.gov).


https://giovanni.gsfc.nasa.gov/giovanni/
https://worldview.earthdata.nasa.gov/?t=2018-11-14-T00%3A00%3A00Z&l=VIIRS_SNPP_Thermal_Anomalies_375m_Night(hidden),VIIRS_SNPP_Thermal_Anomalies_375m_Day(hidden),Coastlines,Reference_Features,VIIRS_SNPP_CorrectedReflectance_TrueColor,MODIS_Aqua_CorrectedReflectance_TrueColor,MODIS_Terra_CorrectedReflectance_TrueColor

2. Background

2.1.Sources and characteristics of BC, CO, and BrC

The BC, CO, and BrC are atmospherically relevant components in the
Earth system*®. BC and BrC cause surface dimming, modify the cloud
processes, reduce snow/ice albedo, and exert net positive radiative effects (i.e.,
warming)>*7:8, They are produced from anthropogenic and natural emissions,
exist mostly in sub-micron size, and can efficiently absorb solar radiation from
the near ultraviolet (UV) throughout the visible and even in near-infrared
(NIR) wavelengths***?*, CO modulates the tropospheric oxidizing capacity
and indirectly contributes to the longevity of several greenhouse gases and
other warming agents>%%, CO has in part similar origins as BC and BrC, and
in terms of warming capacity (albeit indirect), is similar to that of the well-
mixed greenhouse gas N,O>%*, Together, these pollutants perturb the Earth’s
energy balance in several important ways. The emission source type,
atmospheric transport/evolution, removal processes affect many aspects of
these pollutants such as destination, lifetime, and climate impact.

2.1.1. Black Carbon

BC is a product of incomplete combustion of fossil fuels (e.g., from traffic,
powerplants) or biomass (including biofuel e.g., wood burning, agricultural
waste burning) and is ubiquitous in the Earth system®. Several physio-
chemical properties of BC make it a distinct type of carbonaceous material. In
general, BC is an umbrella term and refers to graphite-like aggregates of small
spherules, which is refractory (vaporization temperature ~4000K), strongly
light-absorbing, and insoluble in water and organic solvents?. For a
quantitative description of BC, different notations are used and depend on the
applied analytical methodology. In thermal methods (used in Paper II), the
term ‘elemental carbon (EC)’ is used for the thermally stable carbonaceous
fraction of particulate matter that can only be oxidized above a certain
temperature threshold and in the presence of oxygen-containing air?®, EC is



assumed to be inert and non-volatile under atmospheric conditions?’. In
optical methods (e.g., in Aethalometer, used in Paper IV), BC is operationally
also referred to as ‘equivalent black carbon’.

Atmospheric aging, within hours to days, leads to the coating of BC
particles (i.e., mixing with non-BC containing particles)?®. The atmospheric
aging of BC affects several microphysical properties (e.g., refractive index,
particle size) which increases the complexity in modeling the BC climate
impact?®. Further complexity arises from the aspect of direct and indirect
effects of BC?: by directly absorbing the short-wave radiation, BC exerts a
warming effect on the atmosphere, and by deposition in the cryosphere affects
the albedo leading to enhanced melting of snow and ice (direct effects). Other
than that, BC also affects cloud processes e.g., by changing the no. of cloud
droplets, particle number in liquid and ice clouds (indirect effects). The
location of BC within/below/above clouds alters the cloud distribution (semi-
direct effects). The climate impact of BC from these effects remains highly
uncertain®®. An added uncertainty in modeling the climate impact is
associated with the emission source origin of BC*’. The differences in the
combustion process (combustion temperature, technology, etc.) have distinct
effects on both physical and chemical properties of BC such as particle size
and BC to co-emitted-species ratios. Other than effects on climate, BC affects
human health, mostly by acting as a universal carrier of the variety of chemical
constituents with varying toxicities such as semi-volatile organics to sensitive
regions such as pulmonary, cardiovascular, and as recently found even in the
fetal side of human palcenta®'-,

2.1.2. Carbon Monoxide

CO is a ubiquitous and reactive trace gas in the atmosphere with a
deleterious effect on human health®. CO plays an important role in modulating
the tropospheric abundance of the hydroxyl radical®* (OH-, CO sink reaction
accounts for ~40% loss) which is responsible for reducing several greenhouse
gases and ozone depleting substances. In this capacity, through chemical
effects on the concentrations of other OH- oxidized species (such as CHa, O3),
CO has an impact on the Earth’s radiative balance and therefore is referred to
as an indirect greenhouse gas>®***. In addition, under high NOy conditions, the
CO+OH- reaction is a pathway for the formation of tropospheric O3 with
implications for both health and air quality**. Given the lifetime of CO (~few



weeks to a couple of months), it is often used as a tracer to track pollution
plumes on intercontinental scales*. Taken together, CO plays an important
role in modulating tropospheric chemistry, trace gas budgets, and air quality.

CO is emitted directly from fossil fuel combustion and biomass burning*.
A small amount of CO in the global budget (< 5%) is of biogenic origin i.e.,
emitted directly from living or dead plant matter from photo-degradation or
photo-oxidation of cellular material, and of oceanic origin i.e., photochemical
oxidation of dissolved organic matter in marine environment*®. Apart from
this, CO is also produced naturally through oxidation of CH4 and non-methane
hydrocarbons (NMHCs)*. Constraining the relative contributions of CO
produced from direct emissions (primary-CO) vs. atmospheric chemical
production (secondary-CQO) (Paper III) is challenging as large uncertainties
exist in individual source estimates— biogenic NMHC oxidation (£100%),
biomass burning (+50%), fossil fuel combustion (£20%) and CH4 oxidation
(£15%)*. Regional variations in annual emissions of some of these sources
(e.g., biomass burning) introduces further uncertainty in assessing the climate
impact of CO%%.

2.1.3. Brown Carbon

BrC is a term coined to represent a broad collection of light-absorbing
organic compounds with a brownish appearance**. Many aspects about BrC
such as what fraction of the total organic aerosol pool is BrC and how this
fraction differs with sources, regions, and combustion conditions remain
unclear®¥’. However, as the water-soluble organic carbon (WSOC)
component is a considerable fraction (upto 80%) of the total organic aerosol
pool, BrC is often studied as a component of WSOC?** (i.e., in aqueous form;
referred to as WS-BrC, used in this work, Paper I). While ~40 to 90% of BrC
can be extracted with water and other solvents (e.g., methanol, acetone), the
characteristics of the insoluble BrC fraction remains less known*!.

In general, BrC is co-emitted directly with BC but also has significant
secondary non-combustion sources®. Secondary BrC can be formed through
aqueous chemistry between amines or ammonia and aldehydes, and photo-
chemical processing of phenolic compounds**. BrC facilitates attachment
to benzo[a]pyrene (Bap), a universal carcinogenic, and acts as a shield for



oxidation. This increases the toxicity of Baps and thereby the health risk in
regions where Baps are present with BrC in abundance e.g., Asia*.

Typically, BrC exhibits strong light-absorbing characteristics in the short
visible and ultraviolet wavelengths (A=300-400 nm) which decreases
substantially in the mid- and long-visible wavelengths (i.e., yellow-red
band)*?*37. The light-absorption measurements of WS-BrC are less prone to
interferences from other absorbers such as BC***!' (as BC is insoluble in
water). Additionally, matrix effects have been found to affect the light-
absorption of BrC extracted using other solvents relative to WS-BrC*. Higher
molecular weight BrC with extremely low volatility has been found to have
stronger light-absorption, even comparable to that of BC*’. BrC is chemically
not as stable as BC and therefore can lose its light-absorption (photo-
bleaching), volatilize, or darken in secondary reactions (photo-
enhancement)**”#2, In addition, the effect of the mixing state of BrC on light-
absorption of both BrC and BC is highly uncertain®. While the solvent
extraction methods can directly constrain the BrC light-absorption, factors
converting bulk to particulate absorption remain poorly constrained*.
Together, these aspects represent one of the largest challenges in modeling the
climate impact of BrC.

2.2.0ptical properties and radiative forcing of BC,
CO, and BrC

The magnitude of light-absorption of BC and BrC is in general represented
using the term ‘mass absorption cross-section’ (MAC, m*g")®. The MAC
values are required by chemical transport models to translate the simulated
mass concentrations to their effects on the radiative perturbations.
Additionally, the wavelength dependence (L) of the MAC is needed in such
calculations. This is expressed using the Absorption Angstrém Exponent
(AAE) in a power law relationship:

MAC(L) = A. AAAE @)
where A is the scaling factor and depends on the aerosol composition and
size distribution.



The MAC of freshly emitted BC is estimated to be ~7.5+1.2 m?g™! (at 550
nm)* and is more often found to increase when internally mixed (i.e., during
aging)®. Together with a near steady AAE ~1, throughout the near-UV to
visible and near-IR wavelength, makes BC by far the strongest light-absorbing
particle in the atmosphere present in significant quantities. The MAC of BrC
has been found to vary significantly between different sites and regions®’. For
studies using a similar analytical method for measuring WS-BrC, a
compilation of site-specific MAC values at 365 nm* (MACjss; a common
metric in WS-BrC studies) shows a large spatial variability — as low as
0.3+0.1 m?g ! and as high as 2.5+0.5 m?g! 4384149 The MAC values for BrC
extracted with other solvents are often found to be higher by a factor of ~2 to
4 than that of the WS-BrC*. The solvent-extracted BrC AAE (mostly
estimated for the near-ultraviolet wavelength range 330 nm—400 nm) can
range between 2 to 8%,

Radiative forcing (RF) is the most common metric to measure the
imposed changes in the Earth's radiative balance by an atmospheric
perturbation®®. The Fifth Assessment Report (AR5) of the United
Nations Intergovernmental Panel on Climate Change (IPCC), has
suggested using the term effective radiative forcing (ERF)®. However,
for the sake of simplicity here the usage is restricted to RF. A positive
RF basically means net warming of the troposphere due to the presence
of a certain agent. The best estimates of BC-RF are in-between +0.40
Wm?and +1.1 Wm™ (with 90% uncertainty bounds of +0.05 Wm~ to
+2.1 Wm=2)*¢ The BrC-RF remains also highly uncertain®?%37 with
values spanning between +0.03 Wm™ to +0.57 Wm™. The RF of CO is
estimated to be +0.23£0.05 Wm™ for indirect effects i.e., through
chemical impact on CHa, CO», and O3%%%. In comparison to these, the
best estimate of CO,-RF, the strongest forcing agent, is +1.68 Wm™
(with 90% uncertainty bounds of +1.33 Wm™ to +2.03 Wm™, for the
1750-2011 period)®. The absence of consensus on the RF of these
components presents one of the grandest challenges in atmospheric/
climate sciences.

The uncertainty bounds of BC- and BrC-RF suggest that the factors
used in the estimation of RF are associated with several uncertainties
such as uncertainties in global emission inventories (Els), lifetime,
MAC. For e.g., the lifetime of BC in climate models varies between 3
to 11 days*3°, MACgc values range?’ from 4.3 to 15 m? g''. Furthermore,



the emissions range® from ~5000 to 18000 Gg yr'!, together suggesting
that the diversity is based on the choice of model employed and one or
more of the other parameters. One of the sources of uncertainty for BrC-
RF is not accounting for certain types of fossil-BrC in model
simulations e.g., low efficiency residential coal combustion and heavy-
fuel-oil-based ship emissions®’. Furthermore, the optical properties
remain poorly parameterized®’ and the distribution of BrC is assumed
to be similar to that of organic aerosols®. Moreover, the formation of
secondary BrC is mostly unaccounted for in model simulations®37. A
source of uncertainty for CO-RF is that CO-induced perturbation on O3
requires accurate knowledge/modeling of the spatial variability of
NO,°. The loss rate of CO to the soil sink and the stratosphere remains
poorly understood, which is also needed in such assessments>.

As there is large spatial heterogeneity in the distribution of the
sources and emissions, the RF of BC, CO, and BrC can indeed be many
times higher in magnitude, than the estimated ‘global’ mean, in
‘hotspot’ regions®! %2, South Asia, being one such region’-®° happens to
also be one of the most vulnerable regions to climate change®'. Given
the proximity to one of the largest perennial sources of freshwater®, the
dependence on monsoon rain system for agriculture and thereby
livelihood!*!®, the growing population density, and the current acute air
pollution crisis!*, the atmospheric impact of BC, CO, and BrC in South
Asia needs to be well understood.

2.3.South Asian wintertime outflow of atmospheric
pollutants

The regional meteorology of South Asia is driven by the monsoon
circulation which follows the movement of the Intertropical convergence zone
(ITCZ)". The monsoon circulation can be classified into three periods with
identifiable flow patterns recurrent on an annual basis — summer (referred to
as South West monsoon; ~June-September), winter (North East monsoon;
~November-March), and transition periods. The summer monsoon is
associated with heavy rainfall and deep convection over the continent, leading
to the efficient transport of pollutants to the upper troposphere (as the ITCZ is
around the ~5°N to 30°N region). In contrast, the winter monsoon, when the
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ITCZ is found south of the continent (~5°S to 15°S), is associated with little
rain and poor convection'®. Coupled to a cold front and shallow boundary
layer over the continent, this period oversees a build-up of pollutants forming
a thick layer of sunlight absorbing and scattering aerosols and gases i.e., the
Atmospheric Brown Cloud (ABC)'¢. The ABC encompasses a large part of
the continent and the N Indian ocean (which is largely cloud free in this
period) during winter'®. There are often foggy conditions with reduced
visibility and poor air quality levels across much of the region during this
period'>!3. This Thesis work concerns with the BC, BrC, and CO
characteristics in South Asia during the winter monsoon period.

The wintertime pollutant outflow has been found to mainly occur in two
distinct layers: in the marine boundary level and (surface to ~1 km) in an
elevated layer (~1 to 3 km). More layers (> 3km) have also been identified!’.
This outflow generally occurs in different channels (as shown in Figure 1a)
which are mostly similar for both layers: the Indo-Gangetic Plain (IGP)-to-the
N Bay of Bengal (BOB) and passing along the eastern coast of India, the
Arabian Sea (ARS) along the western coast of India, the SE Asia-to-S Bay of
Bengal and passing over southern India. The pollutants can get carried through
these channels as far as to the ITCZ and then lofted to the middle and upper
troposphere, where they are eventually scavenged or subsequently contribute
towards particle formation processes.

Despite the transport of pollutants far away from the continent, the
concentrations of aerosols and gases are found to be substantial in downwind
regions (such as in Maldives in N Indian Ocean) during winter!®!”. Relatively
high fine mode (< 1 pm) particle number and mass concentrations and mixing
ratios of gases (such as CO) are often encountered in the IGP-BOB air masses
than in the ARS air masses in this period>”**. The majority of BOB and ARS
is a low-nutrient low-chlorophyll region during winter and therefore the
contribution of secondary aerosol formation from ocean biogeochemistry
processes (i.e., from gas-to-particle conversion reactions involving dimethyl
sulfide from marine phytoplankton emissions) is weak>’. This also relates to a
low influx of mineral dust in the region during the winter monsoon!!153,
Therefore, the contribution of natural emissions to the aerosol optical depth in
the wintertime ABC is often found to be much smaller relative to
anthropogenic emissions®®. The aerosol composition in the fine mode—
largely composed of sulfate, carbonaceous fraction (organic matter + BC)—
has been documented to be relatively similar in the continent as well as over
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the N Indian Ocean'’. In particular, the BC fraction in the fine particulate
matter has been found to be remarkably similar in the upwind regions and the
outflow during winter'®!7%6, Relatively high oxidant levels (e.g., of the
hydroxyl radicals) have also been found in the wintertime haze over the N
Indian Ocean'” which could contribute towards substantial oxidation of aero-

sols, gases, and their precursors.

The multitude of effects of wintertime ABC on climate and air quality are
well-documented”!*!%!°, In the wake of major field campaigns in the region
e.g., the Indian Ocean Experiment 1995-2000 (INDOEX)'®, atmospheric
observatories (e.g., the Maldives Climate Observatory—Hanimaadhoo Island
MCOH, and more recently the Bangladesh Climate Observatory-Bhola Island
BCOB; Figure la) were established to continue long-term monitoring
activities pertaining to the ABC and the continental pollution in general. This
Thesis work builds on observations from these sites and addresses some of the
open scientific questions associated with BC, CO, and BrC in wintertime
South Asia?!%58,

2.4.Atmospheric abundance of BC, CO, and BrC in
wintertime South Asia and associated
uncertainties

The climate, air quality/health impact of BC, CO, and BrC depends on the
atmospheric abundance of these constituents. Given that their distribution
varies in space and time, atmospheric chemistry-transport/climate models are
required to understand and visualize the atmospheric abundance. A first-order
evaluation of model skill can be accomplished by comparing simulated
concentrations or simulated optical depths with ground-based observations:

1. Concentrations: Models could underestimate (overestimate) the
atmospheric concentrations if the emissions are too low (high) or if the
removal rate is too high (low). Both BC and CO concentrations generated by
models can be directly compared with ground-based measurements™*2,

2. Absorption Aerosol Optical Depth (AAOD): A measure of particle
abundance of light-absorbing aerosols (BC, BrC, mineral dust), albeit indirect,
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is the AAOD. Modeled AAOD can be directly compared with ground-based
measurement-derived AAOD using sun-sky photometers®*.

2.4.1. Concentrations

Both BC and CO concentrations have been measured in various regions of
South Asia’®%. For BC, a suite of models has been studied and evaluated
against in-situ observations®>***¢! " Findings reveal that models have had
limited success in capturing the seasonality of ground-level BC concentrations
in South Asia. The BC concentrations remain underestimated across much of
South Asia during winter®®, For CO, there have only been a few studies’>¢*%°,
The CO concentrations are also underestimated during winter but to a lesser
spatial extent than BC®. The underestimation of CO is largely in the IGP

region and few parts of southern India’2.

The underestimation can be due to the ‘lifetime’ value used in models and/or
due to uncertainties in emissions. While different lifetime values of BC are
used in different models®’, it should be noted that there has been no
observational-based estimation of the lifetime of BC in the region. This is
concerning as processes in winter monsoon (dry) vs summer monsoon (wet)
season could have different scavenging effects and thereby alter the BC
lifetime. However, studies have shown that the underestimation of BC
concentrations is systematic and exists despite using different models3>-3%-!
implying that removal alone is not the determining factor. It is well established
that the winter months in South Asia are showing the highest contribution
from anthropogenic sources (including open crop residue burning, biofuel
usage), contributing as much as ~80% to the total AOD'>*, Tt is therefore a
reasonable hypothesis that significant underestimation in modeled
concentrations may be related to underestimated emissions. Indeed, as low as
8% and as high as 45% of atmospheric BC has only been captured by models
compared to observations in several regions of the IGP and S Asia®¢!,
Likewise, large bias is found in modeled CO mostly over the urban/industrial
zones e.g., the city of Kanpur®. As the pollutants are confined to the near
surface during winter due to a shallow boundary layer, the underestimation
implicates poor emission information (source contributions and/or total
fluxes) in the emission inventories.
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2.4.1.1. BC Emission Uncertainty

BC from energy-related emissions is typically estimated in ‘bottom-up’
emission inventories (EIs) as:

Emission = )}; A; EF; )
Where A; represents activity (e.g., fuel consumption or commodity
production), EF; is an emission factor in grams per activity (i.e., amount of
pollutant emitted per amount of fuel burnt). A comparison between the
existing Els shows that the central values for BC emission estimates for South
Asia range between 400 Gg/year and 1100 Gg/year®®. This is primarily
attributed to the fact that unlike many other regions, South Asia has a high
dependence on biofuel (e.g., dung cakes, agricultural residue, fuelwood)
which adds considerable uncertainty in emission accounting®. The sales,
consumption of residential biofuel are not centralized and involves local
sellers. Other factors include uncertain emission factors, a paucity of regional
measurements®”. A large uncertainty also exists in determining total
contributions from poorly functioning vehicles or “super-emitters™>’". The
fraction of super-emitters in the vehicle fleet is not well known and creates
major discrepancies as a single super-emitter is capable of producing several
times more BC than a well-functioning engine’. The government-imposed
ban on such vehicles is yet to be fully imposed across all states in the region
and thus these super-emitters are still on roads. Other sources such as brick
kilns, wick lamps, diesel generators are not at all or fully accounted for in all
EIs*’!. In addition, some sectors such as garbage burning with poorly
accounted activity levels and emission factors represent major uncertainty as
Well3’68’71.

BC from open burning emissions is largely derived from satellite-based
remote sensing (e.g., Global Fires Emission Database, GFED) and is equally
complex as it involves a combination of the burned area, available fuel load,
fraction of combustion completeness (fraction), and emission factors’.
Several small fires remain undetected during the flaming stage due to
incomplete coverage or cloudiness. In tropical regions such as South Asia, a
majority of fires are indeed small fires and thus add to the uncertainty in
emissions estimates’?. Furthermore, constant emission factors are used to
convert dry matter to BC, which in reality may be different for different stages
of burning”. In South Asia, open crop residue burning is widespread and,
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therefore, if poorly accounted could be a contributing factor to the model-
observation offset.

The uncertainty in emission estimates of BC in South Asia is further
corroborated by studies that have estimated the emissions by integrating
statistical modeling with observations (i.e., inverse approaches)*®. Indeed, an
increase by a factor of 2 to 3 in total BC flux has been prescribed by such
approaches. However, it is unclear which sources (fossil fuel combustion-
derived BC or biomass burning-derived BC) need scaling or which regions
require improved emission information. The apportionment of source
contributions in Els presents another major challenge. For South Asia, the
fraction fossil estimates for BC differ between 10% and 90% in Els!”7*. This
introduces substantial uncertainties in scaling approaches which also
propagate into modeling the climate effect of BC. As Els are also relied upon
for developing mitigation policies, it is crucial for the source fractions of BC
to be well constrained. Therefore, many scientific assessments call for
observational-based source apportionment studies to improve/validate EIs>”!.

2.4.1.2. CO Emission Uncertainty

A large source of uncertainty in the CO emission estimates is from biomass
burning source, followed by NMHC-oxidation source*>-*, It has been found
that increasing the biomass burning CO emissions reduces model-observation
bias at almost all tropical locations of a modeled domain*. For the NMHC-
derived CO, poor a priori knowledge about the yield of CO during secondary
production in the tropics leads to modeling difficulties”. While there have
been several field-based measurements of CO concentrations near-surface and
in the vertical®®’®7® observation-based source apportionment studies for CO
in South Asia are rare. This is much needed as, here, both surface and
tropospheric CO levels have been rising in the past decades and do not mimic
the decline observed globally®. It remains unclear what is the fractional
contribution of primary-CO vs. secondary-CO to the atmospheric CO
concentrations in South Asia. Due to the paucity of observation-based
constraints on such source partitioning, EI-driven modeled estimates (ranging
between 50% to 90% for primary-CQO)°*%*5 cannot be fully validated. The
radiative forcing of CO is estimated based on the primary component>®* and
hence a key knowledge gap concerns the contribution of this component, in
particular, to the rising S Asian CO levels.
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2.4.2. Absorption Aerosol Optical Depth (AAOD)

BC, BrC, and mineral dust can all contribute to the absorption aerosol optical
depth, a measure of the column aerosol loading of light-absorbing particles
retrieved using sun-sky photometers®>*. Therefore, if all AAOD over a
region is attributed to only BC, then BC climate impact becomes
overestimated. While the winter season in South Asia is often a low dust
regime, both BC and BrC are present in high abundance due to the dominance
of anthropogenic emissions (fine mode aerosols)’*%’. Here, modeled BC
AAOQOD (expressed as a product of emissions, lifetime, and MAC) is found to
be underestimated by a factor of 2 to 3 compared to ground-based
measurement-derived BC AAOD, especially over the IGP??255, Ground-
based measurement-derived AAOD is often calculated for ‘total” aerosol and
can also be biased inherently from e.g., correction for clouds, uncertain single
scattering albedo®*-*”. Furthermore, the apportionment of the BC/BrC/dust
AAOD fraction is complicated as it involves several assumptions regarding
aerosol size distribution, individual optical parameters (e.g., refractive index,
AAE)%80,

If the model-observation offset in BC AAOD is indeed ‘real’, it can be linked
to uncertainties in emissions, lifetimes, and optical properties of BC*?!. A
detailed multi-model investigation has shown that altering lifetime and MAC
of BC (increasing/decreasing by a factor of 2) only leads to a partial reduction
in the model-observation offset in AAOD?. Scaling modeled BC AAOD using
measured AAOD implicated emission flux of BC in South Asia being
underestimated by a factor of 3 to 4°. However, the BrC component was
unaccounted for in the apportionment of observed AAOD, and hence the
scaling is not fully convincing. Several studies have either neglected the BrC
fraction or have apportioned BrC AAOD based on assumptions which are
highly uncertain (e.g., constant light-absorption characteristics)>>*8%8!, This
relates to an existing knowledge gap regarding the optical properties of BrC
which, in general, are inadequately examined outside laboratory
settings/chambers or immediate source regions®. As a result, modeled
simulations of BrC have often used a constant MAC(~1.3 m? g')*%? despite
the unstable nature and poorly constrained lifetime, which in turn leads to
uncertainties in their climate impact’’. Taken together, the effects of
atmospheric processing on the BrC optical properties and lifetimes in the
ambient atmosphere are not at all or only partly understood leading to
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inefficient apportionment and scaling of the AAOD, as well as substantial
uncertainties in the BrC-RF.

The optical properties of BrC have been sparsely investigated in the South
Asian region®-*’. Some observations for BrC have been conducted in near-
source regions (e.g., in the IGP) and a few in the remote regions (e.g., in the
N Indian Ocean)®. While chamber studies have shown that both bleaching
and darkening of BrC happen during aging®, the evolution of the BrC optical
properties in a ‘source-to-receptor’ system i.e., during long-range transport in
the ambient atmosphere, remains poorly understood. In the context of AAOD
in South Asia, this could be a significant issue as aerosols are transported as
far out as to the N Indian Ocean (~6000 km from the IGP) during the winter-
time continental outflow'”. Thus, to apportion the AAOD accurately in the
region (for better estimation of the atmospheric abundance of BC and BrC) as
well as to improve model predictions of BC and BrC climate impact, the
atmospheric processing of BrC and concomitant effects on the light-
absorption need to be investigated in the continental outflow.

2.5.Isotope-based diagnostics of sources and
atmospheric processes

Ambient atmospheric observation-based constraints on sources can help
improve/validate the quality of the ‘bottom-up’ Els. In this regard, isotopic
ratios are useful for independently deducing the sources®®. The isotopic ratios
are innate properties and independent of concentrations of the atmospheric
constituent. Some isotopes are radioactive (that disintegrate over time), some
are stable (that do not appear to decay on geological timescales).
Radiocarbon (*C) produced through cosmic ray bombardment in the upper
layers of the troposphere and the stratosphere, has a half-life of ~5730 years®.
The most abundant form of C is in atmospheric CO, — all life on Earth
contains atmospheric levels of '*C which after burial (no contact with air)
starts to decay. Therefore, fossil is referred to as '*C-dead whereas biomass is
4C-modern®. This allows for making a clear distinction between different
origins/sources of carbon in the atmosphere®®®!. The atmospheric “C levels
are dependent on the incoming cosmic radiation but have also been skewed
through artificial '“C from atmospheric atom bomb testing (bomb spike),
anthropogenic emissions of fossil CO,%. Radiocarbon levels are reported as
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fraction modern (fn) or A"C 2. The A'C is not affected by fractionation
processes, such as deposition or reactions in the atmosphere during transport
and is thus an ‘intrinsic’ property.

Stable isotopic ratios (denoted by &) can be used for source apportionment
into various classes e.g., coal vs. liquid fossil fuel or Cs-plants vs. Cs-plants®
%8 In aerosols, 8"3C of liquid fossil fuel (-28%o to -24%o) can be different than
solid fuels such as coal (e.g., -24 to -21%o) and gaseous fossil (-40 to -28%o).
Likewise, C; photosynthetic pathway can lead to significantly different §'*C
(-32%0 to -20%0) than C4 photosynthetic pathway (-17%o to -9%o). Various
properties such as temperature of the combustion processes, oxidation in the
atmosphere can affect the stable isotopic ratios®’. For e.g., fractionation in
aerosols (3'°C) derived during fossil fuel combustion can vary between
-0.3+0.9%o for coal, by 4.2+3.7%o for gasoline and fuel oil, and by 11.0+5%0
for natural gas. Similarly, aerosol produced from biomass combustion of
Cs4 plants can have '3C depletion ranging between < 0.5 (e.g., sugarcane) to
7.2%o (e.g., grasses)®. However, Cs plant combustion has demonstrated no
significant fractionation effect on aerosol *C signatures compared to plant
material®. In gases such as CO, the stable isotope composition for fossil fuel
combustion can vary based on the operating conditions of the engines, CO to
CO; ratio. Similarly, for biomass burning, the modified combustion efficiency
[MCE= ACO»/(ACO,+ACO)] correlates strongly with changes in both 80,
818098‘

Isotopic ratios can also be used to fingerprint certain atmospheric
processes”. In some reactions such as photooxidation of both aromatic and
aliphatic volatile organic compounds, the forming secondary organic aerosols
are depleted in '3C compared to the gaseous reactants. On the contrary,
fragmentation and volatilization processes e.g., OH-initiated oxidation of
aliphatic particulate organic carbon leads to cleavage of C-C bond releasing
semi-volatile organic compounds, CO, or CO,. This leads to an enrichment in
BC of the remaining organic carbon in particulate phase®. Hence,
depletion/enrichment of 3'*C can be used to understand such atmospheric
processes®. Similarly, the reaction of CO+OH- (atmospheric oxidation) leads
to an enrichment of '3C and a depletion of 'O of the remaining CO'®. Taken
together, isotopes are a powerful tool for both quantitative source
apportionment and for studying atmospheric reactions. Therefore, isotopes are
used in both ends of this Thesis work.
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3. Materials and Methods

3.1.Field Sampling

3.1.1. The South Asian Pollution Experiment: 2016
(SAPOEX-16), 2018 (SAPOEX-18)

The SAPOEX-16 campaign was conducted between 2 January 2016 and 20
March 2016 at three sites (Figure 1a) simultaneously such that the wintertime
continental outflow can be tracked between source regions in the IGP and
receptor regions downwind of the IGP and in the N Indian Ocean. Samples
were collected at (i) The Delhi observatory of the Indian Institute of Tropical
Meteorology (28.35°N, 77.12°E; 15m agl) located in a small park-like sector
in the central part of New Delhi, India. (ii) The Bangladesh Climate
Observatory—Bhola island (BCOB; 22.17°N, 90.71°E; 10m agl) located in the
delta of Bay of Bengal (Figure 1b). The BCOB is jointly operated through
collaboration between the University of Dhaka and Stockholm University.
(iii) The Maldives Climate Observatory—Hanimaadhoo island (MCOH;
6.78°N, 73.18°E; 1.5m agl) located on a northern island of the northernmost
atoll in the Republic of the Maldives. The MCOH is operated jointly by the
Government of Maldives (by the Maldives Meteorological Services) and the
MCOH International Science Team. Samples from SAPOEX-16 were mainly
used in this work (Papers 1, II).

The SAPOEX-18 campaign was conducted between 15 December 2017 and
31 January 2018 at Delhi, BCOB, MCOH, and a fourth site MCO-Gan.
MCO-Gan is located on the southernmost island in the southernmost atoll in
the Republic of the Maldives. It is geographically 0.5°S of the equator. Sam-
ples collected at MCOH from SAPOEX-18 were used in this work (Paper
1119)
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3.1.2. Sampling equipment and routine

SAPOEX-16
At Delhi, an Air Pollution Monitoring 550 aerosol sampler (Envirotech Pvt.

Ltd., India) was operated at 1 m*/hour to collect PM» s aerosols (particulate
matter with an aerodynamic equivalent diameter < 2.5 pm) on 47 mm quartz
fiber filters (QFF; Millipore, Billerica MA, USA). Samples were collected
repeatedly every 12h (day and night) (Paper I). At both BCOB and MCOH,
identical high-volume sampler model DH77 (Digitel A.G., Switzerland) was
operated at 500 L/min to collect PM,s and PM; aerosols (aerodynamic
equivalent diameter < 1pm), respectively on 150 mm QFF. Samples were
collected repeatedly every 24h at BCOB, and every 48h at MCOH (Papers I,
II).

The QFFs were pre-combusted for 5 hours at 450°C and stored in individual
also pre-combusted aluminum foil packets with double Ziploc bags in the
freezer. Field blanks were obtained throughout the campaign at all sites. The
handling, storing, and transportation of the blanks was carried out in a similar
manner as the samples.

SAPOEX-18

Air sampling was conducted using glass flasks (1L) covered with opaque
rubber and equipped with polychlorotrifluoroethylene seals (Normag,
Germany) (Paper III). A portable flask sampler (built at the Institute of
Marine and Atmospheric Research, Utrecht University) of Y~ Dekabon
tubing with a micro-diaphragm pump, was used to fill the glass flasks with air
compressed to an absolute pressure of ~1.7 bar. Air was first dried using
stainless steel traps filled with anhydrous magnesium perchlorate and then
passed through a 2-micron stainless steel particulate filter. Before isolating the
air sample, the glass flasks were flushed for 20 min, at a flow rate of 2 L/min.
The flasks were pre-conditioned by heating at 50°C under vacuum with
continuous evacuation, followed by flushing with nitrogen, and final
evacuation for a total of five hours.

At MCOH, the ambient CO concentration is continuously measured by a non-
dispersive infrared CO analyzer (Horiba, APMA-370; integration time of 3
min) and ambient BC concentration is continuously measured by an
Aecthalometer (Magee Scientific, AE-31; timestep of 5 min). From this
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long-term series, data for 3 successive winters (2017-2020; Dec-Feb) was
used in this work (Paper 1V).

3.2.Laboratory measurements

3.2.1. Aerosol carbon (OC, EC) concentration and isolation
for dual-isotope analysis

The aerosol organic carbon (OC) and EC [referred to as BC] concentrations
are determined using a thermal-optical transmission (TOT) analyzer (Sunset
Laboratory, Tigard OR, USA). There are several protocols used with the TOT
analyzer, each with their pros and cons. Here, the widely used National
Institute for Occupational Safety and Health (NIOSH) 5040 protocol'®! is
used. While the NIOSH-5040 protocol has been thoroughly tested, including
for putative isotope fractionation effects'®?, there are potential issues that need
to be monitored, albeit these are generally believed to be of lesser significance.
All TOT protocols are designed such that there is a risk for method-induced
charring (e.g., conversion of OC to EC) in the first oxygen-free phase of the
analytical program. The second, oxygenated, phase is then designed to re-
oxidize and remove any such charring with the method-defined split between
OC and EC being when the laser transmission of the filter again returns to its

original value'®.

Concentration values of OC were blank corrected whereas no BC was detected
in the filter blanks. Further quality control was conducted with standard
solutions to check instrument response and stability. Also, instrument
precision was ascertained with NIST SRM 8785 samples (The National
Institute of Standards and Technology Urban Dust Standard Reference
Material air particulate matter on filter media). The average relative standard
deviation of triplicate analysis for TC (OC+BC) was 3.1% at Delhi, 2.5% at
BCOB, and 3% at MCOH.

The TOT analyzer was modified such that the CO; evolving from the different
carbon phases (OC, BC) during the analysis could be isolated'®. Here, the
CO; derived from the BC phase is isolated. The isolated gas was passed
through two home-built traps: packed columns with magnesium perchlorate
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(water trap) and silver wool (heated to 550°C; halogen trap). These traps
serve the purpose of removing impurities that can interfere with the isotope
analysis. The purified CO; gas was cryogenically trapped with liquid N (at
-150°C) in pre-combusted glass ampoules containing activated (heated to
850°C for 4h) CuO. The average recovery of the EC-derived CO; of the
trapped samples for the current study (Paper II) was 85+15%. The trapped
CO, was analyzed for dual-C isotopes (A"C, 8'*C) at the United States
National Science Foundation (US-NSF) National Ocean Sciences Accelerator
Mass Spectrometry (NOSAMS) facility of Woods Hole Oceanographic
Institution (Woods Hole, MA, USA).

3.2.2. CO extraction and measurement of mixing ratios,
stable isotopic composition

This work was carried out by a collaborator on the project, Elena Popa at the
Institute of Marine and Atmospheric Research Utrecht (IMAU Utrecht
University, The Netherlands). The method'*® is only described here briefly:
CO from air sampled in glass flasks is injected into an online extraction
system. This system consists of 2 traps: Ascarite/Mg(ClO4), and a liquid
nitrogen trap which removes CO; and N>O. The CO in the purified air sample
is selectively oxidized to CO, using Schiitze reagent (sulfuric acid combined
with 1,0s on granular silica gel). This CO-derived CO> is separated from O,
and N, cryogenically, further purified with a gas chromatographic column,
dried via a Nafion dryer, and then transferred to the Continuous-Flow Isotope
Ratio Mass Spectrometer (IRMS) (Thermo Scientific Delta V Advantage) for
isotopic analysis (8"*C, 8'*0). Mixing ratios are calculated based on peak area
and reported in parts per billion (ppb). The mixing ratios and isotope values
were calibrated using a reference cylinder filled with atmospheric air with a
known mixing ratio and isotopic composition. The accuracy and repeatability
of the system were also determined in a similar manner.
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3.2.3. WSOC extraction, quantification, and C-isotope
(8'3C) measurement

WSOC extraction was carried out using a previously established protocol®.
Initially, filter subsamples were extracted for 15 min in 15 ml of Milli-Q water
by ultrasonication. As a purification measure from suspended particles and
filter pieces, the water extracts were spun in a centrifuge at 1500 rpm for 10
min and finally filtered using a 0.02 pm cutoff aluminum syringe filter. The
WSOC was quantified as dissolved organic carbon using a high-temperature
catalytic oxidation instrument (Shimadzu-TOC-Vcpu analyzer; Shimadzu,
Kyoto, Japan). This was done using a non-purgeable organic carbon protocol
measuring the CO, produced by combustion of the sample which has
undergone acidification. The concentration values were blank corrected by
subtracting an average of the field blanks. The average relative SDs of
triplicate analysis for WSOC was 7.0% at Delhi, 9.4% at BCOB, and 3.0% at
MCOH. The blank corrected WSOC load was calculated for the whole filter
and then converted to concentration in air using the air volumes.

A subset of filter samples was extracted in the same manner as for WSOC.
These extracts were then freeze-dried, and the residue was redissolved in 150
ml of 1M hydrochloric acid to decarbonate the samples. The redissolved
samples were then transferred to silver capsules and evaporated at 60°C. The
dried capsules were closed and sent for stable isotope analysis®. Stable C-
isotope measurements were performed using sample combustion with a Carlo
Erba NC 2500 analyzer connected to a Finnigan MAT Delta V mass
spectrometer at the Stable Isotope Laboratory (SIL) at the Department of
Geological Sciences, Stockholm University, Sweden (operated by the
research engineer of SIL).

3.2.4. WS-BrC light-absorption measurements

A subset of WSOC extracts (for concentration measurements) were used for
measurements of light-absorption in the wavelength range of 190 to 1100 nm
using a UV-VIS spectrophotometer (Hitachi U2010)**. The mass absorption
cross-section of WS-BrC at 365 nm (MACws.s:c 365) Was calculated as

Aabs3z65—Aabs700. In (10)
MACws_Brc3e6s = [WSOC|.L (3)
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where WSOC is the water-soluble organic carbon concentration in solution, L
is the light-path length (1 cm), 4bs is the absorbance of the liquid extract at
365 and 700 nm (no absorption for ambient aerosol water extracts). /n(10)
converts the relation between absorbance and transmittance.

The wavelength (A) dependence was calculated by fitting the Absorption
Angstrom Exponent (AAE) within the range 330—400 nm:

AL _ (A AAE
Ady) (;11) )

3.3.Isotope ratios and source apportionment

3.3.1. Terminology and reporting

Stable isotope values are reported as the relative deviation of the ratio of the
minor isotope to the abundant isotope in a sample (SA) relative to an
international standard (ST), and are reported in J notation:

813C = (Rsa/Rst —1) +1000 (5)

where ‘R’ is *C/'2C; for §"3C the standard is the Vienna Pee Dee Belemnite
(V-PDB). Likewise, for 8'*0 (wherein ‘R’ is '*0/'°O) the standard is the
Vienna Standard Mean Ocean Water (V-SMOW).

Radiocarbon data (measured using the Accelerator Mass Spectrometry) are
reported as fraction modern (F),)°* defined as :

F = (s—b)/(m~b) (6)

wherein b, s, and m are the “C/">C ratios in the blank, the sample, and the
modern reference, respectively. For the modern reference ‘m’, the *C/!*C
ratio is defined as the radiocarbon concentration (in AD 1950) of NBS Oxalic
Acid I (SRM 4990B, OX-I), normalized to 8'*Cyppp of -19%o.
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Accounting for age correction of the sample and “C/'?C ratio of the absolute
international standard (base year 1950), the A*C is then reported as:

AVC = (F,y x €190 _1)x1000 (7)

where A is inverse of the true mean-life of radiocarbon (= 8267! years) and
‘Y1’ is the year of sample collection (e.g., 2016).

3.3.2. A'C-based source apportionment

From the A'"C values, fractional contribution of modern-C biomass burning
vs. dead-C fossil fuel combustion to atmospheric BC was determined using
the isotopic mass balance equation:

A14CBC = A14Cbiomass * fbiomass + A14'Cfossil * (1 - fbiomass) (8)

where A*Cpc is the radiocarbon signature in the ambient sample. A"Cpossit is
-1000%o. Endmember values for contemporary radiocarbon A'*Cpiomass depend
on the type and age of the studied biomass, including annual plants, shrubs,
and wood”'. For fresh biomass, A'“C is that of CO» for the collection year (i.e.,
+20+£10%o as of 2016)!%, whereas for aged biomass (e.g., wood) the signature
represents the integration of the AC signature of CO» over the growth period,
including the decay from the atmospheric '“C injections during the nuclear
bomb testings in the early 1960s. This is estimated to be +110+70%o as of
2016%. Based on existing knowledge of emissions from different major
biomass source categories for South Asia, a A"Chiomsss endmember value of
+70+35%o was established in this work (Paper II).

3.4.Trajectory calculations, chemistry-transport-
emission modeling

Overview

To analyze the transport of atmospheric substances, transport models are often
used. The most widely used model is NOAA’s Hybrid Single Particle
Lagrangian Integrated Trajectory Model (HYSPLIT)'*, which relies on
meteorological data as input. HYSPLIT enables visualizing transport and
dispersion of particles as forecast trajectories or back trajectories (archived).
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HYSPLIT was used to generate air mass back trajectories, following which
air mass cluster analysis was conducted to identify air mass origin regions
(Papers I-1V).

Another model, the Lagrangian FLEXible PARTicle (FLEXPART)
dispersion model'”” was used in combination with two emission inventories
Els to provide modeled BC source concentrations as well as identify potential
source regions and contributions (Paper II). In general, FLEXPART uses
‘tracer’ particles that can be used to mimic BC-like particles. FLEXPART’s
advantage over HYSPLIT is that it accounts for many atmospheric processes
relevant for aerosols such as convective mixing, dry deposition, cloud

scavenging'?’.

3.4.1. HYSPLIT model setting and identification of source
regions

Air mass back trajectories (BTs) were computed using the HYSPLIT version
4% The Global Data Assimilation System (GDAS; 1° x 1°) archived dataset
was used for running the desktop-based version of the model. BTs were
generated at a starting height of 100 m for every 3h, and for nine-, five- and
three- days back in time from MCOH, BCOB, and Delhi, respectively.

Source regions were identified using air mass cluster contributions for each
month of the winter campaign (SAPOEX-16, -18; Papers L, 1L, III) as well as
for 3 successive winters (Dec’17-Feb 2018, Dec’18-Feb 2019, Dec’19-Feb
2020; Paper IV). The following air mass clusters were deduced; (a) At Delhi—
IGP only, (b) At BCOB- 1) IGP, ii) N Bay of Bengal (N BOB; passing over
the eastern coast of India), (c) At MCOH- i) IGP (and passing over N BOB),
ii) SE Asia [and passing over S BOB and peninsular India (defined as south
of 23.4°N; Figure 1)], iii) Central Arabian Sea (including peninsular India),
iv) Eastern Arabian Sea (including western Indian margin). Clusters iii and iv
were clubbed to form a single cluster Arabian Sea (ARS).

3.4.2. FLEXPART-ECLIPSE-GFED (FEG) modeling

This work was carried out by collaborators on the project, Andreas Stohl and
Nikolaos Evangeliou at the Norwegian Institute for Air Research (NILU),
Norway. For the sake of completeness, it is only described here briefly: The
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backward modeling with FLEXPART initialized from a measurement site (in
this case MCOH) provides (i) Potential Emission Sensitivities (PES):
particle’s residence time in a model grid cell (seconds per area or volume as
units), (ii) Source contributions (when coupled to Els): provided in terms of
simulated concentrations with fluxes from the emission inventory grid (mass
per second as units) that is contributing to the loading at the receptor (i.e., at
MCOH; Paper II). Therefore, both source regions and concentrations can be
generated with this model setup.

FLEXPART version 9.2 was run (in the backward mode for 20 days) for exact
measurement sampling times at MCOH during SAPOEX-16. The simulation
used meteorological analysis data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) at a resolution of 1° latitude x 1°
longitude. Anthropogenic BC emission information was acquired by coupling
FLEXPART to the emission inventory- Evaluating the climate and air quality
impacts of short-lived pollutants (ECLIPSE) version 5, baseline scenario for
the year 2010'%. The emissions were customized and split specifically into
biomass and fossil fuel emissions. This allows for direct comparison of
simulated concentrations with source-segregated measured concentrations of
BC (based on Eqn. 8). Open burning emissions of BC (e.g., wildfires/
vegetation fires and agricultural waste burning) were acquired by coupling the
FLEXPART-ECLIPSE set up to another emission inventory the Global Fire
Emissions Database (GFED) version 4.1s%. Together, this set-up is referred
to as the FLEXPART-ECLIPSE-GFED (FEG) model in this work (Paper II).

3.5. Statistical modeling

This work was carried out by PhD co-supervisor August Andersson (for
Papers I, 11, III). In general, using a two-isotope source system (e.g., A*Cpc
and 8"Cpc or 8"0co and 8"*Cco) upto three sources can be segregated in a
deterministic way'®. While some of the sources have well-defined isotope
signatures (e.g., A'*Cgpc) (endmembers; Tables 1, 2), for others the
endmember variability (e.g., 8"*C) may be larger and remains less well-
constrained owing to limited field measurements. Hence, solving the mass
balance using linear equations become complicated when more sources are
added.
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Table 1. Dual carbon-isotope [A"*C and 6 C] endmember values for different
BC sources'” (Paper II)

Cs-biomass  Cs-biomass Liquid Fossil Coal
Fossil fuel
A"Cgc +77+60 +20+10 -1000 -1000
33Cpe -27.1£2 -13.1£1.2 -25.5+1.3 -23.4+£1.3

Table 2. Dual-isotope [Carbon (6”°C) and Oxygen (5'°0)] endmembers for
different CO sources'” (Paper III)

C;-biomass Cs-biomass Fossil fuel NMHCoxan. CHuaoxdn.

33Cco -26.9+4.9 -14.0£3.8 -27.8 £1.5 -32.6£0.6 -52+1.6
8"0co +16.3+5.1 +20.244.9 +19.2+4.9 +2.442 .4 0

In order to estimate the source contributions (and uncertainties) correctly, the
endmember variability, as well as other sources of uncertainty (e.g.,
measurement uncertainties), needs to be considered. Here, the Markov Chain
Monte Carlo (MCMC)-driven Bayesian approaches are useful as multiple
sources of uncertainties/variabilities are considered during analysis'®. The
results are posterior probability density functions (the relative fractional
contribution of the sources, including mean and median values ) and give a
‘least-biased’ representation of the precision.
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4. Results and Discussion

4.1.Evolution of light-absorption of WS-BrC in the
South Asian outflow (Paper I)

In order to gain insight into the light-absorption characteristics of WS-BrC
during long-range transport, the SAPOEX-16 campaign (Jan-Mar 2016) was
conducted at three sites simultaneously (Figure 2) — in the central IGP site
(Delhi), an IGP outflow site (BCOB), and a large-footprint regional receptor
site (MCOH) (Paper I). A coordinated filter sampling program at these sites
enabled delineating the ‘near-synoptic’ samples. As these sites receive
airmasses from different regions, a period was identified (during SAPOEX-
16) using air mass back trajectory analysis wherein the air masses from the
IGP exiting the Bay of Bengal passed over the northern Indian Ocean over to
the Maldives. Based on relative air mass cluster contributions at the three sites,
the period between 2 to 31 January 2016 was found to be synoptic. Therefore,
samples collected during this period were used to elucidate the potential
effects of atmospheric transport and processing on the light-absorption of
WS-BrC in the source-to-receptor system (Figure 2).

The WSOC in OC ratio showed a monotonic increase between Delhi
(26£10%), BCOB (39+6%), and MCOH (74+13%) in the synoptic samples.
Likewise, the 83 Cwsoc also increased between the sites (Figure 2a). Similar
to these, the light-absorption characteristics also showed large differences.
The MACs¢s at Delhi was nearly an order higher in magnitude and decreased
by ~84% at MCOH. The spectral dependency (AAE330-400nm) also changed but
had an opposite trend: lower at Delhi (~4) and higher at MCOH (~7). Thus, a
clear evolution of the C-isotopic signature and consistently trending light-
absorption characteristics of WS-BrC were found during long-range transport
in the ambient atmosphere. The magnitude of changes observed in MAC and
AAE of WS-BrC in the South Asian outflow was much higher than in chamber

studies!'®.
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The enrichment in 8" Cwsoc could either be source-mixing based or
process-based. However, as the sources of WSOC have been found to be
similar between source and receptor sites in South Asia*-%, the changes were
deemed to be process-driven. In general, WSOC being the more polar
component is involved in functionalization and fragmentation reactions. This
in combination with volatilization of small molecules in the form of semi-
volatiles, CO or COs leads to an enrichment of the '*C and therefore the
changes in 8"°C signal during transport®. In contrast, SOA formation which
is accompanied by depletion of 1*C is less likely affecting the observed WSOC
evolution (Figure 2b).

Changes in the optical properties can be caused by several processes e.g.,
dilution, the addition of WSOC from WIOC (water-insoluble organic carbon)
pool, photolysis of chromophores, and atmospheric oxidation. While dilution
could affect the WSOC load and therefore the MAC but as AAE was also
evolving suggests that other processes are more likely. A theoretical model
was used for the conversion of WIOC to WSOC and based on rudimentary
calculations it was estimated that even 50% of WSOC arising from the WIOC
pool would only decrease the MAC by 50% at MCOH relative to at Delhi.
However, the observed decrease was much higher. This implicates the
bleaching processes (direct photo-destruction of chromophores and/or
photochemical oxidation) both of which have shown to cause such observed
effects*'*. Photochemical oxidation would also cause an enrichment in
8"3Cwsoc”. This was corroborated by a theoretical aging model involving a
relationship  between MAC, AAE, and 8"*Cwsoc. Overall, photochemical
oxidation of chromophoric moieties was found to be an important driver of
the loss of absorptivity of WS-BrC in the South Asian atmosphere.

A first-order bleaching rate constant for MACses was estimated to be 0.20
+0.05 day! (i.e., half-life = 3.6 = 0.8 days) based on the over-ocean transport
between BCOB and MCOH (Figure 2¢). Taken together, WS-BrC was found
to bleach during transport with ~10-fold change in light-absorption. Model
simulations using a ‘fixed” MAC, AAE, therefore, overestimate BrC-RF®. The
dynamic nature of WS-BrC can be parameterized using the generic half-life
term.
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Figure 2. Schematic for the dynamic evolution of light-absorption of water-
soluble brown carbon (WS-BrC) in the South Asian outflow. The samples were
collected at three sites Delhi, BCOB, and MCOH between January-March
2016. Delhi and BCOB are located on either end of the highly polluted Indo-
Gangetic Plain (IGP) region, where crop residue burning, and biofuel usage
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is prevalent. (a) The average mass absorption cross-section of WS-BrC at 365
nm (MAC 3s3), Absorption Angstrom coefficient (AAE) for 330 to 400 nm, and
the stable carbon isotope ratio (6">C) water-soluble organic carbon (WSOC)
at Delhi, BCOB, and MCOH, respectively are shown for the synoptic period
of the campaign when air masses were overwhelmingly from IGP and over the
Bay of Bengal to MCOH (and thus similar air masses connecting the three
stations). The dominance of the fractional contribution of WSOC vs. water-
insoluble OC (WIOC) in total OC is shown at three sites. (b) The evolution of
the 6" C signal during long-range transport in a ‘source-to-receptor’ system
is explained by processes (e.g., 0x- oxidation) leading to depletion (grey
arrows)/enrichment (green arrows) of °C (left)”’. (c) The decay/bleaching of
the MACsss of WS-BrC in the South Asian outflow is shown. The first-order
rate of bleaching is constrained for the over-ocean transport of the BrC plume
between BCOB and MCOH. The synoptic transport time of BrC plume
evolution is calculated from BCOB as forward trajectories (in archived mode)
to MCOH using the HYSPLIT model.
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4.2.Dual isotope-based source apportionment of
BC and CO (Papers II and I1I)

4.2.1. Burden and isotopic fingerprint of BC: IGP vs. wider
South Asia

In order to gain insight into the sources of BC, the SAPOEX-16 campaign
(Jan-Mar 2016) was conducted at two regional receptor sites in South Asia:
BCOB and MCOH (Paper II). While both sites receive airmasses from the
continent, the monsoon-driven meteorology was such that the BCOB received
air masses predominantly from the IGP. This coupled with the unique location
of BCOB (at the edge of the outflow of the IGP; Figure 1) makes the site
representative of the integrated IGP footprint. MCOH, on the other hand,
received air masses from the IGP, Arabian sea, and SE Asia. While IGP was
the dominant source region during January, peninsular India (i.e., ~south of
23.4°N) was the dominant source region influencing the sampling at MCOH
during February-March (based on FEG-derived PES maps). By virtue of its
location and the fact that MCOH samples air masses of diverse origins make
the site representative of the wider South Asian footprint. The BC
concentrations at BCOB (9+6 ug m™) were an order higher than at MCOH
(0.6+£0.2 pg m™3). This is related to the proximity of BCOB to the source
regions in the continent. However, the OC/BC ratios were found to be largely
overlapping at both sites during the campaign: BCOB (1.3 to 4.4) and MCOH
(1.2 to 6.1). Overall, the concentrations and the ratios compared well with
previously reported values in the region®¥.

The radiocarbon signatures of BC at both BCOB (-469+30%0) and MCOH
(-439+50%0) were remarkably invariable (Figure 3a). The A!#C-based
fractional contribution of biomass to BC (fpiomass; Eqn.8) at BCOB (50+£3%)
and MCOH (524+6%) suggests regionally similar contributions from total
fossil and total biomass sources to atmospheric BC in South Asia. The results
agree well with previous reports from MCOH®*! but are a first for BCOB.
Despite characteristic differences among these sites (in terms of location,
proximity to sources, sampled air masses), the similarity in the isotopic
fingerprints implies that atmospheric BC aerosols in the IGP region as well as
in the peninsular India region have similar relative source contributions during
winter. These results together with radiocarbon-based BC source
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apportionment conducted at other sites such as in N India® and in W India®!
suggest a regional homogeneity in wintertime BC source contributions over
South Asia in general. In comparison to other polluted regions in e.g., East
Asia (Where fhiomass is ~20-30%)!1%, the biomass contribution to BC is clearly
much higher in South Asia. These radiocarbon-based constraints when

17,74

compared with the bottom-up Els'""*, reveal mis-apportionment in relative

source fractions: fossil- vs. biomass-BC in the Els.

While radiocarbon signatures of BC were similar at both sites, the stable
carbon isotope signatures (8'*C; used to further delineate different source class
contributions) at MCOH (—25.4 £+ 0.2%0) were isotopically enriched relative
to at BCOB (—27.6 + 0.2%o). This indicates differences in source compositions
of BC sampled at these sites i.e., differences between the IGP footprint and
the wider South Asian footprint. Two possibilities exist which can lead to an
enriched 8"C signal at MCOH: varying contributions of coal at both sites,
and/or varying contributions of Cs-biomass (Table 1 for endmembers).
Different scenarios were envisaged and using Bayesian statistical modeling
the source class contributions were deconvoluted (Figure 3b). For the scenario
accounting for coal (no Cs-biomass), the relative shift in the fossil source
classes was found to be much larger between the sites. Such a shift at MCOH
cannot be explained as most of the coal-fired powerplants are in fact located
in the IGP and not in peninsular India'''. The scenario accounting for Cs
biomass (no coal) showed that only a 7 to 10% contribution from this source
was enough to cause the observed perturbation of the 8"*C signal. This is
deemed a more likely case as there is evidence for both sugarcane crop residue
burning in peninsular India, as well as for several bagasse (residue of
sugarcane)-based cogeneration plants in that region!'*!!%. These sources emit
C4-BC which is then sampled downwind at MCOH during winter leading to a
distinct BC isotopic fingerprint over the N Indian Ocean. Such sources of Cs-
BC are ‘dormant’ during winter in the IGP. Taken together, regional
differences were found in potential source class contributions to wintertime
atmospheric BC in South Asia.
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Figure 3. (a) Dual-isotope signatures [Radiocarbon A™C, Stable isotope
0"3C] of black carbon (BC) during winter at BCOB (pink) and MCOH (red)
during SAPOEX-16. The endmember ranges for various BC sources Cs- and
Cys-biomass burning, liquid fossil fuel, and coal combustion are shown. (b) BC
source fractions were computed using two statistical modeling scenarios
(MCMCs3,cou: Cs biomass (green), coal (black), and liquid fossil fuel (grey)
and MCMCs,cq: Cs biomass, Cy4 biomass, and liquid fossil fuel).
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4.2.2. Dichotomy between modeled and observed BC
concentrations

The FEG model simulated BC concentrations (700+440 ng m~) showed a
good match (R?= 0.62; p<0.05) with observed BC concentrations (740+250
ng m ) at MCOH when averaged for the duration of SAPOEX-16 (Paper II).
However, a temporally varying systematic bias was found in the modeled BC.
A period of overprediction (January; bias +19%) was followed by periods of
underpredictions (February and March; bias -31% and -53%, respectively).

There have been limited model-observation comparisons for BC in the
South Asian region, and none for source-differentiated BC comparison®®%6!,
Here, the A'™C-based fiomass and fiossii estimates were used to segregate
observed BC concentrations into BC-biomass and BC-fossil concentrations,
which then allowed for direct comparison with modeled BC-biomass and
BC-fossil concentrations (Figure 4). Such a comparison revealed that the
overestimation in January was related to overestimated fossil BC and the
underestimation in February and March was mostly driven by underestimated
biomass BC.

However, the potential source regions causing this offset were different.
The IGP region was mainly sampled during January whereas peninsular India
was mainly sampled during the remaining winter period, implying that the
anthropogenic emission information in peninsular India needs refinement/
updating to overcome this model-observation bias. A part of this bias could
also be attributed to poor accounting of BC produced from open burning (i.e.,
from the GFED inventory)’?. Without accounting for this BC produced from
open burning (i.e., from the GFED inventory), the overall modeled-fpiomass Of
36+2% was much lower than the measured-foiomass Of 52+6%. Despite
including the BC from open burning the modeled-foiomass of 44+8% does not
match the measured-fhiomass, SUggesting that the offset is likely stemming from
the EIs which need further improvement in anthropogenic emission flux
information for BC in the peninsular Indian region.
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Figure 4. (a, b) show biomass and fossil black carbon (BC) concentrations
for observations (circles) and FLEXPART-ECLIPSE-GFED (FEG) model
simulations (bars), at MCOH, respectively. The fraction of biomass BC from
open burning (red line; calculated from FEG model) is also shown.

37



4.2.3. Mixing ratios and isotopic fingerprint of CO in the S
Asian outflow

In order to gain insight into the origin of the South Asian CO, the SAPOEX-
18 campaign (Dec’17-Feb 2018) was conducted at the regional receptor site
MCOH (Paper III). The CO mixing ratios intercepted over the N Indian
Ocean ranged from 108 to 282 ppb. Large short-term variability of the CO
mixing ratios at MCOH, uncharacteristic of remote regions, was found to be
driven by changes in the air mass source regions. Higher mixing ratios (>180
ppb) were found in air masses from the IGP-Bay of Bengal-MCOH transport
sector. This highlights the intensity of the emissions in the highly polluted IGP
region. Concomitant to the mixing ratios, the isotope ratios also showed
significant variability. The 8'°C varied between -26.5%o and -29%o and the
8130 varied between +5%o and +12%o (Figure 5). An influx of polluted air
masses led to an increase in both isotopic signals, implying that the source(s)
of the CO upwind in the continent are ‘primary’ in nature®>'® e.g., Cs-biomass
burning, C4-biomass burning, fossil fuel combustion. As all of these sources
are active during winter, the primary signal is therefore deemed to be a
combination of these three sources.

To identify the isotopic signature of the continental CO, the Keeling-plot
approach was used—a linear relationship between isotope signatures and the
inverse of concentrations. This approach revealed the South Asian continental
CO fingerprint (i.e., at [CO]—0) to be combustion-driven ('°C=-25.3%o;
8'% 0=+16.2%o; Figure 5). The high and significant linear correlation coeffi-
cients (R?>=0.81 for §*C and R?=0.95 for '30; p<0.05) relative to [CO]",
suggested that the two-component mixing (polluted source with the regional
background) assumption implicit to the Keeling approach, was viable for this
South Asian context.
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Figure 5 (a, d) Keeling-plots for 6" C and 5'°0 of carbon monoxide (CO) with
linear regressions and corresponding correlation coefficients. The CO
samples (circles, pink) were collected at MCOH between Dec 2017-Feb 2018.
The y-intercept (in red) represents the source signature of the South Asian
continental CO i.e., at [CO]—o .

4.2.4. Origin of CO in continental South Asia (S. Asiaseurce)

The signatures of the continental mixed sources of CO (i.e., S. Asiasource iN
Figure 6 ) were obtained from the Keeling plots (in Figure 5). The relative
contributions of the primary sources and a secondary source (NMHC-
oxidation) to the S. Asiasurc Signal were subsequently estimated (Paper III).
However, as the isotope endmembers of these sources are mostly overlapping,
a combined ‘primary’ endmember was developed. Using a Bayesian statistical
model, the fraction of the primary source fyrimary (®80%; Figure 6) in
wintertime continental CO emissions were constrained and found to be much
larger than in global CO (55%)**2®. This implies a much larger regional
dominance of anthropogenic sources in the context of S Asian CO emissions
than currently estimated in El-driven modeling studies®>%-°. Therefore,
refining emission information could aid in capturing the wintertime
abundance of CO in S Asia.
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Figure 6 (a) Dual-isotopic source characterization of CO in South Asia for
samples collected at MCOH site (circles, pink). The S AsiasourcesSignature (i.e.,
at [CO]—x)and S. ASiapackgromd (i-e., [CO]~70 ppb) are derived from keeling
plots (Figure 5). The sources of CO and corresponding endmember ranges
are shown for biomass burning (Cs plants, Cy4 plants), fossil fuel combustion,
oxidation of NMHC and CHy. The S. Asiansouce signal is apportioned using
endmembers for primary CO (Cs-, Cy-biomass burning and fossil fuel
combustion) and secondary CO. The dashed line (black) represents mixing
between primary- and secondary-CO. The primary endmember (orange, open
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circle) is estimated based on the relative contribution of the 3 primary sources
from bottom-up emission inventories''>'"’. The secondary CO endmember is
the same as the NMHCoxidaion Source. (b) The fractional contribution of
primary CO (fprimary) computed using a Bayesian model is shown. The fprimary

estimated for S. Asia here from observations can be compared with the same

from modeled estimates %%
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4.3.Relationship between BC and CO in the S
Asian outflow: constraints on lifetime and
emissions flux of BC (Paper IV)

In order to provide observational estimates of BC lifetime and absolute
emission fluxes, online BC and CO measurements for 3 successive winters
(2017-2020) were made at the regional receptor sitte MCOH (Paper 1V). In
general, BC and CO correlations are based on a fundamental assumption that
CO has a minor secondary component!'>!'®. However, this component can
vary between regions®®, and hence observational constraints on CO are
needed. Using isotope-based constraints on CO, we show that CO is largely
of primary origin in the South Asian outflow (Figure 6). Therefore, this
provides an important foundation for linking BC and primary CO in the
region.

The average ABC/ACO (background corrected) ratio at MCOH was 14£5
ng m ppb™! which in comparison to background sites in E Asia, was higher
by a factor of ~2 to 3!1>!"(Figure 7a). Upon screening the data, based on the
accumulated rainfall during transport (< 5 mm criteria, <10 mm criteria), the
average ABC/ACO ratio was 155 ng m~ ppb and 1542 ng m™ ppb™' (85%
and 95% of the cases, respectively), implying that dry processes were the
dominant form of scavenging (removal) of BC during winter. The lifetime of
BC and CO were estimated using the Junge-Jobson statistical technique'!”!!8,
For BC in South Asia, a lifetime of 8+0.5 days was derived using this
approach. This derived lifetime of BC in wintertime South Asia was found to
be higher than the currently used values in several atmospheric chemistry-
transport and climate models®” (Figure 7b). The BC emission fluxes were
estimated in an inverse modeling framework by incorporating the ABC/ACO
ratio coupled to air mass back trajectories and the lifetime. The absolute
emission flux of 2.4+1 Tg/year was found to be significantly higher than
estimated in current emission inventories®®108:119120.121 (Rigyre 7c). This
suggests that BC Els need to be refined for model-observation reconciliation
of BC atmospheric burden in S Asia.
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Figure 7 (a) The background-corrected BC/CO ratio at South Asian receptor

site MCOH is compared with receptor sites in East Asia. (b) The lifetime of

17118 45 compared with

BC in South Asia derived using a statistical technique
the values used in atmospheric chemistry-transport and climate models”. (c)
The BC emission flux estimated using BC/CO ratios and lifetime is compared

with the same from different emission inventories'*'"*120.12!,
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5.

Conclusions

This Thesis work has contributed improved knowledge on three key
components of the climate- and health-affecting air pollution in South Asia:
Brown Carbon, Black Carbon, and Carbon Monoxide.

>
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Atmospheric aging affects the optical properties of water-soluble brown
carbon in the South Asian outflow. An enrichment in *C of the water-
soluble organic carbon pool was accompanied by the mass absorption
cross-section of WS-BrC decreasing by 80% (whereas the Absorption
Angstrom Exponent nearly doubling) during over-ocean transport of ~7
days. As such, photochemical oxidation was found to be a likely process
responsible for changes in WS-BrC optical properties. The bleaching of
WS-BrC on this continental scale implies that the near-source warming
effect is large (e.g., in the Indo-Gangetic Plain), but the effect is rapidly
reduced with transport in the South Asian atmosphere. Therefore,
WS-BrC contribution to the absorption aerosol optical depth is expected
to be larger near source regions relative to remote sites. Accounting for
the ‘dynamic’ nature of WS-BrC light-absorption in model simulations is
crucial for accurately estimating the climate significance and impact.

The biomass and fossil source contributions to atmospheric BC aerosols
are regionally homogenous in wintertime South Asia. Radiocarbon-based
source apportionment showed a similar contribution (~50%) from
biomass and fossil emissions to the BC burden both in the Indo-Gangetic
Plain outflow as well as in the wider South Asian outflow. However, Ca-
biomass burning in peninsular India was found to enrich the "C-
fingerprint of BC over the N Indian Ocean relative to in the continent
during winter.

Regional offsets exist in anthropogenic emission fluxes in the ‘bottom-
up’ emission inventories leading to over-/under- estimation of modeled
BC concentrations. Model simulations were found to replicate observed



BC concentrations at MCOH during the period less influenced by open
burning during winter. The model-observation mismatch was found to be
the largest—particularly for biomass/biofuel emissions—when peninsular
India was the major contributing source region at MCOH.

The wintertime CO burden in the continent is largely combustion driven.
Dual-stable isotope analysis showed that the continental CO isotopic-
fingerprint had a dominant contribution (~80%) from biomass and fossil
emissions i.e., primary origin. The remaining was attributed to NMHC-
derived CO. The rising CO levels in South Asia can therefore be
controlled— mitigation measures are required to target incomplete
combustion activities such as open burning. Reducing the primary-CO can
affect the atmospheric budget of hydroxyl radicals and in turn the

longevity of greenhouse gases such as CHy in the region'?,

For reconciling the long-standing model-observation offsets in South
Asia, both lifetime and existing emission estimates of BC may need to be
nearly doubled in magnitude. A BC lifetime of ~8+0.5 days and absolute
emission flux of 2.44+1 Tg/year was ascertained using BC, CO
observations for 3 successive winters. These are found to be higher than
the suggested ‘global-mean’ lifetime value (<5.5 days)*® and El-based
emission flux estimates®® (0.8+0.4 Tg/year), respectively.
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6. Future Perspectives

The scale and direction of the observational constraints provided by this work

point to areas to explore in order to reduce the uncertainties associated with

the climate and air quality impact of BrC, BC, and CO:

Brown Carbon:

1.

il.

iil.
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Studies in South Asia have so far focussed mainly on the solvent-
soluble BrC (bulk measurements), however, field-based
measurements of particulate BrC are much needed in the region.
Recent evidence suggests that BrC produced in high-temperature
combustion, e.g., from biomass burning, is strongly light-absorbing
with similar characteristics as that of BC*’. Spectroscopy methods
such as the electron energy loss spectroscopy (EELS) will be helpful
in measuring refractive indices which are required input for
modeling radiative effects*’. Both particulate and aqueous phase
measurements conducted in tandem would enable estimating the
conversion factors for light-absorption between different phases.
These factors could indeed be regionally variable and hence such
efforts for this ‘key’ emission region would be valuable. This will
help in estimating the BrC radiative effects more accurately.

To better understand the bleaching of BrC on a molecular level,
measurements of the composition of BrC with e.g., high-resolution
mass spectrometry are needed. Along with this optical closure
should be conducted at source and receptor sites to fully understand
the bleaching process. Such measurements (real-time) for organic
aerosol speciation are, in general, rare from remote regions in South
Asia and could provide new insights about e.g., recalcitrant BrC'%.

BrC emission factors are needed for better parametrization in
models. Therefore, ‘in-source’ field measurements are needed. Of
particular interest are different kinds of biofuel commonly used in


https://en.wikipedia.org/wiki/Electron_energy_loss_spectroscopy
https://en.wikipedia.org/wiki/Electron_energy_loss_spectroscopy
https://en.wikipedia.org/wiki/Electron_energy_loss_spectroscopy

the South Asian region and fossil sources such as low-efficiency
coal.

Black Carbon:

1v.

While isotope forensics is a powerful tool, it is limited by the
unavailability of region-specific isotope endmembers for different
sources. To resolve this issue, future work should focus on first
establishing an inventory of region-specific sources (for the species
studied) and investigate their isotope signatures (both in the field
and in the lab). It is also important to understand the isotope
fractionation during combustion in these sources. Some work should
be focused on this aspect as well.

The mixing state of BC remains scarcely investigated and poorly
understood in the South Asian region. Employing solvent-based
de-coating methods for filter samples collected in a similar field-
sampling approach as for the BrC study in this work can provide
evidence of the evolution of MACgc during long-range transport (in
terms of the enhancement factor - Euuc). Such an observational
constraint can be used to test model-observation convergence in the
region®.

Carbon Monoxide:

V1.

vil.

Viii.

Similar to BC, region-specific isotope endmembers for CO are
needed. A starting point could be conducting chamber-based
sampling of CO using different biofuels for different burn
conditions from South Asia and analyzing for dual-isotope
signatures.

Given that the dual-isotope endmembers for biomass burning, and
fossil fuel endmembers largely overlap, segregating their relative
contributions will still be challenging despite using the Bayesian
statistical analysis. However, '*C-CO can be used to provide a clear
observational constraint on the relative source fractions. Such a
constraint will be helpful for e.g., developing mitigation measures.

The AO-CO can provide insight into some of the processes e.g.,
oxidation of CO. A year-round study of A'7O-CO from receptor
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site(s) will help in understanding the hydroxyl radical dynamics in
the region.

Finally, an emerging anthropogenic emission scenario, coupled with
strong seasonal changes in rainfall, high surface temperatures, and
increasing population densities make South Asia highly vulnerable to
climate change. The regional imprint of short-lived species—BC, BrC,
and CO—could indeed be larger in the coming decades. The high societal
risks associated with their projected changes such as to the monsoon
system, regional air quality, and warming, make a compelling case for
more synergistic efforts from the scientific community to be invested in
this region in the coming decade. It appears that it would be beneficial to
align/combine multiple efforts to unravel the complexity in the
interactions between aerosols, gases, and the South Asian climate.
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