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Abstract

In this era of rapid urbanization and industrialization, large dependence on carbon-based
fuel has led to a substantial increase in the concentrations of carbonaceous aerosols
(organic carbon-OC and black carbon-BC), which are emitted from their incomplete
combustion. These aerosols are important because of their direct adverse impacts on
health and radiation budget in addition to their indirect effect in altering the properties of
clouds. However, assessing their overall impact is challenging due to the large spatial
and temporal variations in their emissions, types of mixing states and the dynamic
atmospheric processes. Despite the scientific attention on this, continuous and high-
resolution observations of carbonaceous aerosols are still very limited in South Asia and
almost nonexistent in the serene yet fragile Himalayan region, which has a complex
topography with largest ice mass outside the poles and lies near polluted regions like the
Indo-Gangetic Plain.

Addressing the aforesaid issues, this thesis work presents results from the comprehensive
analysis of the rigorous long-term online observations of OC, elemental carbon (EC),
BC, CO and absorption cross-section along with results from satellite observations and
model simulations over a high-altitude location in the Central Himalayas (ARIES,
Nainital, 29.4°N, 79.5°E, 1958 a.m.s.l.). It starts with a thorough introduction of aerosols,
particularly focusing on carbonaceous aerosols, the significance and challenges in their
study over this region and the importance of this work to overcome these challenges.
Later, it explains the in-situ instruments, satellite products and models used in the work
for their characterization. Then it chapter-wise details the obtained results.

In Chapter 3, the first year-round diurnal variations of OC and EC over a Himalayan site
are presented. Analysis of continuous high-resolution measurements from 2014 to 2017
reveals a unimodal diurnal variation in both OC and EC, in contrast to the bimodal pattern
observed at any continental polluted site. Using concentration weighted trajectory
(CWT) and coinciding rise in OC/EC ratio from 4.6 to 7.9 during fire events it is shown
that the biomass burning in northern India is one of the major sources for the springtime
maximum even at this high-altitude. Correlation between OC-EC and the boundary-layer
height suggests the influence of local sources during autumn and winter. Towards the
end, radiative forcing estimates at diurnal scale are derived and it is shown that the
atmospheric radiative forcing due to EC during the afternoon is about 70% higher than

the forenoon one.
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Several studies have shown large variability in Mass Absorption Cross-section (MAC)
values over distinct geographic locations and seasons. Therefore, in Chapter 4, we
examine the accuracy and consistency of MAC in Aethalometer (AE-42) by deriving the
foremost multispectral site-specific MAC values over the site. The results reveal that the
annual mean value of MAC (5.03 + 0.03 m? g at 880 nm) is significantly lower than the
constant value used in the Aethalometer (16.6 m? g at 880 nm). The estimated MAC
values do not show a clear diurnal variation but significant seasonal variation (e.g., 3.7
to 6.6 m? gt at 880 nm) owing to variation in air mass, meteorology and contribution of
absorption by species other than EC. It is shown that not using the site-specific MAC,
leads to an underestimation of BC by a factor of upto 3.58 and lower radiative forcing
(upto ~24%).

Chapter 5 elucidates the diurnal scale phenomena with respect to emission sources,
quantification of transported pollutants, the influence of biomass burning and radiative
forcing. The deconvolution of OC to primary and secondary OC (POC and SOC) is
performed using four methods, all of which consistently show that POC (>64%) with a
prominent unimodal diurnal variation dominates over SOC (< 44%) at an annual time
scale. The contribution of fossil fuel combustion (eBC+) in BC is found to be 3.5 times
greater than that of biomass burning (eBCpb). Radiative forcing estimates are made at
diurnal scale, and it is shown that noon time eBCs contributes to more atmospheric
forcing than eBCups in the same duration.

In view of the discrepancies associated with CO emissions (co-emitted with BC) and its
increasing levels over the South Asian region, Chapter 6 utilizes BC measurements to
provide crucial in-situ information to robustly constrain the relative source fractions of
CO. As a novel approach, multiple linear regression based (MLR) framework is used to
serve this purpose. MLR does quite well in replicating the diurnal and monthly variation
of CO with a r? of > 0.8 over the training period of 2014-2017, performing much better
than the CO from MOPITT satellite and MERRA-2 reanalysis data. Predicted CO values
for the year 2018 lie in the range of -16.1% to 16.8% of the observed average CO values
in any given month. The source segregation results show that fossil fuel combustion
(COs) fractions of CO is the major contributor (27%) in CO after background CO (58%).
Biomass burning (COxp) CO shows a large increase and reaches up to 28% during April
as a result of increased agricultural and forest fires in the Northern Indian region. Against

the MLR derived CO fractions, WRF-Chem tracer runs for source segregation are found
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to underestimate the biomass burning CO emissions (-38% to -98%) while they largely
overestimate the fossil fuel CO mixing ratios especially during monsoon.
Acknowledging the significance of long-term trends in aerosols for understanding the
evolution of air quality and its impact over this region, Chapter 7 presents the foremost
MAC corrected long-term trend in BC with 17 years of ground-based observations at the
site. This analysis reveals a statistically significant, decreasing trend with a slope of ~18
ng m3 year! over the period of 2004-2020 which is in contrast with the trends obtained
from MERRA-2 BC, AOD and BC emissions over the region which show an increasing
tendency. It is also evidenced that the fossil fuel BC fraction declines faster (-20.29 ng
m= year?) than the biomass burning (-3.77 ng m* year?) fraction. AOD and BC
emissions over the region are found to show a positive trend. Splitting the trend into sub-
periods unveils a reversal in BC trend from positive to negative after 2017 which leads
to an overall negative trend.

Finally, in Chapter 8, a summary of the key results from each of the chapters is presented
and future perspectives are also discussed.

The thesis thus renders a unique long-term characterization of carbonaceous aerosols in
an otherwise sparsely studied complex terrain of the Central Himalayas. It shows that
incorporating high-resolution measurements is particularly essential while studying
aerosol-radiation interaction over this region. The work will be specifically critical to
validate satellite and model results, to constraint models, to assess the regional radiation
budget, for epidemiological studies and to ascertain the impact of BC in the Himalayas.
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Spread in x and y axes in the binned data are one standard deviation from the mean.

Figure 3.7 Diurnal variation of OC, EC, RH, wind speed, temperature and solar radiation
averaged for all 2014-2017. OC, temperature, solar radiation, and RH have been
scaled down by factors of 3, 5, 150, 15, respectively, to fit all plots in the same graph.
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Figure 3.8 Correlation of OC and EC concentration with the residence time of air masses
in daytime and night time during 2014-2017. Backward air trajectories at 1530 and
0130 hours are correlated with the daytime (1400-1700 hours) and night time (0000-

0300 hours) average OC-EC concentrations for 2014-2017. ........ccccccevvvrvervennenne 57
Figure 3.9 Seasonal variations in MODIS fire events over northern India (24 ° - 35°N
and 70°- 89°E) during 2014-2017. .......cceouierereiie e 58

Figure 3.10 (a) OC, EC, OC/EC and total fire events over northern India from 19 April
to 5 May 2016. (b) and (c) show locations of fires observed from MODIS in red and
5-day backward trajectories of 5-particles in green with a square marker at every 24

hours on 22 22 April and 01 May, reSpectively. ........cccocvveveiieiieie e 58
Figure 3.11 Concentration Weighted Trajectories for OC, EC and OC/EC during low
(18 - 24 Apr 2016) and high (28 Apr - 01 May 2016) fire events...........ccccceevennens 59

Figure 3.12 Correlation between the OC and EC concentrations in winter, spring,
summer-monsoon and autumn during 2014-2017. Smaller points show daily means
and binned data are shown in the same colour scheme with a larger size. Spread in
x and y axes in the binned data is one standard deviation from the mean.............. 61

Figure 3.13 Clear-sky shortwave (0.25-4.0 um) direct ARF (Wm™) at the surface
(SUR), in the atmosphere (ATM) and at the top of the atmosphere (TOA) for
averaged EC during forenoon (0600 - 0900 hours), and afternoon (1400 - 1700
IOUIS). et 62

Figure 4.1 Correlation between the absorption coefficient (baps) and EC concentrations
at each of the wavelengths of Aethalometer observed at Nainital. Smaller points in
blue show hourly mean points. The line in red shows the linear regression fit to these
AALA POINTS. ..ot bbbt 68

Figure 4.2 (a) The points in blue show the observed variation of MAC at seven
wavelengths on a log-log scale. The red is a linear best fit. (b) Seasonal variations in
MAC with wavelengths ranging from 370 — 950 nm. Error bars for each point in
the plot represent errors in the slope of the regression fit made for the absorption
coefficient and EC at a particular wavelength. ..........cccocviiiiiiiiniicc 69

Figure 4.3 The monthly average variations (2014-2017) in MAC at seven wavelengths
ranging from 370 to 950nm. Error bars for each point in the plot represent errors in
the slope of the regression fit made for the absorption coefficient and EC for that
month at a particular wavelength............ccooveiiiicii e 71

Figure 4.4 The average diurnal variations in MAC during four seasons in 2014-2017 for
all the seven wavelengths. Error bar and shaded area represent the corresponding
error in the slope of the line fit for each hour data. ...........ccccoovv i, 72

Figure 4.5 Averaged diurnal variations in (a) absorption coefficient (Mm-1) at 880 nm
and (b) EC (ug m~3) in four seasons during 2014-2017. Average monthly variations
in (c) absorption coefficient at 880 nm and (d) EC concentrations during 2014-2017.
Boxplots for spring (MAM) have been shifted and line plots for winter (DJF) and
autumn (SON) are plotted instead of boxplots, for clarity. In boxplots, the triangle
inside the box represents the mean and the solid lines represent the median. The
lower and upper edges of the boxes represent the 25th and 75th percentiles,
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Figure 5.9 Monthly averages in eBC, eBCs, and eBChpb. Fire counts in the region 24-
34°N, 70-90°E from MODIS are also shown as a bar plot in the secondary y-axes.

Figure 5.10 The concentrations of eBC along with fossil fuel (eBCs) and biomass
(eBCnb) components during four seasons over the central Himalayas during 2014-
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Is one standard deviation from the mean. Determination coefficient for each season
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Figure 6.4 Box plot showing the intra annual monthly mean variation in observed CO
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Figure 6.5 Correlation between estimated and observed CO mixing ratios in winter,
spring, summer-monsoon and autumn during 2014-2017. Smaller points show daily
means and binned data are shown in the same colour scheme with a larger size.
Spread in x and y axes in the binned data is one standard deviation from the mean.
The determination coefficient for each season is also mentioned. ....................... 124

Figure 6.6 Correlation between predicted and observed CO mixing ratios in winter,
spring, summer-monsoon and autumn during 2018. Smaller points show daily means
and binned data are shown in the same colour scheme with a larger size. Spread in
x and y axes in the binned data is one standard deviation from the mean. The
determination coefficient for each season is also mentioned............cc.ccoevvvvennen. 125

Figure 6.7 The monthly mean variation in observed CO and predicted CO for the year
2018 are shown. In boxplots, the lower and upper edges of the boxes represent the
25th and 75th percentiles, respectively. The whiskers below and above are the 10th
and 90th percentiles and the unfilled triangles and circles depict the 5th and 95th
percentiles. The solid triangles and circles inside the boxes represent the mean and
the solid lines inside the boxes represent the median. The percentage difference
between observed and predicted CO for the year 2018 is also shown on the
secondary Y-axXiS iN grey DarS.........cccoioieiieeie e 126

Figure 6.8 Diurnal variations in hourly averaged COopserved, COestimated, €BC#r, and eBCpp
concentrations averaged for 2014-2017. COobserved, COestimated have been scaled down
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during 2014-2017. In boxplots, the lower and upper edges of the boxes represent the
25th and 75th percentiles, respectively. The whiskers below and above are the 10th
and 90th percentiles and the blue circled outliers in the boxplot show the 5th and
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Figure 6.10 Boxplot showing diurnal variations in hourly averaged COpy mixing ratio
during 2014-2017. In boxplots, the lower and upper edges of the boxes represent the
25th and 75th percentiles, respectively. The whiskers below and above are the 10th
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Figure 6.11 Boxplot showing intra annual monthly and daily mean variation in (a) fossil
fuel and (b) biomass burning CO fractions for 2014-2017 are shown in black. In
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Notations and Abbreviations

The most commonly used notations and abbreviations in the thesis are given below. If a
symbol has been used in a different connection than listed here, it has been explained at

the appropriate place.

o

A
[OC/EC]pi
babs

AATN

AT

AN
AOD
AR

ARIES

ARFI
ATM
AVD
BB
BC
BGD
CAD
CA

Notations

Angstrom Exponent

Wavelength
Primary OC to EC ratio

Absorption coefficient
Change in attenuation
Time duration

Spot area

Flow rate

Average weighted concentration in the ij"" cell.
Concentration observed on the arrival of
trajectory |

Time spent in the ij" cell by trajectory |
Determination Coefficient

Abbreviations

Afternoon

Aerosol Optical Depth

Assessment report

Aryabhatta Research Institute of Observational
Sciences

Aerosol Radiative Forcing over India
Atmosphere

Atmospheric volume description
Biomass burning

Black Carbon

Background

Cloud-Aerosol Discrimination
Carbonaceous aerosols
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CALIOP

CALIPSO

CRDS
CO

COALESCE

CO_ANTH
CO_BB

CO_CHEM

CO_BDRY
CWT

DIU

EBC

EC

EDGAR

FF
FN

GDAS
GEOS

GES DISC

GODARD

GWP
HULIS

HYSPLIT
IGP
INCAA

IPCC
IR

ISRO
MAC

MERRA
MLR
MODIS

MOPITT

MOZART

Cloud-Aerosol Lidar with Orthogonal
Polarisation

Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations

Cavity ring down spectroscopy

Carbon Monoxide

Carbonaceous Aerosol Emissions, Source
Apportionment and Climate Impacts

CO anthropogenic emissions

CO biomass burning emissions

CO photochemical production from non-
methane hydrocarbon emissions

Inflow of CO from lateral boundaries
Concentration Weighted Trajectory

Diurnal

Equivalent Black Carbon

Elemental Carbon

Emissions Database for Global Atmospheric
Research

Fossil fuel combustion

Forenoon

Global Data Assimilation System

Goddard Earth Observing System Model
Goddard Earth Sciences Data Information
Services Center

Goddard Chemistry Aerosol Radiation and
Transport

Global Warming Potential

Humic Like Substances

Hybrid Single-Particle Lagrangian
Integrated Trajectory Model

Indo-Gangetic Plain

Indian network of Climate Change
Assessment

Intergovernmental Panel for Climate Change
Infrared

Indian Space Research Organization

Mass Absorption Cross-section

Modern-Era Retrospective analysis for
Research and Applications

Multiple Linear Regression model

Moderate Resolution Imaging
Spectroradiometer

Measurement  of  Pollution in the
Troposphere

Model for Ozone and Related Chemical
Tracers
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Observed
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Second Assessment Report
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Chapter 1

Introduction

Even the flutter of a butterfly's wings may have an impact on the atmosphere. This
chapter describes the importance of the particulate fractions of the atmosphere - the
aerosols, which hugely impact the atmosphere despite being its minor constituents. It
starts with a brief yet vivid description of aerosols and later moves on to describing

their carbonaceous fraction in more depth, explaining why they take centre stage in this
thesis. The chapter subsequently lands in the serene lap of the Himalayas and
understands how these aerosols impact them and why studying this region is of utmost
importance. Finally, it lays down the objectives and describes the organization of the
thesis.

1.1 Aerosols

Tiny particles in the solid, liquid, or mixed phases and suspended in air are known as
atmospheric aerosols (Junge, 1963). Despite being minor constituents of the atmosphere,
these particles have a profound influence and play a variegated role on the air quality
(Hansen et al., 2000), radiation budget (Jacobson, 2001; Lau et al., 2006), cloud
properties (Ackerman et al.,, 2000), atmospheric chemistry (Jacobson, 2001),
precipitation patterns (Rosenfeld et al., 2008) and health (Olson et al., 2015). Whilst
greenhouse gasses remain the main culprits in global warming, particles in the
atmosphere also play a multi-hued role in climate change. Quantifying the influence of
aerosols on the climate remains an enigma and they are the greatest lingering sources of
uncertainty even in the sixth report of the Intergovernmental Panel on Climate Change
(IPCC) which came recently in 2021 after more than 30 years from the advent of the first
report in 1990.



Aerosols represent a plethora of particles that can be produced by both natural and
anthropogenic sources through a variety of complex processes (Junge, 1963; Seinfeld
and Pandis, 1998). Considering the large spatial and temporal variabilities, shorter
lifetime and wide range of sources and sinks of aerosols, their budgets have large
uncertainties. Therefore, quantifying aerosol impacts becomes more difficult, even with
the state of art atmospheric regional and global chemistry models as they themselves
utilize these aerosol budgets and some aerosol physical and chemical properties as an

input.

1.1.1. Shape, Size, and Mixing state

Aerosols have a variety of shapes usually classified as isometric, platelets, or fibers
(Reist, 1984, 1993). Particles formed via gas to particle conversion are generally
spherical while those formed from grinding/breaking are non-spherical (Reist et al.,
1993). Aerosol sizes for non-spherical shapes can be measured via Martin’s diameter -
which measures the length of line that separates particles into two equal portions (Rhodes
et al., 2008) or via ferret’s diameter - that measures the maximum distance from edge to
edge (Rhodes et al., 2008). For practical applications two more common definitions for
determining the aerosol size are used: aerodynamic diameter - which denotes the
diameter of a unit density sphere having the same settling velocity as that of the particle
and, stoke’s diameter - which corresponds to the diameter of the same density sphere

having the same settling velocity as that of the particle.

Aerosols can also have varied mixing states depending upon the distribution of chemical
constituents among the particles. They can mainly be either ‘externally mixed’, (whereby
the particles from different sources remain separated thus depicting a non-homogeneity
in the chemical composition) or they can be ‘internally mixed’, (where different chemical
components mix within a particle). The possibility of internally mixed particles increases
with the aging of the air masses. A core-shell type mixing may also exist when one of
the components forms a coating over the other. The nature of mixing state, shape and
size affects the microphysical properties of aerosols and hence their impact on the

environment.



1.1.2. Aerosols Size Distribution
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Figure 1.1 Schematic showing aerosol processes-source, sinks, transformation and size range
(Compiled from: Hinds,1999).
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Aerosol characteristics are crucially governed by their size distribution (Figure 1.1)
which has a wide range from ~0.001 to 100 um, depending upon their production
mechanism. The smaller particles in the range of ~0.001 to 0.1 um are called Nuclei or
Aitken mode particles. These are generally produced in the atmosphere by gas to particle
conversion through nucleation of volatile gasses and are important in atmospheric
electricity. The formation of such particles involves three main processes — (i).
homogenous homomolecular nucleation which implies particle formation from a single
gas species only, (ii). Homogeneous heteromolecular nucleation which requires two or
more gaseous species for new particle formation and, (iii). Heterogeneous
heteromolecular nucleation in which new particles are formed by the condensation of

gaseous species on pre-existing particles.

Particles in the size range of ~0.1 to 1.0 um are called accumulation mode aerosols. These
include single larger particles produced by an accumulation of two or more aerosols and
particles from the nucleation mode which have grown by condensation of water vapours.
Such particles are known to influence solar radiation budget in the visible range
significantly. Particles with size > 1.0 um fall under the category of coarse mode aerosols
and mostly constitute particles directly generated by mechanical disintegration processes

(bulk to particle conversion) such as dust.



1.1.3. Aerosol Transformation

Aerosols may also transform from one size range to another thus changing their particle
number and size distribution while keeping their mass in the atmosphere intact. This
changeover is achieved by two main processes — (i). Coagulation which shifts the
particles in the lower size range to the higher by collision and coalescence, the rate of
which is governed by particle diffusion (McCartney, 1976; Pruppacher and Klett, 1978)
and (ii). Condensation which involves growth in size due to condensation of vapours on

the surface of aerosols and its rate is described by Fuchs-Stugin equation (Hegg, 1990).

1.1.4. Aerosol Sources and Sinks

Aerosols have wide range of natural and anthropogenic sources. Sea salt spray, volcanic
emissions, windborne dust, natural wildfires, and biogenic emissions constitute the
natural sources. Emissions from industries, transportation, crop-residue burning,
residential cooking, waste burning and resuspended dust due to construction or mining
activities form the anthropogenic fraction of aerosols. Specific details on sources of
carbonaceous aerosols are discussed in section 1.3. As shown by the aerosol optical depth
and estimated contributions from different aerosol types (Figure 1.2), it is evident that
the aerosol distribution is highly inhomogeneous (Myhre et al., 2013). Studies show that
the natural aerosols comprise the majority fraction (90%) while anthropogenic aerosols
globally form about 10% of the total aerosols (Textor et al., 2006). However, the
information on aerosol budget is subjected to several uncertainties which are in part
related to the large uncertainties in individual source estimates due to a huge spatial and
temporal heterogeneity and are in part associated with the heterogeneous aerosol
chemistry, aerosol mixing states and other atmospheric processes relating their genesis,

sinks and transformation.
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Figure 1.2 (a) MODIS Aerosol Optical Depth at 0.55 um averaged over 2001-2010 period (b)
Pie charts showing the contribution of sulphate, BC, OC, Bio (OC and BC from biomass
burning), sea salt, nitrate and Min(mineral dust) aerosol in building AOD over different regions
of the globe (Extracted from:https://www.nature.com/scitable/knowledge/library/aerosols-and-
their-relation-to-global-climate-102215345/; Data from Myhre et al., 2013).

There are two major sinks for aerosols, namely, (i) dry deposition/sedimentation which
primarily involves the transfer of aerosols to the surface due to turbulent diffusion or
impaction or gravitational sedimentation in the absence of precipitation (Pruppacher and
Klett, 1978) and, (ii) wet removal which limits the residence time of particles in 0.05 to
0.3 um size range (Radke et al., 1980) and in turn involves: ‘wash out/below-cloud or
precipitation scavenging’. This mechanism implies the removal of aerosols that are in the
air stream of the falling raindrops, and ‘rain out/in-cloud or nucleation scavenging’. This
also includes the incorporation of particles as a precipitation nucleus in the presence of
water vapour during cloud formation (Hoppel et al., 1990).


https://www.nature.com/scitable/knowledge/library/aerosols-and-their-relation-to-global-climate-102215345/
https://www.nature.com/scitable/knowledge/library/aerosols-and-their-relation-to-global-climate-102215345/

1.1.5. Aerosol Residence Time and Transport

The time upto which the particles remain airborne is known as the aerosol residence time
or simply lifetime and is primarily governed by the aerosol properties and their removal
and transformation mechanisms. Generally, aerosols in the lower troposphere have a
lifetime of less than a week. In the accumulation mode, it could be longer (7 to 10 days)
as compared to smaller particles which are removed by Brownian diffusion and also
compared to larger particles which are easily removed by sedimentation and wet
deposition. In the case of the free troposphere, this time is longer. In the stratosphere, it
extends to as long as a few to several years due to the absence of precipitation. A semi-
empirical relation, given by Jaenicke, (1984) can be utilized for estimation of residence
time. Depending upon their residence time, particles can easily be transported to
distances far from their place of origin. Long-range transport of Saharan dust to
Caribbean islands (Prospero et al., 1981), aerosols from Africa to Indian oceans (Tyson
et al., 1996) and many such instances of aerosol transport are already reported in the
literature. Aerosols may also be transported vertically upwards mainly via convective
eddies and turbulent motion. Once they reach higher altitudes, aerosols are spread over
large horizontal distances by the prevailing winds. In general, the aerosol number
concentration is found to decrease with altitude. More discussion on transport, at local

and regional scales, will be made in the subsequent chapters.

1.2. Effects on Climate, Health, and Environment

Aerosols alter the climate system through two main kinds of interactions i.e., aerosol-
radiation interaction and aerosol-cloud interaction. All aerosols either absorb or scatter
the incident radiation. Scattering of radiation by aerosols increases the reflectivity
(albedo) of the earth thus reducing the amount of radiation reaching the surface and hence
having a cooling effect. Conversely absorbing aerosols, capture the shortwave radiation
and re-radiate it in the longer wavelength which has a warming effect on the atmosphere
and hence contributes to global warming. This aerosol-radiation interaction is known as
the ‘direct aerosol effect’ and it fundamentally changes the radiative balance of the earth,
and this change is quantified as ‘aerosol radiative forcing’. Radiative forcing (RF) is a
metric used to estimate the changes in the net balance of the outgoing and the incoming

solar radiation caused due to the presence of a given atmospheric constituent. IPCC in its



reports since 1990 provides a global mean of the RF for chief atmospheric species (e.g.,
CO., CH4, BC, sulphates, etc.), expressed as the difference between the present day and
the beginning of the industrial era in units of Wm. A positive forcing implies warming
while a negative one means a cooling effect. Since aerosols can both scatter and absorb

radiation, they exhibit both positive and negative RF.

1.2.1. Aerosol Cloud Interaction and Impact on Precipitation

Aerosols that are hydrophilic (e.g., sulphates, salts, nitrates) or those with hydrophilic
coating act as cloud condensation nuclei (CCN) on which the water vapours condense
and form cloud droplets under the condition of supersaturation. Under the condition of
fixed liquid water content, increasing the number of CCN increases the number of
smaller sized cloud droplets (Twomey, 1977). Such clouds are brighter and reflect more
shortwave radiation, preventing it from reaching the surface and thereby causing surface
dimming. This effect of aerosols in enhancing the cloud albedo is termed as the ‘first
indirect effect’ and is known to cause a net cooling effect. Further, clouds with droplets
of such small size are less likely to precipitate thus increasing the cloud lifetime
(Albrecht, 1989) estimated to cause net cooling and the effect is called the ‘second

indirect effect’.

Smaller droplets may also result in delayed freezing of droplets in the case of mixed-
phase clouds, thus altering the cloud characteristics. This effect is called the
‘thermodynamic effect’ (Denman et al., 2007). In particular, absorbing aerosols such as
BC heat the atmosphere thereby affecting atmospheric stability and hence affecting cloud
formation and its lifetime. This effect is referred to as the ‘semi-direct effect” (Ackerman
et al. 2000) and can cause both warming and cooling depending upon the relative
positions of aerosols with respect to the cloud. Earlier, only the decrease in the cloud
formation due to the presence of BC was considered as the semi-direct effect or the cloud
burn off. Currently, however, it is not clear as to whether the semi-direct and
thermodynamic effects cause net cooling or heating. Absorbing aerosols especially those
which are hydrophobic such as BC and mineral dust also cause the ‘glaciation indirect
effect’ which has a warming effect and implies increased precipitation rather than delay

because such aerosols act as ice nuclei in supercooled mixed-phase clouds.



IPCC’s third and fourth reports distinctively characterized these indirect effects into
radiative forcing. However, they admitted to a low level of their understanding. Later,
the fifth and sixth IPCC reports stated that these different indirect effects are difficult to
delineate and only provide effective radiative forcing estimates. This issue is also
reflected in the higher uncertainties and a low level of confidence in the aerosol effective
radiative forcing estimates (IPCC, 2013). Figure 1.3 shows a range of effects due to
aerosol-cloud interactions. It also shows the new terminology used for aerosol-radiation
and aerosol-cloud interactions in the fifth assessment report of IPCC (AR5) compared to

the ones used in the fourth assessment report (AR4).
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Figure 1.3 Schematic shows the new terminologies used for the ‘aerosol-radiation and cloud
interactions’ in AR5 and AR4.The solar and terrestrial radiation along with the couplings between
the surface and the cloud layer for rapid adjustments is denoted by blue, grey and brown arrows.
(Extracted from IPCC, 2013).

Aerosol cloud and radiation interactions alter the cloud microphysics as well as the
atmospheric stability thereby leading to changes in precipitation. Such changes are
suggested to operate at two-time scales: short and long. The short time scale changes
refer to the rapid response of clouds and atmosphere while the longer time scale is
associated with the changes in evaporation induced because of the changes in the surface
temperature (Samset et al., 2016). Using precipitation trend from 1950 to 2002 and other
observations, Chung and Ramanathan, (2006), showed that the Sahelian droughts,
weakening of the Indian monsoons and the North-South shift in rainfall also called as
‘northern-drought/southern flooding’ in China were a result of the natural variability

along with the aerosol forcing effects. In a particular reference to biomass burning,



Kawase et al., (2011) showed that BC induced a decrease in evaporation and enhanced
subsidence resulted in a decreased precipitation trend in Africa. Despite being a subject
of numerous studies (e.g., Chung and Ramanathan, 2006; Lau et al., 2006; Bollasina et
al., 2011), a clear picture attributing changes in Indian monsoon to the regional aerosol
effects remains elusive. Even in the IPCC ARG report, effective radiative forcing due to

aerosol-cloud interactions still has a low confidence label.

1.2.2. Impact on Cryosphere

Aerosols when deposited on snow and ice darken them, reducing the surface albedo and
thus exaggerating snow melting (Wiscombe and Warren, 1980). This effect results in
significant positive warming due to aerosols and is particularly important in snow-
covered regions of the Arctic and the Himalayas which have a substantial influence of
the transported aerosols. Aerosols once deposited continue to have these positive
radiative effects till they remain exposed or are covered by fresh snow. Moreover, the
melting snow further exposes the dark surface thus leading to positive feedback (Flanner
et al., 2007).

1.2.3. Non-Climatic Effects - Health, Agriculture, Visibility
Impairment and Damage to Materials and Buildings

Aerosols, especially in the size range of less than 2.5 microns (PM 2.5) are known to
cause significant adverse impacts on human health upon inhalation (Brunekreef and
Forsberg, 2005). These particles are not only detrimental to the respiratory system and
associated with many respiratory diseases but are also linked to an increasing number of
cancer and heart diseases. Moreover, they are known to cause about 3.4 million

premature deaths per year globally (Ghude et al., 2016).

Aerosols also affect agricultural yield in several ways. The scattering and absorption by
aerosols reduce the solar radiation in the photo-synthetically active visible region
reaching the earth’s surface, thus decreasing the productivity and extending the growth
period. The deposition of aerosols on plants prevents them from receiving sufficient solar

radiation subsequently increasing their acidity and ultimately damaging the plants.



Furthermore, the aerosol induced changes in precipitation patterns and surface

evaporation significantly impacts agricultural yields (Ramanathan et al., 2005).

Light scattering and absorption by suspended particulates in the atmosphere also make
aerosols the major culprits when it comes to visibility. They lead to haze and fog events
and to a reduction in the quality and quantity of light reaching a human eye. Thereby
making it difficult to recognize the various forms, contrast, and colour of objects in front
of them. In low humidity conditions, carbonaceous aerosols have the greatest effect on
visibility while sulphates have the largest impact during high humidity conditions (U.S.
EPA, 2012). Carbonaceous aerosols have been found to play a larger role in the regional
haze events in the eastern United States (DeBell et al., 2006). The vital role of both
scattering and absorbing aerosols in the formation of fog droplets was observed during
the Winter Fog Experiment in Delhi (Safai et al., 2019). Deposition of particles also
damages materials and buildings, including those of historical importance (Kulshrestha
et al., 1995). In this context, the discoloration of the Taj Mahal, a universally acclaimed
site of world heritage, was reported by Bergin et al., (2015) due to the deposition of

carbonaceous aerosols and dust particles.

1.3. Why Carbonaceous Aerosols?

‘Carbonaceous aerosols’ (CA) is an umbrella term used for a large, highly variable and
complex mixture of carbon-containing particles mixed with organic matter (Bond et al.,
2013) and may include elements such as hydrogen, oxygen and nitrogen. Sources such
as pollens, inorganic carbonates and dust which contains carbon are usually omitted from
the definition of carbonaceous aerosols (IPCC, 2013). Despite these exclusions, the term
still encompasses aerosols with a spectrum of characteristics such as the level of carbon
contained, thermal and optical properties. These aerosols are most commonly classified

further as back carbon (BC) and organic carbon (OC).

BC refers to the fraction of CA which is entirely composed of carbon atoms. It is formed
only from the incomplete combustion of carbon-based fuels (petroleum, coal, crop
residue, wood, etc). BC is known to be the most absorbing aerosol because it strongly

absorbs light in the visible and IR range, which is also responsible for its black colour.
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Being highly inert, refractive, and insoluble in most solvents, it is one of the most stable
aerosols with very high resistance to chemical degradation and transformation.
Depending upon the properties exploited for the measurement of BC, different
operational definitions also exist in the literature such as elemental carbon (high
temperature of volatilization), refractory black carbon (incandescence at a given
temperature) and equivalent black carbon (light absorption property). However, all of
these mostly refer to the same aerosol species. A more detailed discussion on the
terminologies regarding BC could be seen in Petzold et al., (2013).

OC initself is a collective term used for several individual compounds containing carbon
and other organic molecules. Like those of poly aromatic hydrocarbons, alkanes, humic-
like substances, etc. OC is found to be more susceptible to thermal degradation as they
usually have a lower temperature of volatilization. This high volatility makes OC
sampling particularly difficult. OC is further classified as primary organic carbon (POC),
which is directly released from its source, and secondary organic carbon (SOC), which
is formed from the condensation/nucleation of volatile organic compounds. The term
organic aerosols/organic matter (OA/OM) is also used in the literature to signify the full
mass of organic aerosols and is subsequently split into the primary and secondary
components as primary organic aerosols (POA) and secondary organic aerosols (SOA).
In terms of absorption properties, OC can be split as brown carbon (known for absorption
of wavelengths lower than 880nm) and non-absorbing OC (Lack et al., 2010). BC and
brown carbon are together also known as light-absorbing aerosols. Usually, non-
absorbing OC fraction is found to have a refractive index similar to that of sulphates and
both are considered as significant light scatterers in the atmosphere (Hegg et al., 1997).
Further, OC aerosols also act as cloud condensation nuclei because of the existence of

polar groups such as carboxylic and dicarboxylic acids (Saxena and Hildemann, 1996).

Carbonaceous aerosols are of critical importance because they affect several atmospheric
processes (Ramanathan and Carmichael., 2008) due to the direct impact on radiation
budget (Gogoi et a., 2017), their significant role in glacier retreat (Kaspari et al., 2011)
and their role in altering cloud properties by aerosol cloud interactions (Ackerman et al.,
2000). In addition to their role in perturbing the radiation budget and hence climate

changes, the increased emissions of carbonaceous aerosols pose a major threat in our life
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as these aerosols are carcinogenic and can thus cause negative health effects (Kennedy,
2007).

Table 1.1 Comparison of global mean radiative forcing in SAR, TAR, AR4 and AR5 for seven
components - sulphate, nitrate, SOA, mineral dust, BC and OA from biomass burning combined
and BC and OC separately in fossil fuel and biofuel due to differences in their ratios from these
emissions (Compiled from: IPCC, 2013).

Global Mean Radiative Forcing (Wm?)

SAR TAR AR4 AR5
Sulphate
ulphae 04(-0810-02) | -04(-0810-02) | -04(-06t0-02) 0.4 (-0.6 10-0.2)
Black carbon
fr%flf;rfj" +0.1 (+0.0310+0.3) | +0.2 (+0.1t0 +0.4) | +0.2 (+0.0510+0.35) | +0.4 (+0.05 to +0.8)
biofuel
Primary

organic
aerosols from
fossil fuel and

Not estimated

-0.1 (-0.3 to -0.03)

-0.05 (0.0 to -0.1)

-0.09 (-0.16 to -0.03)

biofuel
%:J"rmzs -02(-0.610-0.07) | -02(-0.6t0-0.07) | +0.03(-0.09t0+0.15) | -0.0(-0.2t0 +0.2)
Secondary
organic Not estimated Not estimated Not estimated -0.03 (-0.27 to +0.2)
aerosols
Nitrate Not estimated Not estimated -0.1 (-0.2t0 0.0) -0.11 (-0.3 t0 -0.03)
Dust Not estimated -0.6 to +0.4 -0.1 (-0.3 to +0.1) -0.1 (-0.3 to +0.1)
Total Not estimated Not estimated -0.5 (-0.9t0 -0.1) -0.35 (-0.85 to +0.15)

A comparison of radiative forcing estimates for seven components of aerosols provided
by IPCC for the aerosol-radiation interactions over the different years in the subsequent
reports is listed in Table 1.1. It is clear from the RF estimates that even amongst aerosols,
the positive forcing magnitude is highest for BC from fossil and biofuel. Interestingly,
despite considering four separate components for carbonaceous aerosols (including SOA
which is included only recently in the AR5), the uncertainty remains high even in the
fifth assessment report. A major reason for this is the large spatio-temporal heterogeneity
of these aerosols and varied mixing states and atmospheric processes. While most models
consider OC scattering equivalent to that of sulphates, studies have shown that OC
contains species that absorb in the low visible range (Kirchstetter et al., 2004; Andreae

and Geleneser, 2006). This will decrease the overall negative impact attributed to total
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OC. The indirect forcing effects of these aerosols are also an important source of this

uncertainty.

Effective radiative forcing (RF due to reflecting type aerosols and with indirect effects)
estimates show that aerosols in general have an overall cooling effect and are shown to
counteract about half of the positive radiative forcing caused by the greenhouse gasses
(GHG) since the 1880s (Figure 1.4). While CA (particularly reflecting OC fraction and
indirect effects) plays their role in offsetting the warming caused by the GHGs, the
picture is far more complex in their case. Greenhouse gasses contribute the most to RF
abundantly by absorbing the radiation emitted by the earth’s surface while being

transparent to the incoming solar radiation.
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Figure 1.4 Forcings from 1880-2011 taken from Hansen et al., 2011 (Updated version extracted
from- https://data.giss.nasa.gov/modelforce/).

This radiation is then remitted, thus warming the lower atmosphere and earth’s surface.
Contrary to this, aerosols and in the current context, BC, absorbs both the incoming and
the outgoing solar radiation, thus causing a positive forcing. Further, if BC particles have
a coating of chemical components that are transparent or translucent, their probability to
absorb solar radiation increases (Jacobson et al., 2007). These properties make BC a far
more effective absorber compared to CO2 implying that a given quantity of BC by weight

is capable of absorbing a million times more radiant energy compared to an equal
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quantity of CO2 (Jacobson and Streets, 2009). However, CO usually is known to persist
in the atmosphere for about a century which entails sustained radiative forcing before
natural processes can remove them. This also means that given the shorter lifespan of BC
and/or OC, the benefits of their reduction will be more quickly realized as opposed to
long-lived GHGs.

Radiative forcing estimates are inadequate for comparing this magnitude and timing of
benefits in BC and/or OC reductions as compared to those for CO: like species. This is
largely because radiative forcing does not capture changes over time. To address this
disparity in the atmospheric lifetime of various pollutants, another metric called Global
Warming Potential (GWP), defined as the cumulative forcing over a specified period
(typically 100 years) due to a unit mass of a pollutant in reference to the same mass of
COo, is employed (Bachmann, 2009). Table 1.2 provides the estimates of GWP made in
different studies for BC and OC in 20- and 100-years periods. The relative impact of BC
and OC is larger over shorter periods (20 years) because of their shorter life span and
rapid response to their impacts. More interestingly, the warming potential of BC is 6-10
times greater than the negative/cooling potential of OC of equal mass, thus showing that
although OC is emitted in larger quantities, BC warming can be relatively more
significant. Yet, even though GWP is a useful metric for understanding the relative cost-
effectiveness of mitigation policies targeting a specific pollutant, like forcing, it does not
include the complete range of all climatic effects such as negative forcing due to
enhanced cloud reflectivity or the positive effects due to darkening of snow which are

particularly important for Himalayan and Arctic regions.

Table 1.2 Global Warming Potential for BC and OC over 20 and 100 years (Compiled from:
Bachmann, 2009).

Black Carbon Organic Carbon References
20 years | 100 years 20 years 100 years
2200 680 -250 -75 Bond and Sun, 2005
2530 840-2240 N/A N/A Jacobson, 2005
2900 830 -100 t0 290 | -281t0 -82 Rypdahl et al., 2009
~2000 ~500 N/A N/A Hansen et al., 2007
1600 460 -240 -69 Fuglestvedt et al., 2009

14



Additionally, it is worth keeping in mind that, unlike the greenhouse gases which are
more uniformly distributed, aerosols are much more unevenly distributed (Figure 1.2)
and therefore the impact of aerosols also strongly varies regionally. Globally, BC
emissions are estimated to be about 7600 Gg and that of OC are about 35700 Gg for the
year 2000 (Lamarque et al., 2010). The sector-wise distribution (Figure 1.5) shows that
biomass emissions are the single most important source of emissions for both BC (~35%)
and OC (~67%) followed by residential/domestic emissions (BC:25% and OC:22%).
Transportation is the next important source for BC and such emissions usually have a
low OC/BC ratio. However, these sources also vary regionally. Developed countries such
as Japan, United Kingdom, Europe, etc. usually have very low BC emissions and most
of them come from anthropogenic sources. India, Africa and China put together, account
for the largest BC emitting regions in the world (>500Gg each). About two-thirds of
these BC emissions come from anthropogenic sources such as residential/domestic
emissions in these three countries. Moreover, while biomass emissions are the dominant
contributors to BC in the case of Africa, contributions from anthropogenic sources are
the major culprit for BC emissions in India and China. Notably, emission estimates from
carbonaceous aerosols are more uncertain compared to GHGs and other pollutants such
as SO as they have a shorter lifetime and are emitted from a large number of small and

dispersed sources with irregular and heterogeneous combustion conditions.

1.4. Why Carbonaceous Aerosols Over the Central
Himalayas?

The paramount importance of studying carbonaceous aerosols have already been
discussed in the previous section. These species have an even greater and critical impact
in the pristine environment such as the Himalayas. The Himalayan range stretches across
eight South Asian countries, is home to the largest ice mass outside the polar region, the
source of ten major Asian river systems and contributes to four biodiversity hotspots
(Wester et al., 2019). About 240 million people directly depend on the region for their
livelihood, about 1.9 billion depend on the region for food security, water and energy and
more than 35% of the world’s population benefits from its ecosystem services (Wester

et al., 2019). The developing countries in Asia - Afghanistan, Pakistan, India, China,
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Nepal, Bhutan, Bangladesh and Myanmar fall along the perimeters of the mountain

ranges defining the Himalayan region.
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Figure 1.5 Pie chart showing global distribution of BC and OC emissions by major source
category and bar chart showing BC emissions (Gg) by World Region, 2000 (Compiled from: US
EPA, 2012; Data from Lamarque et al., 2010).

While pollution levels are declining in Europe and North America (Bell and Dauvis,
2001), developing countries in Asia with rapid urbanization and industrialization have
become a prime hotspot of aerosol emissions (Ramanathan and Carmichael, 2008). In
particular, China in North and Indo-Gangetic Plain (IGP) which bound the Himalayas
from South and West serve as an unprecedented huge source of pollution reaching the
high mountains. Covering a fertile land area of around 700000 km? IGP is the world’s
most densely populated region with over 900 million inhabitants (Wester et al., 2019)
and has experienced a dramatic increase in the atmospheric carbonaceous aerosols as
shown by modeling works (e.g., Adhikary et al., 2007) and data from ground-based
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networks (e.g., Krishna Moorthy et al., 2013). The annual average PM 2.5 concentration
in 12 cities of the IGP (including those in Pakistan and Bangladesh) are shown to exceed
the WHO 2005 guideline of 10 pug m™ by a factor of ten (Wester et al., 2019). Although
Himalayan regions do not have significant sources of pollution of their own, they receive
substantial pollution from the outflows of Asia and the Middle East. Pollution episodes
at South-central Tibet (Xia et al., 2011; Wang et al., 2015), Western and Central
Himalayas (Kumar et al., 2011; Dumka et al., 2015; Kant et al., 2020; Srivastava and
Naja, 2021), South-eastern Tibet (Zhao et al., 2013) have been traced back with sources
at the IGP. Central and western Himalayas are reported to receive dust from the Thar
desert (Hegde et al., 2007; Ram et al., 2010). Dust from the Taklimakan desert is found
to have been transported to the Northern Tibetan plateau (Wang et al., 2015). Pollution
from Central Asia and the Middle East is shown to be received in the North-east
Himalayas (Gul et al., 2018). Such high aerosol emissions, especially carbonaceous
aerosols - transported or localized, can lead to extremely deleterious impacts to the
Himalayan climate, precipitation and cryosphere, caused primarily as a result of reduced
snow albedo by surface deposition, dimming, increased warming and induced changes

in precipitation.

Model simulations have suggested that carbonaceous aerosols lead to an increased
surface temperature of upto 0.5°C over the Himalayan-Tibetan plateau (Ji et al., 2015),
while BC alone on snow is associated with an enhanced temperature of ~1°C (Qian et al.,
2011). Average air temperature since the mid-1970s in the central Himalayas is shown
to have risen by 1°C i.e., twice as high as the mid-latitude sites over the same period
(Shrestha et al., 1999). Such elevated warming with BC, in particular, is expected to play

a role comparable to GHGs in this region (Ramanathan and Carmichael, 2008).

Carbonaceous aerosols are also linked with changes in the precipitation patterns over the
Himalayas via two mechanisms. One of the mechanisms focuses on aerosols transported
from South Asia to the Indian Ocean during the dry seasons of winter and early spring
which results in solar insulation of the oceanic surface thus suppressing convection and
hence leading to a reduced moisture transport in the peak monsoon season (Satheesh et
al., 1999). This tends to weaken the monsoonal rainfall. Another mechanism proposed
by Lau et al., (2006), known as the ‘elevated heat pump hypothesis’ focuses on the build-

up of absorbing aerosols such as BC in the IGP during the pre-monsoon season which
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elevate along Southern Himalayan slopes warming the mid-upper troposphere. This
warming creates a temperature anomaly that enhances the moisture influx from the
Indian ocean thereby leading to an intensification of the early monsoon. Only a few
observations based studies (Gautam et al., 2009; Manoj et al., 2010; Bollasina et al.,
2011) have also considered the impact of aerosol warming on the monsoons. Yet the
impact of the indirect effect of aerosols on the monsoons remains largely uncertain
(IPCC, 2013).

The Himalayan cryosphere is also impacted by carbonaceous aerosols in multiple ways.
Simulations predict that warming due to these aerosols will produce a 10-20% reduction
in spring-time snow depth over the region (Meehl et al., 2008). However, they do not
account for cooling by organic particles, indirect cloud effects and warming due to soot
deposition on glaciers. Studies including soot darkening estimate that the Himalayan
region has the highest soot related warming (annual-3.8 Wm, spring-20 Wm) across
the world (Flanner et al., 2007). Atmospheric heating due to BC and dust is also found
to cause widespread accelerated snowmelt in this region (Lau et al., 2010, Qian et al.,
2015). Considering the decadal trend (1990-2001) in snow cover due to aerosol emissions
over the region, Menon et al., (2010) have shown a large decrease in snow cover area.
BC/soot is shown to be a significant contributor to the observed glacier retreat such as
the Gangotri glacier (Figure 1.6) at an average rate of 19 ma™* (Bachmann, 2009) in the
Himalayan Tibetan region (Ramanathan and Carmichael 2008; Xu et al., 2009).
Satopanth and Bhagirath Kharak glaciers in Chamoli have been reported to retreat at an
annual rate of 9.7 meters and 7 meters, respectively (Nainwal et al., 2016). Chhota Shigri
glacier in Himachal is shown to retreat at 7.5 meters per year (Dobhal et al., 1995).
Similarly, a rapid darkening trend of aerosols was shown over the period of 2000-11 by
Ming et al., (2015) using MODIS snow albedo data. The study also estimated the moss-
loss equivalent of the Himalayan glacial area to be 10.4 Gt year™ for the years 2003-09
contributing about 1.2% to the sea level global rise annually.
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Figure 1.6 The retreat of the Gangotri glacier retreat which is the source of the river Ganges.
(Extracted from: Bachmann, 2009).

1.5. Objectives and Organization of the Thesis

Considering the aforementioned sensitivity of Himalayas with rest to carbonaceous
aerosols, their study over this region forms the focal point of this thesis. It is to be noted
that the current model-based estimates in this region for the transport, radiative forcing
and deposition of these aerosols have large uncertainties (IPCC, 2013; Qian et al., 2015).
These biases are partly a result of the acute deficit in the accurate ground-based data on
the optical and physical properties of the carbonaceous aerosols in the region (Wester et
al., 2019). Previously reported datasets on carbonaceous aerosols are also found to be
associated with large uncertainties (Li et al., 2021). For example, BC and OC

concentrations in the total suspended particulates at NamCO and Everest were reported
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to be overestimated by ~52% and ~22% respectively due to the contribution of inorganic
carbon in mineral dust (Li et al., 2017). Important sample-based offline measurements of
OC, EC, SOC and POC (Rastogi et al., 2009; Ram et al., 2010; Satsangi et al., 2012)
conducted over the region are mostly campaign-based and vary in terms of the sampling
interval. Offline measurements are also known to suffer from positive and negative
artifacts because of the presence of volatile species. Further, the very nature of offline
measurements integrates whole diurnal variation of the concentrations, which are
important to incorporate the swift variations in the assessment of the transportation of
pollutants, variations of aerosols with meteorological parameters and their effect on
radiative forcing. This is particularly crucial in high-altitude sites (Reddy et al., 2015).
Emission estimates of BC over the region have significant uncertainties (a standard
deviation of 0.5 x 10° kg m s 1) which is about 47% of the mean (1.1 x 10° kg m?s -
1 (Gertler et al., 2016). Further, policy decisions regarding mitigation require
information on the dominant emission sources contributing to the carbonaceous aerosols

but these are currently extremely limited in the region.

Additionally, very few studies have incorporated mass absorption cross-section (MAC)
in reporting carbonaceous aerosols, which is used to measure the light absorption
properties of BC and OC (Petzold et al.,, 2013). MAC is found to have large
spatiotemporal variation with values ranging anywhere between 2.3-18 m?g, depending
on its source, particle size, morphology, and mixing state (Bond and Bergstrom, 2006;
Bond et al., 2013). Despite this large variation in MAC, most studies estimating BC from
optical absorption have uniformly used the same value for it such as 16.6 m?g* at 880
nm in Aethalometer (Dumka et al., 2010; Gogoi et al., 2014; Joshi et al., 2016). This may
lead to an underestimation of BC values and its associated radiative forcing. Therefore,
in-situ measured MAC values are essential for accurately evaluating the radiative forcing

of carbonaceous aerosols in the Himalayan region.

Overall, there is a dearth of systematic and high-resolution online and continuous
observations of carbonaceous aerosols in the Himalayan region at present owing to its
complex topography and strong spatio-temporal heterogeneity of these aerosols. Due to
the limited continuous observations in the Himalayas, it is presently difficult to construct
trends necessary to evaluate the performance of mitigation policies, validate and compare

models, emission inventories and satellite retrievals over the long term. Therefore,
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improved, higher time resolution and long-term ground-based measurements of
carbonaceous aerosols are urgently needed to improve the estimates of their impact in
the Himalayan region (Rana et al., 2019; Wester et al., 2019). To improve our
understanding of these aerosols, particularly to quantify the radiative impact of these
aerosols, ISRO established a network (Aerosol Radiative Forcing over India; ARFI) of
observatories to monitor these species. This research work is a part of this network and
is structured with the objective of unravelling the variation, sources and radiative effects
of carbonaceous aerosols with a focus on the Central Himalayas. It also broadly caters to
the objectives of the National Carbonaceous Aerosols Programme (NCAP) and
Carbonaceous Aerosol Emissions, Source Apportionment and Climate Impacts
(COALESCE) initiatives devised under the auspices of the Indian Network of Climate
Change Assessment (INCCA), Ministry of Environment and Forest.
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Figure 1.7 Schematic showing the breakup problems undertaken as part of this thesis.

Figure 1.7 shows the breakup of scientific problems undertaken during the course of the
thesis work to achieve the objectives laid forth. The thesis lays its claims on dedicated
high-resolution measurements of carbonaceous aerosols and CO. These measurements
are supplemented with satellite measurements, Lagrangian trajectory model, radiative
transfer and regional chemistry models. The thesis contains eight chapters which are

structured as follows:
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Chapter 2 explains the in-situ instruments, satellites and models used in this work for
the aerosol characterisation. The post-processing involved in data crunching is also

discussed here.

The first-ever results of the diurnal variation of OC and EC over the Central Himalayas
are presented in Chapter 3. Four years of high-resolution continuous observations were
made, and these are reported and used to answer the key questions, namely, (1) what the
temporal variation of OC and EC at the site is, both at diurnal and seasonal scales, and,
(2) what factors govern these variations. The importance of radiative forcing estimates
at the diurnal scale are highlighted and the calculations of EC afternoon and forenoon

forcing are also presented and discussed.

Till now the BC concentrations from the site were estimated with a constant value of
mass absorption cross-section present in the Aethalometer instrument. In Chapter 4
year-round spectral values of mass absorption cross-section for this site are calculated
for the first time using extensive observations of absorption coefficient, bas and EC
concentration. The implications of using a uniform value for MAC instead of its site-
specific values are presented. The temporal variations of MAC and their impact on BC

measurements and radiative forcing are discussed.

In Chapter 5, the BC measurements along with EC-OC measurements have been used
to quantitatively characterize the sources of these aerosols over this region employing
novel methods. Results from the first year-round segregation of primary and secondary
organic carbon are presented and their concentrations using different methods are
compared. Further, the impact of emissions due from fossil fuel and biomass on radiative
forcing and the contribution of the source regions in transporting pollutants at the site is

also quantified.

Chapter 6 begins by showing that the regional chemical model-based CO and satellite-
based CO retrievals are significantly biased when compared against observed CO.
Therefore, BC and its sources characterized formerly are used in a novel approach
employing a multiple linear regression model (MLR) to quantify CO and its sources. The
results of the CO estimated using this model is compared with the observations. Given

the better performance of the estimated CO, the model parameters are used to predict CO
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for the year 2018 and the results are tested against the CO observed from the ground-
based measurements. Finally, the regional chemical model-based source segregation is
compared against the MLR based CO and its temporal variations and implications are
discussed.

The underlying trends in the BC concentrations and their sources are presented in
Chapter 7. The results are compared with BC obtained from MERRA-2 at the site,
together with a discussion on the biases in the reanalysis model. The trend in the
columnar and vertical profile of aerosols is also estimated and discussed in the backdrop

of the trends obtained in surface BC and those in the emissions.
Chapter 8 summarizes the key results from each chapter in the present work and puts

together the conclusions drawn from this study. Finally, the gap areas in which the future

scope of research is presented.
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Chapter 2

Measurements and Data Analysis

This chapter describes the characteristics of the site, ground and satellite-based
instruments used for aerosol and trace gas measurements conducted at the site. It also
sheds light on the models used in this work. Additionally, it narrates the methodology

employed for data processing and gives an account of the statistical methods utilised in

the study.

2.1. Site Description and Meteorology

The observations for the present study were made at ARIES, Manora Peak (29.4°N,
79.5°E, 1950 m a.m.s.l.), situated at the top of a mountain in the Central Himalayas,
shown in Figure 2.1. This is a low population density (200 persons per square km) region
and is surrounded by low altitude mountains in the Southwest and sharply peaking
mountains in the Northeast). It is at an aerial distance of about 2 km from the town of
Nainital (a famous tourist spot) and has no potential major pollutant source in proximity.
However, Haldwani and Rudrapur, 20-40 km in the south, host small scale industries.
The national capital, Delhi, 225 km southwest, is the nearest densely populated megacity.
The observing site is considered to be more or less a pristine site, particularly at night

time when the boundary layer is below the observational site.
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Figure 2.1 Location of the observation site (Nainital) in the elevation map.

Observed daily and monthly mean variations in solar radiation, temperature, relative
humidity, wind speed and monthly mean rainfall at the ARIES site during 2014-2017 are
shown in Figure 2.2 a, b, and c. Monthly variations in the height of the mixing layer depth
are also shown. The site receives maximum solar radiation (about 473 Wm) and has a
maximum temperature of 20.3+£2.0°C in May. The Lowest monthly mean temperature of
8.5+2.4°C is observed in January. The lowest solar flux of 197.4+93.3 Wm2is in July
i.e., during the summer monsoon period. This low is mainly due to the high cloud
coverage in the monsoon season when the site receives its maximum rainfall (total of
about 680 mm in July). On average, relative humidity remains below 65%, except in
monsoon (JJAS) when the average relative humidity RH reaches its peak ~88%. The
wind speed at the site gradually rises after winter to its maximum in April/May (about
3.6 m/s) and reaches its lowest value (about 1.9 m/s) in September. The mixing layer
depth has been obtained from the Global Data Assimilation System (GDAS) 0.5°x 0.5°
with the output taken at an hourly interval from 10:30 hour IST to 17:30 hour IST (IST
is UTC + 5.5 hours). Monthly averaged mixing layer depth ranged from 583.80+324.25
to 2055.57+57 m a.g.l and closely followed the variation in solar radiation, reaching its

maximum in May.
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Figure 2.2 Monthly variation of (a) solar radiation, temperature and mixing-layer depth (b) wind
speed and (c) relative humidity and rainfall observed at ARIES, Nainital during 2014-2017.
Error bars and shaded portions in the grey show one standard deviation from the average value
(Srivastava et al., 2021).
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2.2. Ground-Based Measurements

2.2.1. Aethalometer

Continuous and near real-time measurements of absorption coefficient (bans) Were made
using an Aethalometer (AE-42, Magee Sci. Inc.). The estimation of bays is based on the
optical attenuation of light beams at seven wavelengths as shown in Figure 2.3. These
measurements were made over a specified duration (2-5 min) at a constant flow rate (3.5
litres per minute). The baps at a particular wavelength can be given in terms of the change
in attenuation (AATN) during time AT (in minutes) for BC deposition in a spot area (A
in cm?), normalised by the flow rate (Q in litres per minute) (https://www.arm.gov/-

publications/tech_reports/handbooks/aeth _handbook.pdf).
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Figure 2.3 A flow diagram showing the working of an aethalometer, extracted from the
Aethalometer manual-  (https://www.arm.gov/publications/tech_reports/handbooks/aeth_-
handbook.pdf). A picture of the aethalometer AE42 is shown on the right.

Thus, the expression for absorption coefficient (excluding the terms for multiple

scattering and loading effect) is,

bans(A) = (AATN / AT) * (A/Q) 2.1)

Here, bans is measured in units of Mm™1=10®m=and A is in nm.

This absorption coefficient is multiplied by the wavelength-specific mass absorption

cross-section to give equivalent Black Carbon concentrations (eBC). This derivation of
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eBC from bans is our main topic of discussion in Chapter 4 and is excluded here for the
sake of brevity and to avoid repetition). Several biases creep into the analysis due to the
filter-based optical measurement technique to derive bans(A) or eBC. Multiple scattering
of light in the filter media, loading effect due to successive deposition of aerosol samples
and variability of pressure and temperature at the high-altitude site are the major causes
of uncertainty in the eBC estimates using Aethalometer (Bond et al., 1999; Arnott et al.,
2005; Li et al., 2020). In the present study, we have minimised these biases following the
correction schemes as proposed by Weingartner et al., (2003); Drinovec et al., (2015);
and have thus taken multiple scattering correction factor C=2.14 and loading correction
factor R=1 similar to those incorporated by Moorthy et al., (2004); Dumka et al., (2010);
Gogoi et al., (2017); Joshi et al., (2020). Additionally, the data were subjected to rigorous
three-sigma outlier removal every ten minutes and then every hour, followed by pressure-
temperature correction considering the high altitude of the site (Moorthy et al., 2004). It
is reported that with the application of these empirical corrections to overcome artefacts,
the uncertainty in the BC measurement ranges between 20-30% (Moorthy et al., 2007;
Miiller et al., 2011; Joshi et al., 2020).

2.2.2. EC-OC Analyzer

Continuous observation of OC and EC is made using an OC-EC analyzer (Figure 2.4)
from Sunset Laboratory, USA (Model 4G) following the National Institute for
Occupational Safety and Health (NIOSH) 5040 protocol based on thermal optical
transmittance (TOT) (Birch and Cary, 1996). The analysis is performed on a quartz filter
punch of 16 mm, which is mounted on the instrument every week or when the laser
correction went below 0.90 (to keep up with charring correction). The sample is collected
for a time period of 47 min, after which the oven is purged with helium. This sample is
then stepwise heated in an oven at a temperature up to 850°C. Evolved carbon fragments
are oxidized to CO2 by flowing them through the MnO: oven. This CO- is then moved
out of this oxidizing oven along with a hydrogen stream and is detected by a non-
dispersive infrared (NDIR) detector. In the second ramp, the oven is cooled to 550°C and
then the filter is again stepwise heated in an oxidizing atmosphere (98% He and 2% O3),
thus oxidizing off any EC. This EC is then detected like above using the NDIR detector.
Correction for the pyrolytic conversion of OC to EC is accomplished by monitoring the

transmittance of light from a laser diode (660 nm) through the sample filter. In the second
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phase of the oxidizing ramp, the point at which the laser absorbance equals the initial
laser absorbance is termed as EC/OC split line. Any EC detected, before this point, is
considered to be formed pyrolytically by charring of OC and is subtracted from the EC
area observed during the oxidizing phase of the analysis and is designated as OC.

OC: He
EC: He+O,
?g Glass Ove E
g m— o
O
Evolved carbi i

[ MnO, Oxidiser h

Figure 2.4 A schematic showing the working of EC-OC analyzer. A picture of the OC-EC
analyser is shown on the right (Picture from: https://www.sunlab.com).

At the end of each analysis, a calibration is performed by introducing a known amount
of methane gas into the oven and calculating the results analytically. Standardisation of
the instrument is carried out by using a known amount of sucrose solution and confirming
that the instrument detected within an error of 5% of the expected sucrose concentration.
The lower limit of detection is ~0.2 pg cm for both OC and EC in this method. Since
the used filter punch area was 2.011 cm?, the minimum detectable limit came out to be
0.402 pg cm. However, considering other possible instrumental noise, the minimum
quantifiable limit is taken to be 0.5 pug cm™. This limit matches the value prescribed by
the manufacturer. The number of valid samples is 10,984, excluding some losses due to

technical issues and adverse weather.
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2.2.3. CRDS Trace Gas Analyzer

CO observations are made using an instrument (Picarro G2401) based on the cavity ring-
down spectroscopy (CRDS) technique. The operation of the instrument is as follows. The
laser beam enters a three-mirror cavity filled with gas molecules under test (Figure 2.5)
and fills it with circulating laser light. The leakage of this light through one of the mirrors
is measured using a photodetector. The laser is turned off once the photodetector signal
reaches a threshold level. The light already within the cavity steadily leaks out and decays
to zero exponentially and the amount of time it takes for the decay or ring down to happen
is determined solely by the reflectivity of the mirrors (for an empty cavity). The

Gas molecules
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Detector :
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Build-up : Ring-Down Time (ps)
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Figure 2.5 A schematic showing the working of Picarro trace gas analyzer. A picture of the
Picarro trace gas analyser is also shown (Extracted from: https://www.picarro-
.com/products/g2401_gas_concentration_analyzer).

introduction of an absorbing gas accelerates the ring down time compared to a cavity
alone. The ring down time of the cavity with and without absorption due to the gas
species is then measured and compared to provide the final concentration data which is
particularly robust being independent of intra-cavity losses and laser intensity
fluctuations. This scheme of comparing the ring down times is achieved not by
introducing or removing the gas from the cavity but by tuning the laser to several
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wavelengths across the gas's spectra and a mathematical fit to the shape of that absorption

line is then used to calculate the gas concentration.

Since the effective path length inside the cavity becomes very large (many kilometres),
the sensitivity of this system is higher than the conventional non-dispersive infrared or
Fourier transform infrared spectroscopy techniques (Bitter et al., 2005). It can measure
gases in parts per billion with high accuracy and with very fast response (over a time
scale of seconds). More details about the calibration and instrument can be found in
Chandra et al., (2016). Horiba APMA 370 trace gas analyzer (Kato, 2006) also operated
at the site during 2014-2015. So, a regression between Picarro and Horiba was used to
get CO from Horiba wherever CO from Picarro was not available. For consistency and
noise reduction, the data collected at every second interval was averaged first to 1 minute
after 3 sigma filtrations. It was then averaged over to ten minutes and finally, the hourly
averaged concentrations were used in the final analysis.

Figure 2.6 schematically shows the working of a python-based pipeline developed to

analyse the raw data from the instruments as mentioned earlier

Raw Data
£c/oc ll Co-Co,-CH,
(hourly) (every sec)

Developed Remove instrumental abberations/
2 Calibrations

Met Data
5 min

Python BC EC C0O-CO,-CH;
Pipeline 10 min onny 1 min

3 sigma correction

Hourly average

Pressure, Temperature and other Correction

Figure 2.6 Schematic showing the working of a python pipeline developed to analyse the raw
data from various instruments.
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2.3 Satellite Data

2.3.1. CALIPSO
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Figure 2.7 Block diagram and image of CALIPSO payload that consists of CALIOP lidar and
two passive sensors (Extracted from: https://earth.esa.int/web/eoportal/satellite-missions/c-
missions/calipso).

In this study, we have utilised the aerosol vertical profile obtained for a period from 2006
to 2017 over the 1°x1° region around the site from the level 2 version 4 profile products
(5 km horizontal resolution) of “Cloud-Aerosol Lidar with Orthogonal Polarisation” or
CALIOP which is aboard the “Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations” or (CALIPSO) (Winker et al., 2009). CALIOP (Figure 2.7) transmits two
linearly polarised laser pulses at 532 nm and 1,064 nm and measures the backscattered
energy through a receiver for the backscattered signal at 1,064 nm and orthogonal
polarizations of the backscattered signal at 532 nm. To analyse this data, first, the
atmospheric features are detected by a selective, iterated boundary location algorithm.
Second, the atmospheric features are identified by a Scene Classifying Algorithm, then
backscatter and extinction coefficient of those features are retrieved using a Hybrid
Extinction Retrieval Algorithm (Winker et al., 2009). This data is further screened by a
rigorous screening technique described by Winker et al. (2013) and the range of various

quality flags used currently is described as under. Atmospheric volume description

32



(AVD) flag is used to identify and filter the aerosol pixels. AVD range bins of ‘clean air’
- 1 and ‘aerosol’ - 3 are included. Cloud-Aerosol Discrimination (CAD) values as
provided by Liu et al., (2009) are used to screen out cloudy profiles. CAD score ranging
between 70 to 101 is used to filter the cloud-free pixels as they signify high confidence
(Liu et al., 2009). Only the extinction quality control flag of values 0 and 1 signifying
extinction retrievals of high confidence are included. Uncertainty flags with values > 99.9
are excluded in the study. Additionally, data, where laser energy is < 0.08, is rejected.
Further details of the uncertainty and its propagation in various aerosol parameters can
be found in Young et al., (2013). The aerosol optical depth of the integrated profile
around the 1°x1° region of the site is also used for analysing the trend over the period
from 2006 to 2017.

2.3.2. Measurement of Pollution in the Troposphere
(MOPITT)

MOPITT
CERES

Figure 2.8 MOPITT and other instruments on board Terra are shown (Extracted from:
https://mopitt.physics.utoronto.ca/).

MOPITT is an eight-channel radiometer onboard the Terra spacecraft (Figure 2.8) which
uses gas correlation spectroscopy to provide vertical distribution of CO. It achieves
global coverage in about 3 days with a swath width of 600 km (Drummond, 1992). In the

present study, we have utilised MOPITT version 9 Level 2 retrieval products from 2014

33



to 2017 having both thermal and near-infrared spectral band information (MOP02J) as it
provides more accurate information in the lower troposphere (Deeter et al., 2014).
Further, only the daytime retrievals are used as they provide better thermal contrast
conditions compared to night time (Deeter et al., 2017). Version 9 includes revisions to
the cloud detection algorithm and an improved calibration strategy for the Near-Infrared
channels compared to its predecessors (Deeter et al. 2021). MOPITT CO data thus
filtered is then compared against the observed CO which is first smoothed with a priori
profiles and averaging kernel matrix following Deeter et al., 2014 to ensure direct

comparability between the satellite retrievals and observations.

2.3.3 Moderate Resolution Imaging Spectroradiometer
(MODIS)
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Figure 2.9 External view of MODIS along with its sub-systems. (Extracted from:
https://commons.wikimedia.org/wiki/File:MODIS_sensor.png).

Fire Counts: MODIS is an instrument (Figure 2.9) onboard two satellites of the earth
observing system i.e., Terra and Aqua. The MODIS collection 6 versions 6.2 (combined
Aqua and Terra) fire product is used in the study to gain information about the geographic
location of fire. Collection 6 uses an updated algorithm that addresses the former
limitations such as the occurrence of false alarms due to small forest clearings and the

omission of large fires obscured by thick smoke (Giglio et al., 2016). The MODIS fire
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detection algorithm uses the 4, 11, and 12-um brightness temperatures derived from the
corresponding 1-km MODIS channel and more details about the algorithm and its
validation are available in Giglio et al., 2016. In the study, we have used fires in the
Northern Indian region i.e., for the latitude range of 24 - 35° N and longitude range of 70
- 89° E. Additionally only the night time data with confidence levels greater than 80%
were preferred because of the greater sensitivity of the satellite sensors as compared to

that of daytime.

Aerosol Optical Depth (AOD): We have assessed the trend in aerosol optical depth over
the region using daily level 3 MODIS Collection 6.1 data over a 1° x 1° region around
the site from 2007 to 2017. A combined dark target (for dark surfaces) and deep blue (for
bright surfaces) product is used in the analysis as it is recommended for long-term studies
over land (Wei et al., 2019). The combined product benefits from the strengths of
individual dark target and deep blue algorithms (Levy et al., 2013) and remains
unchanged in collection 6. While AOD from MODIS aboard both AQUA and TERRA
show similar performances in terms of trend, Aqua AOD is found to be more accurate
hence trends from both AQUA and TERRA are shown (Wei et al., 2019). 2.4. Models
Used in the Study
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2.4 Models

2.4.1. HYSPLIT Back Air Trajectories
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Figure 2.10 5-day backward, 27-member ensemble, trajectories reaching the observation site
(square box) on 22 April. The black squares within trajectories are marked at interval of 24
hours. The colour bar on the left shows the height of the trajectory.

The influences of air masses reaching a particular observation site mainly depend on the
origin and path of the air masses. To assess the influences of the different air masses, 5-
particle, and 5 days backwards isentropic air trajectories from HYSPLIT (Hybrid Single-
Particle Lagrangian Integrated Trajectory model) (Draxler and Rolph, 2003) have been
calculated. Five particle backward air trajectories (four corners and one centre) were
calculated around a 1° x 1° grid box centred at the observation site (29.4° N, 79.5° E). It
has been shown that the accuracy of the determined trajectories is generally ascertained
from the spatial and temporal resolution of the meteorological data used in the simulation
(Naja et al., 2003). We have used 6-hourly archived GDAS meteorology data at a
resolution of 0.5° x 0.5° in the present backward air trajectory simulations. Here,
backward air trajectories were simulated to study the influence of air masses during the
biomass-burning period. Extensive analysis of backward air trajectories has shown that
most air masses arrive at Nainital from the northwest in winter (January) and are of
distant origin. On the other hand, the air masses move faster and come mainly from
northern India in spring. Influences of southwest air masses are seen in the summer
monsoon period. After the withdrawal of the southwest monsoon, contributions of air

masses from the northwest again dominate in October and November.
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2.4.1.1 Concentration Weighted Trajectories

To determine the relative contribution of possible source regions of OC and EC at the
observation site, concentration weighted trajectory (CWT) analysis (Wang et al., 2009)
is performed. For this analysis, the whole area is divided into grid cells of 0.5°x 0.5° and
each of these cells is assigned a residence time (based on endpoints) weighted observed
concentration. We have used 5-particles and 5 days backward trajectories (as mentioned
in the previous section 2.3) in this analysis. This analysis is performed for the
concentrations of OC, EC, and OC/EC ratio. The method provides the concentration field
as a function of the measured OC, EC or OC/EC and the residence time of a trajectory

arriving at our site. This can be expressed as -

1 M
Cy = <o 2 T
I=1

Z.!:] Trﬂ

(2.2)

where Cjj is the average weighted concentration in the ij" cell. | is the index of the
trajectory, ci is the concentration observed on the arrival of trajectory 1 and tij is the time

spent in the ij'" cell by trajectory I. M is the total number of trajectories.

2.4.2 OPAC and SBDART Simulations for Radiative Forcing
Estimation

In the present study, annually-averaged direct aerosol radiative forcing was estimated
using a plane-parallel radiative transfer model known as the Santa Barbara Discrete
Ordinate Radiative Transfer model (SBDART; Ricchiazzi et al., 1998). The steps in
estimating the radiative forcing are shown in Figure 2.11 and the same is described here.
Some aerosol optical properties i.e., the aerosol optical depth (AOD), the single
scattering albedo, the asymmetry parameter and the Angstrém exponent due to a mixture
of aerosols were used as input to SBDART. These spectral optical properties were
derived using the OPAC (Hess et al., 1998). About the composition of aerosols at the
site, the aerosol mixture in OPAC was selected to be composed of soot, water-soluble,

insoluble, mineral (nuclei and coarse mode) at an RH of 50%. Annual EC concentration
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measured using an OC-EC analyzer was fixed and used as a representation of soot. The
number density of all other aerosol components in OPAC was adjusted to match the
climatological (2005-2012) mean of AOD and Angstrém exponent at the site within 3%
of the OPAC estimated values of both parameters. The model is constrained with EC and
AOD measurements to ensure that the initial assumption of the model do not significantly
impact the ARF estimation (Srivastava et al., 2012a). This methodology has been
validated and widely incorporated in former studies (Kumar et al., 2011, Shaik et al.,
2017). It is known to have an accuracy of +2 Wm™ (Satheesh and Srinivasan, 2006).

Aerosol mixture :
“* Soot (Measured BC)

-

Water soluble and insoluble aerosols
** Minerals (nuclei and coarse mode)

Optical Properties of Aerosols and clouds (OPAC)

¥

Aerosol Optical depth,
Single Scattering Albedo,
Asymmetry Parameter
Angstrom Exponent

Number density of aerosols adjusted to get match of upto 3% with
the (2005-2012) mean AOD measured at site.

SBDART Radiative Transfer Model

L

Aerosol radiative forcing (0.25-4pm) at surface, top of the atmosphere
and in the atmosphere

Figure 2.11 A flow chart showing the steps in retrieving the radiative forcing due to
carbonaceous aerosols.

SBDART was run with the former inputs of spectral optical properties from OPAC, a
tropical atmospheric profile and spectral surface albedo set as a mixture of sand (20%)
and vegetation (80%) following Kumar et al., (2011). The output of SBDART was
obtained for fluxes in the shortwave region (0.25-4pum) with and without aerosols. The

38



ARF at any level was then described as the difference in the net change in flux (down-
up) at any level with and without aerosols. These runs were made at hourly intervals
every day for a whole year to result in two cases: (1) forenoon (06 - 09 hour) averaged
ARF and (2) afternoon (14 - 17 hours) averaged ARF.

2.4.3. MERRA- 2

The “Modern-Era Retrospective analysis for Research and Applications”, Version 2
(MERRA-2) is an improved version of the original reanalysis product MERRA (Gelaro
etal., 2017). MERRA-2 incorporates data from various satellite-based observations and
emission datasets. It provides reanalysis data from 1980 to the present at a resolution of
0.5° % 0.625°. It contains 72 hybrid-eta levels starting from the surface to 0.01 hPa using
version 5.12.4 of the “Goddard Earth Observing System Model” (GEOSS5) atmospheric
data assimilation system (Rienecker et al., 2008). In this work, we have utilised MERRA-
2 reanalysis surface CO data from Jan 2014-Dec 2017 accessed through the NASA
“Goddard Earth Sciences Data Information Services Center” (GES DISC).

2.4.4. WRF-Chem

To simulate the temporal and spatial distribution of carbon monoxide (CO) and black
carbon (BC), a regional chemistry transport model “Weather Research and Forecasting
model coupled with Chemistry” (WRF-Chem) version 3.9.1 is used. The model domain
spans the entire India with 350 grid points in the east-west and 380 grid points in a north-
south direction at 10 km spatial resolution. The model has 51 vertical levels from the
surface up to 10 hPa with 7 levels located within 1 km from the surface. The different
parameterization schemes used to represent physical and chemical processes in the model
are listed in Table 2.1. The gas-phase chemistry used for the model setup is Model for
Ozone and Related Chemical Tracers, version 4 (MOZART-4). The aerosol processes
are represented by a simple aerosol scheme called Goddard Chemistry Aerosol Radiation
and Transport (GOCART), which include five different aerosol species, viz., black
carbon (BC), organic carbon (OC), and sulphate aerosols in bulk mode and size-resolved
dust and sea salt particles. These aerosols are internally mixed and BC particles are

present in hydrophilic and hydrophobic modes. Total BC mass is defined as the sum of
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BC in the above two modes. The input BC emissions are assumed to occur in

hydrophobic mode and with an e-folding lifetime of 2.5 days, it could be converted to

hydrophilic mode. These BC particles are removed from the atmosphere through wet and

dry deposition. Further details of the model setup are described in Bhardwaj et al., (2021).

Table 2.1 List of parameterization schemes used in the WRF-Chem setup.

Atmospheric Process

Parameterization

Cloud Microphysics

Thompson Microphysics

Long-wave Radiation

Rapid Radiative Transfer Model-G

Short-wave Radiation

Rapid Radiative Transfer Model-G

Surface Layer

Monin-Obukhov (Janjic Eta)

scheme
Land Surface Model Unified Noah Land-surface model
Planetary Boundary MYNN2
Layer
Cumulus Grell-Freitas Ensemble Scheme
Photolysis TUV —revised
Dry Deposition Wesely Scheme

To track the contribution of different sources of tropospheric CO, four artificial species

“tracers” are added to the model configuration. These tracers undergo the same

atmospheric processes as standard CO molecules. The four tracers represent

contributions from anthropogenic emissions (CO_ANTH), biomass burning emissions

(CO_BB), photochemical production from non-methane hydrocarbon emissions within
the domain (CO_CHEM) and inflow of CO from lateral boundaries (CO_BDRY) which
include contributions from all other CO sources outside of the domain. The model
simulations started on 1% Dec 2014 UTC and ended on Jan 1%, 2016. The first month
(Dec 2014) of model output is not used in this analysis and it is discarded as model spin

up. The model output is archived at every hour and time series of one year is extracted

over desired spatial and vertical regions for detailed analysis.
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Chapter 3

Characteristics of OC and EC in PM 2.5:
Radiative Forcing Estimates and Role of
Meteorology and Biomass Burning

This chapter presents the results from the first-ever four-year continuous online
observations of OC and EC in the Himalayan region. It begins by describing the
advantages of such online observations as opposed to offline observations especially in
revealing the diurnal variations. It then sequentially unravels the temporal variation of
these aerosols while comparing these with other sites and studies. Then it evaluates the
role of meteorology, transport and biomass burning in the observed variations. Finally,
it shows the importance of including the radiative forcing at the diurnal scale in such
sites.

3.1. Introduction

In the desire of economic growth, large dependence on carbon-based fuel has led to a
substantial increase in atmospheric carbonaceous aerosols on a regional scale,
particularly in the developing world, as shown by modelling works (e.g., Adhikary et al.,
2007) and data from ground-based networks (e.g., Krishna Moorthy et al., 2013). The
presence of these carbonaceous aerosols critically affects several atmospheric processes
and has deteriorating impacts on human health (Ramanathan and Carmichael., 2008;
Kennedy, 2007). The study of carbonaceous aerosols is particularly important due to their
direct impact on radiation budget (Satheesh, 2002), their influence on glacier retreat (Lau
et al., 2010) and their indirect effect in altering cloud properties (Ackerman et al., 2000;
Tao et al., 2007), and thus acting as short-term climate forcers. However, assessment of
the overall impact of these aerosols is a challenging task because of the large spatial and
temporal variations (Beegum et al., 2009; Kaskaoutis et al., 2009; Babu et al., 2011; Qin
and Xie, 2012), types of mixing states (Chandra et al., 2004; Shiraiwa et al., 2007,
Kaskaoutis et al., 2010) and dynamic atmospheric processes (Satheesh et al., 2008;
Kaskaoutis et al., 2017).
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Carbonaceous aerosols are mainly composed of organic carbon (OC) and elemental
carbon (EC). Though in general emitted together, OC and EC, differ greatly in their
optical and chemical properties and, hence, have different impacts on the earth’s
atmosphere. OC comprises organic compounds (aliphatic, aromatic compounds and
acids) and is hygroscopic thereby acting as cloud condensation nuclei (Safai et al., 2014
and references therein). EC is hydrophobic (Petzold et al., 2013). OC scatters solar
radiation, while EC is an efficient absorber. Both are generally generated from
combustion at low temperatures with low-oxygen availability. OC, however, can also be
formed by secondary origin. Despite these important properties and impacts, there are
limited observations of carbonaceous aerosols in South Asia. Over India, few sample-
based offline measurements of OC and EC are available (Rastogi et al., 2009; Ram et al.,
2010; Satsangi et al., 2012). These observations are mostly campaign-based and vary in
terms of the sampling interval. Offline analyses of samples have a risk of contamination
due to delayed analyses. Offline measurements are also known to suffer from positive
and negative artefacts because of the presence of volatile species. These volatile species
may change during collection, transportation, storage and analysis that follows in offline
measurements (Chow, 1995; Cheng et al., 2010). The datasets generated during offline
sampling are not large enough to enable source/receptor modelling or human exposure
studies for shorter periods of time i.e., in days or weeks (Wexler and Johnston, 2008;
Morishita et al., 2011). Also, the very nature of offline measurements integrates the
whole diurnal variation of the concentrations. This slow response and low time resolution
of offline measurements bars the assessment of connections between variations of
aerosols and meteorological parameters during a given day (Witting et al., 2004;
Timonen et al., 2010). This further also limit assessing diurnal variations of important
parameters such as radiative forcing, which is crucial in high-altitude sites (Reddy et al.,
2015). Therefore, the online measurements of OC and EC which provide higher time
resolution, are relatively cheaper, require lesser interventions, suffer lesser contamination
and have lower artefacts because of faster analysis (Malaguti et al., 2015) are more

suitable for high-altitude locations.

Despite the scientific attention on carbonaceous aerosols, systematic and high-resolution
online observations are still very limited in South Asia. Such observations are non-

existent in the Himalayan region, which has a complex topography and lies close to
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polluted regions like the Indo-Gangetic Plain (IGP) (Joshi et al., 2016). In this work, we
present the first long term online observations of OC and EC from a high-altitude location
in the Central Himalayas (ARIES, Nainital) during the period of 2014-2017.
Observational techniques for observations of OC and EC along with the description of
the site and meteorology are already discussed in Chapter 2. Here, firstly the temporal
variations of OC and EC on diurnal and seasonal scales are presented and compared with
those from other sites and offline measurements. The influence of long-range transport
and the boundary layer dynamics on these species are further analysed. Later, the role of
biomass-burning, the effect of meteorological variations, the diurnal nature of radiative
forcing and the formation of secondary organics is discussed. This work thus fills the
large gap in our current understanding of carbonaceous aerosols, particularly organic
carbon in the high-altitude sites of the Himalayas.

3.2. Results and Discussions

3.2.1. Diurnal Variations

Average diurnal variations in OC and EC during the study period (2014-2017) with
segregation in four seasons namely winter (Dec, Jan, Feb), spring (Mar, Apr, May),
summer-monsoon (Jun, Jul, Aug) and autumn (Sep, Oct, Nov) are shown in Figures 3.1
and 3.2, respectively. Table 3.1 summarizes the monthly and seasonal variations in OC,
EC and OC/EC ratios. The monthly average OC concentration varies from 2.9 ug m to
12.4 ug m= and the EC concentration varies from 1.1 pg m to 3.2 ug m=. Generally,
higher daytime concentrations are observed in almost all months except the ones affected
by the monsoon. The diurnal variations in OC and EC are most prominent during winter
with a maximum diurnal amplitude of 5.5 pg m™ and 1.8 ug m, respectively (Table
3.1). Slightly lower diurnal amplitude is observed in spring. The diurnal amplitude has

been at its lowest in the summer monsoon period.
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Table 3.1 Statistical summary of monthly and seasonal variations in EC, OC and OC/EC ratio
for the period of 2014-2017 Nainital.

ocC (g m3) EC (Ug M) OC/EC

Month | Count Diu Diu

avgzstd min  max %var® | avg+std Min  max %var® avg
Amp* Amp*

Jan 831 9.716.0 5.7 12 395 62 2.2+1.3 2.2 05 86 59 4.4
Feb 1006 9.245.3 6.1 1 26.4 58 3.2£1.9 2.1 08 113 59 2.9
Mar 970 8.415.6 7.5 09 327 67 3.1+1.9 2.2 05 96 61 2.7
Apr 982 12.4+9.7 8.3 1 56.7 78 3.0£1.7 1.6 0.7 113 57 4.1
May 1392 | 10.4£7.0 4.8 15 658 67 2.7£15 0.7 0.5 12 56 3.9
Jun 1834 8.2+3.8 24 1 40.3 46 2.3£1.1 0.5 05 6.7 48 3.6
Jul 495 2.91£1.3 1.3 07 111 45 1.1+0.4 0.5 05 32 36 2.6
Aug 1103 3.311.6 14 0.7 105 48 1.2+0.5 0.4 05 37 42 2.8
Sep 724 4.9+1.9 14 1 11.3 39 1.840.6 0.4 06 41 33 2.7
Oct 540 6.1+4.1 6.5 09 232 67 2.0£1.0 1.6 05 51 50 3.1
Nov 558 9.4+5.3 6.6 18 455 56 2.6£1.3 1.6 05 81 50 3.6
Dec 549 9.2+4.8 4.8 14 26 52 2.6x1.3 14 05 6.2 50 3.5
DJF 2386 9.4+5.5 5.5 1 39.5 59 2.7£1.7 18 05 113 63 35
MAM 3344 | 10.4x7.7 5.4 0.9 658 74 2.9+1.7 14 0.5 12 59 3.6
JIA 3432 5.9+3.9 12 0.7 403 66 1.8+1.1 0.3 05 6.7 61 3.3
SON 1822 6.6+4.3 4.3 09 455 65 2.1£1.0 0.9 05 81 48 3.1
Annual | 10984 8.116 3.1 0.7 658 74 2.4+£1.5 1.0 05 120 63 34

“ Diu Amp is the diurnal amplitude, which has been calculated as the difference of the

maximum and minimum values of the diurnal means in each month for 2014-2017.

$yVar is the %Variability, which is (standard deviation x 100)/ average.
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Figure 3.1 Boxplot showing diurnal variations in hourly averaged OC concentration during
2014-2017. In boxplots, the lower and upper edges of the boxes represent the 25th and 75th
percentiles, respectively. The whiskers below and above are the 10th and 90th percentiles and
the outliers in the boxplot show the 5th and 95th percentiles. The green triangle inside the box
represents the mean and the solid lines inside the box represent the median. The monthly mean,
standard deviation and number of observation counts are also mentioned for each month.
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Figure 3.2 Same as figure 3.1 but for EC.

The higher daytime concentrations of OC and EC are mainly attributed to convective
heating and the boundary-layer dynamics which bring the polluted air from the lower
valley region to the observational site during daytime (Naja et al., 2014). This process is
intense and occurs for a longer duration in spring when solar heating is highest (Figure
2.2). There is no industry in Nainital; automobiles are the only possible source of
emissions. Major sources of pollutant emissions are at lower altitude regions. The
absence of a significant diurnal variation in the OC and EC concentrations during July,
August and September are due to monsoon rainfall and consequent wet scavenging. In
India, available published works about observations of OC and EC exist only at two
urban sites in central India i.e., at Delhi (Tiwari et al., 2013; Srivastava et al., 2014) and
inwest Indiai.e., at Pune (Safai et al., 2014). Unlike the unimodal distribution in Nainital,
both these sites show a bimodal diurnal variation having higher concentrations during
the morning period (0800-1000 hours) and late evening period (2000-2300 hours). Both
these cities are highly industrialized and dominated by a high traffic density of
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automobiles. These morning and night periods coincide with local peak traffic and lower
mixing-layer depth. To our knowledge, no published results are showing diurnal
variations in OC and EC from a high-altitude site during a year. Therefore, the current

work is the first with continuous aerosol observations at a mountain site.

Figure 3.3 shows the average diurnal variations in OC and EC during winter, spring,
summer-monsoon and autumn seasons. Seasonal amplitudes are more-or-less similar
during spring and winter, but daytime values are somewhat higher during spring. A clear
daytime enhancement in OC and EC is also seen during autumn with amplitudes of about
4.3 ug m2and 0.9 ug m=3, respectively. The summer-monsoon period shows a very small
enhancement in OC and EC during the morning with amplitudes of about 1.2 ug m= and
0.3 pg m3, respectively. Also, the diurnal peak in spring is broader than the observed
during winter, which is mainly due to the longer duration of the day in spring as compared
to that in winter. This longer daytime in spring increases the period of higher boundary-
layer heights at the site, responsible for bringing the valley pollutants to the site for a

longer period on a day.
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Figure 3.3 Average diurnal variations in OC and EC concentrations during winter (DJF), spring
(MAM), autumn (SON) and summer-monsoon (JJA) at Nainital in 2014-2017 period. The vertical
bars denote one standard deviation from the mean.
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3.2.2 Annual Variations

Frequency distributions of OC and EC during winter, spring, summer-monsoon and
autumn are shown in Figure 3.4. Broadly, OC shows maximum contribution in the range
of 2.5-7.5 ug m= during all four seasons. EC shows a broad maximum contribution in
the range of 0.5-2.5 pg m™. The highest percentages of low concentrations for both OC
(0-5 pug m?) and EC (0.5-1.5 pg m®) are from summer-monsoon as expected. This
supports the conclusions drawn earlier about the settlement of pollutants during the
monsoon resulting in the greatest percentage of decreased concentrations. Greater
contribution to a higher range of concentrations in both species (OC: 7-45 ug m; EC:
2.5-8 ug m) is mainly from the winter and spring seasons. Further, % distributions are
significantly skewed towards lower concentrations; this observation leads to the
compulsion that the present site remains normally a remote one, with low OC and EC
concentrations, while higher ones occur mostly as perturbations caused by the boundary-
layer dynamics and transport especially during spring. Possible reasons for the winter
high concentrations could be due to local burning for heating; this issue will be discussed

in the subsequent Sections.
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Figure 3.4 Percentage frequency distribution of OC and EC during winter, spring, summer-

monsoon and autumn. The x-axis label of 0.0 represents the OC range 0.0-2.5 ug m*, 2.5

represents the OC range of 2.5-5.0 pg m™ and so on. In the case of EC, the label of 0 represents

a range of 0-0.5 pg m?, 0.5 represents a range of 0.5-1.0 pg m™ and so on.
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Daily and monthly mean variations in OC and EC are shown in Figure 3.5. The monthly
mean OC and EC concentrations are maximum in April-May (10-12 pg m?®) and
February-April (about 3 ug m), respectively. There is a drastic decrease in OC and EC
concentrations in July to average values of 2.9+1.3 pug m™ and 1.1+0.4 pg m=,
respectively, which is almost less than half the values that prevail in other seasons. The
percentage variability for each month is also given in Table 3.1. Largest variability in
OC and EC is observed during April (78%) and March (61%) respectively, and minimum
variability in September for both OC (39%) and EC (33%). Seasonally, OC shows the
most variability of 74% in spring followed by summer-monsoon and autumn (66%) while
the least variation was observed in winter (59%). On the other hand, EC did not show
such prominent seasonal distribution of variability. Although the least variability of 48%
was observed in autumn, for the other seasons, variability remained close to 60%. This
variability indicates that OC might be dominated by different and variable sources of

emissions or chemistry, particularly in the spring season.

EC concentrations remain high from winter to spring while such persistent higher
concentrations are not observed in OC. Relatively higher concentrations of OC and EC
during spring are possibly a result of greater dilution due to a deeper boundary layer
because of higher temperature, solar radiation and wind speed in this season as is evident
from Figure 2.2. The role of the boundary layer and biomass burning in this context will
be described in Section 3.2.5. The peak in OC value is in April and May could also be an
indication of the increased formation of secondary organic carbon, which is favoured by

the greater solar flux in these months. This will be discussed further in Section 3.2.6.

OC and EC both show higher concentrations during daytime in their diurnal variations;
therefore, their monthly variations in noontime and night time concentrations of OC and
EC are also studied to quantify the amount of enhancements. Figure 3.5 shows the
noontime (1300-1600 hours) and night time (0100-0400 hours) mean variations in OC
and EC. Both noontime and the night time average of OC and EC are lower. Similar
values are observed during monsoon affected months i.e., June, July, August and
September, leading to show about a unit ratio between them (Table 3.2). Otherwise, the
noontime values are prominently higher before and after monsoon periods. Noon to night

ratio is more than double for OC during post-monsoon (October and November), while
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they are about 1.5 during winter and spring. Similarly, the noon to night ratios of the EC

is about 1.7 during post-monsoon, winter and spring. Such a different variation in their

noontime to night time ratios suggests a varying process that governs their variability.
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Figure 3.5 Boxplot showing annual variations in monthly averaged OC and EC concentration
during 2014-2017. In boxplots, the lower and upper edges of the boxes represent the 25th and
75th percentiles, respectively. The whiskers below and above are the 10th and 90th percentiles
and the blue-circles outliers depict the 5th and 95th percentiles. The black square inside the box
represents the mean and the pink solid lines inside the box represent the median. The daily mean
data points are shown as grey points. Noon (1300 - 1600 hr IST) and night (0100 - 0400 hr IST)
time monthly averages are also shown. The error bars represent one standard deviation from the

mean.
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Table 3.2 Average noontime (1300 - 1600 hours) and night time (0100 - 0400 hours)
concentration of OC and EC during winter, spring, monsoon (June, July, August and September)
and post-monsoon (October and November) periods. The ratio of noontime to night time is also
shown.

OC (ug m) EC (ug m3) OC ratio EC ratio
Noon Night | Noon | Night | (Noon/Night) | (Noon/Night)
Winter 114458 | 7.5+4.8 | 3.6£1.9 | 2.0£1.2 1.52 1.74
Spring 12.4+7.4 | 8.5+8.0 | 3.6£1.8 | 2.4+1.6 1.46 1.46
Monsoon 5.8+35 | 5.3+£3.4 | 1.8£1.0 | 1.7£0.9 1.08 1.07
Post 11.445.4 | 55+3.6 | 3.2£1.3 | 1.8+0.9 2.08 1.73
monsoon

3.2.3 A Comparison with Other Studies

Offline sample analyses were made for OC and EC using sample collections of total
suspended particulate matter (TSPM) at Nainital from February 2005 to July 2008 (Ram
et al., 2010) and are also shown in Figure 3.5. The seasonal variations in OC and EC,
reported by Ram et al., (2010), are similar to those of the present study but their average
concentrations are somewhat at a lower range of standard deviations of present
observations, particularly for EC. At first instance, the higher concentrations during
2014-2017 than those of 2005-2008 could indicate the increased emissions levels in the
region. But on the other hand, the OC concentrations are found to be somewhat higher at
times during 2005-2008 than the mean value during 2014-2017. This could be due to the
limitation of the offline analysis that used fewer samples and could not be well
representative of the month and region. Additionally, differences in the methods of
sampling (online in this work and offline in the previous study), size of the particulates
analysed (PM 2.5 in this work and TSPM in Ram et al., 2010), number of samples
collected (10,984 in this work and 86 in Ram et al., 2010) and different observational

period could also add to the causes of deviation between the two works.

Sample collections of TSPM from another high-altitude site in western India (Mt Abu)
and their offline analysis of OC and EC showed average concentrations of 3.7 ug m=and
0.5 ug m3, respectively, during March 2005 — February 2006 period (Ram et al., 2008).

These values are about half of those observed at Nainital during February 2005 - July
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2008 (Ram et al., 2010) and about four times less than the current measurements. It is to
be noted that observations are reported to be only from two high-altitude observation
sites (Nainital and Mt Abu) in India. Online analysis of EC (10.4 pg m=) and OC (54.1
ug m ) during November 2010 - February 2011 showed 4-6 times higher concentrations
at Delhi (Tiwari et al., 2013) than that at Nainital. Similarly, OC and EC concentrations
are observed to be significantly higher at Pune (Safai et al., 2014) and Kanpur (Ram et
al., 2012) than at Nainital in all months. Another highly urbanized city in western India,
Ahmedabad (Rastogi et al., 2009) do not show much higher concentrations, which are
somewhat comparable in July and August. A high-altitude site (~1300 m a.m.s.l), Bode,
Kathmandu in Nepal showed significantly higher concentrations of OC (13-105 pg m)
and EC (4.8-17 pg m™) during April 2013 - April 2014 (Wan et al., 2019) than those at
Nainital.

3.2.4 Influence of the Boundary-Layer Height and
Meteorological Parameters

Figure 3.6 shows the variation of OC, EC with the boundary-layer height during 1130-
1630 hours in all seasons. EC and the boundary layer height shows a positive covariation
during spring and summer-monsoon, particularly until EC reaches a value of about 4 ug
m=, OC shows a positive covariation until OC obtains a value of about 15 pg m=. The
present site is a cleaner high-altitude site that remains above the boundary layer
especially in the nighttime (Shukla et al., 2014; Naja et al., 2016). The upslope winds
carry the pollutants from low altitude polluted regions to the site in the daytime. In the
night time, the cleaner-upper air flushes down with the reduction in the boundary layer.
Therefore, unlike the low-altitude urban sites which show a bimodal variation (Safai et
al., 2014) in EC and OC which is inversely related to the boundary-layer height, a high-
altitude clean site experiences unimodal pollutant concentrations (Figure 3.3) directly
related to PBL. A similar unimodal diurnal variation has also been observed in black
carbon in another study (Dumka et al., 2010). For concentrations of EC higher than 4 ug
m3, and OC higher than 15 pg m, this variation tends to stabilise but still lies in the
higher boundary-layer side. This indicates that very high values of OC and EC might
have been due to horizontal transport of air masses once the boundary layer reached a

sufficient height. This behaviour is most prominent in spring and declines thereafter. The
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boundary layer height remains substantially low after the monsoon season (refer to
Figure 2.1) and OC-EC does not show an increase with the boundary-layer height during
autumn and winter. Therefore, the boundary-layer process has the least contribution to
showing secondary maximum in OC and EC during autumn and winter. This indicates
that the higher concentration during this period is not a direct result of the pollutant lift
due to the evolution of the boundary layer. This implies that the greater concentrations
in autumn and winter are most likely due to local activities like household burning for
heating during the cold period when the temperature drops sharply after October and
remains low until February over this site.

Figure 3.7 shows the diurnal variation in OC, EC, RH, wind speed, temperature and solar
radiation averaged for 2014-2017. OC, temperature, solar radiation and RH have been
scaled down by factors of 3, 5, 150, 15, respectively, to fit plots in the same graph. The
observation site experiences a dry period from October to May when the average RH is
less than 56% and the average rainfall is less than 47 mm. During these months, the
diurnal variation in temperature, solar radiation and wind speed tends to have a greater
influence on the diurnal variation of OC and EC. Greater temperature and solar radiation
during the daytime along with low wind speed lead to increased OC-EC concentrations.
On the other hand, lower temperature and no solar radiation during the night time along
with high wind speed led to greater ventilation, which consequently results in a reduced
concentration of OC and EC. It is also interesting to note that both OC and EC have a
near-simultaneous variation in all months, especially in the night time. This co-variation,
however, tends to break in the daytime during April and May, when a higher OC
concentration precedes the peak in EC concentration. High temperature and moderate
humidity as observed in pre-monsoon are known to support secondary organic carbon
(SOC) formation through the gas to particle conversion (Sandeep et al., 2020 and
references therein). Since EC is only formed by primary sources, this precedence and the
higher concentration of OC in April and May is a result of increased SOC formation
during this period.
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Figure 3.6 Variation of (a) OC and (b) EC with the boundary-layer height for 1130-1630 hours
IST for winter, spring, summer-monsoon, and autumn. Smaller symbols show daily means and
binned data are shown in the same colour scheme with a larger size. Spread in x and y axes in
the binned data are one standard deviation from the mean.
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Figure 3.7 Diurnal variation of OC, EC, RH, wind speed, temperature and solar radiation
averaged for all 2014-2017. OC, temperature, solar radiation, and RH have been scaled down
by factors of 3, 5, 150, 15, respectively, to fit all plots in the same graph.

The months from June to September are affected by the summer monsoon and have an
average RH of 87% and an average rainfall of 430 mm, which is the highest in the whole
year. Thus, although the temperature is high during this period, the concentrations of OC
and EC are low due to the removal of OC by cloud scavenging below (Pruppacher and
Klett, 1978; Kulshrestha et al., 2009). Additionally, both the negative slope and
determination coefficient of OC with RH is relatively greater (Table 3.3) than that of EC,
thus showing the hygroscopic nature of OC compared to the hydrophobic nature of EC.

The determination coefficient between temperature and OC-EC is not as strong as
expected. This is mainly due to the contribution of monsoon-affected months when the
temperature is high, but the OC-EC concentrations remain low. Further, the positive
slope of wind speed with OC-EC indicates that an increase in wind speed is probably
increasing the OC-EC concentration, except in the dry months when an increase in wind

55



speed is indeed negatively related to the OC-EC concentrations. Thus, the overall
correlation of temperature and wind speed with OC-EC is strongly influenced by the
weather in the wet months and fails to show the actual processes. It could also be seen
that the analysis of diurnal variations (Figure 3.7) in OC-EC could reveal dependence on
the meteorological parameters, which is not very clear with their daily average analysis
(Table 3.3) as in offline measurements; however, it highlights the importance of

continuous online observations.

Table 3.3 Correlation of OC and EC with meteorological parameters observed at Nainital during
2014-2017.

oC EC

Meteorological parameter | Period | slope | r?> |slope | r?
Solar Radiation (W/m?) Daily |0.01 0.75 |0.003 | 0.67
Temperature (°C) Daily |-0.05 |0.001|0.01 |0.02
Relative Humidity (%) Daily |-0.15 [0.48 |-0.01 |0.38
Rainfall (mm) Daily |0.01 0.28 |-0.01 |0.32
Wind Speed (m/s) Daily | 0.89 052 |0.16 |0.38

Day 0.04 091 |0.01 |0.95
Residence Time Night | 0.03 0.90 |0.01 |0.87

3.2.5. Influence of Slow-Moving Air Masses and Biomass
Burning

We have assessed the influence of slow-moving winds on OC and EC concentrations.
Thus, to assess this effect, we have estimated the residence time of air masses in the
region of a 1°x1° square around the observation site, utilising 5-particle and 5-day
backward air trajectories. The residence time of a trajectory arriving at the site is defined
as the number of points associated with that trajectory in the 1°x1° square around the site.
The residence time is estimated using backward air trajectories for their arrival during
daytime (1530 hours) and night time (0130 hours), which are associated with the OC and
EC concentrations during daytime (1400 — 1700 hours) and night time (0000 - 0300
hours), respectively. It is observed that the concentration of both OC and EC increases
with an increase in the residence time of the air masses (Figure 3.8). As expected, both
OC and EC show consistent higher values for all residence times during daytime, when
compared with this night time. Besides, OC shows a higher slope (0.03 and 0.04) during
daytime and night time (Table 3.3) than that in EC. This is again confirming that the
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ageing process is dominating OC in the case of aged air masses and could result in higher
SOC.
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Figure 3.8 Correlation of OC and EC concentration with the residence time of air masses in
daytime and night time during 2014-2017. Backward air trajectories at 1530 and 0130 hours are
correlated with the daytime (1400-1700 hours) and night time (0000-0300 hours) average OC-
EC concentrations for 2014-2017.

Figure 3.9 shows the monthly fire events from Moderate Resolution Imaging Spectro-
radiometer (MODIS) (night time) over northern India. The MODIS data were
downloaded from the NASA Fire Archive (https://firms.modaps.eosdis.nasa.gov/-
data/download/). The MODIS collection 6 versions 6.2 for the latitude range of 24 - 35°
N and longitude range of 70 - 89° E was used here. Night time data were preferred
because of the greater sensitivity of the satellite sensors as compared to that of daytime.
Also, we have considered fire events that had confidence levels greater than 80%. The
higher fire events are seen in spring, particularly in April and May, hence confirming the
period of extensive biomass burning in northern India. Air trajectories arriving from the
fire-affected region during these months coincide with the enhanced OC and EC
concentrations observed at the site. Few such events are shown in Figure 3.10. Monsoon
arrives in mid-June that leads to reductions in fire events. This occurs with a simultaneous
southwestern shift of air masses; this scenario prevails until the retreat of the monsoon

in September. During this period, concentrations of OC and EC remain at their annual
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lows showing the impact of cleaner marine southwestern air masses and contributing to
lower fire events in this period. A slight increase in fire events could be seen in October,
November and December, but their number remains significantly lower than that
observed in spring. Therefore, we feel that enhancement in OC and EC during spring will
have a significant contribution from northern India biomass burning; however, a
secondary maximum in OC and EC during autumn/winter has a lesser contribution from

these fires.
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Figure 3.9 Seasonal variations in MODIS fire events over northern India (24 ° - 35°N and 70°-
89°E) during 2014-2017.
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Figure 3.10 (a) OC, EC, OC/EC and total fire events over northern India from 19 April to 5 May
2016. (b) and (c) show locations of fires observed from MODIS in red and 5-day backward
trajectories of 5-particles in green with a square marker at every 24 hours on 22 22 April and
01 May, respectively.
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Figure 3.10 shows a typical event of enhancement in OC during biomass burning in

northern India. A systematic enhancement in fire events is seen from 22 April to 1 May

2016. A simultaneous enhancement in OC could also be seen during this period.

However, EC shows a somewhat lesser significant increase (Figure 3.10a). Following

the decrease in the fire events, after 1 May, the OC concentrations also decreased. This

is confirmed by backward air-trajectory analysis. It was observed that trajectories were
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Figure 3.11 Concentration Weighted Trajectories for OC, EC and OC/EC during low (18 - 24
Apr 2016) and high (28 Apr - 01 May 2016) fire events.
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indeed, arriving at the observation site from the fire-affected regions of northern India on
1 May (Figure 3.10c) when the fire episodes were significantly higher (257). It could
also be seen that fire events were much lesser (30) on 22 April; hence, the OC levels
were not much higher, despite the arrival of air masses from the same region (Figure
3.10b). The air masses were seen to move faster and contributed to the almost
simultaneous rise in the OC/EC concentrations and increased fire events. Additionally,
the coinciding rise in the OC/EC ratio from 4.6 to 7.9 further convinced that the
enhancement in the concentrations is due to biomass burning (as discussed in Section
3.2.6).

To assess the relative contribution of the regions to these elevated aerosol concentrations
along with fire events, we have performed CWT analysis during low fire events (18 - 24
Apr 2016) and high fire events (24 Apr - 01 May 2016) (Figure 3.11). The higher
concentrations (shown in yellow, orange and red) of OC and EC and ratio OC/EC are
mainly from regions of Himachal, Haryana and Uttarakhand during the high fire events.
These regions coincide with the high fire events shown in Figure 11c. Since the OC/EC
ratio for these events is >2 hence, it is most likely associated with fires corresponding to
biomass burning events. Thus, it further confides that even at this high altitude, the site

is considerably affected by the northern India biomass-burning events during spring.

3.2.6 Ratio and Correlation Between OC and EC

Seasonal correlations of OC and EC are shown in Figure 3.12. A greater positive
correlation (r?>0.9) in all seasons suggests their common origins. The maximum slope
between OC and EC has been observed in autumn and the minimum slope in monsoon
and winter. Generally, the OC to EC ratio of greater than 2 suggests different removal
rates of OC and EC and the existence of secondary organic aerosols (Chow et al., 1996).
During the present study, it is seen that the OC concentrations throughout the period are
much higher than those of EC thus resulting in a high OC/EC ratio with an overall
average of 3.4 (Table 3.1). This ratio ranges from 2.7 in March to 4.4 in January.
Additionally, the OC-EC slopes lower than 4 and greater than 2 indicate high secondary
aerosol formation in the region throughout the period. This is consistent with the previous
offline measurements from the site (Ram et al., 2010) although our values are much lower

than the ones quoted by them.
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The OC/EC ratios have also been used to assess the dominance of biomass burning and
vehicular emissions. This is based on studies about the OC/EC ratios from different
emission sources. Relatively higher ratios (>4) are reported for biomass burning and
lower ratios are attributed to fossil fuel burning (Schauer et al., 2002; Saarikoski et al.,
2008, Safai et al., 2014). During the present study period, ratios of 4.4 and 4.1 are
observed in January and April and they are between 3.5 and 3.9 in May, June, November
and December. It has been shown that April, May, early June, November, December and
January are the periods for the large-scale biomass burning in northern India, either as a
result of crop-residue burning, forest fires or heating purposes. The impact of these
biomass emissions is reflected in these higher OC/EC ratios at the site, while slopes much

lower than 4 indicate the dominance of vehicular emissions in the other months.
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Figure 3.12 Correlation between the OC and EC concentrations in winter, spring, summer-
monsoon and autumn during 2014-2017. Smaller points show daily means and binned data are
shown in the same colour scheme with a larger size. Spread in x and y axes in the binned data is
one standard deviation from the mean.

3.2.7 Effect of Diurnal Variation on Radiative Forcing
Figure 3.13 shows the clear-sky shortwave (0.25 — 4.0 um) averaged direct ARF (Wm2)
at the surface (SUR), in the atmosphere (ATM) and at the top of the atmosphere (TOA)
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for forenoon (0600 - 0900 hours) and afternoon (1400 - 1700 hours) averaged EC. The
procedure for estimating the radiative forcing is discussed in Section 2.3.2. It could be
seen that the afternoon radiative forcing is significantly higher at SUR (51.14%), TOA
(361.20%) and ATM (70.44%) when compared to the forenoon radiative forcing.
Therefore, considering the diurnal variations in EC, the radiative forcing could be higher
by about 20.77 Wm in ATM in the afternoon, when compared with the forenoon values.
Hence, these online observations help in providing realistic information about the
radiative forcing with differences between forenoon and afternoon for this region of the
central Himalayas. It has been shown that considering the diurnal effect on AOD and
BC, the ARF could be higher by 10-16% (Reddy et al., 2015). These results show that
including high-resolution measurements is crucial for better studying the aerosols’

influence on radiation.
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Figure 3.13 Clear-sky shortwave (0.25-4.0 pum) direct ARF (Wm2) at the surface (SUR), in the
atmosphere (ATM) and at the top of the atmosphere (TOA) for averaged EC during forenoon
(0600 - 0900 hours), and afternoon (1400 - 1700 hours).

3.3. Conclusions

Simultaneous observations (2014-2017) of organic carbon (OC) and elemental carbon
(EC) are made over a high-altitude site (Nainital, 29.4°N, 79.5°E, 1958 m a.m.s.l) in the
central Himalayas and the role of long-range transport, meteorology and biomass burning
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are studied. There are only a few online and simultaneous observations of OC and EC
over South Asia and none in the high-altitude Himalayan region. This work presents the
first diurnal variations with a unimodal pattern in both OC and EC at the Himalayan site.
Such a diurnal pattern is in contrast to the bimodal pattern observed at any continental
polluted site. Clear seasonal variations in OC and EC were seen with a primary maximum
during spring and a secondary maximum in autumn/winter. OC and EC concentrations
are observed to be as high as 65.8 pg m= and 12 pg m3, in May respectively.
Concentration weighted trajectory (CWT) assisted analysis shows that the biomass
burning in northern India is one of the major sources for the springtime maximum even
at this high-altitude site. The coinciding rise in OC/EC ratio from 4.6 to 7.9, along with
fire events, further convinced that the enhancement in the concentrations is due to the
biomass burning at distant regions and long-range transport of air masses influencing this
high-altitude site. A poor correlation between OC-EC and the boundary-layer height
during autumn and winter suggest that secondary maxima in OC and EC are most likely
due to local sources, e.g., household burning for heating during this cold period when the
temperature drops sharply after October and remains low until February. The higher
temporal resolution of online measurements reveals that swiftly varying meteorological
parameters change the OC-EC concentrations at diurnal scales. Back-air trajectory
assisted analysis of residence time and its relationship with OC and EC confirms the
increase in their concentration in slow-moving air masses. The observed diurnal
variations of EC are utilised to estimate the radiative forcing and show that the
atmospheric radiative forcing during the afternoon is about 70% higher than the forenoon
one. It is envisaged that this dataset with diurnal observations of OC and EC would be
an important input for studying the radiation budget and source apportionment over this
high-altitude region.
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Chapter 4

Implications of Site-specific Mass
Absorption Cross-section (MAC) to Black
Carbon Observations

For long, optical instruments such as Aethalometer have provided crucial BC
observations. However, as a major shortcoming, these instruments utilize a constant
mass absorption cross-section value (MAC) for estimating BC. This chapter addresses
this issue by estimating the site-specific MAC values for this region. It also shows that
these MAC values are not constant and discusses the reasons behind their variations. It
concludes with a description of the impacts of not using site-specific MAC in BC
estimates and radiative forcing calculations.

4.1. Introduction

Atmospheric Black Carbon (BC), which is characterized by its strong light absorption
properties and resistance to chemical transformations (Goldberg, 1985), has drawn global
scientific attention due to its strong climate forcing capability next only to carbon-di-
oxide (CO2) (Ramanathan and Carmichael, 2008). BC also contributes to the degradation
of both visibility and health (Deng et al., 2012; Jansen et al., 2005). Yet, there exists large
uncertainty (2000 to 29000 Gg year™ for the year 2000) in the estimates of total global
emissions of BC (Bond et al., 2013). Similarly, the estimation of global mean radiative
forcing due to BC (~0.64 Wm™) has been associated with large uncertainty of about 0.5
Wm2 (Myhre et al., 2013). Thus, accurate estimates of BC mass concentration are crucial

for better evaluation of its impact on the radiation budget, climate and health.

Optical methods are widely used to determine equivalent BC mass concentration (eBC)
because of their rapid measurability and relative convenience of use (Malaguti et al.,
2015). In this method, eBC is estimated by measuring the changes in attenuation of light
of a given wavelength while passing through a particle-laden filter. The correspondence

of this change in attenuation to mass concentration requires the knowledge of a parameter
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called the mass absorption cross-section (MAC), which is also referred to as mass
absorption efficiency (MAE) or specific attenuation cross-section (Hansen et al., 1984).
The estimates of eBC via optical methods generally assume that MAC remains constant
at the observational site (Snyder and Schauer, 2007). Therefore, it is a common practice
in optical methods to use a constant value of MAC at a given wavelength. However, a
wide range of MAC values (2 to 25 m? g at 550 nm and 5.9 to 54.8 m?g* at 880 nm)
have been reported in different environments (Liousse et al.,1993; Bond and Bergstrom,
2006; Nordmann et al., 2013), including urban (Snyder and Schauer, 2007; Schwarz et
al., 2008), urban to remote areas (Sharma et al., 2002) and dominant biomass burning
regions (Schwarz et al., 2008). The wide range of MAC values have been attributed to
the variety of mixing state (Liousse et al., 1993; Nordmann et al., 2013), sources (Olson
etal., 2015) chemical composition (Ram and Sarin, 2009), morphology (Cao et al., 2015)
and ageing (Liousse et al., 1993) of the BC particles modulated by moisture content in

the atmosphere.

For example, the areas of Savannah, dominated by biomass burning, possess a high MAC
of 20 m? g1, while the MAC values are as low as 5 m? g ! over remote areas (Liousse et
al., 1993; Cho et al., 2019). Their study suggested that BC particles acquire a coating of
organic particles during biomass burning, which results in its enhanced absorptive
capacity. On the other side, BC in the remote areas is aged in nature and due to this aging
of aerosols during long-range transport, the individual BC spheres agglomerate into a big
spherical aggregate. Particle radius increases as a consequence of this aging and this leads
to decreased MAC observed in the remote areas (Liousse et al., 1993). Higher MAC
values have also been attributed to asymmetric and cluster like particles, while spheroidal
particles have been reported to have low MAC values (Cao et al., 2015 and references
therein). Considering this variety and inconsistency in the values of MAC, several
authors have suggested the use of its site-specific value (Liousse et al., 1993, Ram and
Sarin, 2009; Wang et al., 2013; Cao et al., 2015). Further, MAC is an important parameter
for climate forcing calculation (Nordmann et al., 2013); thus, any bias in MAC would

imply that aerosol radiative forcing estimates are equivalently biased.

In the above backdrop, the present study aims at defining MAC for accurate eBC
estimates at a remote mountainous site in the central part of the Himalayas. The spectral
and temporal variability of MAC spanned over four years (2014-2017) period is also
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discussed. This is a first of its kind study where both the real-time and spectral values of
MAC are estimated for a high-altitude site in the central Himalayas using extensive
online observations of four years. In the course of this paper, first, the results of the
relationship between light absorption and EC as well as spectral and temporal variations
in MAC have been discussed. Corrected eBC values have been provided along with the
suggested MAC values for future use. Later, a comparison of various sites and the role
of meteorological parameters, EC and OC in these variations is discussed. Finally, the
impact of these MAC variations on eBC and subsequently radiative forcing has been
highlighted. It is to be noted that all the terminologies referring to BC, eBC and EC used

in the current paper are based on the recommendations detailed in Petzold et al., (2013).

4.2. Derivation of the Expression for MAC

Concurrent observations of absorption coefficient and EC enable the calculation of site-
specific MAC. Thus, the current study used simultaneous observations from
Aethalometer and EC-OC analyzer and a total of 8,227 hourly average data are analyzed
here. High-resolution continuous multi-wavelength measurements are an additional
advantage in the present study as they allow for the assessment of diurnal and spectral
variation in MAC. The expression for MAC has been derived through a linear regression
fit of the absorption coefficient (bas) obtained at seven different wavelengths and

thermally obtained EC measurements, as given by,
babs(A) = MAC(1/A) *[EC] + c(}) (4.1)

Here, bans(L) (Mm ') is the absorption coefficient as determined from Eq (2.1) and EC is
the mass concentration of elemental carbon measured in units of ug m™3 as obtained from
the EC-OC analyzer. The equation has been motivated by equations in Knox et al.,
(2009); Ram and Sarin, (2009) and plots of Wang et al., (2013); Paige et al., (2017). We
have modified the equation given in Knox et al., (2009) and Ram and Sarin, (2009) by
adding a y-intercept ‘c’ on the right-hand side in Eq (4.1).

A few points regarding the way we have calculated MAC is in order here. Since we have
a large data set over time, we have been able to make a linear least-square fit. Equation
4.1 represents such a fit where the slope gives the value of MAC at a given wavelength.

The y-intercept - ‘c’ indicates the presence of components other than EC, if high and
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positive (Wang et al., 2013). The intercept can also be caused by the difference in
measurement methods between the two instruments, i.e., thermal in OC-EC analyzer and
optical in Aethalometer. The negative intercepts could occur as a result of this difference.
The advantage of using Eq 4.1 which includes c (as against merely calculating the ratio
of babs to EC) is that it does not make any assumption on the presence or absence of non-
EC components in absorption by taking c=0. Additionally, the MAC obtained from the
slope is a better representative of the long-term variation than a simple mean which can
be biased by high or low values at times.

4.3. Results and Discussion

4.3.1. Relationship Between the Absorption Coefficient (babs)
and EC

Figure 4.1 shows the correlations between the EC concentrations and the baps for the
seven wavelengths. This figure highlights the long-term variation in MAC with
wavelength. Overall, the correlation (r>>0.7) is reasonably good and has a positive value
of the slope. The scatter of hourly points in the lower wavelength (370 nm) is relatively
higher and consequently, r? is relatively lower compared to other wavelengths. This
indicates that there might also be an influence (albeit subdominant) of absorbing factors
other than EC at this wavelength (Paige et al., 2017). This low influence of absorbing
species other than EC is further consolidated by the near-zero or negative intercept in all
the wavelengths. This is also observed in other studies (Wang et al., 2013). The slope of
the fit gives the mass absorption cross-section (MAC) offered by the EC particles to the
incoming photons for absorption. The annual MAC values for the entire data set range

from 12.64 to 4.43 m?g ~ for wavelengths from 370 nm to 950 nm, respectively. Thus,

a systematic decrease in the MAC values along with the wavelengths is observed and
this can be used to derive a general wavelength dependence for MAC as done in the next
section. A similar regression technique is used to derive MAC by Ram and Sarin, (2009);
Wang et al., (2013); Cao et al., (2015); Paige et al., (2017) and others. However multi-
wavelength MAC is derived in very limited studies such as Olson et al., 2015 where the

values of MAC at different wavelengths were used to demonstrate the variability of
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emission source absorption properties and the importance of relative abundance of

Brown Carbon.
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Figure 4.1 Correlation between the absorption coefficient (baps) and EC concentrations at each
of the wavelengths of Aethalometer observed at Nainital. Smaller points in blue show hourly
mean points. The line in red shows the linear regression fit to these data points.

4.3.2. Spectral and Temporal Variation in MAC

Figure 4.2 (a) shows variations in MAC at seven wavelengths. The plot characterizes the
spectral variation of the BC aggregate absorption cross-section. In the Rayleigh limit, the
absorption cross-section of a BC particle is inversely proportional to A (Liu et al., 2020).
In the log-log plot, this inverse proportionality is reflected as a straight line with a
negative slope. The presence of coating may change this behaviour and the slope, in that
case, will be deviated from unity (Liu et al., 2020). The observed slope in our case is very
close to 1 (1.08 £ 0.001). In this view, we have fitted the straight line (log MAC = log c-
log A) to the data points to get the intercept (log ¢). The observed value of the inverse
proportionality factor ‘c’ is 4499.6 + 55.9. This observed value is less than one third the

value of 14625 that is being currently used in the Aethalometer (AE-42). The wavelength

68



dependence of MAC thus turns out to be ~ 4499/ A and is used to get an average value of
MAC at the site in the wavelength range of 370-950 nm.
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Figure 4.2 (a) The points in blue show the observed variation of MAC at seven wavelengths on
a log-log scale. The red is a linear best fit. (b) Seasonal variations in MAC with wavelengths
ranging from 370 — 950 nm. Error bars for each point in the plot represent errors in the slope
of the regression fit made for the absorption coefficient and EC at a particular wavelength.

To assess the seasonal variability in MAC, its values for all seven wavelengths were
obtained for four seasons during the 2014 - 2017 period (Figure 4.2b). Each point in the
plot is obtained from the slope of the linear regression of bass and EC for a given season
and wavelength. The corresponding error in the slope is also shown as an error bar. MAC
values at 370 nm are almost 2.5 times more than their values at 950 nm. At 370 and 470
nm, there is a marked jump in MAC values especially in spring (MAM). A possible
reason for this jJump in the lower wavelengths could be due to absorption by dust in this
period. However, as dust particles are coarser in size, our analysis which used PM 2.5
size cut inlet samples are expected to have very less influence on coarse mode dust. Even
with a smaller quantity of fine mode dust, the MAC of dust is reported to be very small
i.e., 0.03 m2g? (Ram and Sarin, 2009; and references therein). Another possible reason
for this higher MAC in 370 nm during spring could be due to the dominance of organic
components in these wavelengths. We use organic carbon (OC) concentrations and
OC/EC ratio as a proxy to assess this influence of organic content in spring (MAM) at
shorter wavelengths. We observed that the seasonal averaged OC values at this site are
9.445.5, 10.447.7, 5.9+3.9 and 6.6+4.3 pg m3, and OC/EC values are 3.5, 3.6, 3.3 and
3.1 during DJF, MAM, JJA and SON respectively (Srivastava and Naja, 2021). Thus, it
is found that the maximum of OC concentrations (10.4+7.7 ug m) and OC/EC ratio i.e.,
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3.6 occurs during spring (MAM). Hence, we suspect that the higher values in MAC in
370 and 470 nm during spring are thus most likely linked to higher organic content during

the same period which absorbs in the shorter wavelengths.

The decreasing tendency in MAC values with wavelengths is observed in all the seasons.
Winter (DJF) and autumn (SON) have similar MAC values and almost overlap with each
other. A similar overlap is seen in the variations of MAC for the spring (MAM) and
summer (JJA) seasons. One of the possible reasons for this overlapping variation is
suggested to be due to the change in the direction of the air mass flow at the site during
different seasons. The air masses at the site are north westerly in the winter and autumn
season while they become more south westerly during summer when the monsoon
prevails over the Indian subcontinent. The north westerly air masses are of continental
origin and are more probable to carry pollutants at the site. On the other hand, the south
westerly air masses during JJA are of oceanic origin and relatively cleaner. Thus,
possibly the resultant changes in the amount and type of pollutant sources with these air
masses could have caused the observed clustering of MAC for the different seasons. A
detailed description of the year-round changes in the air masses at the site is provided in
Kumar et al., (2010).

Monthly variations in MAC for all seven wavelengths is shown in Figure 4.3. The
monthly MAC values are obtained from the linear regression slope of the hourly
observations of absorption coefficient and EC for each month at corresponding
wavelengths. Table 4.1 provides a statistical summary of the monthly variation at 880
nm, a wavelength that is usually used to obtain BC (Bodhaine 1995) using the
Aethalometer. MAC shows significant monthly variations throughout the year for all the
wavelengths. The highest value of MAC is observed in September. The values of MAC
and r? (between EC and bans) are the lowest in peak monsoon months (July and August).
This high determination coefficient with r>>0.7, for all months except July and August,

shows that EC is the only dominant absorbing species except in these months.
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Figure 4.3 The monthly average variations (2014-2017) in MAC at seven wavelengths ranging
from 370 to 950nm. Error bars for each point in the plot represent errors in the slope of the
regression fit made for the absorption coefficient and EC for that month at a particular
wavelength.

Table 4.1 Monthly and annual MAC values at 880 nm for the 2014-2017 period over the central
Himalayan region. The determination coefficient in the absorption coefficient and EC for each
month and the whole year along with the counts used in each of the regressions is also mentioned.

Month MAC r Count
Jan 5.49+0.07 0.9 792
Feb 5.67+0.09 0.82 949
Mar 5.10+0.07 0.95 326
Apr 4.54+0.05 0.90 787
May 4.47+0.06 0.89 652
Jun 4.23+0.08 0.72 1235
Jul 3.72+0.25 0.36 394
Aug 3.70+0.19 0.27 992
Sep 6.56+0.16 0.72 675
Oct 5.71+0.13 0.79 501
Nov 5.63+£0.10 0.86 489
Dec 5.07+£0.10 0.84 435
Annual 5.03+0.03 0.82 8227
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Figure 4.4. shows the average diurnal variations in MAC during four seasons for all seven
wavelengths. These MAC values are obtained by making a linear fit for each hour of four
seasons. This method is preferred over taking the simple average from each month’s
hourly MAC value since it would reduce the propagated error that might be induced
otherwise. MAC does not show any significant diurnal variation. It, however, does show
some random variability, which is similar to that observed in Riverside (California)
during the weekend (Snyder and Schauer, 2007). Nevertheless, MAC values show a
tendency of somewhat higher daytime values during spring, particularly at a wavelength
of 370 nm. It is also worth noting that the variations are relatively more pronounced at
lower wavelengths (e.g., 370 nm) and suppressed at the higher wavelengths. Organic
carbon and humic-like substances (HULIS) are known to absorb in the lower
wavelengths (Kirchstetter et al., 2004; Hoffer et al., 2006).

[520nm]

)

~

~

1S

=

E % : ; -'m'_.f 2 ‘*—!‘*""ﬁf
5 [950nm] 036912151821 0 3 6 912151821
101

—— DIJF —— MAM

Pt e W U —+— DA ¢ SON

0 36912151821 Time (hour)

Figure 4.4 The average diurnal variations in MAC during four seasons in 2014-2017 for all the

seven wavelengths. Error bar and shaded area represent the corresponding error in the slope
of the line fit for each hour data.

These fluctuations could be because the lower wavelengths are more sensitive to
absorption by other components or mixing states, etc. Thus, indicating the possible role
of absorption of such substances at the site as described previously. Higher values in the
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daytime during spring might have also resulted due to the meteorological conditions in
this period. Therefore, we investigate the role of meteorology and variations in the
relative abundance of bass and EC and their causes in the temporal variability of MAC in
sections 4.3.3 and 4.3.4.

4.3.3. Role of Temporal Variations of EC and Absorption
Coefficient in Variations of MAC

Here, we discuss the temporal variations of EC and (babs) and their role in observed
variation in MAC. Figure 4.5 shows the average diurnal and monthly variations in baps
and EC for the period 2014-2017. The EC and baps both exhibit more-or-less similar
diurnal and monthly variations. Both these parameters show a unimodal diurnal
distribution with daytime higher values, except in the monsoons when such a diurnal
feature is suppressed. This daytime rising unimodal distribution at this mountain site is
in stark contrast to the bimodal distribution observed at urban and rural sites (Dumka et
al., 2010; Joshi et al., 2016; Gogoi et al., 2017). The bimodal distribution is attributed to
the trapping of pollutants in the boundary layer during the morning and evening hours.
While at high altitude sites, a rise in the boundary layer height along with upslope winds
results in a rise of pollutant concentrations during daytime (Naja et al., 2014). Unlike EC
and absorption coefficient, MAC does not show any significant diurnal variation (Figure
4.4). This is due to the similar temporal variations in EC and absorption coefficient that
will normalize out the diurnal variation in MAC unless absorption coefficient and EC
vary in different proportions which are not the case in diurnal scales over this central

Himalayan region.

The interannual monthly variation of the absorption coefficient and EC show a steep
reduction during the summer monsoon to almost half the earlier values. There is a gradual
increase in the post-monsoon period. However, the concentrations are relatively constant
during the winter months of November to January, when the boundary layer height is at
its annual low (e.g., Shukla et al., 2014). Subsequently, there is again an enhancement in
the magnitudes in spring. The maximum absorption coefficient and EC is observed in the
spring season (MAM). Similarly, the maximum in the diurnal peak magnitudes also

occurs during this season. This behaviour of absorption coefficient and EC is due to the
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biomass burning activity, enhanced depth of the mixing layer and higher wind speed
which transports the pollutants to the site (Bhardwaj et al., 2016). Higher MAC values in
the 370 nm in this season could be due to this biomass burning activity. Higher MAC
due to biomass burning has also been reported by Liousse et al., (1993); Schwarz et al.,
(2008); Ram and Sarin, (2009) and references therein. Absorption of organic components
from biomass burning is more in the lower wavelengths like 370 nm (Sandradewi et al.,

2008). Therefore, the MAC values are particularly higher in this wavelength during
spring.
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Figure 4.5 Averaged diurnal variations in (a) absorption coefficient (Mm-1) at 880 nm and (b)
EC (ug m ) in four seasons during 2014-2017. Average monthly variations in (c) absorption
coefficient at 880 nm and (d) EC concentrations during 2014-2017. Boxplots for spring (MAM)
have been shifted and line plots for winter (DJF) and autumn (SON) are plotted instead of
boxplots, for clarity. In boxplots, the triangle inside the box represents the mean and the solid
lines represent the median. The lower and upper edges of the boxes represent the 25th and 75th
percentiles, respectively. The lower and upper range in whiskers is 10th and 90th percentiles,
respectively. Hourly data points are shown in grey in (c) and (d).

The reduction in absorption coefficient and EC in monsoon is due to the high amount of
rainfall (more than 70% of the whole year) during this period which, in turn, results in
strong wet scavenging of aerosols. Increased rain and relative humidity (RH) in the
monsoon, resulting in lower EC values which could have in turn resulted in the observed
decrease in MAC during this period. Diurnal peaks in winter are narrower as compared

to those during the spring. This is due to the shorter duration of the day and a smaller
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amount of solar radiation during winters (Sarangi et al., 2014). The temporal variations
in both absorption coefficient and EC have a similarity in behaviour, although there are
visible differences too. The peak of the absorption coefficient in diurnal variations during
autumn (SON) is closer to that in summer as compared to that in the case of EC
concentrations. Further, the variability of the absorption coefficient is greater in February
as compared to that of EC during the same period. Thus, while there are broad
similarities, the differences in both these quantities lead to the temporal variability in
MAC observed in Figure 4.3. and 4.4. Hence, the changes in the relative proportions of
EC concentrations could be inducing the observed variations in MAC. In light of the
above observations describing the seasonal nature of the aerosol properties over the
central Himalayan region, it is clear that a constant value of MAC over this region may
not suffice the accurate estimate of eBC from Aethalometer measurements in different

Seasons.

4.3.4. Role of Meteorology in Variations of MAC

In this section, we discuss the possible role of meteorology on the variations in MAC (for
880nm). For understanding the role of meteorology, correlations of MAC are studied
with wind speed, RH, rain, temperature and solar radiation. It was found that the
correlation wasn’t very significant in all the cases except in temperature. A higher
correlation (r> =0.73 and p~0.001) with a negative slope of 0.14+0.03 shows that MAC
is somewhat inversely related to the temperature at the site (Figure 4.6a). Thus, the higher
temperature seems to reduce the absorption efficiency, possibly due to the evaporation
of coating material. Although the determination coefficient is 0.386 and p is slightly
greater than 0.01, it is interesting to note that MAC is somewhat positively correlated
(r?=0.39) with solar radiation (Figure 4.6b) but this correlation is highly positive (r? =
0.96) till solar radiation is ~450 Wm. Thus, it seems that MAC shows a non-linear
behaviour and increases linearly only till a threshold solar radiation. Temperature and
solar radiation thus show contrasting impacts on MAC. Higher temperature conditions
that decrease in the MAC coincide with higher solar flux during spring. This might be
responsible for the observed disconnection between the linear rise in solar radiation and
MALC till a certain threshold value of ~450 Wm, after which the impact of temperature

becomes dominant, and this results in a somewhat decreased MAC value.

75



(a) ri=0.726 m=-1. 143
p=0.001 merr=0.03

MAC (m?2/qg)
[ R T O B T B 7 2 B =+ TR B = = R ¥

0 2 4 6 8 10 12 14 16 18 20 2 M
Temperature (°C)

94 (b) x s r2=01.386 m=0.003
a . p=0.013 merr=0.0
E 7
~ 6
E 5 .
g 4
= 3
2
1
'|:| L o - I_++ | + ! ! ! ! !
0 100 200 300 400 500 600 70O 800

Solar Radiation (W/m?)

Figure 4.6 The correlation between MAC (for 880 nm) with Temperature and Solar Radiation
for 2014-2017. The determination coefficient, slope, slope error and significance level (p) are
also mentioned. Hourly data points are in small grey markers and binned data points are in
black markers with error bars in the one sigma level. Red line shows the straight fit line to the
binned data points.

Further during spring, the temperature and solar radiation are maximum in the spring
(MAM) with a peak in monthly mean during May (20.3°C and 473 Wm). The wind
speed also peaks around the same time and reaches its maximum of about 3.6 ms™ in
May. The mixing layer height is also greater during spring and conditions are supportive
for photo-oxidation. The higher MAC values in spring could be due to these
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meteorological effects, especially higher solar radiation, in addition to the role of biomass
burning as discussed in the previous section 4.3.3. Monsoon (JJA), in contrast to the dry
pre-monsoon, brings heavy precipitation (total of about 680 mm in July alone) and very
high humidity (>70%). Prominent cloud cover in monsoon results in a reduced solar flux
and low mixing layer depth. Thus, lower MAC in monsoon can be linked to lowered

solar flux along with enhanced RH in the period.

Winter (DJF) is a cold and dry period with the temperature reaching its lowest monthly
average in January of 8.5°C. Lower solar flux and temperature in winters result in a lower
mixing layer height. Hence, we expect the influence of relatively fresher and local
emissions in MAC in this period. Relatively higher values of MAC are seen in the post-
monsoon (SON) when wind speed is also lowest (1.9 m/s in September). Lower wind
speed along with lower mixing layer depth would lead to a reduction in aged, transported
aerosols and their subsequent ventilation. These conditions would result in a relatively
higher influence of local emission sources at the site which would be relatively fresh and
externally mixed. Hence, it is plausible that such fresher emissions would have a higher
MAC against the usual aged emissions in the remote areas which have a lower MAC due

to larger particle radius as described in Liousse et al., (1993).

4.3.5. Comparison with Other Studies

Here we compare and discuss the MAC values estimated for other sites. A previous study
utilising offline sample analysis has shown that MAC at this site ranges from 6.1 to 19.1
m? g for 678 nm wavelength (Ram and Sarin, 2009). The MAC value from the present
analysis, utilizing wavelength dependence i.e., 4499/A is 6.63 m? g! at 678 nm
wavelength. This lies at the lower end of the previous study. The earlier study used 67
(December 2004 - June 2007) samples (offline) of total suspended particulates while the
present study uses 8,227 samples (online with 2.5 um cut) spanned over four years.
Further, unlike in the present analysis, in earlier studies, 24-hour variability of the species
were integrated into the offline samplings and such samplings are also subjected to

greater positive artefacts that follow due to delay in the analysis.
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Using offline measurements for TSP, Ram and Sarin, 2009 have compared the
wintertime (December 2004) variation in MAC of the current site (Manora Peak - 14.5
m?2g1) with another high-altitude site (Mt. Abu - 10.4 m?g?), a rural site (Jaduguda - 6.1
m2 g1) and two urban sites (Allahabad - 11.1 m? g and Hisar - 11.3 m?g™) in South
Asia. This study attributed the large spatial variation in MAC to the variety of emission
sources (coal and biomass burning). Therefore, to avoid uncertainty in the estimation of
radiative forcing due to BC, the use of site-specific MAC rather than a constant value

was advocated in the present work.

In the present study, MAC values at 880 nm are about three times lower than the currently
used value of 16.6 m? g ! in the Aethalometer. Using similar filter-based optical
instruments, Cho et al., (2019) found that the BC MAC values at a continental site in
Korea range from 4.6 to 6.5 m?g! at 565 nm. The lower MAC values were attributed to
the less active coagulation processes and the partial evaporation of the coating materials
during long-range transport. MAC values as low as 5 m? g™t were observed over remote
areas by Liousse et al., (1993) and it was attributed to the fact that BC in the remote areas
is aged in nature, which subsequently leads to a reduction in MAC values. Spheroidal
particles have been reported to have low MAC values (Cao et al., 2015 and references
therein). Since our site is not surrounded by any major pollutant sources, we suspect that
the lower values are due to the receipt of aged emissions mainly during long-range
transport.

Paige et al., (2017) have evaluated the relationship between bass and EC over 10 sites
across the USA during 2010-11 to determine MAC using a similar approach as in section
4.2. Their estimated MAC at 880nm is in the range of 6.9 to 9.4 m? g and varied by
region and season. Thus, similar to our analysis it is emphasized in the aforementioned
study that a region and season-specific value shall be used and that using a default value
may lead to biased BC concentrations. Further, it was also shown that the lower EC
content and non-EC species lead to a highly variable MAC and a lower r2. We have
discussed the variation of EC concentration on MAC in section 4.3.3 and have found a

similar result, especially in JJA when EC is particularly low.

Extensive field measurements at seven sites of the German Ultrafine Aerosol Network
(GUAN) with Raman spectroscopy using a different methodology, concluded that
although the average MAC values varied between 3.9 and 7.4 m?g?, a value of 5.3 m? g
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! can be considered suitable for Central European troposphere (Nordmann et al., 2013).
Liousse et al., 1993 have shown spatial variation in the MAC values and reported a value
of 5 m? g! for remote sites. Therefore, the reported values (5.03+0.03 m?g?) at 880 nm
for ARIES, Nainital is also in agreement with these studies. However, it can be seen that
albeit a good approximation, the use of a constant MAC can significantly bias BC
estimates. This is especially important in remote mountainous sites where the difference
in the operational and site-specific value of MAC can be large, as shown here and
emphasized by Liousse et al., (1993).

MAC values at visible wavelengths in ambient conditions range from 4.6 to 11.3m? g
in East and South Asia. (Cho et al., 2019). An urban site (Xi’an) in China shows a
prominent seasonal variation in MAC with values being 20, 33.7, 29.1 and 27.6 m?g? in
spring (MAM), summer (JJA), autumn (SO) and winter (NDJF), respectively (Cao et al.,
2015). The variations in Xi’an were explained to be due to the changes in the EC loadings
and the contribution of the secondary sulphate-/nitrate rich particles. We find that similar
to Xi’an, the variation in EC loading is responsible for changes in the MAC values
(section 4.3.3). The MAC values do not show much variability over a high alpine station
of Jungfraujoch and their values range between 8.9 and 10.9 m?g* at 637 nm during four
seasons (Lavanchy et al., 1999). Jungfraujoch’s weak seasonality was attributed to the
physical transformation of particles due to aged air received at the remote site. Relatively
weaker seasonality in MAC over the central Himalayas is like the weak seasonality in
Jungfraujoch. This is again suggested to be due to the absence of major emission sources
in the surroundings and a receipt of aged emissions over this region (Bhardwaj et al.,
2018).

4.3.6. Impact of MAC on eBC Estimates

Monthly variations in corrected (using the site and month specific MAC value)
equivalent black carbon (eBC) and uncorrected (MAC value of 16.6 m? g') eBC
concentration is shown in Figure 4.7. The corrected eBC values were obtained by
multiplying the absorption coefficient with the estimated MAC values given in Table 4.1
for 880 nm. Though the monthly variations between the two are more-or-less similar, the
uncorrected eBC is significantly lower than the corrected one. Further, the difference is

not constant during all the months. Corrected eBC is about 154% higher in September,
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while it is as high as 358% in August. Therefore, it is important to use monthly varying
site-specific MAC values that change with emission sources, mixing states and
meteorological conditions including wind regime and humidity. Thus, the use of a
constant MAC value for different months can give misleading results.

To assess the validity of the obtained eBC, a seasonal correlation of EC is made with the
corrected eBC and also with uncorrected eBC (Figure 4.8). The determination coefficient
for both ranges from 0.94 to 0.99 during four seasons however, the difference in slopes
are quite large (Table 4.2). The slope of EC and uncorrected eBC ranges from 0.2 to 0.35
on average while the slope with corrected eBC showed a significant improvement and
slope ranges from 0.78 to 1.05. This improvement in slopes lends credibility to the fact
that the use of site-specific MAC leads to a generous improvement in the equivalence of
carbon mass quantified from thermal and optical methods.

1400
| I corrected eBC %

diff
I B uncorrected eBC titerence 1350

300
250 3%
200

150

100

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec
Figure 4.7 Variations in monthly average equivalent black carbon (eBC) concentrations during
the 2014-2017 period using the presently derived site and month specific MAC (corrected eBC)
and standard MAC of 16.6m? g** (uncorrected eBC). Error bars in the plot represent one sigma
standard variation. Monthly variations in the percentage difference between both are also shown.
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Figure 4.8 The seasonal correlation between eBC and EC for 2014-2017. Left-hand side

correlation is with corrected eBC (using site and month specific MAC values) and right-hand
side correlation is with uncorrected eBC (MAC value of 16.6 m? g™).

Table 4.2 Statistics for correlation between eBC (corrected and uncorrected) and EC in four
seasons during the 2014-2017 period.

Corrected eBC | Uncorrected eBC

Season | Slope r: Slope r:
DJF | 0.87+0.03 | 0.99 | 0.3+0.01 | 0.99

MAM | 0.96+0.04 | 0.98 | 0.26x£0.01 | 0.97
JJA ]0.78+0.09 | 0.94 | 0.2+0.02 | 0.94
SON | 1.05+0.03 | 0.99 | 0.35+0.01 | 0.99

4.3.7. Impact on Aerosol Radiative Forcing (ARF) Estimation
An assessment of the impact of site and month specific MAC, derived in the present
study, is also made on the estimation of aerosol radiative forcing. Aerosol radiative
forcing is estimated for the corrected and uncorrected eBC, using an aerosol optical
model known as Optical Properties of Aerosols and Clouds (OPAC, Hess et al., 1998)
and SBDART model (Ricchiazzi et al., 1998). Optical properties such as aerosol optical
depth (AOD), single scattering albedo (SSA), asymmetry function and angstrom
exponent are required for ARF estimation in SBDART and have been derived using
OPAC. This method of radiative forcing estimation is extensively used in many studies
(Moorthy et al., 2009; Kumar et al., 2011; Gogoi et al., 2017) and has an ARF estimation

accuracy of +2 Wm (Satheesh and Srinivasan, 2006).
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The main aerosol components of the model are set as soot and other water-soluble and
insoluble components as well as mineral (nuclei and coarse mode) for 50% RH. The
measured annual EC concentration is used to represent soot in the model. The number
densities of the other components are adjusted until the model estimated AOD, angstrom
exponent and beta matches within 3% of the measured values obtained from the
climatological (2005-2012) mean of both the parameters (Dumka et al., 2009; Joshi,
2015). The number densities of all these other components were then fixed for this model
configuration and the optical properties were then derived for annual averaged corrected
and uncorrected eBC. These number densities may not be unique but have been seen to

successfully represent columnar aerosol properties (Moorthy et al., 2009).

These optical properties are used as an input in SBDART with a tropical model
atmosphere and spectral surface albedo as a mixture of vegetation (80%) and sand (20%)
following Kumar et al., (2011) and Pant et al., (2006). Radiative transfer calculations
were performed daily for the whole year at hourly intervals from 6-18 hours with and
without aerosols in the shortwave region (0.25-4um). Diurnally averaged aerosol
radiative forcing (net flux = down - up) at top of the atmosphere (TOA), surface (SUR)
and atmosphere (ATM = TOA - SUR) obtained for the corrected and uncorrected eBC
are shown in Figure 4.9. The magnitude of diurnally averaged TOA, surface and
atmospheric forcing are 6.5+7.4 (3.9+6.5) Wm2, -32.9+13.1 (-27.7+10.8) Wm and
39.5+18.2 (31.7+14.7) Wm™ for corrected (uncorrected eBC), respectively. It could be
seen that the use of corrected eBC for the site and month specific MAC, derived in the
present study, leads to about 24.6 % higher atmospheric radiative forcing and it is about
66.7% and 18.8% higher for TOA and surface, respectively. This further indicates the
need for proper MAC values while making radiation budget estimates utilizing eBC

observations from optical attenuation techniques.

82



55 [ mmm Corrected eBC
45 | HEE Uncorrected eBC
35

25

—25

—35

-45

Radiative Forcing (W/m?)

—55 +

Figure 4.9 Diurnally averaged clear-sky shortwave (0.25-4.0 um) direct aerosol radiative
forcing (Wm™?) at the surface (SUR), in the atmosphere (ATM) and at the top of the atmosphere
(TOA) for corrected eBC and uncorrected eBC.

4.4. Conclusions

Accurate estimation of black carbon (BC) from the widely used optical attenuation
technique is important for the accurate assessment of their climatic impact. The optical
instruments use Mass Absorption Cross-section (MAC) for converting light attenuation
records to BC mass concentrations and Aethalometer is a largely used optical instrument
for BC estimation. Several studies have shown large variability in MAC values. It is thus
necessary to examine the accuracy and consistency of MAC in Aethalometer over
distinct geographic locations and seasons. In the present study, MAC values are derived
using simultaneous observations (2014-2017) from an EC-OC analyzer and an
Aethalometer (AE42) over a high-altitude central Himalayan site Nainital (29.4°N,
79.5°E, 1958 a.m.s.l.). The observations reveal that the annual mean value of MAC (5.03
+ 0.03 m? g at 880 nm) is significantly lower than the constant value used by the
manufacturer (16.6 m? g™ at 880 nm). The estimated MAC values also showed significant
seasonal variation, spanning over a magnitude from 3.7 to 6.6 m?g*. It is found that the
seasonal variability of elemental carbon (EC), air mass variation and meteorology play
an important role in the variability of MAC over this region. Multi-wavelength
determination of MAC shows the contribution of absorption by species other than EC at

shorter wavelengths. MAC does not show a clear diurnal variation, unlike EC and
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absorption coefficient. The slope between EC and corrected equivalent black carbon
(eBC) showed a significant improvement during all seasons when compared with
uncorrected eBC. This lends credibility to the fact that the use of site-specific MAC leads
to an improvement in the estimates of eBC over the central Himalayan region. It is found
that the use of the MAC value supplied with the instrument, instead of using the site-
specific MAC, leads to an estimate of lower (upto ~24%) radiative forcing (about 7.8
Wm-3).
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Chapter 5

Probing the Sources, Diurnal Variations and
Radiative Forcing of Carbonaceous Aerosols
Using High-resolution Ground-based
Measurements

Now that the former chapters have answered the questions such as how the
carbonaceous aerosols vary and have also corrected the BC estimates with site-specific
MAC values. This chapter traces back the origins of the carbon-based aerosols and
addresses the absolute scarcity in source apportionment studies with the capability of
elucidating the diurnal scale phenomena in this respect. It reports the first high-
resolution delineation of primary organic and secondary organic carbon and the
foremost quantification of fossil fuel combustion and biomass burning fractions of BC
over this region. It subsequently examines their temporal variations, underlines the
need of forming a standard protocol for their segregation and finally quantifies the
portions of transported pollutants, the influence of biomass burning and segregated
impact on radiative forcing.

5.1. Introduction

Carbonaceous aerosols - Black carbon (BC) and Organic carbon (OC) have a substantial
impact on health (e.g., Ostro et al., 2015) and climate (e.g., Zanatta et al., 2016) and
constitute a major fraction of particulate matter (PM 2.5) (Malm et al., 2004). BC absorbs
light and is known to be a significant contributor to radiative forcing (~1.1 Wm?),
especially due to its direct as well as indirect effects on radiation and clouds, in addition
to its potential to accelerate snow melting (Andreae and Gelencsér, 2006; Bond et al.,
2013). Model simulations (1971-2010) suggested that absorbing aerosols, including
black carbon, induced a significant increase in surface air temperature (0.2 — 2 °C), with
higher warming in parts of the Western and Central Himalayas during spring (Sharma et
al., 2022). This also led to an increase in atmospheric radiative forcing thereby resulting

in a higher rate of snowmelt.
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Globally, 7.6 Tg of BC is emitted, with 25% contribution coming from diesel
combustion, 27% from domestic solid fuel emissions and 40% contribution from biomass
burning (Bond et al., 2013). These fractions significantly vary between urban, remote,
and rural environments (Venkataraman et al., 2005). One of the important reasons for
uncertainties in the BC emissions and uncertainty in radiative forcing estimates is our
inadequate knowledge about the contribution of fossil fuel combustion and biomass
burning to the total BC (Rajesh and Ramchandran, 2017; Kant et al., 2020). Therefore,
apportionment of the contribution of fossil fuel combustion and biomass burning to the
ambient BC is crucial for better characterization of its impact on health, climate and the
ecosystem. However, such source apportionment studies of BC, using long-term
observational data, are not available over the central Himalayas, despite India being the
second largest BC emitter in the world (Bond et al., 2013).

On the other hand, OC mainly scatters light, is hygroscopic and consists of organic
compounds. It thereby acts as nuclei for cloud condensation (Safai et al., 2014 and
references therein). Further, BC has only primary sources of emission while OC can have
both primary as well as secondary sources of emission (Cabada et al., 2004). Vehicular
emissions, coal burning, and biomass burning are the most common sources of both BC
and primary organic carbon (POC). Secondary organic carbon (SOC) can be formed
through volatile organic compounds (VOC), such as monoterpenes, isoprene, [-
caryophyllene, and toluene (Tadeusz et al., 2010). Differentiating between the POC and
SOC is essential for understanding atmospheric ageing of organic aerosols, radiation
budget and formulating control policies (Wu and Yu., 2016). However, due to a lack of
knowledge of the chemical composition of these aerosols at a molecular level, direct
measurement of SOC is not feasible (Wu and Yu., 2016). Additionally, the determination
of POC and SOC is very limited in the high-altitude Himalayan sites. Limited studies
available from the region are either for a short period (Sharma et al., 2020, Kumar et al.,
2021) or are offline (Ram et al., 2008, Sheoran et al., 2021). Although extremely
informative, offline measurements hide the swift variation of aerosols at the diurnal scale
and are subject to biases because of delay between sampling and analysis which increases
the risk of contamination and artefacts due to the presence of volatile organic compounds.
In fact, the only long term online POC-SOC concentrations available in the Indian region
are from highly polluted urban sites like Delhi (Tiwari et al., 2013) and Pune (Safai et
al., 2014).
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To bridge this gap, long term, online and simultaneous measurements of equivalent black
carbon (eBC), OC, EC and CO were conducted for four years during 2014-2017 at a
high-altitude background site in the Central Himalayas. This paper presents the results
of source characterization from these extensive observations which for the first time are
able to reveal the diurnal scale phenomenon and is arranged in the following format. In
Sections 2 and 3 we describe the characteristic features of the observational site, observed
meteorology, instruments and other techniques utilised in this work. Results and their
corresponding discussions are presented in section 4. Firstly, we use angstrom exponents
in three different wavelength ranges and OC/EC ratio as an identifier of the various
sources at the site. Then to quantify the contribution of various sources- we use four
versions of the EC tracer method which delineate POC and SOC fractions in the total OC
and present the foremost results with their diurnal variations in the Himalayas. These
SOC and POC abundances from different methods are later inter compared to identify
the differences and similarities amongst them. The relative abundances of biomass
sources and fossil fuel components in eBC are also delineated for the first time in this
region. Furthermore, we deduce the impact of radiative forcing due to these segregated
fossil fuel combustion and biomass burning fractions of eBC segregated for forenoon,
afternoon, and daily averaged periods. Then, we utilise concentration weighted trajectory
analysis for all the four years divided into four seasons to identify the region and period
contributing to the most emission at this site. Finally, we show the influence of biomass
burning at this site by a specific event while demonstrating the successful working of the
segregating methods. The main highlights from the study are subsequently listed in the

conclusions section.

5.2. Results and Discussions

5.2.1. Source ldentification Using Variations in Angstrom
Exponent and OC/EC Ratio

In this procedure, we first qualitatively identify the dominant sources of emission during
different months using the Angstrém Exponent and OC/EC ratio. The Angstrom
Exponent («) describes the strength of light absorption in each wavelength range and

provides information about the predominant aerosol type or source (e.g., Sandradewi et
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al., 2008, and references therein). Therefore, to identify the sources of black carbon, we
derived a in three different wavelength ranges - short: (370 - 520 nm), long: (660 - 950
nm) and total: (370 - 950 nm), using slope in the power-law (1~%) relations of absorption
coefficient with wavelengths taken in the log scale. It has been shown by Sandradewi et
al., (2008) that the wavelength dependence of the light absorption can be better
approximated by these separate exponential fits where greater absorption in the lower
wavelength range (370 — 520 nm) indicates biomass burning as the source and that in the
higher wavelength range (660 — 950 nm) indicates an abundance of fossil fuel as the
source. The seasonal variation of the percentage frequency distribution of a derived for

the three aforementioned ranges during 2014 - 2017 is shown in Figure 5.1.

The results show that a values lying in the range of 0.75 - 1.25 have the maximum
frequency of occurrence. Traffic or diesel emissions have « values between 0.8 and 1.1
(Sandradewi et al., 2008). Thus, the highest occurring a which is close to 1 and which is
more pronounced in the longer wavelength range (Figure 5.1b), indicates an overall
dominance of fossil fuel burning. The values of « < 0.75 are more frequent in monsoon
in all the wavelength ranges. These lower values are associated with the heavy rain
(Figure 2.2) observed during this period which results in a washout of pollutants.
Relatively higher values (a>1) occur during spring and winter (Figure 5.1c), particularly
in April, and November (Figure 5.2). The values are even higher in the short wavelength
range (370 - 520 nm). Such higher a values are observed in the case of emissions from
biomass burning due to absorption by organic compounds in the ultraviolet and lower
visible wavelengths (Kirchstetter et al., 2004; Day et al., 2006; Sandradewi et al., 2008).
The influence of the crop-residue burning and forest fires in Northern India has been
shown over this region during spring, while during winter, the contribution due to the
increased emissions is found, most probably for heating purposes (Srivastava and Naja,
2021). Therefore, the relatively higher values of a observed during winter and spring at

the site is consistent with this increased biomass emission and reaffirm their influence.
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Figure 5.1 Seasonal variation in the percentage frequency distribution of angstrom exponent for
(a) lower (370-520 nm), (b) higher (660-950 nm) and (c) total (370-950 nm) wavelengths.

In addition to the Angstrém Exponent approach, the OC/EC ratios are used to assess the
dominance of biomass burning and vehicular emissions and for the identification of
relative abundances of SOC and POC. OC/EC ratio ranges from 2.7 to 4.4 over this
region. Higher ratios of 3.5 to 4.4 are observed in April, May, early June, November,
December, and January (Srivastava and Naja, 2021). Such higher ratios have been found
to be usually associated with biomass burning (Saarikoski et al., 2008; Ram et al., 2010;
Saud et al., 2013). These months with higher OC to EC ratios at the site are also consistent
with the corresponding periods of large-scale biomass burning in northern India, due to
crop-residue burning, forest fires as well as burning fuel for heating purposes. The lower
ratios (<3) in other months denote a greater association with the burning of fossil fuel
(Bernine et al., 2012; Tiwari et al., 2013; Safai et al., 2014). Thus, the impact of these
biomass emissions is reflected in these higher OC to EC ratios while lower ratios indicate
vehicular emissions which is otherwise the most prominent source of fossil fuel emission
at the site. Furthermore, the OC to EC ratios during spring is observed to be greater than

2. Such OC to EC ratios (that is greater than 2) is found to be associated with the existence
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of higher secondary organic aerosols (Chow et al., 1996) and hence indicate the presence

of secondary aerosol formation in the region particularly in springtime.
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Figure 5.2 Boxplot showing the monthly variation of angstrom exponent. Daily averages are
shown in grey points. Triangles in the box represent the monthly mean and the red line shows
the median. Box edges represent the 10 and 90th percentile, whiskers show the 5th and 95th
percentiles.

Both angstrom exponent and OC to EC ratios indicate the influence of SOC, biomass
emission and fossil fuel sources thereby suggesting the need to quantify the impact of
these sources in carbon aerosols at the site. Therefore, we evaluate the contribution of
primary and secondary organic carbon in section 5.2.2.1 and the fractions of fossil fuel

and biomass burning to the ambient eBC in sections 5.2.2.2 and 5.2.2.3.

5.2.2. Source Wise Quantification of Aerosols

5.2.2.1. Determination of Primary and Secondary Organic Carbon
(POC and SOC)

In this section, we present a detailed account of the POC and SOC content obtained at
the site. Since EC has only a primary source of emission and is co-emitted with the OC,

it is widely used as a tracer to determine POC (Turpin and Huntzicker 1995; Cabada et
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al., 2004; Ram et al., 2008; Safai et al., 2014; Wu and Yu, 2016). The basic principle

involved in the EC tracer method can be expressed by the following two equations:

POC = [OC/EC]piXEC + ¢ (5.1)
SOC = OC - POC (5.2)

where SOC, OC, POC, [OC/EC]wi and ¢ represent secondary organic carbon, total
organic carbon, primary organic carbon, the ratio of primary OC to EC and contribution
from non-combustion sources/sampling artefacts, respectively (Cabada et al., 2004).
Determination of [OC/EC]pri is a key step in this method. This ratio varies vastly with
sources and combustion types and different approaches are adopted in literature to
determine [OC/EC]pri. For example - Cabada et al., (2004) explicitly determined the
period of primary and secondary emissions to obtain [OC/EC],ri. Ram et al., (2008); Safai
et al., (2014) have used seasonal OC/EC minimum ratio as [OC/EC]pri While Lin et al.,
(2009) have used regression excluding the rain period to get [OC/EC]pri. On the other
hand, Yao et al., (2020) used the minimum regression square method to find [OC/EC]pri
while Yu et al., (2021) have used a bottom-up method.

To understand the temporal variation in POC and SOC at the site and to investigate the
impact of using different methods for determining their concentrations, we apply four
approaches to determine [OC/EC]pri in the EC tracer method. These four methods are
now briefly described below. The first method referred to as “TEN’ implies calculating
[OC/EC]pri from the lowest ten percentile of the observed OC/EC ratio. The second
method which we refer to as ‘REG’ uses the regression slope of the OC vs EC plot as the
[OC/EC]pri. As opposed to “TEN’, this method may also represent the non-combustion
sources since it considers the intercept in the above-mentioned regression plot while
calculating POC. The third method to be called ‘CAB’ from now on, determines the
regression slope as in the former but from the dataset in which a period of high SOC

formation is removed (Cabada et al., 2004).

To ensure that the primary OC to EC ratio is dominated by the most probable period of
primary OC-EC emissions and not from the periods of secondary emissions, or rain, we
have employed an approach as suggested by (Cabada et al., 2004). In this method, firstly,

the dataset with rain affected period was removed, following which, in the remaining set,
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only the night-time (1900 to 0500 hours) data was used to avoid daytime periods of high
secondary formations. Even in this filtered data set, we further confine our data only to
the period of high correlation between eBC and CO (r?>0.5, p<0.0001). This criterion of
correlation is used to confine the dataset to a period of most probable high primary
emissions. The slope thus determined from this approach is used in evaluating POC and
hence SOC. The fourth method to be called ‘MRS’ from now on uses the Minimum
Regression Square method to get [OC/EC]pri given by Wu and Yu., (2016); Wu et al.,
(2019). In this method, the OC/EC corresponding to the minimum r? (between EC and a
range of possible SOC values) represents the actual [OC/EC]pri (Wu and Yu., 2016). In
order to account for the diurnal dynamics, the [OC/EC]yri for each hour in a given month
is calculated using MRS and then the minimum of these hourly [OC/EC]yri ratios is taken
as the actual monthly value of the [OC/EC]pri (Wu et al., 2019). The methods are

summarised in Table 5.1 below for a quick reference.

Table 5.1 Summary of the methods used for SOC segregation.

Method name Methodology

TEN 10 percentiles

REG Slope, intercept (all data)

CAB Slope, intercept (all data — rain — night [19-5hrs]
—r?< 0.5 [eBC vs CO))

MRS Diurnal [min {r? (EC vs possible SOC) }]

The application of MRS requires the use of a monthly dataset. Hence, to maintain
consistency in [OC/EC]pi calculation for various methods and to incorporate monthly
variations better, we estimate the monthly [OC/EC]pri for the 2014-2017 period and then
estimate SOC and POC from hourly EC-OC data for any given method. The value of
[OC/EC]pri thus obtained from these methods are given in the supplementary Table 5.2.

Here, Figure 5.3 shows the averaged seasonal variation in SOC and POC obtained using
four methods (MRS, CAB, TEN and REG) and Table 5.3 provides their monthly values.
We notice some of the results are consistent in all these methods while they differ in
others. First, we discuss the points consistent in all the methods here. Agreeably in all
the methods, the annual POC concentration (>4.7 pg m=3) is higher than SOC

concentrations (<3.9 pug m~3) in this central Himalayan region, though a few months SOC
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is higher. Similarly, the annual POC/OC% (>64%) is also higher than SOC/OC%
(<44%). This is consistent with a general prevalence of lower OC/EC ratios (<3),
discussed previously and a general dominance of eBCs, as shown in the next section.
Thus, implying the dominance of primary emissions in the region compared to the
secondary sources. Seasonally, POC shows maximum values in spring and winter,
mainly due to the lower concentrations observed during the rain-affected period of
summer-monsoons and early autumn. Further, seasonally all four methods coherently
show that the highest SOC concentration occurs during the spring season. Higher solar
flux and higher temperature in this season which may induce greater photo-oxidation of
VOCs, along with enhanced biomass burning as also shown by higher OC/EC ratio (>3)

earlier, is the most likely reason for this enhanced SOC concentration.

Table 5.2 Monthly values of [OC/EC]pri as obtained from REG, TEN, CAB and MRS methods.

REG TEN CAB MRS
Jan 3.43 2.26 4.92 3.12
Feb 2.5 2.01 2.45 2.08
Mar 231 1.08 1.44 0.87
Apr 4.07 1.7 3.82 1.96
May 3.45 2.17 2.95 251
Jun 231 2.23 1.63 1.7
Jul 191 1.45 - 0.95
Aug 2.36 1.75 - 1.4
Sep 2.71 1.95 0.96 1.8
Oct 3.86 1.63 2.83 2.44
Nov 3.24 2.68 - 2.39
Dec 3.36 2.8 3.26 2.44
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Figure 5.3 The variation in SOC and POC obtained using MRS, CAB, TEN and REG methods
averaged for the four seasons - winter, spring, summer-monsoon and autumn during 2014-2017.

However, we find that although the four methods agree that this region is dominated by
POC annually and a seasonal high value of SOC in spring, they show different variations,
both in terms of seasonal changes and in terms of their concentrations. These variations
amongst different methods are as follows. The average concentration of SOC is close to
~3.7ugm3in MRS, CAB and TEN while it is as low as 2.4 pg m~2 in REG. The methods
also show a greater variation in POC concentration i.e., ~ 4 pg m~3 in MRS and TEN
while ~7 ug m=2 and 8 ug m=3 in CAB and REG, respectively. Additionally, REG and
CAB show a similar seasonal variation of POC/OC%, i.e., higher POC/OC% in winter
and spring followed by autumn and summer-monsoon. However, MRS and TEN show
almost equivalent POC/OC% in all the seasons, with slightly higher percentages in winter
and autumn. This higher sensitivity of REG and CAB towards POC is linked to the fact
that in the method of CAB, the period of POC and rain is physically segregated while in
the REG method, higher POC occurs due to the inclusion of the intercept denoting non-
combustion emissions, especially in winter and spring when its seasonal values are the
highest (intercept for winter, spring, summer-monsoon and autumn is 2.23, 1.18, 0.7-
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0.92, respectively). Moreover, the use of slope leads to a higher OC/EC ratio which will

be obtained from already formed secondary aerosols (Ram et al., 2008).

Table 5.3 Monthly and annual averaged values for observed POC and SOC using four methods.

SOC (ug m?) POC (ug m?)
MRS |REG |CAB | TEN MRS | REG CAB TEN
Jan 3.9+38 | 3540 3.6%42 52+41 | 7.0+41  9.7+46 | 11.0+65 | 5.1+3.0
Feb 3.0£2.2 | 1.9+2.0  2.3+20  3.2+#2.2 | 6.6+40  92+49 | 7.7#48 | 6.3%3.9
Mar 6.0+4.3 | 2.3+19  5.1#32 57439 | 2717 | 8.4+44 | 45:28 | 3421
Apr 78477 | 6.2+7.0  6.2+7.0 82+7.9 | 59+3.3 | 124468  11.4+64 | 5.1%2.9
May 4.6+4.8  35+46 | 42+46 | 5050 | 6.9+3.8  10.4#53 | 8.1%45 | 6.0%3.3
Jun 4328 | 2.1+28 | 45:2.9 | 3426 | 4.0t19  82+26 | 3.8t1.8 | 5.2+25
Jul 1.9+1.1 | 0.8+0.6  -- 16409 | 1.0+0.4  2.9+0.8 | -- 1.540.6
Aug 1.8+1.2 | 1.0£0.8 | -- 15+¢1.1 | 1.6£0.7  3.3x1.1 | -- 2.0£0.8
Sep 1.8+1.1 | 0.9+0.7 | 3.2+15 | 1.6+1.1 3.241.1 | 48+1.6 1.7+£0.6 3.4+1.2
Oct 22422 | 1.4+16 | 1.8+2.0 | 3.1+2.8 | 50+2.3  6.1+3.7 | 58+2.7 | 3.3tl6
Nov 3.4£32 | 24%37 | -- 2.8+3.1 | 6.2432 | 9.4+43 | - 7.03.4
Dec 3.2£2.2 | 15+1.8 | 1.741.7 | 2.41+19 | 6.2+3.2  93+4.4 | 8.3+43 | 7.2437
Annual | 3.9+4.1  2.4#35 | 39+3.7 | 3.9+42 | 47+34 8.1+49 | 6852 | 4.7+3.1

After spring, SOC concentration is the highest during winter in MRS, TEN and REG,

followed by similar concentrations in summer-monsoon and autumn. In CAB,

SOC/OC% is higher in summer-monsoon and autumn followed by spring and winter.

The lowest SOC/OC% is observed in the case of REG with negligible seasonal variation.

MRS and TEN show the highest SOC/OC% in spring and summer-monsoon followed

by winter and autumn. These variations in POC and SOC estimates from different

techniques based on the EC-tracer method thus indicate the uncertainty in the organic

carbon segregation.
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Figure 5.4 The diurnal variation in SOC and POC obtained using MRS, CAB, TEN, and REG
methods averaged for the four seasons winter, spring, summer-monsoon and autumn i.e., DJF,
MAM, JJA and SON during 2014-2017. Error bars represent one standard deviation from the
mean.

The diurnal variation of POC and SOC from four methods is shown in Figure 5.4.
Diurnally, it is evident that POC follows a unimodal variation during all seasons, except
in monsoon, with a noontime maximum and a higher diurnal amplitude in winter and
spring. EC and OC are also found to follow this same unimodal variation which occurs
due to arise in boundary layer height in the noon time (Srivastava and Naja, 2021). This
covariation of POC with EC and OC suggests that most of the OC observed at the site is
primarily emitted from combustion sources common to EC. The diurnal variation of POC
and SOC is only reported by one more study in India which is from an urban site in Pune
(Safai et al., 2014). However, the diurnal variation observed for both POC and SOC at
Pune shows a bimodal variation (morning and evening peak concentration) which is
typical of a low-lying urban site. In addition to highlighting the spatial heterogeneity in
POC and SOC concentrations at sites with different topography and differences in
emission sources, this also reflects on the fact that the primary emissions from the low-
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lying sites during the daytime are transported to the cleaner high-altitude sites and

enhance the primary concentrations observed at such sites.

OC/EC

Hour
Figure 5.5 The diurnal variation in OC/EC ratio averaged for seasons winter, spring, summer-
monsoon and autumn i.e., DJF, MAM, JJA and SON during 2014-2017. Error bars represent
one standard deviation from the mean.

In comparison to POC, the noon peak in the diurnal variation of SOC is not prominent,
except in spring. The highest noon time rise is observed during spring in all the methods.
It is also found that the variation of SOC closely follows the diurnal variation in OC/EC
(Figure 5.5). Many other studies have reported the covariation of SOC with OC/EC ratio
and O3 (Cabada et al., 2004, Safai et al., 2014). The covariation of SOC with Oz can be
explained by the fact that the oxidation of VOCs by Oz is one of the important pathways
of SOC formation (Lin et al., 2009). Further, Oz is used as an important indicator of
photochemical oxidation. It has been shown earlier (Kumar et al., 2010) that
photochemical oxidation is low at the present observation site during the daytime
compared to the urban sites, where a photochemical build-up of Oz during the day is
found. Thus, the observed daytime lower concentration of SOC is in accordance with this
lower photochemical oxidation here and is in stark contrast to the higher daytime SOC

in the low-lying urban sites.
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Further, both POC and SOC show a higher diurnal amplitude in spring in all the methods.
This rise in their amplitude during spring is linked to the increased solar flux and higher
boundary layer height in the daytime during this period which supports both, the upward
lift of pollutants from the low-lying polluted regions of the IGP and an increased photo-
oxidation. Thus, from our present work, we find that all the methods agree in capturing
broad features of the annual averaged variations, diurnal variations and in showing high
SOC in spring and an overall low concentration in summer-monsoon. However, the
results from the methods are much different when comparing their relative concentrations
at monthly scales and while comparing their diurnal amplitudes. These differences are
inherently linked to the procedures adopted in the methods, for example - the use of slope
and intercept for the whole dataset made REG biased to POC. Further, we also notice
that methods like TEN, REG and CAB are used for different study periods in the
literature and do not provide a uniform quantifiable way of determining. It is also worth
considering that this is a mere coincidence that selecting primary OC/EC ratios, based on
different percentiles which themselves can range anywhere from 5-25 percentile, are able
to represent the actual primary formation period and thus percentile methods may yield
larger errors (Wu and Yu., 2016). Yao et al., (2020) also compared SOC from MRS and
regression over 20% dataset and found that MRS gave smaller errors. We also found that
MRS captures the major seasonal variations well and includes the diurnal variations too
while selecting the primary period. Nevertheless, all this suggests that there is a need to
formulate a standard protocol for determining the POC-SOC concentration to avoid the
resulting ambiguity while comparing the concentrations from different SOC segregation

methods.

In section 5.2.2.5, we explore the correlations of carbonaceous aerosols with other
pollutants and meteorological parameters. Later, we also attempt to identify the influence
of long-range transport and biomass burning. In all this analysis we continue to use POC
and SOC from all the methods. This is done to examine the scenarios under which a
generalized result can be obtained irrespective of the method considered and highlight

the situations where the use of a given method may impact our interpretation of results.
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5.2.2.2. Fossil Fuel and Biomass Burning

The absorption coefficient (bass) at a given wavelength denotes light absorption by

aerosols and is proportional to A=* where «, depends on the emission sources i.e., fossil

fuel or biomass. This relation can be employed for quantifying the source apportionment
of ambient BC concentrations (Sandradewi et al., 2008) and has been used to study this
aspect for a number of sites, like those at Athens (Kalogridis et al., 2018), Los Angeles

Basin (Mousavi et al., 2018) as well as Ahmedabad (Rajesh and Ramchandran, 2017),

Agartala (Kaur et al., 2020) and a number of other sites in India (Kumar et al., 2020).

This method relies on two basic assumptions:

1. The total absorption coefficient (baps, total) at a given wavelength is simply the sum
of the absorption coefficient due to fossil fuel combustion (bass,ff) and biomass
burning (babs, bb).

Dabs,total (1) = babs,f (L) + baps,bb (1). Q)
2. Absorption from burning of fossil fuel and biomass follows different spectral

dependencies given by,

bapsff(A1) _ (21 —aff
bavs/f )\ 2a
bapsff(Az) (Az) (2a)
bapsbb(A1)_ ﬁ —xpb
babsbbaz)'(zz) (2b)

There are no combustion industries in the Nainital region and therefore the first
assumption is valid to a high degree for the current site as the emissions from other
sources are not significant. The second assumption is met since the absorption due to
biomass burning dominates in the lower (370-520 nm) wavelength range while that due
to fossil fuel combustion is the dominant term in the higher (660-950 nm) wavelength
(described in section 5.2.1.). To avoid the absorption due to volatile organic compounds
or other absorbing non-BC particles in the 370 nm channel, light absorption
measurements are instead taken at A1; = 470nmand A, = 950nm for source

quantification (Zotter et al., 2017.). Angstrém exponents for fossil fuel (arf) and

biomass burning (a;;) are chosen to be 0.9 and 1.68 as recommended by Zotter et al.,
(2017).
Using equations 1, 2a and 2b, the concentrations eBCnp and eBCs¢r can be determined as:

_baps,bb(42)
eBCbb_—MAC(AZ) (5.3)
—Dabs [1(A2)
eBCr= MACG) (5.4)
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where,

A\ "%
baps (11)_bab5 (12) (ﬁ) s

G -
2 2

babs,bb()\Q) =

(5.5)

24\ " %bb
babs(ll) —babs (12)(ﬁ)

G -G

Dabs, ff(A2)=

(5.6)

and the monthly MAC (950 nm) values for the present sites are taken from Srivastava et
al., (2021).

Using the method described above, hourly values of eBCy, and eBCs are estimated and
diurnal variations during twelve months are shown in Figure 5.6. Additionally, Table 5.4

gives their monthly and annually averaged values, along with that of eBC.

Table 5.4 The table provides the monthly average values of observed eBC, eBCy, eBCy, and the
percentage contribution of eBCx and eBChy.

eBCugm= | eBCpugm™3 | eBCoohug m= | %BCs %BChb

Jan 1.72+£1.26 12+1.04 0.52 £ 0.47 69 + 19 31+19
Feb 2.61+£1.93 2.11+1.78 0.5+0.38 7715 23+15
Mar 21+1.79 172+1.6 0.38+0.35 79+ 12 21+12
Apr 253175 1.68+1.31 0.85+0.92 67 21 33+21
May 2.59 +1.58 19+1.14 0.69x0.74 74+ 16 26 £ 16
Jun 248 +1.26 209+1.11 0.39+0.43 84+ 14 16+14
Jul 0.8+0.61 0.72+£0.6 0.08 £ 0.07 86 + 14 14+ 14
Aug 0.81+£0.64 0.72+0.61 0.09£0.13 86 +13 14 +£13
Sep 1.23+0.63 1.12 £ 0.61 0.11+£0.14 9012 10+£12
Oct 1671 1.35+0.89 0.31+£0.31 8014 20+ 14
Nov 1.77+1.19 1.34£1.02 0.43+0.32 74 £ 14 26+14
Dec 1.83+1.32 14+£121 0.43+£0.35 72 £ 20 28 £ 20
Annual | 1.97+1.54 1.53+£1.3 0.44+0.52 7717 23+ 17

The concentrations of eBC, eBC# and eBCup, exhibit a strong unimodal diurnal variation
(Figure 5.6). Such unimodal diurnal variation is expected for a cleaner site, where the
sources are not in proximity and are largely governed by the changes in the boundary
layer height. The maximum eBC concentrations are observed in the afternoon when the
boundary layer is fully evolved, and it brings the pollutants from the sources in the low

altitude regions. The decrease in observed eBC concentration starts as the sun sets when
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the boundary layer height decreases, and the minimum concentrations are thus observed

at night.
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Figure 5.6 Diurnal variations of eBC and its fossil fuel (eBCtx) and biomass burning (eBChs)
components. Data counts in each month are also given.

The diurnal variation in both eBCs and eBChpb consistently follows the diurnal variation
in total eBC and they too have a noontime maximum. Such variations peaking during
noontime at this site is in complete contrast with the bimodal diurnal variations observed
at low lying urban sites of Pantnagar (Joshi et al., 2016), Delhi (Tiwari et al, 2013) and
Ahmedabad (Rajesh and Ramchandran, 2017) which are found to have maximum
concentrations during morning and evening. The bimodal variation at these urban sites
is attributed to the fumigation effect of the boundary layer and the increase in
anthropogenic activities during morning and evening. Furthermore, at these urban sites,
eBCy shows a higher contribution during the night and early morning while the higher

contribution from eBCyp is found during morning and evening hours.
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Additionally, it is shown that the contribution of fossil fuel (eBCs) is dominant (67-90%)
when compared with the biomass burning (10-33%) in monthly (Table 5.4) and diurnal
scale (Figure 5.7). Thus, indicating that the emissions from sources such as automobile
and industrial combustion contribute much more than biomass burning, which includes

forest fire and crop residue burning.
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Figure 5.7 Diurnal variation of the percentage contribution of fossil fuel (eBC#x) and biomass
burning (eBCywb) components.

Percentage contribution of eBC

Figure 5.8. shows monthly variations in the average diurnal amplitude of eBCs and
eBCup. It is found that the difference between both the diurnal amplitudes reduced very
significantly, reaching a minimum (0.17 - 0.33 pug m), during April and May. The
percentage difference between eBCpp and eBCsr also drops to the lowest value of 9-32%
in April-May. This signifies the relative importance of biomass emissions at a diurnal
scale during the spring months. This increased influence of biomass emissions also
reflects in the monthly scale and is consistent with the increased fire counts in the
Northern Indian region (Figure 5.9). The lowest diurnal amplitude of eBCs and eBCpp

is found during summer-monsoon due to the washout because of rain in this period. The
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same effect of rain is also visible in the monthly scale. Additionally, the lowest fires in

this period result in a much lower contribution from biomass emissions.
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Figure 5.8 Monthly variations in the diurnal amplitudes of eBCx and eBCyy oObserved in the
central Himalayas during 2014-2017. The percentage difference between them is also shown.
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Figure 5.9 Monthly averages in eBC, eBCy, and eBCpy. Fire counts in the region 24-34°N, 70-
90°E from MODIS are also shown as a bar plot in the secondary y-axes.

Fossil fuel fraction (eBCs) closely follows the monthly variation in ambient eBC in
general. The annual averaged fossil fuel component is higher than the biomass
component with an eBCs of 1.53+1.3 pg m2 and eBCps 0of 0.44+0.52 pg m3. This
implies that the contribution of eBCssis ~3.5 times higher than that of eBCp, annually.

Nainital is a hill station hence a tourist destination, attracting a large flux of tourists. As
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a result, influences of vehicular emissions could become the most important source of
eBC at the site. In an otherwise clean atmosphere, devoid of any other major emitting
sources, these emissions show up significantly and this is the most likely cause for the
higher components arising from fossil fuel combustion (eBCx) in all the months as shown
in Figure 5.9. Furthermore, it has been shown that the low-lying sites of the IGP have a
higher contribution associated with fossil fuel in general (Kumar et al., 2020). Thus,
when the boundary layer height flushes pollutants from these low altitude sites in the
daytime to our sites, they are richer in the fossil fuel emissions and hence we find that in

all the months, fossil fuel emissions prevail the eBC concentration.
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Figure 5.10 The concentrations of eBC along with fossil fuel (eBCsx) and biomass (eBChyb)
components during four seasons over the central Himalayas during 2014-2017. Percentage
contributions of eBCs and eBCyy, are also shown.

The seasonal average concentrations arising from both fossil fuel (1.3+1.1 pg m~3) and
biomass (0.2+0.3 pug m—3) components of eBC are minimum during the monsoons (Figure
5.10) consistent with the impact of the heavy precipitation during this period (Figure 2.1).
Seasonally, the lowest eBCp, percentage of ~15% is also observed during monsoons
resulting as a direct consequence of the least fires in this period, which is also evidenced
from Figure 5.9. The biomass burning component peaks during spring with an average
concentration of 0.6+0.7 pug m™ due to the rise in the long-range transport of emissions
from crop residue burning during this period in the Northern Indian region. We have

examined this influence further in sections 4.2.5 and 4.2.6. These results thus hereby
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quantify the temporal variation of emissions due to the burning of fossil fuel and biomass
at the site. We now utilize these observations to estimate the impacts on radiative forcing

and eBC emissions from a top-down approach.

5.2.2.3. Impact of eBC and its Fossil Fuel and Biomass Components on
Aerosol Radiative Forcing (ARF)

In this section, we estimate the impact of eBC together with its fossil fuel and biomass
fractions, on aerosol radiative forcing. For this, we first utilize an aerosol optical model:
Optical Properties of Aerosols and Clouds (OPAC, Hess et al., 1998) to get the optical
properties such as AOD, SSA, asymmetry function and angstrom exponent. These
optical properties are then fed to the Santa Barbara Discrete Ordinate Atmospheric
Radiative Transfer model (SBDART, Ricchiazzi et al., 1998) for ARF estimation. OPAC
and SBDART have been widely used for ARF estimation in former studies (Satheesh et
al., 2002; Moorthy et al., 2009; Gogoi et al., 2017).

The main aerosol components used in OPAC are - soot, water-soluble, insoluble and
mineral (nuclei and coarse mode) at 50% RH. Averaged eBC concentrations for the
whole period are used as the representative of soot in OPAC. For other components, the
number densities are adjusted so that there is a match of upto 3% between the model
estimated and measured climatological (2005-2012) mean values of AOD and angstrom
exponent (Dumka et al., 2009; Joshi, 2015). These number densities are then rendered
fixed in the model and the optical properties are derived for averaged eBC, eBC¢ and
eBCup. It has been shown earlier that although these number densities might not be
unique, they successfully represent the columnar aerosol properties (Moorthy et al.,
2009). Optical properties are then used as input to SBDART which is run with a ‘tropical’
atmosphere and spectral surface albedo of - 80% vegetation and 20% sand following Pant
et al., (2006) and Kumar et al., (2011). Daily RF calculations are performed in the
shortwave region (0.25-4um) for the whole year at hourly intervals in three categories
namely (i) diurnal (6-18 hours) (ii) forenoon (6-9 hours) and (iii) afternoon (14-17 hour),

for both with and without aerosols (separately for eBC¢ and eBChp).
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Figure 5.11 Diurnally averaged, forenoon (fn) (0600 - 0900 hours) and afternoon (an) (1400 -
1700 hours), clear-sky shortwave (0.25-4.0 um) direct aerosol radiative forcing (Wm2) at the
surface (SUR), in the atmosphere (ATM) and at the top of the atmosphere (TOA) ) for eBCs and
eBChp.

The diurnally averaged aerosol radiative forcing calculated at top of the atmosphere
(TOA), surface (SUR) and atmosphere (ATM) obtained for eBC¢ and eBCpp are shown
in Figure 5.11. The magnitude of diurnally averaged TOA, SURF and ATM forcing are
6.8+7.5, -33.5+13.3, and 40.3+18.6 Wm™for eBC, respectively. Further analysis reveals
that the maximum fraction of RF comes from the fossil fuel fraction for TOA, SURF and
ATM forcing (5.947.2, -31.7+12.6, and 37.6+17.42 Wm™) when compared with that
from biomass fraction (3.7+6.4, -27.3+10.6 and 31.01+14.4 Wm™), respectively. These
results reveal that the maximum fraction of RF comes from the fossil fraction. Further, it
is found that the fossil fuel component leads to about 16.4 %, 13.3% and 32.0% higher
radiative forcing than that from biomass fraction at ATM, SURF and TOA, respectively.
This implies that reduction in fossil fuel combustion is more effective in mitigating the

adverse effect of positive atmospheric radiative forcing over this region.

It is evident that the afternoon RF is significantly higher at TOA (6.3 and 4.2 Wm™),
SURF (-13.4 and -8.8 Wm™) and ATM (19.8 and 13.0 Wm™) than the forenoon one in
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eBCy and eBCpyp respectively. Thus, the results show less effect of biomass in noon time
and further highlight that the emission from fossil fuel is of much greater concern
compared to that due to biomass, when doing radiative forcing estimates. Moreover, the
results underline the importance of afternoon radiative forcing at the site. Previous
studies have shown that atmospheric radiative forcing may increase by 10-16% when
aerosol diurnal variations are taken into account (Reddy et al., 2015). This also shows
that incorporating high-resolution measurements is particularly essential while studying
aerosol-radiation interaction over the high-altitude Himalayan sites.

5.2.3. Correlation of Carbonaceous Aerosols

Figure 5.12 shows the correlation of POC and SOC concentrations with eBC, eBCyx,
eBCus and boundary layer height. It is found that eBCs exhibits a high correlation (r>>0.5
and slope >1.5) with POC derived from all four methods. On the contrary, the correlation
between eBCt and SOC is low (r? < 0.1 and slope <0.2) in all the methods. This is as
expected since both POC and eBCsr are emitted primarily from incomplete combustion
as opposed to SOC. Moreover, these results enforce confidence in the segregation
schemes employed since we arrive at the expected conclusions using two independent
segregation methodologies: optical (eBCs and eBCpy) and thermal (POC and SOC).
These results are also strengthened by a higher correlation of POC found with eBC

compared to SOC.

For correlations between eBCy, and POC-SOC, we found that 95 percentiles of eBCpp
data lie below 1.5 ug m>and therefore we show here the eBCpp data between 0-1.5 pg m"
3instead of the full range (0-3 pug m™) to avoid the impact of outliers. Results show that
in general, the correlation of eBCyy with POC was lower than that with SOC for all the
methods. In fact, for MRS, TEN and REG, the r?is greater than 0.9 between eBCpp and
SOC while r? is lesser than 0.6 for regression between eBCpb and POC from MRS, TEN
and CAB, thus, implying that the secondary organic content is better correlated with the
biomass burning fraction. This happens because biogenic volatile organic compounds are
associated with SOC formation (Tadeusz et al., 2010) unlike fossil fuel emissions. It is
also found that the SOC has a higher correlation (r>~0.7 for three methods) with mixing
layer height compared to that with POC (r?<0.1) implying that the SOC formation is

linked more to the rise in mixing layer height compared to POC. This is reasonable
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because SOC formation is more likely to be favoured in cases of higher ageing which are
associated with greater mixing layer heights. The results, therefore, highlight that the
POC emissions at the site are associated with eBC¢ emissions while the SOC emissions
are associated with eBCpy and higher mixing layer height.
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Figure 5.12 Correlation of POC and SOC concentrations (obtained from four methods) with
eBC, eBCx, eBCyy, and the boundary layer height during 2014-2017.

5.2.4. Source Region Identification

In this section, we quantify the contribution of the eBC transported with the air masses
arriving at the site using concentration weighted analysis (CWT). The method and
information on the used input data are described in section 2.3.1. Figure 5.13 shows the
concentration weighted trajectories of eBC averaged during four seasons of the 2014-
2017 period. The weighted concentrations in pg m= indicate the potential eBC

contribution level of each grid. In general, it is evident from the figure that the higher
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eBC concentrations observed at the receptor site are mainly associated with the air
masses from the north-western regions of the IGP. The greatest contribution of these
higher concentrations (>2pug m™ shown in orange and red) are observed during spring
followed by winter. These potential source zones lie coherently with the sources of fossil
fuel combustion such as factories, power plants, transportation activities which are
located at the densely populated urban core of the IGP. However, these are relatively
constant sources of emissions. The higher concentrations are also a result of the high fire
events in IGP which are associated with the seasonal stubble burning that mainly occurs
twice a year - in spring and with the onset of winter. In addition to this seasonal nature
of biomass emissions, the higher wind speed and greater convection during spring
support the transport of pollutants even from far off regions of the IGP to the site, despite
its high altitude.

It is also evident that since for any other season, the convection and wind speed is
relatively lower than that during spring, the pollutants transported to the site also remains
lesser. Lower concentrations (< 2ug m) observed during autumn are a likely result of
this pattern. It is important to note that given the dominance of north-westerly trajectories
at the site, most of the pollutant transport is from the north-western IGP region.
Additionally, the area of pollutant transport is the least during the summer monsoon. This
is particularly due to the fact that this period is associated with heavy rain spells brought
to the region by the southwest monsoon winds which are of the cleaner oceanic region.
Much lesser concentrations (<1.5ug m™®) are associated with the air masses arriving from
regions farther from India. The results thus reveal that even at this high altitude, the site
is considerably affected by the transported pollutants from the north-western IGP region
and biomass-burning events, especially during spring. We now assess the impact of such

a biomass burning event on carbonaceous aerosols in the next section.
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Figure 5.13 Concentration Weighted Trajectories of eBC for seasons winter, spring, summer-
monsoon and autumn i.e., DJF, MAM, JJA and SON during 2014-2017.

5.2.5. Influence of Biomass Burning on eBC, EC, OC, eBCup,
POC and SOC

To explore the impacts of biomass burning on concentrations of carbonaceous aerosols,
we analyse an event of rising fire emissions from 19 Apr 2016 to 04 May 2016 as shown
in Figure 5.14. MODISv6.2 fire data (https://firms.modaps.eosdis.nasa.gov/) for the

night-time (since it has greater sensitivity, Bhardwaj et al., 2016) with a confidence level
greater than 80% is taken for the region 24°N to 35°N and 70° to 89°E. A systematic rise
in the fire events is observed from 22 April to 1 May 2016. The fires in the North-western
region are mainly associated with the few cropland regions in the states of Punjab,
Haryana, Himachal, and Uttarakhand where fires for crop residue removal are common
during this period. The backward trajectories show that the air mass arrives at the site
from the north-western region in both the low (22 Apr) and high (1 May) fire days. Thus,
the emissions from these fires have a very high probability of being transported to the
site with the north-westerly air masses. The impact of this transport is evidenced by the
near simultaneous enhancement in the carbonaceous aerosols during this period. The OC
concentration on 30 May almost doubled from its concentration on 22 Apr. The OC/EC

ratio also rose around the same period from 4.6 to 7.9. When the fire events on 22 Apr
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were lower than 30, the SOC concentrations were also less than 10 ug m2in all the
methods. As the fire counts gradually rose to as high as 257 on 01 May, simultaneously,
the SOC concentration also crossed over 20 pug m= in all the methods. These SOC
concentrations were much greater than the POC ones which are usually found to
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Figure 5.14 (a) Fire counts, OC, EC, OC/EC, eBC, eBCx, eBCp,, POC SOC from CAB, TEN,
REG and MRS during 19 April - 5 May 2016. Locations of fires (red dots) observed from MODIS
and 5-day backward, 27-member ensemble, trajectories reaching the observation site (orange
triangle) on (b) 22 April and (c) 01 May 2016. The black squares within trajectories are marked
at the interval of 24 hours. The colour bar on the left shows the height of the trajectory.

dominate the OC fraction at the site. Thus, suggesting that the biomass emissions are
associated with higher SOC formations.
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Further, the magnitude of this rise in SOC with fire events varied in different methods. It
is clear that MRS and TEN showed greater sensitivity and the fraction of OC allotted to
SOC is higher compared to POC. However, the difference in POC and SOC
concentrations is comparatively lesser in CAB and REG during the fire events. Similarly,
the eBCyp concentration which is usually lower than the eBCs component at the site also
enhanced to levels higher than those of eBCs with the rise in fire events. Cloud-Aerosol

Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) aerosol subtype imagery
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Figure 5.15 Aerosol subtype with altitude observed by CALIPSO near the study region encircled
in red during (a) low fire (22 April) and (b) high fire (1 May) days.

(Figure 5.15) during this period (01 May) around the site also reveals the presence of
elevated smoke and polluted dust. However, such elevated smoke aerosols are not
classified (supplementary Figure 5.14a) during the low fire period (22 May). These

results clearly emphasize the importance of biomass burning emissions which lead to
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significantly higher concentrations of carbonaceous aerosols at otherwise cleaner high-

altitude sites.

5.3. Conclusions

Several studies have reported about the transport of carbonaceous aerosols which
adversely impact health and climate from the polluted regions of Asia and Europe to the
pristine and vulnerable Himalayan region. Yet to date, there remains a dearth of source
apportionment studies that can elucidate the diurnal scale phenomena with respect to
emission sources, quantification of transported pollutants, the influence of biomass
burning and radiative forcing. Therefore, in this work, we report the first high-resolution
delineation of primary organic carbon (POC) and secondary organic carbon (SOC)
contents in total organic carbon (OC) and the foremost assessment quantifying the
relative contributions of fossil fuel combustion and biomass burning to equivalent black
carbon (eBC) over the Central Himalayas using four-year (2014-2017) online
observations. The deconvolution of OC to POC and SOC is performed using four
methods, all of which consistently show that POC (>64%) with a prominent unimodal
diurnal variation dominates over SOC (< 44%) at an annual time scale. However, these
methods show large intra-annual variations: POC 64-116%; SOC 20-44% and suggest a
need for having a standard protocol for POC and SOC determination. Further, it is shown
that the contribution of fossil fuel combustion (eBCs) is 3.5 times greater than that of
biomass burning (eBChn). The impact of transported pollutants and biomass burning on
carbonaceous aerosols at the site is evidenced using four-year concentration weighted
trajectories analysis and study of a specific high-fire event. Radiative forcing estimates
are made at a diurnal scale, and it is shown that eBCs contributes more (16.4 %)
atmospheric forcing than eBCpp and that the noon time atmospheric forcing of both eBCs
and eBCup is higher (19.8 and 13.0 Wm™, respectively) than that of the forenoon one. It
is shown that incorporating high-resolution measurements is particularly essential while

studying aerosol-radiation interaction over the high-altitude Himalayan sites.
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Chapter 6

Application of Black Carbon Measurements
to Quantify Contribution of Sources of
Carbon Monoxide

Black carbon is co-emitted with other key pollutants such as CO during the incomplete
combustion of carbon-based fuels. This chapter highlights the discrepancies between
the ground-based CO measurements and the CO estimates from both satellites and the
regional chemistry model simulations over the complex Himalayan terrain. It then
takes leverage from the long term multiwavelength BC measurements made at the site
and the source apportionment of BC done to estimate the sources of CO which are
otherwise not known from any ground-based measurements currently in India. Later
these source apportionment results are compared against the WRF-Chem CO tracer
runs.

6.1. Introduction

Black carbon (BC) and Carbon monoxide (CO) are emitted primarily as a by-product of
incomplete combustion processes (e.g., forest and agricultural fires, power generation,
automobile combustion) and other anthropogenic activities. BC is an absorbing aerosol
also known to be the second most important climate change forcer as a result of its direct
and indirect effects (Bond et al., 2013). Thus, a number of studies have been conducted
in the past investigating BC, its transport and characterising its sources (Satheesh et al.,
2002; Moorthy et al., 2004; Ramanathan and Carmichael, 2008; Bond et al., 2013;
Bhardwaj et al., 2021). On the other hand, CO also plays a critical role in atmospheric
chemistry by removing the hydroxyl radical from the atmosphere (Novelli et al., 1998)
and influences the mixing ratios of key greenhouse gases such as methane and ozone
(Wigley et al., 2002). It is emitted in the atmosphere by both natural (oxidation of
hydrocarbons, oceans and plants) and anthropogenic sources (fossil fuel and biomass
burning) (van der Werf et al., 2010). Anthropogenic sources account for more than half

of global CO emissions (Granier et al., 2011).
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It has also been observed that anthropogenic emissions have rapidly increased in the past
decades due to urbanisation and industrialization. During 1950-2011, the anthropogenic
CO emissions increased from 57.2 to 323.2 Tg year™ over Asia (Kurokawa and Ohara,
2019). The highly populated region of the Indo Gangetic Plain is a hub of several
anthropogenic activities including power plants, transportation, mining, domestic
cooking, crop-residue burning, etc and thereby produces enormous amounts of CO (Beig
and Ali, 2006; Guttikunda et al., 2014).

Further, while most of these emissions do not vary during the course of the year, the CO
emissions from crop residue burning in the Northern Indian region and Northeast India
are seasonal and peak during April-May and October-November (Venkataraman et al.,
2006; Kumar et al., 2011). These result in spatiotemporal variability in CO emissions.
Considering its crucial climatic and health impacts, it is essential to quantify the
contribution of these anthropogenic/natural sources to the ambient CO for formulating
effective mitigation strategies in the Northern Indian region. However, the information
about CO budget and source attribution is associated with several uncertainties and large
discrepancies are found between different emission inventories (Park et al., 2015).

Numerous in-situ measurements of CO in India have been made in the past over the low
altitude rural and urban environments (Lal et al., 2000; Naja et al., 2002; Beig et al.,
2007, Ojha et al., 2012; Yarragunta et al., 2020), high-altitudes (Sarangi et al., 2014;
Bhardwaj et al., 2018; Kumar et al., 2019) and marine regions using ship-borne
observations (Sahu et al., 2006; Srivastava et al., 2012b; Mallik et al., 2013). To capture
the vertical profile, aircraft-based measurements have also been used (Allen et al., 2004;
Sahu et al., 2016) alongside satellite-based observations (Girach and Nair, 2014;
Yarragunta et al., 2019). The above-mentioned observations have provided important
insights into the spatial and temporal variation of CO, its vertical structure, and the
influence of convection and continental outflows on pristine environments. However,
only a limited set of studies have tried to understand the influence of the sources of CO
over the Indian region (Kumar et al., 2013; Yarragunta et al., 2019; Nandi et al., 2020;
Bhardwaj et al., 2021) and all these are based on regional-chemical models. These model-
based studies do provide important information on the atmospheric processes, variability
and transport of CO responsible for pollution episodes but show a significant deviation
of about 29 to 97% from the ground observations over different urban sites (Nandi et al.,
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2020). Furthermore, these models have higher biases (>25%) over the Indian Himalayas,
whose pristine environment is vulnerable to the outflows from the IGP region (Bhardwaj
et al., 2021). Thus, the uncertainties in the source apportionment over the Himalayan
region remain large and this can be mainly ascribed to the paucity of in-situ observations,

required to test and constrain the model-based simulations.

To this end, the present work aims to demonstrate the use of ground-based observations
of BC to segregate and quantify the fossil fuel and biomass burning CO components. In
the course of this chapter, we start by showing the results of comparison among the CO
mixing ratio from reanalysis product, satellite observations and regional model
simulations against the ground-based measurements over this high-altitude Central
Himalayan region to establish the need for a ground observation-based method in
determining the CO sources. Then we utilise the four years long (2014-17) ground-based
ambient BC and CO measurements to delineate and quantify the fossil fuel and biomass
burning CO components. Following this, we discuss the nature of this estimated CO
against the observed CO and use the model parameters to predict CO for 2018, which is
also compared against observed CO for 2018. WRF-Chem CO tracer runs are also
utilized to delineate the CO sources over the site and present the comparison between the
two segregation methodologies. We finally summarise the main points from this study in

the conclusions section.

Measurements of carbon monoxide (CO) are made using Cavity Ring-Down
Spectroscopy (CRDS) from Picarro G2401 analyser (Picarro Inc., CA, USA). CO
observations from Horiba APMA 370 trace gas analyzer which is based on non-
dispersive IR method, are also used during 2014-2015 wherever Picarro data was not
available, after a thorough regression between the two. Continuous measurements of the
mass concentration of BC are made in real-time using a seven wavelength (0.37-0.95um)
Aethalometer (AE42) from Magee Scientific, USA. Further, MERRAZ2 reanalysis
surface CO data (0.5° x 0.625°) from Jan 2014—Dec 2017 using version 5.12.4 of the
Goddard Earth Observing System Model (GEOS-5) are also utilized. Model (WRF-
Chem) simulated CO data are used from Jan 01, 2014, to Dec 31, 2015, with a time step
of 60 s after discarding the first month of model output as a spin-up period. In the present
study, MOPITT version-9, Level-2 retrieval products of CO are utilized from 2014 to
2017. Here, only the daytime retrievals are used as they provide better thermal contrast
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conditions compared to night time (Deeter et al., 2017). More details on the ground-based

instruments, reanalysis data, model and satellite data are already provided in Chapter 2.

6.2. Results and Discussions

6.2.1. Comparison of CO From MOPITT, WRF-Chem and
MERRA-2 Against Ground-Based Observations

The observed surface CO are compared against MOPITT surface CO in Figure 6.1 (top)
for 2014-2017 period. Observed CO shows large monthly variation with low mixing
ratios in July and August, and higher mixing ratios during April and May. Both show a
reasonable agreement, particularly in late autumn and in the months of November,
December and January. MOPITT CO is unable to reproduce the higher values in the
spring months. Very high mixing ratios are shown by MOPITT in the months of August
and September while mixing ratios are shown to be low during April and May, a pattern
contrary to the observations. The percentage difference between the observed and the
MOPITT CO also has a significant monthly variation and ranges from about -25% in
May to about +60% in August.

Surface average CO mixing ratio from MERRA-2 and observations for the 2014-2017
period are shown in Figure 6.1 (bottom). MERRA-2 does not show significant monthly
variation with a mixing ratio of about 100 ppbv in almost all the months. MERRA-2 is
thus not only unable to capture the monthly variation but also underestimates the actual
mixing ratio throughout the period. The percentage difference between the mixing ratios
of CO from observed and MERRA-2 is always greater than 25% and even exceeds 50%
in the month of May when the site has the highest observed CO mixing ratio.
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Figure 6.1 Monthly averaged surface CO mixing ratios from (top) MOPITT and (bottom)
MERRA-2 for a 0.5°0.5° region around the site (Nainital) and those from observations are
shown in red and black bars respectively. The % difference between the two is also shown on the
secondary axis.
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Figure 6.2 Monthly averaged surface (solid lines) and two km (dashed lines) CO mixing ratios
from WRF-Chem for NTL-Nainital, NE1-0.1° North East of NTL, NE2-0.2° North East of NTL
and those from in-situ observations (black line with square markers) at the site are shown.
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Figure 6.2. shows the comparison of the seasonal cycle of CO at the site simulated from
WRF-Chem at the surface of Nainital (79.45° N, 29.36° E) for the year 2014 with the in-
situ measurements. It is clear that the model is unable to capture the monthly variation
of CO at the site. We observed that the model’s altitude (1309 m) of the site does not
match the site altitude of 1950 m. Therefore, we made sensitivity tests by comparing the
simulated CO mixing ratios with two other locations - NE1 (79.55° 29.46° model
terrain-1560 m) which is about 0.1° Northeast of NTL and, NE2 (79.65°, 29.56°, model
terrain-1696 m) which is about 0.2° Northeast of NTL. We also compared the simulated
mixing ratios at 1950 m altitude for the three locations (shown with dashed lines as NTL-
2km, NE1-2km and NE2-2km in Figure 6.2). We find that none of the simulations is able
to capture the seasonal variation in observed CO. In fact, all the simulations for 1950 m
altitude for NTL, NE1 and NE2 are in general always underestimating the observed CO
mixing ratios and unable to capture the springtime high and monsoonal low in the
observed CO mixing ratios. Further, contrary to the observations, these simulations show
a higher mixing ratio in the monsoon and a lower mixing ratio in winter and monsoon.
This inability of the model to replicate the CO variations can be attributed to the complex
topography of the region which makes it difficult to capture the microscale processes at
a coarse resolution, uncertainties and inaccuracies in emission inputs and uncertainties

associated with parameterization of physical processes.

The above analysis suggests that the current satellite measurements, reanalysis products
and model simulations might not accurately reproduce the temporal variations in CO over
this high-altitude site in the Himalayan region. Further, although the surface observations
represent the ground truth, they lack in their ability to delineate the markers of different
sources which is feasible with the regional chemical models. These results thus underline
the importance of methods based on ground observations to deconvolve the fraction of
different sources in the ambient CO mixing ratios. We present the results from one such
approach in the subsequent sections at this site.

6.2.2. Evaluation of the Applicability of Multiple Regression
Method CO Estimates
A method for the source apportionment of CO was described by Kalogridis et al., (2018)

using BC and CO in the multiple linear regression model. This Method makes use of the
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fact that both CO and BC are produced by similar combustion processes and if both CO
and BC have a good correlation, then CO/BC ratios can be regarded as equivalent to their
source emission ratios and the total CO mixing ratio may then be expressed as the
following:

[CO]=[CO]bgd + resx[eBCl]ss + ropx[eBCJon (6.1)

where eBCy and eBChy are estimated using spectral dependence of light absorption by
the emissions from fossil fuel and biomass burning from a method developed by
Sandradewi et al., (2008) and used successfully in several other studies (Favez et al.,
2010; Zotter et al., 2017; Dumka et al., 2018; Kant et al., 2020). During the course of this
study, the eBC measurements and their fossil fuel (eBC¢) and biomass burning (eBCpp)
fractions are also estimated (Srivastava et al., 2022) for the 2014-2017 period and
discussed in section 6.2.5. The mixing ratio of background CO ([CQO]bgd), I and rys can
be calculated by a multiple linear regression model. Finally, using these values CO
fractions of fossil fuel (CO#) and biomass burning (COnb) can be deduced as:

[CO]s= reex[eBClss (6.2)
[COJbo= ronx[eBClu. (6.3)

The hypothesis of equivalent emission ratios of CO and eBC is largely true for the present
site as a strong correlation between eBC and CO is observed (r>>0.9) in all the seasons
(Figure 6.3a). Additionally, for the model to work, it is essential that there is no
significant correlation between eBCs and eBCp,, S0 that they can be treated as
independent of each other. At the same time, the CO mixing ratio should be well
correlated with both the independent variables eBCs and eBCpy. Both these conditions
were satisfied in our case as [eBC]s and [eBC]wb did not show any significant correlation
(r’<0.5, p>0.05) amongst each other while both had a reasonable correlation (r>>0.8,

p<0.0001) with the measured mixing ratio of CO.
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Figure 6.3 Correlation between (a) CO and eBC (b) eBCx and eBCy, (¢)CO and eBCy (d) CO
and eBCyp, mixing ratios in winter, spring, summer-monsoon and autumn during 2014-2017.
Smaller points show daily means and binned data are shown in the same colour scheme with
a larger size. Spread in x and y axes in the binned data is one standard deviation from the
mean. Determination coefficient for each season is also mentioned.

A key point here is that this multiple linear regression is not applied grossly over the
whole dataset. Instead, the complete data was first segregated into different months and
then the regression was applied diligently to each month separately. This approach
improves the estimated CO results and helps capture the intra-annual variation in the
background, fossil fuel, and biomass burning components of CO better, as shall be
discussed later. Table 6.1 provides a summary of the parameters obtained from this

regression.
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Table 6.1 Results of multiple linear regression ([COJugd,, Ff,, 'bb, bgd, their respective errors and
determination coefficient r?) that are applied for the estimation of COg and COpy, for 2014-2017.

err- | err-
Month | [COlbga |  rt Ibb err-rop | r?
I'bgd It

Jan 98.93 458 16832 | 092 | 054 | 119 | 09

Feb 11398 | 3459 | 65.08 | 1.24 | 0.37 | 1.76 |0.89

Mar 99.7 30.14 | 73.04 | 1.01 [ 043 | 197 (085

Apr 90.53 | 36.92 | 87.17 | 1.81 0.8 1.14 |0.86

May 126.4 | 4243 | 67.22 | 207 | 1.01 | 155 [0.85

Jun 11491 | 40.52 | 4565 | 3.06 | 1.28 | 3.32 |0.57

Jul 109.2 | 2842 | 46.86 | 154 | 1.41 | 11.66 [0.45

Aug | 12439 | 1798 | 1148 | 1.48 | 207 | 593 |0.11

Sep | 112.99 | 52.08 | 67.43 | 3.55 | 2.75 | 10.65 |[0.48

Oct 87.71 | 59.96 | 84.85 | 1.98 | 1.16 | 3.29 |0.76

Nov 83.54 741 |111.17| 262 | 2.46 | 5.02 |0.82

Dec | 11548 | 41.14 | 67.47 | 1.86 0.9 297 |0.77

We find that the regression determination coefficient r? is greater than 0.7 in all the
months except those affected by the monsoon (June-September). This shows that the
application of multiple regression will yield reasonable results at the site in general.
These parameters can now be used for estimating the CO and its components of fossil
fuel and biomass burning by utilising the observed eBC concentrations at this site using
equations 6.2 and 6.3. We evaluate the comparability of estimated CO for the period
2014-2017 with the predicted CO for the year 2018 using the above parameters with the

observed CO in the next section.

6.2.3. Comparison of the Estimated and Observed CO

Figure 6.4 shows monthly variations in the estimated and observed CO. Estimated CO is
the sum of [COJpgs, COsr and COpp as obtained from parameters in Table 6.1. The
estimated CO captures very well the monthly mean variation of observed CO and the
average values of the two have a difference of <0.25x107 ppbv. The spread in the box
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plot however suggests that there could be differences among daily data between the two.
Figure 6.5 shows the correlation between the estimated and the observed CO. The
determination coefficient (r?) is greater than 0.9 in all the seasons except monsoon. Even
during monsoon, the r? is about 0.8. Broadly, these results suggest that the multiple
regression (MLR) model can be reliably used to estimate the contribution of different
sources to CO at the site for the same period and the parameters can be further used to
predict the CO for the future as well. We evaluate this MLR model predicted CO against

the observed one in the next section.
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Figure 6.4 Box plot showing the intra annual monthly mean variation in observed CO and
estimated CO and their averaged for the year 2014-2017. In boxplots, the lower and upper edges
of the boxes represent the 25th and 75th percentiles, respectively. The whiskers below and above
are the 10th and 90th percentiles and the unfilled triangles and circles depict the 5th and 95th
percentiles. The solid triangles and circles inside the boxes represent the mean and the solid lines
inside the boxes represent the median.
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Figure 6.5 Correlation between estimated and observed CO mixing ratios in winter, spring,
summer-monsoon and autumn during 2014-2017. Smaller points show daily means and binned
data are shown in the same colour scheme with a larger size. Spread in x and y axes in the binned
data is one standard deviation from the mean. The determination coefficient for each season is
also mentioned.

6.2.4. Comparison of the Predicted CO from eBC for the Year
2018 with the Observed CO

Provided the correlation between eBC and CO holds, the parameters obtained from the
multiple linear regression calculation, summarised in Table 6.2 for the years 2014-2017
can be utilized for estimating the CO and its components (COpgd, COs and COnb) for
other periods if the corresponding eBC concentrations are available for the site. Here, we
evaluate the comparability of the CO thus predicted using the observed eBC and the
derived regression parameters (rs and rop) with the observed CO at the site for the year
2018.

The seasonal correlation between the predicted and observed CO are shown in Figure
6.6. The coefficient of determination is found to be >0.8 in any of the seasons with a high
significance level of p < 0.0001. The monthly mean variation in the observed and the
predicted CO, and their percentage difference for the year 2018 is shown in Figure 6.7.
The predicted and the observed CO are found to very closely follow each other and the

percentage difference between them lies in the range of -16.1% to 16.8%. More
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importantly, it is evident that the MLR model is able to reproduce the monthly variation
quite well, capturing the high mixing ratios in spring and low mixing ratios during
monsoon as opposed to MERRA2, WRF-Chem and MOPITT. Thus, the above analysis
lends credibility to this method of estimating CO using multiple regression in eBC for
usage to sites with high eBC-CO correlations. Interestingly, this method is particularly
useful in the context of India since a network of eBC observations from multiwavelength
Aethalometers already exists and a number of studies have already reported results on
eBC source apportionment (Dumka et al., 2018, Kant et al., 2020, Kumar et al., 2020 and
references therein). Further, these results also imply that the parameters derived in Table
6.1 are statistically significant and may be utilized in future to determine CO and its fossil
fuel and biomass burning fractions from eBC observations at this site. We now present

the results of this source segregation for CO in the next section.
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Figure 6.6 Correlation between predicted and observed CO mixing ratios in winter, spring,

summer-monsoon and autumn during 2018. Smaller points show daily means and binned data

are shown in the same colour scheme with a larger size. Spread in x and y axes in the binned

data is one standard deviation from the mean. The determination coefficient for each season is
also mentioned.
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Figure 6.7 The monthly mean variation in observed CO and predicted CO for the year 2018 are
shown. In boxplots, the lower and upper edges of the boxes represent the 25th and 75th
percentiles, respectively. The whiskers below and above are the 10th and 90th percentiles and
the unfilled triangles and circles depict the 5th and 95th percentiles. The solid triangles and
circles inside the boxes represent the mean and the solid lines inside the boxes represent the
median. The percentage difference between observed and predicted CO for the year 2018 is also
shown on the secondary y-axis in grey bars.

6.2.5. Segregation of the Fossil Fuel and Biomass Burning
Fractions of CO and their Temporal Variations

6.2.5.1 Diurnal Variations

The diurnal variation of the observed CO along with the estimated CO, its fossil fuel and
biomass burning components are shown in Figures 6.8, 6.9, and 6.10 respectively. The
estimated and observed CO show similar diurnal variations with very low biases (Figure
6.8). CO shows a feature of daytime high during 1100-1700 hours which is typical of
this clean high altitude site and is consistent with the CO variation observed by Sarangi
et al., (2012) for the year 2009-11. Such diurnal variation is mainly governed by the
boundary layer evolution which brings the pollutants from the low-lying region with the
upslope winds to this high-altitude site during the daytime. This daytime rise is found to
be similar to that observed for eBC (Figure 6.8) showing their covariation. Component
wise, diurnally, the mixing ratios of both COs and COwp (Figure 6.9 and 6.10) rise to their
peak during the noon and then fall which is very similar to eBC¢ and eBChy, (Figure 6.8).
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Figure 6.8 Diurnal variations in hourly averaged COgpserveds COestimated, €BCt, and eBCpp
concentrations averaged for 2014-2017. COgpserved, COestimated have been scaled down by a factor
of 100 to fit all plots in the same graph. The vertical bars denote one standard deviation from the
mean.
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Figure 6.9 Boxplot showing diurnal variations in hourly averaged COsx mixing ratio during
2014-2017. In boxplots, the lower and upper edges of the boxes represent the 25th and 75th
percentiles, respectively. The whiskers below and above are the 10th and 90th percentiles and
the blue circled outliers in the boxplot show the 5th and 95th percentiles. The red triangle inside
the box represents the mean and the solid lines inside the box represent the median. The diurnal
amplitude and number of observations are also mentioned for each month.
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Figure 6.10 Boxplot showing diurnal variations in hourly averaged COy, mixing ratio during
2014-2017. In boxplots, the lower and upper edges of the boxes represent the 25th and 75th
percentiles, respectively. The whiskers below and above are the 10th and 90th percentiles and
the blue circled outliers in the boxplot show the 5th and 95th percentiles. The red triangle inside
the box represents the mean and the solid lines inside the box represent the median. The diurnal
amplitude and number of observations are also mentioned for each month.

To evaluate the diurnal variation quantitatively, we calculated the diurnal amplitudes for
each month which is defined as the difference of the maximum and minimum hourly
averaged CO mixing ratio for that month. The magnitude of this amplitude is mentioned
in Figures 6.9 and 6.10 for every month. We find that despite a similar unimodal diurnal
profile of both COss and COwb, their diurnal amplitudes are very different. The amplitude
of COs ranges from 14.56 to 78.99 ppbv while that of COpp ranges from 0.8 to 71.68
ppbv. Interestingly, the amplitude of COwp is very high (71.68 ppbv) in April, otherwise,
its range is only 0.8 to 40.24 ppbv. This shows that fossil fuel combustion is more closely

associated with boundary layer evolution at this site compared to the biomass burning
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counterpart. A similar observation is found in eBC where the daytime high feature is
more prominent in the fossil fuel component showing that both eBC and CO, most likely
have common sources of origin. This is also in line with another study on eBC reporting
a dominance of fossil fuel components in most of the low altitude sites in the Indo
Gangetic Plain (Kumar et al., 2020). Therefore, it is very likely that the evolving mixing
layer height picks up the pollutants rich in fossil fuel fraction from these low altitude
sites in the daytime and flushes them to higher altitude sites. The rise in CO mixing ratio
(Sarangi et al., 2014) and EC and OC concentrations (Srivastava and Naja, 2021) with

the increase of the boundary layer height has been observed at the mountain site, Nainital.

The amplitude of the diurnal peak is lowest in July (COgpbs-27.5 ppbv, CO#-14.6 ppbv,
COnb-0.8 ppbv and COest-14.3 ppbv) and remains low during July-September, owing to
the influence of summer monsoon which brings heavy rain and cleaner oceanic air
masses at the site. In April, the amplitude of COup is ~72 ppbv, much more than the COx
which is only ~35 ppbv. The next highest amplitude of COup is observed in the month of
November which is about 40 ppbv. These results are in good consistency with the
previous studies from this site that have reported a significant influence of biomass
burning particularly in spring on the mixing ratio of pollutants such as ozone and CO
(Kumar et al., 2019), eBC (Joshi et al., 2020) and EC and OC (Srivastava and Naja,
2021). Going a step further, these results are now able to distinctively show that the
biomass burning contribution in fact overtakes the usual dominance of fossil fuel fraction

during the daytime in these months.

6.2.5.2 Annual Variations
Motivated by this observation of a prominent rise of CO during the daytime, we assessed
the differences in this noon time and night time rise in biomass and fossil fuel

components of CO and studied their monthly variations.

A clear intra annual variation in CO and its components is shown in Figure 6.11 (a) and
(b). The intra annual monthly mean variation during noon (1300 - 1600 hours), night
(0000 - 0300 hours) and the ratio of noon-to-night values for COs and COpyp is also shown.
A summary of these interannual statistics for CO, COs, COpp and COngq is given in Table
6.2.
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Figure 6.11 Boxplot showing intra annual monthly and daily mean variation in (a) fossil fuel
and (b) biomass burning CO fractions for 2014-2017 are shown in black. In boxplots, the lower
and upper edges of the boxes represent the 25th and 75th percentiles, respectively. The whiskers
below and above are the 10th and 90th percentiles and the blue-circles outliers depict the 5th
and 95th percentiles. The black square inside the box represents the mean and the pink solid
lines inside the box represent the median. The daily mean data points are shown as grey points.
Noon (1300 - 1600 hours) and night (0100 - 0400 hours) time monthly averages are also shown.
The error bars represent one standard deviation from the mean.

Clearly, the noon time contribution of both COsrand COwb is much higher than the night
time in all the months. Annually, the noon fraction in both CO# and COwy is about 3 times
greater than the night time one. This is a direct consequence of the upliftment of
pollutants by MLH observed in the diurnal scale as mentioned previously. Even in the

monsoon months (June, July, August and September) although the noon/night ratio of
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CO fractions reduces, the noon time contributions in both the CO fractions remain higher
i.e., >1.4 times the night time one. Additionally, the noon time fossil fuel contribution
remains higher than the biomass burning one. The results are consistent with the results
obtained earlier for eBC.

To quantify the contribution of each of the components to total CO, we also calculated
their percentage contributions. In all the months, the percentage of COuy is less than 28%
and that of COs remains less than 38%, thus signifying a high percentage of background
CO on the site. The intercept value from the MLR model for each month is regarded as
the background CO (COugd). This COngq forms the maximum portion of CO constituting
~58% annually and is followed by COs# (27%) and at last COup (15%). The CO emissions
from oceans, plants and hydrocarbon oxidation along with the long atmospheric lifetime
of CO are found to form a significant background mixing ratio (Kalogridis et al., 2018).
The annual mean mixing ratio of COpgq is found to be 104.9+13 ppbv which is in the
range (95-189 ppbv) of previously estimated CO background levels over the same site
using back-air trajectory analysis (Sarangi et al., 2014). This value is also quite close to
those reported at other sites (Demokritosi.e., 108.5 and National Observatory of Athens
i.e., 146 ppbv) (Kalogridis et al., 2018). The resulting COngq is also in agreement with
the 1.25th percentile level of the monthly dataset (100.2 ppbv at the site) considered as
the background level (Kondo et al., 2006).

Following the background CO, the next major contributor to CO in all the months are
fossil fuel emissions. In the absence of any major industries nearby, these emissions are
most likely a result of vehicular emissions. The results thus underline that transportation
and other fossil fuel emissions remain the major and regular sources of pollutants for the
site. Further, biomass burning fraction, although subdominant mostly, peaks during
spring (MAM) particularly in the month of April when the monthly value of COub
74.4+80.1 ppbv exceeds that of COx (62.03+48.5 ppbv). Relatively higher mixing ratios
are also observed during November when COu, reaches its next highest magnitude of
46.1+36.9 ppbv. Thus, the results very well capture the influence of biomass burning
emissions at the site during the crop residue burning period of spring (MAM) and
November in the Northern Indian region. Moreover, the results not only demonstrate the
seasonal nature of biomass emissions particularly crop-residue burning and forest fires

but also show that their contribution to the ambient CO is significant. Here, we can thus
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see a clear contribution of these biomass emissions at the site delineated from the

background and fossil fuel emissions.

Table 6.2 Summary of interannual statistics for total CO, COy, COpp and COnpgq for 2014-17.

Noon / Night ratio

Counts|  COobs COest COnbgd COss COm | COwt | COx COus

Jan 1617 | 190.1+68.8 | 190.1+65.4 | 98.9+0.0 |55.3+47.8|35.9+32.3|1.6+0.5(4.6+5.2| 3.9+4.7
Feb 1579 | 224.3+77.7 | 224.3+73.3 | 114+0.0 |76.2+62.8|34.1+24.8|1.5+0.4(4.2+6.6| 2.6+3.8

Mar 1882 | 180.9+69.4 | 180.9+64.0 | 99.7+0.0 |52.6+48.2|28.7+25.7|1.5+0.4(3.4+2.6| 3+3.6
Apr 1632 |227.1+109.8(227.1+101.6| 90.5+0.0 |62.2+48.5|74.4+80.1|1.6+0.7(3.2+3.8| 3.443.7
May 1065 | 253.6+88.7 | 253.6+81.8 | 126.4+0.0 |80.7+48.3|46.6+49.6|1.1+0.2(1.7+0.8| 1.4+1.1
Jun 1097 | 217.3+69.5 | 217.3+52.3 | 114.9+0.0 |84.7+44.8(17.7+19.5|1.1+0.2|1.5+0.9| 1.5+1.7
Jul 579 | 133.8427.4 | 133.8+18.3 | 109.2+0.0 |20.7+17.4| 3.9+3.5 |1.1+0.1|2.6+4.0| 9.1+33.3
Aug 717 | 13554235 | 135.547.6 | 124.440.0 | 10£7.3 | 1.1+1.6 | 1+0.1 |2.1+1.3| 2.843.8
Sep 428 | 175.8444.7 | 175.8£31.0 | 113+0.0 [54.7+29.6| 8.1+9.9 |1.1+0.2|1.4+0.7| 1.7+15
Oct 1283 | 195.1+72.4 | 195.1+62.9 | 87.7+0.0 |80.3+52.5|27.1+26.2|1.6+0.5(2.9+2.7| 4.14+8.0
Nov 655 | 205.2+84.8 | 205.2+76.9 | 83.5+0.0 |75.64+50.3|46.1+36.9|1.7+0.5(2.8+1.6| 10.0+36.0
Dec 957 199.547 | 199.5+57.9 | 115.540.0 |54.5+47.7|29.6+23.8|1.4+0.3|3.7£2.6| 5.8+10.8
DJF 4153 | 205.3+73.3 | 205.3+68.7 | 108.5£7.6 | 63+54.9 |33.8+27.8|1.5+0.4(4.24¢5.4| 3.846.2
MAM 4579 | 214.3+94.7 | 214.3+88.3 |102.6+13.7|62.5+49.5|49.1+59.4|1.4+0.6(2.9£2.9| 2.8+3.3
JJA 2393 | 172.6465.2 | 172.6£55.2 | 116.445.7 (46.9+47.3| 9.4+15.4 |1.1+0.1(1.9+2.0| 3.4+14.7
SON 2366 | 194.4+72.7 | 194.4£63.6 | 91.1+10.4 |74.3£49.4| 29+30.5 |1.5+0.5(2.6£2.3| 5.2+19.1
Annual | 13491 | 200.6+81.2 | 200.6+74.6 | 104.9+13 | 62+51.5 |33.8+42.8|1.4+0.5(3.1+3.7| 3.6+11.1
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6.2.6 Comparison of BC Based Source Apportionment Against
those from WRF-Chem

In this section, we will discuss the comparison of CO-based tracer runs from WRF-Chem,
which are used for segregating sources of CO against the source segregation from MLR.
For a direct comparison, WRF Chem simulations for anthropogenic emissions are
regarded as the fossil fuel CO and the contribution from photochemical production in the

domain and inflow of CO from lateral boundaries are together taken as the background
Co.

Figure 6.12 shows monthly variations in percentage difference between WRF-Chem and
MLR method for fossil fuel, biomass and background component of CO. Percentage
difference is calculated with respect to the MLR method. We find that biomass burning
fraction of CO from WRF are significantly underestimated compared to those from MLR
in all the months and the two vary over a wide range from -38 to -98%. WRF based COpp
shows higher emissions during May, June and October which is contrary to the

observations which show higher biomass emissions during April and November.
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Figure 6.12 Monthly variations in percentage difference between WRF-Chem and MLR method
for fossil fuel, biomass and background component of CO. Percentage difference is calculated
with respect to the MLR method. Fossil fuel fraction of CO ranges up to +962%. To clearly
illustrate the monthly variation in other fractions of CO, the y-axis scale is not extended till the
full range of +962%.
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The percentage difference between the fossil fuel fraction of CO is even higher and
ranges from about -17% to +962%. The magnitude of the percentage differences is given
in Table 6.3. An important point while comparing the anthropogenic CO fraction in WRF
to the fossil fuel fraction in CO from MLR is that the anthropogenic fraction in CO may
include anthropogenic CO sources other than fossil fuel as well. Although this might lead
to some discrepancies, those are more or less reasonable since most of the anthropogenic
emissions come from fossil fuel-based emissions. Further, this would mainly lead to a
positive bias since anthropogenic components other than fossil fuel would be added in
COs from WRF. Interestingly we find that despite this inclusion of additional
components to fossil fuel CO in WRF, it still significantly underestimated the MLR based
COsrduring April and May, when usually high CO mixing ratios are observed at the site.
On the other hand, the fossil fuel emissions during monsoons, especially July and August,
in WRF are found to be much higher than MLR (even higher than those in springtime).
This significant overestimation by WRF is quite unrealistic as this period is marked by

heavy rain and is under the influence of cleaner marine origin air masses.
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Table 6.3 Monthly percentage difference between WRF and MLR for COpgd, COs and COpp.

COx (%) COwb (%) COngd (%)

Jan 104.3 -96.6 -3.3
Feb 224 -93.1 -12.9
Mar 34.9 -90.0 1.6

Apr -17.0 -86.7 27.7
May -35.6 -12.2 -10.2
Jun -20.6 -44.6 -13.9
Jul 293.9 -97.7 -34.2
Aug 962.5 -11.7 -52.2
Sep 133.1 -91.3 -27.1
Oct 119.8 -37.5 20.1
Nov 33.3 -69.8 33.8
Dec 79.9 -93.6 0.2

Background mixing ratio in MLR and WRF seems to be relatively better represented as
compared to the other sources. Yet even they have a wide percentage difference ranging
from -52% to +34%. We thus find that WRF-Chem is not able to provide
representativeness of the monthly variations in the sources at the site. The analysis
reveals that the major fraction of this discrepancy comes from the misrepresentation of
fossil fuel components followed by biomass burning fractions. Although these results
provide important preliminary information, we realise that a more detailed analysis
including the comparison of emission inventories, resolution and physical schemes will

be needed in future to pinpoint the exact genesis of this discrepancy at the site.

6.3. Conclusions

Given the increasing levels of carbon monoxide (CO) over the South Asian region and
its impact over the Himalayas, there is a pressing need to better understand and quantify
its emission sources. This will lead to effectively reducing the existing discrepancies in
emission estimates of CO. The discrepancies in emissions estimates are furthermore over
the South Asian region, particularly in the IGP and the Himalayan region having diverse
emission sources in the same region and topography is also complex. In this context, the
present work provides crucial in-situ information to robustly constrain the relative source
fractions of CO. Simultaneous in-situ measurements of eBC and CO made at a high-

altitude site in the Central Himalayas from 2014 to 2018 are used in a multiple linear
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regression based (MLR) framework to serve this purpose and the results are compared
against data from MOPITT satellite, MERRA-2 reanalysis data and WRF-Chem

simulations.

It is found that the satellite measurements, model results and reanalysis data show a large
difference in the temporal variations of CO at this high-altitude site. The evaluation of
the MLR model against ground-based observations shows that MLR does quite well in
replicating the diurnal and monthly variation and estimates CO with an r? of > 0.8 for
2014-2017. The comparison of CO predicted using MLR model parameters and eBC for
the year 2018 shows that the monthly predicted CO closely follows the observed
variations, and the mixing ratios lie in the range of -16.1% to 16.8% of the observed
average CO values in any given month. The source segregation results show a clear
unimodal variation with a daytime high of fossil fuel (COs#) and biomass burning (COgb)
fractions of CO, very similar to eBC. We show that the diurnal variation is mostly
governed by the boundary layer evolution. Fossil fuel combustion is found to be the
major contributor (27%) in CO after background CO (58%). COpb shows a large increase
and reaches up to (28%) during April as a result of increased agricultural and forest fires
in the Northern Indian region. WRF-Chem tracer runs for source segregation are found
to underestimate the biomass burning emissions (-38% to -98%) while they largely
overestimate the fossil fuel CO mixing ratios especially during monsoon. The results thus
highlight the successful applicability of MLR in delineating the contribution of fossil fuel
and biomass burning from the CO. The parameters for future estimation of CO from eBC
at the site are also provided. This work also underlines the dire need to mitigate the fossil
fuel and biomass-based incomplete combustion activities to maintain the sanctity of the
pristine region of the Himalayas.
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Chapter 7

Trend in Black Carbon Concentrations
and its Sources: 17 Years of Ground-
Based Observations

Till now the former chapters have looked at variations, sources and the impacts of
carbon aerosols critically but only in parts i.e., about 4 years of their long timelines.
Although long, it is not enough to evaluate the climatic impacts over this region. This
chapter stitches together the ground-based observations from this region from 2004
onwards forming a dataset of 17 years. In the first half, we discuss the importance of
this long time series and then scrutinise the trends in observed BC and its sources. We
then contrast and make sense of these results with the simultaneous reanalysis of the
model BC, satellite optical depth and fire events observations. Later we also dive deep

to analyse the trend of BC emissions in various countries and different sectors and

finally investigate the vertical profile of these aerosols over the Himalayan region.

7.1. Introduction

The ongoing climatic changes fueled by rapid industrialization and urbanisation, are
projected to have major consequences for the Himalayan region. Temperature over the
region is estimated to increase by at least 0.3°C more even if global warming is restricted
to 1.5°C (Wester et al., 2019). Extreme warm events are on a rise (1.26 days per decade)
in the region for the past 5 to 6 decades while cold events have shown a falling (2.4 days
per decade) trend (Wester et al., 2019). Overall, the intensity and frequency of extreme
precipitation has increased over the past 5 decades and is in turn likely to increase water-
induced hazards if such a scenario persists. The cryosphere in the region is impacted even
worse. Snow area and volume are decreasing (Gertler et al., 2016), permafrost is thawing
(Zhao et al., 2010) and glaciers in most of the Himalayan region are retreating (Figure

1.6) at an accelerated rate of 0.37 m w.e./year which is higher than the rate of 0.27 m
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w.e./year before the year 2000 (Wester et al., 2019), and thereby increasing the risk of
glacial lake outburst floods (Hewitt and Liu, 2010).

Anthropogenic greenhouse gases and aerosols are known to be the key drivers behind
this climate change. While the effects and emissions of greenhouse gases are known with
reasonable confidence, aerosols remain the single largest source of uncertainty (IPCC,
2013). In particular, Black Carbon (BC) aerosols, known for being the highest absorbing
aerosol species, are associated with significant regional climatic implications over the
Himalayas apart from their health-related hazards. Model simulations have suggested
that BC alone on snow has led to an increase in temperature of ~1°C over the Himalayan-
Tibetan plateau (Qian et al., 2011). Such elevated warming with BC, in particular, is
expected to play a role that is comparable to that due to greenhouse gases in this region
(Ramanathan and Carmichael, 2008). The simulated warming due to these aerosols
predictively produces a 10 to 20% reduction in spring-time snow depth over the region
(Meehl et al., 2008). Studies including soot darkening estimate that the Himalayan region
has the highest soot related warming (annual - 3.8 Wm, spring - 20 Wm) across the
world (Flanner et al., 2007). Atmospheric heating due to BC and dust is also found to
cause widespread accelerated snowmelt in this region (Lau et al., 2010, Qian et al., 2015).
The warming caused by these aerosols is also suggested to cause a temperature anomaly
that enhances the moisture influx from the Indian ocean thereby leading to an
intensification of the early monsoon (Lau et al., 2006). Therefore, it is essential to
accurately quantify the contribution of different sources of BC over the Himalayas. It is
particularly important because the Himalayas lie in close proximity to the world's most
polluted regions of Indo-Gangetic Plains. While emissions over the USA, Europe and
mid-latitudes have been reported to decrease, those over the developing Asian countries

are reportedly increasing (Akimoto, 2003; Naja and Akimoto, 2004).

Most of the trend (>10 years) based studies over Asia, particularly in South Asia, are
either from model simulations or are from satellite measurements. Unfortunately, results
from both these deviate considerably from ground-based measurements in the Himalayan
regions. The deviations could be due to the coarse resolutions in some models and the
complex topography of the region, thus necessitating ground observations. Yet only
limited datasets from ground-based observations are available over this region and even

these are either for a short period (less than a few years) or are non-continuous.
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Further, very few studies have incorporated a mass absorption cross-section (MAC) that
is corrected for the appropriate parameters/situation in reporting BC aerosols, which is
used to measure its light absorption properties (Petzold et al., 2013). MAC is found to
have large spatiotemporal variation depending on its source, particle size, morphology
and mixing state (Bond and Bergstrom, 2006). Different Himalayan regions are reported
to have a wide range of values (at 632 nm) such as 6.85 m?g (at Lulang) and 6.49 m?g"
! (at Everest) (Li et al., 2016b), 7.19 m?g? (at Lhasa) (Li et al., 2016a), 12.2 m?g™? (at
NamCo) (Li et al., 2021). Despite this large variation in MAC, most studies estimating
BC from optical absorption have used only a constant value such as 16.6m?g™* at 880nm
in the analysis from Aethalometer data (Dumka et al., 2010; Gogoi et al., 2014; Joshi et
al., 2016). This is shown to lead to an underestimate of BC values and its associated
radiative forcing (Srivastava et al., 2021). Therefore, it is essential to incorporate the in-
situ MAC values to get accurate estimates of trends in BC in the Himalayan region. This

will enable a better assessment of the radiation budget and regional climate change.

To bridge the aforementioned gap, in this work we present the first MAC corrected trend
of ambient BC using a comprehensive ground-based 7-channel Aethalometer from 2004
to 2020 conducted over a high-altitude site in the Central Himalayas. We not only analyse
the long-term time series for the monotonous trends and seasonal variations but also
compare the former against the results from a popular reanalysis model and highlight its
discrepancies over the whole period at the site. Later, we delineate the ambient BC to
segregate its fossil fuel and biomass fractions. We finally evaluate these BC
measurements in the backdrop of trends in fire events over the northern Indian region,
aerosol optical depth, vertical aerosol profile and their type and changes in BC emissions
over India. Instrument details for the observations of BC, along with incorporations of
corrections factors have been described in Chapter 2.

7.2. Results and Discussions

In this work, the trends in BC concentrations during the period 2004-2020 are derived
using three different approaches: (i) Linear regression model, (ii) Mann-Kendall test, and
(iii) Theil-Sen slope. The linear regression model is based on the least square
minimisation method to predict the best fit line between two variables. The slope of this
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best fit line then provides the trend in the BC timeline. We have also performed a non-
parametric Mann-Kendall test which is used extensively to estimate the monotonic trend
in the time series data (Hussain et al., 2019). The Kandell-tau value from this test
represents the strength of the trend while the p-value gives the significance of
measurement. The Theil-Sen slope-estimator is used to quantify the trend in the slope at
a 90% confidence level. As this test is not too sensitive to outliers, it is found suitable for
a highly skewed dataset (Sen, 1968).

7.2.1 Seasonal Variations and Trends in Observed BC and
MERRA-2

Temporal variations in observed BC and MERRA-2 during 2004-2020 over the
observational site are shown in figure 7.1. Bias in the MERRA-2 is also shown.
Prominent diurnal and monthly variations are seen in both observed BC and MERRA-2.
The features of diurnal and monthly variations in observed BC have already been
discussed in chapters 3 and 4. A comparison of daily and monthly mean between
observed BC and MEERA-2, along with the percentage difference between them is
shown in Figure 7.2. Monthly mean variations in noon and night time are also shown.
Higher values in BC during autumn and winter are captured by MERRA-2 but misses
out on the higher values in spring. This feature is also reflected in its noon time values,
indicating that MERRA-2 is missing the daytime higher values. MERRA-2
underestimates (>60%) the observed concentrations during spring while it overestimates
(<-26%) during late autumn and early winter (NDJ). There is an overall bias in the range
of -17.6 to 21.22 pg m™2 with a mean bias of 0.47 pg m2 between the observed and
MERRA-2 BC concentrations.
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Figure 7.1 Long-term variations in the observed BC, MERRA-2 and the bias in MERRA-2 during
2004-2020 over the observations site.

Figure 7.3 shows long-trends in the observed BC and in MERRA-2 from 2004 to 2020.
This shows a statistically significant, yet weak, negative trend with a slope of —20.03 ng
m year?. The value of the slope is estimated from linear regression using 365 days
moving average. Unlike the trend in observed BC, the analysis of BC from MERRA-2
shows a positive trend with a slope +12.99 ng m™ year™. The trend for this dataset is also
estimated using the Mann-Kendall test. The obtained results are almost similar to those
obtained from linear regression of 365 days moving average and are shown in Table 7.1.
Mann-Kendall test results are also performed for winter, spring, summer-monsoon and
autumn seasons. The negative trends are found to be present in all the seasons with the
maximum rate in winter (-37.4 ng m= year?) and minimum in spring (-11 ng m= year™?).
Trend analysis for noontime (1400-1700 hrs) shows a negative value of -26.31 ng m
year "t while there is no significant trend in the night time (0100-0400 hrs) concentrations
(Table 7.1). Since the noon time concentrations are governed by the rise in pollutants
transported to the site, this negative trend suggests a decreasing tendency of pollutants in

the adjacent regions.
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Figure 7.2 Monthly average variations in observed BC and BC from MERRA-2 during 2004-
2020. Daily, noon and night time average values are also shown. The percentage difference
between observed BC and BC from MERRA-2 is shown in the bottom panel.

The trend in extreme events of high and low concentrations was assessed using the trend
in daily maximum and minimum concentrations. It is found that the minimum
concentrations have a weak negative trend of -3.39 ng m= year ** while the maximum
BC concentrations decrease relatively at a faster rate of -40.69 ng m year 2, thus,
implying a decay in the events of higher BC concentrations. The overall observed trend
(-20.55 ng m™ year %) in BC at the present mountain site in the central Himalayas is

lesser (-70 ng m™ year?) than the ones reported for an urban site (Trivandrum) in
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southern India (Manoj et al., 2019). In addition, the reported trend for the Indian region
(-242 ng m3 year 1) is highly negative (Manoj et al., 2019). Therefore, there is an overall
negative trend over the central Himalayas, but the trend is much lower than the other
parts in India. This may help in deciding on the suitable action and strategy in controlling

the BC emissions in this and surrounding regions.
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Figure 7.3 Long-term trends in observed BC and MERRA-2 during 2004-2020 over the
observational site. Scattered points in blue and red show the daily average values for observed
BC and MERRA-2, respectively. Monthly moving averages in BC are shown in curved lines.
Linear regression for the 365 days moving average is also shown for the entire period. Mentioned
slope values are from this linear regression of 365 days moving average.
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Period Slope Trend p value
Obs BC Annual -20.55 Decreasing | <0.0001
MERRA-2 BC | Annual +12.11 | Increasing | <0.0001
Trends during four seasons
Obs BC Winter -37.4 Decreasing | <0.0001
Spring -11 Decreasing | 0.029
Summer-monsoon | -30.50 Decreasing | <0.0001
Autumn -25.96 Decreasing | <0.0001
MERRA-2 BC | Winter 23.38 Increasing | <0.0001
Spring 20.62 Increasing | <0.0001
Summer-monsoon | 9.93 Increasing | 0.0004
Autumn 11.33 Increasing | <0.0001

Trends during noon time, night time, maximum and minimum values

Obs BC Noon -26.31 Decreasing | <0.0001
Night -0.068 No trend 0.737
Max -40.69 Decreasing | <0.0001
Min -3.39 Decreasing | 0.009

MERRA-2 BC | Noon 7.53 Increasing | <0.0001
Night 9.09 Increasing | <0.0001
Max 1.20 Increasing | <0.0001
Min 6.54 Increasing | <0.0001

Table 7.1 Mann-Kendall trend test results for BC for different periods. The trend is tested for a
95% significance level i.e., p value of 0.05. The slope is in units of ng m™ year .
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7.22 Trend in Total BC and Fractions of Fossil Fuel
Combustion and Biomass Burning BC

BC concentrations were delineated into fossil fuel and biomass fractions using the
methodology described in Chapter 5 (section 5.2.2.2). It has already been shown in
Chapter 5 that the fossil fuel fractions have seasonal and diurnal variations that have
variability that is closer to the total BC, as compared with the biomass fraction.
Nevertheless, biomass BC fraction shows higher concentrations during spring owing to
the peak period of stubble burning and forest fires over Northern India (Srivastava et al.,
2022). It has been shown that the fossil fuel fraction dominates by about 77% during the
analysis period of 2014-2017 (section 5.2.2.2.) and this dominance is found to be about
76% for the period 2004-2020.
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Figure 7.4 Long-term variations in fossil fuel and biomass burning components of BC during
2004-2020. Scattered points in black and green show the daily average values for fossil fuel and
biomass burning BC, respectively. Monthly moving averages in BC are shown in curved lines.
Linear regression for the 365 moving average is also shown and the slope for the same is also
mentioned.

Figure 7.4 shows long-term changes in fossil fuel and biomass fraction of BC. The trend
analysis with linear regression shows that the decline in the rate of fossil fuel burning (-
20.29 ng m™ year™) is greater than that in the biomass burning BC fraction (-3.77 ng m-
3 year?). Results from the Mann-Kendall test reveal that the decay in biomass burning is
not significant (p value of - 0.7) while that of fossil fuel is significant (p value < 0.0001)
with a trend of -23.02 ng m™ year? (Table 7.2). The trend in biomass burning BC
fractions over different seasons is either not significant or weak (-3.85 to 5.5 ng m™ year

1). On the other hand, the trend during all the seasons in fossil fuel burning BC fraction
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is significant at 95% level and large (-37.68 to -18.02 ng m™ year™). This implies that

the observed decrease in the ambient BC fraction is largely attributed to the decline in

the fossil fuel combustion fraction. As in the case of ambient BC, the fossil fuel BC also

shows a stronger noon time decrease (-16.93 ng m= year?!) compared to its night time

value (-3.13 ng m year™). Such a trend is insignificant in biomass burning fraction thus

implying that the reduction in noon time (the uplifted pollutants) fraction of total BC is

mainly due to a decline in its fossil fuel component.

Table 7.2 Mann-Kendall trend test results for fossil fuel and biomass burning BC for different
periods. The slope is in units of ng m™ year™. The trend is tested for a 95% significance level i.e.,

p value of 0.05.

Period Slope | Trend p value
BB BC | Annual +0.08 [ No trend 0.706
FF BC | Annual -23.02 | Decreasing <0.0001
Trends during four seasons
FFBC | Winter -36.3 Decreasing <0.0001
Spring -18.02 | Decreasing 0.001
Summer-monsoon -37.68 | Decreasing <0.0001
Autumn -26.05 | Decreasing <0.0001
BB BC | Winter -3.85 Decreasing 0.021
Spring +0.09 | No trend 0.926
Summer-monsoon +5.08 | Increasing <0.0001
Autumn -1.22 No trend 0.457

Trends during noon time, night time, maxi

mum and minimum values

FF BC | Noon -16.93 | Decreasing <0.0001
Night -3.13 Decreasing | 0.05

BB BC | Noon -0.63 No trend 0.44
Night +0.61 [ Notrend 0.16
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7.2.3 The Contrasting Trends in AOD

To comprehend the underlying reasons behind the observed trends in BC, we compare
them with the trends in aerosols optical depth (AOD) and data from emission inventories.
The daily data of MODIS from both AQUA and TERRA are analysed for the period
2006-2020 and the trend is estimated to be positive (Figure 7.5). The trend is also
analysed with the Mann-Kendall test and found to be positive and significant (p value <
0.0001). As we have found a negative trend in surface BC, it is suggested that the overall

columnar aerosol content is rising but its surface BC fraction is declining.
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Figure 7.5 Long-term variations in MODIS AQUA and MODIS TERRA for the period 2006-
2020. Scattered points are the daily AOD values and curved lines are monthly moving averages.
Linear regression is estimated using 365 days moving average and shown by the linear fit line.

Trend analysis of ground-based AOD observations from this site during the period 2005-
2014 also showed a positive trend of 0.009 per year (Joshi et al., 2022). Using long term
data from satellites over a period of 2005-2018, Singh et al., (2020) have shown that
AOD over most of the Indian regions is on a rise. Regional AOD using ground-based
radiometers over the Indian region was reported earlier to be escalating by 4% per decade
(Moorthy et al., 2013). Another AOD trend analysis over different low altitude Indian
stations also reported a positive trend in AOD with slopes ranging from 0.0057 to 0.0208
year (Babu et al., 2013). This AOD rise was attributed to an increase in anthropogenic
emissions. A similar juxtaposition in BC and AOD trends was observed earlier in

Trivandrum and other peninsular Indian regions (Manoj et al., 2019). Two possible
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hypotheses for these contradictory trends in BC and AOD could be first - a decline in
surface BC concentrations with a subsequent rise in the higher altitudes which lends
towards the escalation of the AOD and, second - a decline in BC while a rise in other
aerosol contents. Therefore, these results suggest a strong need for deeper investigations

to test these speculations.

For this purpose, we extracted and analysed the extinction coefficient, particulate
depolarisation ratio (PDR) and frequency of occurrences of five aerosol types (dust,
polluted dust, clean continental, polluted continental and smoke) using CALIOP
observations over 0.5°x0.5° around the site. Details on CALIOP and quality flags used
in this extraction can be found in section 2.3.1. The monthly averaged vertical profile of
extinction coefficient from 2006 to 2017 reveals that the highest aerosol related
extinction occurs in the lowest 2 km region in any given month. A similar analysis for
the particulate depolarisation ratio shows that below 1.5 km it usually remains lower than
0.2 which indicates the presence of spherical anthropogenic particles. However, higher
values (0.2<PDR <0.4) are observed at altitudes greater than 1.5 km especially during
the pre-monsoons. This indicates the presence of non-spherical dust particles which are
also reported to be transported to the Himalayas from the desert regions of Sahara and
Rajasthan (Gautam et al., 2013; Duchi et al., 2014; Sharma et al., 2020). The observed
increase in AOD could be a result of these dust aerosols. We also analysed the vertical
profile of the averaged normalised frequency of occurrence of different aerosols at the
site. The analysis reveals the presence of an elevated layer of aerosols at 2-4 km a.m.s.1.
of the site. We further investigated if this aerosol frequency is rising over time using
trend analysis. The results of this trend analysis show a negative slope (-0.020 year?) in
the lowest 1.5 km of the polluted continental particles while a positive slope (+0.022
year?) in the 1.5-3.5 km layer. Similarly, a positive slope is also observed in the smoke
and polluted dust type aerosols till 3.5 km. On the other hand, the trend in the upper
altitudes is negative in dust particles after 1.5 km while it is positive in the lower 1.5 km.
All this indicates a possibility that anthropogenic aerosols such as black carbon might be
reducing in the lower altitudes while they are building in the higher altitudes. However,
the observed trends are not significant according to the Mann-Kendall test. Therefore,

licensing deeper analysis before any concrete decisions can be drawn.
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We also explored the trend in fire events over the northern Indian region (25°-35°N, 70-
89°E) to investigate its correlation with BC, especially the biomass fraction. It was found
that the trend in fire count is negligible and insignificant. As mentioned previously, the
trend in biomass BC fractions was also very small and insignificant. We further
investigate the trend in BC emissions from the EDGARvV5.0 (Crippa et al., 2019)
countries bounding the Himalayas (Figure 7.6). We find that there is a significant positive
trend in BC emissions in all six countries. China has the highest BC emissions, followed
by India. It may be noticed that BC emissions from China show a tendency of decline
since 2013. These emissions data are available till 2015, therefore this decline could not
be ascertained thereafter. Further, while the emissions in China are observed to be

declining, those in India are still on a rise, though at a slower rate.
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Figure 7.6 BC emission estimates from EDGARv5.0 during 1990-2015 for China, India,
Pakistan, Nepal, Afghanistan and Bangladesh.

Further, the trend in observed BC is investigated till the year 2016 and it is found that the
trend has a significant and positive slope of 27.77 ng m= year. The trend declined
thereafter with a negative slope of -138 ng m™ year™ from 2017 to 2020. Similar features
are observed in the fossil fuel and biomass BC fractions. A significant positive trend is
observed in the fossil fuel and biomass BC fractions with a slope of 15.61 ng m™ year*
and 6.05 ng m= year™ respectively during 2004-2016, while a significant negative trend
with a slope of -90.73 ng m year™ and -55.86 ng m™ year™ is observed during the period
2017-2020.
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This indicates that the trend in BC has reversed from positive to negative since 2017
possibly as a result of stringent control policies imposed in China and India. The results
also bring out the importance of continuous ground-based monitoring of these aerosols
in ever-changing scenarios. These observations are thus crucial to test and validate the
model simulations which incorporate the emission inventories. These inventories are
usually prepared for a given base year and model projections made on their basis might

be different in a changing world.

7.3. Conclusions

Long-term trends in aerosols are pivotal in understanding the evolution of air quality and
its impact on a region. Therefore, we have, in this chapter, presented and discussed the
long-term trend in 17 years of ground observations of black carbon (BC) at a high-
altitude site in the Central Himalayas. Data from MERRA-2, satellites and emission
inventories are also studied. This analysis reveals a statistically significant, yet weak,
decreasing trend (Mann-Kendall test) in BC over the Central Himalayas at an average
rate of ~18 ng m~2 year™ during the period 2004—2020. This trend is in contrast with the
trends obtained from MERRA-2 BC data which show a slightly increasing tendency.
Further, BC was segregated into fossil fuel and biomass burning fractions and it is found
that the fossil fuel fraction dominates (76%) the total BC content. It is also evidenced
that the fossil fuel BC fraction declines faster (-20.29 ng m™ year™) than the biomass
burning (-3.77 ng m™ year?) fraction. In contrast to the negative trend observed in BC,
AOD and emissions over the region are found to show a positive trend. The results unveil
a reversal in BC trend from positive to negative after 2017 which leads to an overall
negative trend. These observations thus provide a unique long-term characterization of
aerosols in an otherwise sparsely studied complex terrain of Central Himalayas and will
be very important to test and validate model results, constraint them, assess the regional
radiation budget and ascertain the impact of BC in the Himalayas.
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Chapter 8

Summary and Future Perspectives

This chapter brings closure to ongoing analysis which explored the effect of
carbonaceous aerosols in the serene environment of the Himalayas. It first walks us
through the key points in each of the main chapters of this ride. And then in the latter
part of this chapter describes the possible mystical paths ahead which unfold as we

bring an end to this journey of ours.

8.1. Characteristics of OC and EC in PM 2.5: Radiative
Forcing Estimates and Role of Meteorology and
Biomass Burning

Online observations of OC and EC were made from a site in the Central Himalayas
(ARIES, Nainital; 29.4°N, 79.5°E, 1958 a.m.s.1.) during 2014-2017 and for the first time,
the diurnal variations for a complete annual cycle are recorded at a high-altitude site in

South Asia. The major points of the study are summarised below:

e  The present observations reveal prominent daytime higher concentrations in OC
and EC. The noon to night time ratio showed almost double concentrations
throughout the period except in monsoons. The diurnal variations at the site are
unimodal while such variations in urban sites have been reported to be bimodal.

e  Clear seasonal variations in OC and EC were seen with a primary maximum during
spring and a secondary one in autumn/winter. The fire events data, the backward
air trajectories, CWT analysis and the boundary-layer heights suggest that the
spring maximum is predominantly due to large-scale springtime biomass burning
in northern India and long-range transport of air masses that influence the central
Himalayas. The role of biomass burning is also confirmed by enhancement in the
OC/EC ratio from 4.6 to 7.9. On the other hand, higher concentrations in
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autumn/winter are suggested to be due to burnings for heating purposes at a local
scale.

The boundary-layer mixing plays an important role in showing OC-EC seasonal
variations. A high correlation of OC-EC concentrations with the boundary-layer
height indicates the transport of pollutants from the underlying valley region due to
the boundary-layer dynamics. The larger heights and the efficient mixing process
in spring result in the site coming under the influence of polluted air masses from
distant sources. On the other hand, suppressed boundary-layer heights during the
rest of the months limit the contribution from other regions and the concentrations
are mainly due to local sources.

Lowest OC/EC concentrations during summer-monsoon are mainly due to the
arrival of pristine air masses and could be due to wet scavenging.

Skewed percentage frequency distributions of OC/EC concentrations show that the
site is a relatively cleaner one with perturbations of higher concentrations mainly
from transported pollutants.

Higher OC/EC ratios suggest increased secondary organic aerosols and a mix of
biomass burning and fossil fuel combustions, with each dominating during different
periods. The higher slope of OC with the residence time confirms that the ageing
process dominates OC in the case of aged air masses and leads to higher secondary
organic carbon.

Concentrations of both OC and EC showed a systematic increase with an increase
of the residence time of the air masses, confirming the influence of slow-moving
winds.

Comparison of offline with online measurements highlighted positive artefacts and
incomplete representation of pollutant variations over time in the offline
measurements.

A real-time variation of OC-EC with meteorological parameters is observed at the
diurnal scale. The variation of OC-EC with wind speed and temperature is not
captured by averaged observations.

The impact of diurnal changes in the OC-EC concentrations affects the radiative
forcing strongly at the high-altitude site. It was found that the afternoon
atmospheric radiative forcing is much higher (about 20.77 Wm) than the forenoon

one.
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The datasets provided here with the online methods could also be useful in performing
source characterization of carbon aerosols and epidemiological studies. Both pieces of
information hold immense importance for decision-makers to evaluate their current

policies on emissions of various species.

8.2. Implications of Site-specific Mass Absorption
Cross-section (MAC) to Black Carbon Observations

The simultaneous online observations (2014-2017) of EC and absorption coefficient
(babs) over this high-altitude central Himalayan site of Nainital (29.4°N, 79.5°E, 1958
a.m.s.l) are used to derive the site-specific MAC values. The spectral and temporal
(diurnal and monthly) variabilities in MAC are studied and their impacts are also assessed
for the central Himalayan region. Important results from this work are:

e Inverse wavelength relation in MAC was established and its proportionality factor
was found to be three times lower than the one currently used in Aethalometer.

e A significant seasonal and monthly variation in MAC spanning over a magnitude
of 3.7-6.6 m?g* (880 nm) was observed. EC was shown to be the leading absorbing
species during all the months except July and August.

e  Although MAC does not show any significant diurnal variation, it does show a
tendency for greater variability at lower wavelengths. This is attributed to the
absorption by species other than EC at the present site, as shown by higher organic
content, particularly in spring, when the site is influenced by biomass burning
emissions.

e  MAC values change with the change of wind regime from north westerly to south-
westerly. Low MAC values in monsoons were attributed to the changes in
absorptive properties of species along with low EC concentration due to high
relative humidity and rainfall in that period.

e Itis found that MAC is negatively correlated with temperature, thus showing that
the higher temperature seems to reduce the absorption efficiency, possibly due to
evaporation of coating material. A positive correlation between MAC and solar
radiation shows the role of increased photo-oxidation in increasing organic content
and hence MAC.
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e  The significant improvement in the slope values (with EC) while using corrected
eBC, lends credibility to the fact that the use of site-specific MAC leads to an
improvement in the estimates of eBC.

e It is shown that uncorrected eBC concentration underestimates the eBC
concentration non-linearly during different months. Corrected eBC is higher in
September by a factor of 1.54, while this factor is as high as 3.58 in August.
Therefore, it is important to use monthly varying MAC values that change with
emission sources, mixing states and meteorological conditions including wind
regime.

e  The use of presently derived site-specific MAC for the eBC leads to higher values
(24.6%) of atmospheric radiative forcing when compared with the use of standard
MAC value. This difference is about 66.7% and 18.8% higher for TOA and surface,

respectively.

This work highlights the necessity of using a site-specific, temporally and spectrally
varying MAC, especially for a high-altitude site, which has a far lower MAC value due
to aged emissions. It is suggested that a constant MAC value of 16.6 m?g* (at 880 nm)
should not be used for estimates of eBC when using Aethalometer. The MAC values
provided here can be further examined for long term variations over the site and can be

considered for future reporting of eBC measurements.

8.3. Probing the Sources, Diurnal Variations and
Radiative Forcing of Carbonaceous Aerosols Using
High-resolution Ground-based Measurements

There are different offline studies that have performed chemical speciation over the
Himalayan region and have qualitatively reported an influence of transported pollutants
from the Indo-Gangetic Plain. However, there still remains a knowledge gap in terms of
online source apportionment studies which are capable of elucidating the diurnal scale
phenomena with respect to the emission sources, quantification of transported pollutants,
the influence of biomass burning and radiative forcing. With the aim to fill this gap, the

in-situ simultaneous online observations of OC, EC, eBC and CO were conducted at a
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high-altitude site in the Central Himalayas during the period of 2014-2017. The major

conclusions from this study are summarised below:

The year-round diurnal variations in POC and SOC are estimated for the first time
in the Indian Himalayan region. POC is shown to dominate the OC concentration
at the site and is shown to have a significant unimodal diurnal variation while SOC
does not show such prominent diurnal variation. The highest POC and SOC is
observed during spring and is found to be associated with increased pollutant
transport, solar flux and photo-oxidation.

Seasonal variations in both angstrom exponent and OC/EC ratio are found to be
influenced by both biomass burning and fossil fuel combustion at the site. The
quantitative assessment showed the significant diurnal and monthly variations in
fossil fuel (eBCs) and biomass (eBCwb) components of BC. It is shown that the
fossil fuel component of eBC dominates the site throughout the year. Although the
biomass burning component peaks during spring, it remains lower than the fossil
fuel component.

Estimated radiative forcing due to fossil fuel component (eBCs) is shown to be
higher than that of biomass burning component (eBCpp). It is also shown that the
radiative forcing during the afternoon plays a dominant role with 19.8 and 13.0
Wm higher radiative forcing than in the forenoon one for eBCt and eBChp,
respectively.

Correlation of carbonaceous aerosols with other pollutants shows the POC
concentrations are well correlated with the eBCss while the SOC concentrations are
more influenced by eBCyp and higher mixing layer height.

CWT analysis and study of biomass burning events reveals that even at this high
altitude, the site is significantly affected by the transported pollutants particularly
during spring from the north-western IGP region.

We find that although all the methods indicate that the annual averaged POC is
greater than SOC and that the POC/OC% is greater than SOC/OC% at the site in
general, they still show different variations, both in terms of seasonal changes and
the total concentrations. These variations in the four methods highlight the
uncertainty in OC segregation techniques. This clearly emphasises the need of
formulating a reference standard for determining SOC to avoid the resulting
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ambiguity while comparing POC and SOC obtained from different OC segregation

methods.

This study thus provides unique estimates of POC and SOC using long term observations
and characterises the carbon-based pollutants at a ‘high-resolution’ revealing the diurnal
scale variations for the first time in an otherwise less-studied region of the Central
Himalayas which has significant climatological importance. We envisage that this unique
long-term high-resolution assessment of the carbonaceous aerosols and their source
characterization can serve as an important piece of dataset and will be resourceful in
formulating the mitigation policies, constraining radiation budget and studying their
impact on health and climate in the otherwise poorly studied and fragile region of the
central Himalayas.

8.4. Application of Black Carbon Measurements to
Quantify Contribution of Sources in Carbon Monoxide

The in-situ and simultaneous observations of carbon monoxide (CO) and equivalent
black carbon (eBC) are utilised to estimate the contribution of the burning of fossil fuel
and biomass to ambient CO over the high-altitude region of Central Himalayas. A
multiple regression model (MLR) is used to estimate CO during 2014-2017 and the
results are compared with the observations. Further, the MLR model is also used to
predict CO values for 2018 and are again compared with the observations. Important
results from this work are:

e Itis found that currently neither the satellite measurements nor the models are able
to reproduce well the monthly variations in CO over this region of the central
Himalayas. The percentage difference between the observed and the MOPITT CO
has a significant monthly variation that ranges from about -25% in May to about
+60% in August. WRF-Chem simulated surface CO concentrations underestimate
the observed concentrations from February to June while they overestimate CO for
other months. MERRA-2 significantly underestimates the observed CO

concentration throughout the period.
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e  The evaluation of the MLR model against ground-based CO observations for the
period 2014 to 2017 shows that MLR does quite well in replicating the monthly
variation and estimates CO with an r? greater than 0.9 for winter, spring and post-
monsoon seasons and an r? of about 0.8 for monsoon period.

e  MLR model setup, which is validated well with the 2014-2017 data was used to
predict CO for 2018. It is found that the monthly prediction of CO closely follows
the observed variations, and the concentrations lie within 17% of the observed
average CO values in any given month during 2018.

e  The source segregation analysis shows a clear unimodal diurnal variation in fossil
fuel component (COsf), biomass component (COpy) and CO, which is largely
governed by the boundary layer evolution at the observation site. The diurnal
amplitude of COuyp is lesser than COx in all the months except for April.

e  Fossil fuel combustion is found to be the major contributor (27%) in CO after
background CO (58%). COn, shows a significant rise and reaches up to (28%)
during April as a result of increased agricultural and forest fires in the Northern
Indian region.

e  WRF-Chem tracer runs for source segregation are found to underestimate the
biomass burning emissions (-38% to -98%) while they significantly overestimate

the fossil fuel CO concentrations especially during monsoon.

We thus find that in comparison to MOPITT, MERRA-2 and WRF-Chem, MLR is
successfully able to replicate the CO estimates of the site and is also more reasonable in
its source segregation. We envisage that the application of this methodology can be
considered more appropriate for regions like India where a network of eBC observations
from multiwavelength Aethalometers already exists. This work thus presents an
observation-based method to constrain the uncertainties in emission inventories and
hence also reduce the uncertainties in the modelling of the climate and radiative impact
in this Himalayan region. It also underlines the dire need to mitigate the fossil fuel and
biomass-based incomplete combustion activities to maintain the sanctity of the pristine

region of the Himalayas.
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8.5. Trend in Black Carbon concentration and its
Sources: 17 Years of Ground-Based Observations

The Himalayas are facing consequences of the ongoing climate change such as rising
temperature, extreme precipitation, glacier retreat, thawing and reduced snow cover.
Although much has been speculated about the role of black carbon aerosol in the
processes leading to the above effects, there still exist large uncertainties in their detailed
understanding and quantification. Ground-based long term BC trends over this region are
indispensable in this context to provide the ground truth and help test, constraint and
validate the model simulations. With this aforementioned aim, this work presented the
results from the first MAC corrected long-term trend in BC and its sources from a high-
altitude Central Himalayan site ranging over 17 years from 2004 to 2020 supplemented
with satellite measurements and MERRA-2. The key outcome from this work is
summarised below:

e The trend of observed BC during the period 2004-2020 shows a statistically
significant yet weak negative trend with a slope of —20.03 ng m= year?. The fall
in BC concentrations in this part of the Himalayas is lower than the one reported in
other Indian regions.

e  Trend analysis from MERRA-2 shows a positive trend with slope +12.99 ng m
year?, in complete contrast to the negative trend obtained from BC observations.
About the BC concentrations, MERRA-2 consistently underestimates (>60%) the
observed concentrations during MAM while it overestimates (< -26%) the
concentrations during NDJ.

e  The fossil fuel fraction dominates (76%) during the entire study period. The trend
analysis with linear regression shows that the biomass burning BC fraction declines
(-3.77 ng m= year™) slower than fossil fuel burning (-20.29 ng m™ year?). It was
found that the trend in both fire and biomass BC fractions during spring is
negligible and insignificant.

e  While the linear trend in BC is negative, AOD from the ground, CALIOP and
MODIS are all positive. Further, the emissions till 2015 show that BC in China is
declining but it is still on a rise in India and other countries.

e  The trend in surface BC is significant and positive till 2016 with a slope of 27.77
ng m= year? and it started to decline thereafter with a negative slope of -138 ng m-
3 year?! from 2017 to 2020. Similar features are observed in the fossil fuel and
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biomass BC fractions. Thus, indicating a reversal of trend possibly as a result of
control policies imposed in China and India.

e  The monthly averaged vertical profile of extinction coefficient during 2006-2017
reveals that the highest aerosol related extinction occurs in the lowest 2 km region
in any given month. It also shows that below 1.5 km PDR usually remains lower
than 0.2 which indicates the presence of spherical anthropogenic particles while
higher values (0.2<PDR <0.4) are observed at altitudes greater than 1.5 km
especially during the pre-monsoons, suggesting the presence of dust.

e  Although insignificant, a negative slope (-0.020 year™) in the lowest 1.5 km of the
polluted continental particles while a positive slope (+0.022 year™) in the 1.5-3.5
km layer is observed. This points towards a possibility that anthropogenic aerosols
such as black carbon might be reducing in the lower altitudes while they are

building in the higher altitudes.

The results thus bring out the importance of continuous ground-based monitoring of these
aerosols. These observations are crucial to test and validate the model simulations which
incorporate the emission inventories. These inventories are usually prepared for a given
base year and model projections made on their basis might deviate from the truth in the
ever-changing scenarios of our world. In these cases, such observations can provide a
unique long-term characterization of aerosols in an otherwise sparsely studied complex
terrain of Central Himalayas and will be very important to assess the regional radiation

budget and to ascertain the impact of BC in the Himalayas.

8.6. Future Perspectives

This thesis unveiled several aspects of carbonaceous aerosols ranging from their diurnal
and seasonal variations and mass absorption cross-section to their sources, applications,
trends and radiative forcing. These results are drawn from rigorous observations made in
the complex terrain of the central Himalayan site and were supplemented with data from
space-borne sensors and models. The comprehensive analysis not only emphasises the
importance of continuous ground-based measurements but also bring to light gaps in our
understanding that still need to be addressed. A list of such aspects which can be pursued

in future studies are summarized below:
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First and foremost, it is essential to re-emphasize the importance of continuing and
further increasing the ground-based observation sites in this Himalayan region. They
are invaluable not only to elucidate the current impacts of the carbonaceous aerosols
and to develop our understanding of their processes, but they are also indispensable
to test and constraint the models and satellites data and evaluate possibilities while
formulating the mitigation strategies implicated for these aerosols.

Many important facets of the carbonaceous aerosols such as their mixing states, size
distribution, new particle formation, vertical profile from in situ observations and
online chemical composition remained largely untouched. The next step should be to
initiate a protocol of measurements at the site with an aim to bridge this gap.

As an important part of this thesis, extensive observations were made to provide the
first real-time understanding of secondary and primary organic carbon. It will be
extremely important in the near future to continue measurements simultaneously with
measurements for volatile organic compounds such as isoprene and monoterpenes.
Given the variety of flora around the site, these measurements will surely prove to be
invaluable in revealing many possible pathways of new particle formation.

This work also showed that the performance of current models and satellite-based
observations in retrieving the aerosol parameters at this site is not at par with other
low altitude sites with higher concentrations. It will be critical in the future to work
closely to improve these models and satellite performances. Developing a high-
resolution emission inventory for this region will be a crucial step in this direction.
Another important aspect that can be undertaken immediately could be utilizing the
current multi-spectral Aethalometer measurements to evaluate the brown carbon
concentrations at the site. New methods developed in the community can be
intricately applied for achieving this. The results will be able to provide the first-time
long-term characterization of brown carbon over the site.

Further, peer studies in other parts of the world have shown the potential of
geostationary satellites in retrieving carbonaceous aerosols and their optical
properties. It will be very useful to evaluate their performance in this Himalayan
region having complex topography. Though the Himalayan region is partially
covered by an international program (GEMS). Efforts directed towards planning and
building suitable payloads for Indian geostationary satellites and developing

retrieving methodology will also prove extremely fruitful.
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This brings us to the time where we bid farewell to this milestone. This journey
unfolded innumerable aspects of carbonaceous aerosols and has simultaneously
opened up new mystical paths to be traversed. In our quest for truth and realisation in
science, ‘older answers give rise to newer questions’. So, we close this door to open up
the door of new possibilities with the belief that this will build a chain of incremental

improvements in our understanding.

Farewell.
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